
35th PLEA Conference on Passive and Low Energy Architecture

Planning Post Carbon Cities

PLEA
Sustainable Architecture and Urban Design

Editors:
Jorge Rodríguez Álvarez

&
Joana Carla Soares Gonçalves

PLEA 
2020
A CORUÑA





35th PLEA Conference on Passive and Low Energy Architecture

Planning Post Carbon Cities
A Coruña, 1st-3rd September 2020

Editors:
Jorge Rodríguez Álvarez

&
Joana Carla Soares Gonçalves

PLEA
Sustainable Architecture and Urban Design

Design and layout:
Daniel Zepeda Rivas

PROCEEDINGS
Vol. 3

PLEA 
2020
A CORUÑA



PLEA 2020 - Planning Post Carbon Cities
Proceedings of the 35th International Conference on 
Passive and Low Energy Architecture
A Coruña, 1st - 3rd September 2020

Organized by the University of A Coruña
and Asoc. PLEA 2020 Planning Post Carbon Cities
www.plea2020.org
www.udc.es

Conference Proceedings edited by: 
Jorge Rodríguez Álvarez and Joana Carla Soares Gonçalves
Design and layout: Daniel Zepeda Rivas

© Edition: University of A Coruña and Asoc. PLEA2020 Planning Post Carbon Cities
© Individual papers: the respective authors

Portions of this publication may be freely reproduced subject to the contents being reproduced accurately, for 
academic purposes, with due acknowledgement to the authors and the conference proceedings title and editors.
For use in citations: Paper Author(s) (2020) Paper Title. In J.Rodríguez Álvarez & J.C. Soares Gonçalves (Eds.) 
Planning Post Carbon Cities. Proceedings of the 35th PLEA Conference on Passive and Low Energy Architecture. A 
Coruña: University of A Coruña. DOI: https://doi.org/10.17979/spudc.9788497497947
This book was prepared from the input files supplied by the authors. The editors and the publisher are not 
responsible for the content of the papers herein published.

Electronic version as:
ISBN: 978-84-9749-794-7
Depósito Legal: C 1551-2020
DOI: https://doi.org/10.17979/spudc.9788497497947

This book is released under a Creative Commons license
Attribution-NonCommercial-ShareAlike 4.0 International
(CC BY-NC-SA 4.0)

PLEA
Sustainable Architecture and Urban Design

Escola Técnica Superior de Arquitectura
Universidade da Coruña

PLEA 
2020
A CORUÑA

PLANNING POST CARBON CITIES

DOI: https://doi.org/10.17979/spudc.9788497497947
DOI: https://doi.org/10.17979/spudc.9788497497947
https://creativecommons.org/licenses/by-nc-sa/4.0/deed.en
https://www.udc.es/
http://www.plea-arch.org/
https://etsa.udc.es/web/
https://www.plea2020.org/


Vol.3 - V

PLEA 2020 - Planning Post Carbon Cities
35th International Conference on Passive and Low Energy Architecture
www.plea2020.org   A Coruña, 1st - 3rd September 2020

PLEA 
2020
A CORUÑA

PLANNING POST CARBON CITIES

Organising Committee
Dr. Jorge Rodríguez Álvarez. 
Conference Chair, School of Architecture University of A Coruña
Dr. Amparo Casares Gallego. School of Architecture, University of A Coruña
Dr. Cristina García Fontán. School of Architecture, University of A Coruña
Dr. Emma López Bahut. School of Architecture, University of A Coruña
Dr. David Peón Pose. School of Economics, University of A Coruña
Prof. Santiago Pintos Pena. School of Architecture, University of A Coruña 

International Advisory Board
Prof. Edward Ng, PLEA President. Chinese University of Hong Kong
Dr. Heide Schuster, PLEA Vice-President. BLAUSTUDIO/Frankfurt University of 
Applied Sciences. Germany
Dr. Paula Cadima, PLEA Director, Architectural Association School of Architecture. UK 
Prof. Rajat Gupta, PLEA Director. Oxford Brookes University. United Kingdom
Prof. Pablo LaRoche, Cal Poly Pomona. United States
Dr. Sanda Lenzholzer, PLEA Director. Wageningen University. Netherlands
Prof. Ulrike Passe, PLEA Director. Iowa State University. United States
Prof. Sue Roaf, Heriot-Watt University. United Kingdom
Dr. Joana Carla Soares Gonçalves, PLEA Director. AA School of Architecture, UK; School of 
Architecture and Cities, University of Westminster. UK; FAUU São Paulo. Brazil
Dr. Simos Yannas, Architectural Association School of Architecture. UK

PLEA Team
Erika Bea Soutullo. Student, School of Architecture, University of A Coruña
Ana Fernández Santamaría. Student, School of Architecture, University of A Coruña
Alba León Álvarez. Student School of Architecture, University of A Coruña
Alvaro Queiro Arias. Graduate, School of Architecture, University of A Coruña
Daniel Zepeda Rivas. PhD student, University of A Coruña

https://www.plea2020.org/


Vol.3 - VI

PLEA 2020 - Planning Post Carbon Cities
35th International Conference on Passive and Low Energy Architecture
www.plea2020.org   A Coruña, 1st - 3rd September 2020

PLEA 
2020
A CORUÑA

PLANNING POST CARBON CITIES

Dr. Shabbir Ahmed, Bangladesh University of Engineering & Technology. Bangladesh
Rafael Alonso Candau, Atmos Lab. United Kingdom
Prof. Sergio Altomonte, Université Catholique de Louvain. Belgium
Balint Bakos, Urban Systems Design. United Kingdom
Prof. Michael Bruse, University of Mainz. Germany
Prof. Vincent Buhagiar, University of Malta, Malta
Prof. Waldo Bustamante, Pontificia Universidad Católica de Chile. Chile
Dr. Paula Cadima, Architectural Association School of Architecture. United Kingdom
Dr. Amparo Casares Gallego, University of A Coruña. Spain
Florencia Collo, Atmos Lab. United Kingdom
Dr. Raphael Compagnon, Haute École d’Ingénierie et d’Architecture Fribourg. Switzerland
Prof. Marwa Dabaieh, Aalborg University. Denmark
Dr. Ruth Domínguez Sánchez, European Commission. Spain
Dr. Samuel Domínguez-Amarillo, University of Seville. Spain
Angela Dub, University of Buenos Aires. Argentina
Prof. Evyatar Erell, Ben-Gurion University. Israel
Dr. Carlos Javier Esparza López, Universidad de Colima. Mexico
Dr. Jesica Fernández-Agüera, University of Seville. Spain
Prof. Carmen Galán-Marín, University of Seville. Spain
Dr. José Roberto García Chávez, Metropolitan Autonomous University. Mexico
Dr. Cristina García Fontán, University of A Coruña. Spain
Marjan Ghobad, PJCarew. Germany
Pablo Gugel Quiroga, Atelier Ten. United Kingdom
Prof. Rajat Gupta, Oxford Brookes University. United Kingdom
Navid Hatefnia, Technical University of Munich. Germany
Prof. Runa T. Hellwig, Aalborg University. Denmark
Prof. Ester Higueras, Universidad Politécnica de Madrid. Spain
Eric Blake Jackson, Stantec. United States
Gloria Cecilia Jiménez Dianderas, Pontificia Universidad Católica del Perú. Peru
Dr. Werner Xaver Lang, Technical University of Munich. Germany
Benson Lau, University of Westminster. United Kingdom
Dr. Sanda Lenzholzer, Wageningen University. Netherlands
Prof. James Owen Lewis, University College Dublin. Ireland
Prof. Pablo LaRoche, Cal Poly Pomona. United States
Florian Lichtblau, Lichtblau Architekten BDA. Germany
Dr. María López de Asiaín Alberich, University of Seville. Spain
Dr. Emma López-Bahut, University of A Coruña. Spain
Ranny Loureiro Xavier Nascimento Michalski, Faculty of Architecture and Urbanism of the University 
of São Paulo. Brazil

Scientific Committee

https://www.plea2020.org/


Vol.3 - VII

PLEA 2020 - Planning Post Carbon Cities
35th International Conference on Passive and Low Energy Architecture
www.plea2020.org   A Coruña, 1st - 3rd September 2020

PLEA 
2020
A CORUÑA

PLANNING POST CARBON CITIES

Dr. Leonardo Marques Monteiro, University of São Paulo. Brazil
Dr. Roberta Consentino Kronka Mülfarth, Faculty of Architecture and Urbanism of 
the University of São Paulo. Brazil
Dr. Emanuele Naboni, The Royal Danish Academy of Fine Arts. Denmark
Jonathan Natanian, Technical University of Munich. Germany
Prof. Edward Ng, Chinese University of Hong Kong. Hong Kong
Prof. Marialena Nikolopoulou, University of Kent. United Kingdom
Prof. Ulrike Passe, Iowa State University. United States
María Paz Sangiao, Instituto Tecnológico de Galicia. Spain
Dr. David Peón, University of A Coruña. Spain
Dr. Alessandra Prata Shimomura, FAUUSP. Brazil
Dana Raydan, Raydan Watkins Architects. United Kingdom
Dr. Lucelia Taranto Rodrigues, University of Nottingham. United Kingdom
Dr. Jorge Rodríguez Álvarez, University of A Coruña. Spain
Prof. Jean-Francois Roger France, Université catholique de Louvain. Belgium
Prof. Marco Sala, ABITA Interuniversity Research Centre. Italy
Dr. Rosa Schiano-Phan, University of Westminster. United Kingdom
Prof. Mattheos Santamouris, University of New South Wales. Australia
Prof. Marc Eugene Schiler, University of Southern Cailfornia. United States
Prof. Masanori Shukuya, Tokyo City University. Japan
Dr. Heide G. Schuster, BLAUSTUDIO. Germany
Shruti Shiva, Terra Viridis. India
Gunveer Singh, Atmos Lab. United Kingdom
Dr. Joana Carla Soares Gonçalves, Architectural Association School of Architecture. United Kingdom; 
School of Architecture and Cities, University of Westminster. United Kingdom; Faculty of Architecture 
and Urbanism of the University of São Paulo. Brazil
Victoria Eugenia Soto Magán, École Polytechnique Fédérale de Lausanne. Switzerland
Prof. Thanos N. Stasinopoulos, Izmir University of Economics. Turkey
Prof. Koen Steemers, University of Cambridge. United Kingdom
Dr. Abel Tablada, Technological University of Havana. Cuba 
Dr. Mohammad Taleghani, University of Salford. United Kingdom
Dr. Juan Antonio Vallejo Vázquez, NaturalCooling Ltd. Spain
Leonidas Tsichritzis, University of Kent. United Kingdom
Prof. Barbara Widera, Wroclaw University of Science and Technology. Poland
Dr. Feng Yang, Tongji University. China
Dr. Simos Yannas, Architectural Association School of Architecture, United Kingdom
Aram Yeretzian, American University of Beirut. Lebanon
Dr. Gabriela Zapata-Lancaster, Cardiff University. United Kingdom
Daniel Zepeda-Rivas, University of A Coruña. Spain

Scientific Committee (cont.)

https://www.plea2020.org/


Vol.3 - VIII

PLEA 2020 - Planning Post Carbon Cities
35th International Conference on Passive and Low Energy Architecture
www.plea2020.org   A Coruña, 1st - 3rd September 2020

PLEA 
2020
A CORUÑA

PLANNING POST CARBON CITIES

Sponsors & Supporing Organisations

Escola Técnica Superior de Arquitectura
Universidade da Coruña

PLEA
Sustainable Architecture and Urban Design

https://www.plea2020.org/
http://www.turismocoruna.com/web/
https://xacobeo2021.caminodesantiago.gal/es/inicio
https://www.xunta.gal/portada
https://www.turismo.gal/inicio?langId=en_US
https://etsa.udc.es/web/
http://breeam.es/
https://www.udc.es/en/
https://itg.es/en/19596-2/
http://www.plea-arch.org/index.php/


PLEA 2020 - Planning Post Carbon Cities
35th International Conference on Passive and Low Energy Architecture
www.plea2020.org   A Coruña, 1st - 3rd September 2020

PLEA 
2020
A CORUÑA

PLANNING POST CARBON CITIES

Vol.3 - IX

Table of Contents
Technical Articles
Volume III

5. Resources
RES-1
ID Title Authors Page
1378 Life Cycle Cost Examination of Vertical Greenery Systems in 

Singapore
Huang, Ziyou; Tan, Chun Liang; 
Long, Xin Ping

1358

1307 Producers of Electricity from Photovoltaic Energy in Spain: A 
Structural and Financial Analysis

Montes-Solla, Paulino; Peón, David 1364

1728 Earth Tube Efficacy: Analysis of Heating & Cooling Performance 
from Long Term Data in UK

1370

1225 Biomimicking Trees: Water Transportation in Buildings 1376

1397 Traditional Water Management in Contemporary Urbanity 1382

1105 What Leads to Investment in Sustainable Building? An MCA-PCA 
Approach

1388

1363 Assessing the Performance of Earth Ducts for Passive Cooling in 
Hot-Humid Climates

1394

1366 Mass Timber Solutions for Eight Story Mixed-Use 
Buildings: A Comparative Study of GHG Emissions

1400

1546 Agent Based Analysis Approaches for Nature Based Solutions. 
The Case of Green Roofs

1406

RES-2
PageID Title

1587 Toward an Expanded Nzeb Policy Platform 1412

1596 Life Cycle Cost and Carbon Appraisal for a Prefabricated 
Residential Development in London

1418

1848 Geometric and Thermographic Visual Analysis and Score Ranking 
of Public Buildings’ Comparative Energy Performance

1424

1336 The Green Breath of the City: A Dynamic Approach for Air 
Purification through NbS in the City of Milan, Italy

1430

1298 Applicability of a Passive-Radiant Capacitive Heating and Cooling 
System in Rehabilitation of Residential Buildings. Case Study: 
Colonia de San Carlos, Madrid 

1436

1249 Sustainable Campus Design of Tokyo Denki University: Focusing 
on BCP and CO2 Reduction

Watkins, Richard; Nikolopoulou, 
Marialena; Rueda-de-Watkins, 
Elena
Satwah, Sunanda; Kashyap, S. R.; 
Yehuda, Roshni U. 
Santos, Angeles; Seoane, Henrique; 
Martínez-González, Carlos
Peon, David; Martínez-Filgueira, 
Xose Manuel
Higazi, Hala; Garza González, Ana 
Cecilia
Jensen, Aurora; Sehovic, Zlatan; 
Klein, John; St. Clair Knobloch, 
Nicole; Richarson, Paul; Janiski, Julie 
Marvuglia, Antonino; Koppelaar, 
Rembrandt; Rugani, Benedetto 

Authors
Murray, Martin Anthony; 
Colclough, Shane; Griffiths, Philip 
Mohammadpourkarbasi, Haniyeh; 
Sharples, Prof. Steve
Abdelhamid, N.A.; Reim, P.; 
Srivastava, M.; Christenson, M. 
Abbasishekar, Marziyeh; Mahmoud, 
Israa; Morello, Eugenio
Gonzalez Cruz, Eduardo Manuel; 
Krüger, Eduardo; Oteiza San José, 
Ignacio; Alonso Ruiz-Rivas, Carmen; 
Martin Consuegra, Fernando 
Takase, Kozo; Ibamoto, Tadahiko; 
Momota, Masashi;  Inoue, Takashi 

1442

https://www.plea2020.org/


PLEA 2020 - Planning Post Carbon Cities
35th International Conference on Passive and Low Energy Architecture
www.plea2020.org   A Coruña, 1st - 3rd September 2020

PLEA 
2020
A CORUÑA

PLANNING POST CARBON CITIES

Vol.3 - X

RES-3
ID Title Authors Page
1138 High Tenacity Thermoformable Recycled-Rubber Material: 

Recycling as Added Value in Construction
Sanchez-Resendiz, Jorge Adan; 
Olivieri, Francesca; Oquendo Di 
Cosola, Valentina; Olivieri, Lorenzo

1448

1683 Manufacture of a LEGO® Type Brick from Recycled High Density 
Polyethylene

Escobar, Daniel Andres; Carbonnel, 
Alexandre; Lucares, Maria ignacia; 
Pérez, Hugo David; Jimenez, Maria 
Paz

1454

1581 Energy Service Company  and Energy Efficiency in Buildings: 
Retrospective and Survey in Brazilian Context

Maciel, Renata Albuquerque; 
Amorim, Cláudia Naves

1459

1605 Rice Husk and Coconut Fiber to Improve Heat Capacity in Green 
Wall Substratum

Esparza Lopez, Carlos Javier; 
Ríos-González, Irvin Isaac; Ojeda-
Sánchez, Jorge Armando

1465

1539 Evaluation of Aluminium Powder in the Production of a 
Lightweight Geopolymer

Oliveira, Leonel Nadal de; Oliviera, 
Ricardo Nadal de; Fernandes, Elen 
Cristina Faustino Boff; Lermen, 
Richard Thomas; Silva, Rodrigo de 
Almeida; Neto, Djalmo Dutra dos 
Santos; Júnior, Rogério Ferreira; 
Beninca, Letiane 

1470

6. Education
EDU-1
ID Title Authors Page
1149 Teaching the Value of Architecture Schröpfer, Veronika Lilly Meta; 

Sanchis Huertas, Ana; Carreira De 
Rosso, Larissa; Navarro Escudero, 
Miriam 

1477

1357 Building Performance Simulation Training for Design           Gallo, Paola; Romano, Rosa; 
  Optimization Donato, Alessandra

1483

1656 Daylight Appraisal Classes for Architecture Students. A 
Questionnaire Combined with a Practical Assessment for 
Educational Training Recommendations

Sokol, Natalia; Waczynska, Marta; 
Martyniuk-Peczek, Justyna

1489

1690 Nodal Strategies for a Sustainable Architectural Education Garbarczyk, Magdalena; Hall, Min 1495
1753 Building Beyond Borders: Project-based Learning from, with & 

for the World
Janssens, Bart; Winkels, Peggy; 
Coeckelberghs, Nicolas; Verbeeck, 
Griet; Knapen, Elke

1501

1231 Analysis of Flow Patterns Using Water-Table Apparatus by 
Varying the Model Scale

Kumar, Chawan Vijay; Damle, 
Rashmin Mohan

1507

1320 Towards an Integrated Sustainable University Campus: The 
Social Pillar Case of Al-Ahliyya Amman University in Jordan

Alnusairat, Saba Fawzi; Al-Shatnawi, 
Zahra; Kakani, Anan

1513

1354 Rural Women’s Participatory Construction in China Liu, Xiaoxue; Wan, Li; Chi, Xinan; 
Zhou, Lai

1519

1727 Building Performance Simulation to Stimulate Architectural Early 
Design: Integrating Design and Simulation 

Kalpkirmaz Rizaoglu, Isil; Voss, 
Karsten

1525

https://www.plea2020.org/


PLEA 2020 - Planning Post Carbon Cities
35th International Conference on Passive and Low Energy Architecture
www.plea2020.org   A Coruña, 1st - 3rd September 2020

PLEA 
2020
A CORUÑA

PLANNING POST CARBON CITIES

Vol.3 - XI

ID Title Authors Page
1449 Environmental Performance of Social Housing in São Paulo: 

Educational Experience from a Design Workshop
Gasparelo Lima, Eduardo; de 
Gusmão Coutinho, Lais; Ferrara 
Carunchio, Claudia; Rodrigues Prata 
Shimomura, Alessandra; Loureiro 
Xavier Nascimento Michalski, Ranny

1531

1692 Design/Build Technological Education Applied to Community-
Based Projects - Comparative Study of Two Exercises for Rural 
Infrastructure in Chile

Schmitt, Cristian; Arroyo, Diego 1537

1711 Casa FENIX 2.0:  A Case Study Team CHILE – UTFSM – Solar 
Decathlon 2020 U.S.

Hormazábal, Nina; Sills, Pablo; 
Valdés, Francisco; Gálvez, Miguel; 
Galaz, Consuelo; Candia, Loreine

1543

1158 Integration of Building Science in Architecture Education - The 
IMPAQT Experience

Berger, Christiane; Mahdavi, 
Ardeshir

1549

1203 Indoor Comfort within Social Spaces: A Case of LEED-Certified 
College-Preparatory School

Adekunle, Timothy O.; Sawruk, 
Theodore; Tuscano-Moss, 
Rebeccah; Hegenauer, Jason 

1554

1505 Environmental Information Modelling for Building Design Wu, Chin Huei; Rajput, Kartikeya 1559

EDU-3
ID Title Authors Page
1597 Environmental Models as Pedagogical Tools: A Case Study in 

Post-Carbon Bath, UK
Moffitt, Lisa 1565

1247 Life Lugo+Biodynamic. Planning a Multi-ecological 
Neighbourhood as a Model of Urban Resilience

Hinojo, Boris; Martínez, Susana; 
Penedo, Susana 

1571

1139 Retrofit of School Buildings with Heavy Structure, Interactions 
between Solar Control and Insulation Strategies

Carbonari, Antonio; Scarpa, 
Massimiliano

1577

1638 Applicability of PMV and ePMV Index to Naturally
Ventilated Classrooms in a Tropical Climate

Montoya, Olga Lucia; Villalobos, 
Margarita

1583

1591 Investigation into the Impact of Simplification Aspects of 
Brazilian Energy Efficiency Simulation Interface S3E

Garcia, Marina da Silva; Souza, 
Roberta Vieira Gonçalves de

1589

1234 A Novel Method of Teaching Building Performance Simulation in 
Post-Graduate Sustainable Architecture

Francis, Michel; Asmar, Jean-Pierre 1595

Poster Session (technical articles)

ID Title Page
1283 Developing Multi-functional Design Strategies for Facades in Net-

Zero Energy High-Rise Buildings
1602

1270 Evaluation of a Ventilation System of an Auditorium in England
In Terms of Thermal Comfort and Indoor Air Quality

1608

1512 Environmental Design for Everyone 1614

1235 Countermeasures to Typhoon Risks: Perspectives from Tree Safety 
and Urban Morphology

Authors
Alarcon Herrera, Olivia; Hachem-
Vermette, Caroline
Mohajerani, Parin; Renganathan, 
Giridharan; Watkins, Richard
Rastogi, Manit; Anand, Isha; 
Verma, Piya; Juneja, Aarushi 
Lin, Hankun; Gu, Yaning; Huang, 
Songyi; Lu, Yao; Yin, Shi; Jin, 
Haixiang; Wu, Wentong; Xiao, 
Yiqiang 

1620

EDU-2

https://www.plea2020.org/


PLEA 2020 - Planning Post Carbon Cities
35th International Conference on Passive and Low Energy Architecture
www.plea2020.org   A Coruña, 1st - 3rd September 2020

PLEA 
2020
A CORUÑA

PLANNING POST CARBON CITIES

Vol.3 - XII

1588 The Cost of Daylight: A Parallelized Approach to Multi-Objective 
Optimization

1626

1155 Influence of Air Leakage from Building Façade on the Energy 
Efficiency in Tropic Asia

1632

1502 Analysis of Urban Scale Factors for Data Center Waste-heat Use: 
Three Case Studies in Sweden

1638

1490 Indoor Farming in Future Living Models 1644

1162 Research Model for Bioclimatic Small-scale Urban Settlement in 
Mild and Temperate Climate

1650

1284 Parametric Study for the Design and Evaluation of the Acoustic 
Quality of Concert Halls

1656

1147 On the Reliability of Buildings’ Energy Use Predictions. Can We 
Close the Occupant-related Performance Gap?

1662

1268 Correlative Impact of Shading Strategies on Sky Exposure and 
Cooling Performance at Pedestrian-level in Street Canyon

1668

1777 Personalised Thermal Comfort  to Reduce the Performance Gap 
in Residential Buildings 

1674

1176 Assessing Heat Stress in Hospital Wards Using Wet Bulb
Globe Temperature: A Case Study in Mediterranean Climate

1680

1317 Contrasting the Passive Cooling Effect Produced by Courtyards 
Located in the Tropical and Mediterranean Climates

1686

1325 Household Waste as a Low-tech Thermal Insulation for Roofs. A
Vernacular approach to Climate Change Mitigation and Adaptation
Strategies for Vulnerable Communities in Egypt 

1692

1230 Perforated Blocks Efficiency from Natural Ventilation
Perspective in Warm-humid Climates

1698

1180 The Thermal Performance of Compact Housing in Tall Buildings: 
Strategies for Façade Design in the Dense Urban Centre of the 
Subtropical City of Sao Paulo

1704

1287 Evaluation of the Airflow Distribution in Naturally Ventilated 
Buildings Using CFD

1710

1789 Impact of Climate Change on the Natural Ventilation Potential: A 
Case Study in the UK

Pereira, Inês; Leitão, António

Mabuchi, Yukiko; Ichinose, 
Masayuki; Murakami, Ryota
Ramos Cáceres, Cristina; 
Sandberg, Marcus; Sotoca, Adolfo 
Woiezechoski, Carine Berger; 
Schiano-Phan, Rosa; Hasman, 
Mina 
Widera, Barbara

Vargas gonzalez, Ana Carolina

Mahdavi, Ardeshir; Berger, 
Christiane
Yin, Shi; Lang, Werner; Lu, Yao; 
Lin, Hankun; Zhan, Qiaosheng; 
Xiao, Yiqiang 
Alqadi, Shireen Bader; Elnokaly, 
Amira; Sodagar, Behzad 
Filippidou, Kyveli; Renganathan, 
Giridharan 
Callejas, Ivan Julio Apolonio; 
Galán-Marín, Carmen; Durante, 
Luciane Cleonice; Amarante, 
Leticia Mendes do; Guarda, Emeli 
Lalesca Aparecida da; Morais, 
Maria Luíza Costa Negreiros; Diz-
Mellado, Eduardo; Rivera-Gómez, 
Carlos 
Dabaieh, Marwa; M. Zacharia,  
Monica 

Arango Díaz, Lucas; García 
Cardona, Ader Augusto; Gómez 
Galvis, Angie Daniela; Márquez 
Parra, Daniela; Vargas Bustos, 
Angie Katherine; Arango Restrepo, 
Juan Fernando; González 
Obando, Owen David; Munoz 
Ramos, Andres Danovis; Posada 
Aristizábal, Juan Fernando
Dolce Uzum, Monica dos Santos; 
Goncalves, Joana Carla Soares 

Diaz Calderon, Sonny Francisco; 
Castillo Torres, Jose Antonio; 
Huelsz, Guadalupe 
Zeng, Yanghuan; Sun, Yuzhuo; Liu, 
Chunde

1716

https://www.plea2020.org/


PLEA 2020 - Planning Post Carbon Cities
35th International Conference on Passive and Low Energy Architecture
www.plea2020.org   A Coruña, 1st - 3rd September 2020

PLEA 
2020
A CORUÑA

PLANNING POST CARBON CITIES

Vol.3 - XIII

1852 The Use of Rubble as a Sustainability Strategy in Post-War 
Scenarios: A Study in Iraq

1721

1326 Innovative Design Solutions for Resilient Regeneration of the 
Mediterranean Urban Districts

Ali, Hala; Correia Guedes, 
Manuel; de Brito, Jorge
Romano, Rosa; Bologna, 
Roberto; Arnetoli, Maria Vittoria

1727

1559 The Potential of Electrochromic Glazing for Occupant Well-
Being and Reduced Energy Load in a Mediterranean Climate

Magri, Etienne; Buhagiar, Vincent; 
Overend, Mauro 

1733

1525 Integrated Solutions for Daylighting and Electric Lighting: IEA SHC 
Task 61/EBC Annex 77, Subtask D – Proposal and First Results

1739

1200 A Classroom for the Outdoor Learning. A Bioclimatic Approach 
on a Real Study

1745

1425 Uncertainty and Global Sensitivity Analysis of Cooling Energy 
Demand for a Residential Apartment Located in Hot and Dry 
Climate of India

1751

1208 Analysing Energy Savings and Overheating Risks of Retrofitting 
Chinese Suburban Dwellings to the Passivhaus EnerPHit Standard

1757

1820 Comfort Analysis and Improvement at Workplace: Use 
Participation Techniques Applied to a Case Study

1763

1151 A New Method for Urban Design: The Production of Interstitial 
Infrastructures Based on Environmental, Morphological and Social 
Parameters in the City of Sao Paulo

1769

1702 Designing an Action Plan: A One Planet Living Design  
Experience for a District Development

1775

1676 Geometric Forms and Insolation II - A Reassessment of the 
Relation between Shape and Solar Irradiation

1780

1558 How Much Are Initial Design Optimisations Worth? The 
Importance of Urban Energy Efficiency Optimisations in Early-
Stage Design Phase

1786

1273 Empowering at Risk Communities: A Kit of Parts for Minimally 
Invasive Climate Responsive Interventions

1792

1697 Roboblox: Robotic Manufactured Blocks Driven by Daylighting 
Performance

1798

1750 Interpreting the Correlation between Sunlight Performance, 
Building Form and Building Intervals

1804

1186 Photobiological Climate-Based Lighting Adaptation Scenarios for 
High-Performance Biophilic Buildings

1810

1504 MUSSUS: Guidelines for the Inclusion of Musekes in Luanda

Amorim, Claudia Naves David; 
Gentile, Niko; Osterhaus, Werner; 
Altomonte, Sergio 
Dessi, Valentina; Piazza, Anna 
Isabella
Chaturvedi, Shobhit; N, Veena; E, 
Rajasekar 

Liu, Chenfei; Sharples, Stephen; 
Mohammadpourkarbasi, Haniyeh
Cuerdo-Vilches, Teresa; Navas-
Martin, Miguel Angel 
Pimentel Pizarro, Eduardo; Soares 
Gonçalves, Joana Carla

Estignard, Baptiste; Marquez, Timo; 
Etienne, Ella; Debord, Lauriane

Stasinopoulos, Thanos N

Kurek, Julia; Martyniuk-Pęczek, 
Justyna

McGill, Shakari Darnell; Schiler, 
Marc; Konis, Kyle; Choi, Joon-Ho
Wagdy, Ayman; Teixeira, Muge 
Belek Fialho
Zhou, Yuan

Parsaee, Mojtaba; Demers, Claude 
MH.; Hébert, Marc; Lalonde, Jean-
François; Potvin, André 
Albuquerque, Nadia; Correia 
Guedes, Manuel 1816

https://www.plea2020.org/


PLEA 2020 - Planning Post Carbon Cities
35th International Conference on Passive and Low Energy Architecture
www.plea2020.org   A Coruña, 1st - 3rd September 2020

PLEA 
2020
A CORUÑA

PLANNING POST CARBON CITIES

Vol.3 - XIV

Poster Session (posters)

ID Title Page
1283 Developing Multi-functional Design Strategies for Facades in 

Net-Zero Energy High-Rise Buildings
1823

1270 Evaluation of a Ventilation System of an Auditorium in England, in 
Terms of Thermal Comfort and Indoor Air Quality

1824

1512 Environmental Design for Everyone 1825

1588 The Cost of Daylight: A Parallelized Approach to Multi-Objective 
Optimization

1826

1155 Influence of Air Leakage from Building Façade on the Energy 
Efficiency in Tropic Asia

1827

1502 Analysis of Urban Scale Factors for Data Center Waste-heat Use: 
Three Case Studies in Sweden

1828

1490 Indoor Farming in Future Living Models 1829

1162 Research Model for Bioclimatic Small-scale Urban Settlement in 
Mild and Temperate Climate

1830

1284 Parametric Study for the Design and Evaluation of the Acoustic 
Quality of Concert Halls

1831

1268 Correlative Impact of Shading Strategies on Sky Exposure and 
Cooling Performance at Pedestrian-level in Street Canyon

1832

1777 Personalised Thermal Comfort to Reduce the Performance Gap 
A Method Developed in a Mediterranean Climate

1833

1317 Contrasting Passive Cooling Effect Produced by Courtyards 
Located in the Tropical and Mediterranean Climates

1834

1325 Household Waste as a Low-tech Thermal Insulation for Roofs
A Vernacular Approach for Climate Change Mitigation and 
Adaptation Strategies for Vulnerable Communities in Egypt

1835

1230 Perforated Blocks Efficiency from Natural Ventilation Perspective 

Authors
Alarcon Herrera, Olivia; 
Hachem-Vermette, Caroline
Mohajerani, Parin; Renganathan, 
Giridharan; Watkins, Richard
Rastogi, Manit;  Anand, Isha; 
Verma, Piya; Juneja, Aarushi 
Pereira, Inês; Leitão, António

Mabuchi, Yukiko; Ichinose, Mas-
ayuki; Murakami, Ryota
Ramos Cáceres, Cristina; Sand-
berg, Marcus; Sotoca, Adolfo 
Woiezechoski, Carine Berger; Schi-
ano-Phan, Rosa; Hasman, Mina 
Widera, Barbara

Vargas gonzalez, Ana Carolina

Yin, Shi; Lang, Werner; Lu, Yao; 
Lin, Hankun; Zhan, Qiaosheng; 
Xiao, Yiqiang 
Alqadi, Shireen Bader; Elnokaly, 
Amira; Sodagar, Behzad 
Callejas, Ivan Julio Apolonio; 
Galán-Marín, Carmen; Durante, 
Luciane Cleonice; Amarante, 
Leticia Mendes do; Guarda, Emeli 
Lalesca Aparecida da; Morais, 
Maria Luíza Costa Negreiros; 
Diz-Mellado, Eduardo; Rivera-Gó-
mez, Carlos 
Dabaieh, Marwa; M.Zacharia, 
Monica 

Arango Díaz, Lucas; García Cardo-
na, Ader Augusto; Gómez Galvis, 
Angie Daniela; Márquez Parra, 
Daniela; Vargas Bustos, Angie 
Katherine; Posada Aristizábal, 
Juan Fernando; Arango Restrepo, 
Juan Fernando; González Obando, 
Owen David; Muñoz Ramos, An-
dres Danovis

1836

https://www.plea2020.org/


PLEA 2020 - Planning Post Carbon Cities
35th International Conference on Passive and Low Energy Architecture
www.plea2020.org   A Coruña, 1st - 3rd September 2020

PLEA 
2020
A CORUÑA

PLANNING POST CARBON CITIES

Vol.3 - XV

1180 The Thermal Performance of Compact Housing in Tall Buildings: 
Strategies for Façade Design in the Dense Urban Centre of 
the Subtropical City of São Paulo

Dolce Uzum, Monica dos Santos; 
Goncalves, Joana Carla Soares 

1837

1287 Evaluation of the Airflow Distribution in Naturally Ventilated 
Buildings Using CFD

Diaz Calderon, Sonny Francisco; 
Castillo Torres, Jose Antonio; 
Huelsz, Guadalupe 

1838

1789 Impact of Climate Change on the Natural Ventilation Potential: A 
Case Study in the UK

Sun, Yuzhuo; Zeng, Yanghuan; Liu, 
Chunde

1839

1326 Innovative Design Solutions for Resilient Regeneration of the 
Mediterranean Urban Districts

Romano, Rosa; Bologna, Roberto; 
Arnetoli, Maria Vittoria

1840

1208 Analysing Energy Savings and Overheating Risks of Retrofitting 
Chinese Suburban Dwellings to the Passivhaus EnerPHit Standard

Liu, Chenfei; Sharples, Stephen; 
Mohammadpourkarbasi, Haniyeh

1841

1820 Comfort Analysis and Improvement at Workplace: Use Participa-
tion techniques Applied to a Case Study

Cuerdo-Vilches, Teresa; 
Navas-Martin, Miguel Angel 

1842

1151 A New Method for Urban Design: The Production of Interstitial 
Infrastructures Based on Environmental, Morphological and 
Social Parameters in the City of Sao Paulo

Pimentel Pizarro, Eduardo; Soares 
Gonçalves, Joana Carla

1843

1676 Geometric Forms and Insolation II - A Reassessment of the Rela-
tion between Shape and Solar Irradiation

Stasinopoulos, Thanos N 1844

1558 How Much Are Initial Design Optimisations Worth? The Impor-
tance of Urban Energy Efficiency Optimisations in Early-
Stage Design Phase

Kurek, Julia; Martyniuk-Pęczek, 
Justyna

1845

1697 Roboblox: Robotic Manufactured Blocks Driven by Daylighting 
Performance

Wagdy, Ayman; Teixeira, Muge 
Belek Fialho

1846

1750 Interpreting the Correlation between Sunlight Performance, Build-
ing Form and Building Intervals

Zhou, Yuan 1847

https://www.plea2020.org/


RESOURCES



PLEA 2020 A CORUÑA 
Planning  Post  Carbon C i t ies

Life cycle cost examination of vertical greenery systems in 
Singapore 
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ABSTRACT: Vertical Greenery Systems (VGS) are a common urban green infrastructure. Studies of Life Cycle Cost 
(LCC) of VGS in Singapore shows maintenance accounts for more than 80% of total LCC, during which plants 
replacement rate (PRR) is the paramount factor contributing to more than 90% of maintenance cost. To 
understand the underlying causes of the high maintenance costs plants replacement and validate previous LCC 
study, five green walls were examined.  
During the onsite installation observation of a new VGS, field data, pictures, duration of key processes, and 
issues occurred were documented throughout the whole period. For the four established VGS, sensors were 
installed to measure the climatic parameters. Besides, coverage of VGS, determined by Coverage over Time (CoT) 
was also obtained from processed weekly photographic documentation.  
The comparison of key installation and maintenance cost data between previous study and onsite observation 
prove the validity of the previous data. Field measurement results, combining with CoT and calculated PRR 
indicate that lighting, irrigation, and plants species selection are three major factors influence PRR. Insights 
concluded from the influencing factors identified can be used to reduce PRR thereby lowering LCC and resources 
contributed to VGS, which improves economic and environmental sustainability of VGS.  
KEYWORDS: Vertical greenery system, Life cycle cost, Validation, Maintenance, Singapore 

1. INTRODUCTION
Vertical Greenery Systems (VGS) are a common

urban green infrastructure worldwide in recent 
decades [1]. Studies of Life Cycle Cost (LCC) study of 
VGS in Singapore shows that maintenance accounts 
for more than 80% of total LCC, during which plants 
replacement is the paramount activity that 
contributes to more than 90% of maintenance cost, 
including materials and manpower cost [2]. However, 
there is a lack of in-depth investigation for influencing 
factors of plants replacement. Hence, to understand 
the underlying factors affect plants replacement rate 
(PRR) and validate results from previous LCC study, a 
series of green walls were examined by onsite 
observation and field measurement. Specifically, 1) 
daily observation of detailed installation process of a 
new VGS was conducted to identify issues affecting 
future maintenance cost, and to validate the 
installation cost data from the previous study; and 2) 
weekly visit and field measurement of four VGS was 
conducted to validate maintenance cost data and to 
explore the potential factors affecting PRR. 

2. METHODOLOGY
The purposes of the study – understanding of

influencing factors on PRR and validation of previous 
LCC study, are achieved by surveying four green walls 
during their installation and maintenance stages. 
Detailed process were documented and climatic 
parameters were measured on the field. 

Specifically, filed measurement was conducted to 
identify the plant and climatic parameters that have 

important effects on PRR. The hypothesized variables 
were measured for plant parameters, including vapor 
pressure deficit (VPD), soil moisture (SM), 
photosynthetically active radiation (PAR), and 
coverage over time (CoT), and the climatic 
parameters, including illuminance (ILM), solar 
radiation (SR), wind speed (WS), air temperature (AT), 
and relative humidity (RH). Four pocket VGS installed 
at four sites of JTC properties were sampled, which 
include one outdoor site - Tuas Biomedical Park (TBP), 
and three indoor sites - Changi Business Park (CBP), 
Summit Level 8 (SL8) and Summit Level 9 (SL9). 

2.1 Measurement setup 
VGS ambient conditions were measured by 

different types of sensors: lighting was monitored by 
recording PAR and ILM, water content in the growing 
media in the VGS pockets was measured by SM 
sensors, and VPD was determined by AT and RH 
sensors. WS and SR sensors were installed at outdoor 
site. The logging interval for sensors is one-minute for 
24 hours continuously. And the CoT of each VGS 
sampled is weekly recorded by photographic 
documentation to obtain plants coverage on VGS 
over the course of the study. Measurement details 
for the variables are listed as follows. 

2.2 Coverage over time (CoT) 
Coverage of VGS is determined by CoT, which is 

from processed weekly photographic documentation 
of elevation views of VGS at site. The plants-covered 
area is assigned with white pixels while the remaining 
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uncovered area of the VGS is assigned with black 
pixels. With the exact number of total pixels (white 
plus black), CoT is determined by the percentage of 
white pixels to total number of pixels and is used to 
quantify the growing condition of the VGS. Workflow 
of coverage determination is shown in Fig. 1. 

Figure 1: Workflow of determination of CoT 

2.3 Photosynthetically Active Radiation (PAR) and 
Daily Light Integral (DLI) 

PAR is the available light required for 
photosynthesis to take place in plants. As cumulative 
PAR better determines plant growth than 
instantaneous PAR [1], Daily Light Integral (DLI), 
which refers to the cumulative PAR acquired by 
vegetation in a day [2], is used. PAR of four sites were 
measured and DLI were determined accordingly. The 
Equation (1) of DLI is as follows: 

(1) 

where DLI - daily light integral, mol m-2 day-1 (mol m-
2 day-1);  

      PAR - photosynthetically active radiation 
(μmol m-2 sec-1);  

3. RESULTS AND ANALYSIS
3.1 On-site installation documentation and
observation - issues affecting LCC

With the assistance of collaborator – JTC 
Corporation, documentation and observation of 
installation process of a new VGS at JTC launch pad 
was conducted. The installation took 12 days and 
detailed process of each day was documented to 
validate the data from previous LCC study. And the 
issues occurred during the installation process were 
discussed below: 

1) Supervisor was absent when the other workers
were working in one of the working days. This might 
lead to potential risks or the delay of the works as it 
requires the examination and verification during each 
detailed process by the supervisor. The omission and 
cursoriness during the installation without the 
checking of supervisor might also result in hidden 
problems that lead to more subsequent problems or 
reworking in the future, which increases the LCC. 

2) When it was heavily raining, the panels were
left aside and exposed to rain throughout the raining 
period. This might cause damage to the plants and 
lead to potential installation safety problem as the 
weight of panels grew a lot when soaked and 
saturated with water. The heaviness of the panels 
together with the strong wind might render the 
panels less controllable when being installed on the 
ladder. The inadequate preparation for risk 
mitigation, e.g. the extreme weather condition, might 
also lead to additional cost if any accident happen 
during the very period. And the damage caused to 
the materials will also incur future maintenance cost. 

3) During the design stage, the contractor did not
leave beforehand the holes for control panels of 
building system on the façade and communicate with 
the building owner about the appropriate size of the 
holes. Therefore, they had to communicate during 
the installation process and adjust the size of holes on 
the panels. The size of the holes was expanded from 
120mm to 180, 200mm. This issue might cause 
additional working hours as the reworking after the 
installation of panel is more difficult and cost more 
man hours compared with arranging beforehand. 
Therefore, it is necessary for VGS designers to 
observe the building where VGS to be installed at the 
design stage to avoid additional working hours and 
costs in the installation stage. 

4) Plants newly installed were affected with scale
and fungal, and some plants showed signs of burn 
(white butterfly Synonyms were mostly affected). The 
contractor applied a coating of pesticide, and 
monitored and treated accordingly after they sent 
people to trim the affected plants. 

The reason behind this issue might be that the 
contractor did not check plants carefully during 
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nursery stage before conveying panels to the site. 
This might lead to wide spread of diseases to more 
plants on the VGS causing high replacement rate and 
additional maintenance cost. Hence, it is critical to 
scrutinize plants on panel during pre-grow stage 
before installation. 

5) To sum up, although installation stage itself
accounts for only small part of LCC, it should not be 
neglected. First, it influences the perception of 
customers to the cost of VGS and subsequent 
willingness-to-pay as installation cost is one part 
afforded by customers. The price offered by 
contractors which includes installation cost is the first 
and direct impressions for customers to VGS, and 
high price is one of the barriers to the development 
of VGS. Therefore, it is vital to reduce the installation 
cost to improve the acceptance of customers. 
Second, installation stage will meanwhile affect the 
long term cost in operation and maintenance stage. 
Hence, appropriate planning and inspection during 
installation process are also important. 

The onsite observation study contributes to 
potential reduction of installation cost by identifying 
issues of management, scheduling and design and 
provides insights for VGS contractors to optimize the 
installation process. 

3.2 Weekly VGS site visit 
Weekly visit and field measurement of four VGS 

was also conducted to explore the potential factors 
affect maintenance cost and validate the cost 
documentation of previous LCC study. 

3.2.1 VGS coverage – CoT 
Coverage of VGS, defined as Coverage over Time 

(CoT), over the course of the research can be found in 
Fig. 2. VGS coverage is quantified and recorded on a 
weekly basis by CoT to explore its changes over time. 

Figure 2: Coverage over time (CoT) profile 
As seen in Fig. 2, CoT percentages for outdoor 

Tuas Biomedical Park are lower than that at indoor 
conditions – TBP (45% to 60%), CBP (82%), SL8  (86%), 
and SL9 (87%). Also, comparing CoT between the four 

green wall panels at outdoor TBP, Panel B and C are 
significantly lower than Panels A and D.  

The significant difference between the indoor and 
outdoor CoT can be attributed to the climatic nature 
of the outdoor environment and the plant selection 
at TBP. Maintenance log provided by the contractor 
and weekly onsite observations showed that 
Hemigraphis took longer time to grow. It was 
frequently observed that Hemigraphis were drying up 
or dying, and were eventually replaced, especially on 
Panel B and C at TBP where Hemigraphis were 
planted in distinct patterns. 

As seen in Fig. 2, CoT fluctuations for all indoor 
green walls falls within a 10% range whereas CoT 
fluctuations for outdoor panels range between 45% 
and 80%). CoT for indoor conditions at CBP, SL8 and 
SL9 is more consistent, with less fluctuations, 
compared to outdoor green wall panels at TBP. This 
could be attributed to the controlled growth 
environment that indoor greenery experiences and 
the plant selection at outdoors TBP aforementioned. 
Additionally, comparing between the three indoor 
green walls, CoT for SL8 is relatively more consistent 
than CBP and SL9. This could be due to the difference 
in lighting levels received by the green walls. For 
instance, the availability of natural daylighting from 
the building’s glass façade at CBP and the distance of 
growth lights from the green wall. At CBP and SL9, 
growth lights were placed above the green walls (1 
meter away) whereas at SL8, growth lights were 
placed across the lift lobby 2.44 meters away from 
the green wall. 

Before the stabilization of CoT, it generally took 
roughly two months after installation for plants to 
grow along with rising or declining treads. The 
downward trend for SL9 during 20th July to 23th 
August, 2019 and for CBP during 12th September and 
10th October, 2019 might be due to irrigation issues 
resulting from the faulty irrigation pump. According 
to the maintenance report from contractor, the 
replacement rate of plants of SL9 reached as high as 
11% after the irrigation issues, compared with 2% to 
5% for normal maintenance. Therefore, irrigation 
could be a key factors affecting plants replacement 
rate. The comparison of plants condition before and 
after the issues can be found in Fig. 3 and Fig. 4. 
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Figure 3: Comparison of VGS conditions at SL9 

Figure 4: Comparison of VGS conditions at CBP 

Though CoT can be one of the parameters to 
assess VGS quality, it is not equal to performance. It 
does not necessarily indicate that VGS with high CoT 
or less fluctuations are without problems. For 
example, mealybugs spread through VGS at SL8 even 
though it has high and consistent CoT value. Hence, it 
is worth noting that CoT should be scientifically 
combined with other assessing parameters, e.g. soil 
moisture, lighting, and plant selection. 

3.2.2 Lighting 
The instantaneous PAR profile does not indicate 

adequate representation of the availability of lighting 

for plant photosynthesis process. Therefore, the 
cumulative PAR measured by daily light integral (DLI), 
is used to determine VGS’s optimal provision of 
growth light (see Fig. 5). Although PAR levels of TBP is 
significantly higher, DLI of it only ranks second – 
behind CBP. The possible reason might be that there 
are both natural daylight and artificial light at CBP. In 
despite of lower PAR value at SL8, it is observed on 
site from weekly visit that plants were growing well. 
Hence, there might be over-compensation of growth 
lighting at CBP and SL9, which can be mitigated by 
shortening the duration of growth light provision to 
reduce the electricity cost [3]. And in indoor 
environment, if not provides VGS with inadequate 
lighting according to the whole plant light 
compensation point of different species, high PRR 
may also be caused [4][5]. 

Figure 5: Daily light integral (DLI) profile. 

3.2.3 Irrigation 
Soil moisture of three indoor VGS for a typical day 

can be seen in Fig. 6. The condition of TBP is not 
measured as it is exposed to natural climatic 
conditions. It is noted that irrigation across a VGS 
within a day is relatively homogeneous. However, Fig. 
6 only provides value from one point but not the 
distribution across the whole VGS as the soil moisture 
sensors were placed on where water typically collects 
– the bottom pocket at the middle of VGS. Hence, to
observe the distribution of irrigation of VGS, thermal
image were taken at CBP on 10th Oct. 2018 (see Fig.
7). It is evident in Fig. 7 that the left side of VGS was
cooler than the right, which indicates the cooler part
received more irrigation than the warmer side.

Figure 6: Soil moisture profile 
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Figure 7: Thermal image at CBP 

Figure 8: Irrigation at SL9 

To study the uniformity of the irrigation system, 
additional soil moisture sensors were installed at SL9. 
5 Horizontal points and 6 vertical points of soil 
moisture levels at SL9 are shown in Fig. 8. The pattern 
of soil moisture readings at SL9 indicates the non-
uniformity of the irrigation distribution, which might 
lead to non-uniformity of plant health, and high 
replacement rate due to the excessiveness or the 
shortage of water. 

The observations in CBP and SL9 could be resulted 
from the poor irrigation design: firstly, due to the 
inadequacy of pump to irrigate the whole VGS and 
the insufficiency of power to draw water from tank 
and spread it to the other end of VGS; secondly, due 
to the inappropriate layout of main pipe e.g. distance 
too far between each main pipe, which might lead to 
over-irrigation of upper plants and under-irrigation of 
the bottom plants as emitters are placed only at the 
very row where main pipe installed  and water flow 
down to the remaining rows.

3.2.4 Plant selection and replacement 
Plants replacement of the observed VGS was 

carried out regularly during maintenance. It is 
observed some species of plants develop better than 
some species in the same condition. For instance, at 
TBP, various plants, especially Hemigraphis and 
Cuphea hyssopifolia usually will dry up or die which 
requires replacement. And Philodendron scandens 

are hardier and are used to replace drying or dying 
species. 

At CBP, plant replacement were main carried out 
when there were irrigation and lighting issues which 
had severely terrible impacts on the development of 
plants. For example, Aeschynanthus pulcher were 
used to replace dried Aeschynanthus parvifolius. At 
SL8 and SL9, frequency of maintenance increased 
between November 2018 and January 2019.  At SL9, 
Syngonium silver pearl and Philodendron scandens 
were used to replace several species, e.g. 
Philodendron lime green, variegated, Monstera 
oblique var and Syngonium pink. At SL8, 
Philodendron variegated and lime green were also 
replaced. 

3.2.5 Summary 
Based on the on-site study observation, the 

replacement of plants is highly related with the 
following issues: 

• Water: Uneven distribution of irrigation
which leads to the over or under watering. 

• Lighting: excessive growth light provision
which leads to a waste of energy, or inadequacy of 
lighting which leads to high PRR.  

• Plants selection: species such as
Hemigraphis and Cuphea hyssopifolia tended to be 
easily drying up and dying due to its sensitivity to 
water and lighting. 

These issues may lead to higher replacement of 
plants which increases the LCC of VGS. In addition, 
the over compensation of lighting and the non-
uniformity of irrigation result in the waste of 
resources that also increases the LCC. Therefore, in 
order to reduce the LCC of VGS by lowering the 
replacement rate of plants, the minimum 
requirement of key growing elements of plants, 
namely, water and lighting, needs to be determined 
for different commonly-used species in VGS. In this 
way, unsuitable species with high casualty rate can 
also be filtered out. 

3.3 Data validation 
To validate part of the key data collected in 

previous LCC study [6], onsite data including 
initialization in nursery, installation and maintenance 
stage were documented. From Table 1, it can be 
observed the difference between data from previous 
LCC study and onsite documentation is within 
reasonable range, which might be explained by the 
design and arrangement difference from different 
companies. Therefore, with the relatively reliable 
data and the established traditional LCC calculation 
method, results from previous study are valid. 
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Table 1: Comparison of key cost components (for per 100 
m2 of VGS) between previous and this study 

a Data are from onsite observation. 
b data are from maintenance report from 4 VGS 

for 1 year. 
c data are from onsite interview. 
d data are from VGS drawings. 
e data are from sensors installed at the VGS sites. 

4. CONCLUSION
This study has validated the key cost data of VGS

installation and maintenance stage of previous LCC 
study by on-site documentation and observation. In 
addition, three major factors are identified to have 
impacts on PRR. The findings provide a practical 
perspective to reduce LCC of VGS, as well as the 
resources consumed. However, in order to optimize 
the utilization of resources such as electricity and 
water, for the longer life span of plants, an 
experimental study to quantify the whole plants light 
compensation point and water stress threshold of 
commonly-used VGS species is necessary in the 
future, to further enhance the sustainability 
economically and environmentally. 
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1. INTRODUCTION
The increased energy consumption, price volatility,

and depletion of fossil energy resources has driven the 
search for cleaner technologies to produce, distribute 
and use energy [1]. The environmental scope of 
electricity generation that results in lower production 
costs and greater economic benefits is a main concern 
for planning post carbon cities [2]. 

In the EU, renewable energies account only for 11% 
of the production mix (in year 2015). After the Lisbon 
Treaty (2007), a key objective is to promote efficiency, 
energy savings and new forms of renewable energy. 
The European Commission launched SET 
(COM/2009/0519), which sets the strategy to develop 
a low-carbon economy and reduce energy depen-
dence. Renewable sources are seen as an opportunity, 
not only at the environmental level, but in terms of 
promoting economic growth [3]. However, each 
country in the EU has some freedom to choose the mix 
of energy generation. In Spain, the Government 
fostered in 2007 the use of renewable technologies – 
particularly, producing electricity from photovoltaic 
energy by means of a compensation system for each 
MW/h produced – only to cap those incentives in 2010 
above a maximum number of hours of production paid 
per year. In 2012, the new Government issued Law 
15/2012 on fiscal measures for energy sustainability, 
which further penalized electricity generation with 
renewable technologies with a 7% tax. 

In planning the post-carbon cities, the use of 
renewable energies in sustainable building becomes 

essential, and the production of electricity from 
photovoltaic energy has several advantages here: it 
promotes construction costs reduction, energy 
efficiency since the electricity generated may be 
consumed in situ, technical quality, and safety. 

The goal of this article is to perform a structural, 
economic and financial analysis of the firms in the 
industry of electricity production from photovoltaic 
energy in Spain, years 2012 to 2018. This allows us to 
provide both a longitudinal analysis, to check the 
impact of regulatory changes in the industry and the 
financial crisis, as well as a regional cross-section 
analysis to compare firms in A Coruña province and 
Galicia (where the PLEA Congress is held) in the 
Spanish context. To such purpose, we use the SABI 
database to filter the sector of interest – “Production 
of electricity of other types” (code 3519 in the Spanish 
CNAE-2009), and retrieve any active companies with 
positive revenues in years 2012, 2015 and 2018 (which 
are to be used for comparative purposes).   

The rest of the article is structured as follows. 
Section 2 briefly develops the conceptual framework, 
and describe the sample and data of analysis. Section 
3 characterizes the population of firms in Spain, Galicia 
and A Coruña province in terms of the UE 2003/361 
classification, in order to perform a structural analysis 
of the sector, comparatively among regions. Then, 
Section 4 provides an economic and financial analysis 
of the firms. Section 5 concludes. A statistical appendix 
can be provided upon request to the authors. 

Producers of electricity from photovoltaic energy in Spain: 
A structural and financial analysis 

The environmental scope of electricity generation that results in lower production costs and greater economic 
benefits is a main concern for planning post carbon cities. We perform a comparative economic and financial 
analysis of Spanish firms in the sector of photovoltaic energy production to, in order to check the impact of 
regulatory changes in the industry, and to compare firms in A Coruña and Galicia in the Spanish context. The effect 
of changes in regulation are obvious in terms of investment: In Spain and Galicia, more than 90% of the firms were 
launched in the decade of 2000s, and no asset increase by existing firms is observed in recent years. Firms launched 
in Galicia in that decade were relatively very small, and barely generated any employment. 95% of the firms in 
Spain are micro enterprises, but the structural analysis shows the negative impact on the competitiveness of the 
sector in Galicia of lacking large or medium companies. Finally, the exploratory statistical analysis shows a 
counter-intuitive result in terms of profitability: despite micro Galician firms have lower operating margins and 
generate a lower economic return than their Spanish counterparts, they are more profitable in terms of their return 
to shareholders. 
KEYWORDS: renewable energies, photovoltaic energy, economic-financial analysis, sustainable building, PLEA 
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2. CONCEPTUAL FRAMEWORK, SAMPLE AND DATA

2.1 Sustainable building and renewable energy 
production: European context 

Using renewable energies in sustainable building, 
three goals must be achieved: technical quality of the 
electricity-generation technology and constructive 
characteristics, energy efficiency to preserve the envi-
ronment, and safety. Photovoltaic technologies show 
many advantages here, that stem from their integra-
tion in the buildings themselves [4]. The photovoltaic 
elements may offset the cost of construction, and the 
electricity generated may be consumed in situ, 
enabling energy savings and optimization [5]. For a 
review on the state of the art of the architectural 
integration of photovoltaic modules and construction 
materials in sustainable building, see [6]. For a review 
of the critical factors in reducing the cost of building 
integrated photovoltaic systems, see [7]. 

This article is oriented to analyse the industry of 
electricity production from photovoltaic energy. Thus, 
we summarise the recent changes in the EU in the last 
two decades. These are characterized by an increasing 
orientation of the policies of Member States to help 
improving the conditions of energy production 
through renewable sources [8]. The EU Energy Policy 
evolved towards renewable energies such as biomass, 
as wind energy had a high degree of maturity. 
Directive 2009/28/EC for the promotion of renewable 
energies includes sustainability requirements for 
biofuels and bioliquids (Arts. 17 to 19) and encourages 
the use of other renewable sources (photovoltaic) 
whose systems do not require as much space. 

Today, the EU has a leading position in the field of 
renewable energy, with 40% of the world's patents for 
this type of technology [9]. In 2012, Europe had almost 
half of the world's renewable electricity production 

capacity, excluding hydro. Five European countries are 
among the top ten in the world by accumulated 
installed solar photovoltaic capacity in 2015, and Spain 
ranks eighth with 5.4GW [10].  

2.2 Sample and variables 
We use data from the SABI database, which 

provides financial information on Spanish MSME firms. 
We retrieve data from the individual financial 
statements (that is, not consolidated), years 2012 to 
2018, of any companies classified as ‘no incidents’ 
(excluding merged, absorbed, closed and other non-
existing firms). We consider the firms from sector 
“Production of electricity of other types” (code 3519 in 
the Spanish CNAE-2009, in accordance with EC 
1893/2006 for the statistical classification of economic 
activities in the EU (NACE) Rev.2.), and filter out any 
companies with zero or negative revenues. All 
monetary data are expressed in thousands of euros. 

We retrieve the variables: date of business 
registration, region, and for each year of analysis, the 
number of employees, total assets and equity from the 
balance sheets, and revenues, EBITDA, EBIT, and net 
profit (NP) from the income statements. Using these 
items, the following ratios are estimated. For cross-
sectional analysis, we obtain the total asset turnover 
(“Rota”), return on assets (ROA), return on equity 
(ROE), operating margin (“margin”, estimated at the 
EBITDA level), and capital ratio (“capital”). For 
longitudinal analysis, we get the annual growth ratios 
for assets (“Cassets”), revenues (“Creven”), net profit 
(“Cprofit”), employees (“Cemp”) and operating margin 
(“Cmargin”). To avoid extreme outliers that are 
common in the use of financial ratios, we winsorise 
data at 5% and 95% for all ratios. The list of variables 
is provided in Table 1. 

Table 1: Variables and descriptive statistics. 

  N   Mean   St.Dev   min   p25   Median   p75   max 
 Age 1882 13.003 3.588 7 12 12 13 50 

 Assets18 1882 11617.25 308000 2.611 194.312 358.812 579.842 1.30e+07 
 Revenues18 1882 2171.325 53207.98 1.812 56.88 71.065 85.356 2228568 

 Employees18 1882 2.409 82.368 0 0 0 0 3565 
 EBIT18 1882 855 25556.38 -4061 2.919 15.766 32.79 1094007 

 EBITDA18 1882 1294.579 38717.24 -3936 36.494 51.008 65.139 1666520 
 NP18 1878 641.365 18774.19 -7615 -2 5 23 797393 

 Equity18 1882 4242.918 133000 -22900 -8.891 67.517 219.781 5719090 
 Rota18 1703 .297 .284 .08 .14 .2 .33 1.94 
 ROA18 1694 4.861 5.778 -5.97 1.45 3.575 7.21 32.95 
 ROE18 1692 9.241 18.136 -24.54 -.845 4.155 15.435 84.8 

 Margin18 1694 66.143 22.955 .29 61.46 75.13 80.5 90.07 
 Capital18 1694 24.762 36.957 -98.7 .29 21.335 51.92 93.71 
 Cassets18 1695 -7.383 7.077 -27.38 -11.57 -6.69 -2.62 9.26 
 Creven18 1694 -2.22 3.7 -10.02 -4.93 -2.21 .34 12.27 
 Cprofit18 1555 -45.869 92.881 -275.44 -100 -10.61 17.12 95.74 
 Cemp18 205 -19.033 39.811 -100 -20.63 0 0 31.04 

 Cmargin18 1693 -1.595 9.434 -28.82 -6.24 -.53 2.05 30.03 
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3. STRUCTURAL ANALYSIS, YEAR 2018

3.1 Profiling according to types UE 2003/361 
We perform the structural analysis at two levels: by 

size (MSME typology) and by age groups. Our goal is to 
describe the structure of the sector, comparatively 
between the Spanish, Galician and A Coruña regions. 
We firstly observe the number of firms registered in 
the Commercial Registers in each region, the average 
size (assets and revenues) and average number of 
employees per group in year 2018 – see Table 2.  

Table 2: Number of firms and average size by assets, 
revenues and employees. Year 2018. 

Group Firms Assets Revenues Employees 

A Coruña 25 1,705.7 668.4 0.5 

Galicia 154 853.3 188.8 0.1 

Spain 1,703 12,736.1 2,372.7 2.7 

Using data from year 2018, we may see that 
Galician firms are noticeably much smaller in size than 
Spanish companies, in terms of assets and revenues. 
Firms from A Coruña province, instead, are larger on 
average than Galician firms (twice as much), and with 
a higher rotation – their average revenue is more than 
three times higher. Another feature to highlight is the 
fact that Galician companies barely hire employees (an 
average of 0.1 workers per firm, 0.5 in the case of 
companies in A Coruña). Therefore, in the analysis that 
follows, we want to classify firms by size, in order to 
better interpret where these differences among 
groups take place. Thus, we define micro, small and 
medium enterprises, MSMEs, following the criteria 
laid down in the EU Recommendation 2003/361/EC by 
the European Commission. That is, individual firms are 
classified as small (micro) enterprises if staff 
headcount is less than 50 (10) and either turnover or 
balance sheet total is less than 10 (2) million. Medium-
sized firms are those with less than 250 workers, and 
either less than 50 million annual turnover or 43 
million in assets. Any other firms that do not fit in 
those categories are considered to be large. 

3.2 Structural analysis by MSME typology 
After firms are classified according to the MSME 

types, and compared whether they are from A Coruña 
province, Galicia or Spain, we have Figure 1 next. In it, 
we also compare the average assets, revenues and 
employees per region and group of analysis.  

We may see that 95% of the producers of electricity 
from photovoltaic energy in Spain are micro 
enterprises. Most of them fall under that category 
because few companies in this sector in Spain hire 
more than 10 employees. Moreover, the percentage 
of big and medium firms in Spain is 0.3% and 0.7% (5 

and 12 companies out of 1703, respectively). Clearly a 
minority, but still relevant: while there are no big or 
medium firms in Galicia, this 1.0% of firms account for 
87% of the revenues and employees in Spain. 

Figure 1: MSME typology (% of firms, revenues and 
employees). Year 2018. 

The combined information from the three graphs 
shows the negative impact on the competitiveness in 
Galicia of not having large or medium companies. In A 
Coruña province, the structure is quite similar to that 
of Galicia. Nonetheless, the ratio of micro enterprises 
is 92% versus 98.1% in Galicia. Hence, the greater 
proportion of small companies in A Coruña makes that 
almost 80% of the revenues and 30% of the jobs come 
from these firms, compared to 46% and 18% in Galicia. 

A statistical analysis that compares Galician versus 
Spanish firms shows that micro enterprises in Galicia 
are significantly smaller than micro Spanish firms 
(p�0.07): 0.5 million euros in assets vs. 0.83 million, 
respectively. Nonetheless, we observe no statistically 
significant differences in revenues. Finally, micro 
Galician firms have significantly less employees hired 
than micro Spanish firms (p�0.01), although the 
number of employees is negligible in both cases (0.06 
employees per firm in Galicia; 0.20 in Spain). 

Finally, we analyse the degree of concentration in 
the industry; that is, to what extent are the revenues 
and profits generated in the sector in the hands of a 
few number of companies. To that purpose, we 
estimate the percentage of revenues that the top 
decile of firms by revenues in each region obtain over 
the total, and then we do the same with net profits. 

We find that the sector is more concentrated in 
Spain: the largest producers of electricity from 
photovoltaic energy hold 97% of the revenues and 
101% of the profits. The sector is clearly biased 
towards these major players: the second decile by 
profits only account for 0.6% of the total, and deciles 
2 to 9 cannot even obtain as much profit as to 
compensate for the losses of firms in decile 10. In A 
Coruña and, particularly, Galicia, revenues and profits 
are not so highly concentrated. The top decile firms in 
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Galicia account for 66.2% of the revenues, while the 
top decile by profits, with 93.4%, is closer to the 
degree of concentration in Spain. However, the second 
decile in Galicia is able to generate as well 39.3% of 
total profits, and deciles 2 to 9 up to 55.3% of the 
profits. What makes the difference here is the fact that 
the worst performing firms in Galicia lose 2.5 million 
euros (almost half of the total profits), when in Spain 
the number of firms and the size of the losses of the 
worst performing companies is clearly lower. 

3.3 Structural analysis by age 
We perform the structural analysis considering, for 

each region, three different groups of firms according 
to the decade they were registered – see Figure 2. 

Figure 2: Structure by firm age (% by region - Year 2018). 

Firms are classified as either having less than 10 
years since inception, between 10 and 20 years, and 
over 20 years. The most important result is clear: the 
effect of changes in regulation of production of 
electricity from photovoltaic energy was a surge of 
firms launched in the decade of 2000s, only to drop 
back at minimum levels after the incentives were 
withdrawn in 2010. In Spain and Galicia, more than 
90% of the firms are between 10 and 20 years old. A 
minor detail, in A Coruña province the increase was 
not as important in relative terms: seven times more 
firms were registered in that decade compared to 
those existing before year 2000, whereas in Spain that 
ratio was over 20 times, and almost 30 times in Galicia. 

We may compare as well the average data for total 
assets, revenues and number of employees in each of 
these groups by region and age. This will tell us more 
on the level of investments (measured as assets and 
employment today) fostered by the regulation in the 
2000s, and whether it was followed by a better or 
worse performance at income level. 

Firms launched in Galicia in the decade of 2000s 
were really tiny, compared against those launched in 
Spain. Thus, the 143 firms in Galicia that are between 
10 and 20 years old have an average size of 775 
thousand euros in assets, 15 times smaller than their 
Spanish counterparts (more than 1,500 firms). 
Moreover, Galician firms barely generated any 
employment (their average number of employees per 

firm is below 0.1, compared to 2.8 in Spain). Finally, in 
terms of revenues they didn’t perform any better, as 
the cross-section ratio is similar (15 times smaller for 
Galician firms). This gap has been largely reduced in 
the last decade, when Spanish firms are only double 
the size of Galician start-ups, both in terms of assets 
and revenues – although Galician firms continue to 
generate no employment at all. 

Expressed in relative terms for median levels per 
group, most revenues and employment in A Coruña 
come from firms more than 20 years older. The 
structure in Spain and Galicia is quite similar at 
revenues level, but different in terms of employment: 
the number of jobs created in A Coruña and Galicia 
over the last 20 years is minimum, while in Spain most 
of it is driven by younger firms. Nonetheless, the 
variability within groups is quite large: the statistical 
analysis shows that there are no significant differences 
in assets, revenues or number of employees for Galicia 
vs. Spain across the same age groups. 

4. ECONOMIC-FINANCIAL ANALYSIS

4.1 Return and capitalization 
The first goal in our economic and financial analysis 

of companies in the photovoltaic sector in A Coruña, 
Galicia and Spain, is to compare the return – operating 
margin, return on assets (ROA) and return on equity 
(ROE) – and the capital ratio of companies across size 
and age groups. 

Considering size, we use MSME types to compare 
the median values across groups of the four variables. 
The results are summarized in Figure 3. First thing to 
notice is the evidence that we cannot compare large 
and medium categories, since only Spanish firms are 
available here. In the other categories, we see a clear 
outperformance of small firms from A Coruña, both in 
terms of ROA and ROE, and they are better capitalized, 
too. Nonetheless, we must remember there are only 
three firms in this group. Consequently, we perform a 
statistical analysis to show any differences between 
Galician and Spanish firms that are significant. They 
follow in order. First, micro Galician firms are 
significantly (p<0.001) less profitable than micro 
Spanish firms in terms of ROA (3.0% vs. 4.9% on 
average). However, on the contrary, micro Galician 
firms are significantly more profitable (p<0.001) than 
micro Spanish firms in terms of ROE (14.3% vs 8.3%, 
respectively). These counter-intuitive and opposite 
results must come from lower levels of depreciation 
and amortization (D&A) by Galician firms (due to their 
smaller size), higher income from public grants (this, if 
true, would be related to regulation), or a positive 
impact in terms of taxes and leverage (although the 
latter doesn’t seem to be a plausible interpretation, 
since we observe in Figure 3 that median capitalization 
values are similar for both regions). 
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Figure 3: Return and capitalization by MSME typology. 
Median values, year 2018. 

A similar analysis can be performed by age (figure 
not provided here). It shows that the counter-intuitive 
result of a lower ROA but higher ROE is observed 
particularly for companies from A Coruña that were 
launched in the 2000s and, to a lesser extent, for 
Galician firms of the same age group. Nothing 
surprising since, as we saw, more than 90% of the 
firms, both in Galicia and Spain, were launched in that 
decade. In fact, a statistical analysis shows that these 
Galician firms are significantly less profitable (p<0.001) 
than their Spanish counterparts (an average ROA of 
3.1% compared to 4.9% for Spanish firms), while they 
are significantly more profitable (p<0.001) in terms of 
ROE (15.1% vs 8.3%, respectively). 

4.2 Dynamics between years 2012 and 2018 
In this subsection we make use of the retrieved 

information from years 2012 and 2015. In particular, 
our goal is to analyse the recent performance of the 
sector in terms of total assets and revenues – over 
periods 2012 to 2015 and 2015 to 2018 – as well as in 
terms of profitability and employment creation after 
2015, comparatively for A Coruña, Galicia and Spain. 

Data in Figure 4 uses median values to avoid the 
effect of outliers (potentially causing larger bias when 
dealing with growth ratios). The first clear result 
comes from the analysis of assets growth: most firms 
in the sector are reducing assets (the median value 
indicates a reduction of 6-8% each 3-year period in all 
regions). This probably corresponds with a situation 
where most companies are not making any new 
investments after they were launched, such that 
assets are simply reduced by the D&A expense amount 
every year. Nonetheless, some differences are 
observable among groups: a statistical analysis shows 
that older Galician firms (+20 years) reduced assets 
over the period 2015-18 at a faster pace than their 
Spanish counterparts (an average of -13.9% in 3 years 
vs. -5.2% in Spain, p<0.05). 

Figure 4: Assets growth and revenue growth, 2012-2015 and 
2015-2018. By region and size. 

The analysis of revenue growth suggests a stagna-
tion of revenues after changes in regulation, with a 
slight negative trend in Spain (-2% in 3 years) after year 
2015. The statistical analysis shows that most Galician 
firms performed better: Spanish micro firms and those 
that were launched in the 2000s decade reduced 
revenues over 2015-18 at a faster pace than their 
Galician counterparts (-1.5% Galicia vs. -2.5% Spain for 
micro firms, -1.4% vs. -2.3% for the referred age 
groups, both results statistically sound at p<0.01). 

Consequently, we focus on period 2015 to 2018, 
when firms faced a worse environment, to observe 
their performance in terms of profits and employment 
creation. This is illustrated in Figure 5. 

Median values indicate a moderate scenario in 
terms of profits: in the groups of small and medium 
size firms we may find more than half of the 
companies with a positive growth in profits. However, 
average values are negative, due to the presence of 
firms with large losses. Here, the statistical analysis 
shows that profit deterioration was stronger (p<0.05) 
for micro Spanish firms than for micro Galician firms (-
20% vs. -48%). Again, that difference comes basically 
from firms launched in the 2000s (-9% vs. -48%, 
p<0.01). In terms of employment, all groups reduced 
the number of jobs between 2015 and 2018. No 
statistically significant differences were found in 
employment creation across same size or age groups. 
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Finally, changes in median ROEs suggest that, despite 
the context of reduced revenues, a majority of firms of 
all regions and sizes were able to improve their return 
to shareholders in year 2018 compared to 2015. 

Figure 5: Profit growth, employment creation and ROE, 
2015 a 2018. By regions and size. 

5. CONCLUSION
We performed a structural and financial analysis of

producers of electricity from photovoltaic energy in 
Spain. We provided a longitudinal analysis, to check 
the impact of regulatory changes in the industry and 
the financial crisis, and a cross-section analysis to 
compare firms in A Coruña and Galicia (where the PLEA 
Congress is held) in the Spanish context. 

In a context where 95% of the firms in Spain are 
micro enterprises, Galician firms are noticeably much 
smaller in size than their Spanish counterparts, both in 
terms of assets and revenues, and most of them hire 
no employees at all. This shows the negative impact on 
the competitiveness of the sector in Galicia of not 
having large or medium companies: in Spain, these 
firms represent only 1% of the sector, but account for 
87% of the revenues and employees. Indeed, the 
sector in Spain is clearly biased towards these major 
players: the top decile holds 100% of the profits, and 
the second decile only 0.6%. In Galicia, the worst 
performing firms lose 2.5 million euros (almost half of 
the overall profits). The exploratory statistical results 

suggest that micro enterprises in Galicia are smaller 
than micro Spanish firms, and hire less employees. 

The structural analysis by age shows the effect of 
changes in regulation: there was a huge increase of 
firms launched in the decade of 2000s, only to drop 
back at minimum levels after the incentives were 
withdrawn in 2010. In Spain and Galicia, more than 
90% of the firms are between 10 and 20 years old. 
Firms launched in Galicia in that decade of 2000s were 
really tiny: on average, 15 times smaller than their 
Spanish counterparts, and barely generated any 
employment. 

The financial analysis shows a counter-intuitive 
result in terms of profitability: despite Galician firms 
(particularly, micro enterprises) have lower operating 
margins and generate a lower economic return than 
their Spanish counterparts, they are significantly more 
profitable in terms of their return to shareholders. This 
result must come from lower levels of depreciation 
and amortization (D&A) by Galician firms (due to their 
smaller size), higher income from public grants 
(related to regulation), or a favourable impact in terms 
of taxes and leverage. Finally, the dynamics between 
years 2012 and 2018 shows a sector where no new 
investments are being performed, revenues are 
stagnated or decreasing slightly (with Galician firms 
performing better), and companies were able to 
sustain profits only by reducing employment. 
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ABSTRACT: Using the thermal mass of the ground near a building is an attractive method for modifying the 
temperature of air used for ventilation. If in addition, the earth tube is positioned to the side of the building, the 
ground temperature lower down will also tend to the annual mean air temperature above ground. A case study 
of this combination is described in this paper. The earth tube and building have been extensively monitored for 
six years and this provides rich data for analysing the performance of the heat exchanger. It is found that the 
earth tube both heats and cools the air, but heating dominates by a factor of 5:1 in terms of energy. In July 
(summer) the earth tube cools for 60% of the time and in December (winter) it heats for about 90% of the time. 
The earth tube’s temperature is not fixed and the transition temperature from heating to cooling and vice versa 
varies from 9°C to 18°C through the year. The range of the incoming air temperature (for 85% of the time, 10th 
%ile to 95th %ile) is around 9.5K. For the air leaving the earth tube there is a marked moderation to 6.3K. 
KEYWORDS: Earth tubes, heat exchange, passive ventilation, conditioning 

1. INTRODUCTION
Earth tubes or ground-coupled heat exchangers

offer passive heating and cooling potential in many 
parts of the world. Although conceptually they are 
easy to understand and constructing them relatively 
straightforward, accurately predicting their 
performance for a particular site has proved to be 
very challenging. Many experimental earth tubes 
have been monitored in the short term but long-term 
performance data are rarely available. 

This paper concerns the performance of a 17 
metre concrete earth tube that provides the fresh air 
to a conference venue building. Extensive and 
continuous monitoring of the building has included 
the earth tube’s key parameters and data are 
available from 2014 to 2019. These provide an 
opportunity to determine the actual heating and 
cooling contribution of the earth tube. 

2. EARTH TUBE PERFORMANCE
The ground is predominantly heated by surface

absorption of solar radiation leading to heat flowing 
downwards and cooled by surface radiation and 
convective loss to air. The inherent thermal mass and 
thermal resistance of soil slows the rate at which heat 
flows into and out of the upper layers, and more so at 
greater depth. At some 15-20 metres depth, both the 
diurnal and seasonal fluctuation of ground 
temperatures subsides to a value which is close to the 
annual air temperature above ground [1]. 

Earth tubes are normally installed at much 
shallower depths of around 2-4 metres because of 
excavation costs and diminishing returns of digging 
deeper [2]. Uncertainties in the performance of an 

earth tube stem from uncertainties outside the earth 
tube (thermal properties of the ground with varying  

Figure 1: Inside the earth tube at the Pine Calyx building 

moisture content and solar exposure) and within the 
earth tube (heat transfer under different flow rates). 
Furthermore, as heat is extracted from cooler air 
passing within the earth tube, the earth tube’s 
surface temperature falls. In general, whether 
heating or cooling, the capacity to heat or cool is a 
variable and “over-extraction” can lead to loss of 
performance [3]. Where intermittent operation is 
feasible there is the potential to optimize the use of 
the earth tube to help maintain its heating/cooling 
capacity. 
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3. MEASUREMENTS OF EARTH TUBE
The earth tube investigated feeds fresh air to the

Pines Calyx conference venue building in Kent on the 
east coast of SE England. The earth tube is made of a 
100mm thick concrete pipe of internal diameter 0.6m 
and situated 1.5m below ground level.  Air 
temperature and relative humidity (RH) are measured 
near the entrance (4m in) and exit of the pipe (before 
the fan) and air speed is measured using a hot wire 
anemometer as shown in Figure 1, which also shows 
temporary, parallel testing of the radial velocity 
profile. External air temperature and RH are also 
measured together with the fan energy used. The 
dataset consists of some 200,000 rows of 15 minute 
data (six years’ data). More measurement and system 
details are available in an earlier PLEA paper [4]. 

4. ANALYSIS OF PERFORMANCE
The earth tube fan is not run continuously and

when it is switched off, the conditions inside the 
earth tube may be affected by air and heat migrating 
from the building. To avoid this uncertainty, data 
have been selected for analysis in this paper only if 
the fan was operating and with an air speed of at 
least 0.15 m/s. Figure 2 summarizes the heating (+) 
and cooling (-) power that prevailed over six years. 
This was obtained by multiplying the mass flow rate 
by the temperature rise/fall across the earth tube and 
the specific heat capacity of air.  

Figure 2: Heating and Cooling Power over six years 

It is immediately apparent that the earth tube 
operates in heating mode for a larger proportion of 
the time (70%) and to a greater power than in cooling 
mode (30%). Table 1 shows the thermal energy that 
was provided/removed by passing fresh air through 
the earth tube en route to the building. Some five 
times more energy was provided by the earth tube 
for heating than for cooling. The results are 
somewhat surprising as earth tubes in the UK climate 
are mainly seen as cooling devices and heating, or 
rather pre-heating, of air is often neglected because it 
is considered not very useful. Peak heating and 
cooling reach approximately 2kW, but this is 
exceptional. The heating energy, about 1 MWh/year, 

is similar to the 0.9 MWh/year reported in simulation 
results for a house in Spain [5]. 

Table 1: Time spent by earth tube in heating and cooling 
modes and resulting energy provided or extracted from the 
air stream over six years. 

Mode Hours in 
mode 

Energy, 
MWh 

HEATING MODE 18450 6.05 
COOLING MODE 8230 1.16 

Energy used by the earth tube fan has been 
measured to be very low in comparison with the heat 
transfer that it enables. This is because it is uses a 
very efficient ECM DC motor and is usually operated 
at much less than full speed. Actual air speed is not 
automatically linked to occupancy or indoor 
temperature; it is manually controlled. This suggests 
that the optimum minimum air speed may often not 
be used, which would reduce the efficiency of the 
earth tube [5]. 

4.1 Monthly performance variation 
The long term data were aggregated by month 

and by whether the earth tube was operating in 
heating or cooling mode. Mean monthly power 
values (heating and cooling separately) were then 
calculated. See Figure 3. 
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Figure 3: Mean Heating and Cooling Power by month 

This shows that the earth tube provides heating of 
the incoming external air in every month of the year. 
Indeed, even in July and August, the mean heating 
power of around 200W is very similar to the mean 
cooling power. Cooling also takes place throughout 
the year, but at a level between a third and a quarter 
of the heating power, and peaking in July rather than 
in the January and November. 

The above describes the mean power absorbed or 
issued when the earth tube is in cooling or heating 
mode respectively. In general, this will be for 
different lengths of time each month. Figure 4 shows 
the proportion of the monthly time (in the long term 
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data) when in each of these modes. The earth tube 
was heating for a minimum of 40% of the time in a 
month in the summer (July) to 88% of the time in the 
winter (January). Conversely, the earth tube was 
cooling for 60% of the operating time in July and 
heating for 12% in January. 

These results underline that the earth tube operates 
predominantly as a heating device (70% of the time) 
and only 30% of the time is spent cooling. This is a 
characteristic of the earth tube, for example, 
reflecting its shallow depth, and the diurnal pattern 
of external temperature compared to the desired 
delivery temperature to the building and the annual 
mean air temperature – the latter influencing the 
ground temperature. 

The fact that the earth tube heats in the summer 
months is in fact beneficial, as summertime 
temperatures in the UK may well fall to below 10°C at 
night and to below 18°C in the daytime. However, at 
the Pines Calyx building there is no by-pass allowing 
fresh air to be supplied directly from outside air to 
the mechanical ventilation system rather than via the 
earth tube. If there were, this would allow for a more 
efficient and flexible system, avoiding unwanted 
cooling of air in the heating season or heating in the 
summer. 
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Figure 4: Percentage time spent heating or cooling 
 by month 

The incidence of cooling outside the summer 
revealed in Figure 4 highlights that the earth tube 
system on many occasions takes in winter outside air 
and cools it before passing it to the heating system, 
thus increasing the heating load. This is certainly the 
case in January to March and November and 
December. 

4.2 Earth tube transition temperature 
The operating mode of the earth tube changes 

when the incoming air reaches and exceeds the 
warmest part of the earth tube and vice versa for 
incoming air that is cooling down before entry. To see 
when this transition takes place, the raw, detailed 

data have been examined. Figure 5 shows all the 
compliant data over six years (fan speed > 0.15 m/s) 
for the temperature of the air entering the earth tube 
and the associated heating or cooling it experiences. 
This is approximately 100,000 data points. 

Transition can be seen to occur over a wide range, 
from 6°C to 19°C. The transition temperature 
represents the state of the earth tube and its ability 
to modify external air. 

Figure 5: Heating/Cooling power related to incoming air 
temperature (quarter hourly data – six years) 

To understand better how this varies, all instances of 
two transitions were determined: from heating to 
cooling, when the external air is warming up; and 
from cooling to heating. This was done for each 
month and the mean monthly transition 
temperatures calculated from all transitions within a 
month. See Figure 6. 
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Figure 6: Variation of Transition temperature with 
incoming air temperature by month 

For any one month, there are only small 
differences (0.1°C to 0.6°C) between the mean 
transition temperatures for cooling and for warming 
external air entering the earth tube. However, there 
is a clear variation throughout the year, with the 
transition temperature peaking in August at 17.5°C 
and reaching a minimum in February at 9.2°C. The 
annual average transition temperature is 13.4°C and 
is a little higher than the mean long term compliant 
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data (six years) for the temperature of the air 
entering the earth tube of 12.2°C. 

The variability of the transition temperature – a 
result of heat being extracted/injected into the 
surrounding ground – reduces the earth tube’s 
usefulness; particularly its capacity for cooling. 
However, a knowledge of its characteristics, its 
limitations, enables it to be used with more 
confidence. 

4.3 Seasonal performance 
The object of the earth tube is to modify the 

incoming external air temperature. The degree to 
which this happens can be seen by comparing the 
distribution of the temperatures of the incoming and 
outgoing air at either end of the earth tube. The 
outgoing air temperature was measured before the 
air passed the fan at the exit end of the earth tube. 

Figure 7 shows the cumulative frequency 
distribution for all compliant data, over the winter 
season (December to February). The majority of the 
time, the incoming air is heated in the earth tube. The 
difference between the distributions narrows with 
increasing temperature. In the colder periods, 10% of 
the time the incoming air is below 2.9°C, and the 
outgoing air below 6.4۰C. This 3.5K to 5K lift in 
temperature during very cold weather provides 
significant warming and in a sense provides passive 
frost protection. 
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Figure 7: Cumulative frequency distribution of earth 
tube air temperature – on entry and exit. WINTER 

In Spring (March to April), the shape of the 
distribution has a similar form, but shifted towards 
warmer temperatures and there starts to be a 
proportion of incoming air being cooled by the earth 
tube (Figure 8). For 5% of the time, above the 95%ile, 
the incoming air temperature is above 16°C, and the 
outgoing air above 15.1°C. Generally in the UK over 
these months, temperatures are still well below 
comfort levels and heating dominates. In the cooler 
periods in Spring, 10% of the time the incoming air is 
below 6.3°C, and the outgoing air below 8.7°C. This is 
a 2.4K to 5K of “free heating” during cooler weather. 
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Figure 8: Cumulative frequency distribution of earth 
tube air temperature – on entry and exit. SPRING 

In the summer (June to August), the minimum 
incoming temperature is essentially 10°C and the 
distribution curves shift to higher temperatures and 
also narrow into a smaller range overall (Figure 9). 
The incoming air is above 21.3°C for 5% of the time, 
and the outgoing air above 19.5°C reflecting the 
increased cooling. Nevertheless, for 10% of the time 
the incoming air is below 13.3°C, and the outgoing air 
below 14.7°C for 10% of the time. 
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Figure 9: Cumulative frequency distribution of earth 
tube air temperature – on entry and exit. SUMMER 

In the Autumn (September to November), 
Figure 10 shows that the distribution is similar to that 
of the Spring except that temperatures are warmer 
by 3-5K. 
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Figure 10: Cumulative frequency distribution of earth 
tube air temperature – on entry and exit. AUTUMN 

Table 2 summarizes the air temperature 
representing either the 10th percentile or 95th 
percentile for air entering and leaving the earth tube. 
This is shown for each season and uses all compliant 
data over six years, as in Figures 6-9 above. 

Table 2: 10%ile and 95%ile of air temperature (°C) entering 
and leaving the earth tube for each season, over six years – 
showing the diminished amplitude of Air-OUT over Air-IN by 
season. 

Parameter Winter Spring Summer Autumn 
Air-IN 10%ile 2.9 6.3 13.3 7.5 
Air-IN 95%ile 12.5 16.0 21.3 18.0 
Air-IN Range 9.6 9.7 8.0 10.5 

Air-OUT 10%ile 6.4 8.7 14.7 10.5 
Air-OUT 95%ile 13.0 15.1 19.5 18.0 
Air-OUT Range 6.6 6.4 4.8 7.5 

Table 2 shows that 85% of the time the range of 
the temperature of the incoming air is around 9.5K 
and this varies only a little from season to season, by 
approximately 1K. For the air leaving the earth tube 
there is a marked reduction in this range to a mean 
value of 6.3K. This represents the moderating 
influence of the earth tube owing to its heat capacity 
and that of the soil surrounding it. For both incoming 
and outgoing air the smallest range occurs in the 
summer months and the largest in the autumn. 

4.4 Examples 
Some examples are given to illustrate a few 

aspects of performance. 
Figure 11 shows a 24 hour period with significant 

heating occurring in the winter in January. At 10am 
the incoming air temperature is about 6°C and this is 
initially warmed about 3K. After midday the external 
temperature starts to fall and this drags down the 
outgoing air temperature. This cooler air now in 
contact with the earth tube increases the rate of heat 
transfer from the wall of the earth tube and leads to a 
slower rate of fall for the outgoing air. At 23:00, this 

reaches a maximum of 5.2K and consequently a peak 
heating rate of 1.3 kW. 
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Figure 11: An example day in winter (22 January 2019) 
when the rate of passive heating reached 1.3kW.  
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Figure 12: An example day, within three days, in 
summer (24 August 2016) when the rate of  

passive cooling reached 0.65kW.  

Figure 12 plots three days in the summer of 2016 
when the weather became very warm, for the UK. On 
the first day the incoming air to the earth tube 
reached 23.4°C, and rose to 26.4°C the next day 
before reducing subsequently. The earth tube was 
able to maintain the outgoing air temperature at no 
more than 20.9°C on all three days. This is a 
maximum cooling of 5.5K, which with the 
simultaneous air speed implies a 650W cooling rate. 
This is significant cooling at a very low energy cost 
because of the very efficient ECM and fan. 

This general contraction of extremes that has 
been found in the analysis, is shown for the 
important summer period (Figure 13). This is a simple 
frequency distribution for the air entering and leaving 
the earth tube in the summer months, using all 
compliant data for six years. The moderating effect of 
the earth tube’s passive heat transfer on the 
incoming air is clear. 
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Figure 13: Frequency distribution of earth tube air 
temperature – on entry and exit. SUMMER 

5. CONCLUSION
Actual performance of an earth tube is not

normally available except for short-term 
measurements. Long-term data present an 
opportunity to investigate the real value of using the 
ground to help heat or cool a building. 

The current work’s initial findings have shown 
that over six years an earth tube attached to a low 
energy non-domestic building has provided significant 
“free” heating and cooling. However, the data show 
that there are instances of unnecessary cooling of 
fresh air, in the cooler time of the year (November to 
March). This cannot be avoided in this installation as 
there is no bypass for the building’s air intake. This 
does reduce the system efficiency, but the cooling 
effect is quite modest (50-90W) and so this is not that 
significant. 

There are also instances of heating in the warmer 
months, but to what extent this is appropriate has 
not yet been confirmed. It is probable that most of 
the heating is useful to raise the incoming air 
temperature early in the morning after a clear sky at 
night. 

From the long-term data it is confirmed that there 
is a very useful benefit to pass the building’s fresh air 
supply through a 17m earth tube first. It provides 
passive heating energy of about 1MWh/year and 
passive cooling of about one fifth of this. This is 
around 5 to 20 times larger than the energy used by 
the earth tube’s fan. 

The data also show the changing state of the 
earth tube’s wall and adjacent soil as the transition 
temperature from heating to cooling and vice versa 
varies from approximately 9°C to 18°C. The data will 
be subject to further analysis. 
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ABSTRACT: Nature inspires many products and designs around us. Trees, for instance, do not have pumps at 
their base, yet they effortlessly transport thousands of gallons of water across their height, daily. Mechanical 
pumps are the conventional mode of water transfer within buildings, but they have to rely on an external source 
of electricity for their output. Using fossilized carbon to generate electricity that carries water to great heights, 
has been the common practice.  This paper explores the water transportation mechanism within trees, and 
through study of relevant bioinspired designs and experiments, critically reviews the possibility of proposing an 
alternate low-energy biomimetic water transportation system, for buildings. The research, through a process of 
extensive secondary data collection, 18small-scaled experiments, calculations, extrapolations, observations and 
analysis arrived at a 28point comparison between mechanical pumps and trees for vertical water transportation. 
A biomimetic water transportation system has been proposed by adapting 8 principles observed in trees that 
lend to the step-up modular system. Whereas trees exert 2.7 times more pumping power than conventional 
mechanical pumps to transport water along heights, they manage to achieve this naturally. 
KEYWORDS: Biomimicry, Innovation, Water, Trees, Transpiration 

1. INTRODUCTION
The world is experiencing water stress. By 2050,

75% of the world’s population is anticipated to live in 
urban cities. Land being a finite resource, cities are 
becoming vertical, necessitating a vertical flow of 
infrastructure and resources. Facilitation of water at 
higher levels shall come at a higher carbon cost. In 
water-starved nations the energy dilemma serves as a 
double-edged sword, because the lack of water shall 
make energy expensive; and drawing water across 
great heights makes water expensive. Many rapidly 
growing cities in developing countries, are already 
facing problems related to water and energy. 

Across the globe there are regions where reliable 
electricity is not available; remote regions 
unconnected with the grid; regions with ample 
ground water but no means to draw it out effectively.  

This research seeks its inspiration from trees- the 
only living beings to carry water to such great height 
against the force of gravity. Nature is treated as a 
model, measure and mentor.1 Biomimicry is applied 
as a design methodology to understand and emulate 
the anti-gravity, carbon neutral system of vertical 
water transportation observed in trees; and to 
propose a similar system in high-rise buildings. 

2. LITERATURE   REVIEW
The experimental research examined closely the

functionality of trees, pumps, materiality, fluid 
mechanics and nature inspired designs.  

2.1 Biomimicry 
Biomimicry comes from the Greek word bios, life 

and mimesis, imitation. It is the conscious emulation 
of nature’s genius.2 
In this paper, nature (trees) influences design by 
observing Process and Function mimicry at the 
Behaviour level; since the research aims to study the 
water transportation process within a biological 
tree.3,4 

2.2 Trees versus Pumps 
2.2.1 Trees  

The governing principle for water transportation 
in trees is transpiration. Trees require water for their 
various metabolic functions, one of which is 
preparing nutrients to fulfil the tree’s energy 
requirements. Through photosynthesis the sun’s 
energy converts carbon dioxide and water into 
glucose and oxygen. 

Leaves, the primary source of photosynthesis, 
acquire CO2 through stomata. However, every time 
the guard cells around the stoma open to accept CO2, 
water evaporates in the form of vapour. Only 2% of 
water absorbed via roots is used for the various 
activities of the plants.5 Transpiration occurs during 
day time in the xylem vessels of a plant, which 
consists of hollow columns and tracheids made up of 
lignified mature dead cells, thereby, exerting no 
expenditure of metabolic energy. The loss of water 
due to evapo-transpiration develops a pressure 
deficit that pulls water up, from the root to the leaf 
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petiole, in the fine xylem vessels under suction force. 
This upward movement of water in a tree is referred 
to Ascent of Sap and The Cohesion-Tension theory or 
Transpiration pull theory by Dixon and Jolly (1894). 
The theory relies heavily on capillary action within 
fine xylem vessels in the range of 0.01mm to 0.2mm; 
the strength of hydrogen bonds within water 
molecules (350 bars) that can overcome gravitational 
pull; the hydrophilic nature of lignin in xylem; the 
pressure differential created due to evapo-
transpiration and the suction force created that pulls 
water higher up into the tree. 5,6 

2.2.2 Pumps 
Pumps are mechanical devices that draw water 

across great heights. They usually employ a system of 
negative pressure (suction) to draw water at an inlet 
point and then discharge it from the outlet point 
using positive pressure displacement.  Broadly 
speaking, suction pumps and positive displacement 
pumps work well under normal atmospheric 
conditions, though they harbour the limitation of 
pulling water to a maximum height of 10.34m 
theoretically, and approx. 7m in reality, considering 
partial vacuum conditions and frictional losses7. 
Suction pumps were studied in co-relation to off-grid 
solar powered water pumping systems – India’s 
oldest application of solar power, since they are less 
energy intensive.8 

2.2.3 Difference between Trees and Pumps 
A study of trees reveals that, root pressure of 1 

atm (14.7 psi) can push water to a height of 10-15ft.5 
By comparing this value with the pressure required by 
mechanical pumps: 0.433 psi for every feet of water 
rise; it appears that tree exert 2.7 times more 
pressure to effect water rise to a similar height as a 
pump. 

Within a tree xylem, the absolute pressure of 
water is mostly negative, thus putting the sap under 
tension and making it thermodynamically metastable. 
While, mechanical pumps use electrical energy to 
transport water to higher levels; trees do it naturally 
by harvesting the sun’s energy to create suction. 

2.3 Water and Capillarity 
Capillary action or wicking is the ability of a liquid 

to naturally flow in narrow spaces, even against 
gravity. The adhesive force between water molecules 
and lignified walls of xylem vessels, facilitate water’s 
upward movement; while the cohesive forces 
between water molecules ensure the continuous 
column of water within the fine xylem conduits. Due 
to high surface tension, water can rise to appreciable 
heights. In a glass tube of 0.01mm bore, water will 
rise by capillarity to a height of 3m.3 The height to 
which a water column will rise can be calculated by 

applying the Young Laplace equation. The equation 
proves that the smaller the tube radius, the higher 
the level to which a water column will rise.  

Murray’s Law, elaborates on the effectiveness of 
branching patterns. It proves that reducing the radius 
of the transporting veins within a leaf, results in 
increased pressure and flow of water.  

However, Hagen-Poiseuille’s Law states that the 
water flowing along pipes is proportional to the 
fourth power of radius, which means that a larger 
diameter shall result in more volumetric flow. 
Through an interconnected network of branching, a 
tree maximises flow of water and nutrients.  

2.4 Design Approach and Applicability 
Inspired by the metal fog harvesters of Chile, 

Vittori and Vogler’s polypropylene mesh Warka 
Water Towers, and Stroock and Wheeler’s hydrogel 
based palm sized synthetic tree9, material suitability 
was studied by comparing various properties such as 
insolubility, porosity, surface tension, bore size, 
sorptivity, wettability, capillarity, permeability and 
strength, across different materials, such as lignin, 
hydrogels, organosilicate, polyster based wicking 
fabric, pyrex, copper, UPVS and polypropelene net. 

It was observed that Polymers have good 
wettability; being hydrophilic in nature they assist 
capillary rise. Lignin is the most abundant polymer in 
nature and a product of agricultural waste. 
Advancements in architecture and technology imply 
that our products need not be mined anymore, but 
can be harvested instead. 

Figure 1: Branching Water Conduits on a Building Facade 

3. METHODOLOGY
The experimental research, verified principles and

formulae gathered during secondary data collection, 
by conducting 18 small scaled experiments (Fig. 2), 
and extrapolating the results on a 21m tall (7 storey 
high) building-scale application, to account for 
atmospheric pressure and propose a system diagram 
for a biomimetic water transportation system. 
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Figure 2: Experiments and Calculations Conducted

3.2 Data Analysis 
It was realized that the major differences between 

the two systems were: 

1. STATE CHANGE: During water transportation in a
pump, there is a same-state transfer of water;
whereas in trees, there is a state-change, with liquid
water entering the inlet roots and gaseous water
vapour being released at the leaf outlet point.
2. INTERMOLECULAR FORCES: The internal negative
pressure within a capillary tube or the external
atmospheric pressure affecting the water rise within
a capillary tube- will allow the water to rise within the 
tube, but the same pressure will discourage the water
from spilling or discharging out into another
container, once it reaches the edge.
In small confined spaces, hydrogen bonds within
water molecules, can overcome gravitational pull to
form continuous threads of water.
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4. FINDINGS AND DISCUSSIONS
A point-wise comparison between how pumps and
trees transport water across their height has been
tabulated herewith (Table 1).

Table 1: Comparison between mechanical pumps and trees 

S.N. PARAMETERS MECHANICAL 
PUMPS

TREES

1 Flow rates Higher (10,000-
1,00,000 gpm)

Lower 
(0.05 - 0.5 gpm)

2 Volume of 
water transfer

More (several 
million gallons p.d.)

Less (several hundred 
gallons p.d.)

3 Pipe diameter Larger (50-125mm) Small xylem vessels 
(0.01 -0.2mm)

4
No. of 
conducting 
pipes

One
Millions of inter-
related network

5
Energy 
Efficiency

Better efficiency 
(0.082HP for 5gpm 
across 20m)

Lower efficiency  
(0.22HP for 5gpm 
across 20m)

6 Duration of 
work

Usually 1-2 hours in 
a day

Sunrise to sunset 
(8 hours average)

7 Maintenance
Periodical 
maintenance 
required

No maintenance

8 Energy input
Electricity required 
for pumping 
mechanism

Works on natural 
sunlight

9 No. of parts

Involves multiple 
mechanical parts-
motor, impeller, 
vanes etc.

Involves mature 
lignified xylem 
vessels & leaf veins. 
Suction created due 
to evaporation from 
leaf mesophyll.

10
Water lifting 
force

Positive pressure 
and/ or negative 
pressure

Capillary action and 
negative pressure 
(suction)

11 Water source
Immersed in water 
source

Roots draw water 
from the soil through 
osmosis.

12
Predominant 
force

Mostly positive 
pressure 
displacement, for 
heights above 7-
10m.

Mostly suction 
pressure exerted by 
D.P.D.
Root pressure plays a 
very minor role in 
water transportation 
within trees.

13
Energy 
Expended

Pumping water 
involves 1% - 1.5% 
of all building 
energy

Transpiration of 
water allows the tree 
to generate energy 
for it's  metabolic 
needs.
6 CO2 + 6 H2O = 
C6H12O6 + 6 O2

14 Water Output Constant Varies with seasons 
and time of the day 

COMPARISON BETWEEN 
MECHANICAL PUMPS AND TREES

FOR VERTICAL WATER TRANSPORTATION

15

Impact of 
atmospheric 
conditions
(Temperature; 
humidity; 
wind velocity)

Un-affected by 
variations in 
atmospheric 
conditions.

Transpiration rates 
are influenced by 
changes in 
atmospheric 
conditions

16
Climate 
Response

Non-responsive; 
Independent to 
climate

Climate responsive

17
Self healing 
properties

Doesn't have the 
ability to grow or 
self-heal

As the girth increases, 
xylems mature at the 
centre of the wood & 
keep adding to the 
no. of water conduits. 
They constantly heal 
& repair.

18 Cavitation

Cavitation in a 
pump has to be 
mechanically 
removed.

Embolism within tree 
cells are taken care of 
by pits between 
xylem tracheids.

19
Structural 
support

The conducting pipe 
does not offer 
structural support 
to the building; and 
has to be braced 
along building wall 
along it's height.

Xylem vessels are 
lignified mature dead 
cells that offer 
structural strength to 
the tree; in addition 
to water 
transportation.

20
Length of 
conducting 
pipe

One single pipe to 
the top of the 
building

Branched network of 
many million smaller 
pipes (vessels).

21
Force of 
Pressure

Pipes subject to 
high water pressure 
and tension.

Controlled pressure 
within xylem vessels.

22 Flooded state 

Water carrying 
pipes, are often 
empty when not in 
use.

The xylem vessels are 
filled with water at all 
times (even during 
night).

23 State of Water

Pumps carry liquid 
water from base to 
top and transfer 
liquid water to the 
OHT for storage.
(Same State)

Trees carry liquid 
water from roots to 
the leaf, wherefrom 
water evaporates as 
vapour from the leaf 
mesophyll cells. This 
is referred to as the 
'metastable state of 
water. (State Change)

24 Pull vs Push

A pump pushes 
water up
(except in suction 
pumps)

A Tree pulls water up
(except in guttation 
under root pressure).

25

Factor 
responsible for 
carrying water 
higher

Electricity fed motor 
is responsible for 
transporting water 
to greater heights 
by applying positive 
pressure.

Evapo-transpiration is 
the driving force for 
water transportation 
within trees, that 
works on suction.

26

Physics behind 
anti-gravity 
water 
movement

Pressure 
displacement 

Cohesion-tension and 
Transpiration pull
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27
Design 
constants

The pipe diameter 
remains constant 
along it's length.

Xylem vessels, 
branche into smaller 
ones as they go 
higher and have 
complex venation 
patterns within 
leaves, to reduce 
pressure.

28
Repair and 
maintenance

If there is a crack 
within the pipe, or it 
breaks, the water 
flow is interrupted 
and the pipe leaks.

If a tree is injured 
(unless severed into 
half), the water route 
realigns itself within 
the xylem network to 
supply water in an 
uninterrupted flow.

Based on the data analysis and findings, it was 
apparent, that: 
1. The capillary action experienced within the dead
lignified xylem vessels can be replicated in fine bored
capillary tube, to transfer water naturally, without
applying external energy.
2. Transpiration pull within trees, relies on suction
force created due to evaporation. Thus, if a suction
were to be created in capillary tubes, it could
successfully lift water higher up than the natural
capillary level.
3. Water bonds within fine vessels are very strong
and can overcome the gravitational force, to rise as
one continuous water thread.
4. Atmospheric pressure and water tension within
fine vessels will not allow water that has risen in a
capillary tube to be discharged in same-state
conditions, as observed in trees, necessitating an
additional suction pull if water has to be used in liquid
state.
5. Study of suction pumps, reveals that due to
atmospheric conditions water cannot rise higher than
10.34m theoretically and about 7m in practice.

Based on the experiments and findings, a 
biomimetic water transportation system was 
proposed, that compared to the function observed in 
trees. (Table 2) 

For the proposed biomimetic water 
transportation system, a few proposals were 
explored: 
Of these, the stepped-up model combining 
transpiration pull (Capillary action + suction) was 
found to be most efficacious. Considering that suction 
pumps work effectively for a height of 6-7m, three 
cases were proposed for the stepped-up biomimetic 
system.  
Case 1: Step-up every 3m. 
Case 2: Step-up every 6m 
Case 3: Step-up every 9m 
Case-1 employs a capillary tube network system of 
0.01mm diameter which ensures that the 3m water 
rise is natural and only a minimal suction is applied to 

Table 2: Comparison between trees and proposed 
biomimetic water transportation system for buildings 

S.N. DEFINING
PARAMETERS

TREES BIOMIMETIC 
SYSTEM

1 Hydraulic
Physics

A tree lifts water 
along its height, 
using Capillary 
Action & Suction 
Pressure 
(Transpiration 

The tree-inspired 
biomimetic water 
transport system, 
raises water using 
Capillary Action & 
Suction

2 State 
change

A tree translocates 
liquid water along 
its height, but 
releases water 
vapour as 
transpiration.

Water for 
consumption has 
to be transported 
along the building 
height in same 
liquid state.

3
Inter-
molecular
Forces

Capillary action 
makes water rise 
in a fine bore 
xylem or tube, but 
it does not allow 
the liquid water to 
be transferred.

Water will rise 
using capillarity. 
For transfer, 
additional 
negative pressure 
shall be applied to 
overcome surface 
tension.

4 Impact of 
numbers

Trees contain 
millions of xylem 
vessels within their 
core that together 
raise several 
hundred gallons of 
water to the top, 
daily.

Increasing the no. 
of capillary tubes, 
increases the 
total volumetric 
flow, 
proportionately, 
while applying the 
same negative 

5
Modular
system

The xylem 
conducting vessels 
within a tree are a 
network of shorter 
vessels interlinked 
together, that 
traverse the whole 
length of the tree.  

Dividing the total 
height of 
individual water 
conducting tubes 
into shorter 
segments - 
reduces the 
pressure exerted 
on the walls.

6

Murray's 
Law 
of 
branching

Branching patterns 
within trees  
reduce the 
pressure within & 
increase the flow 
of water. Thus the 
tree supplies water 
effectively to all its 
parts, expending 
less energy.

Reducing the pipe 
diameter 
increases water 
pressure within, 
and carries water 
effectively to 
greater heights.

BIOMIMICKING TREES FOR WATER TRANSPORTATION 
IN BUILDINGS
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7

Less 
Material
More 
Design

In nature materials 
are expensive, 
shape is cheap.
Xylem conducts 
water, and also 
provides lignified 
structural support 
to the tree. The 
mature dead 
xylem vessels can 
withstand the 
tension exerted on 
them by the water 
column.

Creating a 
modular system, 
with interlinked 
shorter capillary 
tubes, eases the 
structural strain 
experienced by 
the conducting 
tubes, allowing 
for less material 
(thickness) to be 
used for their 
manufacture. The 
resulting system  
is strong and 
flexible.

8
Solar 
powered 
system

Evapo-
transpiration from 
the leaf,  triggers a 
pressure 
differential within, 
resulting in 
cohesion-tension 
pull under the 
impact of suction 
force, during day.
Thus, sunlight 
triggers a 
continuous water 
movement.

In the absence of 
conventional 
pumping 
mechanism, solar 
energy is applied 
herewith for 
displacing the 
water out of 
capillary tubes, 
with the help of a 
solar powered 
suction pump.

‘draw’ water out from the capillary tube, and into a 
storage container, which then serves as an inlet 
source for the next batch of capillary tube network. 
As observed in Experiment 16, reducing the lift height 
results in more volume transfer; and also reduces 
pressure exerted on the pipe. 

It may however be noted that to receive a 
volumetric flow equivalent to a 100mm dia. 
conventional pipe, 100 million capillary tubes of 
0.01mm diameter shall be required. This system can 
be manufactured using hydrogel. However, the 
author suggests for this biomimetic water 
transportation system to be 3D bio-printed using 
lignin, from agricultural wastes, as a polymer-based 
ink. The fine tubes could be incorporated within the 
building skin as part of the wall or within hollow steel 
column. 

Considering that medium height residential 
buildings utilize about 1% -1.5% of their total energy 
in pumping water, the savings appear modest, 
however, multiplied across several buildings the 
savings would be substantial. Even though this 
system is largely developed for off-grid regions bereft 
of electricity, the argument for energy-consumption 

within urban buildings is made to highlight that there 
is an energy and cost saving potential to this 
biomimetic system.

5. CONCLUSIONS
The research compared vertical water

transportation mechanism in trees, with conventional 
mechanical water pumps: to propose a biomimetic 
solution that would be applicable on buildings. 

The research study revealed that even though 
trees do not have electricity guzzling pumps at their 
base, they do have an internal pumping mechanism 
that is operated by solar energy. A close scrutiny of 
the water transporting members of the tree- the fine 
bored xylem vessels; the Cohesion-Tension within 
them and the Transpiration pull observed due to 
evapo-transpiration; was emulated within the 
proposed biomimetic system which gains its 
additional energy input from the sun, and mimics the 
water transportation function within a tree.  

The proposed biomimetic system consists of 
capillary tube networks as water conduits and uses 
solar powered DC surface suction pumps, to draw 
water out of the capillaries. As a step-up modular 
system, it is replicable to a height of 21m. 

This biomimetic system however, differs from a 
tree in one aspect- whereas water in a tree 
experiences state-change from the inlet to outlet 
stage, the proposed biomimetic system transports 
water in same liquid state. 
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What leads to investment in sustainable building? 

1. INTRODUCTION
Innovation is a key driver of corporate value for

firms in any sector. There is evidence of a positive 
relationship between innovation and superior 
performance (eg, [1]), such that firms that do not 
invest in innovative activities, processes or strategies, 
take the risk of becoming uncompetitive [2]. These 
lessons apply to investment in sustainable building, as 
well as to related sectors – furniture, manufacture of 
non-metallic mineral products, construction of 
buildings, civil engineering, etc. Environmentally 
sustainable building construction has experienced 
significant growth, particularly as society has become 
more aware of the impact of greenhouse gas 
emissions and natural resource consumption [3]. 
Researchers have recognized the need to implement 
innovative technologies for sustainable building as 
early as [4] and [5]. Here, the literature has focused on 
organisational difficulties entailed by the adoption of 
the new technologies [6], particularly the importance 
of financial constraints as a key barrier to innovation 
[7, 8], and the potential for fiscal measures to 
incentivize innovation [9]. Indeed, any new 
investments must be conceived in a way that they 
reduce the risks associated: nearly 50% of new 
products fail in the market [10]. 

Understanding the drivers of investment decisions 
by small firms in Spain to develop new, sustainable 
building materials and techniques, is the main target 
of our analysis here. We use the Spanish Technological 
Innovation Panel (PITEC) database, which provides 
annual survey information on the characteristics and 
innovative activities of a large set of firms. In our 
analysis, we consider all small and medium enterprises 
(SMEs) that are identified in the PITEC database as 

with “no incidents” and with activity (positive 
revenues) in years 2010 to 2014. We filter the 
following sectors of interest: manufacture of wood 
and of products of wood and cork, manufacture of 
other non-metallic mineral products, manufacture of 
furniture, construction of buildings, civil engineering, 
and specialised construction activities. We did not 
include some sectors that would be of interest for this 
research, because they are mixed with other sectors in 
the PITEC database, such as chemicals, energy and 
water, and architectural and engineering activities. 

We use the technology-organisation-environment 
(TOE) approach as a conceptual framework, in order to 
identify some recurrent domains in the literature of 
determinants of innovation. We analyse internal 
variables to the firm as well as external and 
environmental variables. Moreover, following the 
importance of financial constraints, we put special 
focus on financial resources available to the firms, the 
relative advantage of the innovation and the costs 
required to develop it, and the influence of 
institutional partners. We conduct an exploratory 
study to identify the most relevant factors among a 
large list of indicators retrieved from the literature. For 
an exploratory analysis performed to investigate 
several interconnected causes without hierarchical 
causality, linear and hierarchical approaches should be 
avoided. Therefore, we perform a multivariate 
statistical analysis based on multiple correspondence 
analysis (MCA) and principal component analysis (PCA) 
combined, to explore the main drivers of innovation 
among 41 indicators from four domains, including 
innovation decisions, organisational, technological 
and environmental characteristics.  

An MCA-PCA approach 

�A�I� PEO�,  �OS�-MA�UEL MART��E�-FIL�UEIRA

University of A Coru�a, Spain 

We use the PITEC database on innovation activities by Spanish SMEs to perform a multivariate statistical analysis 
to identify the most relevant factors for firms to invest in new products and production processes in the sectors of 
construction, engineering and elaboration of different building materials. We explore 41 indicators from four 
domains (innovation decisions, organisational, technological and environmental characteristics), with a special 
focus on financial constraints. The exploratory results obtained suggest product and process innovation tend to 
come together, while two are the key factors that determine whether firms invest in sustainable building or not. 
First, smaller and younger companies invest more frequently in new products and production processes; second, 
firms that have restricted access to financial sources – either internal or external – do not innovate. 
KEYWORDS: investment decisions, sustainable building, innovation, MCA-PCA 
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The rest of the article is structured as follows. First, 
we briefly develop the conceptual framework, and 
describe the sample and data of analysis. In the core 
of our research, Section 3 deals with the multivariate 
analysis of our data, and the discussion of the main 
results obtained. Section 4 offers a set of conclusions. 

2. CONCEPTUAL FRAMEWORK, SAMPLE AND DATA
The EU Community Innovation Survey (CIS) defines

innovation as the introduction of a new or significantly 
improved product, process, organisational method or 
marketing method by a firm, implying newness in 
relation to products, processes, or business practices. 
More than invention alone, innovation can be 
regarded as an investment appraisal that involves the 
spotting of opportunities by the firm, considering the 
risks involved, and taking actions trying to profit out of 
them [11]. 

2.1 Determinants of investment decisions to innovate 
Under a resource-based view of the firm, for which 

firm value stems from the combination of resources 
that are difficult to imitate or imperfectly mobile 
across firms, a frequent conceptual framework for 
innovation decisions is TOE. According to it, the factors 
that determine innovation are both internal (the 
managers and the firm), and external, that is, the 
characteristics of the innovation itself and the 
environment [12]. The list of factors to be included 
depend on the sector of analysis, but some recurrent 
domains are identifiable. We group them as internal 
factors and external factors. 

In terms of internal factors, authors often test the 
sociodemographic profiles of entrepreneurs (age, 
education, income) and their attitudes (perceived 
benefits, performance expectations, support and 
readiness, management strategy and creativity), firm 
characteristics (size (employees and capital base), 
products, IT usage habit) and business orientation 
(source of management information, social influence 
and facilitating conditions). Recent examples are [13] 
and [14]. Regarding external factors, authors focus on 
the technological characteristics of the innovation 
(expected increase in productivity, relative advantage, 
cost, security, compatibility and complexity), and on 
environmental factors (degree of competition, value 
chain partners (customers and suppliers) and 
institutional partners). Recent examples are [12], [15] 
and [16].  

Identifying the determinants of investment in 
innovative products and processes for sustainable 
building and architecture is a growing field of research 
in the last decade. Here, [6] highlight the main tools 
(CEO leadership, workers’ competence, cooperation 
and networking) and barriers (financial constraints, 
timing, and lack of client understanding) for innovation 
by Finnish firms. [17] argues that inter-organizational 

relationships such as professional commitment to 
sustainability are key determinants. [18] also highlight 
the importance of CEO commitment to position the 
firm as an environmental leader, while institutional 
factors are less relevant. Financial constraints are 
major barriers that lead to the slow development of a 
more sustainable building sector [7]. In order to 
become mainstream, the sector must not only 
preserve the environment but also yield financial 
benefits to users and investors [8]. However, the 
ability to deliver a green project within acceptable cost 
constraints is often a key barrier [3]. In the same line, 
[9] suggest that fiscal measures might incentivize
investors attitudes towards a sustainable behaviour.
Finally, [19] find that cost-effectiveness is determinant
for project success.

The statistical approach we use is similar to that 
applied in a series of articles. [20] explore the factors 
that affect information adoption by farmers with PCA. 
[21] use exploratory factor analysis and multivariate
regression to identify IT adoption factors in the auto
ancillary industry. [22] relate innovation investment
decisions by firms in rural areas to organizational,
technological, and environmental factors, with a two-
step statistical approach that combines MCA and PCA.

2.2 Sample and variables 
We use data from PITEC database, which provides 

information on innovation activities by a sample of 
Spanish firms. We retrieve data from years 2010 to 
2014, and start with the list of companies classified as 
‘no incidents’ (excluding merged, absorbed, closed 
and other non-existing firms). We then filter out 
companies that belong to a corporate group, as well as 
companies with zero or negative revenues. Then, in 
terms of sectoral analysis, PITEC replaces the 
International Standard Industrial Classification (ISIC) 
codes with 44 aggregated sectors. Thus, we are 
interested in the following sectors: 

PITEC code 7 (“wood and cork”), including
division 16 of ISIC Rev. 4 and NACE 2009
classification (“Manufacture of wood and of
products of wood and cork, except furniture”).
PITEC code 13 (“non-metallic products”), which
includes division 23 of ISIC Rev. 4 and NACE
2009 classifications (“Manufacture of other
non-metallic mineral products”) - basically glass
products, clay and ceramic products.
PITEC code 23 (“furniture”), which includes
division 31 of ISIC Rev. 4 and NACE 2009
classifications (“Manufacture of furniture”).
PITEC code 28 (“construction”), which includes
divisions 41 to 43 of ISIC Rev. 4 and NACE 2009
classes (“construction of buildings”, “civil
engineering”, and “specialised construction
activities”, respectively).
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We have not included a series of sectors that are of 
interest, because the PITEC classification is not 
detailed enough as to separate them from other 
sectors. These include PITEC code 10 “Chemicals”, 
which corresponds to NACE 2009 code 20 “Chemicals”, 
but includes fertilisers and other agrochemical 
products. PITEC code 26 “energy and water” includes 
NACE 2009 codes of electricity, gas, and air 
conditioning supply, as well as electricity generation 
and distribution, water collection, treatment and 
supply. Finally, the NACE 2009 code 71 “Architectural 
and engineering activities” is hidden in PITEC code 38 
“other activities”, which mixes those interesting to us, 
to others such as NACE 2009 codes 69, 70, 73, 74 and 
75 (Legal and accounting, consultancy, advertising, 
other professional activities, and veterinary activities). 

Regarding the variables used, we firstly select 
some to measure the decision to innovate by the firms. 
Among the four types of innovation decisions defined 
by the CIS, we focus on innovation on products and 
processes in particular: 

Innovation on products, either goods or
services (innprod).
Innovation on processes (innproc), either in
production methods, logistics, or support to
processes.

Then, we retrieve a series of variables in PITEC 
database to measure the determinants of innovation. 
Following the literature reviewed in Section 2, these 
are grouped in three domains:  

Organisation. It includes internal variables 
referring to the firm itself, including measures of firm 
size, and financial resources available. 

Technology. It includes external factors referred to 
the characteristics of the intended innovation. We 
consider variables of two types: 

Relative advantage: it considers the perceived
usefulness (expected improvement, quality,
productivity, etc.)
Cost: it measures the level of resources
required to develop the innovation.

Environmental. It includes external factors as well, 
but related to the social influence: institutional 
partners and any other sources of information the 
firms use to innovate. 

The list of variables selected are provided in Table 
1, available in the next section. 

3. MULTIVARIATE STATISTICAL ANALYSIS. RESULTS
Multivariate statistical techniques are useful to

explore a large number of variables. Among the 
techniques available to reduce the number of 
variables of study we find MCA, PCA and other 
factorial analyses. PCA helps by reducing the 
dimensionality of the data, requiring only to 
interpreting a few components. However, it assumes 
linear relationships between numeric variables, when 

most variables in our dataset are categorical. The 
alternative we use to solve this problem follows [22], 
a two-step approach that combines MCA and PCA. 
First, we start from the categorical variables in each 
domain to make indices for the different domains 
making use of MCA. Then, we conduct a PCA by making 
use of the indices, to analyse and interpret the 
domains ultimately associated with the different 
innovation decisions.  

3.1 Multiple Correspondence Analysis 
MCA is a multivariate statistical technique oriented 

to analyse categorical data. It allows to explore the 
interdependence between categorical variables when 
none of them are considered to be dependent or 
causal, by reducing the dimensionality of the data 
based on the chi-square distance rather than linear 
correlations or Euclidean distances [23]. Table 1 
provides the list of domains where MCA was applied, 
separately to each of them. We obtained 10 domains, 
once the relative advantage of technology was split 
into five domains – whether the objective is related to 
growth, improving the quality of products, reducing 
costs, regulatory compliance, or reducing time 
response. Moreover, since we traced only one variable 
in the database as a proxy for the cost of innovation, 
we include it in “financial restrictions”.  

MCA is performed in three steps. First, numerical 
variables are transformed into quartiles and, for the 
sake of interpretation, the order of categorical 
variables coded 1 – 4 in the PITEC database (ascending 
from 1 = ‘high relevance’ to 4 = ‘not relevant’) are 
recoded inversely. Only “no partners for cooperation” 
was not recoded, for coherence within the domain it is 
included. Second, we use Goodman and Kruskal’s 
gamma to check whether the variables we assumed to 
fall within a specific domain are indeed related. All 
constructs include positively related variables with 
two exceptions: the variable ‘located in a technological 
campus’ relate inversely to the other variables in the 
Social domain, and gross investment in physical goods 
is coherently inversely related to the variables in the 
resources domain – since they measure financial 
restrictions. 

Third, MCA is implemented. We determine the 
MCA dimension whose coordinates are to be used as 
indicator of each domain. Missing values are replaced 
by average data. The selected dimension is the one 
with variables in that specific domain being ranked in 
a coherent manner – here, always the one with the 
highest proportion variance explained. We 
complemented the analysis with a Cronbach’s Alpha, 
which confirms the internal validity of all constructs. 
Table 1 provides as well the main descriptive statistics 
of the dimensions obtained. These are the coordinates 
to be used in the PCA that follows. 
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Table 1: Variables and MCA results – descriptive statistics. 

3.2 Principal Component Analysis 
Using the coordinates extracted by the MCA for the 

10 indicators in the previous section, we perform a 
PCA analysis. The purpose of PCA is to explain the 
variance-covariance structure of a set of variables by 
creating new, uncorrelated variables, from linear 
combinations of the original ones. It helps to simplify 
the analysis: only few components are now required 
which represent much of the original information, 
allowing to interpreting the relations among the 
original variables in a way that might not be obvious 
with direct observation. 

We use the Keiser–Meyer–Olkin (KMO) measure of 
sampling adequacy, which tests whether the partial 
correlations among variables are small, and Bartlett’s 
test of sphericity, which tests whether the correlation 
matrix is an identity matrix. We obtain KMO of 0.770 
and a p-value less than 0.001 for the Bartlett’s test, 
what confirms the sample is adequate. We considered 
four significant components, which account for a 
cumulated variance higher than 60% for the whole 
sample. In any case, the main justification for the 
selection of components is the theoretical 
interpretability of the results – which we discuss 
below. For robustness, we performed a varimax 

VARIABLE DEFINITION type recoded N Mean Std. Dev Min p25 Median p75 Max

INNOVATION
Innovation in product / services

innprod Innovation in products dummy 0 - 1 1 INNOPROD 2304 0 0.86 -0.5123 -0.51 -0.51 1.17 2.0824
innobien Innovation in goods dummy 0 - 1 1 INNOPROD
innoserv Innovation in services dummy 0 - 1 1 INNOPROD

Innovation in processes
innproc Innovation in processes dummy 0 - 1 2 INNOPROC 2304 0 0.77 -0.5134 -0.51 -0.51 0.74 2.158
innfabri Innovation in productive methods dummy 0 - 1 2 INNOPROC
innlogis Innovation in logistics dummy 0 - 1 2 INNOPROC
innapoyo Innovation in support to processes dummy 0 - 1 2 INNOPROC

ORGANISATION (internal):
 fim size (employees / capital base)

revenues Sales revenues numerical ranked by quartiles 3 SIZE 2304 0 0.84 -1.4109 -0.73 0.03 0.71 1.1673
employees Number of employees numerical ranked by quartiles 3 SIZE
age Log (# years since the company was launched) numerical ranked by quartiles 3 SIZE

 availability of financial resources
face1 Relevant factors: It has internal financing 4 RESOURCES 2304 0 0.8 -0.5398 -0.51 -0.43 0.19 1.7453
face2 Relevant factors: It has external financing 4 RESOURCES
inver Gross investment in physical goods numerical recoded as dummy 4 RESOURCES

TECHNOLOGY (external):
 relative advantage

objet1 Objective: Wider range of goods / services 5 GROWTH 2304 0 0.52 -1.5395 0 0 0.45 0.5924
objet2 Objective: Substitute products / processes 5 GROWTH
objet4 Objective: Higher market share 5 GROWTH
gradcom1 Innomarkt - Objective: Higher market share 5 GROWTH
objet5 Objective: Greater quality of goods / services 6 QUALITY 2304 0 0.51 -1.4396 0 0 0.15 0.9116
objet6 Objective: More flexibility in production / services 6 QUALITY
objet7 Objective: Greater capacity in production / services 6 QUALITY
gradorg3 Innorg - Objective: Greater quality of goods / servs 6 QUALITY
objet8 Objective: Lower labor costs per unit produced 7 COST 2304 0 0.56 -0.7309 -0.62 0 0 1.2663
objet9 Objective: Fewer materials per unit produced 7 COST
objet10 Objective: Less energy per unit produced 7 COST
gradorg4 Objective: Lower unit costs 7 COST
objet11 Objective: Reduced environmental impact 8 RULES 2304 0 0.66 -0.9195 -0.45 0 0 1.2513
objet12 Objective: Better health / security 8 RULES
objet13 Objective: Regulatory compliance 8 RULES
gradorg1 Innorg - objective: Reduced time of response 9 TIME INFO 2304 0 0.37 -0.6683 0 0 0 2.8789
gradorg2 Innorg - objective: Ability to develop new products 9 TIME INFO
gradorg5 Innorg - objective: Better information exchange 9 TIME INFO

 cost
face3 Relevant factors: High innovation costs 4 RESOURCES

ENVIRONMENTAL (external):
 social influence

parque Located in a science or technology campus dummy 0 - 1 10 SOCIAL 2304 0 0.49 -0.8791 -0.07 -0.02 0.07 1.4025
faci4 Relevant factors: No partners for innov. cooperation 10 SOCIAL
fuente5 Information source: consulting 10 SOCIAL
fuente6 Information source: universities 10 SOCIAL
fuente7 Information source: public agencies 10 SOCIAL
fuente8 Information source: technology centers 10 SOCIAL
fuente9 Information source: conferences 10 SOCIAL
fuente10 Information source: academic journals 10 SOCIAL
fuente11 Information source: professional associations 10 SOCIAL

MCA
Descriptive statistics
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rotation to the components obtained, in order to get 
each variable associated with higher loads to a single 
component. Results are summarized in Table 2. 
Loadings – the coefficients of each indicator in the 

linear function of a given component – measure the 
importance of such variable in the component.  

Table 2: Principal component analysis (PCA) factor loadings. 

 
Notes: The order of the rotated components (RC) did not change after the rotation. Loadings < |0.2| were omitted for clarity. Proportion Var 
indicates the variance extracted by each component and u2 the uniqueness of each variable. Variables with a high uniqueness (u2 > 0.5) were 

marked with the colour off. Bold data (loadings > |0.6|) are highlighted to identify the relevant domains associated with each component. 

3.3 Results 
Since we deal with four domains (the decisions to 

innovate, as well as the organisational, technological 
and environmental determinants), four components 
were extracted. This way, we also took into account 
the variance extracted by each component, the total 
variance extracted, and obtaining a sufficiently low 
uniqueness of most variables. We obtained two 
alternative analyses, one for no rotation applied, 
another for varimax rotation, and results are highly 
robust. 

In summary, the four components account for 
69.2% of the total variance. Loadings > |0.6| were 
highlighted to show which domains are associated 
with each component. The first component relates the 
relative advantage of the innovation (including 
growth, quality, cost and rules) to the social domain. 
In the none rotation alternative, the objectives to grow 
and increase quality, as well as having a positive 
influence from social agents would be weakly related 
to the decision to innovate. Moreover, reducing costs 
and regulatory compliance, would have a negative 
impact. However, none of these results are robust to a 
varimax rotation. 

The most interesting component comes in second 
instance: the two innovation decisions are grouped in 
this category, suggesting that product and process 
innovation tend to come together. Moreover, any 
relationships between the innovation indicators and 
other variables with significant loadings within that 

component are highly meaningful. In our case, we 
obtain robust results that the variables that are more 
closely related to the decisions to innovate in 
sustainable building are the firm size and financial 
restrictions. In particular, the smaller the firm – in 
terms of revenues or employees, as well as the 
younger the company – the more often the companies 
invest in product or process innovation. Furthermore, 
firms that exhibit restrictions to access to financial 
sources – either internal or external – do not innovate. 
These two are the key factors that determine whether 
firms in the sector invest in sustainable building.  

A third component, which extract about 10% of 
total variance, reinforces the link between firm size 
and financial restrictions: as it is frequently observed 
in the financial literature, age and size are key 
determinants of a firm’s ability to get external 
financing [24, 25]. Finally, a fourth component 
includes only the objective to improve the 
organisation of the company, such as a reduced time 
of response and better information exchange. We 
traced no relationship of this indicator with any of the 
product or process innovation decisions. 

4. CONCLUSION
We performed an exploratory analysis to trace the

main determinants of firms to invest in sustainable 
building. Using the PITEC database on information 
about innovation activities by Spanish firms, we 
considered the sectors manufacture of products of 

No rotation
PC1 PC2 PC3 PC4

INNOPROD 0.33 0.72 -0.10
INNOPROC 0.27 0.77

SIZE -0.36 0.74
RESOURCES -0.20 -0.36 -0.68 -0.21

GROWTH 0.79
QUALITY 0.81 -0.11

COST -0.82
RULES -0.85 -0.15

TIME INFO -0.22 -0.21 0.91
SOCIAL 0.66 -0.19 -0.18

PC1 PC2 PC3 PC4
SS loadings 3.393 1.544 1.032 0.962
Proportion Var 0.339 0.154 0.103 0.096
Cumulative Var 0.339 0.494 0.597 0.693

Varimax rotation
RC1 RC2 RC3 RC4 h2 u2

INNOPROD 0.80 0.65 0.35

INNOPROC 0.80 0.67 0.33

SIZE -0.38 0.75 0.72 0.28

RESOURCES -0.45 -0.68 0.68 0.32

GROWTH 0.80 0.65 0.35

QUALITY 0.82 0.70 0.30

COST -0.83 0.70 0.30

RULES -0.87 0.75 0.25

TIME INFO 0.95 0.93 0.07

SOCIAL 0.68 0.48 0.52

RC1 RC2 RC3 RC4
SS loadings 3.232 1.662 1.033 1.004
Proportion Var 0.323 0.166 0.103 0.100
Cumulative Var 0.323 0.489 0.592 0.692
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wood and cork, manufacture of other non-metallic 
mineral products – glass, clay and ceramic products – 
manufacture of furniture, construction of buildings, 
civil engineering, and specialised construction 
activities. We then performed a multivariate statistical 
analysis based on MCA and PCA combined, to explore 
the main drivers of innovation by these firms, among 
a list of 41 indicators in four broad domains, including 
innovation decisions, organisational, technological 
and environmental features. 

The key result we obtain is that innovation by these 
firms is related to firm size and financial restrictions: 
smaller and younger companies invest more 
frequently in product or process innovation, while 
firms that exhibit restrictions to access to financial 
sources do not innovate. Nonetheless, we must 
emphasize the limitations of this research. Firstly, 
being an exploratory analysis, we must be aware of the 
limitations of the statistical techniques used, as well as 
the sort of variables available in the PITEC database. 
Secondly, we observed many missing data in the 
domains related to the relative advantage of 
technology – such that percentiles 25, 50 (median) and 
75 are often filled with the average value of zero (see 
Table 1). This might be a reason why the exploratory 
analysis did not trace any relationship of these 
domains with innovation decisions. To overcome 
these and other limitations, future research might be 
based on survey data that allows to getting access to 
specific data at firm level, as well as including sectors 
of interest that had to be excluded from this research 
– such as energy and architecture.

REFERENCES 
1. Thornhill, S. (2006). Knowledge, innovation and firm
performance in high- and low-technology regimes. Journal of
Business Venturing 21(5), 687–703.
2. Madrid-Guijarro, A., García, D., Van Auken, H. (2009).
Barriers to innovation among Spanish manufacturing SMEs.
Journal of Small Business Management 47(4), pp. 465–488.
3. Robichaud, L.B., Anantatmula, V.S. (2011). Greening
project management practices for sustainable construction.
Journal of Management in Engineering 27(1), 48-57.
4. Rohracher, H. (2001). Managing the technological
transition to sustainable construction of buildings: A socio-
technical perspective. Technology Analysis and Strategic
Management 13(1), 137-150.
5. Chwieduk, D. (2003). Towards sustainable-energy
buildings. Applied Energy 76(1-3), 211-217.
6. Häkkinen, T., Belloni, K. (2011). Barriers and drivers for
sustainable building. Building Research and Information
39(3), 239-255.
7. Feige, A., Wallbaum, H., Krank, S. (2011). Harnessing
stakeholder motivation: Towards a Swiss sustainable
building sector. Building Research and Information 39(5),
504-517.
8. Ranaweera, R., Crawford, R.H. (2010). Using early-stage
assessment to reduce the financial risks and perceived
barriers of sustainable buildings. Journal of Green Building
5(2), 129-146.

9. Sayce, S., Ellison, L., Parnell, P. (2007). Understanding
investment drivers for UK sustainable property. Building
Research and Information 35(6), 629-643.
10. Battor, M., Battor, M. (2010). The impact of customer
relationship management capability on innovation and
performance advantages: Testing a mediated model. Journal
of Marketing Management 26(9-10), 842–857.
11. Drucker, P.F. (2007). Innovation and entrepreneurship.
Oxford: Butterworth-Heinemann, 2nd edition.
12. Ramayah, T., Ling, N., Taghizadeh, S., Rahman, S. (2016).
Factors influencing SMEs website continuance intention in
Malaysia. Telematics and Informatics 33, 150–164.
13. Venkatesh, V., Thong, J.Y.L., Xu, X. (2012). Consumer
acceptance and use of information technology: Extending
the unified theory of acceptance and use of technology. MIS
Quarterly 36(1), 157–178.
14. Nieto, M.J., Santamaria, L., Fernandez, Z. (2015).
Understanding the innovation behavior of family firms.
Journal of Small Business Management 53(2), pp. 382–399.
15. Maduku, D.K., Mpinganjirab, M., Duh, H. (2016).
Understanding mobile marketing adoption intention by
South African SMEs: A multi-perspective framework.
International Journal of Information Management 36, 711–
723.
16. Rodriguez, M., Doloreux, D., Shearmur, R. (2017). Variety
in external knowledge sourcing and innovation novelty:
Evidence from the KIBS sector in Spain. Technovation 68, 35–
43.
17. Binder, G. (2008). Understanding innovation for
sustainability within the Australian building industry: An
evolutionary social learning model. Journal of Green Building
3(3), 118-132.
18. Gauthier, J., Wooldridge, B. (2012). Influences on
sustainable innovation adoption: Evidence from leadership
in energy and environmental design. Business Strategy and
the Environment 21, 98–110.
19. Zhao, X., Chen, L., Pan, W., Lu, Q. (2017). AHP-ANP-Fuzzy
integral integrated network for evaluating performance of 
innovative business models for sustainable building. Journal 
of Construction Engineering and Management 143(8), Article 
04017054. 
20. Taragola, N.M., van Lierde, D.K. (2010). Factors affecting
the Internet behaviour of horticultural growers in Flanders,
Belgium. Computers and Electronics in Agriculture 70, 369–
379.
21. Kasanagottu, S., Bhattacharya, S. (2017). Significant IT
adoption factors by small enterprises in the auto ancillary
industry. International Journal of Applied Business and
Economic Research 15, 367–379.
22. Peón, D., Martínez-Filgueira, X.M. (2019). Determinants
of investing in innovative activities by agri-food and KIBS
firms in rural areas: An exploratory analysis. Journal of Small
Business Management, forthcoming. DOI:
10.1111/jsbm.12513
23. Greenacre, M. (2016). Correspondence analysis in
practice. CRC Press, 3rd edition.
24. Niskanen, J., Niskanen, M. (2006). The determinants of
corporate trade credit policies in a bank-dominated financial
environment: The case of Finnish small firms. European
Financial Management 12(1), 81–102.
25. García-Teruel, P., Martínez-Solano, P. (2010).
Determinants of trade credit: A Comparative study of
European SMEs. International Small Business Journal 28(3),
215-233.

Vol.3 | 1393
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


PLEA 2020 A CORUÑA 
P lanning Post  Carbon C it ies
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ABSTRACT: Nowadays, it is becoming more crucial than ever to develop systems that not only improve the 
quality of indoor comfort, but also have low energy consumption. This paper shows the process of assessing the 
performance of a proposed passive cooling ventilation system for an educational building in a hot- humid 
climate through on-site measurements and simulation software. The building being analysed is in Auroville, 
India, however, the construction of the passive cooling system designed for it is incomplete. The purpose of this 
assessment is to evaluate the performance of this system, identifying the potential and limitations in optimizing 
it to improve indoor thermal comfort. 
KEYWORDS: Passive Cooling and Natural Ventilation Systems, Earth Duct, Solar Chimney, Hot-Humid climates, 
TRNSYS 18 Thermal Simulation 

1. INTRODUCTION
Nowadays, it is becoming more crucial than ever

to develop systems that not only improve the quality 
of indoor comfort, but also have low energy 
consumption. In the township of Auroville in India, an 
educational building was designed with the intent to 
ensure passive cooling and dehumidification by a 
desiccant- tower system linked to an earth duct that 
leads to inlet shafts connected to the rooms. For 
exhaust, these rooms have solar chimneys, creating a 
buoyancy effect for hot air to exit. The construction 
of the system was not finished; therefore, the aim of 
this paper is to investigate its performance and 
provide guidance to the client on how it could be 
completed. The assessment focuses on temperature 
only; as the desiccant dehumidification system is not 
completely passive and requires the use of non-
renewable resources, it is not investigated. The 
purpose of this research is to understand the 
performance of the proposed passive ventilation 
system, determining the potentials and limitations of 
its optimization. 

2. BUILDING DESCRIPTION
The building is in Auroville, a town located in the

state of Tamil Nadu, India. The climate is hot and 
humid, with an average outside temperature of 28.5 
°C, and humidity levels above 14.5 g/kg for most of 
the year. The rainy period of the year lasts for 9.6 
months, from April to January.  

Initially, the project was designed as a three-
storey building, with a central courtyard surrounded 
by offices, classrooms, and other general services. 
The intent of the design was to have a passive 
building that could maintain comfort with no energy 

consumption. To achieve this, a natural ventilation 
system was designed as depicted in Figure 1.  

However, the building today is only built up to 
two-storeys. The inlet towers are only two meters 
high, and the desiccant trays are not installed. Finally, 
the inlet shafts to the rooms and exhaust solar 
chimneys are not built in, while there are openings in 
the slabs and walls to allow for their implementation. 
In fact, current users claim that they feel air coming 
out from the inlet openings when standing by it, 
indicating that the wind speed would be at a 
minimum of 0.1 m/s. In the following sections the 
performance of these components is investigated, as 
well as how they can be optimized and completed to 
maintain comfort inside the rooms.  

Figure 1:Building design intent. (1) Inlet wind tower with 
desiccant trays, (2) Earth duct, (3) Inlet shafts to rooms, (4) 
Exhaust solar chimneys.  

3. VARIANT A, THE AS-BUILT: AS-BUILT MODEL SET-
UP AND CALIBIRATION

Prior to any simulation, a 12-day monitoring of 
temperature inside several rooms in the building and 
various points in the earth duct was conducted in 
September 2019.  

To understand the performance of the existing 
building, a model was set-up for simulation 
representing the “As-built” scenario. The Indian 

Vol.3 | 1394
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


Classroom, a room located on the ground floor in the 
north-east side of the building, was selected for 
analysis to represent the performance of all the 
classes in the building (Fig. 2). The simulation was 
done using the software TRNSYS18, where all the 
inputs were calibrated to provide outputs matching 
the measured data. This step was important for 
validating the results of all coming simulations. 

Figure 2:Construction boundary conditions. (1) Brick walls 
with lime-mortar finish (2) Concrete slab, with screed, lime-
mortar, and bamboo mats (3) Cut stone floor with screed 
and concrete (4) wooden door (5) Single glass glazing.  

Figure 3:Line graph showing ambient temperature 
compared to air temperatures of as-built simulation and on-
site measurements. 

When comparing between the on-site 
measurements and simulation results, it was 
apparent that the air temperature inside the room 
follows the same pattern as ambient temperature, it 
increases during the day and decreases during the 
night, which means there is air movement between 
inside and outside, so ambient temperature is 
influencing inside temperature (Fig.3). According to 
Onyango (2012), this behaviour is very normal in hot 
and humid climates, where indoor temperatures 
follow very closely outdoor temperatures, making 
comfortable conditions difficult to achieve in a 
passive way. This can be explained further due to the 
openings that are in the room which are supposed to 
be for fitting in the inlet and outlet shafts for the 
passive-cooling system (Fig.2). However, as the shafts 
are currently unbuilt, there is constant air infiltration 
in the room through these openings, which results in 
the high number of air changes in the room, hence a 
similar temperature profile pattern to that of the 
ambient air temperature. 

It was also observed that there is a difference 
between day and night air temperatures ranging 
between 4 to 1 K, which is less than that of the 
ambient temperature which ranges between 5 to 7 K 
at that time of the year. The reason for this is due to 
the thermal mass of the building, the constant 
infiltration rates, and the window operation.  

3.1 Earth duct model set-up and calibration 
A set of hand calculations were carried out to 

understand the pattern of temperature changes in 
the earth duct at different points in time. These 
calculations were then used as inputs for the 
simulation model and then calibrated according to 
the measured data.  

Two heat transfer formulas were solved to find 
out the exit temperature of the earth duct (Tout). 
These were as follows:  

Q1=VρCp (Tin-Tout)     (1) 

Q2=hcA (Twall-(Tin/2 + Tout/2)) (2) 

where Q1 –Heat loss in convective streams (W);  
Q2-Convective heat transfer between wall and air(W); 

V-volume flow rate (m³/h);
Ρ-fluid density (kg/m³);
Cp-heat capacity of air (Wh/kgK);
Tin-inlet air temperature (K);
Tout-outlet temperature (K);
Twall -surface temperature (K);
hc- heat transfer coefficient (W/m²K);
A-surface area (m²).

Inputs for these equations were based on 
preliminary assumptions and measurements from 
drawings. These were then added into an Excel sheet 
where surface temperature (Twall) and volume flow 
rate (V) were altered to calibrate the results of the 
hand calculations with the measured data collected 
on site. As the monitoring device used was “Elitech”, 
it was important to account for average deviations in 
results to ±0.33°C (Fig.4). 

Figure 4:Line graph showing the calculated and measured 
outlet temperatures of the earth duct, and the ambient air 
temperature, as measured from 13.09.2019 to 25.09.2019. 

As the surface temperature used in the 
calculation is kept at a constant 28°C (the average 
annual theoretical temperature), there is slight 
difference between the measured temperature and 
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the calculated temperature at night (around 0.5 to 
1°C). 

Moreover, the on-site measurements (Fig.5) show 
that the outlet temperature of the earth duct is lower 
by an average of 3°C than ambient temperature 
during the day, but sometimes higher by a range of 
0.5 to 1°C during night. But on the other hand, air 
temperature in the earth duct is not always cooler 
than the air temperature in the room. This raises the 
question of whether the earth duct would aid in 
cooling down the adjacent rooms. 

Figure 5:Line graph showing ambient, earth duct and 
classroom air temperatures, as measured from 13.09.2019 
to 25.09.2019 

These observations give an initial indication of 
both the shortcomings and opportunities of the 
proposed passive cooling and ventilation system. 
Although there is opportunity for temperature 
change in the earth duct, there is a concern for its 
effectiveness. Accordingly, the next phase of the 
research focused on assessing the system as intended 
in design, and then creating informed variants to 
determine if there is potential in optimising it.  

4. VARIANT B, DESIGN INTENT: PASSIVE COOLING
AND VENTILATION SYSTEM EVALUATION

Solar chimney is one of the most used elements 
for passive ventilation in buildings because it reduces 
energy demand by circulation and cooling of air, as it 
creates a flow due to buoyancy effect generated by 
temperature or pressure difference between inlet 
and outlet (Lal, Kaushik, and Bhrgav, 2013). Khedari, 
Boonsri and Hirunlabh (2000), proved through studies 
based on other school projects in hot humid climate 
that there is potential in using a solar chimney to 
assist natural ventilation to achieve thermal comfort 
inside the classrooms. Moreover, the research also 
showed that solar assisted ventilation was more 
efficient than only opening windows (Ibid).  

As previously explained, the building was 
designed to incorporate passive cooling and 
ventilation system which include an inlet tower, earth 
duct, and solar chimney. To evaluate the intended 
system design, the model previously calibrated on 
TRNSYS 18 was modified to include this system. Three 
different zones were modelled as shown in figure 6: 
the solar chimney with three thermal air nodes, the 

classroom with one thermal air node, and the earth 
duct with three air nodes. Air mixing and stratification 
was represented by joining the air nodes via coupling.  

To simulate the airflows in the system, the 
TRNFlow feature of TRNSYS 18 was used. This feature 
is an integration of the multizone air flow model 
COMIS (Conjunction of Multizone Infiltration 
Specialists) into the thermal building module of 
TRNSYS (Type 56) (Transsolar Energietechnik 
GmbH,2009). A network was created using nodes as 
links as shown in figure 6 (right). 

Figure 6: Thermal Model set-up (left). TRNFlow network set-
up (right).  

Ideally, air would move from the tower, get 
cooled in the earth duct and then be supplied to the 
room. Hot air would then be exhausted through the 
chimney. However, the simulation results (Fig.7) 
showed that air flow direction was not constant 
throughout the day, where it would be reverse during 
the day, and go in the desired direction during the 
night. This meant that during the day, ambient air 
heated up by the chimney was brought into the 
room.

Figure 7: Air flow direction when applying the intended 
system’s design (left: Day time, right: night-time). 

Figure 8: Line graph comparing between the air 
temperatures of the variant A (as-built model) and variant B 
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(intended designed) during a hot week in May, the hottest 
week in the year. 

When comparing variant B (design intent) to 
variant A (as-built), the air temperature with the 
proposed system is warmer, having less fluctuations 
throughout the day (Fig.8). What caused the 
fluctuations in the as-built was the high infiltration 
rates, while in this system, the air change rate drops 
dramatically in comparison. In this case, the air 
change rate is 0.9 ach/hr in the day, and 2 ach/hr at 
night (Fig.7). Even though the air change rate is very 
little in the day compared to the as-built (Fig.3), it is 
still higher than the minimum hygienic air change rate 
required for this room which is 0.6 ach/hr. This shows 
the necessity of controlling the amount of air flow at 
different times of the day. 

4.1 System break-down variants assessment 
To get an understanding of how various parts of 

the system influence its performance, three variants 
were created as follows:  

Variant 1: Having a solar chimney only.
Variant 2: Having an earth duct only.
Variant 3: Having both the solar chimney

and the earth duct but removing the inlet
tower from the system. 

Figure 9: Illustrations showing the three variants, and how 
they perform on the hottest day of the year in May.  

The simulation results showed that the air 
temperature in all the variants was warmer in the 
morning than that of the as-built (Fig.10). However, 
when comparing these three variants to variant B 
(design intent), there other observations were made. 
First, the air flow direction does not alternate, and 
second, the only variant where the air flow goes in 
the desired direction was variant 1, which had the 
solar chimney only (Fig.9). Finally, removing the inlet 
tower creates zero pressure at the inlet of the earth 
duct, and as the height difference between the air 
inlet and the exhaust in the chimney becomes bigger, 
more air can be moved around the system which 

explains what results in the large air changes in 
variants 2 and 3.  

When comparing between the three new variants, 
it was observed that variant 1 provided lower air 
temperatures to the room (Fig.9, Fig.10). Here, the 
indoor air temperature seemed to be lower than the 
other variants in daytime as a result of having lower 
air changes then. However, referring again to the 
comparison between the as-built with the design 
intent variant (Fig.8), it appears that having air 
movement in the room at night (night flushing) helps 
in cooling down the room in daytime provided there 
is when there is less air movement. This shows the 
where variant 1 falls short in comparison, as it has 
half the amount of air changes at night than that 
provided by the as-built.  

Therefore, these results indicate that the large 
volume of the earth duct, its position, and low 
temperature difference between it and the room 
result in a negative pressure which draws the air in 
the reversed direction. This means that the installed 
earth duct has the biggest influence on the system’s 
performance. 

Figure 10: Line graph comparing between the air 
temperatures of the as-built model and the three variants 
during a hot week in May.

Figure 11: Chart showing the temperature changes in soil 
based on depth throughout the year from IWEC 2.0 
Cuddalore weather file.  

Building on these observations from literature, 
Bisonya (2015) points out two constrains that 
influence the efficiency of the earth duct in terms of 
design. First, geometrical constraints such as the 
diameter and length of the earth duct, whereas the 
length of the earth duct increases and diameter 
decreases, the pressure drop and its performance 
increase. The second constraint is its depth, where 
Bisonya (2015) explains that the fluctuations in the 
temperature of the soil decrease at the depth of 1.5 
to 2m, naming this as earth’s undisturbed 
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temperature (EUT). This remains higher than the 
ambient temperature in winter, and lower than that 
in summer. However, the Auroville weather files 
indicate that the soil temperatures are high all year 
around. The soil temperature ranges between 25°C 
and 31°C and becomes constant at 28.4°C after 7m 
depth (Fig.11). While this follows the patterns that 
Bisonya (2015) discusses, it does not create the 
temperature difference required to cool down the 
earth duct.  

In another study, Dabaieh and Serageldin (2019) 
state that soil type, soil cover, air temperatures and 
humidity, and precipitation have impact on the soil’s 
temperature. The system implied in that research 
incorporates an electric fan, which may be placed in 
the outlet or the inlet of the system. As a result, a 
difference in temperature is created between the 
surfaces of the earth duct and the ground 
surrounding it due to a lag in the time taken to allow 
for heat to be transferred (Ibid). Accordingly, variant 
4 was set up to evaluate the impact of controlling the 
air flow.  

5. VARIANT 4, ADDING ELECTRIC FAN: EXAMINING
THE POTENTIAL OF ENHANCING THE PROPOSED
SYSTEM

Variant 4 was set up to project the optimized 
modification of the proposed system. From the 
previous sections, the driving forces of the current 
system’s design were identified as follows:  

Impact of the amount of airflow at
different times of the day.

The earth duct’s design and soil properties
in the area does not allow the system to
perform as desired.

Inlet tower does not aid in improving the
system’s performance and could be removed.

Figure 12: Illustrations showing changes in variant 4’s 
model. Thermal Model set-up (left). TRNFlow network set-
up (right). 

Therefore, the idea behind variant 4 was to 
control the amount and direction of the airflow 
throughout the day. This would be done by adding an 
electric fan, which was modelled into the inlet of the 
system (Fig.12). The fan was set to provide a 
minimum air change rate of 0.6ach/hr most of the 
day (08:00 to 23:00) and then increase to a maximum 
of 20ach/hr from (00:00 to 07:00). This schedule was 

set-up based on the ambient temperature pattern. 
Therefore, it is ensured that only the minimum 
amount of hot air required to provide the minimum 
hygienic fresh air can enter the room when ambient 
temperatures increase throughout the day, while 
allowing for more cooler air to enter during the night 
in the timeframe when the ambient temperature 
drops creating a night flushing effect. 

The simulation results of variant 4 were then 
compared to those of variant A (as-built). This 
comparison showed that having the proposed system 
implemented with a fan does not guarantee that the 
room air temperatures would always be cooler than 
that of the as-built. In fact, the results showed that 
the maximum temperature difference between the 
two variants in the hottest hours of the day is around 
1.5°C (Fig.13).  

Figure 13: Line graph comparing between the air 
temperatures of the variant A and variant 4 during a hot 
week in May. 

However, it was noted that as the ambient 
temperature increases, the performance of variant 4 
would be better than that of as-built (variant A) 
during daytime. Generally, the temperature profile of 
variant 4 is flatter than that of the as-built. When 
comparing the two variants through based on their 
annual temperature profile (Fig. 14), it appears that 
this restriction in variant 4 stabilizes the air 
temperature in the room throughout the year. In the 
as-built, it appears that the temperatures continue to 
increase as they follow the ambient temperature 
patterns closely.  

As this showed the potential of restricting the 
airflow during hours of high temperature, another 
attempt was made to understand the influence of 
increasing the airflow at night. The settings of the 
model were changed so that the air changes at night 
(00:00 to 07:00) would be increased to 40ach/hr, 
double that of variant 4. This model was named as 
variant 5.  

Figure 14: Scatter graph comparing the annual air 
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temperatures of variants A and 4, to the ambient 
temperature.  

Figure 15: Line graph comparing between the air 
temperatures of the variants A, 4, and 5 on the hottest day 
on the year in May. 

The results of this variant were compared to those 
of variants A and 4. As shown in figure 15, increasing 
the air flow in variant 5 did not have a significant 
effect beyond what was observed with variant 4. This 
showed there is a limit to the effectiveness of the 
increasing air movement in this system. This may be 
attributed to the fact that the air being supplied is 
warm as well as the soil surrounding the earth duct 
and its heavy construction.  

6. CONCLUSIONS
Although the research showed the system had its

limitations, it is important to note the key role the 
climate of this location plays. The onsite 
measurements proved that the earth duct was not 
consistently cooler than the room even when it was 
cooler than the ambient temperature. Looking at 
figure. 11, it is also evident that the soil temperatures 
are not cool enough to contribute to cooling the 
earth duct regardless of the depth. With these two 
facts, the simulation results generated from variants 
1, 2, and 3 reinforced the idea that the earth duct 
here hinders more than aids in cooling down the 
room. However, further variants showed that adding 
a fan to the earth duct helps improve its 
performance.  

In addition, variant A (the as-built) highlighted the 
impact of the room’s large thermal mass as well as 
high infiltration rates on the indoor air temperatures 
(Fig.2 and Fig.3). Given the temperature swings 
between day and night which ranged from 1-7K, the 
impact of night flushing was also made clear. These 
observations coupled with understanding of each of 
the elements on their own (variants B, 1,2, and 3) 
helped in developing a new variant which applies all 
the lessons learned together.  

Variants 4 and 5 tested the effect of integrating an 
electric fan to cap the airflow to the minimum 
hygienic rate for 70% of the day when the 
temperatures are high and maximizing it for the other 
30% when temperatures are lower. The results 
showed that in the long run, this capping can prevent 
the increase in indoor temperatures even if it is not 
necessarily lower than that of the as-built (variant 0) 

all year around (Fig.14). This is because the room 
temperature becomes more stable, as there is less 
influence from the outdoors.  However, the results 
also showed that there is a limit to how much impact 
increasing the airflow can have, where doubling the 
air flow in the hours when the ambient temperature 
is cooler had a negligible effect on the room’s air 
temperature (Fig. 15), showing again the impact of 
having high ambient temperatures on this system.  

It is important to consider that the effectiveness 
of passive cooling and ventilation systems depends 
on them being designed and tailored to fit a specific 
climatic location. This research showed the 
importance in this and shed light on how much 
difference these findings would have made if they 
were available in design phase. While this proposed 
system shows limitations, this study showed how 
taking advantage of thermal mass and infiltration 
control have great potential in improving indoor 
thermal conditions in hot-humid regions.  

ACKNOWLEDGMENTS 
This research was conducted as part of the annual 

project for the Transsolar Academy 6, 2019-2020. The 
assistance provided by everyone in the company 
throughout the year must be recognized. However, it 
is important to explicitly mention those who helped 
in finalizing this research whether through mentoring, 
teaching theory, and advising on using the software. 
These are Michelle Hur, Jakob Merk, Jochen Lam, 
Mohamed Hamza, Xiaochen Wu, and Christoph 
Stetter. Our gratitude and appreciation for all their 
time and support is endless. 

REFERENCES 
1. Transsolar Energietechnik GmbH, (2009). TRNFlow: A 
module of an air flow network for coupled simulation with
TYPE 56 (multi-zone building of TRNSYS). Stuttgart,
Germany.
2. Onyango, J., (2012). Simulation of passive ground-
coupled cooling system for a house in hot humid
Climate. WIT Transactions on Ecology and the Environment, 
160: p. 257-268.
3. Lal, S., Kaushik, S., and P.Bhargav (2013). Solar chimney: 
A sustainable approach for ventilation and building space
conditioning. International Journal of Development and 
Sustainability, 2(1): 277-297.
4. Khedri, J., Boonsri, B., and J. Hirunlabh, (2000).
Ventilation impact of a solar chimney on indoor
temperature fluctuation and air change in a school building.
Energy and Buildings, 32: 89 – 93.
5. Bisonya, T., (2015). Design of earth–air heat exchanger
system. Geothermal Energy, 3(18): 1-10.
6. Dabaieh, M., and A., Serageldin, (2020). Earth air heat
exchanger, Trombe wall and green wall for passive heating
and cooling in premium passive refugee house in Sweden.
Energy Conversion and Management, 209, p.112555.

Vol.3 | 1399
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


PLEA 2020 A CORUÑA 
P lanning P ost  Carbon C it ies

Mass Timber Solutions for Eight Story Mixed-Use Buildings: 
A Comparative Study of GHG emissions 

ABSTRACT: Efforts to quantify and reduce greenhouse gas (GHG) emissions of the built environment often neglect 
embodied emissions, instead focusing on reducing emissions from building operations. Utilizing sustainably 
sourced mass timber offers low embodied carbon alternatives to traditional concrete and steel structural systems, 
however the variability in embodied carbon for different mass timber approaches remains understudied. In this 
study, we used life cycle assessment (LCA) to compare the whole building embodied carbon of nine mass timber 
design options and two typical concrete and steel reference cases for an eight-story mixed-use building, ensuring 
structural, acoustic, thermal, programmatic, and fire-rating equivalence between the designs. The study found 
that the mass timber designs vary significantly, ranging between a 14-52% reduction in whole building embodied 
carbon from the most impactful reference case, and a 31-73% reduction when considering the structural systems 
alone. This study demonstrates the value that whole building LCA (WBLCA) provides as a primary driver for low-
carbon structural system design and architectural development of mass timber buildings, beyond that of single 
material comparisons using environmental product declarations (EPDs). 

KEYWORDS: mass timber, life cycle assessment, embodied carbon, sustainable design, functional equivalence 

1. INTRODUCTION
Efforts to quantify and reduce greenhouse gas

(GHG) emissions of buildings have often neglected 
embodied carbon emissions, instead focusing on 
reducing emissions from building operations. Unlike 
operational carbon emissions, however, a significant 
portion of embodied emissions are released during 
construction, before the building is even occupied. 
These impacts, also known as “upfront carbon” 
critically influence our near-term climate trajectory. As 
buildings become more efficient and generation grids 
get cleaner, thereby minimizing operational carbon, 
the embodied carbon of buildings makes up an 
increasing proportion of the life cycle emissions. 
Moreover, as we specify high performance heating 
and cooling systems, remaining operational carbon 
emissions are dominated by occupant plug loads and 
process energy which is more difficult to influence [1]. 
As a result, it is critical to find ways to reduce the 
embodied carbon of buildings alongside their 
operational footprint. 

Mass timber construction has emerged within the 
embodied carbon conversation offering a promise of a 
lower embodied carbon alternative to traditional 
concrete and steel structural components and 
systems. While many benefits of mass timber have 
been explored (i.e. embodied carbon of structural 
systems [2], creating demand for sustainable forestry; 
creating carbon stocks for the lifetime of the building 
[3]; enabling a shorter construction timeline; offering 
marketing benefits to the building owner; and offering 
health and aesthetic benefits to the occupants [4]), a 
comprehensive quantification of the variability in  

embodied carbon for different mass timber structural 
use cases has not been sufficiently studied.  More 
common in the literature is to use a single typical mass 
timber scenario, compare options that have not been 
engineered for equal structural design loads, or 
disregard requirements for fire and acoustics, making 
the findings less relevant to practitioners. This study 
instead examines the variability between functionally 
equivalent design options, which is essential for 
practitioners to understand the range of possibilities 
for using mass timber to support decarbonization 
goals.  

Life cycle assessment (LCA) is a quantitative 
method for estimating the environmental impacts of a 
product or process over time [5]. When applied to 
buildings and construction, an LCA model tracks the 
emissions from material extraction or harvest, 
transportation, manufacturing or milling, maintenance 
and use, as well as projected emissions from end-of-
life practices like demolition, recycling and disposal 
[6]. This study reports the embodied carbon of all the 
design options in terms of Global Warming Potential 
(GWP) expressed in kgCO2e. This unit, while 
referencing carbon dioxide, accounts for all 
greenhouse gases that contribute to global warming 
by absorbing energy and trapping radiation in the 
atmosphere, including gases like methane and nitrous 
oxide in addition to CO2. 

In this study, we use LCA to compare the whole-
building life cycle embodied carbon of nine mass 
timber designs and two reference designs for an eight-
story mixed-use building (ground floor retail with 
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residential above). While the study did not seek to 
optimize the reference buildings, we acknowledge 
that these conventional structural solutions also have 
significant carbon reduction opportunities that are 
equally critical to supporting the near-term carbon 
goals in the construction industry. 

This study demonstrates how embodied carbon, 
used here synonymously with global warming 
potential (GWP), can be a driver for structural system 
design and architectural development in all buildings, 
focusing here on the understudied variability within 
timber construction. Notably, the study shows how 
different mass timber structural systems fare in 
embodied carbon terms when holding program, 
structural loads, fire rating, acoustical performance, 
and envelope thermal criteria equivalent in all the 
options.  

2. METHODOLOGY
LCA methodology and professional LCA tools

originated in the consumer products industries and are 
accordingly granular, nuanced, and complicated [7]. 
For this reason, many architecture, engineering and 
construction (AEC) professionals find traditional LCA 
methods to be too tedious to perform and outputs too 
difficult to interpret [8]. More accessible tools have 
since become available to fill this gap, and Table 1 
describes the pros and cons of three currently 
available tools that were considered at the outset of 
this study. Tally was selected as the tool of choice 
primarily because of its dynamic interoperability with 
Revit, which was used to document the design options. 

Table 1: Priorities for LCA Workflow 

Life Cycle Assessment Workflow Priorities TOOL 
Tally Athena GaBi 

Ease of modelling many options 
Quick to implement 
Ease of syncing LCA with Revit model updates 
Free for commercial users 
Fast learning curve (easy-to-use) 
Can include cradle-to-grave scope 
Can include biogenic carbon accounting 
Is populated with material assumptions for US 
Provides LCA quality control (i.e. system boundary) 
Ability to edit building lifespan 
Ability to edit energy of construction 
Ability to edit transportation distances 
Ability to edit operational utility and water savings 
Ability to edit assembly lifetime (replacement rate) 
Ability to input EPD without developer assistance 

2.1 Design Options 
Eleven design options were developed and compared, 
with a high level of attention given to maintaining 
functional equivalence in order to enable appropriate 
comparison. The first two options (Ref 1-2) 
documented in Table 2 describe typical concrete and 
steel structural approaches that were used as the 
reference cases for comparison, using typical system 

grids. The following nine options (T1-9) reflect a 
variety of mass timber structural approaches using 5-
ply CLT as a structural slab, varying grid spacing (with 
spans ranging from approximately 10-20’), altering 
gravity/lateral systems, and introducing elements of 
steel to form hybrid systems. T7 and T8 were the only 
options that did not have concrete core walls in their 
structural systems. Notably, T7 and T8 also included 
ground floor steel podiums to accommodate retail 
program at that level, in order to maintain functional 
equivalence with the other options. All options were 
designed to represent typical structural practices at a 
Level of Detail (LOD) 200, which approximates 
schematic design, not including structural 
optimizations. 

Table 2. Design Options Studied 

Structural Approach 
Struct. 
Grid 

Spacing

Encap 
for Fire 

Comp Slab? 
Load-bearing 

façade?

Ref 1 
Concrete Slabs on 
Steel Deck; Steel 

Frame; Concrete Cores 
>=20’ Yes CS 

Ref 2 
Concrete Flat Slab; 

Concrete Cores 
>=20’ N/A 

T1 
Timber Post & Plate; 

Concrete Cores 
<= 12’ Yes 

T2 
Timber Post, Beam & 
Plate; Concrete Cores 

12’ to 20’ Yes CS 

T3 
Timber Post, Beam & 
Plate; Concrete Cores 

12 to 20’ Partial 

T4 
Timber Post, Beam & 
Plate; Concrete Cores 

12 to 20’ Partial 

T5 
Timber Post, Beam & 
Plate; Concrete Cores 

12 to 20’ 
Char 
Layer 

T6 
Timber Post, Beam & 
Plate; Concrete Cores 

>=20’ Partial 

T7 
Timber Floors & Shear 

Walls; Steel Frame 
Podium 

cellular 
<=12’ 

Partial LBF 

T8 
Timber Floors; Light 

Gauge Metal Framing; 
Steel Frame Podium 

cellular 
<=12’ 

Partial LBF 

T9 
Timber Floors; Steel 

Frame; Concrete Cores 
12 to 20’ Partial 

This LCA study is unique because of the high quality of 
the design inputs and the multidisciplinary attention to 
maintaining functional equivalence between the 
design options. While many LCAs of this sort only 
consider structure, the modelling scope for this study 
included structure, foundations, enclosure, and some 
elements of interior fit-out (interior wall assemblies, 
fireproofing, and flooring assemblies for acoustic 
rating). All structural designs were modelled and 
detailed by professional structural engineers, and the 
thermal performance of the envelope was designed in 
accordance with the current Massachusetts energy 
code. The practicing licensed architectural team 
provided the assembly details to meet equivalent fire 
ratings and acoustic performance, as well as floor plan 
layouts to accommodate the structure and program. 

KEY YES NO 
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2.2 Building Elements 
The study included a whole building LCA 

comparison of nine mass timber design options and 
two reference cases. Each variable design option was 
comprised of the following elements as applicable: 
columns, beams, foundations, structural walls, floor 
assemblies, interior walls and fire encapsulation. 
Variable reinforcement levels were modelled for the 
different concrete elements in each option. The 
necessary encapsulation for fireproofing was included 
to meet a 2-hour fire rating. Structural steel 
connections for columns and beams in timber options 
were not modelled. 

The study also included a series of building 
elements that remained constant between most 
options. These common elements included the 
enclosure assemblies (façade and roofing), interior 
walls, doors and windows. Only options T7 and T8 had 
significant variability in the enclosure system and 
interior fit out because their structural approaches 
doubled as part of the envelope and interiors systems. 
Mechanical, electrical and plumbing equipment, 
appliances, finishes and furnishings were not included. 

2.3 Scope 
This life cycle assessment included the following 

life cycle phases: Product (A1-A3); Transportation (A4); 
Maintenance and Replacement (B2-B5); End-of-Life 
(C2-C4) and Module D. [9] The biogenic accounting 
method was used to account for the process of 
sequestration during the growth phase of the wood 
(product stage), and later countered by end-of-life 
practices (incineration, disposal, recycling, etc). The 
methodology behind Tally is consistent with ISO 
standards 14040-14044, 21930:2017 ISO 21931:2010 
with data from GaBi 8.5 and EPDs, representing US 
average industry practices in 2017 [10]. 

2.4 Functional Equivalence 
The functional unit of the study is the single eight-

story building. The eleven options are designed to be 
functionally equivalent in terms of building program, 
structural performance, envelope thermal criteria, 
fireproofing for code, and acoustics, shown below.  

Table 3. Functional Equivalence 

Function Method of ensuring equivalence 

Program 

All options were designed to accommodate retail at the 
ground floor with residential units above. A steel 
podium was designed in Options 7 and 8 to ensure that 
the ground floor retail, and associated structural span, 
could be equally accommodated in these options. 

Structural 
Performance 

All options were modelled to a LOD200 with specific 
reinforcement levels for each option, including 
foundations, using the same design imposed loads. 

Fire Rating All options were modelled with all necessary 
encapsulation to meet IBC fire code requirements. 

Envelope 
Thermal Criteria 

All options included a: 
 total R-26.5 for insulative materials in opaque 
assemblies* 

 U-value of 0.46 for double pane glazing

 Window-to-Wall ratio consistent across options: 23%
on N/S including curtainwall, and 7% on E/W

Acoustical 
Performance 

All options included layers to ensure vertical Sound 
Transmission Class (STC) rating of 55

Building 
Lifetime All options were assumed to have a lifetime of 60 years

*meets Massachusetts energy code

The envelope thermal criteria, in particular the opaque 
construction and glazing performance, were not 
optimized for further energy efficiency as this was not 
the focus of the study.  

2.5 Material Data 
Key assumptions for each major material category 

are included in Table 4, representing typical material 
selections whenever possible. Wherever a reference 
EPD is not noted, Tally’s LCI data from GaBi was used. 
Importantly, the concrete in all the options was 
modelled with 25% fly ash content as is considered 
responsible practice in the northeast US. The GHG 
emissions reductions in the mass timber cases would 
therefore be greater by comparison if no fly ash was 
included in the reference cases. Similarly, the LCA 
assumed that nearly all the metal products are 
substantially recovered, as is typical in the US context, 
so the GHG emissions reductions from the mass timber 
options would also be higher by comparison if a 
project was sourcing steel with lower recycled 
content. 

Table 4. Key Material Assumptions 

Category Assumption Detail  
Concrete Fly Ash 25% in all concrete mixes 

Weight 4001-5000 pounds per square inch (psi) 
for all structural concrete 
4001-5000 psi for lightweight concrete 

Type standard mix for all concrete, except 
lightweight concrete topping on metal 
decking [NRMCA-EPD] 

Lifetime set to building lifetime 
Reinforcement concrete reinforcing steel with varying 

quantity of per structural documentation 
[CMC-EPD] 

Steel Structural Steel hot rolled structural steel [AISC-EPD] 
Light Gauge Metal light structural shapes [CMC-EPD] 
HSS sections cold rolled steel 
Steel decking galvanized steel 
Metal stud wall  aluminum extrusions [ASI-EPD] 
Shear studs 1 shear stud per beam linear foot 
Lifetime set to building lifetime 

Wood Cross-laminated 
Timber (CLT) 

no finish [AMC-EPD, proxied by glulam] 

Glue-laminated 
Timber (GLT) 

no finish [AMC-EPD] 

Lifetime set to building lifetime 
Glazing 
systems 

Glass double glazed IGUs with air filled cavity 

Frame extruded aluminum [Kawneer-EPD] 
Lifetime set to default of 40 years 

Gypsum 
board 

Type specified normal or Type X gyp per fire-
rating requirements. Waterproof gyp 
applied in plumbing walls which 
remained consistent across options 

Lifetime set to default of 30 years 
Insulation Type High density mineral wool used in 

exterior enclosure [NAIMA-EPD], except 
for Options 7 and 8 where XPS was used 
as part of EIFS assembly. High density 
mineral wool was used in interior 
applications so remained consistent 
across options 
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Floors CLT floor slab included 2” cementitious underlayment 
to represent gypcrete topping material, 
¾” closed cell foam as acousti-mat and 
2mm of fluid-applied elastomeric 
compound as acousti-top 

Metal deck 3 inch, 18 gauge symmetrical steel 
decking with 3.25” lightweight concrete 
topping with 9.29kg/m3 of reinforcement 

Slab on Grade 5” slab with 7.42 kg/m3 of reinforcement. 
*low-e coating not accounted for in Tally 

Tally includes a number of assumptions regarding 
the End-of-Life (EoL) scenarios of various products to 
account for emissions realized during demolition, 
disposal, waste processing and recycling. These 
assumptions are based on the 2016 WARM Model by 
the US Environmental Protection Agency and capture 
typical end-of-life practices for various material types 
[11]. End-of-life processes for wood products 
specifically are based on Dovetail Partner’s Municipal 
Solid Waste and Construction Demolition Wood Waste 
Generation in the United States and Recovery report 
[12]. Since limited data exists to show how the end-of-
life scenario of engineered timber may differ from 
these scenarios for generic lumber, these figures are 
applied as a conservative estimate. Given that the 
infrastructure for recycling metals is already in place, 
an accordingly high proportion of metals are counted 
as recovered based on typical recycling rates. 

Table 5. EoL Assumptions from Tally 
Material category % EoL scenario 
Concrete 55% Recycled into coarse aggregate 

45% Landfilled (inert material) 
Steel (all types) 98% Recovered 

2% Landfilled 
Aluminum 95% Recovered 

5% Landfilled 
Timber (CLT/GLT) 14.5% Recovered 

22% Incinerated 
63.5% Landfilled 

Glass 100% Landfilled 
Gypsum board 100% Landfilled 
Insulation 100% Landfilled 

The data used in the study for both the CLT and 
glulam timber products was based on an 
environmental product declaration (EPD) published by 
the American Wood Council in 2013 and CORRIM in 
2011 which represent typical US glulam production. 
CLT was proxied by glulam due to a lack of more 
specific data. While the industry should soon be able 
to provide better data for certified wood, preliminary 
research suggests that FSC and other certified wood 
products have a smaller environmental footprint than 
generic products. We therefore expect that using 
certified wood would further improve the 
performance of the timber options compared to the 
reference cases beyond the savings captured by this 
study [13].  

3. RESULTS
The results for this life cycle assessment are

recorded in Global Warming Potential (GWP) 
expressed in kgCO2e. In this study every timber option 
yields substantial GWP savings compared to the 

reference cases, showing that selecting timber for 
structural systems will generally yield a lower GWP 
than typical concrete and steel structural systems.  As 
shown in Figure 1, the timber designs vary 
significantly, from 14-52% in their total GWP reduction 
from Ref 1 case, and 31-73% GWP reduction when 
isolating the reduction in structural system.  This 
demonstrates that the particular design approach of a 
mass timber alternative is critical to realizing the 
embodied carbon reductions of building with timber. 
       Timber Options T7 and T8 provide the greatest full 
building GWP reductions from Ref 1, 52% and 37% 
respectively, based on the full building comparison. 
This is primarily because both options were designed 
without concrete core walls, and because their 
structural systems doubled as part of their enclosure 
and interiors systems.  

Figure 1. Full Building and Structural Comparison 

       The breakdown in Figure 2 illustrates the specific 
categories contributing to the total building GWP 
across every design option. Ref 1, Ref 2 and T9 show a 
GWP burden for columns and beams due to their steel 
and concrete members. Notably, the CLT and GLT 
products, due to credits for sequestration, offset 
slightly more emissions than they produce making 
these products slightly negative over the whole life 
cycle. In options T1-6, columns and beams appear as a 
small negative, which in this study equates to positive 
impact and lower net GWP. This negative credit is most 
evident in T7, where the large volume of CLT in the 
timber structural walls also reduces the overall GWP 
footprint of that option. 
       By contrast, the floors in the timber options are 
not negative because a two inch slab topping and two 
acoustic products - acoustimat and acoustitop - are 
needed to achieve an equivalent acoustic rating as 
part of functional equivalence, making the impact of 
the floor assembly a slight carbon burden over the 
lifecycle of the building. 
       As noted previously, T7 and T8 show savings in the 
exterior enclosure as their respective structural 
systems double as part of their enclosure systems and 
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Figure 2. Full Building Comparison, breakdown by category  

interior walls.  They are also the only two options that 
included a ground floor steel podium to accommodate 
the retail long-span requirements, which add a burden 
to their total GWP.  
     Importantly, this study finds that the timber options 
do not require significantly more fit out to maintain 
acoustic and fire performance compared to the 
reference cases though this is sometimes cited as an 
obstacle to pursuing mass timber design. Key findings 
related to this include:  
     Interior fit-out compared to Ref 1: Timber options 
T3, T4, T5, T6, T7 and T8 show reductions in interior fit 
out on the order of 2-4% of total GWP, option T7 
shows a 12% reduction in interior fit out in terms of 
total GWP. Only the timber options with the largest 
quantity of timber members (T1, T2, T9) require 
slightly more interior fit-out than Ref 1, equivalent to 
less than 2% of total GWP for T1 and T2, and 3.3% of 
total GWP for T9.  
     Interior fit-out compared to Ref 2: While options T1, 
T2, T3 and T4, T6, T8 and T9 have slightly more interior 
fit out (ranging from 1-6% of total GWP), this is due to 
no gypsum fit-out in Ref 2 as it is not required for 
fireproofing. While it is expected that most 
owners/designers would apply gypsum board to 
concrete, the functional equivalence focus of this 
study governed its omission in Ref 2. 
     Finally, in Figure 3, we have also reframed these 
results in terms of two additional metrics: carbon 
avoided and carbon stored. Carbon avoided was 
calculated by subtracting the Global Warming 
Potential of each option from the Global Warming 
Potential of Ref 1. Carbon avoided shows the 
theoretical amount of carbon ”not emitted” by 

choosing any of the alternative options over the Ref 1 
scenario. 

Figure 3. Carbon Avoided and Carbon Stored 

       Carbon stored refers to the amount of carbon 
temporarily captured in the engineered timber 
products in each design option for the duration of the 
building’s lifetime. Carbon stored was calculated by 
multiplying the wood volume by a constant of 
sequestration for engineered timber in each of the 
nine design options. Timber Option 7 shows the 
greatest storage due to the highest volume of 
engineered timber. Note that carbon storage is 
describing a temporary phenomenon, but could play a 
role in decarbonization strategies that seek to shift 
forestry yields from shorter to longer-lived wood 
products.  
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       The juxtaposition of carbon avoided and carbon 
stored reveals an interesting observation: the option, 
T7, which avoids the most carbon compared to the Ref 
1, is also the option which stores the most carbon in its 
timber structure. However, option T8 which is the next 
most successful at avoiding carbon, has one of the 
lowest values of stored carbon. Here, the light gauge 
metal design serves to show that combining selective 
use of timber with other structural innovations, in this 
case engineering out the structural concrete core 
walls, can offer impressive GWP savings. 

4. CONCLUSION
This LCA provides insight into the variability of

embodied carbon across an unprecedented range of 
timber design approaches. The study includes the 
impacts of the materials required for timber 
construction to achieve equivalent fire code and 
acoustic ratings when compared to the reference 
cases. As the narrative accompanying Figure 2 states, 
most timber options show a reduction in the impact of 
interior-fit out materials compared to Ref 1.  The 
timber options mostly showed increases in fit-out 
compared to the Ref 2 because it did not require 
gypsum for fireproofing, though it is typical in the 
industry for concrete flat slab designs to be finished 
with gypsum even if not for fire. The study therefore 
demonstrates that despite minimal differences in fit-
out required in the timber options to meet acoustical 
and fire standards, designing with timber offers 
significant reductions in life cycle GWP compared to 
typical concrete and steel designs.  
       In order to study the most representative case, this 
LCA assumed standard materials to meet codes: foam 
and elastomeric acoustic layers with a concrete 
topping applied to the timber floor slabs for acoustical 
equivalence, and generic Type X gyp with standard 
metal stud walls for fire encapsulation applied as fire-
rating for walls. Given these generic selections, it is 
likely that lower carbon alternatives could be 
identified, which would further drive down the 
emissions of the timber options that require these 
additional measures.  
       The typical data for engineered wood used in the 
study was due to a general lack of more specific data 
for engineered timber in the field. Future studies with 
access to more specific wood data would ideally 
capture the influence of forestry management on this 
comparative LCA. Future studies should also examine 
the sensitivity of results to transportation distances of 
structural products, as this study used Tally’s US 
average transportation distances by material category. 

Future work could also introduce more variability 
in the concrete and steel options to show what 
reductions are available within these reference 
systems. Moreover, this analysis could be extended to 
include the impacts of MEP systems and complete 
tenant improvements with finishes and furnishings, to 

better contextualize these reductions and explore how 
structural system selection drives decisions across 
design disciplines. 

In summary, key findings drawn from these 
comparisons include: 

Designing with mass timber yields lower whole
building embodied carbon compared to the
typical steel and concrete approaches studied.
Engineering out the concrete core walls and
taking a cellular approach to the structure (T7,T8)
led to the most consequential GWP reductions
from Ref 1 ranging from 37-52%.
Among the options that deployed timber as slabs,
beams and columns (T1-T6), using larger grid
spacing and exposing timber members (T5) led to
the largest GWP reduction at 26% (T1-6,9).
Fit out for fireproofing and acoustic equivalence
did not significantly impact the GWP reductions of
any of the timber designs.

The broad finding of this study is that designing with 
mass timber can offer significant reductions in GWP 
compared to conventional structural approaches 
involving concrete and steel designs, ranging from 31-
73% of structural system GWP, and 14-52% of whole 
building GWP. These wide ranges show that varied 
approaches to structural design in timber buildings 
yield vastly different reductions in GWP, showing how 
WBLCA can be used as a primary driver and metric for 
evaluating timber designs.   
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ABSTRACT: The concept of Nature-Based Solutions (NBS) was introduced to promote the role of nature as a 
means for providing solutions to the global societal challenges, such as climate change mitigation and 
adaptation. Deploying NBS in cities brings quantifiable climate resilience, for example in terms of air quality 
improvement, or flooding, drought and heat stress reduction for citizens. However, since the benefits of NBS for 
citizens are largely influenced by how citizens utilise NBS and interact with them, mapping these interactions is 
instrumental. The aim of this work is gaining insights on the impacts caused by the introduction in the urban 
environment of green roofs (a well-known typology of NBS) on heatwave mortality reduction. The study of 
interactive effects of NBS on citizens was carried out via the application of the Agent Based Modelling (ABM) 
paradigm, which is particularly suitable to model human behaviour. The results show substantial variation of the 
impacts of green roofs on heatwave mortality across the four European cities that were investigated: Szeged 
(HU), Alcalá de Henares (ES), Çankaya (TR) and Milan (IT). In the first three cities, a substantial reduction in 
mortality occurs both for the present and the future. In contrast, in the city of Milan the impact mitigation 
capacity of green roofs seems to be limited, because heatwaves have little additional mortality effects even 
before the installation of green roofs. 
KEYWORDS: ABM, Netlogo, green roofs, heatwave, microsimulation 

1. INTRODUCTION
The concept of Nature-Based Solutions (NBS) was

introduced in order to promote the role of nature as 
a means for providing solutions to the global societal 
challenges such as climate mitigation and adaptation 
[1]. Today this concept is often connected with 
regenerative sustainability and biophilic design [2]. 
Embedding NBS in cities brings quantifiable climate 
resilience, in terms, for example, of flooding, drought 
and heat stress reduction for citizens, or air quality 
improvement. In this context, since the benefits of 
NBS for citizens are largely influenced by how citizens 
utilise NBS and interact with them in leisure and 
work, mapping these interactions is instrumental. The 
aim of the research presented in this paper, is to gain 
insights on the impacts caused on citizens’ lives by 
the introduction of a new NBS, namely green roofs, in 
the urban environment. The study of interactive 
effects of NBS on citizens was carried out via the 
application of an existing modelling paradigm, which 
is particularly suitable to model human behaviour and 
human interactions: Agent Based Modelling (ABM). 
ABM represent the world as a set of individual 
objects called “agents” and a set of decision 
mechanisms that determine the way in which the 
agents act and interact. If applied to an urban 
context, the individual-based approach taken in ABM 
allows describing from hundreds to thousands of 
possible variations of citizens. As such, ABM is a type 
of individual-based simulation well suited to simulate 

the impact of NBS on citizens and on the urban 
environment. 

Previous work focussing explicitly on the 
application of individual-based simulations to address 
NBS is missing. This is probably due to the fact that 
the term NBS has appeared quite recently in the 
literature [3, 4]. In fact, some applications of ABM to 
“green infrastructures” do exist, but they date back to 
periods when the term NBS was not yet of common 
use [5].  

As will be explained in the following sections, this 
paper addresses an application of an ABM to a well-
known type of NBS, which is the green roof. The aim 
of the paper is assessing the effect of this specific 
type of NBS on climate change adaptation, with a 
peculiar focus on heatwave mortality. 

2. MATERIALS AND METHODS
We apply an ABM to simulate the effects of the

introduction of green roofs (a popular NBS) on the 
heatwave-induced mortality of elderly people. The 
model is implemented in the widely used ABM 
software Netlogo1 (version 6.0.4) and applied to four 
European cities: Szeged (Hungary), Alcalá de Henares 
(Spain), Metropolitan City of Milan (Italy) and 
Çankaya municipality (Turkey). 

1 https://ccl.northwestern.edu/netlogo/ 
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Both population and land use data of the studied 
cities were used to allocate numbers of elderly (65+) 
people to areas in the city with buildings on which 
green roofs could be installed. Both datasets were 
obtained from the Urban Atlas 2012 dataset from the 
EU Copernicus programme2. This had the advantage 
to run simulations consistently across cities, as these 
used exactly the same input data that were 
harmonized to a similar quality standard.  

Temperatures were incorporated “exogenously” 
into the model. The values of daily global surface 
temperature and dew point for 2016 (which was the 
only year for which complete records of both 
variables were known for all the four cities) were 
used to simulate the past. For each of the four cities, 
data were retrieved from local weather stations. In 
addition, temperature projections up to 2090 were 
used. These were taken from the IPCC Representative 
Concentration Pathways (RCPs) scenarios globally 
agreed by climate modelers and summarized in Table 
1. These are based on an ensemble of climate models.
In particular, we used on the RCP8.5 climate scenario.

Table 1: IPCC scenarios from the Fifth Assessment Report: 
Global warming increase projections (˚C) 

2046–2065 2081–2100  
Scenario 
name  

Mean and likely 
temperature rise 
range 

Mean and likely 
temperature rise 
range  

RCP2.6 1.0 (0.4  1.6) 1.0 (0.3  1.7) 
RCP4.5 1.4 (0.9  2.0) 1.8 (1.1  2.6) 
RCP6.0 1.3 (0.8  1.8) 2.2 (1.4  3.1) 
RCP8.5 2.0 (1.4  2.6) 3.7 (2.6  4.8) 

The monthly average temperature data were 
superimposed on the variability for 2016 in order to 
generate a dataset with daily variability, in the 
absence of future climate change projections that 
have a daily interval. For the sake of simplicity, the 
outdoor temperature for the data-series was 
assumed similar across each studied city. The 
simulated temperature was then translated directly 
into an indoor air temperature, as a simplifying 
assumption. Based on the reviewed literature, the 
indoor temperature reduction caused by the green 
roof (as compared to the case without a green roof) 
was estimated between 1.5˚C and 3˚C. The 
relationships as established from the literature were 
translated into a set of model functions. Firstly, the 
outdoor temperature datasets were established. 
Location-specific datasets for ground station based 
air temperature and dew point evolution over time 
are loaded as inputs, with variations per hour (for the 
temperature) and per month (for the dew point).  

2 https://land.copernicus.eu/local/urban-atlas/urban-
atlas-2012

A total of 360 model runs were completed for 
each city. Firstly, a no-heatwave baseline model, 
where the mortality effects from heatwaves were 
disabled in the simulator, was run for comparative 
purposes. As a second step, the outdoor air 
temperature was made vary between five simulated 
temperature years (2016, 2030, 2050, 2070 and 
2090). Thirdly, for each of these years with heatwave 
effects, seven scenarios were simulated: without 
green roofs, with 30%, 60%, and 100% of the existing 
houses hosting elderly population covered by green 
roofs, and with 1.5°C and 3°C temperature reduction 
impact due to green roofs. Finally, each of these 
different models was run 10 times to obtain a 
min-max range and average value to establish a 
distribution of the variation. 

The population analysed in the simulation 
comprised elderly people aged 65+ as a single 
category. The reason for selecting this range is data 
availability, given that Urban Atlas data only specified 
age groups from 0-14, 0 to 64 years, and 64+ years of 
age. Background mortality rates were analysed for 
each city using data from the national statistical 
offices, in order to infer the non-heatwave-induced 
rate of deaths for 65+ population members. The 
number of deaths per year ( ) were divided by total 
population ( ) to obtain the number of deaths per 
1000 people. They were then translated into a daily 
mortality rate ( ) by dividing by the number of days 
in a year (Eq. 1):  

Md = (Dt/P)/(1000 365) (1)

Background mortality was simulated using a 
probability roll (between 0 and 1) every 24 hour 
period for each agent. If the roll fell below the 
mortality rate per day, the agent was removed from 
the simulation, as if mortality had occurred. 

The impact of heatwaves was based on [6], which 
established a combined measure of temperature and 
dew point (as a proxy for humidity) on heat mortality 
risk in 15 European cities. The study used apparent 
temperature ( ), in Celsius degrees, as the 
triggering parameter to cause mortality effects. It is 
defined in [6] as:  

AT = -2.653 + 0.994 T + 0.0153 W2 (2) 

Where (◦C) is the outdoor air temperature and 
W (◦C) the dew point. 

The value of AT calculated by Eq. (2) was 
compared with the threshold values given in [6], 
above which increased mortality occurred. In [6] it is 
also indicated the percent change in mortality 
associated with a 1˚C increase in maximum AT above 
the threshold. In the simulation, for each day at 
which AT was above the threshold in the city, this 
mortality percent increase derived from [6] was 
applied. This simulated the compound effect of heat 
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wave impacts on mortality including and excluding 
the possible installation of green roofs. 

3. RESULTS
The results of the simulations for the four cities

are summarised in Figures 1-4. Per each scenario, the 
boxes indicate the minimum and maximum values of 
the mortality cases obtained over the 10 simulation 
runs, while the diamond indicate the average 
mortality obtained across the 10 simulation runs. The 
purple crosses (which refer to the secondary axis on 
the right hand side of the graphs) indicate the 
number of mortality cases obtained by subtracting 
the background mortality cases (i.e. the ones that 
occur anyway, even with no heatwave) from the total 
number of mortality cases, so to make sure that only 
mortality due to heatwave is taken into account. 

3.1 Szeged (Hungary) 
A total of 1600 elderly citizens were simulated in 

the model runs. The background mortality impact in 
2016 for Szeged was estimated at 73 mortalities, 
which is close to 5% of the elderly population. The 
threshold value of the apparent temperature, after 
which heatwave mortality occurs, was set to 22.8 ˚C 
[6]. The effect of a simulated heatwave in 2016 is to 
increase the mortality to 122 cases per year, which is 
above 8% of the elderly population aged 65+. The 
ABM results for the 2016 simulation suggest that 
green roofs can, if rolled out across all buildings with 
elderly people, reduce heatwave mortality by over 
80%, assuming a 3˚C indoor temperature reduction. 
In comparison, a 1.5˚C indoor temperature reduction 
results in over 50% reduction in heatwave-induced 
deaths. The heatwave mortality reduction effect for 
2090 in Szeged is still high (the mortality reduction 
are 25% and 46%, in the case of 1.5 ˚C and 3˚C indoor 
temperature reduction, respectively), despite 
growing outdoor air temperatures. From Figure 1 one 
can infer that the introduction of green roofs is 
insufficient to fully mitigate (i.e. reduce the heatwave 
mortality cases to zero) the effects of growing 
temperatures across the century due to climate 
change, but it can still considerably reduce the 
impact, especially in the case of 3˚C indoor 
temperature reductions and 100% green roofs 
coverage. 
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Figure 1: Szeged (HU), results for the eight scenarios. 

3.2 Alcalá de Henares (Spain) 
The number of citizens simulated was 2900. In this 

case, the background mortality for the entire 2016 
was 117 cases (6% of the elderly population). The 
threshold value of the apparent temperature was set 
in this case to 22.4 ˚C [6]. The impact of a simulated 
heatwave in 2016 increases the mortality to 284 
cases, or close to 15% of the population above 65.  
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Figure 2: Alcalá de Henares (ES), results for the eight 
scenarios. 
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As Figure 2 shows, in the first simulated year 
(2016) green roofs, if installed on 100% of the 
buildings hosting elderly people, cause a reduction of 
heatwave mortality of 67%, if we assume they are 
able to create a 3˚C indoor temperature reduction. A 
1.5˚C indoor temperature reduction results instead in 
about 44% reduction in heatwave mortality cases. 
The heatwave mortality reduction at the end of the 
century remains still relevant (about 66% and 36% 
mortality reduction in the assumptions of 3˚C and 
1.5˚C indoor temperature reduction, respectively). 
The reduction in heatwave mortality cases reaches its 
maximum values in 2030 and 2050 (up to 111% and 
97%, respectively) because the temperatures in Spain 
are cooler in those decades then today, based on the 
IPCC average temperature forecasts.  

3.3 North Milan Metropolitan Area (Italy) 
The simulation area was based on a portion of the 

North of the metropolitan area of Milan centred on 
the quarry restoration site in Parco Lago Nord (about 
15 km north of Milan city centre) selected with 
surrounding neighbourhoods. The citizens simulated 
in the model are 5600. The background mortality 
impact for the metropolitan city of Milan is estimated 
across 2016 at 227 mortalities, or 4% of the elderly 
population (65+). The threshold value of the apparent 
temperature was set in this case to 31.8 ˚C [6]. In the 
worst case, the impact of a simulated heatwave in 
2016 only marginally increases the mortality to 250 
cases per year, or close to 4.5% of the elderly 
population. Even if green roofs were installed on all 
the buildings where elderly people reside, they would 
not have a beneficial effect on heatwave-induced 
mortality reduction, even in the hypothesis of a 3˚C 
indoor temperature reduction capacity. This happens 
because in the simulation heatwaves do not have a 
relevant mortality impact, due to the very high 
temperature threshold (31.8 ˚C) found in the 
literature, at which mortality starts increasing. In fact, 
the average monthly IPCC RCP8.5 scenario for Italy do 
not result in any future year (2030, 2050, 2070, 2090) 
in temperatures above 31.8 ˚C. As such, increasing 
temperatures do not have increasing mortality 
effects, and therefore green roofs do not reduce such 
mortalities, as they do not occur even in the case of 
no green roofs installation. This holds true in almost 
all the scenarios across all the simulated years, until 
2070. Green roofs start again to have a positive effect 
on the reduction of heatwave mortality cases in 2090 
(in every scenario of percentage of roofs coverage 
and of indoor temperature reduction capacity). This is 
probably an effect of the randomised impact of 
mortality (due to the probability roll), and not of the 
presence of green roofs.  
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Figure 3: Metropolitan city of Milan (IT), results for the eight 
scenarios. 

3.4 Çankaya municipality (Turkey) 
The simulation area was based on the southeast 

portion of Ankara, where Çankaya municipality is 
located, and the number of simulated  citizens is 
3000. The background mortality impact resulted for 
2016 in 119 mortalities, or close to 4% of the elderly 
population (65+). The threshold value of the apparent 
temperature was set in this case to 29.4 ˚C (values 
referring to Mediterranean region in [6]). The impact 
of a simulated heatwave in 2016 increases the 
mortality to 147 cases, or about 5.0% of the elderly 
population. In 2016, green roofs installed on 100% of 
the buildings with elderly people have a negligible 
effect on heatwave-induced mortality reduction, both 
in the case of a 1.5˚C and 3˚C indoor hypothetic 
indoor temperature reduction capacity. This happens 
because the heatwave mortality is already limited in 
2016 based on temperature estimates for that year. 
As showed by Figure 4, the heatwave mortality 
reduction for future years becomes increasingly 
prominent as the outdoor temperature increases 
along the century. In the scenario with 100% green 
roof coverage and 3˚C indoor temperature reduction, 
the percentage mortality decrease in 2030, compared 
to the case of no green roofs installation; it is 71%, in 
2050 is 87%; in 2070 is almost 97% and in 2090 is 75% 
(decrease with respect to 2070 due to the very high 
outdoor temperatures). Even in the case of a 1.5˚C 
indoor temperature reduction hypothesis, the 
percentage reduction of mortality remains important 
(with a maximum of 77% in 2050). 
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Figure 4: Çankaya municipality (TR), results for the eight 
scenarios. 

4. LIMITATIONS OF THE MODEL
In its current form, the model has some

limitations. We will not discuss here the limitations 
that are intrinsic to the model construction, due to 
the simplifications we induced in the representation 
of real phenomena. These are partially addressed in 
[7]. Anyway, we need to take into account that even 
the most accurately calibrated model is still a model, 
and richly calibrated models based on scarce or 
inaccurate data may be more misleading than less 
calibrated models. Therefore, here we will briefly 
enumerate only the limitations due to the input data. 

Firstly, the model uses outdoor temperature 
measurements based on a single weather station 
within each of the studied cities and extrapolates 
them across the entire simulated city area. 
Consequently, the results are not representative of 
particular locations, and can only be interpreted at a 
macro-level. Building city-block or building-specific 
models would require information about 
location-specific temperatures. It would also require 
a larger number of temperature measurement points 
across the area, especially if this latter spans several 
kilometres. In order to partially overcome these 
limitations, the model could be improved taking into 
account urban heat island effects, based on accurate 
maps to simulate temperature variation across the 
city. 

Secondly, the future temperature scenarios are 
based on a monthly average temperature increase or 
decrease estimated over future years. The value has 
been superimposed on variability in the present. For 
this reason, expected increasing future variability in 

temperature (e.g. extremely high and low 
temperatures during the year) is not accounted for. 
This superimposition approach was selected as 
current climate change models cannot provide valid 
local future fluctuations in temperature, but only 
reasonable estimates from country- to regional-level 
long-term trends [8]. However, since mortality 
depends on reaching threshold temperatures, the 
variability between days within a month can increase 
or decrease. To incorporate this variability, climate 
change models would need to provide valid daily 
variations, which is currently not feasible. 

Thirdly, the outdoor temperatures were simply 
assumed representative of indoor temperatures. 
However, for a realistic impact assessment, the effect 
of single buildings on the increase or decrease of the 
indoor temperature with respect to the outdoor one 
would need to be taken into account. Finally, the 
relationship between apparent temperature and 
mortality was taken as established in the literature 
[6]. However, in [6] a substantial heterogeneity 
between cities is found in terms of threshold 
temperatures at which mortality begins to occur, and 
also in the effect per each degree of temperature 
above the threshold. The rationale for this 
heterogeneity is not known and the relationship 
between heat and health risk is still under 
investigation [9]. Various reasons can cause this 
variation, including socio-demographic [10] and 
health related ones, due to pre-existing conditions 
[11], and the existing ability of buildings to provide 
cooler indoor spaces, especially if equipped with air-
conditioning [12], or to exacerbate higher 
temperatures from outdoor to indoor (see [13] and 
references therein). In any case, the lack of 
information about where exactly vulnerable people 
are located in each building, as well as area-by-area, 
prevented us from reaching a better precision of our 
model. Had this kind of information been 
incorporated into the model, more targeted 
infrastructure options could have been evaluated for 
more effective mitigation options. 

5. CONCLUSIONS
This paper shows an application of agent-based

microsimulation to simulate the urban heatwave-
induced mortality reduction as a consequence of 
potential roll out of green roofs (a well-known type of 
NBS) across four different cities in Europe. Without 
such a simulation one could gain insights based on 
background literature on the degree of the mortality 
effect in terms of proportion of the affected 
population, but would miss a number of relevant key 
areas for decision-making. The simulation helps to 
make bespoke scenarios for a city and provides 
additional insights, such as on how green roofs can 
assist with mortality reduction, not only today but 
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also under future climate conditions (as the effect of 
global warming). The results of the simulations 
showed a substantial variation of the impacts of 
green roofs installation on heatwave-induced 
mortality cases across cities. In the case of Szeged 
(HU), Alcalá de Henares (ES), and Çankaya 
municipality (TR) a substantial reduction in heatwave-
induced mortality was found to occur for the present 
time, and even more for future years (2030, 2050, 
2070, 2090), especially as the average outdoor 
temperatures become higher across the 21st century. 
Assuming a rollout of green roofs on 100% of the 
buildings where vulnerable citizens (i.e. people aged 
65+ in our model) reside, the expected reduction of 
mortality cases for the present situation (2016 in our 
simulation) for those three cities is in the order of 
75% for a scenario in which green roofs are supposed 
to induce a reduction of 3˚C of the indoor 
temperature compared to the outdoor one, and 50% 
for a scenario with a supposed 1.5˚C indoor 
temperature reduction. In the case of future years at 
the end of the century, the mortality reduction 
resulted to be between 25% and 35% for the first 
scenario and between 50% and 70% for the second 
scenario.  

This contrasted with the results obtained for the 
metropolitan city of Milan, where green roofs 
showed relatively low or any mitigation impact in 
certain cases, because heat waves had already little 
additional mortality effects in the simulations, even in 
the case with no green roofs installation. The 
underlying factor is the temperature threshold above 
which heatwave mortality occurs, which was inferred 
from the literature to be substantially higher in the 
Metropolitan city of Milan (31.8 ˚C) than in the other 
cities. In this case, the results should then be 
interpreted with more caution than in the cases of 
the other three cities. Further investigation of the 
mortality-temperature relationship would be needed 
to shed more light on the wide range of differences 
between cities.  

In conclusion, the results encourage in considering 
green roofs as a temperature mitigation technology 
for climate resilient cities, taking into account city 
demographics and ageing populations. This can help 
supporting the design of NBS that have a 
temperature mitigation impact, especially for 
property managers that focus on vulnerable elderly 
populations, contributing to the identification of key 
aspects that shall be taken into account in the 
implementation models of NBS to address climate 
change related effects.  

However, one needs to recognise that green roofs 
are an expensive building component, therefore 
often not suitable for private buildings whose owners 
have limited financial resources. Moreover, they 
cannot be installed on every building. Some buildings 

have monumental or architectural status, or their 
roofs are too steep and thus they are not suitable for 
greening. Nevertheless, the model set-up offering 
quantitative results makes it usable and interesting 
for further exploration. 
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ABSTRACT: The urgency of Climate Change places a significant burden on the European Community to successfully 
implement it’s ‘nearly’ Zero Energy Buildings (nZEB) policy across the Construction Industry. The policy derives from 
three broadly stated aims: (i) energy security, (ii) retention of competitiveness, and (iii) support for sustainability.  
This paper suggests that only by expanding the current nZEB Policy Platform will meaningful strategic success be 
achieved. Furthermore the metric of such success needs to change from ‘Business as Usual’ to a direct focus on 
reducing ‘Greenhouse Gas Emissions’, (GHG). This necessitates a challenge to the current orthodoxy of belief that 
‘sustainable development’ is an ‘achievable contradiction’ and that growth is an economic prerequisite that can 
continue without fundamental change. Future nZEB buildings must be energy positive, significantly reducing their 
energy need across many years of operation and reducing pressure on our national power grids. The author proposes 
that rather than ‘sustainable development’ being the pursuit of the EU, we must support concepts of ‘minimal 
entropy’, ‘closed loop resource allocation’ and clearly defined criteria for measuring same. nZEB policy must be 
reviewed within five years of its initial implementation and the considerations herein are therefore urgent and timely.  
KEYWORDS: nZEB, EU Policy, Resources, Sustainable Development 

1. INTRODUCTION
The legislative environment for the energy

performance of buildings across Europe is set, in the 
first instance by EU Directive. Article 9, of the recast 
Energy Performance of Buildings Directive (EPBD) 
(2010), requires that Member States ensure that by 
December 31st,  2020, all new buildings are to be 
constructed to a near Zero-Energy Building standard, 
(nZEB). This ‘nearly Zero-Energy Building’ is defined as:- 
a ‘building that has a very high energy 
performance…with...the nearly zero or very low amount 
of energy required should, to a very significant extent, 
be covered by energy from renewable sources, including 
renewable energy produced on-site or nearby’  [1]. 

Acknowledging the variety of both building culture 
and climate throughout the EU, the 2010 EPBD does 
not prescribe a uniform approach but rather 
encourages member states to discover ‘the point where 
the measures required to implement the standard are 
‘cost optimal’ to achieve a balance between costs and 
energy performance in the current construction 
environment’ [2].  To add flexibility, it requires Member 
States to draw up National Plans for increasing the 
number of nearly Zero-Energy Buildings reflective of 
national, regional or local conditions. The nZEB 
definition therefore guides a process rather than aiming 
at a fixed outcome. The standards are intended to 
achieve a performance level, which is robust and 

engaging, and yet not so forward reaching as to disrupt 
the economics of the construction process, nor leave 
laggards in the local construction industry behind. 
Despite this clear legislative context and methodology, 
independent voluntary standards such as Passivhaus, 
BREEAM and LEED have also emerged into the market 
place, and proven themselves to be effective pathways 
in achieving exemplary energy and environmental 
design, albeit for a limited number of developments.  

Their proposed adaptation in Ireland however has 
proven to be a challenge for a construction industry 
which is not noted for actively pursuing improved 
standards, employment probity and continuity, 
effective training, or CPD development. It is therefore 
clear that the industry will only proceed significantly 
toward such improved standards - regardless of their 
origin -  if required to do so legislatively  [3].  

1.1 The challenge of independent standards 
The fundamental purpose of nZEB policy is to tackle 

the European Union’s excessive carbon emissions. It 
seeks to achieve this by improving the technical and 
operational standards of all new buildings and the 
refurbishment of older ones. To progress this policy, 
methods of construction have begun to change and 
building traditions naturally evolve. Already a wide 
variety of low energy sustainability standards have 
emerged to reflect agreed benchmarks. These have 
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included the broad environmental brands such as 
BREEAM and LEED, and the more focused energy 
pathway of Passivhaus [4]. Despite offering exacting 
standards, supporting softwares and methodologies 
that exceed the national nZEB tools, they are not 
acceptable as compliant standards due to National 
Regulators demanding adherence to the letter of their 
regulatory requirements, despite the marketplace 
aspirations driving standards forward. The implication is 
that currently both the nZEB standard and these other 
energy strategies occupy ‘parallel spaces’ creating, in 
practice, a wasteful doubling of design and certification 
efforts. All of this happening while National 
Governments themselves are failing to progress 
renovation policies of their own national stock  [5]. 

In Great Britain control of energy legislation is 
largely centralised [6], while in the Republic of Ireland 
there has been a similar resistance to any Local 
Statutory Authority  pursuing improved standards. This 
difficulty was exemplified in Ireland by recent 
resistance to Dun Laoghaire Rathdown’s Passivhaus 
initiative which was rebuked by an unlikely cohort of 
local politicians and construction representatives [7]. 

1.2 The contradiction of ‘sustainable development’ 
Despite this diverse background it is notable that 

the energy initiatives prevalent within the UK and 
Ireland, appear no different to the aspirations of the EU 
as a whole. They infer an implied concern with 
addressing climate change and reducing the future use 
of fossil fuels. However as is usually the case with 
political policies, these are framed in the context of the 
‘status quo’ and drafted so as to not affect ongoing 
commerciality. In the case of the EU’s nZEB policy, this 
relates particularly to energy security and 
competitiveness. The old canard and contradiction of 
‘Sustainable Development’ inevitably raises its head [8]. 
IPCC data suggests clearly that we have 10 years to 
‘develop sustainability’; not ‘sustainable development’. 
Central to this task is the benefit of being an early 
mover; carbon reduction now, like money in a bank 
account, will accrue benefit over time allowing 
development of real closed loop resource networks, 
principally in the area of bio-based materials. So the 
question is can nZEB deliver this strategy now or must 
the policy platform be expanded, and how? 

1.3 The metrics challenge for nZEB 
 The current iteration of the Irish nZEB predictive 

software is based on models developed in the UK 
during the 1980’s and 1990’s (BREDEM  and NHER) and 
leading in turn to various versions of the Standard 
Assessment Procedure (SAP) software. Equally in the 
UK, the introduction of Energy Performance 

Certificates, (EPC) in 2007, have demonstrated a 
notable deviation between the energy use in practice 
and that estimated in the predictive software. In Ireland 
we have followed the UK’s lead in these matters, which 
has also given rise to DEC/EPC inaccuracies; all of which 
unfortunately underpin our BER system and have led to 
significant measurement error [9].  

This conundrum gives rise to the theme of this 
paper:- to Investigate whether the policy objectives of 
nZEB can be accurately met and improved upon by 
addressing and expanding its metrics through the 
associated use of alternative low energy design 
initiatives, and in particular Passivhaus Classic, Plus and 
Premium. In the first instance the author reviews the 
concept of ‘cost optimality’, a central consideration to 
the nZEB technical solutions and applicable within each 
individual national approach, for both new and existing 
buildings [10]. 

2. THE CHALLENGE OF COST OPTIMALITY
The principle of Cost-Optimal Analysis (COA) is to

achieve what is believed to be the most economically 
feasible nZEB target for each individual country, and to 
set out the energy efficient measures, (EEM) by which 
these standards can be achieved. In this context it is 
imperative to ask if nZEB buildings are intended to:- (a) 
reflect our urgent climatic needs, or (b) align with our 
current perceived economic limitations. Obviously 
there is no clear answer to this question which might 
satisfy economists and climatologists alike. However 
the IPCC believe that we have 10 years to significantly 
and drastically reduce our GHG emissions and if nZEB 
does not meet these needs, then it is critical that the 
‘nearly’ nomenclature revert to ‘nett’ as soon as 
possible.  

In 2020 it is entirely feasible and technically possible 
to construct buildings with significantly low operational 
levels of energy need and with low embodied carbon. 
Many fine examples of such designs are located 
throughout Europe, nevertheless it would appear, that 
such buildings are not yet ostensibly ‘cost efficient’, 
thus impeding implementation at scale. Is this a valid 
position to adapt and defend in the face of our 
challenging GHG emissions targets? 

2.1 Uncertainty of the cost optimality assessment 
From a societal perspective, the whole notion of  a 

Cost Optimality Assessment (COA) appears deeply 
flawed; the influential variables such as international 
inflation figures, local interest rates and evolving energy 
and product pricing, are open to significant deviation 
because of the open nature of the trans-world 
economy. Many of the operative studies assume energy 
pricing to follow general inflation rates, while only 
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matters related specifically to energy are considered 
within the overall global costs. This is in contrast to 
normal full lifecycle costing where environmental costs 
would be considered in detail. Indeed on a pan 
European wide spectrum, not all Energy Efficient 
Measures (EEM’s) have considered renewable energy 
options, nor do the EEM’s for non-domestic buildings 
favour CHP installations, which is extraordinary given 
the proven benefits of Biomass CHP units used in other 
low energy design developments [11]. 

In Ireland nZEB policy has ignored the direct cost 
benefits of rigorous air-tight  fabric upgrades and heat 
recovery ventilation. These initiatives would have a 
profound effect on creating nett Zero Energy Buildings, 
based on PV - and encouraging research and project 
development in these  areas - were it not for a 
complete lack of commercial access to the national 
electrical grid. The favoured EEM’s, reflective as they 
are of technologies common in the construction 
industry, risk creating ‘lock-in’ of poor standards and 
the current nZEB literature available is short on the 
assessment and implications of these.  

This is significant in light of the (understandable) 
emphasis on the number of residential buildings 
present within the selected reference buildings (68%) 
to ascertain appropriate EEM’s. Moreover a significant 
number of all EEM reference buildings were existent, 
(60%) and thus we are benchmarking our progress 
against relatively ‘poor’ standards; ‘poor’ that is, in the 
context of what we now know is needed to create a 
necessary energy use step-change [10]. 

2. 2 Value and affordability
Societal values and their underlying concepts of

affordability are deeply engrained and only strong 
leadership reflecting clarity of purpose can change 
them. One difficulty in accelerating our response to 
climate change is that ‘COA methodologies’ can 
become established, and led by the market place, 
create a systemic bias in regard to which EEM’s the 
market can support.  

Transitioning on from this potentially non-virtuous 
circle, requires a positive skewing of the intended long 
term benefits of nZEB standards and the real values 
both financially and socially that flow from them. The 
key benefit of nZEB is that it has established a common 
language across Europe in regards to a way forward. 
However we must now expand the policy platform into 
a new set of norms which are fit for purpose. In this 
regard the metrics must focus toward a new carbon 
commonality and a new intention [12]. 
2. 3 The new norms

The EPBD currently promotes ‘primary energy’ as
the chief indicator for the energy performance of 

buildings allied with an associated carbon emissions 
indicator. However, given that the EU’s long-term 
stated goals up to 2030, and beyond to 2050, are 
complete decarbonisation and establishing principles of 
energy hierarchy, then a broader holistic approach to 
building energy is required, particularly to measure the 
wider sustainability issues. It is these new metrics which 
need to become the new norms. 

The Passivhaus metric has been to the forefront of 
this search for a clarity of intent, through the expansion 
of its energy standard for new buildings from PH 
‘classic’ (low energy) through to ‘PH plus’ (nett zero) 
and ‘PH premium’ (nett positive) reflecting of 
themselves a stepped hierarchy toward zero carbon.  

If EU countries want to meet their 2050 targets for 
CO2 reduction they need to start right now, with an 
nZEB metric for new buildings upgraded, to reach a real 
carbon emissions target of approximately 3kg CO2 /m² / 
yr. The city of Kaufbeuren in Bavaria has one of the first 
‘PH Premium’ office and residential buildings in the 
world, reflecting a heating demand of just 8kWh/m2/yr 
with a PV array of 250m2.  

In the city of Brussels there has been an integrated 
approach over 15 years to create exemplary building 
types. The success of this approach has derived firstly 
from a clarity of intent, over a clearly prescribed period 
of time and secondly by the creation of exemplary 
buildings under expert guidance and tuition and funded 
by an Exemplary Building (BatEx) subsidy which 
stimulated the market for energy efficiency. Thirdly the 
necessarily prolonged period of commitment to the 
enterprise allowed for an emergence of supply chains 
of suitable products and expertise [13]. 

This combination of initial legislation conjoined with 
funded support led to a rapid increase in the adaptation 
of the Passivhaus standard from effectively zero in 
2007, to more than 80,000 m² built or planned in 2009, 
and over 250,000 m2 by 2011. At the same time energy 
consumption per head fell by 17%, which the Brussels-
Capital Region claims is entirely down to the 
programme [13]. In contrast the afore mentioned 
efforts by Dun Laoghaire, Co Dublin, met with only 
partial success due to a fundamental lack of cohesive 
local political leadership [7]. 

The results of poor leadership are challenging. A 
weaker ambition now for all new buildings has a 
profound implication across time for all future 
renovations, and will necessitate, an even higher (and 
probably unachievable) energy savings reduction target 
of ‘90% plus’ for these, to meet the 2050 target of zero 
carbon emissions [14]. 
2. 4 The nZEB challenge of renovation
It is estimated that 75% of the 2050 EU stock of
buildings are already built, and so the challenge for
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mitigating GHG emissions from these buildings is now 
critical. The nZEB standard in Ireland for domestic 
renovations sets a performance threshold of 
125kWh/m2/yr, which is stated to reflect a cost-optimal 
level of endeavour [15]. Given the fact that residential 
stock accounts for 75% of existing Irish buildings then 
this relatively poor performance target represents a 
significant challenge if subsequent lock-in is to be 
avoided. 
Such energy lock-in can be avoided through integrated 
project planning, construction prowess and retained 
design principles, often at low or little extra cost or 
resource allocation over the construction. This is what 
Passivhaus has achieved in the development of its 
EnerPHit standard which sets out an implementation 
roadmap of  retrofit measures across time. This 
approach allows, through a series of iterative steps for 
an energy performance standard of 25 kW/m2/yr  to be 
achieved for a phased renovation. nZEB must provide a 
similar operational guide if it is to remain the only way 
forward in achieving compliance of building 
refurbishments within legislation and yet avoid lock-in. 

2.5 An enlarged nZEB policy platform 
Furthermore a broader control of the total  lifecycle of 
nZEB buildings requires consideration of all supply 
chains related to the design, construction, as well as the 
effective management of buildings. Such strategies are 
not inherent to nZEB but are present in other 
sustainably focused design strategies such as BREEAM, 
LEED, WELL and the Living Building Challenge (LBC), 
where the compliance metrics extend across this 
broader range of ecological issues.  
The Living Building Challenge is particularly attractive as 
compliance is achieved based on actual, rather than the 
modelled or anticipated, performance. Additionally all 
Living Building Challenge projects must be holistic, 
addressing the seven core imperatives of Place, Water, 
Energy, Health/Happiness, Materials, Equity and Beauty 
and certified over one year’s operation. 

Inevitably by ‘grafting’ these together unto our nZEB 
legislative frameworks we might not just manage to 
improve current practices, decarbonize the built 
environment, reduce the energy performance gap and 
allow detailed economic modelling of the long term 
impacts, costs and benefits; but we might also, excite 
people at large, as to the benefits and joys of achieving 
healthy, comfortable buildings. Leadership requires a 
shared vision, but it is one which requires a migration 
across the many frontiers of social inequalities, politics, 
ethics as well as science. [16] 
3. A CHANGED IMPLEMENTATION

The pathway toward a beneficial nZEB
implementation is relatively clear; we have an 

estimated carbon use budget of 900 billion tons if we 
are to maintain the probability of not exceeding a 2.0°C 
increase in global warming to below ‘one’ (or 67% of 
certainty). This budget represents a clear deadline of 25 
years by which time we must have achieved zero 
carbon emissions. However this parameter of itself is 
not definitive and may well be illusory as it is clear that 
at the very least, climate change is not linearly 
incremental [14] [18]. 

In the US the transition cost of decarbonising the 
energy system has been estimated, (2019 figures) at 1% 
of GDP (210 billion dollars) per annum, up to 2050 . An 
equivalency for Ireland would be €3,472 million euro 
expenditure per annum. The Sustainable Authority of 
Ireland (SEAI) has estimated that ‘€35bn will need to be 
spent over 35 years to bring the housing stock in Ireland 
to a suitable low carbon standard by 2050’. (Given the 
beneficial principle of early movement, spending this 
amount over 10 years would reflect expenditure of €3.5 
billion per year. To put this in context, Ireland’s annual 
interest payment for the National Debt incurred due to 
the financial fallout is currently in the order of €5 
billion, year on year.  

Of the monies ‘ring-fenced’ to be paid against 
climate change in the Irish context, it is difficult to 
achieve clarity as to what is actually being paid out. A 
promise of €52.8 million to be spent in 2020 for the 
Irish ‘Warm Homes’ Initiative is, one suspects, stymied 
by the fact that applications take over a year to be 
processed [17]. Despite this poor agency performance 
the response of the Minister has been to increase the 
expenditure budget, which given that the budget is 
never spent, looks a bit like an attempt to hide money 
down the back of the government sofa. One deep 
retrofit scheme which did attract significant interest 
was closed down, raising concerns as to the bona fides 
overall of government commitments and the real 
expenditure intended for distribution. 

3.1. The urgent paradigm of nZEB  policy 
If nZEB policy is to be taken as urgent and 

necessary, then the overall context of fossil fuel 
dependency and carbon emissions taxation must be 
consistently addressed in policy terms. If a lucky 
temporary respite in the international price of oil arises 
- as is currently the case - then a consistent expression
of policy would not allow consumers to glutton on the
benefits. Indeed if Governments are to lead the way, to
a successful energy transition, we will need above all
else, a consistency of message, action and focus, all
policy must be forward looking.
Consistent to this viewpoint would be an openness of
policy to allow a right of ‘deemed to meet legislative

Vol.3 | 1415
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


 

requirements’ for energy standards better than, but 
other than nZEB.  

We have but three forms of energy which sustain 
life on planet earth, 1. Biomass, 2. Gravity and 3. Sun 
Since these are all low energy sources we must use 
such sources to reduce the way our buildings need 
energy and maintain a closed self-sustaining loop 
format, as we cannot allow these resources to become 
depleted. The buildings thus created must also remain 
valid and be capable of transcending the specificity of 
their immediate use, so that easy and none-intrusive 
adaptation to different future uses across many 
generations is possible. In such a way value is created 
for all of society and carried forward [14]. 
 
3.2. The missing Ingredient of nZEB  policy platform 
The author has endeavoured to understand how 
broader energy metrics might support or hinder nZEB 
implementation. Undoubtably energy initiatives such as 
PH or LBC are both worthy of implementation and 
ought to be deemed ‘fit for purpose’ and ‘deemed to 
comply’ in regard to energy savings, if not currently, 
cost optimality.  

However if the nZEB policy platform is to be 
effectively expanded it will not just be the supportive 
metrics of improved energy parameters that need 
reconfiguration, but rather an investigation of the 
sequencing and timing of resource use along the road 
to nZEB and ultimately zero carbon. In light of the 
carbon budget left to use, and the significant reduction 
in carbon use which is necessary for all of us, it would 
seem that building new to any standard less than 
something akin to ‘Passivhaus Plus’, (energy plus), will 
be a lost opportunity, and considerably so, were the 
new structure to be located in such a place as to 
contribute to a local integrated energy grid.  

It would therefore seem important that the ‘energy 
policy’ be re-interpolated directly as a ‘carbon policy’ to 
provide a clear roadmap and metric in regard to an 
optimal hierarchy for nZEB endeavours, from fabric to 
ancillary works to Renewable Energy (RE) itself. The 
current narrow nZEB focus on operational energy is 
counterproductive and may very well have unintended 
climate consequences as it takes attention off the real 
issue of GHG and all the associated broader 
environmental issues such as air quality, water 
availability and biodiversity that flow from this.  

The value of ‘early movement’ to improved 
standards also appears underestimated in nZEB 
literature to hand, and is perhaps worthy of greater 
investigation. Climate change as we now realise is far 
from linear in progress and may be exponential. [18] 

3.3. Carbon efficacy 
The term “energy efficiency” misses the point when 

it comes to climate change: Energy and GHGs are not 
necessarily synonymous, and we need to think about 
Carbon Use Intensity (CUI) rather than Energy Use 
Intensity (EUI). Energy efficiency is just one 
consideration in an overall GHG reduction strategy, and 
it is clearly not a stand-alone solution to these GHG 
emissions in itself. Reducing the up-front carbon 
emissions now is a much more effective intervention in 
regards to controlling GHG, than improving energy 
efficiency across the board, but in the long term.  

An incisive nZEB platform would not in fact seek its 
affirmation in current ‘market optimality solutions’ and 
‘grants allocated’, but rather would  focus on areas of 
energy and carbon savings with maximum use of bio-
renewable resources; carbon emitted only to save more 
carbon from being emitted and all actions calibrated on 
an achievable timescale with closed loop bio-renewable 
materials and resource allocations. All within a 
background context of a growth in equitable carbon 
taxes based on carbon emissions; an nZEB policy 
expressed in these terms, would drive the immediate 
renovation of all building stock. 

It is estimated that in Ireland over c. 250,000 
properties lie vacant [19]. Extensive renovation based 
on the current nZEB performance standards and using 
common cost-optimal, but high-carbon intensive 
insulants, might well lead in the short term to an 
increase in carbon emissions, as opposed to the 
lowering of them [14]. The high carbon footprint of the 
two main types of upgrades used in efficiency 
renovations, - conventional insulation materials and 
windows -  indicates that ensuring a reduction in GHGs 
across materials used, as well as operational use, will 
need careful long term consideration as embodied 
carbon in addition to energy efficiency and operational 
carbon becomes proportionally prominent. In contrast 
renovations with bio-based insulation materials would 
instigate an immediate climate drawdown effect and an 
improved energy efficiency. Bio based material so used, 
could buy time for the buildings themselves to 
transition to cleaner energy sources if required, since 
the existing foundations, structural walls and roof 
framing would be typically preserved and would not be 
contributory to any up-front carbon emissions, now.  

In this way the use of carbon-storing insulation 
materials will make the net carbon storage per square 
meter for renovation projects much higher than that for 
new buildings, and so large renovated buildings would 
become key sites of nett carbon storage, particularly if 
as energy-plus developments they would add additional 
clean energy to the electrical grid. The era of immediate 
demolition of older buildings, is gone.  
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3.3. Carbon value 
We can ill-afford to ignore existing buildings whose 

energy performance contributes disproportionally to 
carbon emissions. The carbon value of buildings, 
(positive or negative) will need to be legislatively and 
financially recognised, within future sale prices. This 
would in effect be a carbon legal burden on a building, 
to be carried forward through future conveyances as a 
to-do requirement related to carbon emissions. The 
emerging Building Renovation Passport which is an 
evolution of the Energy Performance Certificate (EPC), 
is a step in this direction [20].  

Societal value and therefore now carbon value, 
emerges when the object created serves a specific need 
and does so, from generation to generation without 
emissions toxicity. The social need may be material, 
physical, social or even spiritual; however its adaptation 
across generations must reflect an inherent quality of 
‘necessity’,  all of which derives from the foundation 
stones of early theories in economic value [21].  

By using the present day global value for EEM’s, 
(applicable currently to nZEB), while ignoring the true 
value of carbon in the atmosphere is to reflect a value 
of things completely out of sync with the emerging 
reality of global climate change. Our understanding of 
‘value’ must evolve. The value of either a building, or 
anything else for that matter, to society, which carries 
with it a burden on the environment, will need 
reassessment. with resources and energy at the centre.  

4. CONCLUSION
Optimisation strategies for nZEB, utilising PH Design

Strategies and LBC will be of limited use, if we ignore 
the  missing metrics of carbon and resources. 
Additionally we must account for these across their 
relationship to time, carbon emissions and true cost 
optimality, related to all broader societal benefits.  

The author has written previously as to the 
importance in urban settings of mixed-use energy 
positive developments, to achieve low carbon 
emissions across a whole range of everyday activities 
reflecting both a ‘fabric’ first and a ‘local’ first approach. 
The nZEB policy approach as currently configured will 
not achieve this aim, as the energy reduction 
aspirations are too low relative to where we need to be 
in terms of 2050. nZEB developments need a design 
intent to become energy plus. In this regard our current 
societal and policy perception of what constitutes cost 
optimality must change.  

nZEB may still prove to be adequate for renovation 
works where the carbon obligations are met by other 
parallel commitments such as location, fabric retention, 
intensification of site use and additional variations of 
mixed use. Current nZEB literatures do not adequately 

address these challenges and opportunities. However 
an improved clarity of policy implementation in regard 
to low carbon metrics would improve the ‘maps of 
meaning’ necessary for the practice of low energy 
design. The time is upon us when a total carbon 
awareness needs to become all pervasive. 
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ABSTRACT: This paper provides an overview of the opportunities for renewable energy generation and low-carbon 
solutions in a prefabricated residential development (which includes some commercial space) in London. Its objective 
is to identify the optimum design of mechanical and electrical (M&E) plant and energy solution configurations. As 
well as technical appraisals and assessments of compliance with planning policies, a broad comparison of the capital 
cost and life cycle cost (LCC) of different options is carried out. To assess the costs, specifically the energy costs, and 
the carbon implications of various design scenarios, this study has reviewed the capital costs as well as the 
operational costs (cost in use) of applying various renewable and low carbon energy technologies to different primary 
heating strategies, over a 30-year life cycle. This is the same period included within the operational model. 
Accordingly, scenarios involving the use of electricity, gas and air source heat pumps (ASHPs) were examined and 
compared. The results suggest that ASHPs have the lowest energy and carbon emissions but high LCC, while the gas 
plant option has the lowest capital and maintenance costs.  
KEYWORDS: Energy, Life Cycle Cost, Low Carbon Technologies  

1. INTRODUCTION
1.1. Background

Energy use in buildings – to provide a comfortable 
and healthy indoor environment for occupants – 
currently accounts for over 40% of the total primary 
energy consumption in the US and EU, and is causing 
substantial CO2 emissions [1,2]. In the UK, direct 
greenhouse gas (GHG) emissions from buildings were 
88 MtCO2e in 2018, accounting for 22% of total UK GHG 
emissions [3]. The Climate Change Act commits the UK 
government, by law, to develop policies on the path to 
a 100% reduction in GHG emissions, compared to the 
1990 levels, by 2050 [4]. 

Although energy for space heating and cooling 
within buildings is the most significant contributor to 
UK emissions, the overall demand for space heating is 
falling as a result of increasing fabric efficiency. Despite 
a growing number of households in the UK, the overall 
heat energy consumption for non-domestic buildings 
had fallen by 18% in 2015 compared with 1990 levels 
[5]. However, gas is still the primary source of heating, 
with around 85% of UK households and 65% of non-
domestic buildings using natural gas for heating [6]. 
This is incompatible with the UK's long-term 
decarbonisation plan, and it is necessary to implement 
other low-carbon heating options by the 2030s to meet 
the net-zero emissions target by 2050 [7]. 

The dominant housing type in several countries, 
including the UK, is stand-alone, single-family dwellings. 
The average floor-area of stand-alone dwellings has 
been increasing faster than the average floor-area of 
flats (or apartments) in England. Considering the form 

factor, and that in England over a third of new dwellings 
are stand-alone houses, increasing insulation to meet 
building regulation requirements will not be enough to 
reach the UK zero-carbon target. Therefore, considering 
clean and green sources of energy is essential [8,9]. 

With various forms of heat generation technology 
available, as well as heat delivery and energy efficiency 
options, there is much incentive for the installation and 
use of green and clean technologies within the UK 
building stock. However, most building developers still 
see investment in energy efficiency as a risk rather than 
a productive realignment, mainly due to cost 
uncertainty and lack of expertise [10]. 

In the UK, the government's report Construction 
2025 – Industrial Strategy [11], launched in July 2013, 
set a number of challenging carbon and cost objectives, 
such as: 

33% reduction in the initial costs of construction
and the whole-life costs of built assets
50% reduction in GHG emissions in the built
environment.

A review of UK construction labour models
suggested that promoting the concept of 'factory 
sharing' and building offsite could accelerate the pace 
at which the UK's construction carbon and cost targets 
could be met, and also solve the 'lack of expertise' issue 
[12]. 

1.2. Aims and objectives 
This paper provides an analysis of the opportunities 

for low carbon solutions and renewable energy 
generation in a mid-rise residential development (which 
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includes some communal spaces), in London. The 
assessment was carried out to assist an offsite 
construction developer in making an informed decision 
on the optimum design of mechanical and electrical 
(M&E) plant and energy solution configurations to meet 
the government cost and carbon reduction targets. As 
well as technical appraisals and conformance with 
planning policies, this decision will also be based on the 
broader consideration of capital and life cycle costs 
(LCC). The analysis had the following objectives: 

to identify the solutions which are most likely to
result in the lowest cost energy bills for the
occupants in prefabricated residential
developments
to understand the capital costs of achieving the
lowest energy costs for occupants
to help in achieving the financial, sustainability and
operational benefits derived from following the
principles of industry best practice life cycle
analysis (LCA) throughout the design development.

2. METHODOLOGY
To assess the costs, specifically, the energy costs

and the carbon implications of various design scenarios, 
the capital costs as well as the operational costs (cost in 
use) of applying various renewable and low carbon 
energy technologies to different primary heating 
strategies were examined for a 30-year life cycle period. 
Eight scenarios were examined and compared. The full 
list of all the explored scenarios is outlined in Table 1. 
The key considerations for selecting or discounting 
various options were technical applicability and policy 
and planning requirements, as well as capital costs and 
LCC. All scenarios were compliant with the prevailing 
Part L UK thermal building regulations. 

2.1. Selection of the options 
The primary plant, listed in Table 1, is the incoming 

gas and electricity supplies that the building 
management (BM) purchases directly from the grid to 
provide energy for space heating, hot water and 
electricity in the apartments and communal spaces. The 
selection of an air source heat pump (ASHP) and the 
supplementary plant options was based on the 
developer's budget and the amount of risk they were 
willing to take. ASHP, combined heat and power plant 
(CHP) and solar technologies were considered by the 
developer to be low risk, and, compared to other 
options, such as, for example, hydrogen boilers or 
ground source heat pump (GSHP), are commonly used 
in residential buildings.  

Table 1: The selected Part L compliant scenarios which have 
been reviewed as part of the energy and LCC appraisal. 

Primary Heating Plants Supplementary 
Plant Installation 

Scenario 1 

Central Gas Boiler 

SHW 

Scenario 2 Communal PV 

Scenario 3 CHP + communal PV 

Scenario 4 Electric Heating and 
Hot Water 

SHW 

Scenario 5 Communal PV 

Scenario 6 

Central Air to Water 
Heat Pump (ASHP)  

No Supplementary 
plant 

Scenario 7 SHW 

Scenario 8 Communal PV 

Primary heating plants: 
1. A central gas boiler for providing heating and hot

water to the apartments and communal spaces
was assessed as the baseline model. As mentioned
before, gas is still the main source of heating and,
therefore, it is important to compare it with other
options. A set of 3 x 300kW (available
manufacturer size) high-efficiency gas-fired boilers
were assumed to provide a total heat and hot
water capacity of 743kW. The proposed boilers
would be served by the incoming gas supply.

2. Central electric hot water generation (a central
electric immersion hot water cylinder) and local
electric heating within apartments (2kW – 3kW
electric panel heaters installed within each
apartment) were assessed. This solution required
an improvement in the building fabric, glazing and
air tightness to achieve building regulations
approval. Currently, the CO2 intensity of electricity
(0.2556 kgCO2e) is significantly higher than that of
gas (0.1838 kgCO2e), but green renewable power
supply has reduced the CO2 intensity of electricity
significantly over recent years [13].

3. A central ASHP was assessed. As well as the UK
government's plan to fund and implement more
ASHP installations, this system would benefit from
providing cooling in the future under future climate
change conditions, thereby reducing the risk of
overheating [3,14]. This option involved proposed
heat pumps with a total heat and hot water
capacity of 743kW, assumed to be located on the
roof of the building, to serve the underfloor
heating and domestic hot water services within the
apartments and communal spaces.
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Supplementary plant installation: 
1. Solar thermal hot water (SHW) collectors were

assessed. Based on the current concept design
200kW appeared to be a reasonable allowance for
SHW panels.

2. Solar photovoltaic (PV) panels to serve landlord
supplies directly were assessed. A configuration of
384 panels to provide 96kWp was considered by
the project's M&E engineers.

3. PV panels to serve residential areas were assessed.
Each apartment would be provided with a
dedicated solar PV panel (77 panels in total) rated
up to 260W.

4. A CHP was assessed. A 50kWth CHP plant was
assumed to be installed within the communal plant
room to provide a proportion of the total building
heating and domestic hot water load. This option
assumed that electricity would be generated
simultaneously and delivered into the communal
areas' low voltage distribution network.

It is noteworthy to mention that all the
recommended technologies currently benefit from the 
UK government's Renewable Heat Incentive (RHI) and 
Feed-in-Tariff (FIT). However, as the rates are changing 
and FIT scheme was closed to new applicants from 1 
April 2019, these are not considered in this LCC 
assessment [14]. 

2.2. Case study 
The calculations in this report were based on the 

generic drawings (Fig. 1) provided by the development's 
architect. The generic scheme consists of 77 residential 
units and approximately 2308m2 of flexible communal 
floor areas. In order to (i) develop the optimum 
baseline energy strategy, (ii) establish where the main 
energy uses are and (iii) minimise the energy demand, 
an assessment of a typical two-bedroom, 85 m2 floor 
area, top-floor apartment was undertaken. The 
selected apartment is highlighted in Figure 1. This is 
typically the worst-case apartment, based on the high 
percentage of exposed thermal elements (i.e. roof and 
walls on two sides). 

The proposed construction measures, applied to the 
residential building for the selected scenarios, are 
presented in Table 2. The values represent a cross-
laminated timber (CLT) offsite construction method 
applied to the new development to meet UK building 
regulations for new residential buildings [15]. As can be 
seen in Table 2, the electric scenarios required fabric 
and glazing improvement to meet the UK building 
regulations minimum requirements. 

Figure 1: General drawing and selected apartment for the 
energy analysis. 

Table 2: Comparison between the fabric thermal properties (U 
values) for different scenarios.  

 Proposed Fabric 
Gas Boiler and 

ASHP Scenarios 
        U values 

Electric Heating 
Scenarios 

       U values 
External Wall 0.15 W/m2K 0.15 W/m2K 
Party Walls 0.18 W/m2K 0.18 W/m2K 

Roof 0.13 W/m2K 0.11 W/m2K 
Ground Floor 0.13 W/m2K 0.13 W/m2K 

Windows 1.00 W/m2K 0.85 W/m2K 

British Standard BS 8544:2013 guidance has been 
used to carry out LCC assessment (construction, 
operation, maintenance and replacement costs) of the 
development [16]. To estimate annual energy costs, 
energy consumption generated from the Standard 
Assessment Procedure (SAP-2012) [17] was used for the 
apartments and the dynamic thermal analysis 
simulation software DesignBuilder was used for the 
communal areas.  

3. RESULTS AND DISCUSSION
In respect of building operation and life cycle

replacement, consideration was given to use, 
maintainability, replacement frequencies and 
sustainability of building components. Also, possible 
changes to reduce costs, or to improve sustainability or 
ease of operational efficiency were identified. The 
following elements were considered under the 30-year 
LCC analysis:  

capital costs
utility costs
maintenance costs
replacement costs.

3.1. Capital costs of M&E plants and energy solutions 
The construction costs of M&E plant and energy 

solutions for this research were provided by the 
project's quantity surveyor. The capital costs presented 
include component costs and a budget allowance for 
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boiler rooms, including all plant, boiler-room pipework, 
insulation and valves, ancillary equipment, flue and 
controls. These allowances are based on high-level, 
Stage 1 cost-planning data [18], and the costs have not 
been broken down in detail.  

3.2. Apartment energy costs 
The energy costs borne by each apartment would 

include: 
energy costs for energy consumed in the
apartment
communal area energy costs proportioned across
77 apartments.

Therefore, the total costs of heat to the apartment
plus the contribution to the communal area energy 
costs is defined by: 

Apartment’s consumption + (Communal areas – Commercial space) 
          77 

3.2.1. Apartment consumption 
This is the cost of energy use for space heating, hot 

water and electricity within the apartment. Where heat 
consumption in the apartment is mentioned in this 
paper, it covers both space heating and hot water 
consumption. 'Regulated energy consumption' refers to 
space heating, hot water and electricity for lighting, 
ventilation, fan and pumps.  
The use and management of each apartment by the 
occupants would ultimately determine the actual 
consumption experienced by each occupant. However, 
the calculation methodology includes a standard 
provision for the occupiers' use of small power devices 
and typical household electrical appliances. This is 
known as 'unregulated energy' and is common for all 
the scenarios.  
It has also been assumed that each apartment would be 
metered directly: 

for electricity by the electricity supplier at the
standard single rate of £0.15 p/kWh, and
for heating and hot water through the heat
interface unit smart meter by the BM at the
standard single rate of £0.04 p/kWh.

3.2.2. Proportional communal energy costs 
This is the cost each apartment would pay to cover 

the energy costs (heating, hot water and electricity) 
within the communal spaces (excluding commercial 
spaces). This cost would cover the losses in the heating 
distribution and savings from renewable energy 
technologies. 

3.2.3. Apartment energy costs summary 
   The scenarios have been assessed in terms of their 
ability to deliver the lowest cost energy to the 
occupants of the apartment. 
In order to simplify the comparison of the solutions, the 
results showing one apartment's energy expenditures 
are set out (see Figures 2 and 3).  The minus costs in red 
represent the additional PV electricity generation which 
would be utilised in commercial areas. The costs are 
presented from cumulative lowest to highest energy 
costs. The unregulated energy would be constant for 
every scenario.   

Figure 2: Apartment energy costs including heat and regulated 
electricity only 

Figure 3: Apartment energy cost including heat, regulated and 
unregulated electricity  

3.3. CO2 emissions 
The annual carbon dioxide emissions for the entire 

building were established, based on the primary energy 
use within the building (apartments and communal 
spaces) and the corresponding carbon dioxide emission 
factors for the various energy strategy scenarios. Figure 
4 presents a comparison of the annual carbon dioxide 
emissions based on the regulated energy use.  
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Figure 4: Annual CO2 emissions based on regulated energy for 
the entire development (residential and communal areas). 

3.4. Maintenance costs 
   For the majority of the M&E services installations, a 
similar level of inspection and maintenance regimes 
would be required. However, different renewable 
technologies and low carbon options have varying 
maintenance requirements. Information on the 
maintenance requirements was obtained from Royal 
Institute of Chartered Surveyors (RICS) New Rules of 
Measurement (NRM) 3 [19] and Chartered Institution of 
Building Services Engineers (CIBSE) Guide M [20]. The 
maintenance costs included in this analysis and 
obtained from various manufacturers are: 

statutory and operational costs suggested by the
manufacturers and CIBSE Guide M and NRM 3
replacement of minor components advised by the
manufacturers
cleaning.

It should be mentioned that the repair costs that may
be required over the assumed 30-year analysis period
have not been included for any of the systems.

3.5. Replacement costs 
Replacement costs are estimated using the net 

present value (NPV) of the original capital cost 
estimate, based on the industry-standard approach. A 
discount rate of 3.5% has been applied for the NPV 
estimates. 

The service life expectancies are estimated using the 
published data such as CIBSE, Building Cost Information 
Services (BCIS) and manufacturers' product and 
warranty data. However, these assumptions are 
sensitive to practical operational considerations, in 
particular the use and location of the facility, occupancy 
patterns and varying intensity. Some of the 
components' life expectancies are presented in Table 3. 

Table 3: Life expectancy of M&E components 

Components Life expectancies 
Boiler 20 
CHP 20 
SHW 20 
PV 20 
Electric Heating/Radiators 20 
Underfloor Heating 20 
ASHP 15 
MVHR Units 15 
pumps 10 

3.6. Life cycle costs summary 
A comparison of the elemental capital and LCC for 

different options over a 30-year period, based on NPV, 
is summarised in Figure 5. 

Figure 5: Net present value of net capital and life cycle costs 
over 30 years for the entire development. 

The LCC summary combines the totals of the capital 
costs, energy costs, maintenance costs and 
replacement costs. 
The 30-year analysis is set to reflect the same period 
included within the operational model. These costs are 
shown with the exclusion of government incentives (i.e. 
RHI & FIT) as these change every year.  

4. SUMMARY AND CONCLUSION
This paper's approach was to take a realistic view of

a building's operation and life cycle replacement, taking 
account of use, maintainability, replacement 
frequencies, and sustainability of M&E components. It 
aimed to identify possible changes to reduce in-use 
costs or to improve sustainability or increase 
operational efficiency. 
Accordingly, the LCC and operational carbon emissions 
of eight scenarios were evaluated. As presented in 
Figure 4, Scenario 2 (gas boilers with PV technologies) 
has the lowest LCC and a relatively low energy cost. This 
strategy is simple to operate and has a reasonably long-
life expectancy (resulting in lower LCC). However, ASHP 
and SHW scenario has the lowest energy costs. The 
ASHP solutions (Scenarios 6, 7 and 8) have higher 
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capital and replacement costs. However, they have the 
lowest carbon emissions. At present, the simplest of all 
solutions, electric heating, requires a higher investment 
in the building fabric. However, the SAP2012, which 
was used for the analysis, uses the outdated high CO2 
intensity factor and maybe exaggerating the heat 
demand, which results in higher predicted energy costs. 
A high-quality building fabric (which the CLT process 
enables) may make electrical heating viable in the 
future, and the electric heating options would be worth 
investigating as part of an offsite construction and CLT 
test programme. 
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ABSTRACT: This paper builds on previous research [1], which is a pilot study using exterior digital photography, photogrammetry, 
and digital modelling to retrieve an energy performance ranking of buildings in a city, when energy use data or the buildings’ 
drawings are not accessible. In the pilot study, we geometrically analyzed the envelope, plan, and form complexity of three public 
school buildings to create a ranking protocol. In this sequent paper, we propose to develop a thermographic and geometric data-
driven documentation process of the exterior surfaces of a building envelope solely through exterior access. Our methodology 
assigns quantitative values to the infrared (IR) images by retrieving pixel values of RGB color and temperature, to create a ranking 
system that is then validated against previously collected energy use data through utility bills. In comparison to this baseline 
energy use data, our methodology proposes a time-efficient and external process to retrieve relative energy performance 
measures of multiple buildings. The purpose of this study is to create a ranking of municipal buildings in the City of Fargo that 
would benefit from energy conservation efforts, without needing to access energy use data or as-built-drawings.  
KEYWORDS: Thermography, energy-use, aerial infrared, building envelope/visual analysis, heat loss. 

1. INTRODUCTION
Buildings are responsible for about 39% of the total

energy consumption in the U.S., compared to 32% for 
the industrial and 28% for the transportation industries 
[2]. Within the dominant building energy percentage, 
residential buildings make up 21%, leaving 18% to 
commercial buildings. In addition, according to the U.S. 
Energy Information Administration (EIA), data from the 
Commercial Buildings Energy Consumption Survey 
(CBECS) directs 10% of the total energy consumed by 
commercial buildings in 2012 to building types that fall 
under Education (including elementary, middle, and high 
schools). This places buildings under this category as the 
third most consuming building type, following 
Mercantile and Service (15%) and Office (14%).  

Furthermore, the EIA allocated energy use 
percentages to commercial building by major end uses 
that included space heating (25%), ventilation (10%), and 
cooling (9%)—means of building heat loss. Heat loss 
occurs through surfaces containing a building, 
commonly known as the building envelope, when its 
thermal boundary is insufficiently performing. Some 
causes of heat loss could be improper insulation 
installation, inefficient building systems, improperly 
sealed openings (windows, doors, vents, etc.), and other 
weak links allowing the penetration of air and moisture. 
Heat loss from inadequate building components, 
creating areas of thermal bridging, or escape, are directly 
related to a building’s energy performance [3]. The 
geometry of the building, i.e., the ratio of the surface 

area of building envelope to the volume of conditioned 
air enclosed may also have an impact on the building’s 
energy efficiency. Thus, to get a sense of a buildings’ 
energy performance is to study its heat loss, which could 
be exposed through thermographic and geometric 
building documentation and analysis. 

2. THERMOGRAPHY IN BUILDING ANALYSIS
Existing literature utilizes thermography as a non-

destructive and predictive maintenance tool for building 
diagnostics [4, 5] and electric equipment [6]. Other 
studies involved the use of thermography to inspect 
building envelope performance through construction of 
3D digital and spatio-thermal models using image 
registration algorithms [7, 8], while others are initiating 
energy use heat scores derived from a large-scale city-
wide thermal imagery effort [9]. To carry out these 
efforts, groups have used thermographic cameras and 
drones [10] to collect IR, or infrared images of the 
subject.  

Analysis derived from thermographic images depend 
on the method of use: quantitative [11] approaches 
derive absolute measurements, such as exact 
temperature values, and qualitative approaches derive 
relative measurements, such as variations and 
distributions of temperature values relative to 
surrounding conditions [3]. Furthermore, classifications 
of infrared thermography fall under two types: active 
and passive. Active thermography consists of studies 
carried out in controlled environments of heat sources 
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and emitted infrared radiation to monitor accurate 
surface temperatures; whereas, passive thermography 
targets areas of irregularity due to the dependence on a 
naturally existing heat source that is difficult to 
measure—heat emitted from the sun. In thermography 
applications (as in this study) passive thermography 
assigns a qualitative measurement, a value derived from 
a relative temperature distribution among surrounding 
objects within the frame being captured [4].  The relative 
distributions and fluctuations resulting from qualitative 
analyses are of huge interest in current research [3]. In 
this paper, we focus on using qualitative thermography 
to document the building envelope and retrieve an 
energy use measure comparable to existing energy data. 

3. OVERVIEW OF PROPOSED METHOD
Accessibility restrictions for private buildings

constitute a drawback to research which relies on meter 
data. Through public outreach events carried out by our 
research team, we were given access to energy data 
(utility bills) that would otherwise be considered private 
and inaccessible. This study addresses the need for 
creating a performance ranking of public buildings city-
wide without accessing energy use data especially when 
smart meter infrastructure is unavailable. However, as 
we test our ranking protocol, we continue to collect 
utility bills from the public schools to maintain a precise 
data baseline that allows us to validate our methods. 
Ranking methods derived from this pilot study could 
project towards future large-scale work. The placement 
of a single building’s performance relative to others 
allows for a comparative approach to energy use.  

Table 1: Utility bill energy data (2015-2016) of Fargo public 
schools used as baseline data for comparison. 

# School Name 
Weather 

Normalized Site 
EUI (kBtu/ft²/yr) 

Compared 
to Energy 

Star Median 
1 Bennett 47.1 97% 
2 Washington 49.9 103% 
3 Carl Ben Eielson 55.1 114% 
4 Roosevelt 67 138% 
5 Jefferson 66.8 138% 
6 Centennial 71.7 148% 
7 Lewis & Clark 74 153% 
8 Longfellow 78.4 162% 
9 Ben Franklin 79.4 164% 

10 Horace Mann 78.8 162% 
11 McKinley 84 174% 

Table 1 lists each of the 11 schools’ annual energy use 
relative to its gross floor area and ranks them compared 
to the Energy Star National Median [13] at a value of 48.5 
kBtu/ft²/yr. In this second study, we documented 6 
schools, of which 5 were used in this study: Jefferson, 

Lewis & Clark, Longfellow, Bennett, and Carl Ben Eielson 
Elementary Schools. According to the table provided, 
Bennett seemed to be performing the best, followed by 
Carl Ben, Jefferson, Lewis & Clark, and finally, 
Longfellow. Throughout our documentation process, we 
aimed to reach results that would rank them in this 
respective order. 

3.1 External data collection 
To document all dimensions of the exterior building 

envelope, two documentation methodologies should be 
used: aerial, to retrieve building roof images, and walk-
around method, for building elevations [12]. For the 
photography process, we used a drone, with an attached 
DJI XT2 thermal camera that captured two images at 
once: infrared (thermal) image and a colored (digital) 
image. In addition, IR images are taken before sunrise to 
allow time for the building materials to cool down 
overnight and retain their baseline emissivity values. 
This avoids image measurement inaccuracies that would 
result from stored solar radiation during the day [5].  

Thermographic cameras produce images that 
represent an object’s radiation intensity by detecting the 
infrared radiation of that object remotely. It is important 
to note that every object’s emissivity, or efficiency in 
emitting energy as thermal radiation, is different. Thus, 
temperature comparisons of thermographic outputs 
should be carried out on surfaces of the same building 
materials or systems. 

3.2 3D Model Construction 
Studies have attempted to fuse visible and thermal 

images using image registration algorithms [8], develop 
an autonomous process that forms a 3D thermal point 
cloud [14], and propose a method of generating 3D 
spatio-thermal models using both thermal and digital 
imagery. Other groups [15] generated 3D thermal maps 
by superimposing thermal information onto a point 
cloud generate using RGB image depths; and devised an 
thermal image matching protocol that automatically 
generated a thermographic 3D model of the building 
being tested [16]. 

After completing the aerial and walk-around drone 
documentation, we had several images for each school: 
365 for Jefferson, 598 for Lewis and Clark, 732 for 
Longfellow, 397 for Carl Ben, 415 for Bennett. Due to 
working with a large set of images and the need to 
automate the 3D mass model reconstruction, a few 
photogrammetric software (AliceVision Meshroom and 
Visual SFM) was pursued; however, leading to 
unresolved results. In the process of inputting IR images, 
the programs were unable to arrive at a structure 
relatable to the original building. With that, we switched 
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to a standard approach that would produce a more 
accurate 3D model.  

Figure 1: 3D Model Construction of the five school buildings. 
Top left to bottom right: Jefferson, Longfellow, Carl Ben, 
Bennett, Lewis & Clark Elementary Schools. 

It is essential to maintain the originals and make 
multiple copies of IR images at every step of the 
following procedure with a naming convention. If an IR 
image is edited by an external program (ThermalFolder, 
Adobe, etc.), it loses its thermal characteristics 
(temperature values, coordinates, etc.). Maintaining the 
ability to access the original IR images to retrieve the 
encoded information is important. 
1. Using a combination of Google Earth and Google
Street View to retrieve each school’s building outline and
height dimensions, we created 3D mass models (Figure
1) of the three schools in Rhino.
2. The selected (eliminating repetitive or overlaying
images) IR images were attached to the 3D massing
model.
3. Using FLIR tools, the thermal properties of the images,
such as temperature measurements, parameters, scale,
color distribution, and color palettes, were accessed.
4. Since each image had a different temperature scale
associated with it as a result of the relative temperature
distribution derived from a thermal camera, we used
FLIR ThermalFolder, a batch processor/editor to apply a
common temperature scale to all the IR images, that
ranged from a scale of -68F to 68F (-55.5C to 20C).
5. Barrel distortion of all the IR images was adjusted
using Adobe Lightroom.
6. We used Adobe Photoshop to retain polygons that
covered the wall/roof surface area in the image,
removing surrounding elements such as the ground, sky,
trees, and neighboring from the images.
7. The original set of IR images were imported to
Lightroom to access a map that used each image’s
geolocation to position it along the school building’s
parameter (Figure 2). This allowed us to locate the
position of images on the Rhino model.
8. All the surface images were imported to Rhino. If
needed images were rotated, scaled and attached to
wall masses.

9. In addition to using Lightroom for image GPS
coordinates, we regularly referenced the 3D tool in
Google Street View to ensure that the mass model
depicted the actual elevation including openings,
accurately.

Figure 2: Adobe Lightroom IR image map from associated 
geographical coordinates. 

4. RANKING ANALYSIS
Three methods (Figure 3) of comparative analysis

were used to determine an overall performance ranking, 
to be validated by collected utility bills: geometry (using 
mainly digital images), color (extracting the RGB ratios 
within infrared images), and temperature (pixel 
sampling process). 

Figure 3: Outline of comparative ranking processes to baseline 
energy utility bill data 

4.1 Digital Geometry Ranking Process 
Current approaches [17, 18] test the relationship 

between building form and energy performance through 
energy evaluations based on geometric (scale, outline, 
configuration) and location-specific (orientation, 
climate) parameters. Most of these assessments are 
applied on model, or prototypical buildings as an 
evaluative and predictive simulation. Alternatively, 
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lesser studies use building form as a definitive tool for 
overall energy performance.  

For this analysis, we used Grasshopper, a visual 
coding plug-in for Rhino, to extract several parameters 
of the building’s geometry that are expected to have a 
noticeable impact on their energy performance. This 
method was introduced in our pilot study [1], but 
approaches are further refined in this paper due to 
access to more tools (aerial photography) and a more 
thorough comparison of geometric parameters. The 
script calculated the parameters, in addition to grouping 
them based on orientation. The parameters retrieved 
include the total building area, total building volume, 
overall window-to-wall ratio (WWR), overall openings 
(other than windows, but doors, vents, etc.) surface 
areas. Additionally, we separated these parameters to  
analyze their values in each of the cardinal directions 
north, south, east, and west.  

Our first 3 attempts were Jefferson, Lewis & Clark, 
and Longfellow, which proved relatively easy due to their 
linear forms; however, we faced difficulties in working 
with Carl Ben and Bennett due to their buildings have a 
few curved and slanted surfaces, including sloped roofs. 
The script had to be adjusted to accommodate for single 
surfaces that were projecting multiple arrows (to 
determine cardinal orientation) due to their nonlinear 
form (Figure 5). In addition, through aerial photography, 
this second study allowed for the incorporation of roof 
analysis (adding the surface and opening surface area as 
well) that involved a surface-to-openings ratio (SOR). 

To analyze the retrieved geometric parameters, we 
followed a study [19] that ran multiple simulations of 
window placements, size proportions, and cardinal 
directions to determine the impact on energy loads. The 
study concluded that the WWR had a direct correlation 
to energy load, aligning with the disparity in thermal 
performance (R-values) of glazing and solid walls. In 
addition, we focused on the surface area-to-volume 
ratio as another direct definition of energy use.            

Figure 5: 3D model of Bennett Elementary in Rhino displaying 
multiple points (i.e directions) on single surfaces (the curved 
portion of the east façade and the slanted walls facing 
northeast and southeast). 

4.2 Thermographic Color Ranking Process 
      Digital camera images are made up of pixels created 
by a combination of primary color channels, or numbers 
specifying the color concentration of each pixel. 
Standard images are created by three channels, or three 
numbers of red, green, and blue (RGB) assigned to each 

pixel. In the IR images taken during the documentation 
process, and then edited (with ThermalFolder) to align 
their color distribution on a temperature scale, heat loss 
is visually seen on a color spectrum from yellow (warmer 
spots, more heat loss) to purple (colder spots, lesser heat 
loss). These colors help differentiate warmer spots from 
others in the building envelope due to measurable heat 
loss in those area, and thus more energy use. In our IR 
images, the lowest color on the spectrum denotes a 
radiative measurement of -68F whereas the other end of 
the spectrum has a measurement of 68F. IR images have 
a relative color distribution, impacted by distance within 
and the surrounding changes of the object being 
captured. The numerical assignment of each IR image 
pixel isn’t a direct measurement of its energy 
consumption; however, it is used to construct a relative 
evaluation of the energy performance based on its RGB 
proportions. We developed an arrangement of 
components in Grasshopper (Figure 6) that separately 
counts the red, green, and blue pixel values of the 
imported images. The RGB pixel data from the 
Grasshopper script is then moved to an Excel sheet, 
where data is accumulated and used for evaluation. 

Figure 6: Rhino + Grasshopper image attachment for 
Longfellow 3D model. 

      To offer distinction (Figure 7) between the RGB 
values retrieved, we assigned a negative weightage to 
the Green values and a positive one to the Blue values, 
following the heat accumulation visualized by these 
color combinations (Red and Green combine to form 
yellow on the warmest spot of the IR image, whereas 
Red and Blue combine to form Purple, on the other end 
of the spectrum). 

Figure 7: RGB Image Value Weightage 
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4.3 Thermographic Temperature Ranking Process  
      In the original IR images, in contrast to the color 
spectrum being relative to elements within the picture 
frame, absolute temperature values can be retrieved for 
each pixel, unaffected by the changing surroundings. The 
temperature scale process emerged from sampling 
surface temperatures of all the elevation and roof 
images of each school building. Using FLIR Thermal 
Studio, we were able to access the surface temperatures 
at numerous points recorded on each IR image, and 
export one CSV spreadsheet for each IR image sampled. 
Using the polygon tool in FLIR Thermal Studio, we were  
able to assign only the perimeter of the area of the 
building needed (omitting the surrounding sky, ground, 
or other areas of the building already covered in other 
images). This method can be visually explained by 
corresponding a recorded temperature’s location on the 
spreadsheet to the sampled point’s position on the IR 
image; the temperature values distribution across the 
spreadsheet resembles areas of heat loss exposed in the 
IR image (Figure 8). Using merge-csv.com, an online 
platform used for merging multiple CSV files at once, we 
combined our separate files into a single spreadsheet.  
We worked with two final spreadsheets, for the 
elevation and roof images, from which the sum functions 
totaled all sampled temperatures for the entire building. 
After implementing this process on all the five schools, 
we divided the sum functions of each school with its 
respective total square footage. 

Figure 8: Original IR Image imported into FLIR Thermal Studio 
(left) and overall display of exported CSV Excel spreadsheet 
(right). 

4. RESULTS AND DISCUSSION
As mentioned in an earlier section, this process

consists of two parts—retrieving the color proportions of 
each pixel and assigning weightage (in our case, the 
negative for green and positive for blue). Further 
refinement of the first part of this method would involve 
expanding the three-color (RGB) component to a multi-
color spectrum based on generic infrared color palettes. 
As a result, the second part would consist of a more 
thorough color weightage method that aligns with the 
absolute temperature scale along which the color 
spectrum is lengthened. Each hue on the color spectrum 
has an associated temperature value that could be used 
to develop multiplication factors; this is only true after 

all the IR images being tested are batch edited with an 
absolute temperature scale.  
      According to the temperature scale data, only one of 
the schools, Lewis and Clark, matched its baseline data—
making us question our methods for this process. To 
begin with, Jefferson, Longfellow, and Lewis & Clark 
were photographed in early April, while Bennet and Carl 
Ben were captured by the end of May. Thus, we could 
have experienced weather (sun exposure) variations for 
the two school groups. Additionally, this study assumed 
that all wall systems are the same for all schools, 
however, a more thorough analysis of wall systems, 
depths, and types could result in significant changes in 
exterior surface heat loss. 
     Finally, for the geometric ranking process, we 
compared the schools based on total window-to-wall 
ratio and surface area-to-volume ratio: the first 
comparison correctly placed Bennett, Carl Ben, and 
Jefferson, and the second aligned Lewis & Clark and 
Longfellow with the baseline data. Future assessments 
of the geometric data could assign varying weightage to 
the windows and other openings based on orientation 
and seasonal energy benefit. Collectively looking at this 
data by adding the individual ranking of each school, 
Longfellow is the only school to correctly placed in its 
position (worst energy performance). 

5. CONCLUSION
The three ranking systems mentioned in this paper

are used to visually analyze building energy performance 
through a comparative evaluation. The evaluation is 
based on exterior data collection: external photography 
and publicly provided information. Overall, there are 
multiple limitations associated with this process, 
collectively: although carefully reviewed with 3D views 
in Google Earth, the manual process of the 3D model 
reconstruction could have created inaccurate opening 
and surface dimensions, leaving significant impacts on 
our data. Another possible overlook of data could have 
been the result of the image selection process, initially 
carried out to minimize the large number of images we 
were working with. In addition, this research is limited 
due to utility data access from the public schools: we are 
comparing thermal images taken in Spring 2019 to 
building utility data across the 2015-2016 academic year. 
      In future iterations, an absolute pixel-temperature 
and color-temperature scale should be used to ensure 
alignment across images and schools. Significant 
consideration should be given to the ground surface 
associated with each wall in the IR image: we located a 
visually significant amount of heat loss in the ground in 
numerous IR images, which we assume has a major 
impact on the overall building performance. In addition, 
as part of a city-wide school energy visualization project 
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initiated by our research group, smart energy monitors 
have recently been installed in seven public school 
buildings including Lewis and Clark and Longfellow 
elementary schools. The installed monitors provide fine-
grain energy use data in real time, accessible online. For 
future studies requiring an energy baseline, this 
equipment will enable more efficient and accurate data 
collection. 

Table 2: Results from ranking processes for the five school 
buildings. Notations: ESM (Energy Star Median), T (Total), TE
+R (Total Elevation + Roof), N-(North), S-(South), W-(West), 
E-(East), R-(Roof), -Surf(Surfaces), -Open(Openings), TVSA 
(Total Vertical Surface Area), TWA (Total Window Area), 
TWLA (Total Walls Area), TOA (Total Opening Area), R-SOR 
(Roof Surface-to-Opening Ratio), OSA (Overall Surface Area), 
TBV (Total Building Volume), SVR (Surface Area-to-Volume 
Ratio). 
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Bennett Carl  
Ben 

Jeffer-
son 

Lewis & 
Clark 

Long-
fellow 

Baseline Utility Scale Data 
EUI 47.1 55.1 66.8 74 78.4 
ESM 97% 114% 138% 153% 162% 

Rank 1 2 3 4 5 
Pixel Color Scale Data 

TE+R -1.2E+13 -8.9E+12 -4.3E+12 -2.1E+12 -1.0E+13
T/Sqft -1.4E+08 -5.0E+07 -7.1E+07 -2.9E+07 -1.4E+08
Rank 4 2 3 1 5

Relative Temperature Scale Data 
TE+R -7.8E+07 -3.0E+07 -1.2E+08 -1.4E+08 -1.3E+08
T/Sqft -8.6E+02 -1.7E+02 -2.0E+03 -1.9E+03 -1.8E+03
Rank 2 1 5 4 3

Geometric Scale Data 
N-Surf 5.8E+03 1.1E+04 6.4E+03 6.7E+03 9.8E+03

N-WWR 6.7E-02 1.7E-01 6.1E-02 1.6E-01 1.6E-01
N-Opens 6.9E+01 0.0E+00 1.5E+02 0.0E+00 1.3E+02

S-Surf 5.9E+03 1.2E+04 6.4E+03 6.7E+03 9.7E+03
S-WWR 6.5E-02 4.2E-01 1.3E-01 1.0E-01 2.7E-01
S-Open 0.0E+00 0.0E+00 7.6E+00 0.0E+00 0.0E+00
W-Surf 9.7E+03 1.5E+04 7.1E+03 1.0E+04 7.8E+03

W-WWR 1.1E-01 1.3E-01 1.1E-01 2.2E-01 5.7E-02
W-Open 0.0E+00 4.8E+01 2.2E+01 6.1E+01 2.3E+02
E-Surf 1.0E+04 1.5E+04 7.1E+03 1.0E+04 7.4E+03

E-WWR 1.3E-01 1.9E-01 4.5E-02 3.1E-01 2.8E-02
E-Opens 6.9E+01 0.0E+00 1.0E+02 3.9E+01 2.6E+02

TVSA 3.1E+04 5.3E+04 2.7E+04 3.3E+04 3.5E+04
TWA 2.9E+03 9.1E+03 2.1E+03 5.7E+03 4.1E+03

TWLA 2.9E+04 4.3E+04 2.5E+04 2.8E+04 3.1E+04
TWWR 1.0E-01 2.1E-01 8.6E-02 2.1E-01 1.3E-01

TWWR/sqft 1.1E-06 1.2E-06 1.4E-06 2.8E-06 1.8E-06
Rank 1 2 3 5 4
TOA 1.4E+02 4.8E+01 2.8E+02 1.0E+02 6.1E+02

R-Surf 6.2E+04 6.7E+04 6.7E+04 7.0E+04 6.6E+04
Roof SOR 3.2E-03 2.5E-02 2.8E-02 1.2E-02 1.1E-02

OSA 9.3E+04 1.2E+05 9.4E+04 1.0E+05 1.0E+05
TBV 9.9E+05 4.1E+06 1.1E+06 1.0E+06 9.3E+05

SVR Ratio 9.4E-02 2.9E-02 9.0E-02 1.0E-01 1.1E-01
Rank 3 1 2 4 5 

Overall Ranking 
Totals 9 6 10 9 13

Overall 2 1 4 2 5
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ABSTRACT: Air pollution is a worldwide issue and is considered one of the biggest urban challenges and the single largest 
environmental health risk in Europe. Exposure to Air pollution causes serious health problems and even mortality. In recent 
decades, cities recognise that nature can be part of the solution to air pollution reduction.  By focusing on Milan as the case 
study and Nature-based Solutions (NbS) as the main framework, this research aims to present the most convenient time-
dependent implementation strategies through a dynamic process, for maximising air purification through nature. The cycles of 
the city (mainly people movements) can benefit from optimizing the cycles of nature, which is here intended as a breathing 
system that purifies air at different rates and times of the day. Based on optimal targeting criteria, three target exposure areas 
have been recognized for three different timespans of the day. For the optimal selection strategy, Urban Green NbS and 
vegetation have been classified based on their appropriateness to different exposure time. This study aims to show that with 
consideration of time and locations, and by the optimal selection of Urban Green NbS and the vegetation species, air purification 
in all parts of the city can be maximised.   
KEYWORDS: Air purification, Urban green Nature-based solution, Air pollution exposure, Optimal selection, Optimal 
targeting 

1. INTRODUCTION
Air pollution is a worldwide issue and based on

World Health Organization (WHO) is the single largest 
environmental health risk in Europe [1]. Clean air is 
considered a basic requirement for human health and 
well-being. By increased urban population and people 
activities, increasing outdoor air pollution is 
unavoidable. Studies about long-term exposure to air 
pollution demonstrate that people living in more 
polluted locations die prematurely, compared to 
those living in areas with lower levels of pollution [2]. 

Numerous programs and policies address air 
pollution direct and indirect impacts from the global 
level to the local scale. More recently, applying 
natural green elements is taken into consideration as 
a complementary strategy for air pollution removal 
due to its flexibility of implementation, multilateral 
benefits and efficiency.  

2. HEALTHIER AIR BY APPLYING NATURE-BASED
SOLUTIONS
Nature-based Solutions (NbS) are actions inspired by,
supported by, or copied from nature, and that are
designed to address a range of environmental
challenges in an efficient and adaptable manner,
while at the same time providing economic, social
and environmental benefits [3]. “Green NbS” refer to
those actions that address environmental challenges
with green elements exclusively. In the case of air
purification and reduction of exposure to air
pollution, green air purifiers can be favourable
solutions to improve air quality, because they provide

additional benefits, like urban heat island mitigation, 
biodiversity increase, improved psycho-physiological 
well-being, among others. 

3. THE CASE STUDY OF MILAN
Milan is a densely populated metropolitan city

(over 3.2 million inhabitants) in Northern Italy, 
located in the heart of the Po Valley, is part of a flat, 
highly urbanized and industrialized area. Air quality is 
often poor due to relevant amounts of air pollutants 
released by transport, civil and industrial sectors [4]. 
Moreover, the geographical location protected by the 
Alps on the north side of the Lombardy Region, 
strongly limits natural ventilation.  Hence, in Milan, as 
well as in large areas of the Lombardy Region and the 
Po Valley, air quality standards overcome the limits 
established by the EEA for fine atmospheric 
particulate matter (PM10 and PM2.5) [4] . 

Table 1: comparison of standard levels of air pollutants and 
Milan Air pollutants, 2017 

Pollutant 
WHO 

guidelines 

EU Ambient 
Air quality 
Directives 

Main 
annual 
mean 
Value 

PM 2.5 10 25 25-30
PM 10 20 40 30-43

O3 100 120 >140
NO2 40 40 64 

Based on (Table 1) which is author’s elaboration 
on the basis of [5], in Milan the levels of all pollutants 
is higher than average levels respecting WHO and EAP 
standards. 
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3.1 Role of green elements in air quality 
management 

Recently, Milan has implemented several urban 
green interventions, but mostly not with the direct 
scope of air pollution reduction. Mostly, greening 
strategies in Milan aim to improve landscape, 
protecting habitats, reducing soil consumption and 
increase biodiversity or changes in land use 
regulations.  

It is evident that any green intervention will lead 
to improving air quality by consequences, but 
selecting green adequate measures by considering 
their location and the specific type of green species 
with the main aim of air pollution reduction, would 
lead to better results to tackle the problem of air 
pollution and its impact on population’s health. 

4. THE PROPOSED METHODOLOGY: THROUGH A
DYNAMIC PROCESS

This study suggests implying Urban Green NbS in 
parallel to other mitigation measures in Milan to 
purify the air. The main concept of this proposal is to 
provide a dynamic approach for tackling air 
purification, by including the time variable at the 
urban scale. 

4.1 Framework of the Dynamic Process 
This research is divided in two main steps. In the 

first step, an analysis has been carried out to clarify 
the issue by assessing two main elements, namely the 
hazard of pollution flows and the exposed population, 
taking into account the different times of the day. 
This step presents a dynamic process of optimal 
targeting of population concentration and pollution 
concentration to identify the locations of the highly 
exposed areas at different periods of the day in 
Milan. The second step refers to the optimal selection 
of NbS types by evaluating the extent of solutions for 
the most suitable measures to be implemented, 
based on the specific location and time of exposure 
of the identified hotspots. Optimal selection is about 
answering to the question of ‘what’ or finding the 
best NbS to maximise air purification at specific 
timespans. Using this concept, air purification is 
enhanced by maximising the ability of green elements 
in absorbing pollutants at different times of the day.   

4.2 Optimal targeting 
To identify target areas of exposure, three 

different timespans have been defined based on 
general air pollution and population distribution 
patterns in Milan. Three timespans included: Rush 
hours; Middle hours; and Night-time of regular 
working days. Since commonly people follow more 
unified patterns during weekdays due to their day 

today activities like work and education, hence, 
regular working days have been selected in this study. 

4.2.1 Population 
In this research two types of population have 

been defined: passive and active population. Passive 
population refers to ‘night population’, mostly 
residents, derived from national and local statistical 
data [6,7]. Active population refers to ‘day 
population’ and is divided in two main categories of 
Rush hours and Middle hours. Analysing and mapping 
mobility requires the integration of traditional data 
and new sources of information, closer to city users, 
such as the tracking of mobile phone data activity or 
geo-located activity [8]. Tracking people based on 
their mobile phone devices enables to map the exact 
location of city users at different times of the day. 
Data generated from previous research has been 
used [9].  

4.2.2 Air pollution 
The second dynamic element mapped in this 

research is the hazard, i.e. air pollution. Air pollution 
is a transboundary feature, and it cannot be captured 
and stopped locally. Acquiring data about the location 
of pollution emission sources is crucial for deriving 
the hazard map. In this study, traffic congestion and 
the vehicular flows as the main sources of air 
pollution have been considered according to the 
same three timespans identified above. Due to the 
limitations of this study, other sources of pollution 
(mainly residential heating and industry) have not 
been accounted. However, the main concern is air 
pollution sources at the ground level where people 
use public space and interact with the street level. 

To obtain air pollution data for different times of 
the day, besides considering the general traffic trend 
in Milan, the origin-destitution (O/D) data released by 
Agenzia Mobilità Ambiente e Territorio (AMAT) [10] 
and traffic data from Google Maps for different times 
of the day have been used. 

4.3 Optimal selection 
As it has been discussed above, the two 

components of hazard (pollution) and exposure 
(population) have been assessed taking into account 
both the spatial and the temporal dimensions. For 
answering the identified dynamic phenomena, we 
argue that the solutions should also be responsive 
and adaptable to air pollution flows. Proper design 
and location of plantings could mitigate the local 
concentration in pollution hotspots, hence reducing 
the health risk for people [11].  

In particular, optimal selection is about 
recognising which specific actions (what) can 
maximise air purification and, as a consequence, 
minimise negative health impact of exposure to air 
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pollution in designated areas. Hence, it is essential to 
select the suitable NbS types and species to maximise 
the air purification process. Due to the various factors 
involved in the selection among all possible solutions, 
finding the most suitable measure is a complex 
procedure.  

Selecting the best urban green actions, and also 
assigning the best vegetation species to these actions 
are the two steps to perform. NbS can take various 
forms, but these can be mainly summarised into two 
categories of blue and green solutions. Green NbS 
refer to those actions that solve environmental issues 
with green elements. In the case of purifying air and 
reducing the exposure impact of air pollution, Urban 
Green NbSare the right option. In this study, the aim 
is to understand which NbS actions are the best 
response to different times of exposure.  

(Fig. 1) is a simplified category of Urban Green 
NbS: distinguishing these categories and their 
subdivisions have been adapted from various relevant 
sources.

Figure 1: Forms of Urban Green NbS  

One of the critical components in sustainable 
urban greening is the selection of plants and planted 
spaces [12]. Plants have a major role in removing air 
pollution and with the correct selection, air pollution 
purification can be maximised. The criteria of this 
study for selecting the best vegetation specie are 
based on their ability to absorb air pollution and 
purifying the air.  

Selecting the right vegetation based on the ability 
of absorption helps us to have better results and 
outcomes within the same space and budget 
availability. Selecting the right vegetation can 
maximise air purification. Direct consideration for 
vegetation selection is mostly related to 

environmental factors of the city and the ability of 
green element in general to absorb different 
pollutants.  

The criteria for selection of vegetation are based 
on Milan’s geographic location and the ability of 
certain types of vegetation in absorbing air pollution. 
This selection has been mainly done based on the 
data available on the I-tree® tool [13]. 

5. POPULATION AND POLLUTION DISTRIBUTION
PATTERNS BASED ON THREE TIMESPANS

Target areas are those places with high 
concentration of people (residents and city users) and 
pollution. Based on the dynamic capturing of 
population and pollution methodology, which has 
been explained above, risk maps for different 
timespans are presented in this section.  

Three timespans are included: rush hours which 
refer to two timespans in the morning (from 8 a.m. to 
10 a.m.) and in the evening (from 7p.m to 9p.m). 
These timespans refer to periods when people are 
moving or commuting between origins and 
destinations. From home to work, school, and vice 
versa. The second period refers to middle hours of 
the day (from 10 a.m. to 5 p.m.) and after work (from 
5 p.m. to 7 p.m.). Since these two timespans follow 
the same patterns and are contiguous, we consider 
them as one whole time period. Finally, the third time 
span is Night-time (from 8 p.m. to 2 a.m.). This 
timespan can be mainly identified as passive hours, 
when people spend more time at residences. 

5.1 Target areas: Risk maps 
Target areas for different timespans have been 

determined by considering data and overlapping 
maps of population density and traffic situation in 
specific periods. 

Refer to (Fig. 2), high level of risk intensity in Rush 
hours mostly emerges around the second ring of the 
city, where the main transportation hub stations of 
the city like (e.g. Central Railway Station) are located. 
Also the highest level of traffic in this time span 
mainly occurs around the main roads and along the 
highways. 

Refer to (Fig. 3), the most active districts in 
Middle hours can be observed in the historical central 
core, retail districts and between the first and second 
ring of the city. Also, the concentration of people in a 
big zone in the east-north part of Milan (Bicocca 
district) is considerable. Traffic trend in this time span 
shows a moderate traffic along the first and the 
second ring of the city. 
Refer to (Fig. 4), high levels of risk in Night-time can 
be identified in the residential districts with the 
highest population in Milan. In addition, a very low 
level of traffic along the second and third ring of the 
city can be observed. 

Vol.3 | 1432
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


Figure 2: Rush hours’ risk map (8 a.m. - 10 a.m. and 7 p.m. – 
9 p.m.) 

Figure 3: Mid-hours risk map (10 a.m. - 7 p.m.)  

Figure 4: Night hours risk map (8 p.m. -2 a.m.) 

6. TIME DEPENDENT STRATEGY
6.1 Urban Green NbS taxonomy based on time

NbS are relevant solutions for addressing air 
pollution problems at the urban scale. We divided 
Urban Green NbS based on their adjustability and 
suitability to different times of the day. Besides time, 
three main categorizations were elaborated for 
considering and selecting suitable NbS types based 
on: budget, space availability and technical 
complexity of implementation (Fig. 5). 

Figure 5: NbS categorization based on the time 

This categorization and the assignment of specific 
actions to specific timespans aims at maximizing the 
efficacy of air purification, as presented below.  

Generally, Rush hours characterised by movement 
of people by vehicular means. The best green actions 
for reducing the impact of exposure in this period, are 
those which can implemented in street areas 
(Table2). 

Middle hours are considered as active hours of a 
typical weekday. In this period, people have more 
time to spend in green spaces around workspaces 
and schools. Recommended actions for this time 
span, are those which can implemented in bigger 
areas (Table2). 

The night hours are the periods when people 
spend most of their time in their homes. They are not 
exposed to the traffic-related air pollution, but there 
is still a significant amount of air pollutes which are 
stagnant. While purifying the air at home and in 
residential areas, these solutions should be 
reasonable also in terms of scale and budget (Table2). 

6.2 Green species selection based on time 
Evergreen species absorb air pollution in all seasons, 
evergreen species with long longevity are more 
favourable in comparison to other species. 

By considering the fact that related actions for 
rush hours are more on street levels, selected trees 
should not be higher than 15 meters. The best size for 
street trees is between 9 to 15 meters. By considering 
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this fact, trees with these sizes are suitable options 
for target areas in this timespan (Table2). 

Bigger trees with more leaves have stronger 
capacity in air pollution absorption. By considering 
this fact and also considering the scale of Middle 
hours’ recommended actions, bigger trees should be 
considered for target areas in this timespan (Table2).  

Since Night hours’ actions are more at building 
scale, suggested vegetation for this timespan should 
be suitable for smaller spaces. For this time span 
considering plants with the ability of Crassulacean 
Acid Metabolism (CAM) is significant. This ability of 
vegetation helps them to absorb CO2 even during 
night hours (Table2). 

7. CAPACITY OF MAXIMIZING AIR PURIFICATION
By integrating all timespans and looking to the city

as a 24 hours cycle, we present a time-dependent risk 
map of the whole city of Milan for a complete 
working day (Fig. 6).  

Figure 6: time-dependent exposure map of City of Milan for 
a complete working day 

Figure 7: Rush hours’ Exposure Map           Figure 8: Mid-hours ‘Exposure Map            Figure 9: Night hours ‘Exposure Map 

Rush hours (Figure 7) (8 a.m. - 10 a.m.) and (7 p.m. - 9p.m.) 
Recommended Nbs actions Recommended green species

Green corridors
Clustered trees
Street trees 
Green walls
Eco-urban furniture

India, Tamarind, Swamp Bay, Cinnamon, Leyland Cypress, California Peppertree, Italian Cypress, and 
Carrot wood, Silk Bay, Leyland Cypress- Willow- Norfolk Island Pine, Bahama, Lysiloma, Seaside Mahoe, 
White Kauai Rosemallow, Canela, Lingue, Norway Maple, Toog, Raulí-Largeleaf Rosemallow, and 
Evergreen Ash. 

Mid-hours (Figure 8) (10 a.m. - 5 p.m.) 
Recommended Nbs actions Recommended green species

Urban Forest
Afforestation
Parks and green areas
Green playground
Community garden
Allotments
Pocket parks
School grounds 

Coast Redwood,  Slash Pine, Australian Pine, Longleaf Pine, Sydney Blue GUM,  Tanoak, Belah, Ribbon 
Gum Eucalyptus, Ribbon Gum Eucalyptus, Southern Magnolia, Southern Magnolia, California Laurel, 
Corsican Pine, Bunya Bunya, Canary Island Pine, Balata, Tilia Tuan, Sweetwood, Wild Tamarind, Redbay, 
Wild Chestnut, Bunya Bunya, Silk Oak.  

Night hours (Figure 9) (8 p.m. -2 a.m.) 
Recommended Nbs actions Recommended green species

Pocket parks
Green roofs 
Green walls
House gardens 
Green balconies
Indoor vertical greeneries 
Potted plants

Dracaena, Areca Palm,  Neem Tree, Bamboo Palm,  Dragon Tree,  Barberton Daisy,  Rubber plant, Orchid, 
Spider Plant, Peace Lily, Devil’s Ivy, Gerbera , Weeping Fig, Peepal Tree, Rama Tulsi, Gerbera (Orange), 
Rama Tulsi, Chrismas Cactus, Schlumbergeras, Lady Palm, Flamingo Lily, English lvy 

Table2: Recommended actions and Recommended green species for different time spans
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8. CONCLUSION
By increasing urban population, related air quality

and quality of life challenges are also increasing. This 
research has focused on how to exploit Urban Green 
NbS to purify air. With a case-study application in 
Milan, a city that dramatically suffers of bad air 
quality, this study has proposed a dynamic approach 
towards achieving cleaner air, introducing the 
metaphor of a living green breathing. . In particular, 
this study establishes a taxonomy of Urban Green 
NbS and vegetation species based on their capacity to 
purify air in different urban places and times of the 
day. 

This research provides a novel attempt for 
capturing pollution exposure through a dynamic 
process. Firstly, an attempt has been made to map 
risky areas through an optimal targeting of solutions. 
Three exposure patterns for the different timespans 
of a regular working day have been identified as 
optimal targets (Fig.7), (Fig. 8), (Fig. 9). These patterns 
show the spatial distribution of population and 
pollution during three timespans of ‘Rush hours –
Middle hours and Night hours. Hence, on the basis of 
time, places and people presence, we categorize the 
most relevant and suitable Urban Green NbS and 
species for these target areas.  

Finally, by integrating all times and looking to the 
city as a 24 hours cycle pulsing organism, we present 
a time-dependent risk map of the whole city of Milan 
depicting a complete working day. Introducing 
flexible solutions at the urban scale, to be adjusted to  
changing conditions is an added value in urban green 
planning and can be easily replicated to other cities. 

Considering the rhythm of the city and nature at 
the same time, we finally take into consideration also 
people’s biological rhythms, thus contributing to 
improve quality of life. 

Since this research introduces a new 
methodology, the main limitation encountered was 
the lack of site-specific data, both referring to species 
capacity to purify air, and to people’s flow patterns 
during the day.. To achieve our desired result, we 
combined different data derived from several studies 
and databases.  Future work will seek to measure the 
contribution of the green NbS and specific vegetation 
on air purification for each vulnerable areas by 
quantifying the CO2 absorption rates. 
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ABSTRACT: The aim of this study is to assess the applicability of a low-energy Radiant-Capacitive Heating and 
Cooling System (RC-HCS) composed of a Radiant-Capacitive heating and cooling Module (RCM) powered by a Sky 
Radiator-Solar Collector Module (SR-SCM), thus operating mainly with natural energy sources. The results of the 
experimental evaluation of the system in Curitiba, Brazil allowed the development of predictive equations to be 
applied to the climatic region where the monitored homes of the HABITA-RES Project are located. The housing 
complex in Colonia San Carlos is a vulnerable neighbourhood with inefficient buildings whose inhabitants can 
present situations of energy poverty in the city of Madrid (Spain). The climatic conditions of that region have a 
significant potential for night-time radiant cooling, which can be represented by the sky temperature depression 
(i.e. difference between ambient and sky temperature at a given moment), between June and September. The 
application of the generated predictive formulas allowed us to evaluate the thermal performance of the RC-HCS 
in one of the HABITA-RES houses in Madrid. The system is capable of strongly reducing the cooling needs under 
climatic conditions of Madrid, and of ensuring thermal comfort conditions during most of summer with very low 
energy consumption. 
KEYWORDS: radiant-capacitive system, radiant cooling, night sky cooling, indoor temperature predictions. 

1. INTRODUCTION
Reducing primary energy use for space

conditioning and CO2 emissions is a fundamental 
objective in the international agenda. Particularly in 
the European Community, reductions in energy 
consumption have been the basis behind the 
development of regulations and Technical Codes, 
where as of January 1, 2021 all new buildings must be 
“near Zero Energy Buildings” (nZEB) [1].  

In Spain, one of the main obstacles against 
achieving energy efficiency goals is the high energy 
consumption of a large part of the residential sector. 
Around half of the existing houses in the largest 
Spanish cities were built between 1940 and 1980; in 
the case of the city of Madrid alone, this indicator 
reaches 56.4% [2]. Most of these buildings, built 
without thermal insulation, consume too much energy 
to provide only limited thermal comfort. It should be 
recalled that the first Standard on Thermal Conditions 
in Buildings NBE-CT-79 was only implemented in 1979. 

From this background, most of these buildings 
require integral rehabilitation as regard thermal and 
habitability aspects. In addition, when the poor 
thermal quality of buildings is combined with social 
vulnerability in low-income dwellings, precarious living 
conditions and energy poverty occur [3]. 

This study was carried out within an international 
collaboration towards the rehabilitation of buildings 

for achieving thermal comfort, passively or with low 
energy expenditure. The aim is to assess the 
applicability of an innovative low-energy cooling 
system. The results of the experimental evaluation of 
the system in an experimental site in Curitiba, Brazil, 
allowed us to develop predictive equations and to 
extrapolate results in terms of cooling output for one 
of houses of the HABITA-RES Project [4], part of the 
housing complex Colonia San Carlos in Villaverde Alto, 
south of Madrid (Spain) (Figure 1) [3]. 

Figure 1: Housing complex “Colonia de San Carlos”, 
Villaverde, Madrid. 
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2. THE PROPOSED RC-HCS SYSTEM
The concept behind the low-energy Radiant-

Capacitive Heating and Cooling System (RC-HCS) 
involves nocturnal radiant cooling using a Sky Radiator 
which can also serve as Solar Collector Module 
(SR/SCM) for space heating, in a dual operating mode. 
In the cooling mode, the SR-SCM cools water during 
the night and circulates it to a Radiant Capacity 
Module (RCM), located in the indoor environment, 
and to an Energy Storage Tank (EST). The cooled water 
in EST can eventually be tapped during the day to cool 
the RCM, which then acts as a heat sink (Figure 2).  

Figure 2: Scheme with the three components of RC-HCS. 

RC-HCS has been experimentally evaluated in test 
cells at the Federal University of Technology of Paraná, 
located in Curitiba, Brazil, at 25° 26' 33.6” S and 49° 21' 
14.14” W, at an approximate elevation of 953 meters 
above sea level. The location has a humid temperate 
maritime climate (Cfb), according to the Köppen-
Geiger classification. 

The experimental cell (EC) (800 mm x 800 mm x 530 
mm high), wherein the RCM is located, is made with 
18 mm thick marine plywood with a 50 mm extruded 
polystyrene insulation layer in the internal part of 
walls and floor. Within the experimental test cell, the 
radiant capacitive heating and cooling  module (RCM) 
acts as a ceiling, consisting of a 670 mm x 670 mm x 65 
mm metal container, completely filled with water, 
with an inside heat exchanger (aluminium serpentine) 
and insulated by a 85mm polystyrene layer covered 
with plywood. 

SR/SCM harnesses natural resources such as the 
sun for heating and the night sky for cooling, powering 
the RCM. SR/SCM is composed of 10 hollow extruded 
aluminium profiles combined, measuring 895 mm × 95 
mm × 8.3 mm each, yielding a total surface area of 0.85 
m2. Each one of the profiles is covered by a black matte 
finish and has three internal channels through which 
water circulates (by a low-power pump) during the 
night and is cooled by a combination of heat losses due 
to long-wave radiation exchange with the sky and 
natural convection. 

The water storage or the Energy Storage Tank (EST) 
consists of a polyethylene tank with 560 mm in 

diameter and 1220 mm in height, lined with a double 
layer of polyethylene wool insulation and filled with 
water up to a height of 1060 mm (yielding 
approximately 240 litres of water). 

This paper presents results of the RC-HCS 
performance during a 32-day experimental series 
carried out between Dec 19, 2019 and Jan 20, 2020. 
During this period, water circulated continuously 
during the night through RS/SCM, SR/SCM indoors and 
back to EST. A 32W electric pump imposed a water 
flow of 30 lts/h between 7 pm and 6 am. 

3. ASSESSMENT OF RADIANT COOLING POTENTIAL
An initial assessment of the potential for radiant

cooling was performed. Such evaluation was carried 
out according to the methods proposed by [5-6], based 
on climatic data available at the nearest 
meteorological station, both in Curitiba and in Madrid, 
in EPW files from the database 
http://climate.onebuilding.org/. Previous studies 
show a large potential of the region around Madrid for 
radiant cooling, which has amongst EU members one 
of the highest potentials [7].  

The radiant cooling potential of a given location 
can be expressed in terms of the sky temperature 
depression (DTsky), that is, the difference between the 
ambient air temperature (Ta) and the sky temperature 
(Tsky) [8]. Tsky can be calculated as a function of ambient 
air temperature at ground level, dew point 
temperature (Tdp) and cloudiness (n) [8]. The greater 
the DTsky, the greater the radiant cooling potential in 
W/m2. The net radiant heat flux of a surface exposed 
to the sky dome is expressed as follows: 

Rnet = (Tr4 – Tsky4)  (1) 

where  is the emissivity of the radiant surface, = 
5.67 10-8 W/m2K4 is the Stefan-Boltzmann constant, Tr 

is the radiant surface temperature and Tsky is the 
apparent sky temperature. 

Using a device assembled for assessing the surface 
temperature of a metal sheet exposed to the night sky 
(Tr) and a set of equations for calculating Tsky based on 
Tdp, Ta and n, we were able to estimate Rnet. The 
surface temperature of a 1 mm thick steel sheet, 
painted matte black and exposed to the sky, was 
monitored during the experimental series. Such metal 
sheet was insulated at the bottom by a 50 mm thick 
polystyrene layer and encased sidewise by 100 mm 
high x 50 mm thick polystyrene sheets fitted with 
polished aluminium foil. The device was tilted 10% 
facing north. Such measurements of Tr served as 
reference data for assessing radiant cooling potential 
and for the development of predictive formulas.  

From the EPW file available for Curitiba (dataset 
BRA_PR_Curitiba-Bacacheri.AP.838420_TMYx2.epw) 
and data from the "Cuatro Vientos" station, located 
close to Colonia San Carlos (dataset ESP_MD_Madrid-
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Cuatro.Vientos.AP.082230_TMYx.2004-2018.epw)[8], 
the effective sky temperature was calculated hourly, 
accounting for elevation and cloudiness effects. From 
these values, the night-time sky temperature 
depression (DTsky) was computed for the summer 
months in Curitiba and Madrid (Figure 3).  

Figure 3: Hourly temperature depression Calculated with 
meteorological Dataset of Curitiba-Bacacheri and Madrid-
Cuatro Vientos.  

The direct comparison between both locations 
suggests that the system would theoretically reach a 
cooling output in Madrid about three times higher 
than in Curitiba. The hourly DTsky values in Madrid 
range between 15°C and 25°C, with an average DTsky 
value of 19.1°C, while Curitiba has an average DTsky by 
about one third of that. Summer months in Curitiba 
tend to be cloudy (cloudiness index 7.3/10) whereas 
summer in Madrid has frequently clear sky conditions 
(average cloudiness index in summer 2/10). Yet, 
despite a higher radiant cooling potential in Madrid, 
cooling needs are higher in this location. 

4. THERMAL PERFORMANCE OF THE RC-HCS
The RC-HCS was configured so as to allow water to

circulate from the tank through the radiator, through 
the radiant capacitive module and then back to the 
tank, continuously according to designated hours 
(from 7 pm to 6 am) by activating and deactivating the 
small water pump by means of a timer.  

Due to the cooling of the water that circulates at 
night through the radiator and subsequently through 
the RCM, there is a decrease in the daily average 
temperature of the experimental test cell, normally 
lower than the outdoor average. This trend changes 
only on the days with cold fronts due to the thermal 
mass of the system. Indoor maximum is always lower 
than outdoors, on average 4.8 °C, with a maximum 
offset reaching 6.8 °C (Figure 4). 

The decrement factor ( f ) (relationship between 
indoor and outdoor temperature swing) is on average 
0.44 with values fluctuating between 0.3 and 0.6. 
However, it should be emphasized that f may be even 
smaller if the system is installed in a full-size building 

with more substantial thermal mass than in the test 
cell, which mostly consists of the thermally activated 
water in the RCM (about 29 liters). 

Figure 4: Daily maximum, minimum and average 
temperatures measured indoors and outdoors. 

5. PREDICTIVE FORMULAS FOR INDOOR
TEMPERATURES

Predictive equations were developed from 
empirical data. For this, the method originally 
proposed by Givoni [10] and used in similar studies 
[11, 12, 13] was employed. Formulas were developed 
by linear regression analysis to predict the indoor daily 
maxima, minima and averages from available outdoor 
meteorological data. Since the cooling performance of 
RC-HCS is primarily driven by night-time radiant 
cooling, the prediction of indoor temperatures also 
took into account the temperature of the exposed 
metal sheet (Tr) as a relevant independent variable. 

For obtaining the average night-time temperature 
Tr(nt), a combination of four climatic variables (outdoor 
minimum and average temperatures, average dew-
point temperature and average wet-bulb 
temperature) yielded the most accurate prediction:  

Tr(nt) = -3.9601 + 0.7171 × Tout-min – 1.6734 × Tdp + 
3.6043 × WBTavg – 1.4312 × Tout-avg                      (2) 

Correlation coefficient (R-value) was 0.9452 (with 
R2= 0.8934). 

However, as the experimental test cell is cooled 
only during the night by water circulation and during 
the day its indoor temperature is affected by the 
ambient temperature, a correction factor was 
introduced for assessing the effective surface 
temperature of the metal sheet over a 24-hour cycle, 
termed ‘Conditional 24-hour Surface Temperature’ 
(T*r(24h)). T*r(24h) was therefore used as one of the 
variables in the generation of predictive formulas. 

T*r(24h) was firstly calculated on an hourly basis using 
measured Tr and ambient temperature data Tout. For 
each hour of the experimental series, T*r was equal to 
Tr, only when Tr < Tout, otherwise T*r was assumed as 
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equal to Tout. A daily average value (T*r(24h)) was then 
determined by multiple regression analysis, including 
the measured outdoor average temperature (Tout-avg) 
and the predicted Tr(nt), as follows: 

T*r(24h) = -0.2352 + 0.6871 × Tout-avg + 0.3497 × Tr(nt)   (3) 

Correlation coefficient (R-value) was 0.9944 (with 
R2= 0.9888). 

Predictive formulas for the indoor temperatures 
were generated by multiple regression analysis from 
data monitored during the first 14 days of the 
experimental series and, as a validation step, the 
obtained formulas were compared for the remaining 
19 days against measured data. Obtained formulas for 
the maximum, minimum and average indoor 
temperatures and respective R-values after validation 
are shown below:   

Tin-max = -0.9667 + 0.4593 × Tout-max + 0.8103 × Tout-avg + 
0.2193 × Swing - 0.3867 × Tdrop + 0.1011 × Rnavg - 
0.3295 × T*r(24h)                                              (4) 
R = 0.9649 (R2 = 0.9310) 

Tin-min = 0.8801 + 0.6487 × Tout-min - 0.214 × Tout-avg - 
0.076 × Tdrop + 0.0988 × Rnavg + 0.4601 × T*r(24h)  (5)

R = 0.9636 (R2 = 0.9286) 

Tin-avg = 0.694 + 0.3104 × Tout-avg + 0.2737 × Tout-max - 
0.0231 × Swing - 0.2603 × Tdrop + 0.0942 × Rnavg + 
0.303 × T*r(24h)                                              (6) 
R = 0.9821 (R2 = 0.9645). 

All formulas took into account outdoor 
temperature data, the night-time temperature drop 
(Tdrop), representing the drop from the previous day’s 
maximum to the day’s minimum temperature, the 
running average temperature for the three previous 
days (Rnavg) and the conditional 24-hour surface 
temperature of the exposed black metal sheet 
(T*r(24h)). The predictive formulas for the maximum and 
minimum indoor temperatures had additionally as 
independent variables the daily outdoor temperature 
swing (Swing). 

6. EVALUATING THE SYSTEM’S PERFORMANCE FOR
MADRID

The evaluation of the RC-HCS performance under 
Madrid’s climate comprised of four steps: 

1) predictive formulas are used to estimate indoor
conditions under Madrid’s climatic conditions; 

2) a static computer simulation model of the
experimental test cell is created and calibrated with 
measured data for Curitiba;  

3) using the calibrated model, simulations are
performed using as input climatic data for Madrid. The 
cooling potential of the system is estimated; 

4) dynamic simulations are performed in
EnergyPlus for evaluating the performance of the 
system in full scale, i.e. in the reference house in 
Madrid.  

“Static” thermal simulations were run in 
CALTEMP_V5.5 [14] and dynamic simulations were 
carried out in EnergyPlus V-9-1-0 [15]. 

CALTEMP_5.5 is a simplified thermal analysis tool 
for bioclimatic building design developed by González, 
E. It consists of an Excel spreadsheet aimed to predict
the average indoor air temperature of a given building,
by solving thermal balance equations in steady state
within a 24-hour cycle [16]. The purpose of the tool is
to serve as an expedite estimation of the performance
of diverse design strategies, without the need for more
complex dynamic simulations.

Input parameters in CALTEMP include building 
geometry, thermal and optical properties of opaque 
and transparent surfaces, air change rate, internal 
heat loads, solar radiation distributed on the envelope 
surfaces, daily outdoor average temperature and 
temperature swing, relative humidity and wind speed. 
Apart from the mean indoor temperature, CALTEMP 
also predicts the indoor temperature swing (DTin) as a 
function of five variables: envelope´s transmittance 
(W/m2K), thermal capacity (kJ/m2K) and solar 
absorptivity; infiltration or ventilation rate (ACH), and 
solar heat gain coefficients for transparent surfaces. 

Figure 5: Estimated daily indoor maxima and corresponding 
ambient temperatures, with comfort range (ULAC –upper 
limit for adaptive comfort; LLAC –lower limit). 

6.1 Application of predictive formulas 
The thermal performance of the RC-HCS is 

analysed here in terms of its cooling potential. Figure 
5 shows the predicted maximum temperatures for the 
experimental test cell in Madrid, relative to outdoors 
and with respect to the limits of the adaptive comfort 
range for 90% thermal acceptability [17]. While in 
Curitiba the system was able to reduce the maximum 
indoor temperature by 4.8 °C on average (cf. Section 
4), reaching values of up to 6.8 °C, in Madrid the 
average temperature reduction during the four 
summer months is 5.9 °C with a maximum reduction 
of 8.9 °C. 
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The performance of the system in terms of its 
capacity to reduce the outdoor cooling degree-days 
(above the ‘Upper Limit for Adaptive Comfort’ ULAC) is 
presented in Table 1. In summer, for a total of 471.4 
cooling degree-days outdoors, the system is capable to 
offset over 90% of days in overheating.   

Table 1: Capacity of reducing overheating based on the 
comparative analysis of adaptive comfort.  

6.2. Cooling potential of the system in Madrid
The experimental test cell was modelled in 

CALTEMP and calibrated against field data (measured 
indoor data, ref. days with similar climatic conditions). 
The calibrated model yielded a mean difference of 
0.05 °C in terms of average temperature, with 
comparable indoor temperature swing. 

The calibrated model was then simulated for 
Madrid’s climate and calibrated against results of the 
predictive formulas. For this, four continuous days 
with similar climatic conditions were selected from the 
Madrid-Cuatro Vientos climate dataset. The cooling 
power was determined by adjusting its input value in 
CALTEMP so that the drop in the indoor average 
temperature relative to outdoors and the resulting 
temperature swing (DTin) were equivalent in both, i.e. 
predictive formulas and CALTEMP. A mean Cooling 
Power (CP) of approximately 4.96 W/m2 per day was 
obtained, peaking at 9.72 W/m2.  

Subsequently, dynamic thermal simulations were 
then performed In EnergyPlus, with a fixed cooling 
power of 4.96 W/m2 (382 W) for the reference house. 

6.3. Thermal performance of the RC-HCS in full scale
For assessing the performance of the system in full 

scale, a 77 m2 house from the Colonia San Carlos 
housing complex was used [18]. The climate file used 
in these simulations corresponds to the Cuatro-
Vientos weather station, Madrid (ESP_MD_Madrid-
Cuatro.Vientos.AP.082230_TMYx.2004-2018) [9], 
located 6.5 km from the complex.  

The mean cooling power (CP), representing a 24-
hour average, was assigned in “HVACTemplate: Zone: 
IdealLoadsAirSystem” as “Maximum total cooling 
capacity” and a sufficiently low setpoint temperature 
was set (18 °C) that the system would not reach, thus 
cooling would be taking place uninterruptedly.  

The geometrical model of the house has the 
dimensions: 11 m long x 7 m wide x 2.7 m high. The 
main facades (the longest) are east and west-facing. 

The floor and the short facades were assumed as 
adiabatic. The roof of the house is gabled, with 
overhangs of approximately 0.60 m. The house was 
modelled with no internal partitions, thus as a single 
thermal zone. Three schedules have been used to 
manage the internal loads of people, lights and other 
equipment, which represent approximately an 
average daily power of 90 W/m2.  

The evaluated model corresponds to the 
geometrical characteristics of the existing building but 
thermal properties comply with the new Spanish 
standards of the Technical Building Code (CTE) 
regarding the thermal insulation levels of the 
envelope. For Madrid’s climate zone (D), the roof’s 
thermal transmittance resulted in 0.325 W/m2K and 
for the walls 0.39 W/m2K. Windows have a U-value of 
1.8 W/m2K. Infiltration has been set as 0.5 ACH so as 
to ensure necessary air renewal for air quality reasons. 

The house was simulated under two different 
conditions: a) naturally-ventilated, without any 
running  cooling system, b) with a constant CP of 382 
W, which corresponds to the mean CP of RC-HCS.  

Figure 6: Estimated daily maxima indoors, free running and 
with RC-HCS versus corresponding ambient temperatures. 

Figure 6 shows that, even without any cooling 
system, indoor maxima are significantly reduced 
relative to outdoors. On average, such difference is 2.9 
°C. However, in a free-running mode indoor 
temperatures are higher than the ULAC. In contrast, 
with the cooling output corresponding to that of RC-
HCS, indoor maximum temperatures are lower than 
the ULAC, which means that the system working with 
its average CP is capable of offsetting 100% of the 
overheating hours. 

Figure 7 shows the maximum and minimum indoor 
temperatures for the house with a mean CP of 382W. 
It can be seen that, due to the low temperature 
fluctuation resulting from the envelope’s thermal 
mass further increased by thermal stability granted by 
the RCM, indoor temperatures remain most of the 
time within the adaptive comfort range. 

∑ °C(Toutmax-ULAC) ∑ °C(Tinmax-ULAC) %

Jun 111.66 17.14 84.7
Jul 143.34 10.30 92.8

Aug 149.46 17.07 88.6
Sep 66.90 0.30 99.5

Total 471.4 44.8 90.5
Total year 544.5 44.8 91.8
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Figure 7: Estimated daily maxima and minima indoors with 
RC-HCS versus corresponding ambient temperatures. 

7. CONCLUSION
The combination of results from a study with small

experimental test cells and thermal simulations (static 
and dynamic) with simplified models allowed us to 
demonstrate the applicability of the RC-HCS by using 
predictive formulas developed from experimental 
data. 

A significant cooling potential was obtained with 
night-time radiant cooling in the studied building 
which was further enhanced by the envelope’s 
thermal mass. The system’s performance showed no 
overheating and resulting indoor temperatures lied 
within comfort limits. The efficiency of the system 
could be further improved if the water from EST, 
cooled at night, is pumped during the day to the RCM. 
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ABSTRACT: In Japan, people have been facing various kinds of natural disaster, such as earthquakes, typhoons, 
heavy rain, floods and so on. For this reason, not only energy saving but also BCP (Business continuity planning) 
is essential theme when a new building is built. The new campus plan of Tokyo Denki University has adopted the 
design to protect its students, faculty members and neighborhood in emergency. In this paper, the authors 
report on the plans of the university buildings, focusing of such disaster countermeasures and CO2 reduction 
methods using passive technology. As a result, the CO2 emission in this campus has been far less than the other 
science and engineering university campuses in Tokyo area. 
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1. INTRODUCTION
Japan experienced a terrible disaster in the Great

East Japan Earthquake in 2011 and a lot of disasters 
had occurred one after another, such as earthquakes, 
typhoons, heavy rain and floods. Therefore, in recent 
years in Japanese buildings, there is a growing 
demand for countermeasures based on such disaster 
experiences. It was also no exception for the newly 
built Tokyo Senju Campus buildings of Tokyo Denki 
University. The construction site is in Adachi-ku, 
Tokyo, where Arakawa River, one of the largest rivers 
in the Kanto region, flows in the immediate vicinity. In 
old times, Arakawa has a history of causing frequent 
flood when it rained heavily. Even today, the risk of 
the disaster remains. Therefore, the new campus plan 
of Tokyo Denki University has adopted the design to 
protect its students, faculty members and 
neighborhood in emergency. In this paper, the 
authors report on the plans of the university buildings, 
focusing of such disaster countermeasures and CO2 
reduction using passive technology. 

2. DESIGN STRATEGY
2.1 Design for BCP (Business Continuity Planning)

Tokyo Denki University is a university for science 
and technology. The construction plan of Tokyo Senju 
Campus started in 2008 and it was completed in 2012. 
Approximately 5,000 students and approximately 600 
professors and staffs moved to this campus. The 
overall plan is shown in Figure 1. In the first phase of 
construction, four buildings with a total floor area of 
69,200 m2 were built on a land area of 18,700 m2. The 
buildings experienced the Great East Japan 
Earthquake in 2011 during construction but were not 

Figure 1: Overall plan of Tokyo Denki University Tokyo Senju 
Campus. 

particularly damaged. Different types of structure 
were adopted in each building: Building No.1 with 
seismic isolation structure, Building No.2 and Building 
No.4 with vibration control structure, and Building 
No.3 with aseismic structure. As a result, the energy 
of the earthquake was controlled appropriately 
according to the characteristics of each building. 

Since the construction site is expected to be 
flooded to a height of 5 m above ground in case of 
Arakawa’s flooding, the floor level of the second floor 
was determined to be 6 m above the ground, as 
shown in Figure 2. The electric machine room, 
emergency power supply, and server room were 
installed on the second floor. In addition, a floor 
heating and cooling system using a geothermal heat 
pump was adopted in an open semi-outdoor space 
called “Loggia”, which is located in front of the 
entrance to the north side of Building No.1 closest to 
the station. The area is supposed to be used as an 
open space where local people can cook and eat in 
case of a disaster, such as great earthquakes. Due to 
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the characteristics of the site, it was determined that 
the use of geothermal heat is effective because the 
groundwater level is shallow, and it was intended to 
mitigate the severe outdoor thermal environment in 
winter and summer. Also, it is worth noting the 
adoption of the world's first linked vertical heat 
storage tanks penetrating the building from the top 
to the bottom. Generally, heat storage tanks are 
located in underground pits. Adopting the vertical 
tanks eliminated the need for underground mining, 
resulting in the merit of shortening the construction 
period. They are usually used as heat storage tanks 
for storing thermal energy at night as ice and cold 
water for cooling and as hot water for heating. 
Because of this peak shift operation, it becomes 
possible to reduce daytime power load in spite of 
many users and relatively large heat load in the 
daytime. At the time of disaster, it is planned to use 
stored water as flush water of the toilet without using 
electric power. 

2.2 Design for CO2 reduction
In this campus, various CO2 reduction methods 

such as natural energy utilization, heat load reduction, 
high efficiency of equipment, and energy saving 
control shown in Figure 3 are adopted. In this paper, 
as an example of a system that integrated passive 
technology utilization and equipment specific to this 
campus plan, the authors focus on the heat storage 
type air conditioning system using linked vertical ice / 
water thermal energy storage (TES) tanks and the air-  

Figure 2: Water connection between building No.1 and No.2 
for emergency flash water. 

 
 

flow window with automatic control blinds and newly 
developed retro-reflective film. 

In Building No.1, heat storage system is provided 
with two linked vertical TES tanks, one ice water 
tanks store cold water of 0 °C in summer and 7 °C in 
winter. The other heat storage tanks store cold water 
at 2 °C in summer and hot water at 35 °C in winter. It 
was confirmed that the intended thermal 
stratification was formed in the tanks by the 
simulation at the design stage and the analysis at the 
operation stage. 

Figure 3: Overview of CO2 reduction technologies. 
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3. Performance of building envelope
As a high-performance window system, air-flow

window with automatic control blinds and retro-
reflective film was adopted (Figure 4). Air-flow 
window can be expected to improve not only the 
heat insulation performance but also the solar 
shading performance. Thermal performance, such as 
SHGC (Solar heat gain coefficient) and thermal 
transmittance were verified by the on-site 
measurement [1] of the window system. Figure 5 
shows the thermal performance value in each case 
when the ventilation volume inside of air-flow 
windows varies. From this measurement result, it 
could be observed that SHGC and thermal 
transmittance of ventilated window becomes lower 
than the case of no ventilation and the thermal 
performance improves as the amount of the 
ventilation volume increases. 

Furthermore, the simultaneous comparison of 
various windows (double-skin, single glazing, push-
pull window and air-flow window) in a large 
classroom as proof evaluation after construction was 
carried out. Double-skin and air-flow window 
provided significant solar shading performance in 
summer (Figure 6), and air-flow window was found to 
improve the thermal environment of the perimeter 
most in winter (Figure 7). It can be said that the 
ability to suppress extreme heat load fluctuations 
with high-performance windows throughout the year 
has led to the rational operation of heat storage type 
air conditioning system.  
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Figure 6: Thermography of comparative experiment of various windows in summer. 

Figure 7: Thermography of comparative experiment of various windows in winter. 

Figure 4: Detail of Airflow window and retro-reflective film. 

Figure 5:  
Measured thermal performance of air-flow window. 
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The retro-reflective film that selectively reflects 
upward the near-infrared range component of solar 
radiation was developed and adopted [2]. Figure 8 
shows the schematics of retro-reflective film. 
Through preliminary experiments and application to 
this building, it was shown that the thermal radiation 
environment near the buildings could be significantly 
improved (Figure 9). By comparison of the 
temperature of horizontal surface (that is equivalent 
to “street” in front of the building) in front of clear 
float glass, Low-E glass and float glass with retro-
reflective film, the surface temperature in front of the 
glass with retro-reflective film was the lowest. On the 
other hand, the bright line from the reflected sun is 
an only one visible side-effect on facade by the retro-
reflective film (Figure 10). From the view of 
pedestrian, only one bright visible line is perceived, 
but it does not produce unacceptable glare. The 
ability to reflect the near-infrared component of solar 
radiation toward the sky would reduce the solar 
radiation heat that the city absorbs, and effectively 
helps mitigate the heat-island phenomenon. The 
mitigation effect of reflecting solar radiation toward 
the sky is shown in the previous paper [3], if the 

retro-reflective film was adopted on glass façade of 
all buildings. 

4. Air conditioning control for heat load reduction in
the classrooms

In the classrooms, not only the high-performance 
window system but also the sophisticated heat load 
reduction technologies are adopted (Figure 11). 
Energy conservation control which coordinates with 
the information system with image-recognition 
sensors and CO2 sensors has been introduced, 
including starting and stopping of air conditioning 
schedule in synchronization with curriculum and 
number of people in the rooms, controlling the 
outside air volume to be taken, and controlling light 
level. The number of students varies among courses 
at university, so if air conditioning and lighting are 
uniform, there is wasteful use. Therefore, as Figure 
11 shows, if there are less students in a classroom 
than its predetermined capacity, the air conditioning 
and lighting of the back of the classroom are lowered 
and, by combining it with the variable fine air 
conditioning system, considerable energy 
conservation effect can be expected.  

Figure 8: Schematics of retro-reflective film and influence on thermal environment in the street.

Figure 9: Schematics of experiment for thermal imaging on rooftop and result. Figure 10: Western façade of TDU 
Building with retro-reflective film. 

Low-E glass

C

C
C

C

Black board
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5. Annual energy consumption
Figure 12 shows monthly division of electricity

consumption. There is the some increase and 
decrease through the year. The consumption 
electricity of the heat source increases for the 
summer and the winter season. Peak month came on 
July (not August). This is because that Japanese 
University has a long vacation in August. As the same 
reason, electricity consumption in February is lower 
than January. 

Figure 13 shows result of the actual electricity 
demand and the estimation of conventional systems. 
Actual data shows the high-level effectiveness of the 
peak sifting. According to the estimation, this campus 
has a peak shifting potential which is almost half of 
demand in the peak time. 

As a result of various energy saving measures, it 
has been shown from the operation data that CO2 
emissions are low compared to other university 
campuses in Tokyo. From the distinction of the field 
of universities, three of layers were shown in it. One 
is Hospital field, the others are Science & Engineering 

or Humanities fields. Even though Tokyo Denki 
university is categorized in science & engineering field, 
the amount of CO2 emission was almost same as the 
average of Humanities field. This means Tokyo Senju 
Campus had realized a quite high-level CO2 reduction 
comparing with others [4]. As the recent result, CO2 
emission became 52.0kg-CO2 / m2 in 2018 (Figure 14). 

6. CONCLUSION
The authors showed the example of advanced

approach toward BCP and energy saving in Tokyo 
Denki University Tokyo Senju Campus. Safe and 
comfort life for the student, staff and neighborhood 
can be realized by adopting various designs for 
disaster response and using various methods of CO2 
reduction including the use of passive technology, 
such as the high-performance building envelope 
adopting air-flow window and retro-reflective film 
and the advanced air conditioning system. It has been 
confirmed that CO2 emissions are smaller than those 
of other university campuses in Tokyo area. 

Figure 12: Breakdown of monthly electric energy consumption. Figure 13: Result of electricity demand shaving.

Figure 11: Variable fine air conditioning system.
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ABSTRACT: To decrease the negative impacts of construction on the environment, we must increase our efforts 
in recycling waste materials to produce new value-added construction materials. One of the main disadvantages 
of using recycled rubber to produce new materials resides in its low binding capacity, resulting in materials with 
low mechanical strength. This article explains the experimental development of a new building material made of 
recycled rubber from discarded tires. Taking advantage of the physical and chemical properties of the rubber, to 
produce low-weight, low-density, and high tenacity building material, capable of producing free-form building 
elements for facades.  
KEYWORDS: Sustainable architecture, resilience, high-tenacity material, recycling, free-form material. 

1. INTRODUCTION
Every year about 1,000 million tires are discarded

worldwide (Europe contributes with 250 million), 
recovering only 60%, and the rest ends its life cycle 
abandoned or in landfills, generating up to 35 kg of 
CO2 emissions per ton [1]. Efforts to reuse these 
materials are increasing, with regulations such as the 
European Framework Directive on Waste 
Management [2] which poses: recovery, sorting, 
reuse, energy recovery, and recycling.  

The use of recycled rubber as an aggregate for the 
development of new materials has been increasing in 
the last two decades, with applications like mortar 
and concrete materials [3], composites with 
vulcanized natural rubber and other recycled plastics 
[6], mixtures for coating applications, asphalt 
production, and constructive elements with insulating 
properties [4-5]. However, most of these materials 
are made from cement mixtures, finding just a few 
examples with a different procedure as the polymeric 
resins. Regarding commercial products that include 
recycled rubber, there are few examples such as 
waterproofing coating and furniture/covers for 
parking/playgrounds mainly. The reason is due to the 
high elasticity of the rubber, which hinders its 
bonding with other types of materials.  

Commercial applications like chemical compounds 
widely used by naval manufacturers to produce 
composite materials, represent an unexplored 
opportunity for the development of new construction 
materials made with recycled rubber aggregates since 
they can modify or equalize the elastic modulus of 
rubber. The present work deals with the 
development of a new experimental composite 
material made from a fibre-reinforced rubber-
sulphate-resin matrix. With which high tenacity, 

lightweight, and free-form construction elements can 
be produced for building cladding. 

2. MATERIALS AND METHODS
Within state-of-the-art researches, thermoplastic
polyester resins were identified to be used to
produce new composite materials from recycled
rubber. On account of the ease of use and the
extensive range of products developed, it was
decided to use this type of resin for the experimental
development of the new building material.

2.1 Materials 
As a first step, a protocol is established for the 

design of new composite material (dip into state-of-
the-art findings) using the following materials:  

Unsaturated polyester resin activated with a
Methyl-Ethyl-Ketone (MEK) catalyst and a
Magnesium Octoate accelerator.
Recycled rubber in different granulometry.
Precipitated aluminium trihydroxide Al (OH) 3,
as fire stabilizer.
Calcium dihydrate (CaSO4 2H2O)
Hemihydrate + Anhydrite (CaSO4 ½H2O + SO4

Ca II)
Hemihydrate (CaSO4 ½H2O)
Calcium carbonate (CaCO3)
Jute punched felt (90%) reinforced with
synthetic polyethylene fibres (10%) used as an
envelope.
Bicomponent PET (PE/PET) thermofusible
fibres.
M-12 multifilament PP fibres.
MAT glass fibres 16 mm long.
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2.2 Manufacturing method 
As a new experimental composite material, the 

manufacturing process led to many tests to identify 
the amount of resin, aggregates, fibres, and rubber, 
needed to produce a material with adequate 
cohesion and structural rigidity. The first problem 
concerned was the curing time of the resin, since 
mixing the aggregates without giving enough time for 
the polyester resin to activating (1% of Methyl-Ethyl-
Keaton and 0.1% of Magnesium octoate) resulted in 
plates without any structural rigidity and with a 
strong odour of polystyrene.  

The earliest manufacturing method (Figure 1) 
consisted in: 

1. Divide the recycled rubber into three sizes:
coarse (3 to 5 mm) medium (1-3 mm) and fine
(0-1mm).

2. Wash and dry the rubber at a temperature of
50˚C for 20 minutes.

3. Mixing the sulphates, fillers and fire retardants
with the resin (previously activated for 10
minutes), turning the mixture until obtaining a
fluid consistency (without lumps).

4. Addition of the recycled rubber (from bigger to
smaller granulometry) until the mixture is
homogeneous.

5. Pouring the mixture over the jute felt
(previously introduced into the metal mold).

6. Spreading the mixture evenly inside the mold,
adding the reinforcing fibres.

7. Covering the mixture with the felt, applying a
weight to the mold to maintain a uniform
planimetry.

8. Unmoulding the plates and leave curing at room
temperature for another 30 minutes.

9. Once cured, the plates were weighted, sized,
and stored for 28 days in a chamber with
temperature and humidity controlled (20˚C and
50% RH).

With the resulting materials (square plates of 
30x30x1 cm) a measuring protocol was established to 
characterize the physical and mechanical properties 
of the mixtures, which includes recording the 
dimensions and weights of each specimen once 
removed from the mold (after the curing process), 
and before performing the mechanical flexural tests 
(28 days later). 

Figure 1: Plates manufacturing process. 

The newly manufactured specimens were weighed 
and measured (Figure 2) to obtain their initial 
physical characteristics (dimensions and density), 
repeating the process after 28 days of manufacture, 
before being subjected to mechanical tests. 
There are four facts to highlight at this point (1) To 
avoid any personal damage in the manufacturing 
process, a plastic protective suit, protective glasses, 
and a mask with two filters for gases and vapours 
were used. (2) The initial experimental process used 
to identify the bonding behaviour of the materials 
demonstrates that it is not possible to produce a 
composite material by using only resin, rubber, and 
fibres. This mixture results in a specimen with no 
cohesion and harmful for humans by its extremely 
intense polystyrene odour.  (3) After 28 days, the 
samples shrunk (reducing their thickness and length 
by up to 15%) and reduce their density (losing up to 
20% of their weight). (4) During the experimentation 
process, there were identified several improvements, 
as the resin needs a minimum of 15 minutes to be 
properly activated, and that the thermofusible fibres 
must be integrated into the mix simultaneously with 
the recycled rubber. 

Figure 2 Characterization and storage of specimens. 

Once established the manufacturing process, a 
mix design was defined to identify what proportion of 
aggregates favoured manufacture and improve the 
mechanical resistance of the plates.  

Table 1 shows five groups of composites 
subordinating their acronym to their percentage of 
resin (27%, 28%, 29%, 30%, and 32%). Each group had 
seven mixtures with different proportions of rubber 
(49% to 52%), sulphates (16% to 21%), and fillers (3% 
to 5%). 
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2.3 Physical and mechanical characterization 
Through recording the physical characteristics of 

the plates (dimensions, weight, and density), it was 
possible to know that after 28 days, the specimens 
lost up to 20% of their weight, reducing their density, 
thickness, and length. The weights were taken using 
an electronic balance, and the measurements were 
taken with a digital calliper (by averaging six records 
for each variable; length, width, and thickness). 

Figure 3: Maximum deformation of a specimen subjected to 
flexural testing

The mechanical tests were conducted after 28 
days (Figure 3) following the UNE EN 520: 2005 + A1: 
2009 Standard for laminated gypsum boards, for 
flooring and exterior applications (this standard was 
used due to the lack of a standard for composites, 
and for using plaster as a binding element). Jointly 
with the UNE EN 310 guidelines for the flexural 
strength of boards determination, using the following 
mathematical expression. 

Where: 
F max. Maximum load in Newton. 
b. Width of the specimen in millimetres.
I1. Distance between the support axes in millimetres.
t. Thickness of the specimen in millimetres

To fully understand the elastic behaviour of the
plates, the average duration of the flexural tests was 
60 seconds (± 3 secs), intending to allow the 
maximum deformation of the plates (up to 11 
millimetres). Also, additional calculations to 
determine the toughness index were made to the 
mechanical tests. The area under the load-
deformation curve from the first crack is integrated to 
obtain this value, to after dividing it into sections of 3, 
5.5 and 10.5 times the initial area of fracture 
(representing indices i5, i10, and i20 respectively). 

2.1 Instruments and calculation method for thermal 
transmittance tests 

Knowing the thermal behaviour of the mixtures 
would lead to identifying the advantages over other 
commercial construction materials, an insulated box 
with two compartments (one closed and one opened) 
was built to perform the thermal transmittance tests 
(figure 4). The following devices were used to carry 
out these tests: 

Box made with chipboard and XPS insulation, with
two identical compartments of 80x60x60 cm.
Testo 635-2 data logger for temperature and
humidity measurement.
Data logger Testo 177H to measure ambient
temperature.
Testo probe 06369736 for measuring ambient
temperature.
Testo probe 06141635 with sensors to measure
ambient temperature and surface temperature at
three points.
Testo 06369736 wireless probe for measuring
temperature and humidity.
Testo probe 06287507 for measuring surface
temperature.
Electronic thermostat to regulate temperature.
350W power radiator used to increase the
temperature of the closed compartment.

Figure 4: Compartmentalized box to carry out thermal 
resistance tests in steady-state conditions 

The test consists of measuring the temperature 
variations on both sides of the plates, until reaching a 
steady temperature regime (when the temperature 
on both sides was equalized), using the following 
procedure. 

1. Plate placement in a conditioned hole in between
the two box compartments.

2. Plate perimeter sealing to prevent air from
passing through the edges of the plate.

3. Probes plugging with the recording instruments.
The probes to measure the indoor ambient
temperature, the internal surface temperature
and the outdoor ambient temperature were used
on the Testo 635-2, while the probes to measure
the outdoor ambient temperature and the
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outdoor surface temperature were used on the 
Testo H177. 

4. Instruments programming to record the
temperature variations every minute.

5. Thermostat and heat source connection to have a
controlled temperature of 35ºC.

6. Start of the test and data recording.
7. Finishing the test when reaching stationary

conditions.

The sensitivity of the instruments was discovered
to be affected by the external conditions 
(temperature and relative humidity) of the testing 
box. Therefore, the tests were conducted in a 
conditioned room at a temperature of 22ºC and 50% 
of RH.  

Table 1. Percentage of aggregates per total volume of 
mixture 

3. RESULTS
The type of aggregate had a determining

behaviour in the final characteristics of each mixture, 
since its curing process. While fillers (calcium 
carbonate or aluminium trihydrate) did not produce 
any physical reaction, the rest of the materials 
affected both the physical characteristics (bulk and 
shrinkage) and the mechanical properties (generating 
a higher number of cavities that decreased the 
mechanical strength), of the specimens. 

In table 2 are contained the physical and 
mechanical results of each group of composites, 
showing that the plates are lightweight, with low 
density, and with adequate flexural resistance. The 
type of mixed aggregate determined the physical and 
mechanical characteristics of the specimens.  

In general, mixtures containing Dihydrate, have 
higher mechanical resistance, whereas the 

Hemihydrate and the Hemihydrate + Anhydrite 
provoked great physical alterations in bulking and 
shrinkage. An increase in the amount of rubber in the 
mixture also improved the mechanical properties of 
the specimens, being 55% of the total volume, the 
proportion with better flexural strengths. Whilst a 
higher percentage of resin means not an 
improvement in resistance, being the mixtures with 
30% resin those that had higher-quality mechanical 
results. 

 The highest resistance to bending obtained from 
all the mixtures was 2.74 MPa (like the commercial 
enclosure elements made of gypsum + fibres). 
However, the mechanical tests show a novel 
behaviour of the material, and the ability to remain in 
stress until its maximum deformation before breaking 
(by up to 11 millimetres). 

 Table 2: Physical and mechanical properties of mixtures, 
there were designed five series of seven mixtures. 

A high tenacity is the capacity of the specimens to 
continue in load after cracking, a feature that differs 
from most of the enclosure construction materials.  

Figure 5: Strain-Stress comparative between the best 
mixtures. 

Vol.3 | 1451
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


The stress-strain chart shows the deformation 
capacity until the final rupture of the top 5 mixtures.  

Although there is a noticeable increase in the 
load-deformation capacity related to a higher 
percentage of resin in the mix (referring to the 
mixtures PSU27 to PSU29), the best performance was 
achieved with 30% and not 32% which is the 
maximum percentage of resin in the mixtures.  

The stress-strain graph (Figure 5) shows the 
plastic deformation of the specimens, as well as the 
mechanical rearrangement capacity that occurs in the 
cavities within them. It is also possible to identify the 
importance of the fibres (wrapping and reinforcing) in 
the quality of continuing to load throughout the test. 
To confirm this statement, the results of the tenacity 
index shows an average I5 of 4.00 and an I10 of 6.5 
(Table 3).

Table 3. Physical-Mechanical results of the best mixture of 
each series 

 The time to reach a steady-state regime (Figure 
6), in the thermal transmittance tests took an average 
of 150 minutes (± 10 min), while the thermal 
transmittance obtained from the top mixtures varies 
from 0.06 to 0.08 W / m2K. 

Figure 6: Graph of steady state of transmittance 

4. DISCUSSION
Reusing recycled materials to create new

construction elements is one of the proposed 
solutions to reduce the negative impact of 
construction on the environment. Also, the new 
materials are worth to obtain higher qualifications in 
the buildings' environmental certifications. 

The use of new materials production processes, 
unusual in the construction sector, opens an 
opportunity to improve commercial construction 
elements. Such is the case of the composite materials 
that, by using thermosetting resins, can produce 
unique construction elements with one or more 
curvatures, called free-form materials. Even if the 
experimental material has an orthogonal shape (used 

to facilitate its transformation and physical-
mechanical characterization), this can be transformed 
into a free-form material, if it is cured inside a mold 
subject to pressure and at a temperature constant. 
This feature has great market potential, due to the 
high demand, for free-form construction elements. 

A good production process can significantly 
increase the mechanical properties of composites. 
There was used the same quantity of reinforcing 
fibres in all the mixtures. Yet, it was the mixtures with 
30% resin and with dihydrate as mayor aggregate, 
which considerably exceeded the mechanical 
resistance and toughness among all the specimens.  

The properties discovered through physical and 
mechanical tests demonstrate that the material has a 
low density (0.086 to 0.091 g/cm3), low thermal 
conductivity (0.06 to 0.08 W/m2K), and mechanical 
resistance to bending as commercial construction 
elements made of plaster (2.44 to 2.74 MPa). 
Nevertheless, the most interesting feature resides in 
its ability to remain in stress after its first crack and 
sustain it until its maximum break.  

Some of the factors identified to explain this 
behaviour are the following: 

The rubber-sulphate-resin mixture creates
hollows inside the plates when curing. These
formations behave like trusses with supports
entering in load when the surrounding structures
fail (Figure 7).
The fibres generate a latticework within the mix
that increases the number of elements that can
enter in load.
Envelope fibres create a shell structure when
fuses with the inner material (generated by the 
rubber-sulphate-resin mixture and the fibres).

Figure 7 Hollows within the PSU30-01 specimen. 

The embodied CO2-e emissions of the composite 
material are around 5 KGCO2 / kg (similar to that of 
the construction elements derived from the plaster 
and gypsum), it's reduced due to the use of 55% 
recycled rubber and 15% Dihydrate derived from lime 
(5 MJ / kg of embedded energy and around 1 KGCO2 
/ kg of embodied CO2). However, its manufacture 
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integrates other materials with worse yields such as 
3% of Aluminium Trihydrate (70 MJ / kg of embedded 
energy and 2 KGCO2 / kg of embodied CO2) and 30% 
of unsaturated polystyrene resin (100 MJ / kg of 
embedded energy and 5 KGCO2 / kg of embodied 
CO2), which increases the amount of embodied CO2-
e emissions. 

5. CONCLUSION

Composites generally exceed the mechanical
resistance of linear structures, by increasing the 
number of supports and spatial orientation of their 
structures. The structure of the new material 
produced is composed of an outer shell and inner 
trusses, which increases its toughness. This 
configuration allows the material to resist constant 
changes between load and rest states. This 
characteristic can be used in the manufacture of 
earthquake-resistant construction elements, 
preventing building envelopes from coming off after 
their first break. 

The developed material is resilient, as the stress-
strain graph shows a uniform load until reaching the 
breaking point (after 11 mm).  Besides, the low 
density, low thermal conductivity, and the great 
tenacity of these materials give them a uniqueness 
within a sustainable architecture of enclosures. Still, it 
will be necessary to carry out more tests on fire 
resistance, weather, dust, and environmental 
degradation, etc. 

Through the new experimental production 
process, constructive elements with low thermal 
conductivity (vary from 0.068 to 0.070 W/m2K), can 
be manufactured regardless of the combination or 
type of aggregates used. 

Although it is necessary to improve the 
mechanical resistance (by using different types of 
resins and aggregates), the low thermal conductivity, 
the high tenacity, and the high capacity of 
deformation confer the developed material the 
possibility of producing free-shaped constructive 
elements. Representing an attractive option to satisfy 
the construction demands worldwide, where new 
architectural projects increasingly rely on unique 
constructive elements with a non-linear morphology. 
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Rice husk and coconut fiber to improve heat capacity in 
green wall substratum 
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ABSTRACT: Soon, the facades are going to be the most exposed element of the envelope due to the densification 
of the cities. The green façade will become a mandatory subject to be careful of in the design of buildings. This 
paper presents the thermal results of the analysis of a novel substratum composed of 50% rice husk and 50% 
coconut fiber. Three different thickness of 0.10 m, 0.15 m, and 0.20 m where proofed over a week under real 
conditions for a hot sub-humid climate against a reference cell. The experiment was carried out through a week 
of the hot sub-humid season for Colima, México. The results have shown that the thickness of 0.10 m and 1.15 m 
presented the best performance with thermal damping of 4.5 K and 1.3 K against reference cell and 0.20 
thickness, respectively. The Tukey test for significant differences indicates that the three cases performed 
similarly by gathering in the same group. 
KEYWORDS: Green wall, Substratum heat capacity, thermal mass. 

1. INTRODUCTION
The increase of the demographic population in 

small cities has forced buildings to modify their 
proportions into a more vertical than horizontal way. 
These changes make facades the most important 
element in heat transfer between the interior and the 
exterior. Various solutions for the facades have been 
developed to mitigate and to reduce heat transfer 
[1]. The double skin facades [2] add a second facade 
to allow air between them and remove excess heat 
by convection. There are modifications of the double 
facades that allow the addition of water, wind, or 
other elements for heat reduction [1, 3, 4]. 

Vegetation has been constantly used as a heat 
mitigation instrument in architectural envelopes and 
open spaces as it can absorb up to 80% of solar 
radiation through various natural processes [5] Green 
roofs are one of the most common forms of use 
vegetation. They increase the green area of cities 
while reducing the radiation gain on roofs as a 
strategy to reduce urban heat island [6]. 

Another way to use vegetation in the 
envelopment is green walls. The complexity of the 
structure that supports the plant element, the 
irrigation system, and the substrate where the 
vegetation is implanted are some of the problems 
that this vertical system presents. The substrate has 
greater importance since it is the place where the 
plant takes its nutrients and allows the support of the 
plant. Also, the substratum is the area where the heat 
capacity of the system is presented.  

This paper presents the analysis of an 
experimental substrate composed of 50% of rice husk 
and 50% coconut fiber for a green wall in a novel 

prototype of container for vertical vegetation. 
Variations in thickness were made to identify the 
affectation in the inside dry bulb temperatures of the 
experimental cells. 

2. METHOD
The experiment was carried out in the city of Colima,
Mexico situated on the west coast of the country in
front of the Pacific Ocean. Its geographic location is at 
19.5° North latitude and 103.5° West longitude and 
350 meters above sea level. The characteristic
climatic conditions were hot and sub-humid with an 
average temperature of 27°C and 60% RH (See fig.
1).

Figure 1. Temperature and RH of the experimental site. 

It was performed in the experimental cells of the 
University of Colima. Four experimental cells were 
used simultaneously, three as cases and one as 
reference (See figure 2). The inside dimensions of the 
experimental cells are 1.35 m all sides with a small 
entrance in the north façade of 0.45 m x 0.90 m. The 
dimensions of the experimental cells are scale 2:1 of 
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the minimum habitable dimensions according to the 
local normative. The constructive characteristics such 
as materials are described in table 1. 

Figure 2. Experimental cell before installation of the 
prototype. 

Table 1. Constructive characteristics of the experimental 
cells. 
Element Material Thickness[m] 
Floor Reinforced concrete 0.07 
Wall Clay brick plastered 

outside with mortar 
0.085 

Roof Reinforced concrete 
waterproof 

0.08 

A door was made of two sheets of polystyrene of 
0.025 m wide each sheet to close the enclosure and 
avoid the entrance of outer air. Also, each door was 
sealed with a plastic mortar and metal tape to avoid 
infiltration or thermal alterations. 

2.1 Prototype 
The prototype was a hexagonal frame made of 

aluminum sheet 0.003 m wide as shown in figure 3. 
At the bottom and the upper faces, there is a 
composed layer of felt and steel mesh that retains 
the substratum and reduces the loss of water in it. 
Between the composed layer is placed the 
substratum compound of 50% rice husk and 50% 
coconut fiber. The use of these natural fibers as a 
substratum is due to the exploitation of waste 
material from primary activities in the region. The 
variable analyzed was the thickness of the 
substratum in three values of 0.10 m, 0.15 m, and 
0.20 m. 

Figure 3. Axonometric drawing of the prototype. 

The green façade was composed of several 
prototype devices. The prototype was placed in a 
swarm arrangement in the south and west façade as 
shown in figure 4. These two orientations are the 
most affected facades by solar radiation for this 
latitude. The geometric form of each prototype 
allows us to place each next to other 6 containers to 
improve loads resistant and heat transfer between 
them.  

The green wall was placed directly over the walls 
without any further preparation but painting. An 
irrigation system was settled in front of the green 
wall at the beginning of the experiment but later was 
retired due to problems with the vegetation.   

Figure 4. Anchoring and colocation of the prototype in the 
structure of the experimental cell. 

Also, at the beginning of the study a specific plant 
was selected to be part of the experiment, but due to 
different circumstances it did not survive a break 
period on the campus. The vegetation selected for 
the experiment was the CISSUS PARTHENOCISSUS 
QUINQUIFOLIA as it can be seen in figure 5 that was 
taken at the beginning of the study. 
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Figure 5. View of the prototype placed outside the cell at 
the beginning of the experiment. 

2.2 Equipment 
The variables monitored were the dry bulb 

temperature and the RH inside of the experimental 
cell. Inside the cells, data loggers U12-12 were used 
placed at the volumetric center of each cell. The 
frequency of the monitoring was every 30 minutes 
over a week.  

The specifications of the data logger were 
measurement range for Temperature of -20° to 70°C 
(-4° to 158°F), for RH of 5% to 95% RH. Accuracy for 
the temperature of ± 0.35°C from 0° to 50°C (± 0.63°F 
from 32° to 122°F), for RH of ± 2.5% from 10% to 90% 
RH typical, to a maximum of ±3.5%. 

Calibration of the equipment was carried out 
before they were placed inside each experimental 
cell. Data were registered over 7 days every 15 
minutes under the same conditions for all the 
equipment. After that, a correlation test was tried for 
all the equipment against datalogger 1 selected 
randomly as reference. The results of the calibration 
were r2 0.9957, 0.9993, and 0.9934 for dataloggers 2, 
3, and 4, respectively. 

3. RESULTS AND DISCUSSION
In figure 6, the results of 7 days logged are

presented. In solid lines are presented the real 
performance of the 3 cases and the reference cell. In 
discontinuous lines, the trendline is presented for 
each case. In color black, the reference cell presents a 
maximum temperature between 36 °C and 38°C 
throughout the week. The best reduction of 
maximum temperatures was registered by the T 0.10 
and T 0.15 with temperatures between 32 °C and 33 
°C. The T 0.20 rarely presented higher temperatures 
than the other two cases in the range of 33 °C and 
34.5°C. 

On the other hand, the lowest temperatures were 
recorded by the reference cell in the range of 21°C 
and 23 °C. However, the differences between all the 
cases in minimum temperatures were lower than 
0.35 °C between each cell as can be seen in figure 7. 

About trend lines, it is clear that the worst 
performance, in general, was the reference cell with 
approximately 1 K over the mean performance of the 
cases. Concerning the cases, there is no apparent 
difference between them so far.  

To see closely the performance of the cases and 
the reference cell, a representative day [7] of the 
season was selected according to the next criteria: 

Rd = ∑(Tms - Tmd) + ∑(TSs – TSd) ≈ 0  (1) 

Where: 

Rd = Representative day of the season 
Tms = Mean temperature of the season 
Tmd = Mean temperature of each day registered 
TSs = Thermal swing of the season 
TSd = Thermal swing of each day registered 

Using equation 1 for each day of the study, it is 
possible to identify the day that was closest to the 
performance of the season in terms of temperature 
and thermal swing. For the study, day 4 is the 
representative day of the season and it is presented 
in figure 7.  

For day 4, the worst performance was the 
reference cell with a maximum temperature of 37 °C, 
a minimum temperature of 21 °C and a thermal swing 
of 16 K. The best performance was presented by the 
T 0.10 and T 0.15 with maximum temperatures of 
32.5 °C, minimum temperatures of 22 °C and 22.5 °C 
for the T 0.10 and T 0.15 respectively and thermal 
swing of 10.5 K and 10 K in the same order. Finally, 
the performance of the T 0.20 presented a maximum 
temperature of 33.7 °C, a minimum temperature of 
21.5 °C and a thermal swing of 12.2 K. 

About thermal damping, it can be seen in figure 7 
that the thermal reduction of the reference against 
the best performance that was the T 0.10 and T 0.15 
was around 4.5 K, and against the other case left 
around 1.3 K. In terms of thermal lag, there was not 
an hour between the cases or the reference. 
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Figure 6. Results of the measurements over a week 

Figure 7. Representative day 4 of the results. 

In order to identify If there were a significant 
difference between the performance of the thickness 
in the substratum and the reference, a Tukey test was 
tried (See table 2). 
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Table 2. Tukey-test for the cases and the reference cell. 
SUMMARY

Groups Count Sum Average Variance
T 0.15 335 9356.461 27.929734 10.70419
T 0.10 335 9328.6176 27.84662 11.693967
T 0.20 335 9399.5981 28.058502 15.512684
Reference 335 9737.7801 29.068 26.914819

ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 324.52214 3 108.17405 6.6747671 0.0001795 2.6115632
Within Groups 21651.771 1336 16.206415

Total 21976.293 1339

Variable Group
HSD= 0.8046 T 0.15 A

Multiplier= 3.630 T 0.10 A
Mse= 16.1651 T 0.20 A

n= 329 Reference B

For the test, the α value was settled in 0.5 and the 
multiplier was defined as 3.630. The minimum value 
for significance difference (HSD) was obtained and 
determined as 0.8046. Then, the groups were formed 
from the HSD, and the results have shown that all the 
cases performed similarly and were gathering in the 
same group, i.e., there was no significant difference 
between them. Nevertheless, according to the table 
and its results, the three cases performed differently 
against the reference cell. 

4. CONCLUSION

The potential of the container proposed, and
especially the composition of the substratum, was 
suggested according to the results presented.  

Contrary to what is stated in the literature, the 
cases T 0.10 and T 0.15 worked slightly better in 
terms of thermal damping and thermal swing than 
the case T 0.20 with 50% and 25% less thermal mass 
than cases T 0.10 and T 0.15, respectively. 

It is important to declare that this kind of solution 
does not reduce inside temperatures by itself, i.e., 
does not cool down the inner space but reduces heat 
gain by radiation from the outside. 

The use of this kind of container in green walls 
allows sectioning the vegetation giving the 
opportunity to plant a different kind of herbage. Also, 
the reuse of rice husk and coconut fiber as 
substratum is possible reincorporating them into a 
production process and reducing waste materials. 
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ABSTRACT: Geopolymer is an alternative cement, because it emits low taxes of carbon dioxide on its 
production and can be cured at environmental temperature. On its production it can be applied different 
types of waste. However, it does not have a widespread application, being more used in structural repairs. 
The main reason of low adhesion to geopolymer is the lack of knowledge about physicochemical behavior.  
There are researches about cellular geopolymer production, in most, using Portalnd cement methods. The 
objective of this research is to obtain a light geopolymer, through the addition of different dosage levels of 
aluminum powder, and identify the behavior in relation to compressive strength and density to compare if 
there is similarity to the autoclaved cellular concrete block, applied on Brazil. To the experiment it was 
utilized as precursor the Brazil’s metakaolin. The activating agent was a mixture of sodium hydroxide and 
sodium silicate. As introduction agent were used several levels of aluminum powder. The dosage was based 
on silica/sodium module in 0,50. The precursor material was dosed from the liquid/solid relation fixed on 
0,31. The method showed positive results giving source to a porous material with considerable resistance. 
KEYWORDS: Geopolymer, Lightweight Material, alternative Materials, Sustainability, Aluminium Powder. 

1. INTRODUCTION
Nowadays the Portland cement is the most used

binding agent in the world, its production is about to 3 
Gt (gigaton) per year, according to researchers this 
amount tends to grow, being able to reach 6 Gt in 
2050. The big problem involved on its production is 
about the huge formation of CO2, especially on the 
stage of limestone thermal decomposition. To 
produce 1 kg of cement, is released 0,94 kg of CO2, this 
gas is known to have negative actions to the 
environment. Still is pointed the limits about the use 
of Portland cement, especially about the action of 
acids and sulfate attacks, as well as carbonation 
phenomenon and corrosion [1, 31, 33]. 

Geopolymer is a type of alternative cement, known 
for its environmental aspect, once the material emits 
low percentages of carbon dioxide to the atmosphere 
during the phase of production and it’s cured on 
environmental temperature. Other aspect to be 
pointed is about the use of a large amount of  waste 
on its production, applying from clays to industrial or 
agricultural residues, destinating and adding value to 
them. This type of cement actually does not have a  
widespread application, Being more used on structural 
repair. The reason of industry’s low accession to this 
material is the lack of knowledge about its properties 

and physico-chemical behavior, once the formation, 
formulation and composing are complex [3, 18, 23]. 

The geopolymer are cements produced by the 
activation of a material rich in aluminosilicate, through 
a highly alkali agent, commonly composed by a 
hydroxide or a alkali silicate. What originates the 
geopolymer is a dissolution reaction, where the 
aluminum oxide (alumina) and silicon oxide (silica), 
both alkaline soluble, loosening of the aluminosilicate 
surface and recombining, forming silica and aluminum 
tetrahedrons, connected by oxygen. To maintain the  
structural stability, an alkaline earth metal is 
introduced on the interior of each tetrahedron, then 
forming the chemical structure known as sodium 
aluminosilicate (NAS(H)), process that is different from 
the  hydrated calcium silicate production (CSH) wich 
it’s a hydration product [23, 28-29]. 

On civil construction the materials considered light 
are those that, through some process or manipulation, 
has its density decreased in relation to other materials 
equally designated to the same use. There are a lot of 
different ways to realize that reduction, being able to 
consist on partial substitution of the material to 
another with less density, like the light aggregates [13-
14, 30], the addition of a  pre-formed foam that 
interacts with the material [12-71], and also the empty 
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space generation through dispersion [5, 22,25] or gas 
production [2] inside this material [20]. 

There are many researches based on production of 
cellular geopolymer, most of them looks for use 
methods applied on Portland cement. The most 
defunded methods to introduce empty spaces inside 
the geopolymer can be divided in  groups: 

● foaming gaseous method;
● solidification procedures;
● freeze-casting method;
● gel-casting;
● preformed foam;
● metal powder foam agent and a combination

of those methods [3]. 
The use of aluminum (metallic powder) on the 

confection of lightweight blocks are well diffused, the 
autoclaved cellular concrete block (ACCB) is an 
example of this usage. The production process of ACCB 
directly affects its final specific mass, because 
according the dosage type and constituent reaches 
specific masses in range from 400 kg/m³ to 650 kg/m³. 
The use of this material in geopolymer begins like a 
propose of upgrade the thermal properties and reduce 
the structure’s weight, since through the metal 
corrosion process, gaseous hydrogen is produced, 
which generates internal pores.  This gas formation is 
due to the strong interaction of metallic aluminum 
with water, however, what evicts this reaction, in 
environmental conditions, is the generation of a 
aluminum oxide cover on the metal particle, avoiding 
the interaction with water and keeping stable, thus is 
necessary a catalyser for break that barrier, using a 
base or a strong acid. As the geopolymer production 
demands a highly alkaline  activator, this reaction 
happens naturally inside the material [2, 15, 26]. 

Through looking for on literature, it was not able to 
find relevant studies  about neither introduction of 
different dosage levels of aluminum powder on 
geopolymeric mortar and the resistance and density 
effects on the formed product. So the objective about 
this research is to obtain a lightweight geopolymer 
witch aluminium powder (LGAP), through the addition 
of different dosage levels of aluminum powder on the  
mixture, and identify how this addition affects the 
compressive strength and density. Lastly this research 
tries to answer the following question: what behavior 
of the geopolymer from the addition of aluminum 
powder on the mixture, and if the formed material has 
density and resistance similar to ACCB commercialized 
on Brazil? 

2. METHOD
For the experiment it was used as precursor the

metakaolin provided by the enterprise Metacaulim do 
Brasil (MB), the material already showed enough 
fineness to pass the n° 200 ABNT sieve as well the 

higher oxide levels obtained by X-ray fluorescence 
(XRF) analysis. The used activating agent was produced 
with sodium hydroxide and sodium silicate mixture. 
The sodium hydroxide solution was prepared with a 12 
molars concentration. The sodium silicate used is 
commercial type C-112 with 15,50% silica theor (SiO2), 
33% sodium oxide (Na2O) and water componsing the 
remain percentage, with specific weight varying from 
1,560 to 1,585 g/cm³ and the silica to sodium oxide 
ratio of 2,13 (by mass). The void introducing agent 
used was aluminum powder, which was not subject to 
characterization tests.     

2.1 DOSAGE 
The dosage was based on silica/sodium module, 

determined from that the quantity of used activator, 
the value was 0,50, calculated from de molar mass. the 
precursor material was dosed from liquid/solid ratio, 
established in 0,31. The aluminum powder was 
introduced on addition form, therefore it was not 
considered, their values was based on specimen total 
mass, corresponding to 0,00%, 0,10%, 0,20% and 
0,25%. 

2.2 SPECIMEN MOLDING 
The specimen confection starts from the mixture of 

sodium hydroxide solution with sodium silicate 
producing the activator, the aluminum powder was 
added and scattered to the precursor through a simple 
manual mixing process. The precursor (with aluminum 
powder) was introduced in tiny portions on activator 
followed spatula mixing, at the end of the introduction 
of the entire volume of the materials, a thixotropic 
mass was created, then that material was transferred 
to the mold and compacted on a vibrating table for 
approximately 2 minutes. To ensure the method 
application and due to the difficult  mixing, each 
specimen was produced separately. 

The specimen were shaped on PVC’s mold with 5 
cm diameter and 10 cm height. The material was 
retired from the mold after 30 minutes from the 
molding and released a huge quantity of heat in the 
first moment, being able to notice de water steam 
being released, the cure was realized in environmental 
temperature.     

2.3 CHARACTERIZATION TESTS 
To the specimen characterization were realized the 

compressive strength tests, on age of 1, 7 and 14 days, 
when the specimen had their extremities rectified, 
thus it was tried to balance the load application to 
obtain reliable results. After the specimen 
preparation, the samples were weighed and had their 
dimensions measured. The axial compressive strength 
test was performed on an EMIC model PC200C. Still 
each specimen had its density measured through the 
weight and dimensions on natural state. 
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2.4 EXPERIMENTAL PLANNING 
The experiment development was based on 2 

variables, first of them was aluminum percentage,  
which sought to understand and regulate the 
formation of pores as well as to visualize the effects 
and influence of this atypical material on the 
production of the geopolymer. The second adopted 
variable was the cure time, it was chosen due a 
comparative question of the temperature effects on 
cure and resistance gain of the geopolymer. 

The aluminum percentage was studied on 4 
different levels (0,00%, 0,10%, 0,20% e 0,25%), those 
levels were based on practical experiments and in the 
literature  which indicated a excessive heat generation 
to values bigger than the adopted ones. The cure time 
varied in 3 periods, being 1, 7 and 14 days, those times 
are commonly used for the geopolymer in literature. 
The variables used in the experiment were resistance 
to simple axial compression and density, in order to 
statistically validate the experiment, it was performed 
in triplicate, totaling 36 samples.  

3. RESULTS
3.1 Experiment execution

The applied method on lightweight geopolymer 
production showed positive results, creating a porous 
material with considerable resistance. Even being on 
laboratorial scale, the productive mixing and 
densification process was successful, since was 
reported in the literature a certain difficulty to work 
with this material, because its thixotropic aspect 
makes the mixture become rigid, making the mixing 
process difficult [6, 24, 32], in addition, the accelerated 
curing time (less than 30 minutes) affects the handling 
time, a factor that is intensified by the high 
temperature in the aluminum reaction, which 
accelerates the curing even more. 

This series of problems was circumvented through 
the production of individual specimens. Where the 
components already weighed and separated suffered 
a brief manual mixing and then they were taken to the 
vibrating table, a fundamental process in the mixing, 
since the vibratory process made the mass fluid, 
providing the best mixture of the components. This 
effect can be explained by the rheology of non-
Newtonian time-dependent fluids (thixotropic) which 
have their viscosity decreased with the time of shear 
stress application [6, 8, 27]. 

3.2 Compressive strength 
From the results of compressive strength found in 

the experiment, it was possible to create the graphic 
shown in Figure 1 and still perform an ANOVA analysis 
presented in Table 1. 

Figure 1: Compressive strength of the samples in relation to 
the addition of aluminum powder. 

Table 1: ANOVA for compressive strength. 

Factor Sum of 
Squares 

Degree 
of 

Freedo
m 

Mean of 
Squares 

F-
Value 

P-
Value 

Sig
nifi
can

t 
Cure 
Time 
(CT) 

41,985 2 20,993 11,10
73 

0,000
385 Yes 

% 
Aluminu

m 
additing 

(AD) 

1161,43
9 3 387,146 204,8

405 
0,000
000 Yes 

CT*AD 53,028 6 8,838 4,676
2 

0,003
778 Yes 

Error 45,360 24 1,890 
* Interaction between factors

 The statistical results showed that the 
compressive strength depends on the curing time and 
the addition of aluminum, as well as the interaction of 
these two factors (p-value less than 0.05). This is 
visible when analyzing the compressive strength 
graphic, where it is possible to identify a drop of 
approximately 75% occurred with the addition of 
aluminum powder. This behavior occurs according to 
the literature [1-3, 22], where the addition of an void 
introducing agent causes a drastic drop in the 
compressive strength.  This is attributed to the 
production of pores inside the matrix. Thus, when 
applying a load, the energy ends up being distributed 
in a less effective way, since the contact area of the 
solid material is reduced compared to less porous 
matrices [7, 11, 16]. 

Another interesting point is about the curing time. 
In the samples where there was no addition of 
aluminum powder there was a strength gain over the 
days, however it is observed that in the samples with 
addition of aluminum powder the strength suffered a 
decrease after 14 days of curing. When evaluating the 
effects of the amount of powder used, it is possible to 
identify that the strength values range from 2 to 6 
MPa.  
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3.3 Density 
The density results found in the experiment are 

shown in the graph in Figure 2 and the statistical 
evaluation, performed by ANOVA analysis, is shown in 
Table 2. 

Figure 2: Sample's density in relation to the addition of 
aluminum powder. 

Table 2: ANOVA for density. 

Factor Sum of 
Squares 

Degree 
of 

Freedo
m 

Mean of 
Squares 

F-
Value 

P-
Value 

Sig
nifi
can

t 
Cure 
Time 
(CT) 

86400 2 43200 25,07 0,000
001 Yes 

% 
Aluminu

m 
additing 

(AD) 

337654
4 3 1125515 653,2

8 
0,000
000 Yes 

CT*AD 21481 6 3580 2,08 0,093
857 No 

Error 41348 24 1723 
* Interaction between factors

The analysis of variance indicates that the curing
time and the aluminum addition are factors that 
influence the results, but their interaction is not 
significant. In this topic it is possible to identify that the 
greater the amount of aluminum powder  lowest the 
density, having a considerable reduction compared to 
the material without aluminum powder (in the range 
of 40%), confirming the effectiveness in the 
introduction of voids. The main effect of the curing 
time is due to the loss of moisture, since the natural 
density was measured, consequently the mass of 
water spent in the curing process caused a sharp drop 
in density.  

The introduction of the metallic aluminum powder 
in a highly alkaline or acidic medium triggers an 
oxidation reaction between the metal and the water, 
the result of this reaction is thermal energy, an 
oxidized product (Al(OH)3) and hydrogen gas, this 
being last responsible for the formation of voids within 
the geopolymeric matrix [9]. In this way, each grain of 

aluminum powder becomes the nucleus of a pore, this 
explains the reason for the density reduction with the 
addition of aluminum powder addition, however other 
factors such as the dispersion of the aluminum 
particles and their granulometry can influence 
quantity, dimensions and mainly in pore 
intercommunication [16, 20]. 

3.4 General behavior 
When evaluating the LGAP in general, it is possible 

to find the graph shown in Figure 3. Where the results 
are combined in a single component, facilitating the 
interpretation of the general functioning of the 
material. 

Figure 3: General combination of results. 

It is possible to identify that the density and 
compressive strength of the geopolymer does not 
follow a fixed logic as in Portland cement where the 
strength has a direct dependence on density [11, 16, 
19]. In this case, the aforementioned problem, where 
the density decreased due to water evaporation, does 
not refute this conclusion since, for the same curing 
time, the sample with the lowest density did not 
present the least strength. 

Another point to be praised is regarding the action 
of the amount of aluminum powder on the 
compressive strength. Where its action was not so 
drastic, becoming evident at 7 days of curing, where 
there was an increase from 0.10% to 0.25% of 
aluminum mass (2.5 times) which caused a drop of 
1062.96 kg/m³ to 852.88 kg/m³ of density and from 
5.28 MPa to 4.25 MPa of compressive strength. From 
a practical point of view it is a considerable reduction 
in density compared to a reduction of 1 MPa of 
strength, already under a statistical view the reduction 
was of the same proportion, approximately 0.8 times. 
This effect can be exploited to achieve a minimum 
limiting strength (according to the use used) and 
obtaining a drastic reduction in density. 

This discussion reaches the Brazilian standard NBR 
13.438 - Autoclaved cellular concrete blocks [4] which 
deals with ACCB, material commercialized, 
standardized and equivalent to the LGAP created in 
the experiment. Since the heaviest class is called C 45 
and must have a maximum strength of 4.5 MPa and an 
apparent dry density of less than 650 kg/m³, the 
lightest class is C 12 with a minimum strength of 1.2 
MPa and density of 450 kg/m³. 
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 The parameters brought in the standard do not 
depart too far from those found in the experiment, 
possibly being reached. It can represent a great 
environmental gain since the production process of 
the ACCB is highly aggressive. Using a large amount of 
energy in its production, which must reach a pressure 
of 12 atm and 180 °C to 200 °C [20] and of course using 
Portland cement known for emitting tons of CO2 into 
the atmosphere annually. On the other hand, we have 
the LGAP, which uses materials with less impact and 
with environmental cure. 

Another point that makes this material interesting 
is the curing time. It was observed that the heating 
caused by the addition of aluminum powder 
accelerated the hardening of the geopolymer, allowing 
to be unformed in just 30 minutes and visually 
releasing water in the form of steam. It is possible to 
conclude that this heating really accelerated the cure 
when looking at Figure 3, since on the first day 
strength values were reached near the end. However, 
it is necessary to study longer cure times in order to 
investigate possible pathologies such as efflorescence 
or the appearance of late products that cause internal 
tensions. 

3.5 Applicability 
The use of geopolymers has already been much 

discussed due to its versatility as a raw material, being 
able to use a wide range of residues and achieving 
satisfactory results compared to Portland cement. In 
addition, of course, reducing the impacts caused by 
the exploitation of natural resources, another point is 
about the economic factor, where studies report that 
geopolymeric materials have a final cost 10% to 30% 
lower than ordinary Portland cement [10]. 

Regarding the uses of the developed material, its 
application in internal walls becomes interesting. Since 
it has the potential to reach the normative parameters 
and can replace the materials currently used as the 
ACCB. As discussed in the literature, this material has 
thermal and acoustic insulating characteristics, as well 
as high resistance to fire and acid attacks, parameters 
which are widely discussed in the area of housing 
comfort and quality of life [2, 5, 12, 14, 21-22 , 25, 30]. 

4. CONCLUSION
With this work it was possible to identify the

importance of further studies in relation to light 
geopolymers. The tests performed with the addition of 
aluminum powder showed good conditions of 
strength and density, making the material applicable 
in the practice of civil construction, as it is an 
alternative with less environmental impact and has a 
low density, being an excellent material option for 
closing when a reduction in structural load is required. 
Some points still require more studies, such as the 
rapid curing of the material.  

Rapid cure is a positive point for accelerating the 
production process. Because the unformation can be 
performed in a short time after molding, accelerating 
the production process, however studies on this point 
are necessary due to the difficult workability of the 
material after the addition of aluminum powder, 
which interferes with the expansion of the production 
scale of the material. 
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ABSTRACT: The analysis of innovative technological solutions for nZEB requires the use of multiple BPS tools that 
often produce interoperable outputs in the context of BIM environments. Therefore, it is essential that designers 
learn to define simulation strategies from the perspective of the design objectives more than the use of single 
analysis tools. Significant research efforts indicate that appropriate design improvements, supported by BPS 
tools, could reduce the energy demand both in new and existing buildings. The digital technologies lead 
architects to rethink the design process in terms of the creative aspects, the management of information and 
knowledge, production and implementation. This paper reports on an integrated studio program developed 
within the Master Course in Architecture Bio-ecologic and Innovation Technological for Environment (ABITA) at 
University of Florence, with a particular attention on the educational packages focused on the topic of building 
performance simulation training for design optimization. 
KEYWORDS: Energy, Comfort, Simulation, Training 

1. INTRODUCTION
Recently, there is an increasing interest on

delivering simulation tools and methods that improve 
the prediction of the building energy use by analysing 
the performance of complex envelope technological 
solutions in connection with the building space 
utilization by occupants.  

This type of analysis requires the use of multiple 
Building Performance Simulation (BPS) tools to predict 
performance of building through three-dimensional 
models that allows to study different alternatives and 
options during the design process and can be useful to 
provide an energy-optimized building. 

Significant research efforts indicate that appropriate 
design improvements, supported by BPS tools, could 
reduce the energy demand both in new and existing 
buildings [1]. The digital technologies lead architects to 
rethink the design process in terms of the creative 
aspects, the management of information and 
knowledge, production and implementation [2]. 
Therefore, it is essential that designers learn to define 
simulation strategies from the perspective of 
architectural project. 

This paper reports on an integrated studio program 
developed within the Master Course in Architecture 
Bio-ecologic and Innovation Technological for 
Environment (ABITA) at University of Florence, with a 
particular attention on the educational packages 
focused on the topic of building performance 
simulation training for design optimization.  

In detail, three master theses will be presented in 
order to demonstrate how it is possible increase the 
knowledge of the students and their capacity to use in a 
holistic way innovative BEMs tools to analyse the 
energy performance of envelope, building and urban 
systems. 

2. THE ABITA MASTER COURSE
The ABITA Master Course (MSC), born since 2003- in

accordance with EU directives - as a response to the 
high interest expressed both in the public 
administrations by companies and businesses to the 
wise management of environmental resources and 
planning sustainable built land. It is finalized to offer a 
specific advanced level knowledge in order to complete 
the proposed training courses offered by Italian high-
level schools in Architecture and engineering, so to give 
new input and instruments for environmental project in 
an eco-compatible perspective. The ABITA MSC aimed, 
in fact, at train professionals in the use and 
development of competitive skills and tools to improve 
building design, construction, operation and 
maintenance for energy efficiency in a life-cycle 
perspective, both in new construction and deep 
renovation of existing buildings. 

The educational goal is to define a cultural base 
capable of formulating and managing eco-friendly 
design criteria through the identification of procedures 
and instruments to determine methods of intervention 
and economic viability for both the new and existing 
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buildings, in terms of quality, environmental and energy 
recovery. 

In detail, the environmental design carried out by 
teachers, is linked to the subject area of architecture 
technology and is a powerful tool to stimulate student’s 
projects friendly solutions with sustainable matters, 
natural and smart materials and low-impact use of 
territory. In other words, the peculiarity of this Master 
consists in its actually real connection to the ‘world-we-
live-in’, even if it counts on a wide source in theory and 
analysis.  

2.1 The master teaching method 
An objective of the ABITA MSC is providing students 

an effective method to approach the sustainable 
architecture design issues using energy simulation tools 
to predict, anticipate and optimize the results through 
the overall design process at different design scale 
levels (from the building components to the city), as 
following: 

1) Micro scale: Indoor Climate and Comfort analysis
The publication of latest EU Directive (like EPBD

Energy Performance of Buildings Directive) has induced 
national laws and regulations concerning the 
certification of buildings and the monitoring of their 
consumptions. This new reality demands for an 
increase of the number of professionals with 
specialized technical education in the areas of HVAC in 
European countries, justifying the creation of this 
specialization area in the MSC program. For this reason, 
besides studying the design and operation of Heating, 
Ventilation, and Air Conditioning (HVAC) systems, this 
area soughs to improve competences in topics such as 
analysis of indoor comfort, energy simulation, 
computational analysis of fluid dynamics and 
hygrothermal performances of the envelope systems.  

2) Medium scale: Buildings and Urban Environment
analysis 

This area is finalized to build competences for 
designing and analysing building and urban-scale 
systems, both under a perspective of space 
organization, at the crossroads of criteria related to the 
sustainable use of natural resources, functionality, and 
fruition, and the under a perspective of buildings as 
complex systems, addressing conception and operation 
in a context of efficiency, as well as human comfort and 
health. 

3) Macro-scale: Energy Systems and Policy analysis
In this area, lessons are offered to allow students to 

master topics related with energy and environmental 
economics, energy markets in various forms of 
organization and regulation, efficient use of energy and 
overcoming market barriers, organization of systems 
for sustainability, among other topics.  

2.2 The master training modules 
As said before, the energy efficiency program of 

ABITA MSC course includes studies on the building 
technology, resources, materials, systems design, 
management, industry structure and policies in an 
integrated package.  

The training modules are structured in order to 
guarantee a basic preparation on the specific 
theoretical aspects and on the operational aspects 
concerning the themes of Bio-ecological Architecture 
and Innovative Technologies for the Environment. To 
achieve this objective the Master is divided into four 
training Modules dedicated to the following specific 
topics: 

M1 - Transforming the existing: from the smart cities 
to the sustainable building.  

This module aims to train new professional figures 
capable of influencing the decision-making process for 
the enhancement of territorial revitalization processes, 
by defining intervention scenarios and comparing the 
different design solutions to build more sustainable and 
resilient buildings and cities.  

Figure 1: An example of outdoor comfort analysis 
developed with the software ENVI-met in the frame of 
M1 
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The topics dealt with concern environmental, 
economic and social sustainability applied to the 
management and governance of the territory on an 
urban scale.  

The students are involved in a practical experience 
focused to analyse the outdoor comfort of a specific 
urban space, using specific software, like ENVI-met, for 
microclimatic simulation (Fig.1).  

M2 – Building Environmental design: from the smart 
materials to the adaptive envelopes.  

This module aims to provide the basic knowledge 
necessary for a sustainable design through the learning 
of methods for the evaluation of the environmental 
effects of the design choices on the eco-system. With 
reference to the broader European regulatory 
framework on energy savings, during this Master phase 
is provided a general overview on national and 
international legislation, in relation to the main 
incentives and financing for Public Administrations and 
citizen in the field of energy efficiency and sustainable 
urban planning.  

Furthermore, the most innovative technologies to 
improve the energy performance of the building and to 
achieve the target nZEB are presented, involving 
enterprises leader in the production of green envelope 
solutions (e.g. Daku, Schueco, Alpewa, Palagio, etc.). 

At the end of the module the students develop a 
design concept of a sustainable building, analysing in 
the preliminary stage the environmental impact of their 
proposal.   

Figure 2: An example of nZEB design concept 
developed in the frame of M2 

M3 - The analysis energy performance of the 
building-plant and the evaluation of internal overall 
comfort. 

The cycle of lessons of this module aims to provide, 
with reference to the Italian legislations (UNI TS 11300 
Standard), the knowledge deemed indispensable to 
form a complete professional profile able to operate in 
the field of building design and deep renovation of 
existing buildings in relation to the definition of the 
energy performance of the building-plant system (with 
reference both to the building envelope and to the 
technical systems) and to the evaluation of internal 
overall comfort.  

A special focus is dedicated to the topic of Energy 
Audit, involving the students in a practical activity 
concerning the analysis of a public building located in 
the municipality of Florence and the development of a 
retrofitting proposal (Fig.3). This exercise is finalized to 
improve: 

- the capacity of the students to use professional
tools (IQ Infrared Thermal Imager, dataloggers, heat 
flows, etc) for evaluating the thermal performances and 
the indoor comfort in the operational phase; 

- the ability to develop a deep renovation projects
based on the cost benefit analysis in order to define 
how national and international funding can be used to 
amortize the cost of the retrofitting technologies 
chosen to drastically reduce the energy consumption, 
increasing at the same time the indoor comfort, of an 
existing building . 

Figure 3: Some analysis of the Energy Audit 
developed in the frame of M3 
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M4 - Energy Dynamic Simulation for advanced 
Building Design 

This module aims to increase the student 
knowledge of simulation tools (EnergyPlus, Radiance, 
DIALux, etc…) to develop Building Energy Models 
(BEMs), assessing simultaneously the geometric-formal 
characteristics of their architectural work and the 
energy-environmental performances, together with 
issues linked to cost and building management, from 
the implementation phase to the use phase. 

The new operating scenario in the field of the 
building design and the complexity of BEMs technology, 
required a high degree of interdisciplinary knowledge of 
professionals to quickly and accurately assess the 
performance scenarios to satisfy the client's 
requirements in terms of ensuring maximum energy 
efficiency and, at the same time, guaranteeing the 
economic sustainability of the project. 

For these reasons, our students learning to use 
assessment tools (fig. 4) to analyse in detail the 
morphology of building and the materials choice, 
directing the design of the envelope’s technological 
system towards prefabrication in highly innovative 
production environments.  

Figure 4: DIALux simulations of daylighting 
developed in the frame of M4 

3. BUILDING PERFORMANCE SIMULATION TRAINING
FOR DESIGN OPTIMIZATION

The energy efficient buildings simulations 
increasingly requires the use of parametric analysis 
tools. These are configured as virtual workspaces, 
where interactions between interdisciplinary 
knowledge occur with the aim of assessing, from the 
meta-design phase, the performances of the object, be 
it a material, a complex technological system, a building 
or even an urban context of broad dimensions. All this 
why today, the science of sustainability opens up new 
“technological” areas in design and requires us to look 
beyond and not simply at the useful life of products, 
their direct users and the local context. Therefore, 
digital technologies lead us to rethink the design 
process in terms of the creative aspects, the 
management of information and knowledge, 
production and implementation [3]. In this sense the 
simulation tools allow simultaneously assessing the 
geometric-formal characteristics of the architectural 
work and the energy-environmental performances, 
together with issues linked to its cost and the building 
management, from the implementation phase to the 
use phase.  

Alongside the rapid evolution of indicators and 
legislation on the buildings energy efficiency new 
computer models for evaluating the design were 
developed: Building Energy Modelling/Models (BEM), 
which were quickly disseminated in the construction 
sector and evolved rapidly within a decade. They have 
the capacity to assess the behaviours of the built 
environment from the static to the dynamic situation.  

The complexity of BIMs and BEMs means there is a 
need to develop specialist knowledge, above all when 
BPS and BPO tools are used, as the indicators 
concerning the energy performance of the 
technological system or the indoor and outdoor 
comfort parameters of the building are numerous and 
often require detailed assessments [4].  

Moreover, within the scope to design and to assess 
energy performance of innovative buildings, the 
construction of a digital energy model at the 
preliminary phase of design process, is useful to assess 
the component behaviour comparing different 
solutions in relation to the materials (traditional or 
innovative) and the integrated technological 
subsystems (active and passive actuators, systems for 
the accumulation and production of energy, etc.) up to 
the need to optimize the performances based on the 
external climatic conditions and indoor comfort. [5]. 

Therefore, it is evident how the BEMs are useful to 
evaluate alternative design solutions, contributing to 
decision making at the early stages design process and 
improving the whole building construction quality [6]. 
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For these reasons, the implementation of BEM 
methods within the ABITA MSC was developed in 2015 
to introduce students to intermediate and advanced 
dynamic simulation concepts with reference to some 
key issues in the sustainable approach both in urban 
planning and building design.  In particular as 
mentioned above, the module 4 is focused on the 
knowledge of applicative methods and dynamic 
simulation tools according to European Directives 
(2010/31/UE, 2012/27/UE) and Italian law (DM 
26/06/2015) that require that the project performances 
achieve nearly Zero Energy Building (nZEB) standards.  

Likewise, master students are strongly encouraged 
to use building performance analysis tools applied on 
the field of advanced envelope system, in particular 
during their experience of Master thesis.  

4. THE MASTER THESIS. 
Three master thesis related to the topic of 1)

building envelope; 2) deep renovation and 3) urban 
design will be  presented with the objective to 
demonstrate how the BEM and BPS tools applied to the 
development of the design phase, led the students to 
re-think their approach to the project on the basis of 
the necessary environmental reflection, assessing 
architectural compositional, formal and technological 
choices.  

In addition, the master thesis demonstrate how the 
possibility of verifying technological solutions through 
the use of appropriate software and the constant 
reference to Environmental Control Techniques 
discipline, permitted the young architects to 
understand the need to combine the creative moments 
with quantitative validation ones, in order to guarantee 
the choice of the scenarios and configurations, with a 
lesser impact from the point of view of the entire life-
cycle of the building. 

4.1 Building envelope 
The thesis “KPIs for building envelopes” [7], 

developed in collaboration of EURAC research Centre, 
was focused to define useful and usable KPIs for 
analysing thermal performances of three advanced 
facades realized with different technologies and 
materials (masonry wall with and without insulation, 
curtain wall) and located in different climatic 
conditions.  

The originality of this thesis was in its attempt to 
align the theoretical overview of the KPIs relating to 
advanced facades with the practical use of specific 
indicators.  

In detail, the student analysed the thermal 
performances of the envelope solutions through the 
software Transys, building a virtual model to measure 

energy consumption and comfort KPIs also inside a 
typical housing unit. 

4.2 Deep renovation of existing building 
The thesis “Energy upgrading strategies and 

methods for energy efficiency of school buildings in 
different climatic areas” [8] shows the results of an 
applied research, developed in collaboration with the 
Leipzig University, aimed to test a new operating 
methodology for the renovation of two school buildings 
located in Germany and Italy and characterized by high 
energy consumptions for heating and cooling. 

The research work carried out an experimental and 
parametric study to demonstrate the possibility of 
developing innovative retrofitting solutions for the 
upgrading and energy efficiency of school buildings 
with similar structural characteristics but located in 
different contexts. In particular, the goal of the Master 
thesis was evaluating the possibility of adapting similar 
strategies with the use of innovative, modular and 
prefabricated elements to improve the 
thermohygrometric, aesthetic, indoors and outdoors 
comfort performances.  

The results achieved were being analysed trough 
simulations conducted with various software (ENVImet, 
EnergyPlus, DIALux) with the objective to evaluate the 
comfort parameters achieved before and after the 
proposed redevelopment interventions (fig.5). 

Figure 5: Some pictures of Master thesis “Energy 
upgrading strategies and methods for energy efficiency 
of school buildings in different climatic areas” [8] 

4.3 Urban Design 
This Master thesis “Urban microclimate. Green as a 

tool for summer mitigation” [9] was focused on the 
study of technological solutions able to improve the 
resilience of the built environment, also reducing the 
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effects of the UHI. Furthermore, attention was given to 
the issue of urban space design, implemented as an 
instrument able to promote the regeneration of urban 
districts. In detail, this research work was finalized to 
develop a design proposal for the Municipality of Trani, 
analysing the results achieved (in terms of atmospheric 
temperature, Predicted Mean Vote and predicted 
percentage of dissatisfied) by means of the ENVI-Met 
software (fig. 6). The study shows how the possibility to 
use simulation tools allows the designers and the Public 
Administrations to know exactly the achievable results 
of simple strategies, like green infrastructure, to 
increase the outdoor comfort of the cities located in the 
Med area. 

Figure 6: Some pictures of Master thesis “Urban 
microclimate. Green as a tool for summer mitigation” 
[9] 

5. CONCLUSION
The quality of the results validated the choice of

teaching methods, which has contributed to increase 
the cognitive maturity of the young architects linked to 
the technological and environmental options made at 
the design scale. A choice that requires an increasing 
degree of specialisation and care at the scale of 
technological detail for the integrated project, but 
especially of responsibility towards professional 
assessments that can have irreversible effects on our 
future and on that of following generations. 

Furthermore, it is clear how even the sector of the 
sustainable building design is required to evolve from 
collective intelligence into connective intelligence made 
up of physical and virtual networks in which researchers 
and/or designers become the bearers of knowledge 

linked to operational and decision-making processes, 
involving horizontal skills.  

The analysis of innovative technological solutions 
for nZEB requires the use of multiple BPS tools that 
often produce interoperable outputs in the context of 
BIM environments. Therefore, it is essential that 
designers learn to define simulation strategies from the 
perspective of the design objectives more than the use 
of single analysis tools.  
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ABSTRACT: The inescapable background to teaching and studying architecture today is an unprecedented 
climate crisis, particularly in the context of teaching sustainability. In order to bring architectural education and 
practice up to speed with the current imperative to create a truly sustainable future, educators must explore new 
strategies for training future architects. This paper examines teaching and learning methods employed in 
sustainability courses and projects at Unitec School of Architecture in Aotearoa New Zealand over the past seven 
years. The findings, together with reflections on the fundamental principles needed to teach sustainability in an 
architectural context, have been synthesised into four nodal strategies to inform future teaching and learning.
The nodal strategies have the potential to inform not only further specific courses on sustainability but also a 
more sustainable architectural curriculum. 
KEYWORDS: Sustainability, Architectural education, Making 

1. INTRODUCTION
The inescapable background to practising,

teaching and studying architecture today is an 
unprecedented ecological and environmental crisis. 
This reality sets the context for teaching 
sustainability. In combination with strategies that 
promote creativity, cooperation and openness to 
change, a regenerative approach to teaching 
sustainability can help students to overcome anxiety 
and paralysis in the face of the crisis, and to engage 
with and recognise sustainability as a pillar of 
architecture rather than a technological or superficial 
fix. By placing sustainability at the core of 
architectural teaching, learning and practice, 
educators can help future architects to design 
buildings that co-exist with the environment in very 
different ways to the status quo which has 
contributed to the current emergency.  

This paper reflects on the teaching of 
sustainability courses and projects at Unitec School of 
Architecture in Aotearoa New Zealand over the past 
seven years. The findings of this examination are then 
discussed and synthesised into four nodal strategies 
that can be used to not only inform the structure and 
content of future sustainability courses but also to 
contribute to the whole architectural curriculum in a 
way that reflects sustainability as a fundamental part 
of architecture. 

2. FROM (CLIMATE) PARALYSIS TO ACTION
2.1. A positive co-learning environment

Educators need to be conscious of how they 
deliver the contextual information that provides the 

backdrop for teaching sustainability. The delivery of 
gloomy data and facts about the ecological crisis is a 
common approach, but this delivery mode may have 
a negative effect, causing individuals to disengage 
and develop feelings of anxiety and paralysis [1]. 
Facts alone do not prompt action; rather, they 
contextualise the learning. Shifting the perception of 
teaching from delivery of knowledge (data and facts) 
to creative inquiry has the potential to inspire 
individuals to act. Making, as an active material 
exploration that engages the senses, is a particularly 
effective form of creative inquiry, helping to alleviate 
‘paralysis’ through physical activity and real-time 
problem solving. 

Equally important is flattening of the hierarchy 
associated with teaching in higher education. The 
classic paradigm of the lecturer as expert, and 
students as receivers of the expert’s knowledge, 
creates distancing and, consequently, often 
disengages students from being co-creators of the 
content of their learning. This idea of co-creation is 
essential in the realm of ecological thinking, where 
one of the key values is the belief that every 
individual has the capacity and capability to positively 
influence the current ecological narrative.  

In Psychology for a Better World Dr Niki Harré 
offers simple yet valuable ideas that can be applied to 
educational frameworks. According to Harré, 
creativity, co-operation and openness to change are 
all enhanced when positive emotions are present; 
paradoxically, it is usually when people feel good 
about themselves and their environment that they 
become more willing to accept the idea of doing 
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things differently [2]. Doing things differently is 
exactly what is needed when addressing the current 
relationship between the built environment and the 
natural environment. In terms of teaching, creativity, 
co-operation and openness to change can be actively 
fostered by ensuring students have a positive co-
learning environment.  

2.2. (Re)defining sustainability 
Sustainability in architecture is often linked to the 

image of a complex, technologically enhanced 
building. This association of sustainability with 
technology, limited yet dominant, has the tendency 
to disconnect individuals from the fundamental 
principles of sustainable design. As pointed out by 
academic Basak Gucyeter, “the supremacy of 
sustainable technologies over concepts such as 
locality, minimal use of resources, environmental 
design approaches [sic] might result in stereotype 
sustainability measures within the built environment, 
which aren’t incorporated in the aesthetics of design, 
and are solely technological fixes” [3]. Rather than 
succumbing to the tendency to reduce such a 
complex concept to technological solutions, it is 
important that students learn to think systemically, 
and understand the holistic nature of sustainability 
and its core values – that they recognise the 
interconnected nature of things, and the various 
scales and consequences of their actions. 
Regenerative design, a process-oriented approach to 
designing and thinking based on an understanding of 
living systems [4], offers five key principles that can 
be used to define sustainability: 

Working in wholes (not in parts): considering
the interconnections and relationships
essential to effectively engage people, places
and organisations.
Being of service: thinking about projects as
being indispensable to their context, filling
critical needs.
Uniqueness: understand, connect, and draw
from the uniqueness of a place, community,
or organisation in order to activate authentic
change.
Aligned with nature: humans are dependent
upon natural systems; yet, many human
activities, particularly related to the built
environment, deplete the very systems they
depend on. It is essential to explore how
human beings can be positive contributors in
natural systems.
From problems to potential: recognising
opportunities to realise the potential of a
place and increase its relevance [5].

Using these principles offers an accessible 
pathway to seeing any architectural project as an 
intervention into a living system, and thus to 

understanding how essential it is for these 
interventions to be sustainable. Understanding this 
core principle can also help students to gain a deeper 
understanding of the role of architecture in a wider 
context and to recognise sustainability as a pillar of 
architecture rather than a technological fix. This 
approach can be deepened further by engaging the 
senses and experiencing the act of making 
architecture. Making contributes to a more holistic 
understanding of the built environment in its relation 
to ecosystems, as it involves a physical connection to 
the natural resources from which it is made.  

3. PRACTICE
Since 2013, projects with a particular focus on

sustainability have been run within Unitec School of 
Architecture. 

3.1. Design studio projects: 2013-15 
For the first three years, the projects were 

integrated into the Bachelor of Architectural Studies 
(BAS) studio programme and were limited to a six-
week time frame. In 2013 and 2014, students were 
introduced to real client groups with real-world 
proposals: a centre for appropriate building 
technology within a suburban co-housing community, 
and semi-detached housing within a rural intentional 
community. The strong environmental ethics of both 
communities were clearly evidenced in their built 
environments, meaning that students were able to 
grasp concepts of the interconnectedness of 
individual and community actions and being 
authentic to place. Most importantly, they witnessed 
people thinking globally and acting locally in an 
architectural context. For both projects, the students 
presented their final designs to the appreciative client 
communities; they had been of service, which was an 
empowering experience. 

A powerful aspect of both projects was the early 
introduction of making. Students attended hands-on 
earth building workshops with an experienced 

Table 1: Pedagogical Strategies and Learning Outcomes in 
sustainability projects at Unitec School of Architecture 2013-
2019 
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practitioner and literally got their hands dirty making 
earth bricks, ramming an earth wall, and carrying out 
tests (Fig. 1).  

Figure 1: Hands-on earth building workshop 

In 2015, students took part in a competition 
organised by the convenors of the International Straw 
Builders Conference: Natural building in the 21st 
Century (ISBC) to be held in Methven, a ski resort 
town, in March 2016. The brief was to design a bus 
stop for 20 skiers using locally resourced materials. 
None of the students were able to visit the site; their 
challenge, therefore, was to understand the 
uniqueness of the place from afar and design 
accordingly. Shortlisted entries were exhibited at the 
conference and the four winners received free 
registration to attend.  

3.2. Elective courses: 2016-19 
In 2016 the strategy changed to running a 

separate elective course over a full twelve-week 
semester, with making again being a key component. 
The move was prompted, in part, by the opportunity 
for students to attend the week-long ISBC conference 
at the beginning of the semester. Sixteen students 
from across the BAS and Master of Architecture 
programmes attended. They were immersed in a 200-
strong community of delegates including some of the 
most experienced and influential earth and straw 
bale practitioners in the world: builders, architects, 
and engineers. For the remainder of the elective, 
students were tasked with designing and building 
half-scale wall sections using low carbon materials 
and presenting these to a group of staff, students and 
external critics in the workshop space.  

There was no conference opportunity in 2017, so 
the elective began with a hands-on earth building 
workshop, followed by a series of lectures, then 
making wall sections, which this time were presented 

to a public audience and displayed for four weeks in 
the main foyer of the School of Architecture (Fig. 2).   

Figure 2: Wall sections exhibition in the main foyer. 

In 2018 the focus changed to construction waste, 
and the outcome to participating in BuildNZ, the 
largest construction tradeshow in Aotearoa. Students 
moved beyond the shelter of a learning institution 
into the public realm. The project began with a series 
of lectures on the building industry, construction and 
demolition waste, and climate change, followed by a 
visit to Sustainable Coastlines Flagship, an 
environmental organisation whose Learning Centre is 
made of 80 percent reused materials. By the time the 
students began to design and build the exhibition 
stand, they were well versed in the problem of 
construction industry waste and had seen successful 
activism in action. Their mission was to draw 
attention to an industry-wide problem and explore its 
potential. The installation was developed around the 
concept of the tip of the iceberg; the buildings on the 
surface of Aotearoa hide a frightening truth – the 
construction industry is responsible for half of all the 
nation’s waste. Playful house-shaped forms were 
crafted using collected and transformed construction 
waste: glass, plaster board, fibre cement board, 
concrete, timber offcuts, plywood offcuts, CNC 
offcuts, aluminium profiles and rolled up trade 
literature. Beneath these ‘houses’, information about 
the waste material they were created from, its origins 
and environmental impact was revealed (Fig. 3).  
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Figure 3: From the Waste Up exhibition, BuildNZ 2018 

BuildNZ ran for three days and students took turns to 
man the exhibit and engage with the public. They 
became activists. The exhibit attracted a lot of 
interest from the construction industry, and was 
reported on national media and within Unitec, which 
resulted in a wider uptake in the following year’s 
project.  

Figure 4: Resource Matters elective course 2019 

In 2019, the authors of this paper used learnings 
from the previous years to develop an ongoing 
collaborative elective course, ‘Resource Matters.’ The 
course comprised introductory seminars, which 
would be similar each year, followed by design-build 
making components unique to each year. For the 
inaugural course, the making component was aligned 
to the second author’s research into prefabricated 
straw bale construction. One-third scale timber and 
straw bale wall panels were built and assembled into 

a small habitable structure (Fig. 4). Students recorded 
the entire process, and the resulting video, together 
with informative posters and the building itself, 
formed the exhibition stand “Straw into Gold” at 
BuildNZ 2019. Students engaged with the public and 
the exhibit again attracted a lot of interest (Fig. 5).  

Figure 5: Straw into Gold at BuildNZ 2019 

4. NODAL STRATEGIES
The authors’ commitment to continue delivering

making-guided sustainability content in architectural 
education has led them to critically examine their 
own experience of teaching the courses and projects 
described in Section 2, and to analyse them against 
the principles identified as fundamental in Section 1. 
As a result, four specific strategies have been 
identified that can be used to structure future 
courses. These can be regarded as nodal, in that they 
have the potential to impact wider systems, in this 
case the wider architectural curriculum. These nodal 
strategies have been organised around four themes: 
engagement, making, outreach and activism. 

4.1. Engagement 
From a systemic thinking perspective, 

engagement can be considered at three different 
levels, placing the individual and their actions within a 
wider system:  

Self: in order to impact a wider system,
participants (in this case students and staff)
need to work collaboratively which in turn
requires each member of the group to be
willing to work on their own
transformational journey.
The group: building capability of working
together is required for any outcome to be
effective.
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The organisation (in this case the School of
Architecture): becomes positively impacted
by the group’s outcome, increasingly able to
identify with it and displays sustainable
behaviours that positively impact the
institution, the wider community, the
industry.

As discussed in Section 2, creating a positive, non-
hierarchical environment is essential to stimulate 
creativity and encourage engagement. A powerful 
approach for getting groups to align and engage is to 
start a project or course by collectively identifying a 
common purpose that resonates with each 
participant on the three different levels. Such a 
purpose statement can help to relate individual 
actions to the wider picture and bring coherence and 
focus to the different activities within a course. An 
introduction to systemic thinking and the initial 
agreement of a common purpose for the course or 
project encourages students to act collaboratively in 
a positive environment which can be enhanced 
further by the act of building, crafting, making. 

4.2. Making 
Making has been a key teaching and learning 

activity employed in all the projects identified in the 
previous section. Whether pragmatic instruments to 
demonstrate systems or creative expressions to raise 
public awareness, the process of making creates a 
form of engagement with materials, tools, and 
techniques, that constantly crosses the line between 
theory and practice and offers an embodied 
experience. Learning is therefore enhanced through 
sensory engagement. In his article about the 
inseparability between architectural ideas and 
production (specifically in the work of Carlo Scarpa), 
Giuseppe Zambonini points to “a fundamental 
opportunity in making: the learning each time from a 
new condition, permitting one to enter each project 
with the attitude of a ‘beginner.’ This attitude is what 
makes possible a new learning condition, pushing 
forward the limits of learning itself “[6]. This place of 
humility and openness in material experimentation 
strengthens an understanding of interconnectedness, 
uniqueness, and potential: systemic thinking in the 
process of making.  

4.3. Outreach 
Any influential and transformative work needs to 

be disseminated in order to fulfil its potential. The 
experience of participating in public exhibitions and 
conferences has shown that the work done in the 
classroom or workshop gains in value when shared 
with audiences beyond the boundaries of education. 
The potential for collaborations increases, which, in 
turn, expands the opportunities for further projects, 
and the possibilities in terms of resources, industry 

involvement, media coverage, and potential clients. 
Participating in exhibitions and shows with industry, 
working on projects for real clients, presenting the 
work to public audiences, and inviting students to 
attend conferences all have immeasurable positive 
effects and will continue to be essential components 
of teaching sustainability. As students’ engagement 
increases in the public arena, so does their 
confidence and recognition of the value of their own 
work. 

4.4. Activism 
Activism in this context refers to the ability to 

inspire others to act. A strategy to develop this ability 
is to become articulate about the subject and expand 
one’s ‘green vocabulary’. This can be developed in a 
class environment through discussions and 
conversations, and also through role-play. How do 
you convince a client to build a sustainable building? 
How do you explain your design intentions to the 
electrician who will wire the project? How do you talk 
to a climate denier? Exploring possible answers to 
these questions brings real-life learning to the 
classroom and develops verbal tools that have the 
potential to reach beyond the classroom into each 
participant’s community. Learners become activists, 
which in turn inspires other learners to follow the 
same path.  

4.5. Reflection 
The seven courses discussed in Section 3 have 

been assessed against the four nodal strategies on a 
scale of one to three; three being the most 
successful. The result is shown in Table 2. While it is 
acknowledged that this self-assessment is subjective, 
it is nevertheless useful when planning future 
courses.  

Table 2: Identified nodal strategies applied to practice 
experience 2013-2019 

Engagement was strongest in 2014, 2016, and 
2019. In 2014 and 2016 students and staff travelled 
as a group away from the institution and engaged 
with a wider audience: a rural community (2014) and 
200 conference delegates (2016). Engagement in 
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2019 was also high, despite not venturing further 
than the Auckland city boundaries. This time the 
whole group, including the staff, shared a common 
purpose; they were engaged in a joint build project 
which could not have been completed without 
everyone’s commitment. 

Making has consistently had a high rating, apart 
from in 2015, when the project was undertaken by 
the entire group of 80 students, and it was logistically 
impossible to engage in intensive workshops. Instead, 
students working in pairs made 1:50 scale models for 
their competition entries. 

Outreach has been most successfully achieved by 
engaging with real clients, attending conferences and 
exhibiting at tradeshows. In the past two years, 
exhibiting at BuildNZ has been the end goal, and this 
has also promoted activism. When talking with fellow 
exhibitors and visitors to the show, students have 
needed to become articulate about the need to 
address the environmental degradation and CO� 
emissions caused by the construction industry.  

4.6. Planning for 2020 
Having identified the four nodal strategies, the 

aim for the 2020 Resource Matters course is to 
address each of them more effectively. A current 
challenge is the uncertainty surrounding the Covid-19 
pandemic and how this might affect teaching and 
learning. The results of the self-reflection shown in 
Table 2 are a useful tool when considering how to 
plan ahead.  

There is clearly room for improvement with 
engagement. To that end the authors intend to follow 
the process suggested at the end of Section 4.1, by 
starting the course – whether it is taught face to face 
or online – with an introduction to systemic thinking 
and reaching agreement on a statement of common 
purpose.  

So far as making is concerned, the intention is to 
continue on from the 2019 project, this time at full 
scale. If this is not possible, the results in Table 2 will 
be useful in planning an alternative approach. It is 
interesting to note that in 2015, when intensive 
making was not feasible, students engaged with a 
competition; in 2013 and 2014, they were tasked 
with designing for real clients. Either of these options 
are possibilities should plans need to change.  

The options for addressing outreach and activism 
planned for 2020 are engaging with a real client for 
the former, and exploring online opportunities for the 
latter. Both of these are still possible, despite 
potential pandemic-related restrictions, and would 
add strength to implementing both strategies.  

5. CONCLUSION
The nodal strategies identified in this paper have

been collated as the result of reflection on 

sustainability-focused courses taught by the authors 
in the context of architectural education. However, it 
is important to note that they can be applied across 
the whole programme, not only in those specialised 
courses. In fact, the authors' position is that the 
established architecture curriculum needs to evolve 
so that sustainability, as a fundamental pillar of 
architecture, becomes the core of the programme. In 
the current ecological context, architectural 
education that does not consider sustainability and 
regeneration to be its primary concern is in danger of 
becoming irrelevant. 
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ABSTRACT: In accordance with and to strengthen the adopted Civic University model operationalized by a 
project-based learning approach, the Faculty of Architecture and arts of Hasselt University initiated the ‘Building 
Beyond Borders’ programme in the academic year 2018-2019. This postgraduate certificate invites students and 
professionals to enrich and strengthen skills in sustainable architecture. In a unique knowledge-driven, 
interdisciplinary and participatory set-up, the programme pushes innovation, contributes to the Sustainability 
Development Goals, and enhances competences in Global Citizenship. Learning from, with and for the world, is 
both motive and means to address 10 learning objectives for the participants. Each year, a Design/Build project 
is the leitmotif of the programme, which in 2018-2019 was a women’s house in Ouled-Merzoug in Morocco. This 
paper discusses the experiences of the pilot year in lessons learned and challenges, and outlines tentative 
perspectives for future editions of the programme. It is concluded that one of the main success factors of 
programmes set up as ‘Building Beyond Borders’ is the awareness of and anticipation on the dynamisms of 
intercultural collaboration in build projects. 
KEYWORDS: Sustainable architecture, Project-based learning, Design/Build project 

1. INTRODUCTION
The Faculty of Architecture and arts of Hasselt

University is framed within the Civic University Model 
where academic excellence is put to work in response 
to the needs and demands of society (1), adopts the 
specific pedagogical approach on project-based 
learning (2), and has an international ambition. 
Within this context, the innovative programme 
‘Building Beyond Borders’ was initiated in the 
academic year 2018 - 2019. This postgraduate frames 
the opportunity to enrich skills by exploring and 
practicing sustainable architecture abroad. The 
aspirations of the programme are to strengthen the 
capacity of students and professionals in the building 
industry, and to support/push innovation in 
sustainable building in its broadest scope (Planet, 
People, Prosperity, Politics) for the ‘here-and-now’ 
and for the ‘later-and-elsewhere’. This way, the 
programme contributes to the Sustainability 
Development Goals, and enhances competences in 
Global Citizenship. 

The objective of this paper is threefold: first, 
present the set-up of the programme by introducing 
the objectives, strategy, structure and content; 
second, discuss the outcomes in lessons learned and 
challenges based on the experiences of the pilot year; 
third, outline perspectives for future editions of the 
programme.  

2. SET-UP OF THE PROGRAMME
2.1 Educational objectives

In ‘Building Beyond Borders’, ten learning 
objectives are targeted: 1) awareness of sustainable 
development and global citizenship in general, and 

sustainable building in specific; 2) familiarity with 
non-conventional design and build approaches and 
processes towards innovative architectural solutions; 
3) awareness of the specificities of working with local
communities, multidisciplinary experts and
professionals; 4) ability to implement sustainable
building in its broadest scope (Planet, People,
Prosperity, Politics) for the ‘here-and-now’ and for
the ‘later-and-elsewhere’; 5) ability to implement
non-conventional design and build approaches and
processes towards innovative architectural solutions;
6) ability to deal with local communities,
multidisciplinary experts and building professionals as
part of a sustainable design and build process; 7)
ability to critically reflect and do research on
sustainable building in its broadest scope; 8) ability to
work independently and in a collaborative way and to
communicate with stakeholders, local communities
and/or clients in order to make decisions during the
design and build process; 9) ability to report on
research, design and build activities; 10) ability to
deal with practicalities related to designing and
building of projects abroad.

2.2 Educational strategy 
The strategy adopted in order to achieve outlined 

learning objectives consists of a Project-Based-
Learning (PBL) set-up. Projects are complex tasks 
based on challenging questions or problems: which 
urges involved students to conduct design, problem 
solving, decision making, or investigative activities; 
provides students the opportunity to work relatively 
autonomously over a certain period of time; and 
which results in realistic products or presentations 
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(3)(4). Often related features of PBL are: an authentic 
content and assessment; teacher facilitation but not 
direction; explicit educational goals; cooperative 
learning and reflection (5)(6). Particular models of 
PBL may also have features like: an authentic ‘driving’ 
question, a community of inquiry, the use of cognitive 
tools (7); ‘expeditionary learning’ which adds features 
of comprehensive school improvement, community 
service, and multidisciplinary themes (8). 

Within ‘Building Beyond Borders’, the PBL model 
is set up in an unfamiliar context with its challenges 
and opportunities, where ‘out-of-the box’ thinking 
experiments as well as real-life experiences and 
realizations are key. This way, the programme 
distinguishes itself from traditional education and 
everyday design and build processes, and facilitates 
new approaches and processes towards innovative 
architectural solutions. 

‘Building Beyond Borders’ is put into practice by 
studying, designing and building in/for unknown 
urban and natural environments, different climatic 
and geographic zones or societies with other cultures, 
traditions and habits, and various sociotechnical 
architecture and building industries. This designing 
and building out of the comfort zone requires to 
explore other processes and new ways of building. 
The core idea ‘Think global, Act local’ of Global 
Citizenship is embodied in the programme. 

2.3 Operational strategy 
The programme aims to produce highly 

sustainable projects. Each academic year (September 
– August), a project is designed and built. Projects
selected have: a) a high beneficial impact on the local
community at large; b) a support base within the
community; c) financial and practical support from
the community and sponsors/donors; d) high
potential for innovation in architecture and
sustainability; e) the possibility to act as a
demonstration and capacity-building project for the
local community as a niche development strategy
(9)(10).

The selected project is the leitmotif of the 
academic programme. Backed by theoretical insights 
and case studies, all aspects of the design and build 
process are carried out by participants over the 
course of 1 academic year. Participants explore, 
experiment, and design and build while collaborating 
with local communities, multidisciplinary experts and 
building professionals. In doing so, participants 
conceive and realize built works of architecture which 
are exemplary, and which contribute to science and 
society.  

2.4 Structure 
The pilot edition of ‘Building Beyond Borders’ 

consisted of two modules of each 20 ECTS which 
structured the 40 ECTS postgraduate programme. The 

first module, module A, ‘Skills Lab towards 
sustainable architecture’, focused on knowledge and 
insights and consisted of theory, exercises and hands-
on experiments. The second module, module B, ‘Live 
Lab of a sustainable Design/Build project’, focused on 
project-based learning and consisted of designing and 
building the selected real-life project.  

The linear follow-up of module A by module B 
resulted in a content which transgressed from 
general to specific, and from theory to practice. 

2.5 Content 
The programme consisted of tutoring theoretical 

background and research, case-study research, 
hands-on experiments and a real-life Design/Build 
project abroad. The programme was composed in 
such a way that interaction between these methods 
was achieved. The focus of the work on the real-life 
project gradually shifted from exploring, over 
designing, towards building. 

Courses covered all aspects needed to prepare 
participants in a substantive and practical way to 
work on own projects, specifically ‘beyond borders’, 
in their future career. Seven course units formed the 
core of the programme: 

1. Sustainability and design methodology (3
ECTS): Theoretical background, insights and
examples on relevant aspects of, and
strategies towards sustainable architecture
beyond borders, with following topics: a)
sustainable development & sustainable
building; b) sociocultural aspects of building(s)
and architecture & identity; c) the vernacular
as a model for contemporary sustainable
architecture; d) the participatory Design/Build
process and mapping.

2. Project management (3 ECTS): Practicalities
related to designing and building beyond
borders, with following topics: a)
representation techniques for analysis, design
and execution; b) questioning and critical
thinking of the project program and activities;
c) off-site and on-site practicalities and
preparation field study prospection; d)
processing field study results; e) intercultural
understanding and behavior; f) safety and
healthcare abroad.

3. Field study prospection (3ECTS): One-week
on-site exploration of the natural, built and
sociocultural context of the Design/Build
project, backed by gained insights on the
participatory Design/Build process,
sociocultural aspects of building(s) and
architectural identity, on-site practicalities,
representation techniques of mapping and
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analysis, and intercultural understanding and 
behaviour. 

4. Physical-spatial and building-technical design
measures for sustainability (3 ECTS): Generic
framework for the selection of, and specific
hands-on experimenting with, bioclimatic
design principles (e.g. orientation, ventilation)
and building materials and construction
techniques for sustainable building projects.
The course consists of both theoretical
lectures on physical-spatial and building-
technical design measures for sustainability,
based on scientific knowledge and insights
and backed by practical examples, as of
hands-on experimenting with - for the
Western European context - non-
conventional building materials by a
predefined learning & research process.
Topics were: a) context variables for selecting
sustainability measures; b) bioclimatic design
principles; c) life-cycle thinking and
sustainable resource management; d)
environmental and human health impacts of
building materials; e) design strategies for
sustainable material use; f) non-conventional
building materials and construction
techniques.

5. Design/Build studio (12 ECTS): Real-life
project-based experimentation on and
implementation of design strategies and
physical-spatial and building-technical
measures to operationalize sustainability in
architectural projects ‘beyond borders’,
focused on: in module A the conceptual
design; in module B the development and
execution. Aspects of theoretical courses are
integrated and operationalized. In module A,
6 groups of 3 to 4 students designed a
concept. After receiving feedback of an
expert panel, a design workshop week was
held where all students collaborated on one
final design. In module B, each student
worked on one specific aspect of the
executional design or the execution on site.

6. Research paper (5 ECTS): Setting up and
conducting research (per two participants) on
a specific topic (within predefined themes)
related to the content / objective /
philosophy of the programme of ‘Building
Beyond Borders’ or relevant for the
Design/Build project.

7. Internship ‘beyond borders’ (11 ECTS): Eight-
week on-site follow-up of and collaboration in
the build phase of the Design/Build project,
from the specific perspective of the

participants’ background/interest. Local 
builders (foreman and craftsmen) were hired 
to build the project. Participants of the 
programme and the local builders exchanged 
knowledge, insights and experiences. 

2.7 Practicalities 
Within the faculty of Architecture and arts the 

study load per ECTS is pinned on 27 hours, meaning 
that the programme had a study load of 1,080 hours 
(27 x 40 ECTS). The programme consisted of weekly 
class sessions (1 day of 8 hours) and workshop weeks, 
both with required attendance, between September 
2018 and March 2019. In addition, an important part 
of the postgraduate needed to be spend on self-study 
on predefined topics framed within specific 
assignments. The eight-week internship abroad was 
planned within the months May – June – July – 
August. 

3. OUTCOMES OF THE PILOT YEAR
3.1 Participants

The programme was primarily accessible to 
candidates holding: a) a Belgian master or bachelor 
degree in disciplines related to designing and/or 
building of spaces on different scales, and/or 
designing and/or manufacturing products; b) a 
foreign master or bachelor degree in disciplines 
related to designing and/or building of spaces on 
different scales, and/or designing and/or 
manufacturing products. All applicants had to be 
fluent in both spoken and written English.  

Each application was assessed on a case by case 
basis, which included the candidate’s diploma, CV, 
portfolio, and personal motivation. In case of doubt, 
the performance on an interview was decisive on the 
applicant’s suitability. 

The ‘Building Beyond Borders’ programme was 
promoted by a mailing to Belgian and non-Belgian 
universities, a social media campaign (Facebook, 
Instagram), and articles in specialized architectural 
media. 

The admission board admitted 19 candidates out 
of 7 different countries to enrol the programme of 
2018-2019: Belgium (11), Italy (3), The Netherlands 
(1), France (1), United Kingdom (1), Ethiopia (1); 
Algeria (1). As participants had different backgrounds 
(architect, urban planner, interior architect, artist), a 
multidisciplinary group was brought together. Except 
2, all participants had no or very limited experience as 
a practitioner in the architecture and building 
industry.  
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3.2 Preparatory activities 
Participants were immersed in the topic of 

‘building beyond borders’ inter alia by: several 
lectures and guest lectures of national and 
international experts on locally available low-impact 
materials such as bamboo and compressed earth 
bricks; one-day workshops on e.g. intercultural 
understanding and behaviour, sociocultural aspect of 
building(s) and architectural identity, mapping and 
representation techniques as means of 
communication if language barriers occur; multiple-
day workshops on collaborative designing; hands-on 
activities on building with rammed earth; an on-site 
field study prospection for the Design/Build project.  

Illustration 1: Immersive activities in the programme. 

3.3 Design/Build project 
In the pilot year of this postgraduate 

programme, the Design/Build project selected was a 
‘Centre des Femmes’ in the small rural village of 
Ouled-Merzoug near the Atlas Mountains of 
Morocco. A piece of land was offered by the 
community to the recently founded women’s 
association AFOM (Association des Femmes d’Ouled 
Merzoug), to establish a women’s house. This house 
is committed to strengthening community 
development through education and empowerment 
of women by providing services, support and training 
opportunities. A place in the centre of the village 
where women can share their crafts with the 
community and visitors. 

Based on a previous realized sustainable project 
in the village (pre-school) and aware of the 
importance of sustainability, the initiators have 
commissioned BC architects & studies (Brussels, 
Belgium) to develop the project. In turn, BC architects 
& studies has offered the project to the ‘Building 
Beyond Borders’ programme to act as a Design/Build 
project for the participants. BC architects & studies 
remained the project architect. 

In this project, the objective was: a) to challenge 
the limits of sustainable building by maximizing the 
use of local and regenerative materials; and b) to 
merge traditional building techniques, contemporary 
architecture, local identity and current required 
comfort levels. In November 2018, the participants 
went to Ouled Merzoug for the first time to map the 

village, the site, local (building) materials and 
techniques, and to hold workshops with the women 
to define the programme (field study prospection). 
After an intense design period in Belgium, guided by 
experts and the project architect, fed by theoretical 
knowledge and insights, and supported by feedback 
of the women of AFOM, works started in April 2019. 
In December 2019, keys were handed over to AFOM.  

Within the scope and limited length of this 
paper, information on the design is wrapped up in 3 
features: 1) anticipating the genius loci of the site 
(e.g. topography, geology, hydrology, trails); 2) 
balancing between the public and the private 
(seeking connection with the village and passers-by, 
while guaranteeing needed seclusion); 3) building 
with local and natural materials, and minimizing 
construction waste (granite stones, earth, straw, 
riversand, eucalyptus wood, reed, wool, ceramics). 
More information on the project can be found on: 
https://archello.com/project/womens-house-of-
ouled-merzoug.  

Illustration 2: The Design/Build project as leitmotif. 

4. DISCUSSION, LESSONS LEARNED & CHALLENGES
Based on evaluation meetings both within the 

academic team and with participants of the 
programme during and after the pilot year, this 
section provides a discussion on outcomes, and in 
doing so presents lessons learned and challenges. 

This discussion is solely focused on the set-up of 
the programme as evaluation and monitoring is 
needed/ongoing regarding the niche development 
aspect (the building and ‘solutions’ as such) and the 
capacity-building aspect (what knowledge, insights 
and experiences did locals gained). 

4.1 Participants’ perspective 
The mix of participants’ profiles was appreciated 

because this way participants could learn from each 
other’s background, knowledge, insights and 
perspectives. Due to the set-up of the programme, 
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this exchange was encouraged and strengthened, 
which was welcomed. However, this exchange could 
have been better. Firstly, participants thought too 
little time was spent on group dynamics and 
moments to getting to know each other which, 
especially in the early stages of the programme, 
resulted in a restrained attitude. Secondly, it was 
found that due to the complex and precarious nature 
of the Design/Build project (unfamiliar sociocultural 
context), more time for open discussion within the 
group of participants and with tutors/experts was 
needed, within the planning of the programme.  

The wide range of topics covered in the 
programme was found relevant and interesting. 
Especially the hands-on activities which were 
organized in such a way that theory was 
combined/alternated with the building experiment, 
were welcomed by the participants. Such activities 
were also believed to support and improve group 
dynamics and team-spirit. The downside of 
incorporating a wide range of topics was twofold. 
First, it was believed that in-depth theoretical and 
practical information was missing (e.g. water use, 
energy production, bioclimatic design, natural 
materials). Second, the study load seemed to be 
higher than initially communicated. 

Working in different groups, each developing an 
own design proposal, was seen beneficial for the 
project as different perspectives for the Design/Build 
project were studied. However, participants 
experienced a feeling of competition between the 
different groups, which was disliked as it resulted in 
an increased work load and so pressure. 

4.2 Tutors’ perspective 
Setting up the programme and especially the 

preparation of the hands-on activities and the 
Design/Build project was highly labour intensive, 
before and throughout the programme. Dealing with 
practicalities required al lot of attention, and finding 
needed funding was a struggle.  

The responsibility, involvement and 
motivation of the participants was outstanding. This 
was one of the success factors of the Design/Build 
project. This attitude was essential during the 
internship, when participants had to work in 
relatively strong independence on the construction 
site. 

The involvement of a project architect has led 
to tensions. These tensions were caused by divergent 
interests/goals/preferences of the project architect 
and of the participants of the programme.  

The local community and especially the 
women were involved in the design process. 
However, indicated by the participants’ uncertainty 
regarding design decisions related to sociocultural 

aspects, the organisation of this participation is seen 
as too shallow.  

The aspect of working in group, and 
specifically ‘designing’ in group, needs to be 
addressed in a better way. The organisation and 
content of group work needs to be made more 
explicit.  

Tutors noticed a lot of uncertainty among 
participants related to sustainability issues (e.g. 
bioclimatic design, material choice), although 
knowledge and insights were given in theoretical 
courses and were illustrated by practical examples. 
Decision making needs to be facilitated, so support in 
the design process must be provided. 

Finally, the programme had to deal with timing 
issues in both the design process and the build 
process. The design process was slowed down due to 
the fact that many of the needed information, 
especially regarding the specific context, still had to 
be mapped and collected. Construction works took 
longer than expected because of the chosen 
materials and building technique for the outer walls 
(granite stone masonry). As a result, the building was 
finished in December 2019 instead of August 2019, so 
the total design and build time exceeded the 
academic year. 

5. PERSPECTIVES FOR FUTURE EDITIONS
Based on this pilot year of the ‘Building Beyond 

Borders’ programme, future editions will be adjusted. 
This section provides some perspectives which will be 
taken into consideration in adjustments. 

With regard to the supportive team, 3 
perspectives are pointed out. First, when working 
with a project-architect the involvement of a 
facilitator might be recommended. This facilitator, as 
an impartial actor, compromises the different 
interests of the project-architect and the participants 
of the ‘Building Beyond Borders’ programme. Second, 
an (experience) expert in collaborative and 
participatory design might be helpful to 
support/guide the design process both amongst 
participants of the programme and with the local 
community. Third, a staff collaborator during the 
internship, so on the building site, is needed to deal 
with questions/issues/decisions on short notice. This 
will smooth out responsibility of and stress by the 
participants. 

Concerning the group of participants, 2 
attention points are underlined. First, team building 
activities must be incorporated in the programme as 
a good team spirit and collaboration is needed, 
especially during the design phase, hands-on 
experiments, and the build phase of the Design/Build 
project. These team-building activities are especially 
relevant in the early stages of the programme. 
Second, there is an urge to involve participants which 
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are familiar with or are even from the context of the 
selected Design/Build project. This is important in 
view of cross-cultural exchange of knowledge and 
insights, and especially to be aware of and to deal 
with sensitivities related to sociocultural aspects. 
Collaboration with local universities might be 
beneficial, but the application, admission and 
participation of ‘local’ candidates must be facilitated. 
Attention points are e.g. lowering the registration 
fee, compiling a tailored programme, and providing 
the possibility of distance learning. 

Related to the content of the programme, 3 
recommendations can be made. First, the programme 
must be organised in such a way that more time for 
discussion is available. Both programme/topic-related 
subjects as more personal aspects (e.g. confrontation 
with other cultures, the perceived responsibility and 
the impact of participants’ actions) must be possible 
to be addressed. Second, the programme content 
must be compiled with more in-depth focus/work on 
sustainability-related topics. Theoretical and practical 
knowledge and insights must be supplemented with 
tools which support decision making during the 
design process. Third, hands-on activities may well be 
an essential part of the programme and must be 
more elaborated. 

Designing and building a project in 1 academic 
year is difficult, so more flexibility is needed. A 
possibility is that the programme runs every two 
years, and that during the other year preparatory and 
aftercare activities, related to programme-
organisational-, project- and build-related aspects, 
can be carried out. Project- and build-related 
preparations or aftercare might be organised as 
workshops. For example, a mapping workshop during 
a field study prospection could be beneficial to gather 
information of which the findings can be used in the 
actual postgraduate certificate ‘Building Beyond 
Borders’. 

Last but not least, the Design/Build project 
must be selected in a well-advised manner. Potential 
projects must be assessed based on a more 
comprehensive checklist (in relevance to the one 
presented in section 2.3) addressing both practical 
aspects (e.g. travelling and accommodation, 
collaborations) and more substantive aspects (e.g. 
sociocultural aspects, sustainable building, 
construction management).  

6. CONCLUSION
This paper presented the innovative programme

‘Building Beyond Borders’, and the outcomes of its 
pilot year 2018 – 2019. Besides the set-up, the 
strategy, structure and content of the programme, 
lessons learned and challenges were outlined. In view 
of future editions, perspectives for improvements 
were touched. 

It is highlighted that outlined perspectives are 
tentative as more discussions are needed, especially 
on the aspects of intercultural collaborations in 
Design/Build projects as this is one of the success 
factors for programmes set up as ‘Building Beyond 
Borders’. Being aware of the experiences, insights 
and knowledge amongst both academics and 
practitioners, a fall symposium in 2020 (Belgium) is 
being organised focusing on reflecting the dynamisms 
of intercultural collaboration in build projects 
(https://sites.google.com/uhasselt.be/building-
beyond-borders/platform/fall-symposium).  
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varying the model scale 
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ABSTRACT: Natural Ventilation is one of the passive strategies for maintaining the occupant’s thermal comfort 
and helps to reduce building energy consumption. In today’s scenario, people spend most of their time indoors. 
Indoor contaminants like VOC's cause health problems. Naturally ventilated buildings provide adequate 
ventilation rates consistent with acceptable indoor air quality. However, evaluating the ventilation performance 
of a building is challenging due to varying outdoor conditions. In this context, water-table acts as an effective 
tool for predicting the ventilation performance of buildings. Recently, a methodology for quantification of flow 
patterns generated in the water-table apparatus has been reported for three basic configurations along with a 
complex multizone apartment. Different ventilation metrics were developed for analysing the flow patterns. 
However, the effect of model scale on the derived ventilation metrics was not considered in this work. It focusses 
on estimating the limiting size of a scaled building model with respect to the water-table apparatus. Different 
configurations with openings on single side (SS), adjacent side (AS) and opposite side (OS) are studied using 
model scales ranging from 1:20 to 1:80. The findings of this research could be useful in the selection of 
appropriate scale for conducting water-table experiments. 
KEYWORDS: Natural Ventilation, Indoor air quality, Water-table, Ventilation performance, Model scale 

1. INTRODUCTION
Ventilation is the air supply process to or from

space to control air contaminants, humidity or space 
temperature. The ventilation of occupied building 
spaces has two main purposes. The first is to provide 
acceptable indoor air quality (IAQ) which is primarily 
based on the supply of fresh air and the removal or 
dilution of indoor pollution concentration. Second is 
to provide thermal comfort to the occupants [1]. In 
today’s scenario, people spend 90% of their time 
indoors, especially at home or offices [2]. Indoor air 
quality deterioration is normally associated with 
symptoms of respiratory diseases, illness, reduced 
comfort and loss of productivity. Further, the indoor 
contaminants like volatile organic compounds (VOC) 
and stale air results in the so-called sick building 
syndrome 

In this aspect naturally ventilated buildings 
operate well by providing adequate ventilation rate 
to the occupants. Natural Ventilation is one of the 
passive strategy for maintaining the occupant’s 
thermal comfort through fresh outdoor air. It also 
helps to reduce building energy required for space 
conditioning. However, the main issue in evaluating 
the ventilation performance of the buildings is the 
difficulty in the prediction of indoor air movement 
due to varying outdoor climatic conditions. In order 
to predict natural ventilation, several studies and 
experiments have been conducted. These analyses 

have assisted in evaluating the ventilation 
performance of buildings. To achieve ventilation 
effectiveness through natural ventilation, airflow and 
direction are two major criteria to be considered. It is 
also difficult for architects, designers to visualize the 
airflow patterns for complex geometries with more 
number of internal partitions and openings. In this 
case, to develop a better understanding of the 
ventilation effectiveness of air movement in a space 
water-table would be a suitable option [3]. 
Medshinge, (2018) conducted a survey with 15 
practicing architects who had work experience in the 
construction sector of 5 - 40 years to know the gaps 
of constructing a naturally ventilated building. The 
study concluded that the airflow prediction in 
naturally ventilated building complicates due to lack 
of tools which are easily accessible, less complex and 
quick processing time. Hence, there is a need for 
methods for natural ventilation design analysis that 
are less complex and more accessible as compared to 
methods like computational fluid dynamics. In this 
context, water-table apparatus is an affordable tool 
for designers to simulate air movement and visualize 
the performance of natural ventilation [5].  The flow 
patterns quantified in water-table can be quantified 
based on the dye concentration. Research conducted 
by Mundhe, (2018) was focussed on quantifying the 
flow patterns obtained from water-table experiment.  
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Figure1: View of water-table 
apparatus 

Figure 2: Image showing direction 
of dye injected from on end

The study has helped in developing a 
methodology to quantify ventilation metrics using a 
physical building model of 1:50 scale simulated in the 
water-table apparatus.  However, there is a need of 
analysing the effect of model scale with respect to 
present water-table dimensions. The primary 
research objective of this work is to find the limiting 
scale of the model that can be simulated in the 
water-table without affecting flow patterns or 
derived ventilation metrics. For this purpose, 
experiments are carried out by simulating different 
scale models in the water-table apparatus.  

2. METHODOLOGY
The research methodology adopted in this work is 

divided into three major parts: Design of Experiments 
(Literature review), Pre-experiments (MATLAB based) 
and the experimentation. Relevant papers that 
describe previous water-table based studies helped 
develop the methodology in this work, and the 
understanding from prior research by Mundhe (2018) 
is adopted for quantifying the results: which consists 
of photographic analysis and deriving ventilation 
metrics from simulated scale-models. As the third 
segment, models are simulated in the water-table, 
photographic data is obtained and further used for 
quantifying ventilation metrics, and a comparative 
analysis of flow patterns is performed for different 
model scales and room sizes – by analysing 
qualitative and quantitative data obtained from the 
experiment. Virtual Dub v1.10.4 (VirtualDub, 2013) 
software is used for cropping and exporting images, 
and MATLAB vR2018b (MATLAB; 2018) is used for 
extracting pixel values. Code::Blocks v17.12 
(Code::Blocks, 2017) is used for further analysis of 
metrics and Microsoft Excel (Microsoft Excel, 2016) is 
used for post-processing the experimentally obtained 
data 

In this 
research, the 
direction of 
incoming dye is 
considered as 
fresh air, while 
Clear water 
represents stale 
air. Three 
configurations 
are employed for 
the 
experimentation: 
Single Side (SS), 
Adjacent Side 
(AS), and 
Opposite Side 
(OS) as shown in 
Figure 3. Analysis 

was done at flow speed of 0.08l/s, and flow patterns 
are observed and compared with derived metrics. For 
analysis, the grayscale image obtained at the steady-
state (end of 
experiment) is 
divided into 9 zones 
as shown in Figure 3. 
These zones are 
represented as 
shown in Table 1 
.This work is limited 
to analysing 5 zones 
LT (Left Top), LB 
(Left Bottom), CT 
(Centre), RT (Right 
Top), RB (Right Bottom) zones, and graphs are plotted 
for obtained data across every 1 min interval.  

 Table 1: Zone abbreviations 

2.1. Establishing relationship between pixel values 
and dye concentration 

The methodology employed by Mundhe (2018) is 
adopted in this work for establishing a relationship 
between pixel value and dye concentration, by 
conducting experiments at various concentration 
levels. Here, the models were placed on acrylic and 
calibration experiments were performed at various 
concentrations which show the correlation between 
concentration and pixel relation for acrylic. The 
maximum dye concentration of 0.15g/l is used for 
conducting experiment. The images are taken at the 
end of the experiment, which is assumed steady state 
due to less variation in concentration. The curve-
fitting is done for various data-points, and separate 
calibration curves were used to fit between 

Zone no. Zone Name Zone description 

1 Left Top LT 

2 Top Middle TM 

3 Right Top RT 

4 Left Middle LM 

5 Right Middle RM 

6 Left Bottom LM 

7 Bottom Middle BM 

8 Right Bottom RB 

9 Centre CT 

Figure3: Representation of zones for (a)-SS (b)-AS (c)-OS
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concentration values of 0g/l to 0.025g/l, and between 
0.026 g/l to 0.15 g/l. The curve-fit equations for 
acrylic sheet is presented as equation (1) and (2), 
which are then used to convert obtained pixel-values  
Into corresponding dye concentration for the 
experimental data. 

Figure4: Calibration curve for acrylic base from 0 g/l to 
0.025 g/l dye concentration 

 Figure5: Calibration curve for acrylic base from 0.025 g/l to 
0.15 g/l dye concentration 

The equation (1) and (2) are used for converting pixel 
values into dye concentration for acrylic sheet are as 
follows: 

C0-0.025g/l = 6E-06Px2 - 0.0021Px + 0.1946   (1) 
C0.025-0.15g/l = 1.1694e-0.033Px                      (2) 
Where,  

 C0-0.025g/l - Dye concentration for acrylic (g/l); 
 C0-0.15g/l - Dye concentration for acrylic (g/l); 
 Px - Pixel value. 

2.2 Ventilation metrics 
Ventilation metrics are useful in predicting the 

ventilation system performance for a given space, 
and calibration curve developed in previous section is 
used to convert pixel values into concentration values 
for calculating the metrics. The ventilation metrics 
considered in this work are described briefly in the 
following sub-sections. 

2.2.1 Percentage of dead spots (% DS) 
Dead spots (DS) define a lack of proper mixing, 

where no mixing of air occurs for a given room. This 
gives the information that pollutant concentration is 
retained in the room since these segments are not 

properly ventilated because of lack of air movement 
[3]. This %DS metric can help identify fresh air 
distribution in a room, and a high value of %DS metric 
represents that a room is not properly ventilated. 
With an increase in air-flow, the percentage of dead 
spots reduces and vice versa. DS is calculated from 
equation (3). 

 (3) 
Where, 
 % DS - Percentage of dead spots (%); 
 Cmax - Maximum dye concentration at a point (g/l); 
 C - Dye concentration at a point after t, s (g/l).  

2.2.2 Absolute ventilation efficiency (Ea) 
      Absolute ventilation efficiency (Ea) is the 
ventilation system's ability to reduce the 
concentration of pollutants in a room. It is the change 
in concentration resulting from a change in 
ventilation rate and always less than one [2]. The 
higher the value the better the ventilation efficiency 
and vice versa. Absolute ventilation efficiency is 
estimated with equation (4). 

 (4) 

Where, 
 Ea - Absolute Ventilation Efficiency;  
 Co - initial concentration at a point (g/l);  
 C - Concentration at the point after t, s (g/l);  
 Cs - concentration in the outdoor supply air (g/l). 

In this case initial concentration (Co) is considered as 
zero as there is no mixing of dye and outdoor 
concentration (Cs) is considered as the maximum dye 
concentration (g/l). 

2.2.3 Air Changes per Hour (ACH) 
      An air change is the process of substituting stale 
indoor air for fresh outdoor air. The rate of air change 
or air changes per hour (ACH) provides the number of 
times that fresh outdoor air replaces the entire 
volume of the conditioned space in an hour [6]. Mass 
balance equation (5) is used to calculate the ACH of a 
room [7].      

(5) 

Where, 
 ACH – Air changes per hour (h-1); 
dc- Change in concentration (g/l); 
P – Penetration factor (unitless);
Cs- Outside concentration (g/l);
Ci- Inside concentration (g/l); 
S – Indoor source emission rate (ml/h);
V- Indoor volume (m3);
k- Reactivity rate (h-1);
t- Time stamp (h).
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Here, the penetration factor is assumed to be 1. S/V 
and k is considered to be zero as there is no source of 
emission in the indoors. Hence, there is no reaction 
happening in the room. For calculating the ACH, 
average pixel values are used and outdoor supply 
concentration is calculated at the entrance of the 
opening. Inside concentration values are predicted 
based on outdoor concentration values using this xx.  
By using the solver equation in Microsoft excel 
(Microsoft, 2016) ACH value is estimated such that 
the difference between the calculated and 
experimental value is minimum. The resultant ACH 
value using equation (5) will be valid for water. 
Hence, in order to establish a relation between the 
ACH in water-table and ACH in air dimensional 
analysis is employed by using the equation (6). 
Equation (6) is used to matching the Reynolds 
number in air and water. 

 (6) 

Where, 
 ACH – Air changes per hour (h-1);  
d- Characteristic length of the building (m);
v- Velocity of fluid (m/s);
ρ- Density of fluid (kg/m3); 
μ- Viscosity of fluid (kg/m.s);

A- Area of the window (m2);
V- Volume of the room (m3).

3. Results and discussion
The experiments are carried with different model-

scales, ranging from 1:20 to 1:80 in steps of 10, as 
demonstrated in Figure 6. The model scales are 
derived for a physical room of dimensions 4mx4m, 
with an opening width of 1m considered. For the 1:20 
scale, the room dimensions are 20cmx20cm and 
opening width is of 5cm, and for the 1:80 scale; the 
room dimensions are 5cmx5cm with an opening 
width of 1.25cm.  

3.1. Dead Spots (DS) 
Dead spots for different zones i.e. Left Top (LT), 

Centre (CT), Right Bottom (RB) are calculated for all 

scales using equation (3).The zones nomenclature is 
described in the table -1.   

Figure 7: Comparison of % DS calculation for Left Top (LT) 
zone using different scales 

Figure 77, 8 and 9 show the temporal evolution of 
% DS with time for LT, CT and RB zones respectively.  
The legend LT_1_20 represents for Left Top (LT) zone 
for a 1:20 model scale, and same terminology is 
adopted for different zones and scales.  In all scales, it 
is observed that CT is ventilated first, followed by RB 
and LT zones. Diffusion time reduces sequentially 
from 1:20 to 1:80 scales, since the room size varies. 
For the 1:20 scale, steady-state is achieved after 12 
min and for the 1:80 scale, steady sate is achieved 
after 6 minutes. Similar outcomes for the % DS are 
observed for all remaining zones. 

Figure 6: Different scale models employed for SS, AS and OS 

Figure 8: Comparison of % DS calculation for Centre (CT) zone 
using different scales 

Figure 9: Comparison of % DS calculation for Right Bottom (RB) 
zone using different scales 
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For better understanding of effect of model scale, 
average concentration values are used to calculate 
the dead spots percentage as it takes single value for 
entire room. The change in slope from Figure 10 from 
1:20 to 1:60 is around 1.4%. Thus, the slope variation 
between 1:20 and 1:60 is not significant. The change 
in slope from 1:20 and 1:70 is around 13% and while 
the change in between 1:20 and 1:80 is around 17%.  
Therefore, the behaviour of flow patterns at 1:20 to 
1:80 scale is significantly different from scales 1:20 to 
1:60 scale. 

 

Average values are used for calculating %DS for AS 
configuration. The change in slope (Figure 11) from 
1:20 to 1:60 is around 1.79% and is not significant. 
The change in slope from 1:20 and 1:70 is around 
12% and that between 1:20 and 1:80 is around 15%. 
The behaviour of flow patterns at 1:20 to 1:80 scale is 
observed to significantly differ from that between 
1:20 to 1:60 scales. 

 
 

Similarly, for the OS configuration, change in slope 
(Figure 12) from 1:20 to 1:60 is around 2.21% and is 
not significant, whereas change in slope from 1:20 
and 1:70 is about 12.5% and that between 1:20 and 
1:80 is around 16%. Thus, the behaviour of flow 
patterns at 1:20 to 1:80 scales is significantly different 
from that between 1:20 to 1:60 scales. 

It is observed that for all these configurations SS, 
AS and OS. The evolution of % dead spots of 1:70 
scale and 1:80 scale are significantly different as 
compared to other scales and are not appropriate. 
This is because the sizes of the room are 
5.7cmx5.7cm and 5cmx5cm in 1:70 and 1:80 scale 
respectively 

3.2. Absolute Ventilation Efficiency (Ea) 
This metric denotes the ventilation system 

efficiency in reducing contaminants, and has a value 
always less than or equal to 1, with a higher value 
signifying better flow and better ventilation 
efficiency, which makes an inverse relation with dead 
spots. Absolute Ventilation Efficiency is calculated 
using the equation (4), and average values are used in 
the calculations 

 
 

It is observed as the flow increases the ventilation 
efficiency also increases. Figure 13 demonstrates a 
sequential increase of Ea for scales 1:20 to 1:60 for SS 
configuration, which reaches its maximum value of 1 
after 12 minutes, whereas this is achieved for 1:70 
and 1:80 scales after 9 minutes. This difference may 
be attributed to smaller room size, and lesser time 
needed to remove indoor concentration. Elevation of 
slope from 1:20 to 1:30 is 95.2%, 1:20 to 1:40 is 
96.8%, 1:20 to 1:50 is 97.4%, 1:20 to 1:60 is 98.4%, 
1:20 to 1:70 is 99.5% and 1:20 to 1:80 is 99.9%. 

Similar outcomes for the Ea are observed for all 
remaining configurations (AS, OS). Experimental 
analysis of the three configurations demonstrates 
higher ventilation efficiency for OS configuration, 
followed by AS and SS configurations respectively. It 
is also observed that 1:70 and 1:80 scales show a 
steeper rise in absolute ventilation efficiency, as 
compared to other scales. 

Figure 10: Comparison of % DS Calculation using average 
values for SS configuration 

ff ll ll

Figure 11: Comparison of % DS calculation using average 
value for AS configuration 

Figure 12:  Comparison of % DS using average value for OS 
configuration 

Figure 13:  Absolute ventilation efficiency using average 
values for SS configuration 

Vol.3 | 1511
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


3.3. Air Change per Hour (ACH) 
In this section ACH is calculated for all three 

configurations and model scales. ACH is calculated 
using equation (6) in water and y-axis on right side it 
represents ACH in air.  The x-axis shows different 
model scales and configurations. For example, 
1_20_OS represents 1:20 model scale and OS 
(opposite side) represents the type of configuration. 
The same terminology is used for different scales and 
configuration. Figure 14 shows the ACH value for 
different model scales. 

 
 
From figure 14, it is observed that ACH increases 

as the model size reduces. In theory, the ACH value 
should not change with model size. But, this happens 
in the water-table for two reasons. One of the main 
reasons is that the Reynolds number, and thus the 
velocity of water, doesn’t remain constant with 
reference to the different model scales. As the model 
size reduces, the velocity of water increases and thus, 
the ACH also increases. Also, diffusion of dye is faster 
for smaller room areas.  

However, it can be observed from Figure 14 that 
for 1:20 scale ACH is highest for the OS (0.32), 
followed by AS (0.30) and SS (0.26). This is as 
expected due to higher ventilation of OS followed by 
AS and SS configurations. The same was observed 
with %DS and AVE for the respective configurations. 
The same trend is followed for model scales of 1:30 
and 1:40. When the model size is reduced further, 
i.e., scales greater than 1:40 the observed trend
between the configurations is not maintained. Thus,
water-table gives physically realistic results between
different configurations up to some model scales.
However, the ACH metric cannot be used for studying
model scales unless the flow similarity is maintained
by keeping the Re number constant.

4. CONCLUSION
Water-table apparatus is relatively economical

method for analysing flow patterns in and around a 
building. The experiments with three different room 
configurations with three single side (SS), adjacent 
side (AS) and opposite side (OS) are carried out. To 

study the effect of model scales on ventilation 
metrics, experiments are conducted for four model 
scales (1:20, 1:40, 1:60, 1:80) for each configuration.  
Additional experiments with model scales of 1:30, 
1:50, and 1:70 are carried out to derive a concrete 
conclusion. However, the results showed discrepancy 
in ventilation metrics and a trend couldn’t be seen. 
This could have been due to change of experimental 
condition as the new experiments are conducted 
after substantial period of time. Therefore, 
experiments for all scales are repeated to maintain 
uniformity in conducting experiments. The newly 
obtained results shows a clear trend with model scale  

It is observed that model scale from 1:20 to 1:60 
followed the same trend in terms of metric 
calculation which is also observed while conducting 
the experiments. The results showed by 1:70 and 
1:80 model scale showed a significant variation of 
results in terms of ventilation metrics. From the 
experiments carried out in this study, based on 
different scales and configurations, it is concluded 
that for the current water-table (152cmx75cm) set-up 
the minimum size of the model shouldn’t be less than 
6.6cmx6.6 cm. The biggest size simulated in this study 
is 1:20 which corresponds to model of size 20cmx20 
cm. The flow patterns can be clearly observed for this 
scale. However, if the study case has multiple zones
smaller scales (1:30 to 1:60) can be preferred without
significant differences in the ventilation metrics.
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ABSTRACT: Universities have the responsibility to adapt and promote the principles of sustainability according to 
the Higher Education Sustainability Initiative5, the UN. This is due to the heavy impact of university campus on 
the environment and resource. However, application of campus sustainability is still not widely done. 
Furthermore, there is a lack of research on the preparation for sustainable university in developing countries 
such as Jordan. Therefore, this research is conducted to promote sustainable development in Jordanian 
universities. This paper describes a project conceived by Al-Ahliyya Amman University (AAU) to transform its 
campus into a recognised friendly sustainable environment. In particular, the first phase of the project, which 
emphasises the social pillar of sustainability in the University. A questionnaire included a sample of +5% of the 
total students and staff of the AAU is used to investigate three main aspects: level of general knowledge in terms 
of sustainability, level of knowledge of sustainable campus criteria, and behaviour intention towards 
sustainability. The study found that education and teaching topics related to sustainability is an important issue 
to enhance sustainability. Furthermore, sustainable intentions are highly important to develop sustainable 
university.  These Results will contribute to the developing of integrated framework for sustainable university.  
KEYWORDS: Sustainable university, University community, Social sustainability 

1. INTRODUCTION
Universities can be seen as small cities that have

heavy impacts on the environment. This is due to 
their complex buildings, transportation, energy and 
water consumption, waste generation, in addition to 
the scientific, social, and educational activities that 
occur inside campuses [1]. Therefore, as part of 
sustainable development, universities have become 
increasingly interested in understanding and tracking 
their full social and environmental impacts. 
Clarifications of a sustainable university campus in 
different sources share similar values in terms of 
environmental, economical, and social qualities.  It 
has been defined as a ‘‘higher education institution 
that addresses, involves, and promotes the 
minimization of negative environmental, economic, 
social, and health effects generated in the use of their 
resources to teach, research, outreach and 
partnership’’ [2]. In addition, a sustainable university 
can be defined as a campus that is able to deliver the 
message of integration and progress in all aspects of 
sustainable development, to promote socially justice, 
economically prosperous and environmental 
development, through the concepts, principles, and 
methods of education for sustainable development 
[3].In conclusion, a sustainable campus is a 
community that is actively engaged to address the 
ecological and social challenges that are faced now 
and in the future [4]. 

In this context, university campus sustainability 
assessments have emerged as tools for identifying 

best practices, communicating goals and experiences, 
and measuring progress towards achieving a 
sustainable campus concept [5]. Some of the most 
used sustainability evaluation systems for university 
campuses are; STARS, the College Sustainability 
Report Card, and UI Green Metric WUR. Each system 
has main categories and covers indicators considering 
infrastructure and site, energy efficiency, water 
efficiency, and waste management to assess level of 
sustainable campus.  

In the Middle East, governments, non-
governmental organizations, and professional bodies 
are interested nowadays in sustainable development. 
For example, Jordan, Egypt, and the United Arab 
Emirates have introduced energy efficiency standards 
for building construction [6]. However, there is a lack 
of research results in applying sustainable practices 
within universities campuses in developing countries 
[7]. As few universities in the Middle East are making 
the necessary adjustments to decrease the negative 
effects of campus operations on the environment [8]. 
According to the UI Green Metric Ranking 2019 that 
included 779 universities, 145 Middle Eastern 
universities were part of the ranking [9] (Fig. 1). 

Vol.3 | 1513
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://orcid.org/0000-0003-0842-2921
https://doi.org/10.17979/spudc.9788497497947


Figure 1: Ranked Middle Eastern Universities in the UI Green 
Metric 2019 

In 2010, 2011, 2012, and 2013 no universities 
from Jordan were within the ranking. In 2019, out of 
34 Jordanian Universities, 9 universities were ranked 
within the 2019 UI Green Metric. Comparing the 
scores of Jordanian Universities in that year, Al-
Balqaa Applied University came first with a total score 
of 6975. As for worldwide comparison, Wageningen 
University in the Netherland, which was ranked 1st 
with a score of 9075, exceeded Al-Balqaa Applied 
University, which was ranked 106th with a 2100-point 
difference [9]. (Fig. 2)  
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Figure 2: Local and Worldwide comparison of Jordanian 
Universities according to UI Green Metric 2019 

Generally, there is a lack of research on the 
preparation for green university development in 
Jordan. Therefore, this research aims to create an 
initiative to promote sustainable development in 
Jordanian universities. This research is part of a 
sustainable program initiated by Al-Ahliyya Amman 
University (AAU) that aims to develop a framework of 
integrated sustainable development into the campus. 
The project consists of three phases; firstly, the social 
aspects (users), aims at investigating the level of 
knowledge and behaviour of sustainability. Secondly, 
the physical facilities (campus settings and 
infrastructure such as buildings, equipments, 
operations, and furniture), which aims at exploring 
the impact of the features of the university campus in 

terms of environmental sustainability. Finally, the 
integrated framework, aims at developing an 
approach for constructing a sustainable campus for 
Jordanian universities to ensure a recognised friendly 
green environment. The AAU was selected as the 
case study. The present paper explores the first phase 
of the project, which emphasise the social aspects.  

Though, green university rating systems according 
to their weighting criteria give the most points to the 
operations, and climate change (e.g. buildings, 
renewable energy, transportation, waste, water, 
smart building implementation, greenhouse gas 
emissions reduction, energy efficient appliances, and 
ratio of carbon footprint according to the campus 
population). Many research papers emphasise the 
importance of social aspects related to ‘users’ to 
ensure long term sustainability in universities and 
they recommend this analysis to be the first step of 
the process of change towards sustainable campus 
[10-13].  Society strive towards sustainability is 
needed to enable adoption of sustainable 
development in universities [10]. Community (users) 
participation should be addressed in the campus 
planning towards sustainability [11]. In addition, 
universities should promote sustainability through 
academic education and research [12-13].  Therefore, 
this paper investigates the social pillar of 
sustainability among students and staff in the 
University including three main aspects as follows: 
first, the level of general knowledge in terms of 
sustainability, second, the level of knowledge in 
terms of sustainable campus criteria, and finally, the 
behaviour intention towards sustainability in the 
AAU. Consequently, AAU promotes a university-led 
social change concerning sustainability goals. 

2. METHODS

2.1 The case study  
The AAU was selected as the case study for this 

research. It has one campus that is located in a 
suburban setting within a Mediterranean climate. The 
campus consists of 21 permanent buildings and 9 
temporary structures. The total number of students 
enrolled in the first semester of the academic year 
(2019/2020) was 5828 among 9 faculties (3345 
humanities and social fields, and 2483 applied 
sciences including engineering and health fields). 
Furthermore, the number of university staff in the 
same year was 646 (325 academics and 321 
administrative staff). 

2.2 The design and validation of the questionnaire 
The questionnaire was based on the results of the 

literature review, which included studies of indicators 
and requirements of sustainable universities. Once 
categories were identified, researchers focused on 
issues that directly impact developing a framework of 
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integrated sustainable development into the campus. 
Items were developed on four sections: (a) 
demographic data, consists of 8 questions for 
inclusion in the questionnaire. (b) Level of general 
knowledge of sustainability, consists of 7 questions 
that consider definition of sustainability, pillars of 
sustainability (social, environmental, economic), 
integrated approach for sustainability, source of 
knowledge, importance of sustainability, and interest 
in sustainable activities. (c) Level of knowledge of 
sustainable university campus criteria, consists of 2 
questions that consider recognition of principles of 
green university, and importance of these activities to 
the AAU. Finally, (d) Level of behaviour toward 
sustainable university campus, divided into 6 
subscales, considering behaviour intention to develop 
sustainable university in terms of UI Green Metric 
criteria as follows: setting and infrastructure, energy 
efficiency, water efficiency, waste management, 
transportation, and education and research.  

The first version of the survey was demonstrated 
and discussed with a number of experts of 
sustainable urban design; and academicians in 
Jordan. They suggested several modifications that 
were implemented, and also helped to determine 
whether the items were clear and concise. Two 
questions were slightly modified before the 
questionnaire was made available online. All 
questions were in the form of closed-ended questions 
(mostly in the form of 5-point Likert scale, with 
answers ranging from strongly disagree to strongly 
agree. Additionally, an open-ended question was 
added in order to get insights from participants 
themselves. 

3. RESULTS AND DISCUSSION
The survey was sent through email to academic

faculties (including staff and students) and 
administrative units in the university. Accordingly, 
695 responses were returned. After sorting and 
revising the returned questionnaires, a final overall 
sample size of 639 survey was achieved. This number 
agrees with Taro Yamane’s equation [14] which 
recommends the necessary sample size to be ±5% of 
the population size (student and staff) (Table 1).  
Reasons for the disqualification of 56 responses 
include: some contradictions in the answers, and 
incomplete responses. Participants classified 
according to field of study as follows: 51.8% of 
humanities and 48.2% of applied sciences (Fig. 3). 
This matches the percentages of the fields of study 
for the total population. 

Table 1: Sample size of the questionnaire 
Field Population 

size 
Returned 
responses 

Accepted 
responses 

Student Sciences  2483 289 87.2% 267 86.7%
Humanities  3345 317 287 

Staff Academic  325 41 
12.8% 

40 13.3% 
Admin. 321 48 45 

Figure 3: Field of study for the accepted participants’ 
responses  

3.1 Level of general knowledge on sustainability 
Based on the data of the questionnaire, about 

77% of the participants (Fig. 4) select the correct 
answer for defining sustainability as ''Meeting the 
needs of the present without compromising the 
ability of future generations to meet their own 
needs'', UN 1987. This can be due to the fact that the 
most of participants (47.5%) know about the concept 
of sustainability via media such as web sites, social 
media, and others (e.g. TV channels) (Fig. 5) and this 
definition is the most widespread for sustainability in 
media. Only 16.4% of participants learn about 
sustainability through a course in the university, 82% 
of them from the humanities faculties (Architecture 
and Design, Information technology, Arts and 
Sciences, Law, Business). This is due the fact that 
these programs include at least one course about 
sustainability in the curriculum. While for the applied 
science faculties (Engineering, Nursing, Pharmacy, 
Allied Medical Science), only Engineering curriculum 
include such a course (Fig. 6). 

Figure 4: Definition of sustainability
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Figure 5: Main source of knowledge about sustainability 

Figure 6: University course as a sources of knowledge 
sustainability among fields of humanities and sciences 

However, only 57.4% of the participants think that 
they understand the meaning of sustainability (Fig. 7). 
Further analysis of the results of the question 
considering analysing the aspects related of 
sustainability (Fig. 8) shows that most of participants 
(59%) recognise sustainability considering 
environmental friendly and energy aspects, while 
social and economic aspects are less considered 
(19.5% and 13.2% respectively).   

Figure 7: Understanding the meaning of sustainability 

Figure 8: Aspects related to environmental, social, and 
economic sustainability 

It is clear that majority of people do not fully 
recognise sustainability as a comprehensive approach 
that should integrate the three pillars (social, 

environmental, economic) to assure the future 
expansion of sustainable development. However, 
73.5% of the participants think that sustainability is 
important and they are willing to know more about it 
(Fig. 9). About 67.9% of participants from applied 
science faculties are interested to participate in 
sustainable activities in the university (Fig. 10). This 
can be a strategy to reduce the limitless of such 
curriculums and teach about sustainability through 
pragmatic activities.  

Figure 9: Interest to know more about sustainability 

Figure 10: Interest to participate in sustainable activities 
among faculties of humanities and sciences 

3.2 Level of knowledge on sustainable university 
campus 

Regarding the level of knowledge for sustainable 
university among students and staff, the results show 
that most of the participants (>85%) think that the 
main categories of green university, which are 
defined by the UI Green Metric are important to 
achieve green campus (Fig. 11). 

Figure 11: Importance of indicators of sustainable campus 

However, they rank these categories according to 
importance as follows:  education, infrastructure, 
energy, waste, water, and finally transportation (Fig. 
12). 46% of participants recommend an enhancement 
approach for Education in AAU (e.g. courses related 
to sustainability, research fund, activities and events, 
sustainability web site) to make the university more 
sustainable. While, campus infrastructure and setting 
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(e.g. planted vegetation, preserve forest, green 
spaces management, safe campus) records 32% of 
importance. 
In addition, participants think that energy, waste, 
water, and transportation in AAU are in good 
conditions and require less efforts for enhancement 
(only 22% of overall). 

Figure 12: Required enhancement of sustainable campus 
categories in AAU according to participant ranking 

In general, the rating systems according to their 
weighting criteria give the most points to the 
operations, and climate change issues. Operation 
criterion encompasses energy, buildings, air and 
climate, transportation, waste, and water. While, 
energy and climate change criteria includes, 
renewable energy sources, smart building 
implementation, greenhouse gas emissions 
reduction, energy efficient appliances, elements of 
green building implementation, and the total ratio of 
total carbon footprint according to the campus 
population. While these rating systems take a broad 
range of policies and programs into consideration, 
they do not include teaching, research, or other 
academic aspects concerning sustainability as the 
weight, which is recommended in this research.  

It is important to mention that these 
recommendations agree with the current ranking of 
AAU according to the UI Green Metric 2019 [9]. 
Which shows that AAU campus have high points (54-
80%) of the total weight in each category of energy, 
waste, water, and transportation. While, it has less 
points (<45%) of the total weight in education and 
infrastructure (Table 2).  

These findings inform us that the level of 
knowledge about sustainable campus among 
participants is good. Although the previous section 
shows that majority of participants do not fully 
recognise the meaning of sustainability, participants 
can observe the strength and weakness of their 
campus and provide a good assessment about the 
actually existing circumstances of AAU campus.  

Table 2: Comparison of AAU sustainable ranking between UI 
Green Metric 2019 and participant observation 
Criteria UI Green Metric 2019 

ranking 
Participants (users) 
ranking  

Rank of 
categories 

% of achieved 
points  

Rank of categories 

Water  1st 80.0% 2nd
Transportation  2nd 65.3% 1st
Energy  3rd 64.3% 4th
Waste  4th 54.2% 3rd
Education  5th 44.4% 6th
Infrastructure  6th 41.7% 5th

3.3 Level of behaviour towards sustainable 
university campus 

Overall, the most of the participants (54%) show a 
good level of behaviour towards developing a 
sustainable university campus (Fig. 13). Intentions to 
water efficiency practices (e.g. turning off water 
when it is not in us, using water saving taps and 
toilets, informing of water leakage, and participate in 
water saving activities) records the highest 
percentage (79%). These intentions towards water 
efficiency practices can be a main factor to enhance 
sustainability in AAU. 

 This finding correlate with the fact that AAU 
achieved the highest points in water criteria in the UI 
Green Metric 2019 (Table 2).  

Figure 13: Level of behaviour towards sustainable campus 

Practices of energy efficiency (e.g. turning off 
lights, fans, air conditioning when they are not in use, 
adjusting air conditioning temperature to 25°C, 
shutting down electronic devices when they are not 
in use, using e-mail for memos, meeting notes, and 
participating in energy saving activities), and 
sustainable setting and infrastructure (e.g. 
participating in awareness initiatives-project and in 
planting trees, donating for others, buying 
environment-friendly items, using renewable energy, 
and not smoking) record less intention (62%). 
However, the other practices considering behaviours 
to enhance transportation (e.g. using sustainable 
transportation, such as bikes, public transport, 
carpooling, renewable fuel car into the university, 
walking and using sidewalks and shuttle services 
inside the university, participating in reducing car use 
activities), and waste management (e.g. printing on 
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both sides of paper, using recycled paper for printing, 
reusing papers and folders, buying recycled supplies 
and products, sharing books, courses material with 
colleague, disposing waste into rubbish bin, 
separating waste, using own lunch box and water 
bottle, using cloth bags and recycled napkins, and 
participating in reducing waste activities) record poor 
intention (47%). while, sustainable education and 
research (e.g. attending a course, a lecture, 
workshop, training related to sustainability, be a 
member of a sustainable initiative, committee, or 
club, doing a research related to sustainability, 
visiting the university sustainable website, and 
participating in sustainability awareness activities) 
had the low intention (24%).   

3. CONCLUSION AND RECOMMENDATIONS
This paper aims to investigate the importance of

knowledge in terms of sustainability, sustainable 
campus, and the behaviour intentions towards 
sustainability among university community (students 
and staff), in order to contribute to the developing of 
integrated framework for sustainable university. Al-
Ahliyya Amman University (AAU) in Jordan was 
selected as the case study. A questionnaire for 
collecting data was developed.  

The study found that there is a direct link 
between education and knowledge about sustainable 
development. Students who attended university 
courses related to sustainability have better 
knowledge and attentions towards it. However, there 
still appears a need of improvements in some aspects 
of courses. Improvements include involving the broad 
categories of sustainability (social, environmental, 
and economic). Other aspects include integration of 
sustainable development into university structures 
and processes to educate and inform student and 
staff about their campus. In addition, it can be 
concluded that sustainable intention among students 
and staff is highly important to develop sustainable 
university.  

Therefore, to make a transition towards 
sustainable university, the study recommends the 
following: first, an implementation plan and 
framework considering university community 
(students and staff) is needed to be done as the first 
step. Second, an educational policy of sustainability 
including the different fields of study in the university 
is required, in order to sustain a long term 
development.  Improvements should focus on 
integrating applied and pragmatic activities in the 
courses curriculum. In addition, developing a plan for 
involving sustainability actions into the academic and 
administrative processes.  
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ABSTRACT: In China's relatively poor rural areas, new housing is mostly brick-and-mortar because of a massive 
outflow of labour and disruption in the inheritance of traditional construction techniques. But these houses are 
plagued by poor living conditions and high construction costs. This study proposes a method to improve the 
traditional ramming technology so that local women can participate in the construction, and compares it with local 
traditional cases. And this study also provides a new choice and reference for constructing a sustainable development 
mode in rural areas. 
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1. INTRODUCTION
     With the deepening of China's urbanization 

process and the transformation of social productivity 
structure, in the rural areas of southwest China, a large 
number of male labor force go out to work, with mostly 
elderly, infants and women left behind. Therefore, a 
large part of the newly built farm houses are brick-
concrete structures contracted by construction teams 
which are from out of town. The traditional rammed 
earth dwellings were eliminated due to the local labor 
force emigration. There isn t enough local labor force to 
improve its residential performance to meet modern 
needs, which led to an obvious gap in the inheritance of 
rammed earth construction technology.  

This paper discusses the meaning and significance 
of women's participation in the construction of the new 
type of rammed earth residential buildings to the 
sustainable development of architecture and 
environment by means of a comparative study of actual 
construction projects and reinforced concrete brick 
houses under the same conditions in Sichuan 
province rural areas of Southwest China. 

2. LITERATURE REVIEW
2.1 Demographic structure in rural China

The process of urbanization has resulted in the 
outflow of high-quality rural labor force. China's rural 
population structure and employment structure have 
undergone great changes. A large number of social 
surveys show that the rural population is characterized 
by "aging" and "hollowing out", and "feminization" and 
"aging” stand out in agriculture.[1] In some places, 
natural villages have completely hollowed without 
permanent population while most villages only have 

women, children and the elderly as permanent 
population. 

According to local government s report General 
situation of migrant workers in Sichuan Province  [2]

the structural characteristics of rural emigrant workers 
are: men >women; young>old table1 and table2
which can make an inference on the personnel 
structure of local left behind reversely basic on the data 
that the proportion of men and women in rural areas is 
roughly equal.  

Table 1: Sex ratio of emigrant workers[2] 
sex Male(%) Female(%) 
ratio 59.7 40.3 

Table 2: Age ratio of emigrant workers[2] 
Age 18~29 30~39 40~49 50~65 
ratio 31.5% 23.3% 29.8% 15.4% 

2.2 Transformation  wellings in rural China 
Rammed earth technology has been used for 

thousands of years around the word especially in rural 
China. A large part of the folk dwellings in southwest of 
China rural area are traditional rammed earth dwellings. 

But most newly built houses in rural China are built 
in brick-concrete or reinforced-concrete mode nd 
brick -concrete structure is more popular with the poor 
because of its lower cost However, due to economic 
and technical constraints, most new houses lack 
sophisticated thermal insulation structure, which 
means the indoor environment quality is very poor. [3]

A small number of residents choose to install air 
conditioner after accumulating enough money to 
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improve their living comfort which produced 
unnecessary energy consumption.  

2.3   Building environmental assessment methods 
The current assessment system for the sustainable 

development of the built environment includes the 
following three levels: 

Sustainable environment
Sustainable society
Sustainable economy

South African academics have established the first
sustainable building assessment tool (SBAT) for a 
developing country[4].  

China academics, Dr. WAN Li , reviewed the current 
situation and issues relating to the rural development 
and construction of China and the theory of sustainable 
rural development and has made evaluation 
recommendations that are more consistent with 
China's rural situation, emphasizing the endogenous 
development of rural areas and the overall 
improvement of social resources.[5] 

2.4     
The massive outflow of labor force is a major 

current situation in rural areas of China, which results in 
the interruption of inheritance and renewal of 
traditional construction techniques. In the absence of 
local labor and technology, brick- concrete structure 
and reinforced concrete structure houses become the 
only and best choice to meet the requirements of 
housing replacement. The technology and materials for 
both types of buildings come from outside which make 
it possible to reach a cleaner and brighter living 
condition than traditional one. But at the same time, it 
also causes many problems that are inconsistent with 
the values advocated by sustainable development of 
building and environment. 

Through the introduction of university research, 
the traditional construction technology has been 
improved to be able to build a safe and comfortable 
house, and easy to operate, so that females which are 
available in rural area can participate in the housing 
construction, filling the vacancy of the local labor force. 
In addition, the use of local materials and local labor 
reduces energy consumption and environmental 
damage, and has positive significance for the 
endogenous development of the region. In this study, 
we try the above methods and compare them with the 
cases of self built houses of villagers. 

3. CASE STUDY OF FEMALE PARTICIPATORY PROJECT
The project was located in a remote mountainous

area in southwest China, with 1.2 km away from the 
nearest folk market, motorcycle was the only accessible 

transportation except walking in rainy season. The 
majority of male labor force around the area went out 
as the migrant workers, with women and children left 
behind. 

The case study was based on the new rammed 
earth construction technology whose strategy is "high 
science and low technology". The construction auxiliary 
equipment was optimized to make it possible for rural 
women to participate in construction.  

Picture 1 : Plans of the study case 

In addition, A brick house of the same village, 
which was a poverty - alleviating housing built at the 
same time by the government in a unified way  was 
selected as a comparison. The basic information of the 
two buildings was compared in the following details:  
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Table 1: Contrast of two cases 
Study case Comparative case 

Building 
Type 

Rammed-earth 
building 

Brick-concrete 
building 

Wall Rammed earth Red brick 
Roof Steel frame and 

Light tile 
Concrete 

Construction 
method 

Villagers’ 
 participation 
and Guidance of 
Universities 

Extraneous 
construction 
team 

3.1 information of construction workers 
The project's workers, all from the surrounding 

countryside, were made up of five men and five women, 
and male workers had regular construction 
experience which means they ha  the skills of 
erecting formwork removing formwork and building 
houses with concrete and bricks  before they arrived 
at that construction site . 

The five female workers were  married and 
stayed in the local area due to family and children, with 
low education level. 

Table 3: The information of female workers 
N
O

Age Education Exper
ience 

Family information 

1 37 Junior 
middle 
school 

Yes Married/has 2 kids 
/husband is a migrant 
worker 

2 46 Primary 
school 

Yes Married/has 2 kids 
/husband is a migrant 
worker  

3 42 Junior No Married/has 2 kids 
4 37 Junior No Married/has 2 kids 
5 29 Junior No Married/has 2 kids 

3.2 New rammed earth technology and skills training 
The new rammed earth construction technology is 

improved on the traditional rammed earth technology. 
Appropriate size of concrete foundation with a correct 
cement mortar to enhance the integrity of the 
foundation of the house. The soil of the site was 
examined in the lab and adjusted properly with sand, 
straw, and small amount of cement (4%) to avoid cracks 
and make the wall solid. Concrete ring beams are added 
to the wall to improve structural integrity and to avoid 
vertical cracking.  The quality of the rammed tools and 
formwork  increased. Aluminium alloy formwork and 
electric rammer has been used to make the wall 
substantially compact and smooth. 

Through the above improvement measures, the 
1:1 full-scale model passed the shaking table test of 
earthquake simulation, and the results showed that 
When the peak acceleration of shaking table is 0.4g, the 
structure is in good condition, the stiffness is basically 
unchanged, and the structure is in elastic state[6]. This 
means that it can completely meet the requirements of 
8-degree seismic fortification area in China's seismic
design code[7]

Construction process of the projects was divided 
into: broken soil, mixing ingredients, formwork, 
compaction, foundation ring beam. 

Training is accompanied by construction, the work 
of breaking and moving earth is very simple, and the 
female workers can handle it completely. The work of 
mixing ingredients can also be mastered by female 
workers through simple announcement, and they can 
accumulate experience in many times of repetition. 
Considering physical strength, the formwork is made up 
of male workers. 

 

3.3   Upgrade of construction equipment 
In the early preparation stage, the equipment has 

been improved to make them more convenient to 
control for women. 

Table 4: Equipment upgrading 
Equipment Old type New type Advantage 
Tamper Vertical 

rammer
75kg  

Pneumatic 
tamper 

9kg  

More light 

Air pump No Yes Supply to the 
tampers 

Electric 
generator 

No Yes Supply to the 
Air pump 

Mixer Vertical Flat smaller
easier to 
control 
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formwork Made by 
Aluminium 
alloy 

Made by 
wood 

More light 

Crane No Yes Easier to 
transport 

Mini-tiller No Yes Easier to dig 

4. COMPARATIVE ANALYSIS OF BUILDING AND
ENVIRONMENTAL SUSTAINABILITY
4 .1 Environmental sustainability

With regard to environmental sustainability, the 
following points should be considered: 

Ecosystem conservation
Resources protection
Control the use of resources that damage the

environment
Garbage and pollution

Water resource
Energy

The energy consumption and pollution of the
rammed earth are lower than that of the brick-concrete 
structure under construction, operation and demolition. 

4.1.1   The state of construction 
Taking the construction site as the centre, the area 

of ten kilometres is reclaimed slope land, with only soil 
and scattered boulders. For rammed earth buildings 
(study case), these boulders can be used to build 
foundations, earth can be used as the most important 
wall material, and masonry buildings (the case study) 
have to be removed from the market except for stones. 

In both cases, the foundation and the girders are 
reinforced concrete, so the biggest difference in 
materials comes from the walls. 

When the wall is the object of study, by recording 
and calculating, the data Table 5  shows that 57% of 
the materials by weight can be obtained from the 
construction site in the study case while all materials of 
the comparative case need to be taken from market. It 
means that 57% of money of materials was saved
meanwhile the energy and money which is consumed 
during transit is also saved . Rammed earth building 
materials do not need complex processing and long-
distance transportation, which makes the embedded 
energy lower. 
Table 5: source of main materials of walls and respective 
weight proportion in the wall 

Source Study case Comparative case 
From site Earth (57%) 
From 
market 

Sand (20.4%) 
Gravel(18%) 
Cement(4%) 
Steel(0.6%) 

Sand (19.4%) 
Gravel (0.8%) 
Cement (3.84%) 
Brick (72.9%) 
Steel (2.06%) 

4.1.2   The state of running 
Several temperature recorders (HOBO U12-011) 

are hung in the middle of different rooms of two 
houses and 800 cm from the ceiling. In the months after 
the completion of construction, the temperature 
changes of each room were recorded continuously, 12 
times a day. The temperature outside the building is 
also recorded. (Table 6).  

Table 6: Air temperature measurement results in winter 
11/26/2019-12/06/2019  

Due to the good thermal inertia of rammed earth 
wall, the fluctuation of indoor temperature can be 
maintained in a small range(<4.6 ) and much higher 
than the minimum ambient temperature. 

In order to obtain better natural lighting and 
ventilation, the window opening of the study case was 
optimized according to Code for design of buildings[8]. 
(Table 7). 

Table 7: The ratio of window to ground of two houses 
Space type Study 

case 
Comparative 
case 

Code 

Living room 0.24 0  
Bedroom1 0.125 0.135 
Bedroom2 0.13 0.145 
Bedroom3 0.184 0.145 
Kitchen 0.24 0.115 

With the application of passive energy saving 
design methods, study case was relatively low in energy 
consumption for building, simple in maintenance and 
thus was more energy-saving in the long term. 

4.1.3   The state of demolition 
Whether the construction waste can return to the 

ecological cycle after demolition is one of the important 
criteria to judge the sustainability of a building. 

For rammed earth buildings, rammed earth walls 
are made of a mixture of earth, sand and other natural 
materials, with 4% cement added as stabilizer. After the 
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wall is demolished, the building fragments pulled from 
the wall can be returned to the soil by adding some 
cement anticoagulants (such as zeolite/silica) for 
replanting replants.. 

For reinforced concrete brick houses, red brick is 
made of clay and shale powder fired at a high 
temperature of 900 , and irreversible chemical 
reaction takes place in the whole process. It is a non-
renewable resource. In addition, the amount of cement 
added to the conventional concrete is 16.7%, and 
cement hydration occurs during the setting process, 
which is also an irreversible chemical reaction. The 
debris of the whole building cannot be returned to the 
ecological cycle again. 

4 .2   Social sustainability 
On social sustainability, those following key points 

should be considered: 
Accessibility
Education
Inclusiveness
Health and Safety Assurance
Public participation Energy

In the study case local women participated in the 
construction process, which means the idle labor 
resources were fully used. Besides, supervision and 
training from research institutions ensures the safety of 
construction which fully mobilizes the participation of 
the society. It also displayed a good inclusiveness and 
public participation in the construction process. And we 
observed that the female trained workers performed 
good soil mixing and construction skills. Some of them 
process good learning ability and communication skill. 
This means that the construction technology is 
accessible to people, they can easily use it or obtain. 
Therefore, it is not only a production process, but also a 
good education process. Villagers can acquire new 
building skills during construction, and make a living by 
it in the future.  

In the comparative case brick masonry required 
a certain skill, and it belonged to the advanced 
technical work. Constructing by the team is nothing but 
the repeated output of mature skills, without 
educational significance. What is more the contract 
responsibility mode with construction teams from 
outside of the town makes local villagers cannot 
participate in . The whole process is not educational at 
all. 

4 .3    sustainability 
On economic sustainability, those following key 

points should be considered: 
Employment and autonomous employment
Efficiency and effectiveness
Local knowledge and technology
Scientific monitoring
A transparent, fair and supportive
environment
Diversified economies

In this term the advantages of the research case 
are  

Jobs were provided for local women.
Combined with traditional rammed earth

technology.
It is a small-scale, local and diversified
economy that is highly compatible with local
conditions.

In the comparative case, conversely the 
construction workers materials and technology are all 
come from out of that hamlet result in the outflow of 
wealth. 

Under the condition of same building area, the 
total cost of rammed earth building is higher than that 
of comparative case. But 57% of the spending of study 
case was left there while 100% of spending was gone to 
other places. ( Table 7) This means that more wealth is 
left in the local area and can continue to promote local 
development, rather than being absorbed by foreign 
capital. 

Table 7: Expenditure items and its flow direction 
Flow 
direction 

Expenditure of 
study case CNY  

Expenditure of 
comparative case

CNY  
The 
hamlet 

Labor 74,200  

Out of the 
hamlet 

Materials 44,890 
Transportation  
11,950 

Whole 
commercial 
contract:120,000 

Gross 131,040 120,000 

The study case has better overall quality (Picture 3) 
and more comfortable internal space (Picture4), 
although the total cost is slightly higher than the 
control case.  

Compared with the old rammed earth building, it 
has an absolutely obvious improvement. 

Vol.3 | 1523
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


Picture 3: Exteriors of brick-concrete house (left), traditional rammed earth house (middle) and new type house (right) 

Picture 4: Interiors of brick-concrete house (left), traditional rammed earth house (middle) and new type house (right) 

5. CONCLUSION
Practice and analysis show that the new rammed

earth buildings and the construction forms participated 
by women embody the advantages of environmental 
protection and low energy consumption, with good 
living environment and safety, and more wealth left on 
the local people to continue to promote the 
development of the region. 

The improvement of technology not only improves 
the living comfort, but also provides opportunities for 
local rural women to learn and participate in 
construction activities. Women can participate in 
construction, which not only solves the problem of 
young labor force shortage, but also provides rural 
women with job opportunities and skills. This is a 
construction method that is very suitable for China rural 
areas. In the process, we also noticed that the 
acquisition of skills not only brings rural women work 
and income, but also significantly enhance their self-
confidence. 
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ABSTRACT: Changing needs and expectations in architecture practice, not only regarding environmental issues, 
but also the technological advancements, requires a shift in the way the Building Performance Simulation (BPS) 
is used. Although it is widely acknowledged that integration of BPS with the early phase of architectural design is 
quite critical, BPS is still not an inherent part of it. In response, this paper aims to explore the potentials and the 
barriers by a comprehensive literature review. Correspondingly, the results of survey “BPS in Teaching” and a 
prototype for performance-based design and simulation environment are presented. 
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1. INTRODUCTION
Due to the climate change and the scarcity of non-

renewable resources, a need for energy efficiency has 
been gradually increasing. One of the reflections of 
this current situation is the requirement for all new 
buildings in Europe to be nearly zero carbon emission 
buildings (NZEBs) starting from 2021 [1]. To keep the 
balance between energy performance, indoor 
comfort and aesthetic expectation is a big challenge 
for architects more than ever.  Deployment of 
performance analysis in the architectural design 
process is essential due to the wide range of 
responsibilities and the scope of the task. However, 
many authors claim that despite the extensive body 
of research and developments, building performance 
simulation (BPS) is still not an inherent part of design.  

Changing needs and expectations in architecture 
practice, requires a shift in the way the BPS is used; 
e.g. including BPS in design as early as possible and
using BPS not only as performance evaluator, but also
as a design stimulator to inspire the architects during
design exploration. Today’s 3D architectural design
environments have an important potential for this
early integration. However, much remains to be done
in terms of ease of use, compatibility,
interoperability, affordability, user friendly Graphical
User Interface (GUI), visual representation and
integration of intelligent design knowledge. In
response, this paper investigates the current
potentials and barriers. The aim is to define the
changing role of BPS for a complete integration,
which is only possible if BPS can fulfil the
expectations both for performance evaluation and
design exploration.

First, the state-of-the-art BPS and design 
integration is evaluated, then the results of survey 

“BPS in Teaching” is presented. In the final section, a 
new prototype of simulation environment is 
proposed in the context of the integration of BPS and 
design. 

2. INTEGRATION of BPS and DESIGN – A REVIEW
Definition of the building performance is based on

the expectations; e.g. the engineering view concerns 
with how well a building performs its tasks and 
functions and the aesthetic view concerns with the 
success of buildings as a form for presentation or 
appreciation [2]. Accordingly, performance-based 
design (PBD) can be defined as a consideration of all 
guiding factors for the design process and the 
exploitation of BPS for the modification of the 
cubature [3]. Consequently, informing and 
stimulating the design by performance parameters 
without limiting the design exploration is crucially 
important for the fulfilment of all these expectations. 

2.1. Stimulating Early Design – A New Role of BPS 
In a conventional design process, performance 

simulation is mostly executed after the design stage; 
hence feedback from analysis could not be usefully 
incorporated into early modifications of the project 
[4, 5]. Traditional simulation tools are premised upon 
the ability to simulate and evaluate performance of 
the object itself once it has been defined at an 
appropriate level. Thus, they are rarely employed in 
early conceptual stages of design [3]. In addition, one 
survey from 2012 reveals that results from the energy 
model directly change design as confirmed by 80% of 
the respondents [6]. On the flip side, especially very 
first steps in building design, e.g. deciding location, 
orientation and foot print of building, forming 
building mass and sizing building apertures are very 
important in terms of building performance as in 
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exploration of on-site energy utilization [5]. BPS tools 
are needed in the early design phase to investigate 
renewable technologies which are very sensitive to 
above mentioned early decisions [5, 7]. One study 
comparing the ten early design BPS tools reveals that 
the far majority of the tools only allow investigation 
of energy efficiency and energy demand, but only a 
few supports the investigation of active solar energy 
utilization, such as applications of photovoltaic panels 
or solar thermal collectors, which are essential on the 
path toward NZEBs [8]. Another study states that 
energy performance of the site should be considered 
in the early design; e.g. solar gains of the site is 
needed to be investigated. This study shows that 10-
20% heating and cooling demand can be saved by an 
energy aware site structure [9]. 

While in which design phase the BPS is required 
changes, also the role of the BPS changes. A need for 
pre-design informative BPS that enables proactive 
guidance and support for decision making during 
early design instead of design evaluation arisen 
parallelly [10]. PBD is redefined as the ability to 
manipulate the geometric properties, instead of 
analysing the performance; ultimately it may be 
possible to directly inform, generate and modify the 
design model [3]. Today architects are interested in 
obtaining rapid and iterative performance feedback 
during design, rather than analysing whether a pre-
determined building design surpasses or fails a 
compliance requirement in the late stage of design 
[11]. The comparison study mentioned above says 
that there is a need to improve existing tools to 
become more informative rather than evaluative [8]. 
Also results of two surveys conducted among 445 
architects in USA shows that intelligence, which 
refers to support for decision making, and user-
friendly GUI are ranked higher than interoperability 
and accuracy [12]. 

2.2 BPS and Design tools – Current Practice 
Many authors have reported that although for 

almost 30 years, significant amount of BPS tools have 
been developed to assist architects during design 
process, only a few of them were really adopted by 
architects [13, 14, 15, 16, 17]. Table 1 shows the 
categorization of the most mentioned BPS Tools by 
the authors according to the design phase and 
simulation type between 1975 and 2020. 

First attempts for the adoption of BPS by 
architects were creating architect-friendly GUIs for 
building simulation engines [13], but difficulty of data 
input, lack of default values & templates, limitations 
on building geometry representation, and using 
number of simulation tools separately for different 
tasks were basic problems [15, 8]. 

Table 1: Categorization of the BPS tools according to the 
design phase and simulation type between 1975 and 2020. 

BP
S 

SI
M

UL
AT

IO
N 

 

Energy & Indoor Comfort Lighting  

Hygrothermal All basic BPS  

Climate Analysis  Building Performance 
Optimization  

 YEAR EARLY DESIGN  DESIGN DEVELOPMENT & 
ADVANCED DESIGN 

Before 
2000s 

TRNSYS (by SEL at Uni. Wisconsin, 
1975-con.)  
DOE-2 (by JJH & LBNL, 70s-con.) 

Climate Consultant (by Clayton et al., 
at UCLA, 1988-con.) 

RADIANCE (by Ward at LBNL, 1985-
con.) 
THERM (by LBNL, 1994-con.)  
DIALux (by DIAL GmbH, 1994-con.)  
IESVE (by Dr Don Mclean, 1994-con) 
WUFI (by Fraunhofer IBP, 1995-con.)  

Building Design Advisor (by 
Papamichael, LBNL, 1996-con.)  

RIUSKA (Granlund Oy, 1996- NA)  

IDAICE (by EQUA Simulation AB, 
1998-con.)  

2000s 

eQUEST (by USDOE & LBNL 2005-con.) Relux (by Relux Informatik AG, 
2000s-con.)  

Energy-10 (by NREL and SBIC, 2005–
NA)  

EnergyPlus (by NREL & LBNL & 
ORNL & US DOE, Or. Ver. 2001.-con.) 

BEopt (Christensen et al. at NREL, 2006-
con)  

Daysim (by MIT, 2001-con.)  

MIT Design Advisor (Urban B. J., 
2007-con.) 

ECOTECT (by Marsh at SOR, 2007-2015) Open Studio (LGPL, 2008-con.)  

COMFEN (by LBNL, 2007-con.) Design Builder (by DBS limited, 
2008 -con.) 

Sefaria (by Krebs and Jensen, 2009-con.)  

DIVA for both Rhino and GH (by LBNL 
and Solemma, 2009-2020)  

2010s 

Vasari (by Autodesk, 2010-2015) Therakles (by Nicola at TU Dresden, 
2010-con.) 

EnerCalc (by Lichtmeß, 2010-con.)  Green Building Studio (by 
Autodesk, 2010s-con.)  

OCTOPUS for GH, Rhino (byETH Zurich, 
2012-con.)  
ZEBO (by Attia,2012–no update) 

Ladybug & Honeybee for GH, Rhino 
(by Roudsari and Mackey, 2013-con.) 

MIT Design Space Exploration for 
GH, Rhino (Brown, N., 2015-con.)  
Insight 360 (Autodesk, 2015-con.)  
OPOSSUM for GH, Rhino (by 
Wortmann, 2017-con.) 
TRNSYSLizard for GH/Rhino (by Frenzel 
at Transsolar E. GmbH, 2017-con.)  
WALLACEI for GH, Rhino (by at Makki et 
al., 2018-con.) 
OPTIMUS for GH, Rhino (by Ekici et al. at 
TU Delft, 2019 -con.)  

2020 ClimateStudio for both Rhino and GH 
(Solemma, 2020-con.)  

In the meantime, by the advancement of 3D 
modeling tools, approaches headed towards two 
different directions: one group focused on building 
information modeling (BIM)-based and the other 
computer aided design (CAD)-based environments 
[13, 15]. In general BIM was considered as detailed 
and complex more than it is required for the early 
design performance evaluation [13, 8]. Also, other 
studies report that interoperability of the BPS and 
BIM tools was still a problem; e.g. the universal file 
formats, such as green building Extensible Markup 
Language (gbXML) and Industry Foundation Classes 
(IFC) existed, but transfer workflows were still 
troublesome [13, 6, 18].  
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In late 2000s, adoption of parametric modeling 
(PM) in design practice started to increase. For 
instance, the first version of Grasshopper (GH), visual 
programming language for PM that runs in 
Rhinoceros 3D CAD design software [19], was 
released in 2007 [20]. Concurrently, plug-ins are 
developed to link PM with BPS [10]. In 2009, one of 
the first examples of the integration of BPS and 3D 
CAD design environments was the Diva-for-Rhino, 
which was a daylighting simulation plug-in for 
Rhinoceros with the features such as easy input and 
evaluation of the result through visual 
representations within CAD [21]. As it is also stated in 
many studies, BPS tools are more preferable, if they 
provide more visual input and output options [15, 14, 
8, 18]. 

Second development regarding this integration 
was the increase of open source and free tools [5, 
21]. For instance, in 2013, Ladybug plug-in for GH, 
which was one of the earliest examples of open 
source and free tools in CAD parametric design 
environment for the climate based environmental 
analysis, was released.  After that, in 2014, Honeybee 
[22] for GH was released to connect GH to validated
lighting and energy simulation engines, such as
RADIANCE [23] and EnergyPlus [24].

Nevertheless, the integration was still limited, 
regarding analysis of design alternatives [25]. One 
interview with eleven professionals in architecture 
practise mentions that the concepts are only useful 
when comparable [17]. Another study about early 
design BPS tools states that some of the tools provide 
comparison of results but mostly for post design 
evaluations and there is a lack of pre-decision support 
through PM and DO [8].  

While in 2010s the integration of BPS, PM and DO 
methods within 3D CAD design environment were 
increasing, new workflows employing that methods 
for performance-based and -informed design 
explorations are seen. [26, 11, 5, 27, 28, 29, 30]. 
However, time intensive and complex set up of 
workflows and determination of constraints, 
variables, and bounds are still drawbacks due to their 
cumbersome structure [31]. 

In addition, there were very recent two attempts: 
First, at the end of 2019, Rhinoceros introduced the 
Rhino.Inside.Revit, which allows Rhino and GH to run 
inside Revit [32]. Second, in early 2020, Solemma 
introduced the ClimateStudio, which is a new 
daylighting and building energy modeling software 
with prominent features; e.g. simplified and nearly 
fully visual GUI for both Rhinoceros and GH [33].  

Based on the literature review, steps taken to 
adopt BPS in architectural design and remaining basic 
problems in accordance with technological 
advancements in Architecture, Engineering and 
Construction (AEC) Industries can be seen in Figure 1. 

Figure 1: Steps taken and remaining basic problems in 
accordance with technological advancements in 
Architecture, Engineering and Construction. 

Summarizing the literature reviewed for this 
investigation leads to the following conclusions. 
Developments in architecture practice, not only 
regarding technological advancements, but also 
environmental issues, redefined the role of BPS. 
Instead of BPS tools that support design evaluation 
after design process is completed, a need for pre-
design BPS tools has arisen.   

Each step of technological advancements provide 
solution for previous problems but at the same time 
brought new need. First basic problem was the 
difficulty of use. In response, number of BPS tools 
with more architect friendly interfaces were 
developed. Yet, entering extensive amount of data 
and evaluating the simulation results were still 
difficult and time intensive. Later, more default 
values for easy problem set-up and more graphical 
outputs were provided. By the adoption of 3D digital 
design tools in architecture, a new need for the use of 
existing design models in BPS arose. Architects had to 
run design and performance evaluations separately 
and use multiple BPS tools due to both insufficient 
interoperability and the lack of BPS tools providing 
multi-scale whole-building performance analysis. 
After 2010s, the increase of open source and free 
tools and correspondingly PM and DO methods in 3D 
CAD design environments supported the integration 
of BPS and Design. However due to the complexity of 
workflows, there still remains problems. 

3. BPS in ACADEMIC EDUCATION - A SURVEY
To find out how BPS is taught especially in the

architecture education in Germany, “BPS in Teaching” 
on-line survey was initiated within the framework of 
the “Standing Committee of Building Physics and 
Technical Services” (Ständige Konferenz Bauphysik 
und Technischer Ausbau) of the university lecturers in 
German language institutions.  

The survey is conducted from November 2019 to 
March 2020 by participation of 18 lecturers, who 
have been using BPS tools for teaching mainly in 
architecture and civil engineering education, from 13 
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different universities (78%) and applied universities 
(22%). Respondents represent a highly relevant 
sample considering that vast majority of them (78%) 
are professors and more than half of them (56%) are 
the responsible head of their departments.  

The total number of the BPS tools used in teaching 
by the respondents was 53 within a total of 25 
courses, 76% of which are graduate and 24% of which 
are undergraduate level. 56% percent of the courses 
are taught to only architecture students, 20% to both 
architecture and civil engineering students. The 
question structure can be seen in Figure 2. 

Figure 2: Question Structure of the Survey  

In Figure 3, most mentioned main reasons for 
using a specific BPS tool in teaching presented under 
five categories with the weights of the reasons. 

Figure 3: Reasons for using the BPS tool in teaching (in%) 

(1) Ease of use: Great emphasis was put on
how much a tool is easy to learn and get in. Also, it is 
expressed that students would be more pleased, if 
they could simply handle the whole basic 
performance simulation within one tool; e.g. energy, 
indoor comfort, lighting and hygrothermal analysis, 
which are the leading purposes of use stated in the 
survey.  

Although, 75% of the tools are defined as 
covering both early and advanced design stages 
(Figure 4), it is seen that BPS is mostly applied in 
graduate level (76%). Regarding this, some 

mentioned the undergraduate level students’ lack of 
knowledge, and some others claimed that available 
BPS tools are too advanced for the beginners. 

Figure 4: Design stages covered by BPS tools (in %)

In line with this, one survey study among 171 
recent graduate architects about use of BPS tools 
states that 78.5% of the respondents did not intend 
to use BPS tools due to their lack of knowledge 
regarding BPS tools [14]. 

(2) Accuracy: Accuracy is stated for 38% of the
BPS tools as a reason of choice. The importance of 
reliable and reasonable outputs and transparent 
process was mentioned and also the accuracy 
regarding the use of tool in research was emphasized. 

(3) Integration of intelligent design knowledge:
Many respondents emphasized that if the input 
process was less complex, then setting up the 
problem would be easier; thus, the tool could be used 
to investigate design alternatives. One stated that 
variation analysis, which is a good way to show 
students the results of the decisions made, is vital. 
Another one said that they preferred the tool for it 
gives insight about energy demand calculation to 
students by letting them change the parameters. On 
the other hand, it is seen that while 70 % of the tools 
were able to generate design alternatives, none of 
them provided the comparison of the results.  

(4) Affordability and accessibility: These reasons
were varied as “free of charge”, “educational free 
license version”, “ambassador program for educator” 
and “price-quality balance”. 

(5) Compatibility and interoperability: Level of
the compatibility and interoperability of the BPS tool 
with CAD and BIM tools are mentioned mostly in 
terms of exchange and use of 3D building models. 
Some of the respondents claimed that not BIM, but 
3D CAD tools are more promising, because BIM 
model is too complicated and detailed, thus not 
suitable for performance explorations during early 
design. Correspondingly, when the respondents are 
asked about most used design and documentation 
tools, CAD tools was the first with 72% and BIM was 
the last with 8 % (Figure 5). Also, the results of the 
international survey were similar, with CAD tools 
having the highest ratio with approximately 80% and 
BIM tools with less than 30% [34]. 
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Figure 5: Percentage of the courses according to the design 
and documentation tools 

(6) Visual representation: The last most
emphasized feature was availability of 3D model 
input and output options. It is claimed that 3D 
geometry representation makes the tool easy to use 
especially for architecture students. Supporting that, 
one studio experience in a small class of graduate 
level architecture students shows that most students 
found BPS tool less interesting to use and felt rather 
‘scared’ when they had to see so many numbers [35].  

Relation between Design Studio and BPS 
teaching: Apart from the main reasons for using the 
BPS tool in teaching, it is also investigated how much 
design and BPS are integrated in education. It was 
asked that if the courses were more design driven or 
case-study driven; i.e. if it was used during design 
process or to analyse existing designs. In general, it is 
found that the courses are more case-study driven 
(58%). But, when the field shifted from civil 
engineering to architecture, the percentage of the 
design simulation focus increased from 13% to 51% 
(Figure 6). 

Figure 6: The ratio of design and case-study intensity of the 
courses in relation with the fields (in %)

Also, it is asked that if the course was a part of a 
design studio or an independent course. Only 12% 
was described as a part of design studio. (Figure 7). 
Same results were also seen in the international 
survey and the percentage was only 8% [34]. It shows 
that BPS and design are taught separately. 

Figure 7: Format of the course

4. CONCLUSION – A Prototype
For educational purposes, a new prototype of

simulation environment is created in GH, Rhinoceros. 
GH packages Ladybug and Honeybee, which provide 
ability to run BPS based on simulation engines e.g. 
EnergyPlus and Radiance, are used. Human UI, which 
is an another open-source plug-in for GH, is used to 
create a GUI to ease the workflows and guide the 
students. Structure of the prototype can be seen in 
Figure 8. The prototype has four basic features aimed 
at early design phase: (1) Modeling and simulation in 
3D design software within site and climate context. 
(2) Simplified data input; e.g. categorization of
construction elements as light, medium and heavy;
custom schedules of occupancy, lighting, equipment
and ventilation by residential and non-residential
options, etc. (3) Basic environmental and
performance analysis; e.g. climate patterns, energy
load and comfort calculations, daylight factor,
illuminance, radiation and shadow range analysis on
the building shell. (4) Real time and visual
representation of the simulation results integrated
with 3D design model.

Figure 8: Structure of the prototype 

The prototype is used in an architecture master 
students’ course. In general, students’ interaction 
with the tool was positive regarding pre-defined 
workflows, guidance of user interface and use within 
3D design environment. On the other side simulation 
run time was unfavourable due to the employment of 
high number of tools in tandem. Besides that, test of 
the prototype in comparison with another early 
design BPS tool was moderately successful. 

In light of this investigation, it is seen that 
employing BPS and design in synchronization and 
iterative bidirectional feedback loop with adoption of 
simplified PM and DO methods to stimulate, inspire 
and inform the early design by using performance 
parameters is essential. 
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ABSTRACT: The housing deficit in São Paulo entails the challenge of providing large-scale and low-cost dwellings. 
Focusing on reducing this deficit, the housing policy has a quantitative approach, decreasing technical and 
constructive patterns and producing massively standardized architectural solutions, incompatible with local 
conditions and particularities. Facing this scenario, the workshop “Environmental comfort in social housing 
production in São Paulo: how to design aiming at comfort requirements” was developed to integrate project and 
environmental comfort knowledge, which is not yet a widespread practice in Brazilian architecture schools. It 
was developed keeping in mind the need of a broad approach, with both basic and technical lectures that could 
support workshop activities. For this, two distinct moments were created: the lectures and roundtables, and the 
practical activities. This educational experience showed how big it is the need of a larger integration between 
academia and industry in Brazil. It allows the university to act as a place for these discussions, where demands 
arising from researches can be considered. With the design practice, it was also clear how important it is to 
apply the passive design strategies of environmental comfort since the concept design phase, which is hardly 
seen in the industry nowadays. 
KEYWORDS: Social housing, Performance, Design workshop, Brazilian standards, ABNT NBR 15575 

1. INTRODUCTION
The large housing deficit in São Paulo entails the

challenge of providing large-scale and low-cost 
dwellings. Focusing on reducing this deficit, the 
housing policy has a quantitative approach, seeking 
the maximum cost reduction by minimizing units’ 
area, decreasing technical and constructive patterns, 
and producing massively standardized architectural 
solutions [1], incompatible with local conditions and 
particularities. Climate and environmental 
characteristics should not be a problem to be solved 
by adapting a pre-existing building model to a specific 
area. Thermal, acoustic, daylight illuminance and 
ergonomic issues should be integrated to design 
process since its earliest steps, especially regarding 
social housing, which is more dependent on passive 
systems for economic reasons. Diverse urban and 
climatic contexts demand different solutions in terms 
of environmental comfort, energy efficiency and 
sustainability [2, 3].  

In Brazil, Construction Codes are instruments that 
allow Municipal Administration to control and inspect 
the built space and its surroundings, guaranteeing the 
buildings safety and salubrity. In parallel, there is a 
Brazilian performance standard for living areas, ABNT 
NBR 15575/2013 [4], which establishes minimum, 
intermediate and higher performance requirements 
for residential building systems, frequently evaluated 

at the final stage of design process as a verification of 
normative precepts. 

The discussion about performance in construction 
started in the early sixties, after the debate carried 
out in the Second International Council for Building 
(CIB) Congress, held in 1962 in Cambridge. Blachere 
conceptualizes building performance as the 
behaviour in use, throughout its useful life [5, 6]. In 
addition to building performance, the Brazilian 
standard also points out the importance with systems 
performance and, in general, it is strongly related to 
dwellings production. This has a relation to the 
housing deficit increase initiated in the fifties when 
urban population has grown substantially, leading to 
urban sprawl and irregular constructions. This same 
scenario is the background for the development of 
social housing enterprises in real estate market [7].  

However, years passed without an appropriate 
standard that guaranteed quality and environmental 
performance to buildings. In 2000, Caixa Econômica 
Federal, a financial institution in form of a public 
company, financed a project to create an evaluation 
method for innovative construction systems based on 
performance concepts. This was the first concrete 
step that would lead to the development of ABNT 
NBR 15575 in 2008 and its validity in 2013. 

NBR 15575/2013 is divided into six parts (Table 1) 
and each one tries to follow the same sequence of 
approach topics: structural performance, fire safety, 
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use and operation safety, tightness, thermal, daylight 
and acoustic performance, durability and 
maintainability, health and air quality, functionality 
and accessibility, and tactile and anthropodynamic 
comfort. As it can be seen in Table 1, the topics 
related to environmental performance are not 
present in every part of the standard.  

Table 1: ABNT NBR 15575/2013 and topics related to 
environmental performance. 

Parts 

 T
he

rm
al

 
 A

co
us

tic
 

   
Da

yl
ig

ht
 

 E
rg

on
om

ic
s*

 

1. General Requirements   
2. Requirements for Structure Systems

3. Requirements for Floor Systems
4. Requirements for Internal and External 

Vertical Sealing Systems  

5. Requirements for Roof Systems 
6. Requirements for Hydro-Sanitary Systems 

* For ergonomics, the topics “functionality and accessibility” and 
“tactile and anthropodynamic comfort” were considered.

ABNT NBR 15575/2013 regulates Brazilian housing 
construction, especially the social interest one. Some 
of its requests are criticized by researchers and 
professionals, not to mention the lack of market’s 
preparation for receiving that regulation, from 
material supply companies to architects and 
engineers who do not apply it to their design process 
[6, 8, 9, 10, 11]. 

It is worth mentioning that ABNT NBR 
15575/2013, as any Brazilian standard, is just a 
technical recommendation. However, the legal 
actions take into account the Consumer Protection 
Code and the Brazilian Civil Code to give mandatory 
effect to comply with this technical standard [12]. 

Facing this scenario, the workshop 
“Environmental comfort in social housing production 
in São Paulo: how to design aiming at comfort 
requirements” was developed to integrate project 
and environmental comfort knowledge, which is not 
yet a widespread practice in Brazilian architecture 
schools. It was a student initiative that was held by 
two laboratories from the Faculty of Architecture and 
Urbanism of the University of São Paulo (FAUUSP): 
Laboratory of Environmental Comfort and Energy 
Efficiency (LABAUT) and Laboratory of Housing and 
Human Settlements (LABHAB). Besides that, it had 
the support of USPCidades, a research support center 
that intents to collaborate in facing the main cities 
challenges through applied research. This USP center 
also has the purpose of serving as a reference group 
for articulation between public management, applied 
research and private sector. 

2. THE WORKSHOP
The workshop took place during five days in

August 2019 and its program was developed keeping 
in mind the need of a broad approach, with both 
basic and technical lectures that could support the 
workshop activities. For this, two distinct moments 
were created: (I) lectures and roundtables, and (II) 
practical activities.  

The event audience was remarkably diverse, with 
undergraduate students, researchers, professionals 
(architects and engineers) and people related to 
industry. Thus, work groups were formed by four or 
five members, with at least one of the profiles above 
mentioned in each team, which enabled an enriching 
knowledge exchange. 

It was a free event and, due to the high demand, 
there was the need of a selection process, based on 
previous experiences in the exposed themes.  

2.1 Lectures and roundtables 
To support design exercise, theoretical and 

technical lectures and roundtables were scheduled in 
three mornings of the week and all of them were 
planned to construct a broad and diverse knowledge 
about the workshop themes. It is noteworthy that 
those lectures and debates were accessible to 
everyone, including students and professionals that 
were not selected to be part of the practical 
activities.  

For the roundtables, speakers from industry and 
academia, with an expertise in social housing 
production and environmental comfort design, were 
invited. After their speeches, a debate was held, 
mediated by a third professional with a background in 
both areas. The first two days featured themes that 
covered environmental comfort and social housing 
production issues. The objective was that themes 
were seen integrated and not as two separate 
subjects, therefore it was important to have 
roundtables with a mediator who could bring the 
lectures together. 

The first roundtable was introductory, including 
the following lectures: The social housing production 
process in São Paulo and Project strategies aimed at 
environmental comfort. The first lecture brought 
inputs related to social housing financing based on 
Brazilian policies. In Brazil, social housing designs are 
not headed by architects due to pre-established 
technical solutions and financial policy limitations. 
This policy also makes projects advantageous for 
investors and consumers if only completed within a 
maximum of 24 months, requiring a high level of 
industrialization, which however leads to building 
standardizations. Therefore, there is an inexistence of 
technical standards which defines a basis for 
construction process costs that improve the financial 
process. This barrier needs to be overcome in order 
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to set more quality in Brazilian social housing 
buildings. 

The second lecture elucidated about Brazilian 
territory extension, which could not have replicated 
architectural typologies, considering that climatic 
diversity requires different building solutions. 
Moreover, architects must understand the design as a 
synthesis, related to stimuli pronounced by 
environment, buildings, and users. This synthesis is 
composed by environmental comfort, energy 
efficiency, and environmental impacts reduction. 
Although some of these issues are controversial, as 
the case of natural ventilation and acoustics, 
architects must seek a balance between these 
comfort variables. In addition, it is important to make 
an architecture more integrated to the climate, 
seeking aesthetic solutions that go beyond the glass 
skin. 

The second roundtable day related the 
performance demands brought by national and 
international regulations with the building project 
and its relation to the city. The ASHRAE 55, Brazilian 
regulations and their performance requirements 
lecture addressed topics related to comfort and 
performance, focusing on the thermal comfort 
assessment models brought by ASHRAE 55 [13] and 
the evaluation methodology in the national 
regulation. In addition, it also pointed out the need of 
constant updating of these documents in face of 
changes in ways of habitability, a result of the urban 
dynamism, and the participation importance of all 
agents involved in the civil construction process, from 
architects to final consumers, in other words, any 
citizen.  

Social costs of urban (un)densification lecture 
elucidated some requirements of the Brazilian 
standard making housing construction costs more 
expensive, impossible to be incorporated due to the 
rules of the financial policy. Other standard 
requirements, as the access to natural light, could 
lead to an urban sprawl with social and urban costs 
throughout life. Despite this, it was mentioned that 
NBR 15575/2013 is fundamental, since the tendency 
of housing programs, with a low financial rate, is to 
depress construction systems quality, making clear 
once again the revising standard importance with all 
stakeholders. 

The third day, on the other hand, had a focus on 
materials, technological innovations, and their role in 
the construction of such typology. The table was 
composed by three speakers representing the 
industry: (I) Technical innovations in the production 
of Social Housing – Saint-Gobain; (II) High 
performance mortars and coatings – STO Brasil; and 
(III) Qualification System for Materials, Components 
and Construction Systems Companies (SiMaC) role in

the quality of social housing construction – Caixa 
Econômica Federal.   

In addition to the table, two other lectures with 
professionals working in the industry were planned: 
(I) an architecture office that provides technical
advice in environmental comfort (DOLCE Arquitetura
+ Consultoria), and (II) a construction company that
daily deals with performance issues (Tecnisa).

2.2 Practical activities 
The second part of the workshop consisted of a 

design exercise, developed in studios by groups of 
participants, with the help of tutors. The design 
exercise proposed invited the students to rethink 
social housing production. Each work team was asked 
to re-design a social housing complex already built, 
the “Bela Vista A” (Fig. 1), in city center of São Paulo, 
allocating a similar architectural program on the same 
site, focusing on social, thermal, acoustic, lighting and 
ergonomic issues. 

Figure 1: Bela Vista A Complex location and its South 
facade. 

The Bela Vista “A” Housing Complex, consisting of 
57 apartments and built by the Housing and Urban 
Development Company (Companhia de 
Desenvolvimento Habitacional e Urbano - CDHU), was 
delivered by São Paulo State government in 2011. The 
apartments have an area between 35 and 41 m2, 
composed by bedroom, living room, kitchen, 
bathroom, and laundry area. On the ground floor, an 
accessible apartment was installed. The housing 
complex is distributed in four blocks, with five or six 
floors, and has a playground, parking lot, a 
condominium support center and individualized 
water and gas measurement systems. The only area 
that could be suppressed from that architectural 
program was the parking lot. The area in which the 
housing complex is located falls within the Type Three 
of Special Zone for Social Interesting (ZEIS-3) of São 
Paulo Master Plan [14] and must follow the 
parameters established by Table 2. 

A new subway station will be constructed in an 
area that can be integrated to the ground floor of this 
existing building. In addition, it is important to 
highlight a samba school on the corner of the block, 
demanding special attention to acoustic issues.  

Aiming to diversify information and opinions, each 
day of studio activities had different professors and 
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researchers with multiple backgrounds working as 
tutors to support the participants to develop their 
projects. The tutors came from different thematic 
areas as project design, affordable housing design, 
urban planning, and environmental comfort. 

Table 2: Site urban data. 
Macro Area Consolidated urbanization 

Strategic Area Nearby an Urban Transformation 
Structuring Axis 

Total Area 1,070 m² 
Minimum F.A.R.(I) 0.5 

Basic F.A.R. (I) 1 
Maximum F.A.R. (I) 4 

B.C.R.(II) 0.7 
Permeability Index 15% 

Maximum High No restriction 
Front Setback 5 m * 

Side and Back Setback No restriction for buildings up to 
10 m height; 3 m for buildings 

with more than 10 m ** 
(I) Floor Area Ratio 
(II) Building Coverage Ratio
* Dismissed when at least 50% of the site on which the property is 
located is occupied by buildings in the alignment of the street.
** Dismissed if the neighbouring buildings are touching the
border of the site.

A brochure was produced describing the 
information and data about the chosen project, a 
brief study about the shading caused by 
surroundings, information about the climate of São 
Paulo city and three articles about design process of 
social housing and its relation to environmental 
comfort. 

3. ACHIEVED RESULTS
As a result of practical activities, seven diverse

projects were developed, in which environmental 
comfort and passive strategies were used as guides 
since the design conception. The set of results 
demonstrates how the same architectural program, 
in the same site, enables different approaches aiming 
environmental quality. Diverse typologies were 
adopted: slab building, buildings jointed by an open 
horizontal circulation and buildings with voids on the 
facades for ventilation and solar access. It was also 
interesting how teams started from different 
conceptions that led to different comfort strategies 
until the final proposal. 

Table 3 exhibits the comfort strategies and project 
processes adopted by each team. It is important to 
highlight that only items described by teams in text or 
graphics were point out in the table.  

Aiming a good natural lighting, some teams 
designed building plans with shapes that grant 
openings in the units for different facades. Other 
teams designed voids in the building – some of them 

taking a whole floor, others a limited space – 
increasing sunlight access and ventilation. Figure 2 
illustrates the strategies applied by Group 5, where 
voids benefit environmental quality and create a 
rhythm on the facade.  

In addition to the voids, courtyards between 
buildings were designed for increasing ventilation by 
stack effect. The section of Group 1 exhibits a 
ventilation scheme (Fig. 3), that combines voids and a 
courtyard to settle a cross ventilation through the 
whole building (not only in each isolated unit).  

Table 3: Comfort strategies and design processes utilized by 
each team. 

Comfort strategies 
Groups * 

1 2 3 4 5 6 7 
Shape that improves natural lighting      

Voids for ventilation and natural lighting    

Courtyard for stack effect  

Cross ventilation in the whole building  

Windows shading      

Shading by horizontal circulation 

Shutter control by residents  
Components chosen for a high thermal 

inertia  

Surrounding buildings taken as acoustic 
barrier   

Bedrooms facing the lower external noise 
direction  

Comfort strategies for full units, not for 
each room      

Accessibility    

Mixed use   
Entries that enable collective activities 

and interaction   

Collective leisure areas   

Integration with the surroundings   

Radiation simulation   
Thermal comfort evaluation according to 

ABNT NBR 15575 
Thermal comfort evaluation according to 

ASHRAE 55 
* Design Identification: Group 1: HIS S248; Group 2: HIS Bela 
Vista; Group 3: Pátio Bela Vista; Group 4: Habitat-Ação Bela
Vista; Group 5: Edifício Solar Vicente; Group 6: Residencial Bela 
Vista; Group 7: Conjunto Vai-Vai pro Bixiga.

Figure 2 (left side): Voids in east facade of Group 5 design. 
Figure 3 (right side): Ventilation scheme of Group 1 design. 
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To minimize heat gains from solar radiation, 
teams designed diverse types of shading devices. 
Sollutions varied from using horizontal circulation as 
shading (Fig. 4) to placing shutters that can be 
controlled by residents, enabling adaptive comfort 
[13]. 

Figure 4: On the left side, west facade of Group 5 design, 
with external corridor used for shading. On the right side, 
shading devices for windows designed by Group 1. 

Components were defined according to material 
properties, aiming thermal and acoustic comfort. 
Figure 5 shows a wall scheme applied by Group 3, in 
which materials and thickness were determined to 
result in a specific thermal performance. Some teams 
pointed the relevance of raising thermal inertia to 
minimize temperature variations and extenuate 
temperature peaks. 

Figure 5: Wall scheme from Group 3 design with thermal 
properties. 

For acoustic comfort, in addition to materials and 
components choice, some teams used the surrouding 
buildings as acoustic barriers, considering the high 
levels of noise coming from one specific direction 
(samba school). Other teams used the strategy of 
setting bedrooms facing the opposite site. 

An aspect considerated in all projects was the 
comfort strategies development for units as a whole, 
not only each room isolated. Hence, cross ventilation 
was succeeded inside units, as showed in Figure 6. 
Most teams included accessible units in their projects 
and Figure 7 shows a plan from Group 4 design. 

Ergonomic aspects were also considered in site 
planning design. In order to benefit integration with 
surroundings, most teams designed ground floors for 
public use, by establishing mixed use or even 
connecting streets for pedestrians, as illustrated in 
Figure 8. Mixed use is also a way of contributing to 
building maintenance by income from stores rent. 
Moreover, areas for collective activities and leisure 
were included in the designs. 

Figure 6: Unit from Group 6 design, with comfort strategies 
applied to the whole unit. 

Figure 7: Accessible unit plan from Group 4 design. 

Figure 8: On the left side, site planning from Group 4 design. 
On the right side, site planning from Group 3 design. 

As part of designing process, some teams used 
computational simulation for radiation evaluation, as 
showed in Figure 9. One team also made thermal 
comfort calculations according to NBR 15575 and 
ASHRAE 55. Figure 10 illustrates the percentage of 
hours above the maximum comfort limit and below 
the minimum comfort limit in Group 5 design, 
according to ASHRAE 55 adaptive method. 

Figure 9: Radiation simulations for February 21st (6 am until 
6 pm) from Group 2 design. On the left, facades radiation 
analysis, and, on the right, analysis with the rooftop. 

W
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Resistance:  
0.36 m2K/W 
Transmittance:  
2.79 W/m²K 
Thermal delay:  
3.4 h 
Thermal capacity:  
183 kJ /m²K 

Internal mortar 
(2.5 cm) 

Concrete block 
(19 cm) 

External mortar 
(2.5 cm) 
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Figure 10: Graphic of thermal comfort evaluation according 
to ASHRAE 55 made by Group 5. The results show that 
indoor air temperatures are above the maximum comfort 
limit (28 °C) in up to 4% of hours per year and below the 
minimum limit (19 °C) in up to 17% of the hours per year. 

Final designs were presented on the last day of 
the workshop at Salão Caramelo, where all FAUUSP 
students could attend and participate. This resulted in 
an open discussion about directions of environmental 
comfort and social housing in Brazil, involving 
students, teachers, researchers, and professionals 
(Fig. 11). Designs were printed and placed in an 
exhibition held for a month in the same place. 

Figure 11: Group of students and professionals that 
attended the workshop, teachers, tutors, and organizers in 
FAUUSP. 

4. CONCLUSION
This educational experience showed the need of a

broad integration between academia and industry in 
Brazil. It allows the university to act as a place for 
these discussions, where demands arising from 
researches can be considered.  

With design practice, it was also clear how 
important it is to apply passive design strategies of 
environmental comfort since design concept, which is 
hardly seen in industry nowadays. It can avoid rework 
on different phases of the architectural design. 

It is interesting to point out that, although the 
seven design proposals were different, neither one 
followed the pattern of standardized social housing 
commonly adopted nowadays throughout Brazil. 

After the success of the workshop, organizers are 
compiling all raised and produced material in an open 
access publication that will be soon available. 
Furthermore, it is expected a second workshop, 
focused on city center buildings retrofit for social 
housing. 
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ABSTRACT: This contribution reports on a specific component of an ongoing joint effort, namely the project IMPAQT. 
In the present contribution, we focus on the challenge of integrating building physics and building performance 
simulation tools in architectural education. Note that material of building physics and building performance content 
is as such entailed in many architectural curricula. However, a number of shortcomings have been reported in this 
area. Specifically, at the outset of the IMPAQT project – and prior to the actual development stage of the new 
curriculum – a gap analysis of needs and shortcomings in current architectural curricula was performed. Thereby, 
different views and opinions from both practitioners and academics of current architecture education were collected 
and analysed. The resulting architectural curriculum aims at integrating social, urban, human, and technological 
aspects in a number of courses. In this paper we concentrate on the structure of the building technology module 
within the developed curriculum. The building technology module and its relationship to other thematic modules are 
described in detail. Subsequently, the content and implementation of the building technology courses is thoroughly 
discussed. 
KEYWORDS: Architecture Education, Building Physics, Building Performance Simulation 

1. INTRODUCTION
This contribution reports on a specific component of

an ongoing joint effort, namely the project IMPAQT 
("Integrative Multidisciplinary People-centred 
Architectural Qualification & Training") supported by 
the ERASMUS+ Programme of the European Union [1-
2]. Within the project, one main focus is laid on the 
challenge of integrating building physics and building 
performance simulation tools in architectural 
education. Although, content and courses related to 
building physics and building performance are as such 
included in many architectural curricula, a number of 
shortcomings have been reported in this area. 
Therefore, prior to the development of the new 
architectural curriculum, a gap analysis was performed 
concerning the related needs and shortcomings in the 
present architecture education. This gap analysis 
collected, summarized, and evaluated various 
viewpoints on the architecture education from both 
academics and practitioners.  

In the course of the IMPAQT project, a strong 
emphasis is put on the promotion of a multi-
disciplinary, people-focused, and technologically skilled 
professional profile for junior architects [2]. Thus, the 
developed curriculum aims at linking various pertinent 
aspects, including human, social, technological, and 
urban dimensions, within multiple courses. In this paper 
we focus on the structure of the building technology 
module within the developed curriculum. Specifically, 

the building technology module and its connection to 
other thematic disciplines are described in more detail. 
Moreover, the content and implementation strategy of 
the building technology courses are outlined. 

2. BACKGROUND
In order to analyse present challenges within the

architecture education in Egypt and Europe, a gap 
analysis was initiated. Within this gap analysis, different 
views from academics and practitioners with regard to 
a number of challenges in architecture education were 
collected and analysed. Practitioners as well as 
academics and senior students from Egypt and Europe 
were interviewed with regard to their views and 
observations on architecture education. Different 
instruments were used to collect opinions in a 
structured way including interviews and an online 
questionnaire. In total about 110 participants 
completed the online questionnaire that was available 
on the projects' webpage for a period of about three 
months [3]. Moreover, about 30 participants were 
interviewed. The gap analysis comprised three main 
thematic fields, including "Knowledge content in 
architecture education", "Pedagogy in architecture 
education", and "Qualification for practice" [3]. 
Selected questions from the online questionnaire and 
corresponding responses are given in Figure 1.  
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Figure 1: Participants' responses in terms of the fraction of participants (in percent) who see major, minor, or no problems with 
regard to issues raised in the gap analysis (see Table 1) [based on information by 3]. 

In the course of the gap analysis, the respondents were 
asked to evaluate if they face problems concerning 
specific aspects of the architecture education. Selected 
questions from the gap analysis are included in Table 1. 

As shown in Figure 1, almost half of the participants 
see a major problem in the lack of awareness 
concerning technological advances in the field of 
material or construction technology. Other respondents 
(52%) see the integration of theoretical knowledge and 
its application in design studios as problematic.  

Table 1: Selected topical foci from the gap analysis [based on 
information by 3]. 

Topical questions 

Q1 Lack of technological awareness (i.e., in the 
field of material and construction 
technology) 

Q2 Lack of application of theoretical content in 
design studios 

Q3 Lack of integration of design support tools 

Q4 Inadequate learning environment (tools) 

Q5 Lack of integration among different 
disciplines 

Q6 Insufficient information about employment 
perspectives 

Q7 Insufficiently clear ideas about the links 
between academic courses and application in 
the real-world settings 

This underlines the projects' main focus to improve 
the integration and coordination between different 
course modules and thematic fields.  

Moreover, the results suggest that about 50% of the 
respondents see a crucial problem in the inadequate 
learning environment (specifically tools) and insufficient 
integration of design support tools. Specifically, the 
knowledge of BIM (Building Information Modelling) and 
the real-world market is mentioned as an aspect that 
should be improved within the architecture education. 
The integration of advanced design-support tools, 
including parametric design applications and 
environmental simulation tools is considered as an 
important aspect with regard to development and 
implementation of new architectural curricula.  

About 44% of the respondents noted that there is 
insufficient information about employment 
perspectives and alternatives for the freshly graduated 
architecture students. A further identified shortcoming 
is the lack of links between the academic courses and 
their application in real world settings (considered as a 
major problem by 53% of the respondents).  

Suggestions to address this latter issue include a 
number of measures and activities to be considered 
throughout the architectural educations. These include 
field trips to construction sites, workshops and 
seminars with relevant allied professionals focusing on 
different fields (such as building construction, material 
technology, architectural practice, urban planning). In 
this way, a better vision of the required professional 
skills and competences could be provided.  
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As alluded to before, the results of the gap analysis 
pointed to a number of shortcomings and challenges 
within the architecture education. This activity 
confirmed some of the prior concerns and supported 
the specification of key objectives of the collective 
curriculum design endeavour. Within the process of the 
development of the new architecture curriculum in the 
IMPAQT project, efforts were made to address the key 
findings of the gap analysis.  

3. STRUCTURE OF THE DEVELOPED CURRICULUM
Architectural design is arguably not just about

formal appearance or basic functional solutions. Rather, 
the professional community as well as building 
occupants appreciate buildings' environmental and 
energy performance as well as the quality and 
robustness of services they provide [4]. In the present 
effort, the curriculum development was intended to 
ensure a multidisciplinary and integrative approach to 
the architecture education. This resulted in an 
undergraduate five-year curriculum, structured in five 
main thematic fields: human sciences, history/ theory, 
urban planning, design, and technology (Figure 2).  

In a preparatory first year, basic social, urban, and 
technological subjects are included. Building on this 
foundation, design studios, and theoretical modules are 
assigned to subsequent semesters of the studies. The 
fifth year focuses on the graduation project, which is 
conceived as a two-term design studio. Aside from 
foundational theoretical knowledge in building 
technology, the curricular concept also addressed the 
increasing potential of information and communication 
technology. 

Figure 2: Schematic representation of the curriculum's 
foundations [5]. 

There has emerged in the professional community a 
consensus suggesting that the integrity and 
accountability of the design process can benefit from 
the deployment of building performance simulation 
tools. A number of approaches have been suggested to 
integrate building performance simulation applications 
in the overarching design methodology within the 
curriculum. In the present case, we operated based on 
the conviction that the sufficient knowledge and 
competent use of building performance simulation 
applications necessitate a prior understanding of the 
foundations of building physics, building construction, 
and knowledge-based design principles [5]. 

4. BUILDING TECHNOLOGY TRACK
The structure of the building technology courses

within the developed curriculum is illustrated in Table 
2. Basic science courses in probability, statistics, and
physics are planned for the first year. These
foundational courses provide the basis for subsequent
compulsory courses "Building Physics I – The thermal
environment", "Building Physics II – The visual and
acoustical environment", and "Building Systems
Integration". The course "Building Physics I – The
thermal environment" gives an introduction to the
fundamentals of the thermal aspects of building
performance. An introduction to scientific foundations
of building acoustics, room acoustics, daylighting, and
illuminating engineering is given in the course "Building
Physics II – The visual and acoustical environment". The
course "Building Systems Integration" provides an
introduction to the fundamentals of buildings' technical
systems (such as HVAC systems, water and heating
installations, transportation systems, fire safety as well
as building controls and automation).

In the fourth year, the course "Spatial and Urban 
Dynamics", focuses on urban environments' spatial and 
physical dynamics. Thereafter, the building simulation 
course "Building Performance Computing" is included.  

One feature that sets the developed curriculum 
apart from more conventional curricula may be 
highlighted as follows: Complementary strategic 
implementation measures have been considered so as 
to consistently integrate building performance 
simulation within the overall curriculum. Thereby, one 
strategy focuses on providing links between technical 
subjects, performance simulation tools, and design 
studio agendas. Another strategy pertains to the 
curricular integration of the aforementioned basic 
science courses that entail domain knowledge (such as 
numeric solution methods) so as to aid the students 
toward understanding relevant dynamic energy transfer 
processes that simulation tools represent.  
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Table 2: Building technology course sequence within the 
proposed architectural curriculum [based on information by 
2]. 

Course sequence 

YE
AR

 I Semester 1 Probability & Statistics 

Semester 2 Physics II 

YE
AR

 II
 Semester 3 

Semester 4 Building Physics I 
– The thermal environment

YE
AR

 II
I Semester 5 

Building Physics II 
– The visual and acoustical
environment

Semester 6 Building Systems Integration 

YE
AR

 IV
 

Semester 7 Spatial & Urban Dynamics 

Semester 8 Building Performance Computing 

YE
AR

 V
 

Semester 9 Building Ecology 

Semester 10 Graduation Project 

The acquired knowledge basis regarding building 
physics fundaments facilitates the introduction of 
advanced single-domain simulation tools (e.g., 
EnergyPlus [6] or Radiance [7]), which are typically 
deployed by more advanced users, rather than students 
in a Bachelor of Architecture program. As such, the 
fundamental knowledge regarding the physical logic of 
energy and mass transfer processes in the built 
environment is necessary in order to understand, 
interpret, and analyze the thermal and visual 
performance simulations in detail.  

This strategy is complemented by the application of 
ever more popular advanced parametric modeling 
applications that can be augmented via attachment of 
user-friendly performance simulation plug-ins. Thereby, 
parametric modelling environments (such as the Rhino 
[8]) and disciplinary plug-ins (i.e., Honeybee [9] or 
Ladybug [10]) are deployed to generate performance-
based parametric design.  

This strategy is specially promising in the design 
exercise settings. This design workflow allows to 
compare and evaluate different design options as the 
students obtain information about the impact of each 
design solution while interacting with the respective 
virtual models. In this way, the tools provide the 
possibility to link geometry and construction-related 
information in design models with energy and 
daylighting performance analysis tools.  

The two different implementation strategies to 
work with building performance applications and 
integrate those in the architectural design workflow, 
encourages the students to develop their design 
models in a manner that combines creative formal 
impulses with analytically grounded feedback cycles 
that way that directly map the impact of design 
alternatives on various aspects of buildings' 
performance.  

Additional electives (such as the course "Building 
Ecology") in the fifth year provide specialization 
opportunities (for instance, with regard to life cycle 
assessment and ecological impact analysis). In-depth 
queries enabled in these electives are thought to be 
particularly beneficial to the students when they work 
on their graduation projects. 

5. INITIAL PARTIAL IMPLEMENTATION
Note that, already within the applicable period of

the IMPAQT project, a number of courses have been 
developed and offered, such that initial experiences 
have been made and feedback has been obtained. 
Specifically, with regard to the building technology 
track, three courses, namely "Building Performance 
Computing", "Building Systems Integration", and 
"Building Ecology", were held in exploratory modus and 
in compact form. Thereby, both online and on-site 
modes were held at the Nile University in Egypt, where 
the full curriculum is being successively implemented. 

Note that in the case of these initial offerings, not 
only students from multiple universities in Egypt, but 
also local professionals (who attended the courses as 
part of a related continued education program) and 
academic staff participated. The course offerings were 
as such well received and evaluated as highly useful. A 
positive observation was the evidence for the emerging 
level of motivation and consciousness with regard to 
environmental performance of buildings. However, in 
case of these exploratory efforts, the participating 
students have not gone through the prerequisite 
classes (e.g., those in foundational sciences). This 
meant that certain fundamental concepts had to be 
addressed at the start. 

This circumstance reinforces our conviction 
concerning the critical importance of such foundational 
courses. We do not share the idea to exclude those 
with the argument that they fit more to an engineering 
curriculum rather than an architecture curriculum. The 
acceptance – and success in completion – of 
fundamental technical courses by architecture students 
are in our experiences not primarily a question of the 
students' aptitude. Rather, it is often a function of the 
attitude and clarity of purpose that the curriculum and 
the faculty project. 
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6. CONCLUDING REMARKS
We briefly described an effort by a number of

experts with different thematic strengths to develop 
and implement an integrated and multidisciplinary 
undergraduate architectural education. The present 
paper dealt with the integration of the building 
technology module within this five-year curriculum. 
Specifically, we described the curriculum's underlying 
intellectual underpinnings, the implementation of 
building technology assessment, and the technology 
track's relationship to the design studios.  

The project's next steps include the full 
implementation of the undergraduate curriculum at the 
School of Engineering at Nile University in Egypt [11]. 
Furthermore, the IMPAQT project foresees the pursuit 
of a monitoring-supported close feedback loop 
between the building technology sequence and the 
design studios. The latter feature, in tandem with the 
other attributes of the curriculum, is expected to help 
in achieving the project's ultimate objective, namely an 
integrated and systematic outcome-based architecture 
education strategy. 
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ABSTRACT: This study examines the indoor comfort within social spaces of LEED-certified dining halls of a 
college-preparatory school. The case study is in Hartford County (41°52ʹ14ʺN 72°49ʹ31ʺW), United States. The 
study considered physical measurements of the selected spaces within the dining halls. Indoor comfort was also 
evaluated using the PMV and adaptive methods while the indices (WBGT, UTCI, SET, PPD) were computed using 
the mathematical equations. The results showed a mean temperature of 22.7°C, and a mean RH of 74.4% were 
measured in the spaces. The study revealed that the mean indices within the spaces varied from 20.4°C-23.7°C. 
The layout of the spaces possibly contributes to lower temperatures reported in evening and night-time than the 
values reported during the day. The study found out that a combination of design strategies can reduce elevated 
summertime temperatures, and thus improving indoor comfort of occupants within social spaces. The study 
concludes that well-maintained indoor social spaces can promote community engagement and integration even 
in the summertime when elevated temperatures are often reported in many thermal environments. 
KEYWORDS: Indoor comfort, social spaces, LEED-certified college-preparatory school, community engagement, 
integration. 

1. INTRODUCTION
This paper examines indoor comfort within social

spaces by evaluating the thermal environment of 
LEED-certified (that is, Leadership in Energy and 
Environmental Design approved) dining halls of a 
college-preparatory school. The study is important to 
understand the comfort temperatures and indoor 
environmental conditions of the social spaces used by 
various users (such as students, faculty, staff, and 
visitors) of the college-preparatory school. Moreover, 
the study is considered to provide a set of data on the 
thermal comfort of indoor social spaces used by 
people that are preparing for higher education. 
College-preparatory schools are important to higher 
education in major parts of the world [1], especially in 
the United States as they are purposely designed to 
train and prepare students for higher education [2]. 
College preparatory schools are owned by either 
public, private independent or not-for-profit 
organisations [3]. The focus of the study highlights 
the importance of college-preparatory schools in the 
development of future generations, especially for 
higher or college education. 

Several studies have investigated thermal comfort 
of occupants in different indoor social spaces [4-5], 
semi-outdoor spaces [6], transition spaces [7], and 
outdoor social areas [8-11]. Thermal comfort within 
indoor and outdoor social spaces has been examined 
to understand the thermal environment of various 

spaces. Existing studies have evaluated indoor social 
spaces of various buildings such as educational 
buildings [5,12-13], social buildings [4], residential 
buildings including multi-family residences [14-15], 
hospitals and healthcare buildings [4]. Various 
investigations considered indoor social spaces due to 
their importance as gathering areas and for hosting 
various events such as meetings, sports, medical, 
educational, and other activities. Based on the 
importance and multi-functional use of dining halls, 
the study aims to add to the body of knowledge by 
assessing the thermal environment of LEED-certified 
dining halls in a college-preparatory school. 

2. LITERATURE REVIEW
Existing research has considered energy analyses

of a LEED silver certified dining hall on an educational 
campus [16]. The study [16] investigated the dining 
hall three years after its original certification and 
outlined the causes of poor energy performance in 
typical dining halls. Simone et al. [17] examined 
thermal comfort in more than 100 commercial 
kitchen spaces of fast food and other buildings in the 
United States in different seasons. The investigation 
by Simone et al. [17] explored field measurements of 
variables within the thermal environment of the 
spaces. The study [17] found out that the predicted 
mean vote/percentage people dissatisfied (that is, 
PMV/PPD) threshold is not directly applicable for all 
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thermal conditions in the spaces. Also, a publication 
on a LEED silver certified dining hall of a higher 
institution outlined the important features of a 
sustainable dining hall [18]. The features highlighted 
in the publication include adequate exploration of 
sustainable sites, water efficiency, energy efficiency, 
indoor environmental quality, innovation, and design 
process as well as the use of renewable materials and 
resources. 

Volkov et al. [4] explored thermal modelling to 
examine thermal comfort of indoor spaces in social 
buildings and mentioned that there is a link between 
the indoor environmental quality and the thermal 
environment of spaces. Volkov et al. [4] explained 
further that the link between the indoor 
environmental quality and the thermal environment 
is directly influenced by different parameters such as 
heat loss/gain through the building envelopes, 
thermal properties of the materials used for the 
construction, the outdoor weather conditions, and 
the sources of heat within the thermal environment. 
However, none of the existing papers evaluated the 
thermal environment of dining halls in college-
preparatory schools, and it is important to 
understand the thermal environment of such indoor 
social spaces. As a result, this study intends to 
address this research gap.  

3. CASE STUDY
The case study is in Hartford County (41°52ʹ14ʺN

72°49ʹ31ʺW), United States. The school is sited on 
200-acre in the north-central of Connecticut. It is an
independent, coeducational, boarding and day school
mainly for college-preparatory students. The dining
halls were completed and opened for operational use
in the fall of 2017. The spaces evaluated have a total
floor area of about 3427.3m2 (36,891ft2). The main
dining hall can seat approximately 500 people and it
is approximately 753.1m2 (7874ft2). The second
dining hall can seat about 150 people. The dining
halls are arranged across three levels and featured
other spaces such as two large terraces, kitchen,
servery, patio, gas fire pit, and utility rooms.  Figure 1
and Figure 2 show the lower floor plan of one of the
new halls and exterior view of the development,
respectively. Figure 3 shows the interior view of the
main dining hall.

In terms of the sustainable design of the case 
study, the development’s sustainable features include 
a geothermal heating and cooling system, star 
energy-rated and highly efficient mechanical systems. 
The interior of the main hall features wood trusses 
and dormers in the ceiling as shown in Figure 2.  

4. RESEARCH METHOD
The study carried out a field study to gather data

for analysis. The study employed field measurements 

of environmental variables (such as temperature, 
CO2, RH, dew-point, etc.). Indoor comfort was 
evaluated using the PMV and adaptive methods of 
ASHRAE-55 [19] and EN16798-1 [20] standards. The 
environmental variables were measured at every 60-
minute using HOBO sensors mounted on the wall at 
the height of 1.1m above the floor level. The 
investigation was carried out in the summer of 2018. 
The external weather data observed at a nearby 
meteorological station were used for the analysis. 
The variables recorded within the spaces were used 
to compute the indices such as Wet-Bulb Globe 
Temperature (WBGT), Universal Thermal Climate 
Index (UTCI), Standard Effective Temperature (SET), 
Predicted Mean Vote (PMV), and Percentage People 
Dissatisfied (PPD). 

Figure 1: Lower floor plan of one of the new halls. 

Figure 2: An exterior view of the dining halls. 
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Figure 3: An interior view of the main dining hall. 

5. OUTDOOR DATA ANALYSIS
Table 1 provides the annual summary of the

historical outdoor data for the study area. The 
analysis revealed that July is the hottest month while 
May is the wettest month throughout the period 
considered (Figure 4). 

Table 1: Annual summary of the historical summer outdoor 
data (2015-2018) for the study area 

Month May June July Aug. Sept. 
Mean temp (°C) 16.0 21.0 24.0 23.0 18.0 

Mean Max. temp (°C)  22.0 26.0 29.0 28.0 24.0 
Mean Min. temp (°C) 10.0 15.0 18.0 17.0 13.0 

Mean RH (%) 63.0 67.0 68.0 69.0 71.0 
Mean dew-point (°C) 8.0 14.0 17.0 17.0 13.0 
Precipitation (mm) 52.1 51.8 48.9 42.9 43.5 
Wind speed (m/s) 3.0 3.0 2.0 2.0 2.0 
Pressure (mbar) 1016 1014 1014 1016 1018 

Visibility (km) 17.0 16.0 15.0 16.0 16.0 
SET (°C) 6.5 14.1 18.9 17.6 10.7 

WBGT (°C) 13.4 18.3 21.2 20.4 15.8 
UTCI (°C) 16.0 21.3 24.7 23.6 18.3 
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Figure 4: The mean values of the outdoor data. 

5. RESULTS AND DISCUSSION
The results showed a mean internal temperature

of 22.8°C was recorded at the southeast zones, while 
an average temperature of 22.5°C was observed at 
the northwest zones of the spaces (Figure 5). The 
layout of the development with adjoining spaces may 
be a contributing factor to lower temperatures 
reported in evening and night-time within the halls 
than the values obtained during the day. The overall 
mean temperature of 22.7°C and mean RH of 74.4% 
were measured in the hall. The study showed that the 
mean temperature was within the comfort range 
recommended by ASHRAE for people in summer. 
However, the mean RH recorded during the survey 
exceeded the recommended comfort range (RH of 
30-60%) in summer. The results revealed that the
average CO2 level was less than 500ppm. A mean air
velocity of 0.1m/s and a mean dew-point of 17.8°C
were reported within the spaces. Table 2 provides a
summary of the parameters measured and indices
within all the spaces.
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Figure 5: The averages of the temperatures and thermal 
indices. 

Table 2: Summary of the indoor variables within the spaces 
(combined) 

Variables Spaces - 
Southeast zones 

Spaces - 
Northwest zones 

Mean temp (°C) 22.8 22.5 
Max. temp (°C)  34.1 35.1 
Min. temp (°C) 18.2 18.5 
Mean RH (%) 73.8 74.9 

Mean dew-point (°C) 17.9 17.8 
SET (°C) 22.5 22.2 

WBGT (°C) 20.7 20.4 
UTCI (°C) 23.7 23.5 
Sensation Slightly cool Slightly cool 

ASHRAE-55 PMV -0.7 -0.8
ASHRAE-55 PPD (%) 15.0 18.0
80% of acceptability 

limits 
Operative temp. 
23.3 to 30.3°C 

Operative temp. 
23.3 to 30.3°C 

90% of acceptability 
limits 

Operative temp. 
24.3 to 29.3°C 

Operative temp. 
24.3 to 29.3°C 

EN16798-1 PMV -0.4 -0.5
EN16798-1 PPD (%) 9.0 10

EN16798-1 Category Complies with 
EN16798-1 Cat. II 

Exceeds EN16798-
1 Cat. II limits 
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EN16798-1 Cat. II 
acceptability limits 

Operative temp. 
23.7 to 29.7°C 

Operative temp. 
23.7 to 29.7°C 

The results showed that the mean indices within 
the spaces varied from 20.4°C-23.7°C. The mean 
indices are within the similar range with the thermal 
indices (18.8°C-24.0°C) obtained in existing research 
on indoor comfort and heat stress in an educational 
building [21]. Over 80% of the occupants were 
satisfied within the thermal environment (Figure 6 
and Figure 7). The PMV votes ranged from -1.0 to +1. 
Regarding the mean sensation, the occupants were 
slightly cool within the spaces. The temperatures 
were within the EN16798-1 Cat. II lower and upper 
limits in the southeast zones. The study showed that 
the indoor spaces in the southeast zones were more 
comfortable than the spaces in the northeast zones 
with the possibility of slight discomfort in summer 
(Table 2). The study also found out that relationships 
exist between the mean temperature and thermal 
indices (Figure 8). 

Figure 6: Chart showing PPD between ASHRAE-55 and 
EN16798-1 

Figure 7: Chart showing relationship between the mean 
temperature, ASHRAE-55 PPD and EN16798-1 PPD 

Figure 8: Chart showing relationship between the mean 
temperature and thermal indices. 

6. RESEARCH LIMITATIONS
The current study analysed only one case at the

college-preparatory school. Future work will expand 
on the findings presented in this paper.  

7. CONCLUSION
This study examined indoor comfort within the

social spaces of a LEED-certified college-preparatory 
school. The results showed an overall mean 
temperature of 22.7°C and a mean RH of 74.4%. The 
study showed that the mean temperature was within 
the comfort range recommended by ASHRAE for 
people in the summertime. The social spaces are 
well-ventilated with the constant movement of fresh 
air into the halls while the air velocity is within the 
acceptable limits. The study found out that a 
combination of design strategies (such as natural 
cross-ventilation, natural lighting, building fabrics 
with high thermal mass, orientation, etc.) can 
minimise increasing temperatures in summer; and 
thus improving indoor comfort of occupants within 
various social spaces. As a result, various people, 
including students, faculty, and staff, often used the 
dining halls for other social activities such as 
networking events in summer. The study concludes 
that well-maintained indoor social spaces can 
promote community engagement and integration 
even in the summertime when elevated 
temperatures are usually observed in many indoor 
spaces and thermal environments. 

ACKNOWLEDGEMENTS 
The authors appreciate the school’s authority for 

permission to investigate the development. 

REFERENCES 
1. Jamshed (2016). Benefits of attending a College
Preparatory School. Your Health Journal, Sept. 16.

Vol.3 | 1557
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


https://www.yourhealthjournal.com/benefits-of-attending-
a-college-preparatory-school/. Accessed on 16/03/2020. 
2. The Editors of Encyclopaedia Britannica (1998). 
Preparatory School.
https://www.britannica.com/topic/preparatory-school. 
Accessed on 15/03/2020. 
3. What does “college prep” school really mean?
https://www.greatschools.org/gk/articles/college-prep-
school/. Accessed on 16/03/2020.
4. Volkov A Andrey, Sedov V Artem, and Chelyshkov D Pavel
(2014). Modelling the thermal comfort of internal building
spaces in social buildings. Procedia Engineering 91: p. 362-
367.
5. Adekunle, T.O. (2019). Occupant’s comfort and stress 
indices in a structural timber school building in the 
Northeast US. Building Research & Information.
https://doi.org/10.1080/09613218.2019.1662714
6. Cao B., Luo M., and Li M. (2018). Thermal comfort in
semi-outdoor spaces within an office building in Shenzhen: 
A case study in a hot climate region of China. Indoor and 
Built Environment 27(10): p. 1431-1444. 
7. Pitts A. (2013). Thermal comfort in transition spaces. 
Buildings 3: p. 122-142/ doi:10.3390/buildings3010122.
8. Nikolopoulou M., Baker N., and Steemers K. (1998). 
Thermal comfort in outdoor urban spaces: understanding
the human parameter. Solar Energy 70(3): p. 227-235. 
9. Wilson E., Nicol F., Nanayakkara K., and Ueberjahn-Tritta 
A. (2008). Public Urban Open Space and Human Thermal 
Comfort: The Implications of Alternative Climate Change 
and Socio-economic Scenarios. J. of Environmental Policy & 
Planning 10(1): p. 31-45. 
10. Yang W., Wong H.K., and Jusuf S.K. (2013). Thermal 
comfort in outdoor urban spaces in Singapore. Building and
Environment 59: p. 426-435. 
11. Chen L., Wen Y., Zhang L., and Xiang W-N. (2015). 
Studies of thermal comfort and space use in an urban park
square in cool and cold seasons in Shanghai. Building and
Environment 94: p. 644-653 
12. Šenitková, I.J. (2017). Indoor air quality and thermal 
comfort in school buildings. IOP Conf. Series: Earth
Environmental Science, 95, 04206. doi :10.1088/1755-
1315/95/4/04206
13. Jindal, A. (2019). Investigation and analysis of thermal 
comfort in naturally ventilated secondary school classrooms 
in the composite climate of India. Architectural Science 
Review, 62(6), p. 466-484.
14. Simson, R., Kurnitski, J., and Maivel, M. (2017). Summer
thermal comfort: compliance assessment and overheating
prevention in new apartment buildings in Estonia. Journal
of Building Performance Simulation 10(4), p. 378-391. 
15. Wang, Y., and Fukuda, H. (2019). The Influence of
insulation styles on the building energy consumption and 
indoor thermal comfort of multi-family residences. 
Sustainability 11(1), p. 1-14.
16. Bangerth S., Ohadi, M.M., and Jenkins C.A. (2017). 
Energy analysis of LEED silver certified dining hall on an 
academic campus – a revisit three years after its initial
certification. ASHRAE Transactions 123(1): p. 129-139. 
17. Simone A., Olesen, B.W., Stoops, J.L., and Watkins, A.W.
(2013). Thermal comfort in commercial kitchens (RP-1469): 
Procedure and physical measurements (Part 1). HVAC&R 
Research 19(8): p. 1001-1015. 
18. Office of Sustainability (2018). Lakeside Dining Hall. Elon 
University. https://www.elon.edu/u/bft/sustainability/wp-

content/uploads/sites/783/2018/06/Lakeside-Dining-Hall-
Case-Study.pdf [22 July 2019]. 
19. ASHRAE-55, (2017). Thermal environmental conditions 
for human occupancy. American Society of Heating,
Refrigerating and Air-conditioning Eng., Atlanta, USA.
20. EN16798-1 (2017). Indoor Environmental Input 
Parameters for Design and Assessment of Energy
Performance of Buildings Addressing Indoor Air Quality,
Thermal environment, Lighting and Acoustics. European 
Committee for Standardization, Brussels. 
21. Adekunle, T. O. (2018). Thermal comfort and heat stress
in cross-laminated timber (CLT) school buildings during 
occupied and unoccupied periods in summer. In
Proceedings of the 2018 Windsor Conference. London, UK.
April 12-15. 

Vol.3 | 1558
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


PLEA 2020 A CORUÑA 
P lanning Post  Carbon C it ies

Environmental Information Modelling for Building Design 
   The visualisation of environmental strategy and parametric filter 

CHIN HUEI WU1, KARTIKEYA RAJPUT2 
1 University of Westminster, London, UK 
2 ChapmanBDSP Company, London, UK 

ABSTRACT: Environmental Information Modelling (EIM) tool development aims to solve the drawbacks of 
unintegrated environmental simulation tools (EST) while enhancing the communication between project 
members in the decision-making process at all design stages by confirming environmental strategies through the 
comprehensive performance evaluation. Furthermore, integration, filtration, and visualisation are the main 
development directions that should be clarified by the literature review to establish the EIM theatrical basis, and 
then use grasshopper language programming to practice. In summary, the EIM demonstration of four different 
office layouts in London shows the core value of EIM tool, which is to confirm the environmental information and 
potential design direction in the repeated workflow with practical strategies. In detail, it shows the parameters 
impact priority to define the project issue and the strategic effectiveness of specific improvement approach in 
the optimisation process, and then identify the strategic impact priority by the final review of best design 
achievement growth rate in each environmental indicator. 
KEYWORDS: Environmental information modelling, multi-criteria design assessment, customised environmental 
indicators, visualisation of environmental strategy, informed decision making. 

1. INTRODUCTION
Building design with environmental solutions

based on building performance assessment becomes 
a popular research topic in recent years. However, 
less of them have mentioned the implementation 
part in the real collaborative project, especially the 
integration and the transmission of environmental 
information. Therefore, the report aims to complete 
an EIM system to upgrade the overall assessment 
while clarifying the language between designer and 
client. Also, the environmental consultant as the EIM 
controller should lead the project in a clear direction. 

1.1 Purpose and Research questions 
Environmental simulation tools (EST) nowadays 

still need improvements for evaluating building 
performance during the optimization process.  

Firstly, unintegrated EST will cause different 
simulation formats and overlapping calculations 
between each output. Secondly, non-translatable 
building performance simulation (BPS) results can 
misdirect clients to apply the wrong environmental 
strategies. Thirdly, the insufficient information 
delivery will finally impact the design quality and 
lower down satisfaction. In summary, three research 
questions for EIM tool development as below: 

Integration of environmental information in the
continuous platform.
Filtration of BPS with selected parameters based
on the brief requirement.
Visualisation of parametric result and strategy.

Moreover, the inappropriate EST application will 
cause a crack of communication in construction 
projects that can be an obstruction to achieve the 
required environmental quality. Therefore, creating a 
common and understandable language to enhance 
the information delivery in the procedure while 
confirming the design direction with appropriate 
strategies will be the focus on the EIM development 
in the report. 

1.2 Scope and limitation 
This report focuses on the full demonstration of 

completed EIM system rather than result in the best 
design solution. Also, EIM is an upgrade tool for the 
entire BPS assessment and conducting environmental 
programmes based on different climate and project 
requirements. In summary, the research scope except 
for the basis of weather tasks and BPS analysis will 
depend on the following assumption:  

Building typology.
Benchmark selection.
Environmental parameters selection.
Energy performance parameters selection.
Environmental strategies/ architectural design
parameters selection for the graphic category.

In addition, the research limitation as follows: 
Upgrade the specific programmable EST.
Focus on completed tool development rather
than the progress of strategies.
EIM demonstration only shows the designated
simulation tasks base on project assumptions.
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2. THEORETICAL BACKGROUND
There are three research directions that should be

clarified for the EIM concept development through 
the literature review.  

Firstly, redefine the integrated information
programme based on the multi-objective
optimization framework.
Secondly, create the environmental information
filter to evaluate essential parameters by
following the project requirement and relevant
benchmarks.
Thirdly, visualise the environmental strategies in
a practical way which is easier to understand.

Finally, the characteristics of the EIM framework 
will be pointed out after all the discussion. For 
example, the flexibility of changing the parametric 
design according to the different site situations and 
requirements. 

2.1 EIM development directions 
There are three development phases below.

In the integration phase, it emphasis the adaptive 
selection of environmental indicators in the redefined 
multi-criteria optimisation framework (Fig.1). It 
should base on the definition of multi-criteria design 
space [1], rather than multi-objective optimisation 
research with regular evaluation targets and limited 
objectives such as lighting, thermal, and energy 
separately. Also, the creation of environmental 
information filter is necessary to prove the influence 
of selected benchmarks to upgrade the integration 
method. 

 In the filtration phase, it clarifies an overall design 
assessment method base on the customised impact 
weighting system, which means to decide an 
environmental target and predictable living quality by 
adjusting the parameters proportion and selecting 
the corresponded design criteria. As a language 
translator that is primarily controlled by 
environmental consultants, it should complete the 
category of environmental design and energy 
benchmarks for each selected indicator base on the 

building typology, local climate, and brief 
requirement, also the additional concern from the 
client group. Moreover, programming the customised 
weighting system to calculate the assessment score 
automatically that can be used to confirm the 
strategic effectiveness and priority.

In the visualisation phase, it focuses on the EIM 
outcome analysis by post-processed graphical 
category that converts the parametric output while 
simplified optimisation process. Also, the EIM report 
will show a comprehensive comparison between 
initial building performance and the environmental 
achievement for all the design strategies in an 
understandable manner. 

2.2 EIM development frameworks 
In summary, there are three workflows involved in 

the EIM development structure (Fig.2):  
Parametric filter development: Ensure the case
basis and benchmark resource through the
literature review.
EIM tool development: Clarify the application of
customised assessment method by editing the
parametric filter into the EST programme and
selected BPS templates, which means the EST
improvement.
EIM chart development: Record the final result
and the environmental achievement, impact
priority, and visualisation output of each design
strategy based on EIM demonstration.

3. METHODOLOGY
Brief requirement and strategic definition are

essential inputs for the EIM operation. Therefore, the 
report designates four different office layouts in 
London as experimental objects to complete the EIM 
demonstration. In addition, Rhino and Grasshopper 
as the architectural design platform with the visual 
programming language (VPL) can become a powerful 
EST to contribute to the EIM development with 
relevant simulation plugin and variable components, 
and also meet the automatic calculation requirement. 

Figure 1. The redefined multi-criteria optimisation. 
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4. PARAMETRIC FILTER DEVELOPMENT
Creating a category of benchmarks that based on the
office building typology requirement and London
environmental condition is the prerequisite to
confirm the parametric filter basis, which includes
environmental design and energy criteria. Moreover,
the category also shows an overview of the
achievement range for each environmental indicator,
which will vary according to different criteria. For
example, the target of the daylight factor (DF) is
greater than or equal to 2% reported by the Building
Research Establishment (BRE). However, the DF
design range is around 2% to 3% in the 80% area that
base on the BREEAM International new construction
2018 [4]. Besides, the target of useful daylight
illuminance (UDI) is 100 to 3000 (lux) in the 80% area
in the BRE report. However, the range is from 300 to
500 (lux) in the Chartered Institution of Building
Services Engineers (CIBSE) Guild A [3].

It shows the selection of environmental indicators 
and criteria basis should be properly controlled by 
specialist to further meet the project requirement 
and the client's request. 
Furthermore, the parametric filter is considered as an 
overall design assessment method that could 
optimise all selected indicators at the design stage. It 
should be emphasised that parameter priority can 
significantly affect the final building performance and 
indoor environmental quality (IEQ) [2]. For example, 
the UDI will contribute 6 points into the scale, while 
the sunlight and views out analysis only can get 
around 0.3 to 0.45, because of the assumption of the 
less impact of surrounding context in the rural area 
far away from the city centre, but the high concern of 
strong daylight which will cause the glare issue and 
reduce the UDI. Therefore, the high IEQ and low 
energy consumption will be a clear target that base 
on the customised score weighting system (Fig.3). 

Figure 2. EIM development frameworks. 

Figure 3.   Parametric filter with customised impact weighting system. 
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In summary, there are two characteristics of the 
parametric filter below:  

Accessibility of selected details: It displays the
clear priority and proportion of each indicator
on a customised scale to define the multi-
criteria design space.
Adaptability and flexibility: As a continuous
platform, users can easily adjust the scale by
adding new topics or changing priorities
according to different needs, building typology,
and climate conditions.

5. EIM TOOL DEVELOPMENT
EIM establishment means to upgrade an existing

EST which can realise not only the integrated BPS 
template but also the adaptable component and 
programme. In this case, grasshopper with ladybug 
and honeybee plugin will be the appropriate option 
to input the parametric data.  

There are four stages in the development process: 
Parametric modelling: Including geometry
preparation, material, and construction layer
information, each input will become the
environmental strategies controller.
Performance analysis: Settle up the selected BPS
template such as lighting, ventilation, thermal
comfort, and energy simulation, also the
weather file and indoor condition.
Parametric filter: The focus is to input the
customised weighting system from the manual
collection of parameter priority into the
technical calculation. Moreover, apply the range
of selected criteria for the transformation of
overall BPS output into a clear score in which
the full point is 100.

Parametric visualisation: Output the score and
corresponding weighting performance as a bar
chart to simplify the comparison between each
strategic impact and potential improvement
space for each parameter. It also aims to prove
the effectiveness of the parametric filter for
confirming the design result of multi-criteria
optimisation.

6. EIM DEMONSTRATION AND ANALYSIS
EIM demonstration aims to confirm the

multidimensional impact of environmental indicators 
from each strategy instead of a single focus of final 
building performance. Also, the EIM outcome analysis 
should result in an effectiveness report of each 
architectural design factor, which means the overall 
assessment of different environmental strategies in a 
simplified optimisation layer (Fig.4). For example, the 
following layers present an overall building 
performance optimisation through the application of 
different architectural design factors, such as the 
adjustment of orientation and room volume, and 
further defining the usefulness of environmental 
strategies in a category. Therefore, the EIM 
demonstration includes three tasks.  

Define the main issue by the basic achievement
and the parametric impact priority.
Define the strategic effectiveness by the
comparison of design factor improvements,
while simplifying the optimisation process into
the graphic category.
Clarify the strategic impact priority through the
growth rate of potential improvement space in
the overall design process, and review the best
solution.

Figure 4.  Overview of EIM improvement layer.
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6.1 Basic achievement & Issue definer 
The EIM demonstration of office case is as follows. 

First of all, the comparison of the basic achievement 
score from different layout (Fig.5) shows case 1 in the 
rectangular open plan gets the highest score of 67.73. 
More importantly, the top issue can confirm in detail 
through the percentages of contributions from each 
environmental indicator and their potential 
improvement space individually. For example, the 
case 1 shows that 85.72% of daylight uniformity, 
70.2% of sunlight hour, 58.96% of indoor 
temperature, and 56.2% of heating loads are the 
priority of issue that needs more improvement.  

6.2 Strategic effectiveness definer 
Furthermore, the achievements comparison in the 

simplified optimisation process in case 1 shows the 
effectiveness of environmental strategies which 
includes orientation, volume, window and wall ratio 
(WWR), shading type, materiality, and construction 
layer (Fig6). For example, the different sets of floor 
height plus window and wall ratio can also influence 
the score. The model with 3 m floor height and 10% 
WWR is 8 points higher than other cases. In detail, 
the higher score is because of the better performance 
in the heating loads and infiltration loads issue, 
although it still has around 40% to 45% potential 

Figure 5.  Basic achievement & Issue definer.

Figure 6.  Final review of strategic impact priority in case 1.
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improvement space. On the contrary, other cases 
show the progress in the lighting aspect, such as 10% 
of daylight factor and 15% of UDI, instead of the 
improvement of energy consumption. 

6.3 Final strategic achievement & performance 
Moreover, the final review of the strategic impact 

bar chart shows the priority of design strategies. 
Although the performance of daylight uniformity did 
not have any progress after all the strategic 
application in case 1, however, it obvious that the 
overshadow issue have 12.98% improvement by 
optimum the orientation. Furthermore, the 
materiality and construction improvement has more 
progress than the shading improvement in the fourth 
layer, which shows the 21.2% improvement of 
heating loads and 3.19% of indoor temperature when 
applied to the new material of the external wall, 
which the U value is 0.35. 

In summary, the actual effectiveness of the 
strategy is evident in the growth rate of 
environmental indicators respectively although the 
assessment score improvement between strategies is 
pretty slight in the demonstration. Also, the graphic 
category shows the possibility of sharing overall 
design assessment information of each strategy.  

Most importantly, the EIM outcome analysis 
presents the design information in several ways, from 
the main issue definer, parametric impact priority, 
strategic achievement score, and strategic impact of 
all simulation models that are included in the 
graphical category.  

Also, the overall research display (Fig.7) shows not 
only the final review of strategic impact priority, but 
also the entire workflow of EIM optimisation, and 
further provides an efficient methodology of 

clarifying the improve direction to enhance the 
decision making in the design process. 

7. CONCLUSION
EIM tool shows the advantage of confirming the

design information and customised environmental 
target in the process while responding to the client 
expectation. Instead of traditional EST and BPS 
operation, the integrated environmental assessment 
outcome from EIM can be beneficial to inform the 
overall design direction at any stage. However, it 
should notice that EIM demonstration in the report 
aims to complete the EIM system rather than a 
perfect environmental solution. Therefore, further 
EIM development base on the design principle should 
be practiced critically in the future. In addition, the 
next step in tool development should emphasis 
operational efficiency. In order to facilitate the 
optimisation workflows, testing the multi-object 
optimisation component such as Octopus is essential 
to ensure the automatic calculation and control all 
the potential architecture design factors by running 
the entire template in once. 
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ABSTRACT: The City Council of Lugo (Galicia, Northwest Spain), started in 2016 a Project under the LIFE Climate 
Action Program, with demonstrative measures of adaptation and resilience to Climate Change., which designs and 
plans a multi-ecological neighborhood as a model of urban resilience. The main objective of this project is to provide 
a reference model for the future design of sustainable and resilient medium-sized cities (<250.000 dwellers). The 
Project addresses three main aspects: i) Residential Neighborhood Urban Design; ii) Demonstrative actions in green 
and residential areas; iii) Engaging stakeholders (public and private entities). This LIFE Project shows how the 
municipal initiative in collaboration with innovative activities undertaken within a scientific context have made 
possible the implementation of demonstrative mechanisms of adaptation to Climate Change in medium-sized cities. 
KEYWORDS: Urban resilience, Sustainable Development Goals SDG, climate change mitigation, climate resilient 
economy 

1. INTRODUCTION
Among the 17 Sustainable Development Goals (SDG)

proposed by the UN in September 2015, there is one 
(SDG11) dedicated to Sustainable Cities and 
Communities, which highlights that sustainable 
development challenges will be increasingly 
concentrated in cities and encourages us to achieve 
inclusive, supportive, resilient and sustainable urban 
spaces. The cities of the world occupy only 3% of the 
Earth's surface, but account for 60 to 80% of energy 
consumption and 75% of carbon emissions [1]. 
Consequently, cities play a key role in action on climate 
change, considering that they also house more than 
half of the global population, most of the building 
assets, thereby representing high concentrations of 
population and consumption [2,3], with urbanization 
projections of 6 billion dwellings by 2050. [4]. 

The City Council of Lugo (Galicia, Northwest Spain), 
started in 2016 a Project under the LIFE Climate Action 
Program, with demonstrative measures of adaptation 
and resilience to Climate Change., which designs and 
plans a multi-ecological neighborhood as a model of 
urban resilience. The main objective of this project is to 
provide a reference model for the future design of 
sustainable and resilient medium-sized cities (<250.000 
dwellers). 

This paper presents the LIFE Lugo+Biodynamic 
initiative, the implemented measures and the main 
achieved results. 

2. APPROACH
The City Council of Lugo obtained EU funding to

develop the LIFE Lugo+Biodynamic project and carry 
out the design of a climate-resilient, sustainable and 
innovative urban planning model of action against 
Climate Change. The universities of Santiago de 
Compostela (USC) and Politécnica de Madrid (UPM) 
have a key role as project partners, and the County 
Council of Lugo as co-financier.  

The Project addresses three main aspects: 
Residential Neighborhood Urban Design
Demonstrative actions in green and

residential areas
Engaging stakeholders (public and private

entities)
All these aspects have been addressed in the 

context of making an innovative contribution to the 
shift towards a low-carbon, climate-resilient economy 
and supporting better environmental and climate 
change governance at medium scale. 

3. ACTIONS
The Project has been divided into actions that are

described following the three aforementioned major 
project approaches. 
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3.1 Innovative urban design at residential 
neighborhood scale 

Multi-ecological neighborhood planning as a 
sustainable urban design model for medium-
sized sustainable cities
Catalogue of green urban design solutions 
(GUD – Lugo) [5] to be applied to both 
existing and future neighborhoods, with a 
web-tool for calculating CO2 saving 
indicators  

3.2  Demonstrative  actions  in  green  and  residential  
areas 

Energy crops in urban setting (1ha)
Restoration of a wetland enclosed by urban
industrial areas (6.0ha)
Arboretum with 65 native and representative
species of 8 natural habitats in northwestern
Spain (Galicia) (5ha)
Urban forestry: Plantation of native
hardwoods to obtain wood (4,1ha) and
cultivation of chestnuts in urban environments
(3,6ha)
Implementation of 1.3 ha of urban orchards
Construction of the Green Impulse NZEB
building using local timber, as a demonstrative
and innovative benchmark of timber
construction

3.3 Engaging stakeholders 
Public awareness on Climate Change regarding
cities
Engagement of companies and entities for the
promotion of sustainable urbanism

4. METHODS
Following the scheme of those relevant sections of the 
project, previously defined, we have applied different 
methodologies to assess a series of indicators and 
evaluate the degree of efficiency and sustainability for 
the different actions to be undertaken.

4.1 Innovative urban design at residential 
neighborhood scale 

The projected multi-ecological neighborhood have been 
evaluated in terms of potential sustainability by using 
the Leadership in Energy and Environmental Design for 
Neighborhood Development standard (LEED-ND) 
(https://www.usgbc.org/leed/rating-systems/neighborhood-

development). LEED-ND is specifically designed to apply 
to neighborhood contexts. LEED-ND identifies and 
evaluates three aspects: i) the location and access (SLL: 
smart location and linkage); ii) internal pattern and 
design (NPD: neighborhood pattern and design); iii) the 

use of green technology and building techniques (GIB: 
green infrastructure and buildings). At this point it is 
worth pointing out that any similar green neighborhood 
rating system could have been used to this purpose. 

Criteria of the LEED-ND standard (green building rating 
system) were applied to evaluate three scenarios in 
terms of sustainability: i) optimum scenario, in which 
the development of the future neighborhood will follow 
most of the key LEED-ND criteria; ii) middle scenario; iii) 
minimum scenario, which defines a very unlikely 
baseline situation since the projected multi-ecological 
neighborhood, to be built within the framework of this 
project LIFE, is intended to meet high sustainability 
levels and serve as an urban design model for medium-
sized sustainable cities. 

High levels of walkability, a sense of place, social 
cohesion and stability, and neighborhood resiliency 
among flexible and adaptive economic and 
sociopolitical conditions are some of the requirements 
which define the most sustainable neighborhoods as 
LEED-ND standard.   

Table 1 summarizes key criteria to consider the level of 
sustainability of a neighborhood (LEED-ND standard). 

Table 1: Criteria for a green neighborhood (LEED-ND standard) 

Criteria for a green neighborhood 
A discernible center
Housing within a five minutes walk of
center
A variety of dwelling types
A variety of stores and commercial
activity
Flexible backyard “ancillary” buildings
for working or living
A school within walking distance
Playgrounds near all dwellings
Connected streets
Narrow, shaded streets conducive to
pedestrian and cyclists
Buildings close to the street at a
pedestrian scale
Parking or garages placed behind
buildings and away from street
frontages
Prominent civic and public buildings
A community decision process for
maintenance, security, and
neighborhood development
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Furthermore, LEED-ND rating system sets out certain 
requirements for the consideration of environmental 
sustainability neighborhood. These conditions have to 
do with four aspects: 

Smart location is a key parameter since an 
unsuitable location that wrecks natural areas, 
forces people to drive long distances, or 
exposes people to toxics substances could not 
be balanced with the positive benefits of green 
building. 

LEED-ND prerequisites exclude development in 
natural spaces (habitat areas, wetland and 
water bodies, prime agricultural land, 
floodplains), accordingly it is a prerequisite 
avoid these areas within the projected 
planning and even it could be a relevant 
strategy include restoring actions of sensitive 
areas.  

Required parameters are walkable streets with 
building heights appropriate to street widths 
or continuous sidewalks, compact 
development, connected neighborhood streets 
to each other and adjacent areas. 

Prerequisites require that at least one building 
within the projected areas to be certified as 
green under any green building rating system. 
Also, minimum requirements for building 
energy and water efficiency are established. 

On the other hand, the Catalogue of sustainable urban 
solutions (GUD-Lugo) provides innovative sustainable 
solutions at different scales (building, street, 
neighborhood and city) to be implemented both in 
newly designed neighborhoods and in those already 
existing in  the  city of  Lugo 
(accessible  in  https://
www.lugobiodinamico.eu/en/). This inventory of 
solutions constitutes a core element for the progress 
towards a sustainable urbanism in the city of 
Lugo, proposing measures regarding water 
management, green spaces, bioclimatic 
urbanism, sustainable  mobility as well as 
public awareness and citizen involvement.  

Following this inventory, a simulation was designed for 
the projected multi-ecological neighborhood 
area (accessible in https://www.lugobiodinamico.eu/
en/).  

The projected neighborhood is intended to 
be developed under sustainability criteria. The 
buildable area comprises 222.623,5 m2 inside the 
Green Lineal 

Park that surrounds the city and following two river 
courses  Rato  and Fervedoria. The design  of the multi-
ecological neighborhood  aims to  revitalize this  zone,  
which is characterized by the natural footprint given by 
the two river basins.  

The General Urban Development Plan now in force 
includes 1.166 dwellings to be built in this district and 
an estimation of 3.008 future inhabitants. Under this 
simulation, two scenarios were proposed: one 
representing a development following the usual pattern 
(GUD_Scenario  0) and other in  which  the  inventory  
actions are implemented (GUD_Scenario 1). In order to 
perform  the  simulations, the inventory actions have  
been structured within six strategic interventions 
(bioclimatic urbanism; accessibility; urban services; 
circular economy; water cycle; green spaces). 
Additionally, some parameters had to be assumed: i) 
for dwellings, a maximum energy demand of 15 
kWh/m2 and  year;  ii)  a  rate of  change from  car  to  
cycling use of 5.5%; iii) a rate of change from car to bus 
use of 5%; iv) a rate of change from car use to walking 
of 10%; v) green surface per inhabitant 30,9 m2; vi) a 
rate of trees of 270 trees/ha. 

4.2 Demonstrative actions in green and residential 
areas 

The energy efficiency of the Green Impulse NZEB 
building was evaluated by using the green building 
standard EDGE (“Excellence in Design for Greater 
Efficiencies”), which works also as a certification 
program. EDGE is specifically useful at an early design 
stage of green buildings to plan the reduction of 
environmental impact. EDGE is an innovation of the 
International Finance Corporation (member of the 
World Bank 
Group) (https://www.edgebuildings.com/certify/) 
based on the European CEN and ISO 13790-2008 
standards by using a steady-state model . 

A building may achieve the EDGE standard if is 
demonstrated a 20% reduction in three specific issues 
to compare to average local systems: i) projected 
operational energy consumption; ii) water use; iii) 
embodied energy in materials. EDGE standard is based 
on: i) climatic conditions of the location; ii) building 
type and occupant use; iii) design and specifications; iv) 
building orientation. 

The so-called Green Impulse is a public building which 
will include spaces  for  collective use together  with  
spaces for council  services,  with a surface of  678  m2 
distributed on four floors (Figure 1).  
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Figure 1: Space distribution within Green Impulse building 

5. RESULTS AND DISCUSSION
5.1 Urban design at residential neighborhood scale

Design of a multi-ecological neighborhood for 
adaptation to Climate Change covering 294,475 m2 
(both buildable area plus planned general uses), it is 
intended to be self-sufficient in terms of energy and 
water, which, compared to the original planning 
(General Urban Development Plan in force), doubles 
the surface area of the facilities, and quadruples the 
green areas while reserves 45% as subsidized housing. 

Firstly, results show that the projected 
neighborhood meets requirements of sustainability 
regarding: i) smart location; ii) respect for ecologically 
sensitive areas, since not only they will not be 
negatively affected but the LIFE project has carried out 
the restoration of a wetland and natural rainforest with 
native species and habitats recognized in the European 
Directive for the protection of natural habitats 
(Directive 92/43/EU); iii) walkable streets; and iv) 
building energy efficiency and water efficiency 
measurements.  

Additionally, the project will encourage several 
particular and valuable measures not specifically 
considered under this standard like the fostering of the 
use of green slopes, green fences and especially green 
building façades and roofs. 

Figure 2 summarizes the results attained after 
evaluating the LEED-ND criteria, according to the three 
envisaged scenarios. The reference scenario refers to 
the maximum score position within the LEED-ND rating, 
which is 110 points distributed as follows: 27 for SLL; 44 
for NPD, 29 for GIB, 6 for ID and 4 for RP. 

Figure 2: Scenarios rating under LEED-ND criteria  
(1: Smart Location and linkage (SLL); 2: Neighborhood Pattern 
and Design (NPD); 3: Green Infrastructure and Buildings (GIB); 
4: Innovation and Design Process (ID); 5: Regional Priority 
Credit (RP); Scenario 1: optimum; Scenario 2: middle; Scenario 
3: minimum).  

Results prove that any of the envisaged scenarios 
would achieve the certification of environmental 
sustainability, with 50, 69 and 97 credits respectively 
for the minimum, middle and maximum scenario. 
Sections regarding ID and RP are quite similar among 
scenarios, since the project will indeed include urban 
landscaping measures (urban orchards, green façades, 
green roofs, ….) and social equity measures. Regarding 
SLL section, in all cases similar results were found since 
conditions of the location are the same, with the only 
difference of potential cycling facilities. For NPD section 
optimum scenario is quite similar to the reference one 
(the ideal situation), but middle and minimum shows 
worse conditions related to the quality of walkable 
streets, the number of accessible uses (facilities), 
characteristics of housing types, parking and 
transportation demand and parks and recreation. 
Concerning GIB section, main differences among 
scenarios were found in energy efficiency and 
production (from minimum thresholds of energy 
efficiency to relevant improvement; from 5 to 20% of 
energy cost produced under renewable energy), just as 
the management of heat islands and light pollution 
(Figure 2).  

As scalable results it is worth pointing that NPD 
accounts for 40% of the results, so addressing walkable 
streets, compact development, neighborhood 
connections, affordable and diverse housing and 
accessible parks and schools are effective measures in 
achieving the goals. On the other hand, GIB accounts 
for 26% of the results, meaning that other aspects to be 
kept in mind are those related to energy efficiency and 
energy production. 
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Additionally, the Catalogue of Green Urban Design 
Solutions includes 51 practical solutions at different 
scales (building, street, neighborhood and city), with 
measurable indicators for the set of solutions and a 
linked assessment web-tool. From the simulated 
application in a town sector results a reduction in 
energy consumption of 788 MWh/year, with 90% 
energy self-sufficiency, a reduction in GHG emissions of 
12,515 tons of CO2/year (with transport being the 
activity that most significantly contributes to this 
reduction) and a rate NOx/year degradation of 47,28 
tons (Figure 3).  

Figure 3. Simulated application of the Catalogue of Green 
Urban Design Solutions (Regarding GUD_Scenario0 and GUD-
Scenario1). 
(R1: Reduction by building density, typology and orientation 
(mWh/year); R2: reduction by infiltration structures 
(mWh/year); R3: reduction by integral management of public 
transport (tCO2/year); R4: reduction by pedestrian paths 
(tCO2/year); R5: Reduction by cycling paths (tCO2/year); R6: 
Reduction by urban forests (tCO2/year); R7: Reduction by tree-
lined street (tCO2/year); R8: Reduction by green roofs 
(tCO2/year); R9: Reduction by Green façades (tCO2/year)). 

5.2 Demonstrative actions in green and residential 
areas 

Green Impulse building is a crucial component of the 
project that involves promoting multi-storey and 
innovative construction with locally sourced structural 
timber as well as nearly zero-energy buildings, also 
contributing to the promotion and use of water and 
electricity saving measures. Furthermore, renewable 
energies (solar photovoltaic and biomass) will be used 
to reduce emissions and increase resilience. 

Results show that the implementation of energy 
efficiency measures in the Green Impulse building will 
lead to an estimated reduction in energy use of 82,43% 
compared to a conventional building (base case), 
primarily due to the quality of the insulation of the 
building and the generation of energy for self-
consumption (solar and biomass). Also, a reduction in 

water use of 25,34% could be achieved, with estimated 
savings in the use of embodied energy (energy used in 
the making of the construction materials) of 74,44%. 
Additionally, emissions are estimated to be 6,30 
tCO2/year with an operational emission reduction of up 
to 32,74 tCO2/year (Figures 4 and 5). 

Although these statistics are preliminary to some 
extent, as the building is not yet under construction, 
they do unequivocally demonstrate the sustainable 
dimension of the building, which is also intended to 
serve as a reference in the new urban development of 
the city. 

Figure 4. Estimated reduction in the use of energy for the 
Green Impulse building (kWh/m2 year) 

On the other hand, sustainability of urban green 
infrastructures (UGI) has been analyzed by estimating 
their ecological balance in a previous study [6]. This 
concept evaluates the balance between the biocapacity 
[7] of the new areas dedicated to forestry plantations
and urban agriculture and the quantification of the
ecological footprint [8], measured as global hectares
(Gha), caused by implementation and management
activities. The applied methodology can be seen in
depth in De la Sota et al (2019). It is foreseeable a
positive ecological balance that will arise when the
biocapacity (productive capacity) of the new areas
exceeds their ecological footprint.

Demonstrative actions included in this analysis 
were: i) forestry of native hardwoods (4.5 ha); ii) energy 
crops in urban settings (1 ha); iii) Chestnut forests (3.9 
ha); iv) Arboretum (5 ha); v) Urban orchards (0.4 ha). 
Results showed that, apart from energy crops, 
demonstrative actions had a positive ecological 
balance. Energy crops were characterized by a neutral 
position since the uptake and emission of CO2 are 
almost equivalent due to their use in biomass burning.  
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UGI globally showed an ecological footprint of 
0.088Gha with an estimated total biocapacity of 1.93 
Gha, what proves that UGI within Life project positively 
contribute in offsetting annual CO2 emissions. The 
study also showed that 0.26 tC ha-1 and year is the 
average value of uptaken C when all the actions were 
taken under evaluation. 

Figure 5. Estimated reduction by embodied energy for the 
Green Impulse building (MJ/m2) 

5.3 Engaging stakeholders 
More than 60 awareness-raising and 

communication activities have been carried out, 
reaching 3,200 people in the academic environment, 
NGOs and the general population, as well as regular 
publications to reach the largest part of the 
municipality's population through local media (press) 
and the Internet. 

The project has also succeeded in the involvement 
of private entities from the forestry and building sectors 
what was carried out through interviews and surveys. 

Additionally, the publication of a municipal 
regulation prioritizing building and urban planning 
licenses that plan to integrate sustainable development 
and climate change adaptation measures, is achieving 
results in 65 building projects so far (which represents 
around 200 dwellings) while becoming a highly positive 
indicator of the involved stakeholders commitment. 

6. CONCLUSIONS
This LIFE Project shows how the municipal initiative  

in collaboration with  innovative activities  undertaken  
within a scientific context and EU environmental funds 
(LIFE Program: https://ec.europa.eu/easme/en/life) 
have made possible the implementation of 
demonstrative mechanisms of adaptation to Climate 
Change, which enable and will facilitate: i) the 
meaningful uptake  of CO2; ii) more efficient 
management of economic and environmental resources 
at municipal level;  iii)  the awareness of the population 
and private entities regarding Climate Change; iv) the 

promotion of new perspectives in the constructive 
dynamics of private initiative; v) the design of 
sustainable cities based on ecology, well-being, 
resilience and equality with a present and future 
impact. The Project has also the great potential to 
become a benchmark for other medium-sized cities, 
featuring highly replicable and therefore transferable 
tools and materials. 
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Retrofit of school buildings with heavy structure 
Interactions between solar control and insulation strategies 
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ABSTRACT: This paper present a computer method for evaluating the effects of various retrofit strategies on 
energy demand and thermal and luminous comfort. The examined strategies are characterized by different types 
of additional insulation and windows solar control devices. The differences are particularly influencing in case of 
building with heavy masonry and extended glazed surfaces, such as old schools in Italy. A specifically tailored 
software has been used. The case study consists in two classrooms of a school in the city of Bologna, in Northern 
Italy. In order to assess the influence of internal gains and occupation time profile, the same building has been 
simulated in the case of typical office intended use. The results show that the external insulation is always the 
most performing, but the differences with the internal one are not relevant in the case of classrooms. The 
differences increase with the use as offices. All the examined types of slats improve luminous comfort and reduce 
energy demand for lighting and cooling. Slats inserted between glasses are the best performing ones as they 
provide daylight and luminous comfort for longer periods. On the other hand, external slats provide better 
thermal comfort during the warmer period.  
KEYWORDS: Buildings Refurbishment, Energy Demand, Comfort  

1. INTRODUCTION
Most of the Italian school buildings were built

before the 1973 energy crisis, so they need retrofit 
interventions to reduce the energy demand and 
improve the indoor environment quality [1,2]. 
Generally, these buildings have heavy masonry. In 
these cases, it is critical to define where it is more 
convenient to place an additional layer of insulation:
inside or outside the opaque building envelope 
elements [3]. Moreover, regardless of the age, these 
buildings have large windows; therefore, a solar 
control strategy is necessary to avoid glare and 
overheating.

In the case of buildings for intermittent use, it is 
usual to think that it is better to place the insulation 
inside, in order to obtain a low thermal inertia 
building, able to respond quickly to the actions of the 
Heating, Ventilation and Air Conditioning systems 
(HVAC). However, in practice, the choice is not 
obvious; the usefulness of thermal inertia depends on 
a number of factors, such as significant day-night 
temperature swings, the amount of cooling loads and 
the length of the daily use period. 

As shown by previous research, if the cooling 
loads are prevalent, the thermal capacity can be 
useful to take advantage of nighttime free cooling in 
order to reduce cooling loads in hours of use. Even in 
the heating period, the heat stored in the thermal 
mass can be useful to reduce the heating load, 
especially in the early start-up phase of the HVAC 

systems. However, there are often practical or 
regulatory constraints to the placement of the 
insulation outside, such as in the case of historical 
buildings.  

This work illustrates an application example of a 
computer method aimed to predict the effects of 
various retrofit strategies on primary energy demand 
and on thermal and luminous comfort. The examined 
strategies are characterized by different types of 
additional insulation and solar control devices, both 
internal and external to the widows. The effects of 
night-forced ventilation during the cooling period 
were explored too. 

In order to assess the influence of internal gains 
and occupation time profile, the same building has 
been considered also with a different intended use, 
i.e. offices.

The computer simulations were performed using
a tailored software, which simulates the dynamic
thermal and luminous behaviour of a room at hourly
time steps, and allows simultaneous energy and
comfort analysis, by automatically taking into account
the solar control actions [4].

Usually, Italian school buildings are only equipped
with a hydronic heating system coupled with
radiators. Therefore, due to the high internal and
solar gains, with the exception of the colder period,
classrooms are often overheated. In order to
estimate the energy cost of obtaining thermal
comfort, it is assumed that a full air centralized HVAC
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is installed to eliminate overheating and improve air 
quality. In the air treatment machines, the fluid for 
the cold water-to-air heat exchangers is provided by 
electrically driven chillers, while the fluid for the hot 
water-to-air heat exchangers is primarily provided by 
the condensers of the chillers, integrated by gas-
boilers when necessary. Internal set-point 
temperatures are assumed to be 20 °C in winter and 
26°C in summer (as prescribed by the Italian law), 
whereas in the middle seasons it is assumed equal to 
the daily average outdoor air temperature, because 
the clothing of the occupants is adapted to it. The 
relative humidity set point is assumed equal to 50% 
all over the year. 

2. THE CASE STUDY
The case studies consist in two classrooms of the

elementary school “G. Pascoli”, situated in the city of 
Bologna, in Northern Italy (Fig. 1). The climate of the 
town is temperate, with cold winter and warm 
summer; in all the seasons there are significant daily 
temperature swings.  

Figure 1: The elementary school G. Pascoli (in the centre). 

The school was built in 1915; it has structural 
internal and external brick walls (0.25 m thick) with 
plaster on both sides (total thickness 0.3 m), 
horizontal elements in wood, with superimposed lime 
mortar and bricks. Vertical wide windows are 
present. The two classrooms are identical, with the 
same orientation of the windows (76° East azimuth), 
and are at the second and the third floors 
respectively, therefore the influence of surrounding 
urban obstructions, as regards solar gains and 
daylighting, is different. 

The glazing is assumed to be typical and 
compatible with the existing standards: double 
glazing of 0.006 m glass layers and 0.012 air gap with 
a low emissive layer on the external side of the 
internal glass (overall U value: 1.8 W·m-2·K-1). 

Internal sensible and latent thermal gains relating 
to the presence of twenty-seven pupils and a teacher 
were taken into account. 

An hourly ventilation rate of 15 m3/occupant was 
assumed. The hypothesized light system consists of 
fluorescent lamps (luminous efficacy: 91 lm/W, 

maximum total power: 756 W). This system is divided 
into two bands parallel to the external wall. There are 
no dimmers. 

In the case of the offices, six occupants were 
hypothesized with the related equipment (six 
computers and one printer), in the same space 
previously used as a classrooms. A daily occupation 
period equal to twelve hours was supposed: from 8 
a.m. to 8 p.m..

At first, two types of additional insulation layers
have been hypothesized: an external insulation 
consisting of 0.10 m thick rock wool layer with an 
outer protective layer, and an internal insulation 
consisting of expanded polyurethane only 0.05 m 
thick, with an internal layer of plasterboard. These 
are the thickness values usually adopted in local 
construction practice, since, in this type of climate, it 
is not convenient to exceed the thickness of the 
insulation, given the advantage from heat loss in 
significant periods of the year. Furthermore, in the 
case of internal insulation, a greater thickness would 
reduce the internal space without causing significant 
energy savings.  In a second time, a kind of ventilated 
wall was also examined. 

Currently, the only solar control device is a 
diffusing curtain inside the windows. This device 
allows to control glare phenomena, but do not avoid 
unwanted solar gains, and penalizes daylighting. 
Instead the solar control strategies examined here 
are based on various types of packable arrays of 
tiltable slats: one external to the glasses and two 
inserted between the glasses, one of the last two has 
diffusing surfaces, while the other has a specular 
upper surface (Fig. 2). In the latter two cases the 
thickness of the air gap is 0.021 m. All the arrays of 
slat are controlled according to a logic that aims at 
minimizing thermal loads maximizing daylighting and 
avoiding glare.  

  The reflection coefficient of the external slats 
was assumed equal to 0.6, both in the solar and in the 
visible spectra, while for those inserted between 
glasses its value is 0.7 in the solar spectrum and 0.78 
in the visible spectrum (these last two values are 
provided by the manufacturer). In the case of slats 
with a specular upper surface, the overall reflection 
coefficients are the same, but it has been assumed 
that 80% of the reflected radiation is mirrored 
whereas the rest is diffused.   

The external slats are combined with an internal 
diffusing blind, which is lowered when necessary to 
avoid glare, while the slats inside the glasses use their 
inclination for the same purpose.  Therefore, these 
devices are operated at first to minimize the thermal 
load, and then they can be further operated to 
eliminate glare phenomena. 

The control logic of the mirror slats differs from 
that of the diffusing slats because, before checking 
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the thermal load and the glare, the slats are arranged 
in such a way as to redirect upwards the direct 
radiation as deep as possible in the room. 

Figure 2: External slats (left), from ©Internorm catalogue, 
and slats inserted between glasses (right), courtesy of 
Pellinindustrie S.p.A..  

The transparency coefficient of the blind is 
assumed equal to 0.5 and the reflection coefficient 
equal to 0.4 on both sides, both in solar and visible 
spectra. The same characteristics of the blind have 
been assumed for the current configuration. 

To explore the influence of solar gains, a 
hypothetical south orientation of the external wall 
was also examined. The effects of an external wall of 
greater thickness (0.4 m) and with no insulation layer 
was also simulated, in order to compare the 
performance of a greater thermal inertia with that of 
the various insulations.

3. ANALYSIS OF THE RESULTS
In all the following considerations, the reference

configuration is the current one: without insulation 
and with only the curtains inside the windows. 

3.1 Energy demand 
Because of the high classrooms’ internal gains 

both types of additional insulation result to be useful 
only during the coldest period. In the half seasons  
insulations only increase overheating, as they prevent 
the night’s cooling of the masses (Fig. 3). In the 
warmer period, they have no particular effects 
because of the reduced heat flows throughout the 
envelope, due to the higher internal set point 
temperature (26 °C). The warmer period is June in the 
case of classrooms; July and August were considered 
only in the case of offices. The best performing 
insulation result to be the external one (Fig. 4-5). In 
the heating period this kind of insulation, allow lower 
thermal loads because the masses maintain higher 
temperatures until the early morning. For the same 
reason his behaviour is worse in the mid seasons. In 

any case, considering the whole year, the difference 
between the two types of insulation is contained 
under the 1% of the total primary energy demand.  

Due to the usefulness of the thermal losses during 
a large part of annual time of use, an operable vented 
wall has also been studied. In it, a 0.05 m thick 
interspace void separates the external insulation 
layer from the existing wall. During the cooling 
period, the interspace (air space) is ventilated, while 
in the heating period it is not. To consent the 
comparison with the other configurations the overall 
U-value of the unventilated configuration is
hypothesized as the same of the other examined
external insulation. When it is ventilated, its U-value
is assumed the same of the reference configuration,
but the solar radiation on it is not considered.

 Compared to other types of insulation, this 
configuration allows considerable further savings in 
mid-seasons, particularly in spring. However, a wall of 
this type, currently only tested in industrial buildings, 
is difficult to propose in the urban context 
considered. 

Figure 3: Monthly primary energy demand (per square 
meter of floor area) for HVAC and lighting system at the 2nd 
and 3rd floors classrooms (east oriented). 

Due to the longer period of use, when the building 
is used for offices, the total energy demand is about 
twice as that of the school. Due to the lower internal 
gains, heating consumption is proportionally much 
greater than cooling. Consequently, the percentage 
savings due to insulation are higher, in particular in 
the case of the external insulation: from 12.5% of 
schools to 18% of offices (Fig. 4), and it strongly 
increases its convenience with respect to the internal 
one.  

In the classroom of the upper floor, the total 
annual primary energy demand is slightly higher: 
from about 3% in the reference case, to about 4% in 
the case of internal insulation. This is due to the 
greater solar gains and the consequent greater 
cooling loads, 45% compensated by lower 
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consumption for lighting. Only in the case of 
ventilated insulation, the energy demand is 6% lower, 
since in this case there are not the same overheating 
problems. If the rooms are used as offices, due to the 
lower internal gains, the location on the upper floor 
allows slight percentage savings entirely due to 
lighting.

With south orientation global consumption 
decreases, essentially due to the lower demand for 
artificial lighting, and the upper floor is slightly 
consuming for both the destinations.  

Figure 4: Room at the 2nd floor east oriented, annual specific 
primary energy demand (per square meter of floor area) for 
HVAC and lighting systems relatively to some combinations 
of different types of insulation and solar control devices and 
for different uses of the building. The configurations with 
slats mentioned in the figure are combined with not 
ventilated external insulation. 

A possible night forced ventilation has been 
simulated. It is carried out by the same HVAC system 
and with air flow rates of three volumes per hour. It 
would reduce air conditioning consumption in mid-
seasons, particularly in spring. The reduction is about 
22% in the reference case at the second floor in May, 
1.6% over the year. It would be more effective in 
configurations with insulation (around 25% in May 
and 2% on an annual basis), due to their higher 
energy demand for cooling. In the classroom on the 
upper floor, these savings are higher in spring (up to 
30% with external insulation) but lower on an annual 
basis. It does not seem useful to increase the flow 
rate beyond three volumes per hour. In the case of 
offices, given the lower internal gains, the benefits of 
night ventilation are reduced by about 30%. 

The effect that a greater wall mass could have on 
energy demand and thermal comfort was also 
explored (Fig. 3-4-5). Therefore, the behavior of the 
same classrooms was simulated with walls having a 
total thickness of 0.4 m, instead of 0.3 m, typical in 
older buildings. It has been found that the higher 
thermal capacity thus obtained is much less effective 

than insulation in reducing energy consumption. It 
would reduce the heating consumptions to a lesser 
extent, while in the mid-seasons it would allow 
greater useful losses. Adding the two effects the 
annual percentage savings would be about half of 
those achievable with insulation, in the case of 
classrooms, less than one-third in the case of offices. 

Figure 5: Room at the 2nd floor east oriented, annual 
percentage energy savings achievable with some 
combinations of different types of insulation and solar 
control devices, compared to the reference configuration. 

The energy savings achievable with the use of 
more sophisticated solar control devices are much 
less than those due to insulation. Here are the results 
relating to the combination of the various devices 
with the non-ventilated external insulation, since this 
turned out to be the most efficient solution, if you 
exclude the ventilated wall, which is not a widespread 
solution (Fig. 4-5). 

Compared to the use of the internal curtain only, 
all the types of examined movable slats entail energy 
savings (Fig.6). These savings are mainly due to lower 
consumption for artificial lighting, and secondly to 
the lower consumption for cooling. This is because all 
the types of slats reduce the number of hours in 
which the luminous discomfort would make it 
necessary to lower the internal curtain, with a 
consequent reduction of the average internal 
illuminance. 

The diffusing slats positioned between the glasses 
give the highest energy savings, followed by the 
specular ones, always inserted between the glasses. 
The latter reduce lamp consumption less, since a 
large part of the incoming luminous flux (80%) is 
diverted upwards and 40% is absorbed by the plaster. 
The external slats have a lower reflection coefficient 
and reduce the incoming luminous flux much more, 
thus resulting in lower savings related to artificial 
lighting. 

With office use, the total savings due to the slats 
also increase, but, given the higher consumption due 

Vol.3 | 1580
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


to the longer hours of use, the percentage savings are 
less remarkable; therefore, the differences between 
the energy performance levels of the various devices 
are reduced. 

Figure 6: Monthly primary energy demand per square meter 
of floor area for HVAC and lighting systems of the 2nd floor 
classroom, with not ventilated external insulation and 
various solar control devices. 

3.2 Thermal comfort 
During the heating period and the mid-seasons, 

the mean radiative temperature (MRT) reaches 
higher values with the external insulation, therefore 
in these periods the predicted mean vote (PMV) [5] is 
closer to the comfort value (Fig. 7). During the 
warmer period, July-August, the school is not used; 
anyway, only during this period (considered only in 
case of offices) both types of insulation provide 
slightly worse performance than the reference 
configuration (PMV near 0.2 instead of around 0). 

Figure 7: Spatially and daily averaged PMV values in typical 
monthly days with different types of insulation for the 2nd 
floor classroom. 

The heavier wall simulated has slightly better PMV 
values than the reference case. 

There are no significant differences between the 
effects of the various solar control devices. The two 
types of slats inserted between the glasses improve 
the comfort a little in spring by keeping the internal 

temperature of the glass higher. Instead, external 
slats provide better thermal comfort during the 
warmer period (July-August), by limiting overheating 
of the internal surface of the glass. 

The strange trends in the PMV values in October 
and May are due to the assumptions made regarding 
the set point temperatures; the criterion for choosing 
this temperature can be improved. 

3.3 Luminous comfort 
The evaluation of the light comfort was carried 

out only in the hours of complete daylighting with 
both areas of the lamp set off. 

Two types of glare were considered here: the 
disability glare from direct radiation on the visual task 
[6], and discomfort glare due to exceeding contrast of 
luminances inside the visual field. The latter is 
assessable with the Daylighting Glare Index (DGI), in 
case of extended light sources (typically the sky seen 
through the windows) [7], or Unified Glare Rating 
(UGR), in case of smaller sources [8]. To do this check, 
the software uses an algorithm simulating the visual 
field of the various occupants. 

The presence of visual comfort was tested in six 
significant positions within the rooms; the presence 
of one of the two types of glare in one position 
involved the implementation of solar control actions. 

Figure 8: 2nd floor classroom east oriented - Percentage 
frequency of hours-occupant in discomfort conditions on the 
total hours-occupant of use after the thermal load control 
actions performed with the various devices and before the 
glare control actions  

The graphs of Fig. 8 show the percentage 
frequency of the discomfort cases (as a percentage of 
hours-occupant in discomfort conditions on the total 
hours-occupant) after the thermal load control 
actions performed with the various devices and 
before the glare control actions. In the case of the 
office, due to the use even in the afternoon, with the 
South orientation, the daylighting hours increase 
significantly and the incidence of discomfort 
situations decreases. 

The graphs in Fig. 9 show, for each device, both 
the daylighting hours possible after the heat load 
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control actions and after the luminous comfort 
control actions. The internal curtain used alone is the 
device that penalizes the duration of daylighting the 
most, while the slats between the glasses penalize it 
less. Furthermore, the specular slats provide more 
daylighting hours, by favoring higher illumination 
values in the positions furthest from the windows. 
The fact that this does not lead to lower consumption 
from lamps is because, with specular slats, in many of 
the hours in which the lamps are used, the entire set 
of lamps is switched on, while, with the diffusing 
slats, only half of the lamps are switched on. 

Figure 9: 2nd floor classroom east oriented, ratio between 
annual hours of visual comfort in daylighting conditions and 
the total number of hours of use, before and after glare 
control actions (right).  

It can be observed that, in the case of slats 
between the glasses, the glare control actions do not 
reduce the number of daylighting hours (Fig. 9). 

Before the glare control actions, the most 
frequent discomfort is due to the direct radiation on 
the visual task, especially in the case of the curtain 
used alone. With the South orientation, the number 
of daylighting hours increases, and the percentage 
frequency of discomfort conditions decreases; 
therefore, the differences between the performances 
of the various devices are reduced, in the case both 
of the classroom and the office. 

Compared to the use of the single curtain all the 
slats improve the internal light comfort. Before the 
glare control action, all the types of slats reduce the 
frequency of disability glare due to direct radiation on 
visual tasks, in particular the specular one. 

After the visual comfort control actions, all the 
slats guarantee a greater uniformity factor of the 
internal illuminances (Uo) for a longer period than just 
the curtain, especially the specular ones. Uo is here 
defined as the ratio between the minimum 
illuminance value on visual tasks and their average 
value [9]. However, specular slats also cause higher 
average DGI values (spatial and temporal), albeit 
within limits. On the other hand, the diffusing slats, 
both external and inserted between the glasses, 
provide the lower values of the DGI. 

4. CONCLUSION
Simulations results show that, in the considered

climate, the higher thermal inertia obtained by means 
of external insulation further reduces the annual 
energy demand for HVAC and improves thermal 
comfort.  

However, there are not significant differences in 
the annual energy demand between internal and 
external insulation in the case of classrooms. 
Differences increase if the building is used for offices.  

A hypothetical wall with external insulation 
separated from its mass with a ventilated interspace 
can improve energy performance in mid-seasons. 

All types of slats improve light comfort and reduce 
energy consumption related to artificial lighting, but 
their energy savings are much lower than those due 
to insulation. The diffusing slats inserted between the 
glasses are the most energy saving solar control 
device, while the specular ones provide the better 
visual comfort. On the other hand, external slats 
allow a better thermal comfort in the summer. 

Therefore, excluding the dynamically ventilated 
wall, which is an unusual solution, the best retrofit 
strategy consists in the external insulation combined 
with diffusing slats internal to the glasses.  
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Applicability of PMV and ePMV Index to Naturally 

NOMENCLATURE 

TSV Thermal Sensation Votes 
PMV Predicted Mean Vote under theoretical 

Model 
ePMV Predicted Mean Vote with the 

expectative factor for natural ventilated 
buildings 

NTC Colombian Technical Norm (Norma 
Técnica Colombiana in Spanish) 

1. INTRODUCTION
The Colombian Technical Norm NTC-5316 for

Thermal environmental conditions for human 
occupancy[1], corresponds to the identical translation 
(IDT) of the ASHRAE 55 standard that regulates 
comfort conditions in buildings. In Colombia, NTC 
Norm defines a summer comfort range between of 
22.5°C and 26°C, a 60% RH, a met  1.2, where 
maximum 10% of the population is unsatisfied[1]. 

The model to predict comfort [2] is based on the 
Predicted Mean Vote (PMV) and the Predicted 
Percentage of Dissatisfied (PPD) model developed by 
Fanger. It allows to predict the average value of the 
thermal sensation of the occupants and the 
percentage that finds it satisfactorily comfortable. 
According to the standard, the comfort range is 
between -0.5 ≤ PMV ≤ +0.5; with PPD <10%. 

The ranges established in the international 
standards have been questioned for being the result of 
research in controlled climatic conditions, which do 
not necessarily reflect the reality. Authors such as 
Humphreys [3], proved that a group of people with the 

same clothes and doing the same activity can have 
different opinions regarding to comfort; Matthews & 
Nicol [4] also developed this statement with factory 
workers in India. Other studies on buildings conclude 
that the universal methods to define standards and to 
calculate comfort are unsuitable in face of the climatic 
variations and the cultural background of the 
people[5], or can result misleading [6]. However, the 
PMV and PPD have been widely disseminated and 
continue to be applied in different contexts, including 
tropical ones [7]. 

Fanger, the author of PMV and PPD indexes, 
recognized the limitation of his model in non-air 
conditioned buildings in warm climates [8] due to the 
expectative of people living in that climate, in contrast 
to the people used to air-conditioned environments. 
For this reason, a correction factor was proposed 
based in expectancy, denominated ePMV.  

The thermal comfort in schools started to be 
researched in countries with different climatic 
seasons, where comfort conditions are provided, most 
of the year, thanks to mechanical air-conditioned 
systems. In warm environments, the comfort 
assessment has been compared at different times of 
the year, being able to achieve comfort levels in 
naturally ventilated classrooms with high acceptability 
during the summer, and with temperatures out of 
range, such as 78% acceptability at 30.7°C [9], and 
90% at 30°C [10]. 

Tablada  et al [11] indicates that studies developed 
in the last three decades in naturally ventilated schools 
in warm climates, demonstrate that the reported 
apparent temperature is warmer than the one 
indicated in the international standards. A hypothesis 
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reinforced by other studies [12]–[14]. On the contrary, 
Hwang, Cheng, Lin, & 15 Ho [15] conclude that the 
comfort range, with an 80% acceptance, is lower than 
the comfort range indicated in the ASHRAE standard. 
Other studies [16] indicate that the votes of apparent 
temperature exceed the 80% acceptability. It shows 
how controversial this topic currently is. 

2. METHODOLOGY
The study submitted was carried out in Cali, one of

the main cities of Colombia, located in the Southwest 
of the country, in the area near the Pacific Ocean, 3°25' 
North latitude, 76°30' West longitude, with an average 
of 995 meters above the sea level (Figure 1).  

Figure 1: Location of the city of Cali, in Colombia 

Climate in Cali is tropical wet and dry – similar to the 
tropical savanna, according to the Köppen climate 
classification (Table 1). 

Table 1: Temperature and relative humidity outdoor in dry 
and rainy period 

T max  (C) Ta (°C) T min 

(°C) 
RH
(%) 

RH min 

(%) 
Dry 32.3 26.2 20.8 52 35.7 

Rainy 29.1 25.3 21.3 70 43.2 

The methodology is based on the Environmental 
Audit of User Perception designed to analyze comfort 
and power efficiency of schools, applied in Latin 
America in a previous study [17].  This Environmental 
Audit integrates: objective and subjective components 
to establish correlations and incidences between them 
(Figure 2).  

Figure 2: Environmental Audit of User Perception 

The objective component is based on 
measurements with specialized equipment in 8 school 
classrooms, during two periods of the year: rainy and 
dry, similar to other studies conducted in tropical and 
subtropical climates[9]. The envelope of the 
classrooms in materials like cement and clay blocks 
and facades' walls are permeable with blinds, 
openings and windows related to the exterior (Figure 
3). 

Figure 3: Classrooms studied 

The measurements of parameters such as: indoor 
and outdoor ambient temperature (Ta, Tout) and 
Relative humidity (%RH, %RH out),  was carried out 
continuously every 10 minutes during each month, 
with equipment located inside the classrooms (Figure 
3), while parameters like geometry, Air velocity (va), 
and Surface temperature (Tw) were manually 
registered in two specific days (one per period).   

The subjective component is based on surveys 
applied to students at the same time of manual 
measuring, to 535 students (8-16 years old), 277 in the 
rainy and 258 in the dry period. The Isolation of 
Clothes (clo) corresponds to the sum of garments that 
conform the uniforms for the summer season, to an 
estimated clo between 0.5 and 0.7. The Metabolic 
Activity (met) was assumed as 1.2 for slightly 
sedentary people as indicated by ASHRAE. 

Students were asked about thermal perception of 
the environment according to the scale of Thermal 
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Sensation Vote (TSV): very hot (+3), hot (+2), slightly 
warm (+1), neutral (0), slightly cool (-1), cool (-2) and 
cold (-3). And they also were questioned on the 
perception of ventilation and adaptation strategies to 
the thermal environment such as taking off or putting 
on clothes, open or close windows, etc. 

Results of both components were integrated in an 
Audit Processing System, Objective + Subjective, which 
unified all the results in a MS Excel spreadsheet for its 
processing and analysis.  

On the other hand, specific values such as Thermal 
Sensation Votes Mean (Mean TSV) resulted from the 
weighted average of the votes in each classroom. For 
the calculation of the PMV and PPD indexes, the CBE / 
ASHRAE Thermal Comfort Tool was used [18], as it was 
also applied in the Standard 55 User's Manual [19]. 
Other values like the Operative Temperature, Neutral 
Temperature and PMV resulted as follows: 

2.1 The Operative and Neutral Temperature 
The Operative Temperature (To) was calculated 

with the following Equation (1) proposed by ASHRAE 
[2]: 

         To = A*Ta + (1-A) Tmr (1) 

Where:   To= Operative temperature
Ta= Air temperature
Tmr= Mean radiant temperature

A (value as a function of air velocity) - 0.5 (if <0.2 
m/s); 0.6 (if 0.2 to 0.6 m/s); 0.7 (if 0.6 to 1.0 m/s). 

The Neutral Temperature (Tn) is determined 
graphically from the crossing between the slopes of 
the regression lines of the Mean TSV and the neutral 
state (TSV=0), and represents the ideal state of 
temperature at which people will be comfortable [20].   

3. RESULTS AND DISCUSSON
The greater percentage of the Thermal Sensation

Votes in the rainy period corresponds to comfort 
(41.5%) and the Mean TSV shows the distribution 
between comfort and discomfort by heat and cold 
(Table 2). 

Table 2: To y TSV in rainy period

Class To °C 
Mean 
TSV 

( -3, -2) -1, 0, +1) (+3, +2) Total 

1 26.4 0.17 9 11 10 30 
2 28.4 1.29 3 12 19 34 
3 25.8 -0.03 9 21 8 38 
4 27.0 -0.25 12 20 4 36 
5 29.6 1.14 4 16 15 35 
6 30.4 0.76 5 22 11 38 
7 22.9 -2.33 27 3 0 30 
8 23.2 -1.81 26 10 0 36 

Total Rainy 95 115 67 277 
Total (%) 34.3 41.5 24.2 100 

Also, in the dry period most of the TSV end up in 
comfort (57.4%) and the Mean TSV shows some results 
in comfort and some others in comfort by cold (Table 
3): 

Table 2: To and TSV in dry period

Class To  °C 
Mean 
TSV 

(-3,-2) (-1,0,+1) (+3, +2) Total 

1 26.6 -0.4 6 18 - 24
2 26.1 -0.7 13 20 1 34
3 26.7 -0.2 11 13 6 30
4 25.6 0.07 9 25 8 42
5 26.8 -0.6 12 13 4 29
6 28.4 -0.5 13 17 2 32
7 24.3 0.35 6 27 7 40
8 26.5 0.00 7 15 5 27

Total Dry   77     148     33  258 
Total (%)    29.8     57.4    12.8  100 
Total rainy + dry period  535 

The Tn surveyed in both moments is different: Tn 
TSV DRY= 25.2°C, and Tn TSV RAINY= 27°C, and the 
majority of the Mean TSV for each classroom, is 
outside of the comfort range highlighted, similar to 
other studies conducted in tropical climate [13], [21]. 
While under the theoretical PMV there are two similar 
Tn despite the climatic differences, Tn PMV DRY= 
24.3°C, and, Tn PMV RAINY =23.2 °C (Figure 4). 

For the analysis under PMV with the expectative 
factor ePMV, it is necessary to multiply the value 
resulting from the theoretical model by the factor 
according to: the expectancy factor (e), 0.5≥ (e) ≤1, 
depending on the duration of the summer and the 
quantity of buildings with air conditioning. When the 
low expectancy factor (0.5) is applied, it corresponds 
to summer during all the year and scarce buildings 
with air conditioning. Other values like 0.7 are applied 
if there are several buildings with air conditioning; 
from 0.7 to 0.8 when the warm period is only during 
summer; 0.8 to 0.9 if there are many buildings with air 
conditioning and 0.9 to 1 if the summer seasons are 
short during the year[8].  

In the rainy period Tn under ePMV (TnPMV) and Tn 
under TSV (TnTSV) do not coincide, being TnTSV=27°C, 
while TnPMV= 23°C. This finding coincides with other 
studies in the tropic where Tn under PMV was lesser 
by almost 3°C [22]. 
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Figure 4: Comparison TSV and PMV 

TnPMV was similar for all the expectation factors 
applied from 0.5 to 0.9. On the contrary, TnTSV  is not 
only much greater to the one predicted under the PMV 
model but that one exceeds the range indicated by the 
standard for comfort situation in warm climate[2]. 
(Figure 5).  

The correlation between To and TSV in the rainy 
period is strong in all the cases, as much as the original 
PMV, the ePMV with expectation factors (0.5; 0.7; 0.8 

and 0.9) applied (R ² =0.97). It is also strong (slightly 
lesser) the resulting correlation of the TSV expressed 
by the students (R ² =0.85).  

Regarding to comfort in the rainy period, with 
thermal amplitude of 11.5°C, the opinion of students 
expressed in the TSV demonstrates a wider 
distribution, with 3 classrooms in comfort, 3 in 
discomfort by heat and 2 in discomfort by cold.  

Figure 5: Comparison TSV PMV and ePMV RAINY period
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The number of classrooms in comfort predicted 
under ePMV is close to the situation under TSV, 
nevertheless, the trend is different towards heat 
situation, while under the TSV it is distributed towards 
heat and cold as it was previously indicated. 

In the dry period with smaller thermal amplitude 
(7.8°C) the behavior is similar. While the theoretical 
PMV shows a lower TnPMV = 24.2°C, TnTSV = 25.2°C.                        

Regarding to the pattern, in all the cases of ePMV the 
votes maintain the same trend from the original PMV, 
displaying a greater situation of discomfort by heat, 
while in the TSV almost all perceptions of students are 
in comfort, and the few cases in discomfort, are due by 
cold (Figure 6 ). This reflects the inconvenience of the 
ePMV using a constant expectation factor, similar to 
original PMV [23].

Figure 6: Comparison TSV PMV and ePMV DRY period

Regarding to comfort in the dry period, the votes 
expressed by students TSV demonstrate a greater 
situation of comfort relating to the rainy period with 
greater thermal amplitude. It can also be seen in 
Figure 6 that ePMV resulted from lower expectation 
factors like 0.5 -places corresponding to summer all 
year round- and, 0.7 where there are some buildings 
with air conditioning, most of the classrooms are in 
comfort (similar situation to the TSV), however the 
trend is towards heat, in opposition to the trend 
towards cold of the TSV.

4. CONCLUSION
The Tn under the theoretical model of the PMV were

different in both periods analyzed and lower than the 
Tn resulting from the TSV, expressed by students of 
schools in Cali. This difference was more pronounced 
(4°C) in the rainy period with greater thermal 
amplitude, compared with the difference (1°C) in the 
dry period, which can indicate that people are 
accustomed to warm climate at higher temperatures. 

A greater demand or prediction of a greater situation 
and discomfort by heat under the theoretical model 

(PMV) is observed, where most of the classrooms are 
in discomfort by heat in the condition of To studied. 

The aforementioned can imply an over design of the 
thermal requirements, resulting in spaces with greater 
requirements and power consumption. 

The factor of expectation (e) selection ends up being 
ambiguous. And even though the result when applying 
the factor (e) 0.5 got close to the prediction of the 
number of classrooms in comfort, the trend was 
different, additionally the differences between the 
predicted comfort under the different factors (e) were 
not representative. 

The PMV model and the proposal of ePMV do not 
reflect the situation of comfort in the analyzed case 
studies in Cali, a Latin America city in a tropical 
location. Therefore, it is necessary to review the 
indexes used to predict the comfort in this type of 
climates, it is also necessary to review the National 
Regulation (NTC), based on the ASHRAE regulation to 
analyze comfort in other contexts. 

ACKNOWLEDGEMENTS 
This project is results from the research project named 
Identification of environmental performance factors 

Vol.3 | 1587
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


(acoustic, thermal and visual) determinants of the 
health of teachers and students of public schools in 
Bogotá, Medellin and Cali: Call 744: for projects of 
science, technology and innovation in health - 2016. 
Therefore, the gratitude to Colciencias, to Universidad 
de San Buenaventura -Medellin, Universidad de San 
Buenaventura -Cali, Universidad de La Salle -Bogotá, 
DC, to the Universidad Nacional de La Plata, Argentina 
and to all the teachers and students who took part in 
the project. 

REFERENCES 
[1] ICONTEC, “Norma Técnica Colombiana NTC 5316,”

Thermal environmental conditions for human
occupancy. p. 34, 2004.

[2] ANSI/ASHRAE Standard 55-, “Thermal 
Environmental Conditions for Human Occupancy.” 
2017. 

[3] M. A. Humphreys, “An adaptive approach to the
thermal comfort of office workers in North West
Pakistan,” Renew. Energy, vol. 5, no. 5–8, pp. 985–
992, Aug. 1994.

[4] J. Matthews and F. Nicol, “23 Thermal Comfort of
Factory Workers in Northern India,” Stand. Therm.
Comf. Indoor Air Temp. Stand. 21st Century, p. 227,
1995.

[5] F. Haghighat and G. Donnini, “Impact of psycho-
social factors on perception of the indoor air
environment studies in 12 office buildings,” Build.
Environ., vol. 34, no. 4, pp. 479–503, Jul. 1999.

[6] N. R. M. Sakiyama, J. C. Carlo, J. Frick, and H.
Garrecht, “Perspectives of naturally ventilated
buildings: A review,” Renew. Sustain. Energy Rev.,
vol. 130, no. March, p. 109933, 2020.

[7] C. A. Herrera and M. Rosillo, Confort y eficiencia
energética en el diseño de edificaciones: un
enfoque práctico. Santiago de Cali, 2019.

[8] P. O. Fanger and J. Toftum, “Extension of the PMV
model to non-air-conditioned buildings in warm
climates,” Energy Build., vol. 34, no. 6, pp. 533–
536, Jul. 2002.

[9] P. Baruah, M. Kumar Singh, and S. Mahapatra,
“Thermal Comfort in Naturally Ventilated
Classrooms,” PLEA 2014 - 30th Int. Plea Conf., no.
December, pp. 1–8, 2014.

[10] R.-L. Hwang, T.-P. Lin, C.-P. Chen, and N.-J.
Kuo, “Investigating the adaptive model of thermal
comfort for naturally ventilated school buildings in
Taiwan,” Int. J. Biometeorol., vol. 53, no. 2, pp.
189–200, 2009.

[11] A. Tablada, A. M. De La Peña, and F. De
Troyer, “Thermal comfort of naturally ventilated
buildings in warm-humid climates: field survey,” in
22 Conference on Passive and Low Energy
Architecture, 2005, pp. 1–6.

[12] H.-H. Liang, T.-P. Lin, and R.-L. Hwang,
“Linking occupants’ thermal perception and

building thermal performance in naturally 
ventilated school buildings,” Appl. Energy, vol. 94, 
pp. 355–363, Jun. 2012. 

[13] C. M. Zapata et al., Comodidad ambiental en
aulas escolares. Incidencia en la salud docente y en
el rendimiento cognitivo de los estudiantes en
colegios públicos de Bogotá, Medellín y Cali, 1st ed.
Editorial Bonaventuriana; Ediciones Unisalle;
Universidad Nacional de la Plata, 2018.

[14] O. L. Montoya and C. A. Herrera, “Confort
térmico: percepción, teoría y simulación en aulas
naturalmente ventiladas en el trópico,” in Actas del
VI Congreso Latinoamericano de Simulación de
edificios. IBPSA LATAM, 2019, pp. 53–65.

[15] R.-L. Hwang, M.-J. Cheng, T.-P. Lin, and M.-
C. Ho, “Thermal perceptions, general adaptation
methods and occupant’s idea about the trade-off
between thermal comfort and energy saving in
hot–humid regions,” Build. Environ., vol. 44, no. 6,
pp. 1128–1134, Jun. 2009.

[16] A. G. Kwok, J. Reardon, and K. Brown,
“Thermal comfort in tropical
classrooms/Discussion,” ASHRAE Trans., vol. 104,
p. 1031, 1998.

[17] G. San Juan, S. Hoses, and I. Martini,
“Aprendizaje en las escuelas del siglo XXI: Nota 5:
Auditoría ambiental y condiciones de confort en
establecimientos escolares,” 2014.

[18] T. Hoyt, S. Schiavon, A. Piccioli, T. Cheung,
D. Moon, and K. Steinfeld, “CBE Thermal Comfort
Tool,” Center for the Built Environment, University
of California Berkeley, 2017. [Online]. Available:
http://comfort.cbe.berkeley.edu/.

[19] ASHRAE, Standard 55-2013 user´s manual:
ANSI/ASHRAE standard 55-2013, thermal
environmental conditions for human occupancy. .

[20] K. E. Al-Rashidi, D. L. Loveday, and N. K. Al-
Mutawa, “Investigating the applicability of
different thermal comfort models in Kuwait
classrooms operated in hybrid air-conditioning
mode,” in Sustainability in energy and buildings,
Springer, 2009, pp. 347–355.

[21] J. A. Porras-Salazar, D. P. Wyon, B. Piderit-
Moreno, S. Contreras-Espinoza, and P. Wargocki,
“Reducing classroom temperature in a tropical
climate improved the thermal comfort and the
performance of elementary school pupils,” Indoor
Air, 2018.

[22] N. H. Wong and S. S. Khoo, “Thermal
comfort in classrooms in the tropics,” Energy
Build., vol. 35, no. 4, pp. 337–351, 2003.

[23] S. Zhang and Z. Lin, “Extending Predicted
Mean Vote using adaptive approach,” Build.
Environ., vol. 171, pp. 1–8, 2020.

Vol.3 | 1588
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


Investigation into the impact of simplification aspects of 
Brazilian energy efficiency simulation interface S3E 
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ABSTRACT: The Energy Efficiency Building Simulator (S3E) is a Brazilian free Web interface for simplified 
simulation that was created to support energy efficiency labeling and the adoption of more informed decisions 
during the design process, but it yet lacks studies about the influence of its simplification procedures. This work 
aimed to investigate S3E usage in a case study applied to a real and complex building in Brazil. The energy 
efficiency classification level according to the Brazilian rating system RTQ-C and the annual energy consumption 
of the existing building were assessed to investigate the influences of S3E simplifications related to a) geometry, 
b) schedule definition and c) envelope description. Results were compared to the values obtained by a detailed
simulation performed with EnergyPlus, considered as a reference. It was noticed that the schedules present a
higher potential to influence energy consumption results. Nonetheless, none of the simplification aspects studied
influenced the final energy efficiency classification level according to RTQ-C. The authors intend that this paper 
can contribute to the discussions about the use of simplified simulation tools for energy efficiency labeling
assessment.
KEYWORDS: Energy efficiency in buildings, Building energy simulation, Simplified simulation, S3E, RTQ-C. 

1. INTRODUCTION
Building energy simulation (BES) is globally used

to evaluate energy efficiency in buildings. However, 
the high level of complexity found in some BES tools 
often leads to a time and money consuming process, 
because most software requires very detailed inputs 
to simulate a large number of systems integratedly 
[1-5]. On the other hand, prescriptive methods for 
buildings’ energy prediction are procedures usually 
based on statistical techniques that correlate the 
energy consumption or energy index with influencing 
variables and have faster and cheaper application 
than BES, but present limitations in their application 
[6]. Research has been developed to overcome these 
obstacles by the usage of simplified BES tools that 
give faster results compared to detailed simulations 
and more precise ones compared to prescriptive 
methods [3,4,7,8].  

From previous work on simplified BES tools being 
used and developed in different countries, such as 
Spain, United States, UK, China and Brazil, it can be 
understood that a simplified BES tool is either a tool 
with a novel code or an interface for an already 
established software, that requires fewer input 
variables than the robust tools (such as EnergyPlus, 
E+ for instance), and provides results that do not 
need to be processed by a building performance 
simulation expert to be usable in the design or 
evaluation process [7-12]. Research indicates that 
these tools can assist the energy efficiency rating of 
buildings and help in the initial phases of architectural 
design by contributing to a more integrated design 
process, which has been necessary for the movement 

towards more sustainable and energy-efficient 
buildings [8,11,12].  

The different possibilities of simplifying the BES 
procedure can create significant divergences on 
results, so knowledge of the simplifications of each 
tool is essential to have dominion over their outputs 
[2,3,10]. In Brazil, the Energy Efficiency Simulator in 
Buildings (S3E) is a free Web interface for simplified 
BES that is under development.  It uses E+ as the 
simulation software and aims to make the energy 
simulation process simple and affordable to assist in 
developing more responsible designs regarding 
energy efficiency in the Brazilian scene. When using 
S3E, users get the energy efficiency classification of 
the building according to the Brazilian rating system 
(Technical Regulation on the Quality of the Energy 
Efficiency Level of Commercial, Services and Public 
Buildings, RTQ-C) that varies from A to E; the total 
annual and monthly electric energy consumption in 
kWh; and an IDF (Input Data File) [9,11,13,14].  

Previous papers have presented the structure of 
S3E and theoretical reflections about its use for the 
evaluation of energy efficiency level in commercial 
buildings in Brazil [11,13,14], but there is yet little 
research about the influence of its simplification 
procedures, considering the use of the tool to 
simulate a real building.  

The aim of this paper is then to preliminarily 
investigate the impact of simplification aspects on the 
results of both the energy efficiency classification and 
the annual energy consumption obtained by the 
interface S3E. The studied aspects are related to 
geometry, envelope description and schedules.  
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2. BRIEF CONTEXT
2.1 The Brazilian rating system for commercial,
services and public buildings (RTQ-C)

RTQ-C was published in 2009 as part of the 
INMETRO's Brazilian Labeling Program, being the first 
regulation to evaluate the energy efficiency of 
buildings in the country [6]. It analyses three main 
building systems: envelope, lighting and air 
conditioning, presenting energy efficiency ratings 
ranging from A to E (more to less efficient). The 
building’s project evaluation can be done through 
prescriptive or simulation methods, generating a 
National Energy Conservation Label (ENCE)  [6,15]. 
The labeling is optional, being only mandatory for 
new public federal buildings, since 2014.  

The prescriptive method is based on equations 
derived from regressions of results obtained by 
simulations performed with E+. Among the most 
important limitations of this method, there are: the 
lack of consideration of buildings' solar orientation, 
the non-differentiation of the elements of solar 
protection by façade, and the limited consideration 
for geometries and high-performance glasses [6,16]. 

The simulation method is indicated for complex 
cases regarding buildings’ geometry, openings or 
solar shading devices. The assessment of energy 
efficiency level by this methodology is based on the 
comparison of the annual electric energy 
consumption of two types of models: the proposed 
building (real model) and a reference model, 
elaborated based on the prescriptive method, which 
characteristics must be aligned with the level of 
efficiency to be achieved (A to E). The models (real 
and references) should be simulated and the 
classification of the building under analysis will be the 
one in which the annual energy consumption is equal 
or inferior to the one of the reference model of a 
certain level. There are prerequisites for the 
simulation software to be used, e.g. being validated 
by ASHRAE Standard 140; be able to simulate thermal 
inertia, etc. More information about the RTQ-C 
simulation method is available at [15].  

Since its implementation until February of 2020, 
the RTQ-C culminated in the publication of 146 ENCES 
from project evaluation, being 25% done by the 
simulation method [17].  

2.2 The Brazilian interface for simplified BES - S3E 
The Brazilian interface S3E v1.2 was developed 

through a partnership between the Brazilian Ministry 
of Mines and Energy and LabEEE. It is a free Web 
interface, linked to the E+ V8.1.0.008 simulation 
software and is currently under development [9]. 
Besides generating a classification label, the tool 
could also contribute to the initial phases of the 
design project, supporting decision making, which 
generates an important impact on buildings energy 

performance. S3E allows designers to access an 
energy efficiency label and an estimation of annual 
eletric energy consumption through the input of 
simple information on a friendly interface. Thus, it is 
possible to test the performance of distinct design 
options in a simple process. Yet, the tool has no 
official validation, being used for educational 
purposes [9, 11,13,14]. 

S3E operating principle respects the following 
logic: all input data is set in the Web interface and 
sent to a server, which processes and simulates the 
file with E+. The processing of the archive englobes 
the elaboration of reference models needed for the 
RTQ-C rating system. Data input is structured into 
four major groups: general data (e.g. city and type of 
building), envelope, internal gains and air 
conditioning system; in which some fields offer two 
ways of data inputting: a) simple and b) advanced 
(with more options and details). In some fields, S3E 
variables are pre-set options to the user's choice, and 
in others, it is possible to fill in values within given 
ranges. The simulations and the obtained results are 
stored and can be accessed through the system 
manager. S3E defines default values pre-set on the E+ 
archives to be simulated, which can be accessed only 
by downloading the IDF after the simulation is 
completed [9, 11, 13, 14].  

 S3E offers seven fixed options of regular 
geometries to represent the building’s geometry (Fig. 
1). These geometries have fixed thermal zones 
(perimeter and core), with a fixed width for the 
perimeter zones of 4m (for “L” geometries) or 4.5m 
(for all other geometries). It is not possible to set 
different geometries [9]. 

Figure 1: Geometries available in S3E and division of 
thermal zones [11]. 

In respect to the envelope setting, S3E offers a 
database of components related to exterior walls, 
roof, glazing, internal floors, ground floor and internal 
walls. Solar absorptance (a) of external walls and 
roof can be set to 0.30, 0.50 or 0.80. The chosen 
components are equally considered in all facades 
[11]. Depending on the building type (school, office, 
hotel, etc) chosen by the user, default schedules of 
occupancy, equipment, lighting system, air 
conditioning and air infiltration are set – that can be 
modified in the “advanced input” mode. These 
schedules are equally set for all thermal zones, by 
type of floor (first floor, intermediate floors and 
upper floor). S3E can simulate only fully conditioned 
buildings. More detailed descriptions of the tool can 
be found in [11,13,14,18].  
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A previous work states that S3E presents 
important advantages when compared to the 
prescriptive method, as the consideration of building 
orientation and solar protection devices. Regarding 
the simplifications, the impossibility to define 
volumetric differences between floors, to set 
schedules differences between thermal zones in the 
same floor, to determine envelope characteristics by 
facade, as well as the impossibility of setting an 
adiabatic material, were the main limitations raised 
that could interfere on the tool’s results [11].   

As BES variables related to schedules, envelope 
description and geometry were pointed out by 
literature to have great relevance on energy 
consumption simulation results [19-22], this paper 
focuses on these aspects. 

3. METHODOLOGY
Simulations of a real building were performed

with S3E and E+ to comparatively investigate 
simplification aspects of S3E.  The analyzed aspects 
were: geometry, envelope description and schedules. 
For each case, the models of the two simulation tools 
were equal, changing only the analyzed parameter. 
Models were simulated in a simplified way with S3E 
and in detail with E+. After the simulations, the ENCE 
and annual energy consumption obtained with both 
tools were compared. 

Due to the instability of the S3E server, 
simulations for the study of this interface were 
performed in E+ V8.1.0.008 and SkecthUp with 
Legacy OpenStudio 1.0.11.414. IDF files with S3E 
default configurations were obtained in an earlier 
stage of the research and used as a base for the S3E 
simulations. Geometry conformations (configuration 
of perimeter thermal zones and their widths) 
according to S3E were respected. Authors consider 
this did not interfere on the study of the interface, 
because S3E simulations are performed using E+, as 
mentioned before. The detailed simulations with E+ 
also considered the version V8.1.0.008 to enable the 
comparison of results.  

This research did not aim to validate the simplified 
tool, but to perform a preliminary investigation of the 
simplification aspects of S3E, when applied to a real 
building. In all, 6 simulations were performed.  

3.1. Description of the studied building 
The Architecture School of the Federal University 

of Minas Gerais (EA/UFMG) is located in Belo 
Horizonte, Brazil (19º55'S, 43º56'W). The orientation 
of the main facade is 14° North. The facilities of this 
building include classrooms, computer rooms, a 
library, an auditorium, department offices and 
others; distributed in five floors within a total area of 
approximately 9,600m². It is mostly naturally 
ventilated, but for the propose of this work, it was 

considered to be fully conditioned. This building was 
chosen because it presents volumetric complexity 
and different envelope compositions among blocks 
and facades, hence, the impacts of S3E simplifications 
could be better investigated.  

To enable the simulation of the complex volume, 
the building was divided into 7 blocks with 
geometries that followed the fixed ones available in 
S3E (Figs. 1 and 2). Some blocks were then chosen for 
the study. For the geometry and schedule studies, 
Block A was considered, because it presents volume 
differences between floors; and for the envelope 
analysis study, Block F was chosen, because it 
presents facade differences between floors and 
between orientations.  

 Figure 2: Perspective of the building of EA/UFMG with 
indications of the divided blocks. 

3.2. Analyzed parameters and simulation constants 
For the geometry study, two models were 

elaborated based on Block A: one following the 
regular “L” geometry (Fig. 1) and other based on the 
real volume of EA/UFMG (Fig. 2).  

For the envelope description study, other two 
models were elaborated, based on Block F:  one 
following S3E input structure of a unique U (W/m2K) 
and an a by façade, and other following the real 
envelope description (Fig. 3). For the values of U and 
a considered in S3E, the weighted average of real 
values were calculated. Table 1 shows the envelope 
description adopted for both S3E and E+ models.   

Figure 3: Block F envelope description according to real 
building used for E+ Model. 

Table 1. Block F envelope description for S3E and E+ models.
Variables S3E Model EnergyPlus Model 

Uroof [W/(m2K)] 1.01 1.02 / 0.95 
Uwall [W/(m2K)] 1.95 2.16 / 1.78 
Ufloor [W/(m2K)] 3.30 3.30 
aroof (%) 80 84 / 92 
awall (%) 50 53 / 72 / 87 
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The schedule analysis involved the comparison of 
the default schedules of S3E for the building type 
“Schools” (Fig. 4) in the simple input way, with 
schedules obtained specifically for the analyzed 
building in a previous phase of the research [18], 
where the patterns of use were set accordingly to the 
use of each thermal zone. Only the schedules of 
occupancy, equipment and lightning were varied on 
this comparative study. The air conditioning and air 
infiltration schedules used on both models were the 
default ones of S3E (Fig. 4).  

Figure 4: S3E default schedules for the building use type 
“Schools” - weekdays 

3.2.1. Constants 
Constants considered for the simulations of Blocks 

A and F are presented in Table 2. The sequenced 
values refer to the first, second, third and (when 
existing) fourth floors, respectively.  

Table 2. Constant inputs considered for simulations 
Variables Block A Block F 

Area (m²) 2,405* 5,214 
Number of floors 3 4 
Infiltration rate  1 1 
Ufloor [W/(m2K)] 2.80 2.80 
U wall [W/(m2K)] 2.1 variable 
awall (%) 50 variable 

Glass type common glass 
(3mm; SF=0.87) 

common glass 
(3mm; SF=0.87) 

WWR (%) 30 27 
Uroof [W/(m2K)] 1.02 variable 
aroof (%) 80 variable 
Occupancy density 
(m²/person) 14.9; 3.7; 15.3 8.7; 8.9;  8.9; 

5.5 
Lighting system 
(W/m²) 6.2; 8.7; 7.7 6.3; 7.1; 7.1; 6.4 

Equipment desity 
(W/m²) 32.5; 25.2; 45.4 18.8; 8.8; 8.8; 

23.0 
Air conditioning Split, 3.24 W/W Split, 3.24 W/W 
Setpoint temp.  18-24 °C 18-24 °C 

*Varied in the geometry study.

To minimize the geometry representation
limitations of S3E in what concerns the volume 
variation between floors, authors sought to represent 
these difference above a large window on the North 
façade by adding a sun protection device.  

All schedules used in this study, except in the case 
of the analysis of the aspect “schedule”, were the 
default ones of S3E for the building type “School” 
(Fig. 4), for weekdays for the whole year. For the 
weekends, all values were considered zero, except for 

the air infiltration which was maintained by 50%. The 
building information was obtained with the 
Environmental Comfort and Energy Efficiency in the 
Built Environment Laboratory, LABCON-UFMG [23], 
and in the work of Garcia [18].  

4. RESULTS
The final models of Block A for the geometry

study can be seen in Fig. 5. The model that 
considered the regular S3E geometry (Fig. 5a) had 
both area and volume approximately 6% inferior to 
the model with volumetric variation (Fig. 6b). On S3E, 
the volume difference between the first and second 
floors on the North façade was represented by the 
addition of a sun protection device. This strategy 
could resemble the blocking of direct sunlight on the 
opening that is originally done by the building’s 
volume. These adaptations to the geometry input 
simplifications of S3E were considered to be useful in 
the use of simplified BES tools. 

North and West facades South and East facades
a) S3E Model - Area (m²): 2,405.12; Volume (m³): 8,530.15

North and West facades South and East facades
b) E+ Model - Area (m²): 2,567.65; Volume (m³): 9,034.97

Figure. 5: S3E (a) and E+ (b) models used for simulations on 
the study of geometry simplification. 

Table 3 shows the summary of results in 
kWh/m²/year and the Brazilian energy efficiency label 
(ENCE) obtained by the study of simplification aspects 
regarding geometry, envelope description and 
schedules. Results of EnergyPlus (E+) are considered 
as reference. 

Table 3: Summary of results. 
Annual energy 
consumption 

(kWh/m²/year) 
Label (ENCE) 

S3E E+ Diff. (%) S3E E+ Diff. 
Geometry 132 141 6% A A Null 
Envelope 84 87 3% A A Null 
Schedules 132 53 148% A A Null 

Regarding the geometry results, it was noticed 
that the increase of energy consumption followed the 
increase of area and volume of the model in the same 
proportion of around 6%. Therefore, authors infer 
that the rise of energy consumption on the E+ model 
was due to the addition of air volume to be artificially 
conditioned and to the raise of internal gains related 
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to occupancy, lighting and equipment, for these input 
data are set per m². In what concerns the application 
of S3E for a real complex building, the strategy of 
dividing the building’s volume into geometries 
available in the interface enabled its evaluation by 
parts, as discussed by [11]. 

In what relates to the envelope description, the 
use of an average transmittance and solar 
absorptance values generated a lower energy 
consumption on the S3E model of approximately 3%. 
Although setting different envelope properties by 
façade and by floor could generate more precise 
results, the envelope description simplifications of 
S3E was considered to have little interference in the 
obtained results.  The strategy of using weighted 
average values, which is recommended in the 
prescriptive method of RTQ-C [6], was found to be 
useful in the use of the simplified Brazilian interface. 

The higher discrepancy between model results 
was found in the schedule study. The S3E model 
presented an annual energy consumption almost 
150% higher than the E+ model. In the first, default 
values for all thermal zones were considered, while in 
the second one, adjusted schedules to the EA/UFMG 
activities were considered. Fig. 6 shows the obtained 
annual energy consumption by final use. 

Figure 6:  Annual energy consumption by final use. 

In Fig. 6 it is noticed that the S3E model presented 
a higher energy consumption on all end uses, being 
the higher discrepancy perceived in the equipment 
consumption. Since the installed loads were equal on 
both models, the S3E default schedules (Fig. 4) 
considered more operating hours than the schedules 
related to the real building [20]. It is interesting to 
notice that S3E energy consumption for cooling was 
higher than in E+, although the cooling loads and 
schedules were identical on both models. Thus, 
authors infer that this difference is due to the 
increase in heat gains caused by lighting and 
equipment use. 

When comparing the differences between annual 
energy consumptions and energy efficiency levels of 
the simplified (S3E) and the detailed (E+) computer 
simulation tools isolating each simplification aspect, it 
was possible to have an initial idea of their impact on 
the S3E results. In what relates to the energy 
consumption, it is possible to notice that, in this case 
study, the most influent simplification aspect was 
related to the schedule definition followed by 

geometry. The envelope description simplification 
results were considered not relevant in this case. The 
results of this paper, mainly in the schedule study, 
converges to the findings of previous work [19-22], 
where these variables were indicated to have great 
relevance on energy consumption simulation results. 

In what regards the schedules, such contrasting 
energy consumption values may have occurred 
because S3E default schedules do not consider 
distinct patterns of use during the year, which is 
intrinsic to a School building's use. Also, the lack of 
different types of space use may have contributed to 
the differences noticed in the results. This aspect also 
relates to the impossibility of setting different 
schedules and loads for distinct thermal zones of the 
same floor noticed in S3E.    

Nevertheless, all models obtained the same 
energy efficiency classification level according to RTQ-
C, which indicates that, on this research, the studied 
simplification aspects did not interfere on the ENCE. 
The results of this paper suggest that, when using S3E 
default schedule definitions of school buildings, the 
tool is more useful to perform comparative studies of 
design options on the early design phase than to 
obtain precise energy consumption values. In this 
design phase, users can evaluate the effects of 
general design changes on the ENCE to be obtained 
and observe the increase or decrease of electric 
energy consumption. This scenario converges with 
the purpose of the tool [9,13,14] and to the 
statement of Shen, Braham and Yi (2018) [4] that 
lighter simulation models should be sufficient for 
comparative studies. On the other hand, precise 
predictions of energy use should be carried out with 
more detailed schedules. 

5. CONCLUSION
Simplified BES tools have the potential to turn

building simulation process more accessible, giving 
faster results compared to detailed simulations and 
being more precise than the prescriptive methods. 
There are different possibilities of simplifying the BES 
that can create significant differences in results, 
which leads to the necessity of knowledge of the 
simplifications made by each tool, so users can have 
dominion over their results.  

The overall aim of this paper was to perform a 
preliminary investigation of the simplification aspects 
related to geometry, envelope description and 
schedules of the Brazilian simplified simulation tool, 
S3E. The findings of the research in what concerns 
the energy efficiency rating according to RTQ-C 
showed S3E to have a satisfactory level of precision, 
with results identical to the simulations performed 
with E+. The annual energy consumption results, on 
the contrary, presented significant discrepancy, 
mostly because of schedule definition defaults in S3E. 
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It was proved that the simplifications in the 
occupancy, lighting and equipment schedules of the 
interface simple input way have a great influence on 
the building's electric energy consumption. 

Strategies used were useful to simulate a real 
complex building with S3E. This tool was considered 
useful to be used on the design process to enable 
better-informed decisions regarding the Brazilian 
energy efficiency label and the comparative analysis 
of annual electric energy consumption. 

It is expected that this paper contributes to the 
discussion about the use of simplified BES tools. 
Authors infer that the use of simplified BES tools such 
as S3E could contribute to the broad use of the 
labeling system in Brazil. Through this case study, it 
was noticed that S3E, as a Web interface, needs to 
reinforce its server stability. Users must be cautious 
when using S3E to assess energy consumption values, 
mainly when using the interface default schedules.  

Limitations of this work include the instability of 
the Web server. This led to the necessity of 
performing S3E simulations manually in E+. For future 
work, it is recommended to perform more case 
studies with the comparison between S3E and E+ 
simulations. Different scales and complexities of 
buildings with diverse functions should be included in 
further studies of the implications of S3E 
simplification aspects to analyze the performance of 
the tool. 
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A Novel Method of Teaching Building Performance Simulation
in Post-Graduate Sustainable Architecture

Notre Dame University – Louaize (NDU), Jounieh, Lebanon 

ABSTRACT: This paper sheds light on the implementation of instructional simulation in the newly 
introduced Master in Architecture with a concentration on Sustainable Architecture (MSArchSA) program at 
Notre Dame University – Louaize (NDU); Ramez G. Chagoury Faculty of Architecture, Arts & Design (RC-
FAAD) in Lebanon. Relying on experiential learning in teaching aims at bridging the gap between the theoretical 
framework and the professional application of building performance simulation (BPS). The paper supports the 
argument that the performance gap in building simulation has one of its roots in the professional lack of insight 
in building science. This often leads to over-optimistic predictions that can be the root cause of significant 
problems in construction, operation performance and costs .
The paper reviews literature related to Building Performance Simulation and Experiential Learning and analyses 
the data collected during the course that supports the success of experiential learning .
KEYWORDS: BPS, Building Performance Simulation, Experiential Learning  

1. INTRODUCTION
This paper sheds light on the implementation of

instructional simulation in the newly introduced master’s 
degree in architecture with a concentration in Sustainable 
Architecture (ArchSA) program at Notre Dame University – 
Louaize (NDU); Ramez G. Chagoury Faculty of Architecture, 
Arts & Design (RC-FAAD) in Lebanon. Relying on experiential 
learning, in teaching, it aims at bridging the gap between 
the theoretical framework and the professional application 
of building performance simulation (BPS).  

2. BACKGROUND
The paper supports the argument that the performance

gap in building simulation has one of its roots in the 
professional lack of insight in building science[1]. This often 
leads to great uncertainties in results that can be the root 
cause of significant problems in construction and operation 
performance and costs. According to Ian Beausoleil-
Morrison and Christina J Hopfe, users are the greatest 
source of uncertainty.[2] 

Newer tools available reduce the uncertainty in a cloud-
based interface that use available databases and integrates 
them within the user’s interface.[3] 

3. EDUCATION METHODOLOGY
Reliance on digital computer technology (DCT) in

architectural education has been increasing in the last years 
due to the advances in the software development industry 
and to align with market’s demands. This phenomenon has 
also evolved from the use of DCT for representation 
purposes including drafting, 2D and 3D modelling, to 
developing scenarios of behavior through modelling and 
simulation software Ting and Sicheng [4] and Guney [5].  

In line with this, the Architecture Department at the 
Ramez G. Chagoury Faculty of Architecture Arts and Design 
(RCFAAD) at the Notre Dame University-Louaize (NDU) has 
reconsidered its computer aided drawing and computer 
aided architecture design courses (CAD and CAAD) to 
include Building Information Modelling (BIM) for the 
undergraduate level and Building Modelling and simulation 
in the Master of Architecture in Sustainable Architecture 
new graduate program.  

This aims at empowering professional architects with 
tools readily available for immediate application in the early 
stages of design, and that can be further extended to 
application of master and doctoral thesis preparation and 
professional design.  

The intent was to replace the more traditional 
approaches of lengthy workflows that overwhelm the 
students and reduce their ability to focus on results. The 
method uses hands-on modeling experience with an 
iterative root.  

Robust but simple-to-use tools can provide immediate 
and arguably accurate ranges of results to demonstrate how 
architects can produce energy simulation, lighting 
simulation, ventilation dynamics and operation costs 
models quickly for use in concept presentations.  

This simple approach lets the student concentrate on 
objectives and obtain accurate results rather than get mired 
with complicated modelling techniques. The feedback from 
both the first and second batches of students (springs of 
2019 and 2010) was very promising and in line with the 
vision and objectives of the course.  

We anticipate expanding and building on this positive 
experience by integrating validation with experimental 
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inputs such as wind tunnel testing and real space energy 
monitoring. 

3.1 Tools used in the teaching methodology 
While planning for the course we considered various 

approaches, but our main objective was to bridge the gap 
between theoretical research and practical application. 
Therefore, we focused on tools that were widely used by 
professionals, but we also wanted to streamline the 
learning curve, so we sought tools that: 

May have previously been used by students,
Easy to learn,
Focus on results,
And have a streamlined licensing for students.

The tools that were chosen were:
1. Autodesk Revit® as a BIM platform for modeling. This

is intended to bridge the gap between architecture
design modeling and energy analysis. The software
includes tools for solar analysis and daylighting
analysis.

2. Insight 360® as a plug-in in Revit® for energy and
daylighting analysis [6]. The plugin is a user-friendly
front for Green Building Studio (GBS)® and can analyze
energy performance and cost across various factors
and to compare various scenarios and ranges. It is also
capable of analyzing solar light and energy and its
application in daylighting and energy generation.

3. Green Building Studio (GBS)® is a more advanced
online platform that is the backbone of Insight 360®
that can provide more advance energy information. It
uses the DOE 2.2® and EnergyPlus® energy analysis
engines which are 2 widely used open platforms for
energy analysis [7]. Validation of GBS has been
previously conducted. Several studies show the
adequacy of the software for conducting analysis and
examples are given in Lin, Chang [8], and Autodesk [9].
Also, DOE 2.2® and EnergyPlus® validation is widely
available. Example references can be found in
EnergyPlus [10] and Philip Haves, Ravache [11].

4. AutoDesk CFD® for Computational Fluid Dynamics
analyses used to study wind, ventilation, air exchange
and related comfort effects. This was chosen because
the design workflow with a Revit® model well

streamlined. Furthermore, as a CFD software, it is one 
of the easiest to use. Validation data for AutoDesk 
CFD® can be found in Autodesk [12] and Li, Delmas [13] 

3.2 Students work in the course 
Students work included preliminary energy and 

operation cost performance by manipulating the envelope 
to volume ration (E/V ratio), daylighting access simulation, 
internal ventilation, and volumetric analysis for building-
integrated wind turbines.  

In a span of one course the students were able to learn 
from scratch how to model in a BIM tool, produce an 
analytical model, get results and report on them. Figure 1 
shows an example of students work using BIM and CFD 
software to inform high-rise building shape that would be 
most efficient for integrating wind turbines. Table 1 is 
another example where students could gain insight on 
building shape and Envelope to Volume ratio (EV ratio) in 
preliminary stages of design. 

Table 1 Example of students' work EV ratio energy analysis to 
inform building shape and volumetry 

Option 1 Option 2 Option 3

Massing 
Square 2 

floors 
Square 4 

floors 
U-shape 3

floors

WWR  
Cost 

S 0.43-0.55 0.55-0.73 0.73-1.01 
N 0.32-0.46 0.49-0.69 0.70-1.00 
W 0.57-0.74 0.74-0.98 0.78-1.03 
E 0.26-0.37 0.34-0.51 0.32-0.49 

Op Cost 1.25 1.28 1.28 
Daylt & 
Occupy 

Cont 
Cost 

-0.47 -0.49 -0.51

Total 
Cost  

(USD) 

Max 29.3 30.1 32.3 
Min 0.3 3.5 2.6 

Mean 13.2 14.7 15 
ASH 
90.1 10.2 11.4 11.3 

Total 
Energy 

UI 

Max 371 392 429 
Min 19 52 42 

Mean 158 179 185 
ASH 
90.1 122 135 136 

4. STUDENTS FEEDBACK
A survey was conducted and included 13 students

registered in the MArchSA program from 2 batches in 
springs of 2019 (9 students) and 2020 (4 students) terms.  

The survey aimed at gauging the students understanding 
and learning outcome, but also most importantly, their 
interest and ability to use the tools learned in future 
research and practical application. 

It should be noted that the Spring 2020 batch had partly 
completed the course online due to the restrictions 
imposed by the COVID-19 outbreak. 

Most of the respondents reported that this course: 
Was beneficial for other courses in the program,
especially the LEED preparatory course [14],

Figure 1 Example of Students' CFD wind analysis` informing 
architectural design 
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was beneficial for the analytical part of the Master
Thesis,
and supported actual professional work concurrently
endeavored by the student.

Also, students reported that the course’s delivery method 
contributed to their positive engagement. 

4.1. Data sets 
4.1.1. data sets organization 
Data sets were selected to gain insight on different 

aspects of students’ interaction with the course and to 
gauge how they reacted to elements and contents and how 
the information was useful to them. Information related to 
the students’ background and the way they were using or 
planning to use the knowledge gained in the course were 
also included. Data showed that the way the course was 
conducted catalysed the use of building simulation tool(s) 
and made it easier for students to consider them for further 
research. 

Question types included score questions where 
respondents were required to answer with a score ranging 
from 1 to 10; 1 being the least favourable score and 10 being 
the most favourable, such as how the student saw the 
impact of the course on understanding energy analysis. This 
type of question was used to gauge how positive or negative 
was the student’s position towards each part of the course. 

Another question type used a drop-down list and was 
used when a definite choice should be selected (such as fully 
employed, partly employed, unemployed). 

A third type queried for direct opinion or input and 
sought to get qualitative feedback from students on various 
elements (such as how did the course help in thesis 
research). 

4.1.2. data sets collection 
The question data sets were organized in a survey 

questionnaire using Google Form® and sent to students 
online. 

The first set of the collected data sets concentrated on 
the background of the respondents in terms of their current 
employment status and professional experience. This 
information was important to understand the students’ 
potential to apply the knowledge acquired. 

The second set concentrated on their prior technical 
knowledge of concepts taught in the course, especially in 
relation to sustainable architecture, daylighting analysis, 
ventilation analysis, energy analysis, BIM modelling, and 
green building certification. 

The third set inquired on how the various learnt 
concepts such as building an analysis-ready BIM model, 
setting up the location, affecting lighting, energy and wind 
simulations helped the students to better understand 
various concepts: BIM modelling and elements, architecture 
interaction with the environment, how location and passive 
strategies affect design, energy consumption in buildings, 
operational costs, architecture design, and green building 
certification. 

The fourth set focused on academic co-taught courses 
and how they interacted with the BPS course. The co-taught 
courses were mainly courses delivered as part of the 

MArchSA program that support green building and 
sustainable architecture and include Green Architecture in 
MENA Region which focuses on the history, application and 
status of that practice regionally, and the LEED introductory 
course. The courses also include Bioclimatic Architecture 
which introduces students on passive and environmental 
strategies in the undergraduate program. Questions sought 
to understand students’ degree of learning benefit from this 
course in other courses and vice versa.  

The fifth set sought to understand how the taught 
information in the course supported the individual student 
master thesis research. Questions considered whether the 
information influenced theses research. It also asked for 
students input on how to make the course more supportive 
of graduate studies. 

The fifth set concentrated on professional work. 
Questions asked about what the students thought on if and 
how the course can support professional work including 
producing architecture design work, transmitting energy 
and lighting understanding to potential clients, and if it 
opens avenues for career advancement. Furthermore, 
students were asked to suggest ways to make the course 
more supportive of professional work. The set included a 
question to describe the current employment status of the 
student. 

The sixth set looked at how the students saw the course 
methodology. Questions included how the methodology 
helped understanding building simulation, improved 
motivation to complete projects and how that methodology 
fits in the students’ expectations of the course’s outcome. 

The seventh set concentrated on how students worked 
with technology and how it affected their work. Questions 
queried on the student’s preference for working at home or 
at the university premises and personal or university PC, 
problems encountered during software setup and running, 
but more importantly how the course supported the 
learning of those software related to building simulation 
and analysis. 

The eighth and last set asked the students on their 
personal experience in taking the course. This aims at 
getting students’ feedback on their course experience in 
general and constituted an insight on how the students 
experienced and thought of the course. 

4.3. Responses and analysis 
There was a general positive feedback both in terms of 

high number of participants (100% participation) and the 
positive feedback (higher than 70% positive) in terms of 
acceptance of the course methodology and expectation of 
using it in future research and professional work,  from both 
batches in all sections of the survey. Except for 1 question 
in 1 section (what co-taught courses were supported), all 
the questions were answered by all the students. 

4.3.1. General 
To the first set respondents reported that 1/3 were male 

and 2/3 were females. Their age group belonged to the 20 -
300 years bracket.  The employment status was evenly 
distributed between full employment, part-time 
employment and unemployed. The Spring 2020 batch all 
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reported unemployment which reflects the deteriorating 
employment situation in the construction sector in 
Lebanon, and that worsened with the COVID-19 pandemic 
[15].  

4.3.2. Technical background 
To the second set, related to technical background, a 

majority reported various degrees of prior knowledge of the 
concepts taught in the course. Interestingly, 54% reported 
no prior knowledge of energy analysis while about 70% 
reported moderate to advanced knowledge of daylighting 
and wind simulation. Also, a majority (84%) reported no 
knowledge and basic knowledge of BIM modelling. When 
asked about green building certification, again a majority 
reported no knowledge and basic knowledge (77%). And all 
the respondents reported they had previous professional 
experience related to building design, 92% had experience 
with building construction and 61% had experience in 
property development. 

4.3.3. Knowledge 
To the third set related to knowledge, all the 

respondents reported that the course content helped them 
gain understanding in all building simulation areas. On a 
scale of 1 to 10 (1 being least and 10 most help gained 
scores) responses that scored 10 on all categories ranged 
between 54% (for passive strategies relationship with green 
certification) and 77% (on how CFD ventilation analysis 
affect architecture design), and no response was less than 7 
on any category. This affirmed the authors assumption that 
the course contents were highly beneficial to the students’ 
knowledge gained in building simulation. The responses 
showed how important the students viewed the course in 
terms of knowledge gained. 

Figure 2 graph showing high score feedback on how course tools 
supported design strsategies 

4.3.4. Academic co-taught courses 
To the fourth set related to co-taught courses, most 

answers came highly positive on how the course supported 
other courses both in undergraduate (62% of responses 
scored 10, and all above 8) and graduate courses (69% of 
responses scored 10 and all above 7). 

Figure 3 Graph showing high score feedback on how the 
coursesupported other co-taught coourses design strategies 

When asked to name the courses that were supported, 
only 54% of the students responded. Of those, 57% 
responded that the LEED Green Associate course that is co-
taught at the same term was supported and 43% responded 
that the Thesis Research Proposal was supported.  

Other responses included Green Architecture in MENA 
region, Revit, and Bioclimatic Architecture, all related to 
sustainable architecture. When asked on how other courses 
supported the learning in this course, the answers were also 
positive, however more scattered along the positive. 33% of 
the answers scored 10, 1 answer (8%) scored 4 and the 
remaining were spread from 6 to 9. This may show that 
some integration of building simulation notion may be 
needed in other courses related to sustainable architecture. 

4.3.5. Academic thesis 
When asked specifically if the course supported thesis 

research, again all responses came positive (58% were 10 
and the remaining spread from 6 to 9).  

Figure 4 Graph showing high score feedback on how the course 
supported thesis research 

When asked how the course supported the thesis 
research, the responses showed that the course helped in 
the analysis part and specifically in the following tasks: 
Analysing energy efficiency; Analysing building envelope; 
Understanding passive strategies; Understanding 
quantitative information in the literature; Developing 
various options or scenarios; Analysing thermal comfort; 
Quantitatively evaluating environmental factors; Analysing 
wind and ventilation; Evaluating options for efficient and 
low cost design; Analysing existing buildings; and Adding to 
sustainable architecture knowledge. The responses show 
how important the course was in supporting the thesis 
research.   

When asked on how to make the course more 
supportive of research, many respondents highlighted their 
satisfaction with the course in its current format. However 
few suggestions were beneficial, namely some students 
suggested that the course either be given earlier, or during 
undergraduate studies, or to be split into two courses, as a 
basic and advanced level courses.  

Also, suggestions included tackling real project case 
studies and including specific thesis cases as part of the 
course. These suggestions show that the course knowledge 
would have been more beneficial if given early on and 
probably stretched over 2 courses: basic and advanced. 

4.3.6. Professional work 
When asked about how the course affected their 

professional life, all answers came highly positive on the 
question of the course’s potential in opening new career 

avenues (69% scored 10 and all answers 8 or above). About 
the course’s potential to support knowledge in architecture 
design, the answers were similar except for 1 (62% scored 
10, all others except 1 scored 8 and 9, and 1 scored 3). When 
asked if the course helped in explaining building energy and 
lighting to clients, answers came similar with 62% scoring 10 
and all other 8 and 9. The scores show that the learned 
material is viewed by the students as highly supportive of 
communicating design to the client. 

Figure 5 Graph showing high score feedback on how the students 
viewed the course material’s support in communicating building 
energy and lighting to clients 

When asked how the course supported professional 
work, replies came that it helped developing a discourse on 
architecture, open new career opportunity, gain insight in 
early stages of the project, explain energy potential savings, 
reduce reliance on active systems, and gain insight in 
marketing strategies. A student reported that the software 
did not support the current work he/she is doing as this 
work involved only technical drawings. When asked for 
suggestions on how to make the course more supportive of 
professional work, most students were satisfied with the 
way it is. One suggestion was to add a design project that 
includes simulation analysis, and another is to include 
seminar series hosting companies practicing BPS.  

When asked about their employment status at the time 
of the course, 15% reported owning an architecture office, 
24% reported working as independent or freelancers, 15% 
as teaching assistants, 15% as project architects in 
contracting, and 31% as unemployed and intern. The variety 
of the students’ professional engagement and the positivity 
of responses may indicate that the answers could reflect a 
wider applicability of the course in professional formation. 

4.3.7. Course methodology 
When asked if the course streamlined understanding of 

building simulation, 77% respondent scored 10 and the 
others scored 8 and 9. When asked if using tangible building 
energy data in projects improved motivation to complete 
projects, 85% respondents scored 10 and the 15% scored 8. 
When asked if aims and objectives of coursework were 
suited to student experience and course’s outcome, 85% 
responded with a score of 10 and the all the others 8 and 9. 

The responses on course methodology again showed a 
high level of positivity and acceptance from students. 

4.3.8. Technology 
Technology turned out to have the lowest degree of 

positive responses. This is probably because the software 
used require a high level of computing power, which may 
not be easily accessible for students. In addition, students 

showed preference to working on their own laptops rather 
than the university facility workshops. This is probably 
because the students wanted more freedom in time 
allocation working on coursework.   

The students reported problems in installing and 
running software and in obtaining results, especially in CFD 
wind and ventilation analyses. This is because CFD requires 
a higher computing power potential. 

When asked if the software made learning model 
preparation and analyses easier in energy, lighting and 
ventilation, responses came all positive mostly scoring 10 
and all above 7 in all categories. This supported the authors’ 
assumption that the choice of the teaching software would 
streamline the teaching process. 

4.3.9. Experiential Learning 
The general feedback of students was highly positive of 

the course content, delivery, and outcome. Mainly, 
students reported that the course experience supported 
the following: 
1. Insight and decision-making in early stages of

architectural design.
2. Insight gained in architectural design in general.
3. Insight gained in energy, lighting, wind analysis and

operational costs in buildings.
4. CFD as a new concept that is beneficial to architecture

design and that needed more attention in this field.
5. Skills acquired in software application of BPS.
6. Importance of the experience and skills of the

instructor in delivering knowledge.

5. POST-COURSE STUDENTS WORKS
Most students used at least one tool learned in the

course in their master’s theses. The early results of this 
application were very promising.  

Examples of theses subject for the 2019 batch included: 
1. The study of retrofit glass-enclosed balconies in the

coastal region, using Insight 360® and Green Building
Studio® to analyze and compare energy and comfort.

2. A proposal to use a solar chimney and an earth-to-air
heat exchanger for ventilation where the student used
Insight 360® and AutoDesk CFD® in analysis.

3. The study of outdoor pedestrian comfort in the wind
proposed by a student and used AutoDesk CFD®.

4. A proposal to review the wall assemblies in a high
mountain region dwelling used Revit® families and
Insight 360® to analyze envelope heat exchange.

5. A study on cost-effective roof retrofits in a coastal
region used Insight 360®, Green Building Studio® and
AutoDesk CFD® to propose and analyze alternatives.

6. A proposal for cost-effective green building application
in affordable housing used Insight 360® to analyze
operational costs.

Examples of theses subject for the 2020 batch include: 
1. A study on green roofs and photovoltaic application in

school buildings retrofits in the coastal region proposal
intends to use Insight 360® to analyze proposals.

2. A research into roof impact on vernacular Leewan
houses in a mid-mountain region energy that are still
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avenues (69% scored 10 and all answers 8 or above). About 
the course’s potential to support knowledge in architecture 
design, the answers were similar except for 1 (62% scored 
10, all others except 1 scored 8 and 9, and 1 scored 3). When 
asked if the course helped in explaining building energy and 
lighting to clients, answers came similar with 62% scoring 10 
and all other 8 and 9. The scores show that the learned 
material is viewed by the students as highly supportive of 
communicating design to the client. 

Figure 5 Graph showing high score feedback on how the students 
viewed the course material’s support in communicating building 
energy and lighting to clients 

When asked how the course supported professional 
work, replies came that it helped developing a discourse on 
architecture, open new career opportunity, gain insight in 
early stages of the project, explain energy potential savings, 
reduce reliance on active systems, and gain insight in 
marketing strategies. A student reported that the software 
did not support the current work he/she is doing as this 
work involved only technical drawings. When asked for 
suggestions on how to make the course more supportive of 
professional work, most students were satisfied with the 
way it is. One suggestion was to add a design project that 
includes simulation analysis, and another is to include 
seminar series hosting companies practicing BPS.  

When asked about their employment status at the time 
of the course, 15% reported owning an architecture office, 
24% reported working as independent or freelancers, 15% 
as teaching assistants, 15% as project architects in 
contracting, and 31% as unemployed and intern. The variety 
of the students’ professional engagement and the positivity 
of responses may indicate that the answers could reflect a 
wider applicability of the course in professional formation. 

4.3.7. Course methodology 
When asked if the course streamlined understanding of 

building simulation, 77% respondent scored 10 and the 
others scored 8 and 9. When asked if using tangible building 
energy data in projects improved motivation to complete 
projects, 85% respondents scored 10 and the 15% scored 8. 
When asked if aims and objectives of coursework were 
suited to student experience and course’s outcome, 85% 
responded with a score of 10 and the all the others 8 and 9. 

The responses on course methodology again showed a 
high level of positivity and acceptance from students. 

4.3.8. Technology 
Technology turned out to have the lowest degree of 

positive responses. This is probably because the software 
used require a high level of computing power, which may 
not be easily accessible for students. In addition, students 

showed preference to working on their own laptops rather 
than the university facility workshops. This is probably 
because the students wanted more freedom in time 
allocation working on coursework.   

The students reported problems in installing and 
running software and in obtaining results, especially in CFD 
wind and ventilation analyses. This is because CFD requires 
a higher computing power potential. 

When asked if the software made learning model 
preparation and analyses easier in energy, lighting and 
ventilation, responses came all positive mostly scoring 10 
and all above 7 in all categories. This supported the authors’ 
assumption that the choice of the teaching software would 
streamline the teaching process. 

4.3.9. Experiential Learning 
The general feedback of students was highly positive of 

the course content, delivery, and outcome. Mainly, 
students reported that the course experience supported 
the following: 
1. Insight and decision-making in early stages of

architectural design.
2. Insight gained in architectural design in general.
3. Insight gained in energy, lighting, wind analysis and

operational costs in buildings.
4. CFD as a new concept that is beneficial to architecture

design and that needed more attention in this field.
5. Skills acquired in software application of BPS.
6. Importance of the experience and skills of the

instructor in delivering knowledge.

5. POST-COURSE STUDENTS WORKS
Most students used at least one tool learned in the

course in their master’s theses. The early results of this 
application were very promising.  

Examples of theses subject for the 2019 batch included: 
1. The study of retrofit glass-enclosed balconies in the

coastal region, using Insight 360® and Green Building
Studio® to analyze and compare energy and comfort.

2. A proposal to use a solar chimney and an earth-to-air
heat exchanger for ventilation where the student used
Insight 360® and AutoDesk CFD® in analysis.

3. The study of outdoor pedestrian comfort in the wind
proposed by a student and used AutoDesk CFD®.

4. A proposal to review the wall assemblies in a high
mountain region dwelling used Revit® families and
Insight 360® to analyze envelope heat exchange.

5. A study on cost-effective roof retrofits in a coastal
region used Insight 360®, Green Building Studio® and
AutoDesk CFD® to propose and analyze alternatives.

6. A proposal for cost-effective green building application
in affordable housing used Insight 360® to analyze
operational costs.

Examples of theses subject for the 2020 batch include: 
1. A study on green roofs and photovoltaic application in

school buildings retrofits in the coastal region proposal
intends to use Insight 360® to analyze proposals.

2. A research into roof impact on vernacular Leewan
houses in a mid-mountain region energy that are still
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in use in Lebanon proposes to use Insight 360® and 
AutoDesk CFD® for analysis. 

3. A study will propose design alternatives for ventilation
in retrofit of converted healthcare and convalescence
centers for COVID-19 patients will use Insight 360® and
AutoDesk CFD® for analysis.

The examples constitute 69% of the research proposals 
submitted by the 2 batches and show the high applicability 
of the tools and methodology of the course in MArchSA 
theses research.  

In addition, a student reported using Insight 360® to 
explain energy cost impact to client as a tool for promoting 
green and efficient design. 

It was clear that feedback on all categories came positive 
as anticipated. In addition, the feedback will help improve 
the course delivery. This includes strategies like splitting the 
course in 2 with a basic course in the undergraduate 
program and an advanced course in the graduate program; 
hosting professional companies working with BPS; and 
including experimental validation in a wind tunnel 
experiment (NDU Labs have this facility).  

6. CONCLUSION
Building Performance Simulation (BPS) experiential

learning in teaching in the MArchSA at NDU, RC-FAAD in 
Lebanon aims at bridging the gap between the theoretical 
framework and the professional application of BPS 
replacing traditional approaches and focusing on results. 
Hands-on modeling with simple-to-use tools provide 
accurate results in architectural energy, lighting ventilation 
and operation costs simulation.  

The feedback from the first and second batches of 
students that took the course was very promising and in line 
with the vision and objectives set by the authors for the 
course. This shows that the method that concentrates on 
results and simplifies workflow has good potential in the 
field of BPS learning.  

The authors anticipate expanding and building on this 
positive experience by integrating a seminar series hosting 
professional BPS companies, validating coursework with 
experimental inputs such as wind tunnel experimentation, 
and proposing to the department curriculum committee the 
possibility of splitting the course into 2: basic (in the 
undergraduate program) and advanced (in the graduate 
program). 
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ABSTRACT: This article presents the investigation of two design strategies to improve the energy performance 
of multi-functional façade components for their integration into high-rise office buildings in a cold and hot cli-
mate location. The design strategies selected are flat and sawtooth facades, and the multi-functional features 
are responsive glazing in windows and building integrated photovoltaic panels (BIPV) on opaque surfaces. The 
objective of this investigation is 1) to evaluate the thermal performance of two types of responsive glazing and 
their response to the different façade designs and 2) to study the potential of increasing energy generation of 
BIPV systems with a sawtooth façade.  
The results show that, in terms of the integration of responsive glazing, energy consumption (for space condi-
tioning) can be significantly reduced by around 53% with a flat façade and an extra 3% with a sawtooth design.  
However, in terms of PV energy generation, the sawtooth pattern can contribute with up to a 31% improvement 
in energy generation from the PV panels.   
KEYWORDS: Parametric analysis, High-rise building, Building envelope, Multi-functional façade design. 

1. INTRODUCTION
Developing multi-functional facade designs for

high-rise buildings can assist in achieving Net-Zero 
Energy (NZE) performance, resulting in a reduction of 
carbon emissions from the building sector.  

Recent investigations suggest that in the next 40 
years, urban areas will grow by up to three times as 
compared to the present value [1]. To this effect, the 
development of high-rise buildings has increased, 
providing an effective solution to the space require-
ment that cities face due to rapid urban growth. Land 
use and increased energy efficiency are some of the 
additional benefits that these types of buildings pro-
vide. However, high densification results in a signifi-
cant increase in energy use and associated carbon 
emissions [2]. To reduce such environmental impact, 
regulations are set to increase energy efficiency in 
buildings. For instance, Net Zero Energy (NZE) design 
is being adopted, aiming to achieve a balance be-
tween demand and supply of energy (from renewable 
resources) over a year.  

Achieving NZE high-rise buildings is a challenging 
task that requires to, efficiently and aesthetically, 
integrate renewable systems capable of offsetting 
their total energy demand [2]. Multi-functional fa-
çades design is a strategy implemented for the retro-
fitting of the old building stock in Europe that con-
tributes to almost 30% of their total greenhouse gas 
emissions [3]. Although in North America, considera-
ble efforts are in place to advance the implementa-
tion of NZE buildings, there is a big gap where multi-
functional designs can contribute.  

Current studies in multi-functional façades show a 
promising strategy to achieve high-rise NZE buildings 
[3], [4]. The central aspect of these developments is 
the use of PV technology to generate renewable en-
ergy and the integration of advanced materials such 
as responsive glazing to control solar irradiation. 
However, these developments are based on the ret-
rofitting of existing constructions, and their perfor-
mance is not investigated for high-rise buildings. 
Besides, façade-located PV generally generates less 
energy as compared to roof-located PV [5]. 

The study presented in this paper aims at studying 
strategies to increase the performance of a multi-
functional façade. Two main strategies are investigat-
ed:  1) increasing energy efficiency of PV technologies 
for their integration into high-rise NZE buildings; and 
2) implementation of responsive glazing to control
solar radiation. The study builds on the sawtooth
design of facades [2], [6] to enhance PV electricity
generation and provide solar protection. The study
employs a parametric analysis between flat and saw-
tooth designs for a cold and a hot location in Canada
and Mexico, respectively.

2. METHODOLOGY
The objective of this study is to investigate the

performance of a flat and a sawtooth façade with 
integrating PV systems and responsive glazing in a 
cold and hot location. This section presents the ap-
proach followed, including 1) presentation of the case 
study; 2) definition of the technological multi-
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functional components; 3) definition and setup of the 
parametric investigations and energy simulations. 

2.1 Case study 
The case study explored is based on a twelve-

story office building selected from an existing building 
database [7] and adapted to each of the studied loca-
tions—representing cold and hot weather—as de-
tailed below. The locations of study are selected to 
provide background for further investigations in Can-
ada and Mexico. The cold climate location represents 
the city of London, ON (Canada, 43°N), characterized 
by cold-humid weather (ASHRAE zone 5A). The hot 
climate location reflects the city of Monterrey, NL 
(Mexico, 27°N), characterized by a hot-dry zone 
(ASHRAE zone 2B) [8].  

The focus of this research is on a 18x12m single 
office space located on the south perimeter of the 
building. Occupying a central section of the middle 
floor, this area of study considers the north, east, 
west, top, and bottom surfaces as indoor. The south 
surface, comprising the façade, is exposed to the 
outdoors and allocates in its bottom half a 1.9x18m 
window. The construction of the wall and window 
(see Table 1), assumes a different integration of ma-
terials according to each location. In Canada,  wall 
assemblies include rain, air, vapour, and thermal 
control layers [9]. The assembly and thermal trans-
mittance values used correspond to the existent 
codes for energy efficiency [10]. 

Table 1: Wall and window construction and total U-values 
used in the base case of the high-rise office buildings in 
Mexico and Canada. 

London, ON (Canada) Monterrey, NL (Mexico) 

W
al

l 

0.102m Brick 0.020m Mortar 
0.015m Air space 0.015m Insulation 

0.004m Air barrier 0.152m Concrete block 
0.015m Insulation  0.010m Plaster 

0.002m Vapour barrier 
0.276m Insulation 

0.016m Gypsum board 
U-value = 0.04 W/m2k U-value = 0.63 W/m2k

W
in

do
w

 

0.006m Responsive glass 0.006m Responsive glass 
0.013m Argon gas filled space 0.013m Argon gas filled space 

0.006m clear glass 0.006m low-e clear glass 
0.013m Argon gas filled space 

0.006m clear low-E glass 
U-value = 0.45 W/m2k U-value = 0.90 W/m2k

In contrast, the wall construction in Mexico con-
siders mainly a high thermal mass layer coated on 
both sides with a thin layer of mortar and plaster—on 
the outside and inside, respectively. Additionally, an 
insulation layer is included to improve total thermal 
transmittance compared to the required in the exist-
ing building codes in Mexico [11]. The difference in 
windows of two locations is the number of layers 

(two and three); otherwise, gas filling and Low-E 
coating are considered in both places. 

2.2 Parametric analysis of multi-functional compo-
nents 

The main technological components in this inves-
tigation are the façade-integrated PV panels, and the 
responsive glazing materials for transparent surfaces. 
A summary of all studied parameters is presented 
below. As both technological components are inte-
grated into the façade, the exploration of their per-
formance is described in section 2.3. 

2.2.1 Façade-integrate photovoltaic systems 
The purpose of integrating PV panels on the fa-

çade is to act as an architectural component, where 
the PV modules constitute the outer layer of the 
facade performing both, energy generating and archi-
tectural functions. For purposes of this study, the PV 
panels will only be investigated for their energy gen-
eration potential, and the construction of the enve-
lope is assumed as described in Table 1.  

The variation of tilt angle and surface area are in-
dicators of the PV panel’s energy efficiency and ener-
gy generation. Given its façade integration, these 
parameters vary accordingly with the explorations of 
the sawtooth designs described in section 2.3.2.  

2.2.2 Responsive glazing 
The objective of this analysis is to assess their po-

tential for preventing the pass of UV-radiation, allow-
ing a window to change—from clear to tinted—with 
climatic conditions. This study investigates two types 
of glazing that vary in their type of response. Ther-
mochromic, commonly specified as a passive tech-
nology, responds to weather conditions. And electro-
chromic, widely referred to as active, respond to an 
electrical input.  

The thermochromic glazing operates according to 
its temperature change—due to solar exposure. In 
other words, with the intensity that irradiation reach-
es the thermochromic glass, the tint of the window 
changes, matching the temperature achieved. Con-
versely, the electrochromic glazing requires an energy 
input to change from clear to tinted state. Although 
this technology can also track the solar irradiation, it 
requires an actuator (in this case electricity) to work. 
The necessary energy to operate this technology is 
minimal, as recent developments only need the pow-
er to change from one state to the other (eliminating 
the continual energy use), this study will not assess 
this load.  

2.3 Façade design 
The specific design of the facade can benefit or af-

fect the performance of a building. Exploring a flat 
and sawtooth façade can help identify an optimal 
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design to reduce the environmental impact and in-
crease the performance of the PV technology inte-
grated. In the following sections, the approach for 
analyzing both 1) flat, and 2) sawtooth strategies is 
presented. 

2.3.1 Flat façade 
The case study described above considers a flat 

façade design. For comparison purposes, this paper 
presents first the base case without technological 
integrations, and second, the flat façade with the PV 
and responsive glazing (see Table 3). The design con-
figuration, as described in section 2.1, integrates a 
window on the bottom surface and the PV panels on 
the top part of the envelope (Figure 1 A). The total 
area of PV on the façade is 35.28m2. Both PV energy 
generation, and cooling and heating loads are ana-
lyzed to compare with the sawtooth design.  

2.3.2 Sawtooth façade 
The sawtooth façade investigates the potential to 

increase the PV energy output and solar protection 
by the exploration of different tilt angles [2], [6]. 
Bellow (Figure 1 B-D) represent the types of sawtooth 
designs studied, where the shape is given by the cen-
tral fold of the external wall. The variables analyzed in 
these cases are the following: 

1. Tilt angle. From 70-50° with respect to the
ground (0°); considering that a fully verti-
cal façade is at 90°. 

2. PV area. B = 36.72 m2, C = 39.96 m2, and D
= 43.56m2.

3. Responsive glazing. Thermochromic and
electrochromic.

The setup of the simulation to compare the sce-
narios and parameters presented is explained in the 
following section.  

Figure 1: Tilt angle study for sawtooth façade design A)=90°, 
B)=70°, C)=60°, and D)=50°. 

2.3.3 Simulation 
The study followed a computer simulation for the 

analysis of the cases described above. The Euclid 
plug-in for SketchUp and the EnergyPlus engine are 
the software used for the modelling and simulation, 
respectively.  

As mentioned in section 2.1, a 216m2 single office 
is set as a conditioned space for the analysis of ther-
mal performance (see Figure 1). However, to repre-
sent the shadowing effect of the tilted surfaces on 
the PV and glazing, a three-story building section is 
modelled. (shadowed in) is conditioned to study cool-
ing and heating loads. All the interior surfaces in the 
models are assumed adiabatic. The window and wall 
construction described in Table 1 are set as non-
changing values for all scenarios. The input parame-
ters of the building, based on the office occupancy 
(presented in Table 2), correspond to both Canada 
and Mexico.  

The ideal-loads-air-system component is selected 
to simplify the model for the analysis of the cooling 
and heating loads. The activation of the cooling and 
heating, follows the occupancy schedule throughout 
the year, allowing the system to stop during unoccu-
pied times. 

Table 2: Input data of the high-rise office building in Canada 
and Mexico for simulations. 

Element Input data 
Internal mass 32.31 m2 wooden furnishing 
People 18.58 m2/person 
Lights [12] 6.46 W/m2  
Electric equipment [13] 6.35 W/m2 
Infiltration [13] 0.5 ACH 

Thermostat setpoints 
Cooling=25°C, 

Heating=21°C (London) 
Heating=20°C (Monterrey) 

For the setup of the PV technology, a simple mod-
el is used considering a fixed cell efficiency of 18.65% 
[14] and 95% inverter efficiency. In the parametric
study, the PV cells are assigned to the wall. The dis-
tribution of the panels considers the full upper area
of the facade analyzed (refer to section 2.3.2) without
contemplating the placement of commercially availa-
ble panels or their framing.

Moreover, the thermochromic window setup fol-
lows the window-material model available in Ener-
gyPlus. The tinting of this component starts when the 
temperature of the glass is at 25°C and achieves its 
highest opacity at 85°C. The electrochromic window, 
on the other hand, uses the energy management 
system (EMS) component. The change of the glazing 
from clear to opaque uses two in-between degrees of 
transparency, which activate at 100, 150, and 200 
W/m2 of solar irradiation, during months where cool-
ing loads are higher than heating. This type of pro-
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gramming has proved to be effective in reducing 
energy loads [15].  

 Finally, the source of the weather data used for 
the energy simulations (presented in Table 3), in both 
locations, is OneBuilding.org [16] website. The open-

source files are based on the IWEC (International 
Weather for Energy Calculations) Typical Meteorolog-
ical Years. The following section presents the results 
obtained. 

Table 3: Scenarios explores from parametric façade design in both climate locations. (ECW= 1 = Electrochromic window; TCW= 2 
= Thermochromic window; A= Flat façade; B, C, D= Saw-tooth façade) 

Case Base case (BC) A1 A2 B1 B2 C1 C2 D1 D2 
Façade design 90°-No PV 90°-PV 90°-PV 70°-PV 70°-PV 60°-PV 60°-PV 50°-PV 50°-PV 
Glazing type No resp. glazing TCW ECW TCW ECW TCW ECW TCW ECW 

3. RESULTS AND DISCUSSIONS
The results presented in this section correspond

to both cold and hot locations separately. Each sub-
section presents the summarized results from the 
parametric studies of the façade design. The response 
variables employed to assess the performance of all 
scenarios developed are cooling and heating loads, 
PV energy output, and indoor daylighting level. 

3.1 Cold location 
3.1.1 Base case 

The energy consumption results from the base 
case studied in London, ON (Canada), are shown in 
Table 4. The total cooling and heating load required is 
55.1 kWh/m2, corresponding only 10% to heating 
loads. Given that the section analyzed is oriented to 
the south, most of the consumption observed is for 
cooling due to the high time of solar irradiation on 
this façade compared to east, west, and north fa-
çades. 

Table 4: Cooling and heating energy demand from the base 
case in the cold location. 

Base case Cooling 
(kWh/m2) 

Heating 
(kWh/m2) 

Total 
(kWh/m2) 

London (Canada) 50.0 5.1 55.1 

3.1.2 Flat façade 
After the integration of responsive glazing and PV 

panels, the flat façade designs A1 and A2 show an 
improvement in energy consumption compared to 
the base case. The total energy consumption from 
cooling and heating loads after applying electro-
chromic glazing (A1) is 26.1kWh/m2, from which 19% 
represent heating energy. In the case of thermo-
chromic glazing (A2), cooling and heating loads are 
45kWh/m2, with around 72% corresponding to cool-
ing (Figure 2a). The response from both technologies 
can explain the difference in performance. As men-
tioned in section 2.3.3, the electrochromic glazing 
starts changing from different transparency levels, as 
soon as the solar irradiation on the windows equals 
the specified setpoint. 

On the contrary, the thermochromic starts chang-
ing its transparency until the surface reaches a cer-

tain temperature, leaving a significant gap of time, 
where irradiation is passing through the window. This 
behaviour causes a more considerable time of heat 
gain compared to electrochromic, both in terms of 
tinting to protect from excess heat gain and bleaching 
to allow heat gains to reduce heating loads. With 
regards to energy generation, the total PV output 
from the specified area of the flat façade is 5859kWh 
at 166kWh/m2. 

3.1.3 Sawtooth façade 
The three scenarios explored (B, C, D) in the saw-

tooth design maintain the same type of construction 
on the envelope components. The only change in this 
analysis is the variation in tilt angles of the folded 
segments of the facade (see Figure 1).  

Results from cooling and heating loads show that 
in all of the cases studied (see Figure 2a), electro-
chromic windows perform better than thermo-
chromic. However, a more pronounced sawtooth 
façade reduces the gap between the two types of 
responsive glazing windows by increasing the total 
energy requirements of the electrochromic type. The 
best sawtooth design, in terms of cooling and heating 
demands, is type B that has a tilt angle of 70° (being 
the flat façade at 90°) requiring 25.8 kWh/m2 for 
cooling and heating energy.  

As represented in Figure 2b, the case with the 
highest total energy generation is D, with a 31% in-
crease compared to the flat façade due to the larger 
PV area allowed from the tilted surface. However, 
case B has higher efficiency, producing 4% more en-
ergy per square meter than case D, due to its tilt 
angle that is more perpendicular to the sun most of 
the year.  

3.2 Hot location 
3.2.1 Base case 

The results from the base case studied in Monter-
rey, NL (Mexico), show that only cooling loads are 
present with no demand for heating the indoor spac-
es. The total energy consumption in this analysis is 
348kWh/m2 (see Table 5).  
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Table 5: Cooling and heating energy demand from the base 
case in the hot location. 

Base case Cooling 
(kWh/m2) 

Heating 
(kWh/m2) 

Total 
(kWh/m2) 

Monterrey (Mexico) 136.4 0.0 136.4 

3.2.2 Flat façade 
Similar to the cold location, the integration of re-

sponsive glazing in the flat design (A)—compared to 
the base case, helps reducing cooling loads. However, 
solar protection improves 54% when using electro-
chromic glazing (A1), and only 19% with thermo-
chromic (A2) (Figure 3a). The total energy output 
from PV in this location is 6780kWh at a 192kWh/m2. 

3.2.3 Sawtooth façade 
In the hot weather city of Monterrey, NL, a saw-

tooth design contributes to further reduce cooling 
loads compared to only integrating responsive glazing 

in a flat facade. This advantage can be observed in 
Figure 3a where cases B, C, and D has lower cooling 
and heating loads than the case A with electro-
chromic and thermochromic. In the case of thermo-
chromic technology, increasing the sawtooth steep 
(from B2 to D2) allows a 42% reduction of energy 
consumption in case D2 (Figure 3a). Nonetheless, the 
electrochromic window contributes more to reduce 
cooling loads due to the fastest response of this glaz-
ing. Total energy consumption, in the case C1, de-
creases 57% from the base case.  

The overall energy generation per square meter of 
PV, in the sawtooth designs, is 17% higher compared 
to the flat façade. This efficiency is achieved in case C 
at 233kWh/m2. However, the case with the highest 
energy output is D, with a total of 9761kW. General 
conclusions gathered from the analysis of the energy 
performance, in both locations under all scenarios, 
are presented below. 

Figure 2: Energy performance results from the simulation of the multiple scenarios studied in London, ON (Canada). a) Compari-
son between the two types of responsive glazing and the base case of total cooling and heating energy demand. b) Analysis of 
total output and generation per surface area of PV panels, between façade designs.  

Figure 3: Energy performance results from the simulation of the multiple scenarios studied in Monterrey, NL (Mexico). a) Com-
parison between the two types of responsive glazing and the base case of total cooling and heating energy demand. b) Analysis 
of total output and generation per surface area of PV panels, between façade designs.  

3.3 Main comparison of the study 
In general, the integration of PV panels and re-

sponsive glazing are strategies with the potential of 
improving both energy consumption from the condi-
tioning of spaces and renewable energy generation. 
Given that, combined, both technologies provide 
building envelopes with the capacity of reducing 
overheating and allocating renewable energy genera-
tion. However, to supply the high energy require-
ments of a high-rise building, it is necessary to addi-
tionally consider the application of geometric designs 

such as the sawtooth façade explored in this re-
search.  

Bellow Figure 4 presents the performance of each 
case studied for both locations in a diagram, repre-
senting that the further on the right and the closer to 
the bottom is the best performing scenario. From this 
illustration can be observed that sawtooth designs—
in North America—contribute substantially more in 
northern latitudes (London) than closer to the equa-
tor (Monterrey). However, there is no best scenario 
for both reducing cooling and heating loads and in-
creasing PV energy output. In both locations, the case 
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with the best energy production does not have the 
best energy consumption performance. For instance, 
in London, case D1 has a 14% higher energy con-
sumption than case B1, even though the former pro-

duces the most energy in all cases. Similarly, but at a 
smaller scale, Monterrey shows the same discrepancy 
between the best cases analyzed. 

Figure 4: Energy performance diagrams of all cases investigated (Base case; flat facade: A1 and A2; sawtooth façade: B1, B2, 
C1, C2, D1, and D2) in both locations of study. 

4. CONCLUSIONS
In summary, this paper presents the methodology

followed for the evaluation of integrating photovolta-
ic panels with responsive glazing to develop multi-
functional facades capable of achieving NZE high-rise 
buildings. The analysis is conducted for an office type 
of building for the cold and hot climates in London, 
ON (Canada) and Monterrey, NL (Mexico), respective-
ly. The investigation demonstrates that not only 
technological integrations can help multi-functional 
facades, but also, geometrical designs can further 
contribute to improving the overall building’s per-
formance. However, there is still a potential to opti-
mize the design strategies explored in this paper 
given that, as observed in this study, no single case 
was capable of improving in both parameters studied.  
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ABSTRACT: Approach to environmental design is simple and adaptable by everyone. The development of basic 
tools for predesign analysis of climate, identification passive design strategies, building envelope load, and 
calculation of carrying capacity for solar & water of the building and site help inform design for optimisation. 
The paper illustrates the simple guidelines created by an architectural practice of India to approach 
environmental design that can be comprehended by young graduates in the practice. This approach helps 
achieve buildings that perform up to 50% better than energy benchmarks, is resource optimised, unique and 
liveable. 
KEYWORDS: Passive design, Carrying capacity, Envelope analysis, Resource Optimisation, Post occupancy 
evaluation  

1. INTRODUCTION
The Architecture practice strongly believes in the

ethos of environmental design and approaches it 
through an integrated process governed by the 
matrix of SOUL (i.e. S- Sustainability, O- optimization, 
U-unique and L-Liveable).

This integrated approach is achieved using basic
analytical tools and guidelines for climate analysis, 
identification of passive strategies, built form, and 
façade optimisation. These tools have been re-
adapted and simplified to enable all designers to 
design buildings that are not only energy and cost-
effective, but also respond to the local context while 
having a global footprint and are user-centric.     

The paper illustrates the firm’s sequential 
approach to adapting environmental design in their 
design process. 

2. DESIGN APPROACH
The approach of ‘No is more,’ i.e., imagining one

has no resources at one’s disposal, becomes an 
inspiration for creating a truly optimized built design 
that responds to the present-day concerns on 
conservation of resources. Figure 1 illustrates the 
step by step design approach that involves a 
thorough analysis of the passive and active measures 
for improving building design, to maximise 
environmental gain while being sensitive towards 
financial investments.  

The approach aims at enabling a ‘Net Zero’ project 
through the implementation of passive and active 
measures: a) Microclimate creation (i.e. Site analysis), 
b) Building design optimisation (i.e. building

envelope), c) introduction of efficient building 
systems and d) Renewable Sources. 

Assessing the site in terms of orientation, existing 
built surroundings, and vegetation help to identify 
the potential for utilising the shaded outdoors 
through microclimate creation. The building design is 
optimised to generate a balance between visual and 
thermal comfort for the user through a floor plate 
and façade analysis for daylight and shading. Further 
studying the vernacular of the region helps to identify 
cost-effective construction techniques and materials.   

Microclimate creation and Building design form a 
strong base for the implementation of passive 
strategies. The addition of active strategies to this 
using energy-efficient building equipment helps 
develop hybrid solutions, in collaboration with the 
engineers for optimising the overall energy 
consumption of the building.   

Figure 1: Design Approach diagram 
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2.1 Passive design strategies: 
The climate analysis marks the beginning of the 

design approach. The Grid Climatique developed by 
Corbusier [2] for the city of Chandigarh, India, 
inspired the firm to develop a matrix for the entire 
country. India is divided into 5 major climatic zones. 
Analysing each climate through the study of the 
following parameters  

a) Temperature,
b) Humidity,
c) Air velocity,
d) Cloud cover, and
e) Rain fall data, identifies the passive design

strategies applicable for each region, mapped across 
the year (figure 2). 

This forms a readily available guideline to all to 
begin design based on the project climatic and 
geographical location.  

2.2 Microclimate Analysis 
In the Tropics, solar control strategy and 

utilisation of prevailing winds play a significant role in 
enhancing outdoor comfort by generating 
microclimate.  

Assessing the site with the aim of maximising 
these parameters leads to the development of 
building morphology schemes, where the semi-
outdoor and outdoor can be made comfortable to 
accommodate the standard interactive functions of a 
design program.  

The staggering of the built mass to create 
protected outdoors allows the façade area to open 
for natural ventilation and daylight. The resulting 

building morphology translates into a sustainable 
design brief by having a cooler microclimate for 
outdoor comfort, along with a thermally and visually 
optimised indoor.   

Figure 3 illustrates a morphology study done for 
an IT campus located in Hyderabad (hot and humid 
climate). Various permutations of the morphology 
were analysed for solar exposure, wind movement, 
and daylight. Option G (uniformly distributed N-S 
oriented built form punctured with courtyards) 
observed to be an optimum solution with a less deep 
floor plate, allowing cross ventilation and good 
daylight for the interiors. The courtyards between the 
buildings make the compass permeable to the 
prevailing winds, thus enhancing air movement. 
These courtyards act as a thermal buffer between the 
inside and the outside. They act as an extension of 
the indoors and house the common functions like the 
food court and library.   

Microclimate in the courtyards can be further 
improved by introducing a combination of non-active 
(i.e., temporary roof) and active strategies (i.e., fan 
and dry mist cooling system). The addition of a 
canopy and dry mist cooling system in the courtyards 
proves to enhance user comfort up to 90% of the 
occupancy hours [3], enabling about 10% of the 
functional area to be shifted outdoors. 

2.3 Shading Analysis  
India being in the tropics, leads to the problem of 

having to shade in all orientations. A preliminary 
shadow analysis based on the orientation of the 
building overlaid with the occupancy hours helps 
identify possible times and degrees of exposure when 
shading needs to be addressed (figure 4). The 
building façade design is optimized, by the position of 
fenestrations and shading devices only to address the 
critical times and areas. Shading strategies are 
developed for each orientation to generate an 
optimum balance between solar control and daylight. 

Figure 2: Passive Design Strategies mapping via     
Psychometric chart 

Figure 3: Microclimate creation through morphology 
development 
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2.4 Envelope Analysis  
1. A preliminary analysis of the building envelope load

is done based on the shading design and envelope
specification (i.e., U values of Walls, roof, and the
fenestration). The heat gain through the façade is
calculated for the hottest day of the year between
two components:

2. Thermal Gain:  U Value of the Glass and walls,
multiplied with the Δ T (i.e. temp. differential of
internal and external temperature) and surface
area.
Thermal Gain = U Value W/sq.m x Δ T x Wall/
Window area / Roof area [4].

2. Solar gain: Solar heat gain co- efficient of glass
multiplied with the Incident Solar radiation and
Surface area of window.
Solar Gain =SHGC x Insolation x Window area [4]

The resultant overall heat gain from the Façade 
as a factor of the floor area provides the envelope 
load which aims to be more efficient than ECBC 
benchmarks [4].  

This parametric analysis between the various 
factors: Incident solar radiation in various 
orientations, Window wall ratio, SHGC of Glass, U 
values of Roof, Wall, and Windows, Internal operative 
temperature, enables the designer to set façade 
parameters for environmental design.  

Although this method is a hit trial methodology, 
it enables the designer to learn and assess the 
sensitivity of each parameter and develop an 
optimum design solution (figure 5). 

2.5 Carrying Capacity of the site   

Table 1:  Water Potential Calculation 

Table 2: Solar Potential Calculation 

     A Building design is initiated with an assumption 
that the site has no access to the grid: Energy or 
Water. Carrying capacity of the site is calculated as to 
how many people it can support for water and 
subsequently the space and energy required to run 
the building is calculated. Table 1 and 2 illustrate the 

Rainwater 
Harvesting 
potential 

Notes 

Site Area A sq.m 
Annual Rainfall B m Rainfall data 

of location 
Run off factor  C % 
Potential Rainfall 
collection 

D= A x B x C/100 
cu.m 

Water requirement 
per person per day  

E=45lpcd As per 
National 
Building 
codes for 

office 
buildings [5] 

Annual Water 
requirement per 
person @ 260 
working days  

F= Ex260= 11.7 
cu.m  

Carrying capacity of 
site  

G=D/Fnos. 
people 

Solar Potential  Notes 
Site Area A sq.m 
Carrying Capacity of 
site based on water  

G No. of 
people 

Built up area  H=Gx10 sq.m As per 
National 
Building 
codes for 

office 
buildings [5] 

BEE Energy Benchmark 
for EPI 

90 kWh/sq.m As/energy 
conservation 

code for 
office 

buildings 
Total energy 
consumption of the 
building  

J= 90 x G kWh 

Solar power 
generation required to 
offset   

L= J/M kWp Assuming 
1kWp=M 
kWh as / 
solar reports 
of the region 

Figure 11: Envelope heat load analysis: studying the impact 
of orientation, WWR, shading and U values. 

Figure 4: Sun path diagram: Identifying possible times of 
concern and exposure 
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templates created for calculating the water and solar 
requirement in conjunction with the space allocation 
guidelines as per National Building Code [5].  

This basic analysis helps to understand the 
potential of enabling a “NET ZERO” project.  

Designers push their boundaries to attain the best 
solution for a self-sustaining building/ master plan 
design. 

2.6 Material and Building systems research 
Material and building systems research plays a 

significant role in optimisation of both investment 
cost and operational cost.  

Studying the region's vernacular helps in 
developing knowledge of the local materials and 
application of passive strategies. Figure 6 illustrates 
examples of using readily available materials for 
construction such as the use of matkas (i.e. Indian 
earthen pots) implemented as a strategy for roof 
insulation for an Institutional building designed in 
Rajasthan (hot and dry climate). Likewise, the local 
stone extracted from the hill site itself in Rishikesh 
(cool and humid climate) for façade cladding.  

These solutions not only prove to be cost 
effective but also give a strong architecture character 
to the building. 

   Besides materials, research to optimise the building 
systems is equally important. A detailed analysis of 
the same is done in collaboration with engineers and 
consultants.  
    To cope with the climatic peaks, the introduction of 
active HVAC systems becomes essential to achieve 
occupant comfort. However, the challenge of 
reducing the dependency on a 100% air-conditioned 
building is done using passive design. The spatial 
segregation of Indoor, outdoor, and transitional 
zones in each design helps explore hybrid systems for 
HVAC, as/ the requirement of each zone. This 
significantly helps in not only reducing the investment 
cost but also optimises the energy consumption, 
while reducing the operational cost of the building. 
  Designing a commercial development in Surat, 
Gujrat (hot and humid climate), the building 
morphology was a result of passive design strategies 
(figure 7). The various towers were planned to 
connect through a central spine at various levels. The 
active building systems for this were decided through 
an intensive analysis to optimize the HVAC load by 
reducing the air-conditioned spaces of the building.  
The towers' central spine and the internal corridors 
were explored to maintain comfort through passive 
cooling techniques. Figure 8 illustrates a comparison 
between a) natural ventilation, b) Hybrid system (i.e., 
Radiant Floor Cooling using the Cooling tower and 
Condensate recovery under Natural Ventilation), c) 
Centralised Air-conditioned system for achieving 
maximum occupant comfort hours in these corridor 
spaces. A Hybrid system proved to achieve about 95% 
comfort hours while reducing the cost of investment 
and cost of operation by up to 75% compared to a 
centralized air-conditioned building (figure 9) [6]. 

Figure 7: Morphology of Commercial development at Surat, 
Gujrat. 

Figure 6: Building sections highlighting the use of local 
materials of the region to develop a thermally insulates 
façade.   

Figure 8: Graph highlighting comparative comfort 
analysis for the corridor between 3 systems [6]. 
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3. POST OCCUPANCY
Post-occupancy evaluation is the most effective

strategy for completing a full circle of learning from 
architecture, hence closing the loop. 

The building targets of the projects envisaged 
using passive design principles and vernacular 
examples with support of basic computer-aided 
simulations that have been evaluated in the form of 
quantifiable metrics through a) measurements (spot 
and data loggers), b) occupant surveys and c) actual 
bills ( electricity, water bills and STP output reports). 
This truly enables the designer to understand the 
level of satisfaction of the occupants. 

The section (figure 10) illustrates the process for a 
post-occupancy evaluation of an office building 
designed in a composite climate. The microclimate 
within the internal courts is improved by 4-6°C 
compared to the outdoor through the adaptation of 
evaporative cooling strategies and natural vegetation, 
thus enabling people to enjoy these spaces even 
during the peak summer months.  The occupant 
survey for the building observed that 75 % of the 
people were satisfied and enjoyed these spaces. 
Further, the analysis of the actual energy bill of 
59.6kWh/sq.m./yr. depicted the impact of 
microclimate and passive design strategies on energy 
consumption [7]. 

4. TRAINING AND DISCOURSE
Each project is unique; the analysis of the basic

parameters listed above form the core of the design 
process resulting in innovative solutions. The design 
closely works in link with the standards and 
benchmarks set by the national/international Green 
Rating systems. The discourse of the design research 
is essential to spread knowledge and bring together 
the community working towards a common 
sustainable goal.  

The organisation encourages continuous learning 
and development on the subject through 
participation at various international and national 
platforms every year. Some of these being: i) The 
PLEA (Passive Low Energy Architecture) Conference, 
ii) Advance building skins conference, iii) Future Arc
Green Leadership Awards, (at international level), iv)
Conferences organised by GRIHA(Green Rating for
Integrated Habitat Assessment Summit) and  IGBCI CII
(Indian Green Building Council) at the national level.

5. CONCLUSION
The paper elaborates on the process of adaptation

of environmental design using simple guidelines and 
basic analytical tools within the practice. The 
calculation templates, ready outputs from weather 
tools, climatic grid for identifying passive design 
strategies enable the designer to pre-emptively and 
proactively design buildings that perform better than 
established benchmarks. 

The significance of post-occupancy in 
environmental design has been highlighted as it 
enables one to quantify and evaluate the envisioned 
targets of the project. Further continuous learning 
and development on the subject are encouraged 
through participation at various internal (studio 
sessions) and external (national and international) 
platforms. 
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ABSTRACT: Performance-Based Design (PBD) helps architects shift towards a more environmentally-conscious 
design process. To take advantage of this paradigm, the performance of multiple design variants must be 
evaluated and compared. However, due to its repetitive and tiresome nature, architects feel discouraged to use 
such an approach.  In this context, to promote optima-oriented strategies, PBD approaches can be 
complemented with optimization processes that automatically evaluate design variants to find the best-
performing ones. Unfortunately, building performance evaluations typically require simulations, which tend to 
be very time-consuming. Moreover, architectural projects often require the assessment of multiple performance 
criteria, drastically increasing the complexity of the optimization problem and the number of evaluations 
required. Additionally, as no optimization algorithm consistently outperforms all the others, each design 
optimization problem requires testing multiple algorithms to identify the best one(s). This paper proposes a 
parallelized approach to multi-objective optimization that reduces the time needed to test multiple algorithms 
by more than one order of magnitude, thus addressing the time-sensitiveness of architectural projects while 
promoting more efficient PBD approaches. We evaluate the proposed approach in the optimization of the 
daylight performance and material cost of an exhibition space by comparing different optimization algorithms in 
a parallelized and non-parallelized scenario. 
KEYWORDS: Performance-Based Design, Multi-Objective Optimization, Parallelization, Daylight Analysis 

1. INTRODUCTION
Architecture is currently adopting more

environmentally-aware design processes, using 
building performance as a guiding principle. In this 
context, a new paradigm, known as Performance-
Based Design (PBD) has emerged [1]. In PBD, 
architects resort to analysis tools from early stages to 
help them make more informed and performance-
oriented decisions. Unfortunately, in order to more 
efficiently take advantage of PBD, architects have the 
tiresome task of evaluating and comparing a wide 
range of design alternatives. Additionally, it is difficult 
to know a priori which changes improve the overall 
building performance the most, especially when 
considering multiple performance objectives 
simultaneously. In this perspective, it becomes 
natural to complement PBD approaches with 
optimization to automate the process of searching for 
better performing design alternatives while 
simultaneously promoting more efficient and optima-
oriented strategies. 

Nevertheless, despite the many advantages an 
optimization process can bring to the architectural 
field [2, 3, 4, 5, 6], architects still have to deal with 
the computational cost of building performance 
evaluations. In general, these require 
computationally-intensive simulations and, 
depending on the complexity of the design, can lead 
to very time-consuming processes. Naturally, this 
becomes much more problematic when architects 

intend to conduct an optimization process that either 
(1) requires a wide range of design variants to be
evaluated, (2) addresses multiple performance
objectives, or (3) tests different optimization
algorithms.

This paper addresses the computational cost and 
time-complexity of Multi-Objective Optimization 
(MOO) problems, by proposing a parallelized 
optimization approach. To test the proposed 
methodology and to further contribute to the existing 
literature on architectural MOO, the performance of 
a wide range of optimization algorithms, from 
metaheuristics to model-based ones, is tested and 
compared. These studies were conducted in the 
context of an exhibition space that had to be 
optimized in terms of its daylight performance and 
material cost. 

2. MULTI-OBJECTIVE OPTIMIZATION
In the architectural field, optimization problems

rarely seek to contemplate only one performance 
objective. In fact, these are usually complex problems 
comprising different objectives that need to be 
addressed simultaneously [3, 6, 7]. Additionally, if the 
objectives conflict with each other, it becomes even 
more challenging to discern the quality of each 
solution. Considering this, MOO problems are much 
more difficult to solve, when compared to single-
objective ones, and require considerable 
computational resources. This is especially evident in 

Vol.3 | 1626
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


the architectural context since the information 
needed for the optimization processes often come 
from analysis tools, which are already 
computationally expensive and time-consuming on 
their own. 

One possible and more straightforward solution 
to deal with MOO problems is to combine all the 
objectives in a single weighted function and then 
solve the MOO problem as if it was a single-objective 
one. However, this approach only informs the 
architect about the best performing solution and fails 
to address the trade-offs between the different 
objectives, forcing the architect to decide in advance 
the degree of importance each objective has in the 
overall building performance.  

Contrarily, the Pareto optimization [7] method 
treats the objectives as equally important during the 
optimization process, resulting in a set of optimal 
solutions that represent the trade-offs between the 
different objectives. These optimal solutions, also 
named non-dominated solutions, represent the 
situations where it is impossible to improve one of 
the objectives without harming another one, hence, 
dominating the other solutions. In these cases, the 
final decision regarding the best solution is in the 
architect’s hands, who, after evaluating and 
comparing the optimal solutions found, considers the 
trade-offs made and selects the solution to be 
implemented. 

3. OPTIMIZATION ALGORITHMS FOR ARCHITECTURE
When addressing architectural optimization

problems, the objectives are frequently described, 
not through analytical functions but, instead, through 
simulations performed by analysis tools. As a result, it 
is difficult to extract information about the objective 
function, such as the slope, that could guide the 
optimization process. This means that derivative-free 
algorithms are more suitable to help architects 
optimize their design problems [8]. 

Derivative-free optimization algorithms can be 
sub-divided into three classes: (1) metaheuristics, 
which are inspired by natural selection and swarm 
behaviours, meaning these algorithms frequently 
work with populations that are updated in each 
iteration; (2) direct-search methods, which use 
deterministic methods to consecutively evaluate 
design solutions;  and (3) model-based algorithms, 
which, based on previous evaluation results, 
approximate the unknown objective functions, 
refining the approximations at each iteration. 

Despite the variety of optimization algorithms 
suitable to solve architectural design problems, the 
field seems to prefer metaheuristics. In fact, the 
majority of optimization tools available to architects 
focuses only on a sub-class of metaheuristics – the 
evolutionary algorithms, such as genetic ones [2, 3, 

5]. Examples of tools that fall under this category are 
Galapagos, Optimo, Octopus, and Wallacei. Only 
recently have new tools, supporting other classes of 
algorithms, started to emerge. For instance, 
Silvereye, while still being based on metaheuristics, 
provides particle-swarm optimization algorithms. 
Additionally, there are already a few tools supporting 
direct-search and/or model-based algorithms, such as 
Goat and Opossum. 

Finally, despite the increasing availability of 
optimization tools, not all of them support MOO, 
thus, failing to properly address the reality of 
architectural projects. From the tools presented 
previously, Optimo, Octopus, Wallacei, and, more 
recently, Opossum, are the ones that can solve MOO 
problems. 

4. PARALLELIZING THE OPTIMIZATION PROCESS
Architectural simulations require computationally-

intensive processes that, depending on the 
complexity of the design, can take from several 
seconds to minutes, or even hours to complete. This 
means that a single optimization process can take 
from several days to several weeks. 

One could expect that faster hardware would 
speed up this process but, nowadays, that is an 
unrealistic expectation. In fact, instead of having 
faster processors, the trend is to have more 
processors. As a result, instead of faster simulations, 
we might mitigate the time complexity of the 
optimization by having several computations running 
concurrently - a strategy known as parallelization. 

In the context of this research, we considered 
three different approaches to parallelization that can 
be applied to architectural optimization: 

(1) Parallelization of algorithm selection.
In this approach, a different CPU thread is
assigned to each optimization algorithm,
allowing the simultaneous execution of as
many optimization algorithms as the hardware
allows. This approach is more relevant in initial
phases of the architectural project when the
architect intends to test different optimization
algorithms to see which one is more promising
for that specific project.

(2) Parallelization of multiple simulations.
In this strategy, during the optimization
process, different solutions are generated and
simulated in different CPU threads, reducing
the time needed to evaluate a set of solutions.
Population-based algorithms benefit from this
type of parallelization, in particular, genetic
algorithms [9, 10].

(3) Parallelization of the simulation.
In this strategy, different parts of a simulation
are distributed to different CPU threads. Not
all simulations can benefit from parallelization
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but some, such as lighting simulation, are 
embarrassingly parallelizable, as demonstrated 
by Accelerad, a parallelized version of 
Radiance [11].  

5. EVALUATION AND RESULTS
As was described in section 3, there is a wide

range of MOO algorithms for architects to choose 
from. However, most practitioners keep resorting to 
the same genetic algorithm to address all their 
architectural optimization problems. This contrasts 
with recent literature, which corroborates Wolpert’s 
No Free Lunch Theorem [12], demonstrating that no 
single algorithm, or even class of algorithms, 
constantly outperforms all others in all problems [2, 
8, 13]. For this reason, at initial design stages, 
architects that intend to integrate optimization 
approaches in their design process should test and 
compare multiple algorithms to understand which 
one(s) better suit(s) their design problem. 
Unfortunately, sequentially testing multiple 
algorithms can take weeks and is, therefore, 
impractical. 

In this paper, we address this problem by 
resorting to the first parallelization technique 
presented in the previous section: parallelization of 
the algorithm selection. In the implemented solution, 
the testing of optimization algorithms was 
parallelized to use as many execution threads as the 
CPU can run simultaneously. This drastically reduces 
the time needed to experiment with multiple 
optimization algorithms. 

To evaluate the implemented solution, multiple 
algorithms were tested and compared in the context 
of a MOO problem. Additionally, the proposed 
parallelized approach was also compared with the 
non-parallelized one to measure the speedup. The 
following sections present the results obtained, as 
well as the case study and the definition of the 
optimization problem. 

5.1 Case Study 
At the time we conducted this research, we had 

the opportunity to collaborate in the renovation of 
the Black Pavilion of the Pimenta Palace Museum, in 
Lisbon, Portugal. The architects were particularly 
interested in improving the lighting of a space for 
temporary art exhibitions. To that end, they designed 
a set of conic skylights to balance the amount of 
daylight entering the exhibition space, while reducing 
the need for artificial lighting and, thus, the overall 
energy consumption over time. Simultaneously, 
budget concerns associated with the intervention 
forced them to also consider the material costs 
associated with the construction of the skylights. Fig. 
1 shows a rendered image of the space with the 
skylights already in place. 

Figure 1: Rendered image of the exhibition area of the Black 
Pavilion. 

5.2 Optimization Objectives and Variables 
The research was conducted in the context of a 

MOO problem considering two objectives: (1) the 
maximization of the Spatial Useful Daylight 
Illuminance (sUDI) [14, 15], evaluated through the 
Radiance simulation tool [16], and (2) the 
minimization of the skylight material cost, computed 
using an analytical function that approximated the 
actual cost based on the skylight’s dimensions and 
materials. 

For the optimization, the design of the conic-
shaped skylights was parametrized regarding the 
skylights’ top and bottom radiuses, the number of 
skylights, and the glazed material used. These, along 
with the material applied to the existing curtain-wall, 
were the only elements the architects allowed us to 
change in order to affect the building performance, 
making these the variables of our MOO problem. 
Regarding the materials, we opted for translucent 
panels with different total transmission. Translucent 
materials can evenly diffuse the sunlight, avoiding 
situations that cause visual discomfort and, therefore, 
are a good option to incorporate daylight in an 
exhibition space. 

5.3 Optimization Algorithms 
To find out which algorithm, or class of 

algorithms, better handled this specific optimization 
problem, six different algorithms were tested: three 
metaheuristics (SMPSO, NSGAII, SPEA2), and three 
model-based that explore Gaussian processes [17] 
(GPR SMPSO, GPR NSGAII, GPR SPEA2). We excluded 
direct-search algorithms since none of the 
optimization tools available implemented them for 
MOO. Regarding the metaheuristics, a population of 
40 individuals was defined, and 15 iterations were 
performed, resulting in a total of 600 design solutions 
analysed per run. Concerning the model-based, 40 
solutions were used to create the initial 
approximation of the objective functions, leaving the 
remaining 560 to concurrently update and refine the 
initial approximations during the course of the 
optimization. In order to fully understand the 
performance of each algorithm, they were all given 
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the same starting point in every run, that is, all 
algorithms started with the same solutions.  

5.4 Speedup of the Daylight Analysis Parallelization 
Given the stochastic nature of the algorithms 

tested, to minimize randomization effects we decided 
to perform 3 runs for each algorithm and average the 
results, thus ensuring a fairer comparison. Since we 
decided to test 6 different algorithms, this means 
that, in total, 18 optimization processes were 
executed. 

All these processes were performed in a computer 
with two Intel(R) Xeon(R) CPUs E5-2670 0 @ 2.60GHz, 
totalling 16 cores and 32 threads. Under these 
conditions, a single daylight analysis takes at most 9 
minutes. 

Table 1 shows the memory requirements and the 
time it took to complete all the optimization 
processes, including both the non-parallelized and 
the implemented parallelized approach.  

Table 1: Memory requirements and time spent in the 
optimization processes. 

Parallelized RAM Time 

No 620 MB 35 days and 4 hours 
Yes 11 160 MB 3 days and 15 hours 

According to Table 1, we obtained a speedup 
factor of 9.7 in the time needed to run multiple 
processes. The parallelized approach took less than 
four days to run all optimization processes, versus the 
more than one month necessary for the non-
parallelized one. At the same time, the memory 
requirements of the parallelized version, despite 
growing linearly with the number of simultaneous 
processes, are still within the available RAM. As long 
as the physical memory available is sufficient, this 
makes for a more efficient use of the hardware 
resources. 

Given the substantial improvement that 
parallelization makes in the time architects need to 
wait for the optimization results, it may represent the 
difference between using optimization techniques in 
architecture or not. Additionally, it encourages 
architects that already use optimization to test a 
range of algorithms instead of always using the same 
one. This approach promotes a more optima-oriented 
strategy, allowing architects to identify the most 
promising algorithm for a specific problem at initial 
design stages, and then confidently resort to that one 
during the rest of the design process. 

5.5 Pareto Optimization Results 
The results of the Black Pavilion MOO are shown 

in Fig. 2, where a single Pareto front per algorithm is 
represented. This front contains the optimal solutions 

found by each algorithm during the 3 runs. Moreover, 
the image also shows a Combined Pareto Front (CPF), 
that was formed considering all evaluated solutions. 
The goal of this front is to approximate the true 
Pareto front, which is unknown, and thus serves as a 
comparison metric between algorithms. 

One of the advantages of MOO is that it provides 
not just one solution but, instead, a range of optimal 
design alternatives representing the trade-offs 
between the objectives. To help architects decide on 
the preferred solution, it is useful to be able to 
quickly visualize the corresponding designs, as 
illustrated in Fig. 2. On the other hand, just by 
analysing the Pareto front, it is not easy to see the 
impact each variable has on the overall performance. 
To that end, more complex visualization strategies 
might be needed [9, 18]. The visualization in Fig. 2, 
however, is sufficient to compare the performance of 
the optimization algorithms studied. 

According to the results shown in the plot, the 
algorithms that better approximate the CPF are the 
metaheuristics algorithms SMPSO and NSGAII. These 
algorithms found the majority of the solutions that 
form the CPF. Nevertheless, SMPSO did not efficiently 
explore the bottom region of the solution space, not 
having found optimal solutions with a cost inferior to 
11 500 €. On the other hand, NSGAII focused on that 
precise region, while still exploring some solutions on 
the upper region of the solution space. The algorithm 
that presented the worst approximation to the CPF 
was SPEA2, which explored a rather extensive area of 
the solution space but failed to find solutions in the 
CPF. Model-based algorithms were the ones that 
explored the solution space more broadly, and overall 
had a better approximation to the CPF than SPEA2. 
However, very few solutions found by these 
algorithms belong to the CPF. 

Particularly, for this optimization problem, there 
was not a single algorithm that stood out above all 
others. However, we can analyse their performance 
with regards to two main aspects: (1) diversity of 
solutions, and (2) number of optimal solutions, 
regardless of where they are located in the solution 
space or even if they are close to each other. 
Concerning the former, model-based algorithms 
obtained more diversity in the solutions found and, 
hence, seem like a better option to explore the 
solution space. Regarding the latter classification, 
SMPSO and NSGAII appear to be the ones to choose 
from. Nevertheless, if we were interested in both 
aspects, a possible alternative is to take advantage of 
more than one algorithm for different stages of the 
optimization process. In our case study, we could use 
a model-based algorithm to explore the solution 
space, and then, with the results obtained, hot-start 
another one to approximate the Pareto front. Finally, 
the choice of the most adequate algorithm(s) to use 
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in later design stages is highly dependent on the 
architect’s goals for the optimization. 

6. CONCLUSIONS AND FUTURE WORK
This research started from the premise that there

is not a single optimization algorithm that is always 
better than the others for all problems. Thus, at least 
at initial design stages, architects should evaluate and 
compare different ones to identify those that perform 
best according to the specifics of the given problem. 
Unfortunately, depending on the complexity of the 
optimization problem, this can easily become a very 
time-consuming process that may take months to 
complete. Naturally, due to the time-sensitivity of the 
architectural field, it is unrealistic to assume 
architects are willing to wait that long for 
optimization results. Therefore, most architects that 
use Performance-Based Design (PBD) often resort to 
a single optimization algorithm which, frequently, is 
not the best-performing one. 

To address this problem and contribute to 
increase the confidence in the optimization results, 
we implemented a parallelized approach to 

optimization that allows architects to run as many 
algorithms simultaneously as the hardware allows. 
The evaluation of the approach on a real project 
shows that the waiting time decreases substantially. 
We believe that this is an important turning point in 
the promotion of optima-oriented strategies in the 
architectural practice, giving architects the 
opportunity to easily test different algorithms, and 
choose the most adequate one(s) for their particular 
problem, without increasing the time needed for the 
optimization. 

Using the proposed approach, we tested and 
compared six optimization algorithms in the context 
of a Multi-Objective Optimization (MOO) problem: 
three metaheuristics and three model-based. The 
study considered the optimization of the daylight 
performance and the material cost of a set of 
skylights for an exhibition space. The results showed 
that the metaheuristic algorithms, SMPSO and 
NSGAII, found most of the solutions in the Combined 
Pareto Front (CPF). Yet, these algorithms failed to 
widely explore the solution space, having most of 
their non-dominated solutions clustered in the same 

Figure 2: Pareto fronts for all the algorithms tested. The Combined Pareto Front (CPF) is formed by the non-dominated 
solutions from all the solutions of all runs. Additionally, three of the solutions that belong to the CPF are represented above. 
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region of the design space. The other metaheuristic 
algorithm, SPEA2, had the worst performance, failing 
both in finding non-dominated solutions and in 
exploring the design space. Regarding the model-
based algorithms, they explored the solution space 
more extensively than the metaheuristics but found 
very few non-dominated solutions. Lastly, there was 
not a single algorithm whose overall performance 
was better than the others, reinforcing the need for 
architects to not only test multiple optimization 
algorithms but also to parallelize the tests so that 
they do not increase the time spent in optimization. 

Furthermore, since for our case study there was 
no outstanding optimization algorithm, by testing 
multiple ones we produced a more complete Pareto 
front. This allowed us to provide the architects with a 
set of solutions that had better performance than the 
original building design, guiding them towards a more 
sustainable solution.  

In this paper, we only addressed optimization 
processes that resort to daylight and material cost 
simulations, but the approach is directly applicable to 
other types of simulation. In the near future, we plan 
to extend the parallelization approach to other 
simulation tools, for instance, EnergyPlus for energy 
consumption evaluation, and Pachyderm for acoustic 
evaluation. 

Finally, given that the hardware trend is for CPUs 
to support an increasingly larger number of parallel 
threads, we plan to explore the other parallelization 
approaches discussed, namely the parallelization of 
multiple simulations and the parallelization of the 
simulation. We expect the obtained speedups will 
continue to reduce the time needed for the 
optimization of complex designs, motivating 
architects to more frequently apply PBD, thus helping 
with the design of more efficient and more 
sustainable buildings. 
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ABSTRACT: Many buildings are being built in Southeast Asian cities due to rapid economic growth [1]. Because 
large-scale buildings consume a large amount of energy, it is essential to construct environmental buildings for 
global climate change. Despite the improving airtight performance of building envelopes for effective energy 
saving [2], almost no research regarding them in Southeast Asia is done at present. Therefore, this paper aims to 
determine the current state of energy conservation effects by air leakage of office buildings in Asian cities. 
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1. BACKGROUND AND PURPOSE OF RESEARCH
Many buildings are being built in Southeast Asian

cities due to rapid economic growth [1]. Because large-
scale buildings consume a large amount of energy, it is 
essential to construct environmental buildings for 
global climate change. Meanwhile, the National 
Institute of Standards and Technology (NIST) showed 
the possibility of a dramatic reduction of 37% of 
annual cooling and heating expenses by improving the 
air leakage of the building's outer surface [2]. In
addition, improvement of the leakiness of the outer 
surface of the building can alleviate various problems 
caused by air leakage such as deterioration of indoor 
air quality and thermal comfort, as well as the 
deterioration of building materials due to moisture. 

Despite the improving airtight performance of 
building envelopes for effective energy saving, almost 
no research regarding them in Southeast Asia is done 
at present. Therefore, this paper aims to determine 
the current state of energy conservation effects and 
indoor thermal comfort effects by air leakage of office 
buildings in Asian cities. Furthermore, the goal is to 
propose how to maintain it in order to ensure airtight 
performance. 

2. OVERVIEW
The field survey conducted at 25 office buildings in

five cities, Bangkok, Hanoi, Singapore, Taipei, and 
Hong Kong, in 2013 to 2019. Of the 25 office buildings, 
5 were in Hanoi, 2 in Taipei, 11 in Bangkok, 1 in Hong 
Kong and 6 in Singapore (Table1).  

In all cases, there’re the whole-building air 
conditioning and mechanical ventilation systems. 
There are winter seasons in Taipei, Hong Kong, and 
Hanoi, but summer data was used for the analysis in 
order to compare cities under similar conditions.  

Table 1: List of target buildings 

Code Year Structure Façade 
type 

Working 
time AC type 

HK1 2010 RC Curtain 
wall 

9:00-
18:00 

Central 
AC 

TW1 2014 S - 8:00-
18:00 VRV 

TW2 2014 S - 8:00-
18:00 VRV 

VN1 2010 - 
Masonry + 

Glass 
window 

8:00-
18:00 VRV 

VN2 2009 - 
Masonry + 

Glass 
window 

8:00-
18:00 

Central 
AC 

VN3 2002 - 
RC + 
Glass 

window 

8:00-
18:00 

Central 
air 

VRV-ll 

VN4 2013 - Curtain 
wall

8:00-
18:00 

Central+ 
Individual 

VN5 2009 - 
Masonry + 

Glass 
window 

8:00-
18:00 Individual

SG1 - - - 8:30-
17:30 

Central 
AC 

SG2 1985 - - 8:30-
17:30 

Central 
AC 

SG3 2014 - - 9:00- 
17:30 

Central 
AC 

SG4 2014 - - 9:00- 
18:00 

Central 
AC 

SG5 2003 - - 8:30-
17:30 

Individual 
AC 

SG6 2015 - - 9:00-
18:00 VRV 

TH1* 2014 RC 

Curtain 
wall + 

Autoclaved 
aerated 

8:00-
18:00 

Central 
AC 
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concrete 
masonry 

TH2 1992 RC - 8:00-
18:00 

Central 
AC 

TH3 2011 RC Curtain 
wall 

8:00-
17:00 

Central 
AC 

TH4 1999 RC 
Masonry + 

Glass 
window 

8:00- 
17:00 

Multiple 
Packaged 
AC unit 

TH5 2008 RC Curtain 
wall 

8:00-
17:00 

Central 
Water 
Chiller 

TH6 - RC
Masonry + 

Glass 
window 

8:00-
18:00 

Water 
Cooled 

package 

TH7* 1989 RC Curtain 
wall 

7:30- 
17:00 

Central 
Water 
chiller 

TH8 2016 RC 
Masonry + 

Glass 
window 

8:00-
18:00 VRF 

TH9* 2011 S+RC Curtain 
wall 

8:00-
18:00 

Chilled 
water 

system 

TH10 2008 S+RC Curtain 
wall 

8:00-
17:00 

Central 
water 
chiller 

TH11 2015 S+RC Curtain 
wall 

8:30-
17:30 

Central 
water 
chiller 

TH12 2014 RC Curtain 
wall 

8:30- 
17:30 

Chilled 
beam 

The survey conducted 2 times in 2018 and 2019 in the 
building that has *. 

2.1 Measurement for Thermal environment 
The field survey was conducted in outdoor and 

indoor environment measurements for each target 
building. The measured parameters were outdoor 
weather during office hours, temperature and 
humidity in the office space, CO2 concentration, and 
wind velocity. The equipment installed in the office 
was distributed on 10 points for room temperature 
and humidity, 3 points for vertical temperature 
distribution, 2 points for outlet temperature, 6 points 
for manual measurement, and 2 points for CO2 
concentration in each building. The amount of leakage 
and the number of leaks in the entire office were 
calculated from the decay of exhaled breath, as 
measured by CO2 densitometers installed in the office. 

2.2 Measurement for air leakage 
For the airtight performance measurement of the 

outer skin, attenuation measurement using CO2 as a 
tracer gas was performed in a vinyl tent (Figure1) in 
building TH-8 in Bangkok. The amount of leakage from 
the outer skin was calculated from equation (1) [3]. It 
is performing leakage amount calculation using the 
night time attenuation of CO2 of each office. It is 
using the CO2 attenuation of 20:00 to the next 6:00. 

Figure 1: Air leakage amount per hour 

Q = V/t*log(P1-P0)/(P2-P0)  (1) 
where  Q- The air leakage volume (m3/h);

V- The volume of the room (m3);
t - The measurement time (h);

P0 - The CO2 density of the outside (ppm).
P1 - The CO2 density when starting (ppm).
P2 - The CO2 density when finishing (ppm)

2.3 Questionnaire 
Furthermore, a questionnaire survey of office 

occupants was conducted in all measured buildings. 
The questions asked about the amount of clothing 
needed, the comfort level, and the thermal sensation 
of the office worker. Regarding comfort level, we 
asked for answers from five options: "comfortable,” 
"slightly comfortable,” "neutral,” "slightly 
uncomfortable,” and "uncomfortable.” (Table 2) 

Table 2: Evaluation from occupants in questionnaire 

Scale Thermal 
sensation  

Thermal 
comfort 

Thermal 
acceptance 

Thermal 
Preference 

-4 Very cold - - - 
-3 Cold - - - 
-2 Cool Uncomfortable - Cooler

-1 
Slightly 

cool 
Slightly 

uncomfortable 
- 

A little 
more cooler 

0 Neutral Neutral Acceptance No change 

1 
Slightly 
warm 

Slightly 
comfortable 

Unacceptance 
A little 
more 

warmer 
2 Warm Comfortable - Warmer
3 Hot - - - 
4 Very hot - - - 

3. THE RESULTS OF THE FIELD SURVEY
3.1 Measurement for Thermal environment

 The occurrence frequency of PMV was calculated 
in each case to quantify the thermal environment in 
each office space. The comfort zone of PMV is in the 
range of -0.5 to 0.5 [4]. Figure2 shows the frequency 
distribution of PMV and the comfortable zone of PMV 
(gray shaded) in each office building. 

In the offices in Hanoi, the PMV values indicate a 
slightly warm environment of 0 to 1. In other cities, the 
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PMV values indicate cool environment of -1 to 0, 
especially Singapore. In addition, it can be seen that 
the office building in Hong Kong almost coincided with 
the comfortable zone, and appropriate temperature 
control was performed. Regarding Thailand, the 
tendency was different depending on the building, it 
was in a comfortable zone or too cold. 

Figure 2: Frequency distribution of PMV 

3.2 Measurement for air leakage 
The air leakage amount per hour from the entire 

office, calculated from the actual measurement results 
in each case, was relatively large in Hanoi, with small 
results in Singapore and Hong Kong (Table 3). In 
Bangkok, especially TH8 building leakage frequency 
was higher (Figure 3), but It was possible that some 
windows were not completely closed at the end of 
work due to the opening of windows during work. 

Table 3: The average of air leakage amount per hour 

Country 
The average of 

air leakage amount per hour 
[1/h] 

Hong Kong 0.021 
Taiwan 0.150 

Vietnam 0.208 
Singapore 0.072 
Thailand 0.130 

Figure 3: Air leakage amount per hour 

It is important to note that the number of Hong 
Kong and Taiwan surveys is smaller than Singapore and 
Bangkok. Therefore, it can be said that the lack of 

representativeness is an issue. In this survey, the 
amount of air leakage can be calculated but the 
leakage path cannot be specified. This time, we 
focused on leakage from windows to clarify the details 
of leakage. 

The air leakage amount per hour to the window 
surface measured in building TH8 was compared with 
the sash airtight rating of the JIS standard. In the 
standard, the air leakage grade is higher in the order 
of A-1, A-2, A-3, A-4 [5]. The value is obtained by 
dividing the leakage volume by the window area and 
then comparing the aeration volume with the JIS 
airtight performance class. The air leakage was found 
to be on the order of grade A-3 because the indoor and 
outdoor pressure at the time of measurement was 
about 10 Pa.  

When comparing the leakage amount with the 
entire office space and the window surface, the 
amount of leakage from the window surface is as small 
as 3% of the whole, as shown in Figure 4, so that most 
of the leaked air flows to the adjacent room or ceiling. 

Figure 4: Breakdown of air leakage 

3.3 Questionnaire 
Figure 5 shows the results of the indoor 

environmental satisfaction questionnaire for each 
country. Indoor environmental satisfaction is the 
result of a worker's response to five levels of comfort: 
"uncomfortable", "slightly uncomfortable", "neutral", 
"slightly comfortable" and "comfortable". The timing 
of the reply is three times during the work day: start of 
the day, 11 o'clock, and 15 o'clock. 

Comparing the comfort responses between cities, 
there were many responses of "slightly comfortable" 
and "comfortable", especially in Singapore and 
Thailand. Whereas in Hanoi there were many 
responses of “discomfort”.  

When compared with the results of the frequency 
distribution of PMV, when the PMV was -1 to 0, the 
answer of comfort tended to increase. Therefore, it 
was suggested that the cold environment is preferred 
in the Southeast Asian region over the general 
comfortable area. 

Also, compared with the amount of leaks, it seems 
that the ratio of “discomfort” responses was high in 
buildings in Vietnam where the air leakage amount per 
hour was relatively large, and the ratio was low in 
Hong Kong where air leakage amount per hour was 
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low. Therefore, in the next section, the correlation 
between the answer regarding the comfort of the 
worker and the amount of air leakage will be analysed 
statistically. 
Figure 5: Thermal comfort vote  

4. INFLUENCE OF AIRTIGHT PERFORMANCE ON
COMFORT LEVEL OF OCCUPANTS

In this section, it’s clarified how much air leakage 
amount per hour has a major effect on quality of 
thermal comfort of occupants. 

First, the single correlation coefficient between the 
comfort level and air leakage amount per hour was 
calculated in each country. The questionnaire on 
comfort is conducted three times a day at the start of 
work, 11:00 and 15:00. However, the answer only at 
11:00 and 15:00 is used because at the start of work, 
the degree of human adaptation to environment and 
metabolic rate are different from those at other times. 
The ratio of “slightly comfort” and “comfort” 
responses in the questionnaire were define as the 
comfort rate. On the other hand, the ratio of “slightly 
discomfort” and “discomfort” responses were defined 
as the discomfort rate. For comparison, not only air 
leakage amount, but also the correlation coefficient 
with temperature, humidity, CO2 concentration, 
leakage amount, clo value, and wind speed.  

Secondly, to clarify which elements are deeply 
involved in the indoor environmental satisfaction, 
multiple regression analysis was performed [7]. The 
explanatory variables are dry bulb temperature, 
absolute humidity, CO2 concentration, leakage amount, 
clo value, and wind speed.  

Table 4 shows the calculation results of the single 
correlation coefficient with comfort rate. It indicates 
that the correlation with the temperature was not 
always high efficient. In Taiwan, there was a strong 
negative correlation between the comfort rate and air 
leakage amount per hour. In addition, Table 5 shows 

the results of the single correlation coefficient with 
discomfort rate.  In some countries, there was also 
small correlation between temperature and the 
discomfort rate. A relatively large positive correlation 
was found with the amount of air leakage amount per 
hour in Taiwan. In Vietnam, a negative correlation was 
observed, despite the fact that air leakage amount 
showed a large value (Table 3). It turned out that in 
Vietnam, discomfort due to leakage was not much 
noticed.  

Figure 6 is standard partial regression coefficients 
of multiple regression analysis. It shows the effect on 
the comfort rate by each factor. Compared to other 
factors, the impact on the comfort rate by air leakage 
amount was found to be relatively small. However, the 
negative correlation is large in Taipei where the 
relative amount of leakage is large. Almost the same 
results as the analysis by the correlation coefficient 
could be confirmed. 

Table 4: Correlation coefficients between Comfort rate and 
each factor  

Factor HK 
N=19 

TW 
N=9 

VN 
N=7 

SG 
N=37 

TH 
N=72 

Dry bulb 
temperature -0.52 -0.53 0.57 0.14 -0.38

CO2 
concentration 0.24 0.26 0.45 -0.42 -0.28

Air leakage 
amount per 

hour 
0.35 -0.86 -0.27 0.28 0.11 

clo value 0.24 -0.20 -0.53 -0.23 -0.05
Absolute 
humidity -0.51 -0.71 0.01 -0.04 -0.09

Wind speed 0.70 0.86 NA 0.12 0.28 
MRT -0.62 -0.51 -0.02 0.19 -0.06

Table 5: Correlation coefficients between Discomfort rate 
and each factor  

Factor HK 
N=19 

TW 
N=9 

VN 
N=7 

SG 
N=37 

TH 
N=72 

Dry bulb 
temperature 0.81 -0.09 -0.67 -0.31 0.11 

CO2 
concentration -0.19 -0.60 -0.31 -0.20 0.13 

Air leakage 
amount per 

hour 
-0.24 0.82 -0.47 0.26 0.18 

clo value -0.53 0.73 -0.33 0.02 0.09 
Absolute 
humidity 0.47 0.71 -0.33 0.27 -0.09

Wind speed -0.65 -0.63 NA -0.43 -0.26
MRT 0.63 0.005 -0.52 -0.36 0.23 

Figure 6: Standard partial regression coefficient for comfort 
rate  
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5. BUILDING ELEMENTS AFFECTING AIRTIGHT
PERFORMANCE BY CORRESPONDENCE ANNALYSIS

Items considered to be related to the airtight 
performance include the facade type and building 
structure. In this section, the goal is to clarify which of 
these factors relates to airtight performance through 
statistical analysis. 

Correspondence analysis that is visually easy to 
understand is performed in this analysis. 

In this case, the totalization and analysis were 
performed by classifying into three groups: those with 
a leak rate of 0.1 or less, those with a leak rate greater 
than 0.1 and 0.2 or less, and those with a leak rate of 
0.2 or more (Table 6). 

Table 6: Cross-tabulation table for the air leakage amount 
per hour and facade type 

The amount 
of air leakage 

per hour 

Curtain 
wall 

Masonry 
& glass 
window 

RC & 
Glass 

window 

Curtain 
wall + 

Autoclaved 
aerated 
concrete 
masonry 

n 0.1 2 1 0 2 
0.1<n 0.2 5 2 1 0 

0.2<n 1 3 0 0 

Figure 7 shows the results of analysis of the air leak 
rate and the facade type. The closer the distance 
between the points plotted on the scatter diagram is, 
the higher the correlation is between elements. 

Regarding RC & Glass window and Curtain wall + 
Autoclaved aerated concrete masonry, since the 
number of samples is small, it cannot be said that they 
are related. On the other hand, it was found that there 
was a certain number of buildings for Curtain wall and 
Masonry & glass window, that some degree of airtight 
performance could be ensured when the number was 
Curtain wall, and that the airtight tended to be low 
when it was Masonry & glass window. 

Figure 7:  The relationship between the façade type of the 
building and the amount of leakage

Table 7: Cross-tabulation table for the air leakage amount 
per hour and building structure 

The amount 
of air leakage 

per hour 
RC S+RC S 

n 0.1 5 1 0 
0.1<n 0.2 3 2 2 

0.2<n 2 1 0 

Figure 8 shows the results of the building structure 
and the amount of air leakage. In the case of this data, 

Although it can be read that the RC has a tendency 
to have a slightly higher airtightness, it was not so 
significant. According to the results of only the building 
that was measured this time, it can be said that there 
was no significant relationship between the building 
structure and the airtightness. 

Figure 8:  The relationship between the construction of the 
building and the amount of leakage 

From the above results, it was numerically proved 
that the facade type was large as a factor contributing 
to the building airtightness. In the future, it is 
necessary to clarify more accurate trends by using 
databases in each country. 

6. ENERGY SIMULATION
Purpose of simulation part is to clarify the effect of

improvement of airtight performance on energy-
saving effects. The change of heat load by air leakage 
was calculated in 5 cities: Hong Kong, Taipei, Singapore, 
Bangkok and Hanoi. In this study, a heat load 
calculation is carried out using "hload-L". For this 
calculation, the target building was the web standard 
model (1000 m², office) that was published under the 
Ministry of Industry's energy conservation standards 
in US. In the calculation, the opening was set as one 
room with a lateral continuous window on the south 
side. 

 Figure 10 is the primary energy consumption that 
the setting temperature and humidity of the air 
conditioning according to the measured value. The 
airtight performance of sashes is almost unchanged 
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for A-3 and A-4 grades, but compared with Hanoi's 
current airtight performance model, it is about 8% in 
Hanoi and 6% in Tokyo. Especially in Singapore, the 
actual air conditioning temperature setting is set to be 
quite cold at around 22 degrees Celsius, so the actual 
results are more energy consumption. 

Figure 10: Energy Consumption in Air Conditioning Control 
Based on Actual Conditions 

Table 8: Setting point of AC in each country 

Country 
: Mean value of 

measured 
temperature [° C] 

The rate of 
energy reduction 

[%] 
Hong Kong 24.60 -5.8

Taiwan 24.60 -5.7
Vietnam 25.86 -9.8

Singapore 23.10 12.2 
Thailand 23.66 2.4 

From the results of the symptom report based on 
the questionnaire, it is known that if air temperature 
that does not harm the health of workers is estimated 
to be about 23.9 to 24.8 ° C (23.5 to 24.5 ° C of SET*) 
[7].  Therefore, as the comparison target, the 
calculation result in the case where the room is kept at 
24 ° C and 60% environment is used. Table 8 shows 
that Singapore and Bangkok tend to be too cold, which 
has increased energy consumption about 2.4-12.2%. 
The cause of overcooling is that, based on the results 
in Chapter 3, there is a tendency to prefer a cold 
environment, and if the temperature is not lowered, 
the humidity is high and the discomfort is easily felt.  

7. CONCLUSION AND FUTUTRE PROSPECTS
From the amount of air leakage in office buildings

in each city calculated from CO2 attenuation, it was 
found that it is a difference in air tightness 
performance in each city. In particular, the amount of 
air leakage was large in Hanoi and Taipei, and small in 
Singapore and Hong Kong. Statistics analysis suggested 
that large amount of air leakage could be responsible 
for the decrease of comfort vote.  

The heat load calculation by the simulation based 
on the actual condition of each country showed the 
significance for improvement of the airtight 
performance under the hot and humid area. By 
comparing the results of proper temperature control, 
it was found that energy savings of less than 10% were 
expected, especially in Singapore and Bangkok, which 
tend to be too cold. In addition, in cities with high 
indoor temperatures, since there was a tendency to 
declare less comfort, it was found that there is a 
tendency to prefer a cool environment. As a cause of 
the trend, it is also conceivable that the humidity 
control is not sufficient. 

As future prospects, the solution is to use an air 
conditioning system that separately processes 
temperature and humidity. Therefore, a calculation 
assuming DESICA is additionally performed. It is said 
that the humidity control in DESICA is greatly affected 
by the outside air load due to the draft wind [8]. 
Therefore, the study will be conducted based on the 
results of the airtight performance. In addition, it will 
be discussed how to manage the airtightness of the 
building during the operation and maintenance stage 
of the building. We propose the use of FM using BIM 
as a method for that. 
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ABSTRACT: Data centers (DCs) bring important positive economic impacts to the cities and regions where they 
are established, however, in exchange of a high electricity consumption, which in the end is transformed into 
unused waste-heat. Only 10% of the DCs in Sweden utilize their waste-heat by generally plugging it into the 
district heating (DH) network. Despite having a DH tradition in most of Swedish cities, DC waste-heat utilization 
is not a rule. Data center strategical planning and urban strategical planning should be well coordinated, in order 
to offer alternative strategies to integrate the DCs waste-heat inside the local sectors/ services constellation in 
need of heat. Therefore this paper will focus on understanding how the urban planning practice can support 
DC’s waste heat utilization by proposing an urban scale analytical approach to identify  factors in relation to 
spatial and energy resource planning at a municipal level that may facilitate the DCs’ waste heat utilization in 
cities.  
KEYWORDS: Data center, Waste-heat, Urban planning, Circular cities. 

1. INTRODUCTION
Public and private bodies in different countries, as

Sweden, have been developing tailored regional 
strategies [1] to make their regions attractive for Data 
center (DC) investors. Scandinavian countries, 
including Sweden, are among the top ten countries 
with lowest risk in DC investment [2] due to the high 
score in relevant factors as; reliable power supply, 
energy resource abundance, renewable electricity 
supply, cold climate and low energy prices. Sweden, 
despite having a reliable power supply and energy 
abundance, faces local challenges in relation to the 
national energy distribution; the highest energy 
consumption occurs in the west and south of Sweden 
while the highest energy production comes from the 
North [3]. Hence, some studies have stated the 
relevance to shift these consumption patterns; 
attracting more big electricity consumers (e.g. data 
centres) to the North, where the energy is produced 
[1]. Since 2011, when Facebook established in 
Northern Sweden, the trend in Sweden has been to 
become more attractive for the DC sector and gain 
weight in the global market. DC activities require a 
great amount of electricity for data storage and 
processing. However, high amount of this electricity is 
transformed into hot air by the servers, and in most of 
the cases is going to waste [4]. Consequently, the DC 
sector is becoming more conscious of its high energy 
consumption and waste, and therefore has a will to 
create a so called green profile; already some of the 
biggest ICT companies in the world have signed up for 
100% Renewable Energy Commitments [5]. There are 
fewer examples, where some DC companies are 
diverting part of their business focus into the local 

community benefits, as for example in the south of 
Sweden, in Stockholm, where DC’s waste-heat warms 
surrounding homes. Nowadays, the DC sector seems 
to have two strategies to become more sustainable; 
improving energy efficiency, which includes waste-
heat reduction among others, and increasing the use 
of renewable energy [6]. However, DC waste-heat 
utilization is still not included in the main design 
strategy. Process waste-heat, in this case from the DC 
sector, should not be just reduced, but actively reused 
[7].  As Pärssinen et al. state, there is a need to create 
supporting policies and strategies to accelerate the 
waste-heat utilization within the DC sector [8]. 
According to Weale (2015), the users demand for the 
DCs’ waste-heat can play a role in the site selection 
and, consequently, the location of the DC within a city 
can determine its mechanical design (e.g. the cooling 
medium, the heat rejection method, air delivery path 
or air management) [4]. This highlights the relevance 
of coordinating data centre strategic planning with 
urban strategic planning in order to make DC waste-
heat use increase. Therefore, this paper will focus in 
understanding how the urban planning practice can 
support DC’s waste heat utilization. 

2. BACKGROUND
The same way as the origin of modern urban

planning practice arose to tackle the industrialization 
of cities [9], there is a need for the contemporary 
urban planning practice to address the digitalization of 
cities, and therefore the industry that supports this 
digitalization; the DC industry. The data center 
industry is an important pillar in the worlds’ economy, 
having a major role in the worlds’ globalization and 
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consequently influencing urban developments [10] as 
DCs have been establishing progressively inside urban 
areas.  

Initially, DCs were located far from the city as land 
and energy had lower cost. Later on, the expansion of 
the DC sector increased the competition, occasioning 
a higher interest in getting closer to cities, where high 
bandwidth and speed data transfer met the 
customer’s needs.  After that, the businesses became 
dependent in Cloud computing making the DCs move 
where the businesses were. In the last years, the fast 
IT development made it possible, for DCs from the 
same company, to be far from each other (e.g. in 
different countries) and still share resources and 
balance workloads [11]. 

This gradual establishment of DCs in urban areas 
arises questions about the levels of integration of DCs 
inside the city. Focusing on Sweden, DCs have been 
offered the possibility to establish in different types of 
location with different land use (e.g. industrial areas, 
green areas, urban areas…), following a long list of 
requirements (e.g. high power capacity, renewable 
energy, water storage, political stability, etc.) [12] , but 
with little consideration for waste-heat utilization. 
Tools and guidelines, on how to identify waste heat 
sources in the city and implement waste-heat recovery 
projects, have been developed in central Europe [13]. 
However, this approach focuses mainly on techno-
economic aspects but does not include the 
environmental and social perspectives fully. There are 
studies where DC strategic planning and urban 
strategic planning were coordinated to facilitate 
waste-heat utilization in new neighbourhoods.  For 
example in Harbin, China where DCs were placed 
together with different buildings to utilize the DC 
waste heat: a fitness center, offices, housing, teaching 
and exhibition rooms [14]. Other examples, which 
show the potential of this coordination, are the 
Sparkcity and Kolos data center projects in Norway. 
There are many low temperature urban waste-heat 
sources inside the city apart from DCs waste-heat, as 
for example, waste-heat from water treatment plants 
or subway lines. All this low temperature waste-heat 
in general needs a Waste Heat Reuse System (WHRS) 
(e.g. a heat pump) to increase the temperature and 
meet the heating demand [15]. The use of certain 
types of WHRSs, which is part of the mechanical design 
of DCs, can be influenced by the waste-heat users’ 
location in the city [4]. In addition, Lund and Hansen 
have highlighted that more concrete case studies and 
city analyses should be done to give a better 
understanding of the kind of systems and 
configurations that are needed to utilize the urban 
waste-heat [15]. The location inside a city can 
determine, as well, the way the waste-heat is used, 
“on-site” or “off-site”, depending for example on how 
close the waste-heat user is to the network or to the 

source. The DC waste-heat can be utilized on-site, 
when having a heat user nearby as for example 
connecting the DC waste-heat to a swimming pool 
[16], to a greenhouse [17] or to a fish farm [18]. The 
other option is off-site, connecting the DC waste-heat 
to a heat distribution network (district heating, DH) 
[15], which will eventually reach the heat users, even 
if they are placed close or far away from the waste-
heat source. Stockholm city has one of the most 
complex DH systems in Europe where DC waste-heat 
utilization takes part successfully [19]. 

Traditionally the waste-heat management 
(distribution and supply), in Swedish municipalities, 
has been centralized through DH networks since 1948 
and managed by DH companies. In 1996 the electricity 
market in Sweden was deregulated affecting the DH, 
which had to be sold at a market price [20]. Waste-
heat utilization has been since then, led mainly by 
profitability (defined by technical and economic 
factors) keeping high competitiveness against other 
decentralized heating solutions as local heat pumps. 

 As Wahlroos et al. state “For the waste heat 
utilization to be realized, the business case has to be 
mutually attractive; i.e., there has to be economic 
potential for both the heat provider and the DH 
operator” [28]. The waste-heat in Sweden comes 
mostly from industrial processes, and as the traditional 
industries did (steel and pulp industry), the emerging 
DC industry has been trying to integrate their waste-
heat into the well-established heat distribution 
networks [20]. However, despite having Stockholm 
municipality as a successful case of DC waste-heat 
utilization and having a tradition in DH networks, DC 
waste-heat utilization has not become yet a strategy 
when establishing DCs in most of Swedish 
municipalities. For this reason, this paper will propose 
an urban planning analytical approach to identify 
urban scale factors at a municipal level that influence 
the DCs’ waste heat utilization, and aims to answer the 
main question; What can be learnt from the existing 
urban set-ups inside different Swedish municipalities 
where data centers utilize their waste-heat? As well as 
the following sub-question: Which urban factors inside 
the city influence the data center waste-heat 
utilization?  

3. METHODS
In order to answer the research question “what can

be learnt from the existing urban set-ups inside 
different Swedish municipalities where data centers 
utilize their waste-heat?” a GIS mapping of the data 
centers in Sweden was done to identify and select the 
cases of DCs with waste-heat utilization strategies 
inside Swedish municipalities. Once these cases were 
selected, a data collection was performed following a 
Multiple Case Study approach guided by the sub-
question “what are the urban factors inside the city 
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that influence the DC waste heat utilization?” As a final 
step, the different factors for each case were 
presented through a Radar chart to facilitate a 
comparative analysis between the cases. 

3.1 Case studies selection methods 
To identify and select the case studies the first part 

of the study was taken as a “phenomenon driven-
research” [21]. In this case to track the DC-waste heat 
utilization phenomenon, a GIS mapping of the 
different DCs in Sweden was performed using 
interviews and site visits as primary sources and as 
secondary sources the following were used (e.g. 
DataCenterMap, Cloudscene, Business Sweden, 
Nodepole, Allabollag). However, there were clear 
limitations when doing the mapping. Some of the 
existing DCs could not be counted, as they are not 
reported as a company themselves, remaining 
“invisible” as a small part of a bigger corporation. 
Other DCs are not officially reported in their real 
location for security reasons, becoming untraceable. 
Despite these challenges, the GIS mapping is still 
considered accountable enough to give an overview of 
how the DCs are distributed within Sweden. The 
results from the GIS mapping were analysed to select 
relevant cases. The DCs mapped were divided up into 
two groups; DCs with Waste Heat Reuse System 
(WHRS) and DCs without WHRS. This division helped 
identify the cases that are relevant for this study; the 
DCs with WHRS. Only three cities (Falun, Stockholm 
and Helsingborg) had DCs with WHRS, which represent 
10% of the total DCs counted in this study. Of those 
included in the 10%, 75% are located in Stockholm 
Region. All current DCs with WHRS found through the 
mapping are located in municipalities in the south 
of Sweden (mainly Falun, Stockholm and Helsingborg) 
and none in the north. The study focuses the data 
collection and analysis part on these three identified 
municipalities. 

3.2 Case studies data collection method 
After identifying and selecting the three case 

studies (Falun, Stockholm and Helsingborg 
municipalities), the study followed Yin’s Multiple Case 
Study Approach (MCSA), and create a data collection 
criterion[22]. An explorative literature review was 
done to identify urban scale factors that are later 
organized by two categories; spatial factors and 
energy factors. The three municipalities are described 
through the same data collection criterion to later 
compare and understand the factors that could have 
facilitated the DCs waste-heat utilization in each 
municipality.  

3.3 Comparative analysis method 
To make a simultaneous analysis and compare 

each factor through the three case studies, a graphical 
method known as “Radar chart” is used. This graphical 

method enables a representation of multivariate cases 
with an arbitrary number of factors [23], and is usually 
recommended for cases with small-moderate dataset, 
appropriate for this study with only nine factors as 
dataset. To facilitate the analysis between the cases, 
the factors are grouped by category next to each other 
in the Radar chart, in order to avoid a random star 
structure that can guide to misleading interpretations. 
Each factor has to be represented in the diagram by 
dimensionless indicators, therefore a conversion from 
diverse-unit indicators to dimensionless indicators is 
done using normalization (or scaling), usually ranging 
the values between 0 and 1 with a common direction 
(e.g. a score of 1 is more desirable than a score of 0) 
[24]. For the normalization process, ‘Zero-max’ scoring 
approach is taken, meaning that the scores on 
criterion are expressed as a proportion of that 
criterion’s best performer [24]. 

4. RESULTS AND DISCUSSION
A combined Radar chart where all factors in the

three cases are shown is represented in Fig. 1. This, in 
order to make an analytical description of each factor 
and to compare them along the three cases. 

Figure 1: Identified urban scale factors that may influence DC 
waste-heat utilization.[Sf] Spatial factor. [Ef] Energy factor. 

As a first clarification, this study does not intend to 
present these factors as the causality of the DC waste 
heat utilization, but does want to represent a co-
relation of each factor with the phenomenon of DC 
waste-heat utilization, by looking at the three case 
studies identified. To do a list of factors as a causality 
of DC waste-heat utilization would require a larger 
amount of cases of DCs with WHRS in the study in 
order to do such statement. However, it is considered 
relevant to initiate the discussion of which factors can 
influence DC waste heat utilization from an urban 
scale perspective, as it can guide the strategical 
planning, at a municipal level, of future DC locations in 
order to utilize the DC waste heat. 

4.1 Proximity to district heating facilities 
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In Stockholm the DCs in the park is 300 m from the 
closest heat production plant and in Falun case, the DC 
is at 600 m from a heat production plant. In 
Helsingborg case the closest heat production facility 
from the DC is 1,5 km, five times further than 
Stockholm cases. Stockholm and Falun cases use 
WHRSs that can replace part of the heat generated 
initially from the boilers inside the district heating 
network, making the DC waste-heat utilization a 
technological-economic feasible solution for the heat 
supplier [15]. In the case of Helsingborg, the DC is 
connected to the network directly through the DCs’ 
WHRS (heat pump), without being part of an existing 
district heating facility. Despite the possibility of 
having high technologic-economic feasibility when 
being spatially close to the district heating 
infrastructure, there is also a need of trust from the DC 
company to let the heat suppliers manage their 
“cooling system” [20]. However, Helsingborg case is an 
exception; the DC pumps water from the Oresund Sea 
to cool the servers, having their own cooling system 
without depending on the heat supplier’s reliability. 

4.2 Agglomeration of data centers 
Stockholm has the highest agglomeration of DCs 

with WHRS within a 1km radius, where three are 
already established and two more are planned. This 
high value is due to the spatial set-up of a DC park, 
called Kista Data Park. In Stockholm municipality, an 
organisation called Stockholm Data Parks is managing 
specific areas within the municipality to form urban 
scale DC clusters or so called data parks. Consequently, 
this spatial set-up facilitates the harvesting of DC 
waste-heat in the same place, having the possibility of 
sharing costs of a common WHRS. In Falun, only one 
existing DC with WHRS was identified. However, two 
more DCs are planned at the same location as the 
existing one, having then a moderate agglomeration 
value if compared to Helsingborg with just one DC with 
WHRS.  

4.3 Heat demand density 
The heat demand density was retrieved from the 

European project “Peta4, Heat Road Map”. This heat 
demand density is based on an aggregation of  factors 
as population density, census data, GDP, soil sealing 
data analysis, among others [25]. The heat demand 
influences how the district heating network is 
dimensioned. An expansion of a district heating 
network is determined by how cost efficient that 
expansion is. The higher heat demand in an urban 
area, the more cost efficient an expansion to connect 
that area will be [26]. An expansion of the district 
heating network sometimes requires installing 
auxiliary heat production facility (heat booster). As 
mentioned before, this booster can be replaced by the 

DC waste heat recovery system [15]. Therefore, if the 
DC is placed in an urban area without DH network, but 
close to it, the higher the possibility of installing a DC 
as booster to expand the current DH network in that 
area. The heat demand density is high or moderate in 
all the cases, meaning that this factor can influence 
positively DC waste-heat utilization, as it is interesting 
for the DH Company to reduce heat loses in their 
system by using the available waste-heat “on-site” if 
possible. 

4.4 Proximity to large heat user 
Falun is the only case providing DC waste-heat to a 

user in need of heat, a wood pellet dryer industry, 
placed 300 meters far from the DC. In Helsingborg and 
Stockholm there are also heat users less than 1 km far 
from the DCs (a hospital in Falun, and a swimming pool 
and sports hall in Stockholm), but do not use directly 
the DC waste-heat. In Falun as well as Stockholm and 
Helsingborg, the DCs have connected their waste-heat 
to the DH network. However, Falun is a unique case, as 
the heat user, the wood pellet industry, is at the same 
place as the main heat production facility, therefore 
providing the DC waste-heat for both, when needed. 
All the three cases are located very close to urban 
centers, where large low-temperature heat users can 
be found. This urban set-up makes the DC waste-heat 
become a cleaner source of low temperature heat in 
the middle of the town, if compared to a non-electrical 
boilers ran by diesel, biomass generating CO2 
emissions when burnt. This alternative seems an 
attractive solution especially for cities with the 
ambition to have attractive and healthy urban centers 
equipped with public services free of CO2 emission 
sources. 

4.5 Total power capacity 
Falun and Stockholm have both a DC cluster spatial 

set-up. Falun has planned a DC campus of 65 MW and 
Kista Data Park in Stockholm has planned for 70MW. 
Both have a high potential in providing high amounts 
of waste-heat. This factor could be relevant to know if 
the DC waste-heat from a data park could provide 
enough heat to a certain area in a city, (e.g. to a 
neighborhood, or to a public service as a swimming 
pool). This factor could be informative in both ways, 
when planning a new DC location or when planning a 
new public swimming pool, as the location of a DC with 
enough heat to offer to meet the heat users’ demand 
can lead to DC waste-heat utilization. This factor can 
be relevant in terms of profitability, as Pärssinen et al. 
states, the higher the power capacity of a DC the more 
profitable utilizing the DC waste-heat will be. 
However, there is a large difference when comparing 
Stockholm and Falun (65 and 70 MW) with Helsingborg 
case having a DC with approx. 1MW power capacity. 
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This might be due to a low cost of the WHRS, becoming 
then a profitable solution for this case. However, if the 
cost of the WHRS was high, this could mean that 
despite having a low profitability when utilizing waste-
heat from a small DC [8], there is still a will to utilize 
the DC waste-heat. Profitability can be in most of the 
cases a condition to utilize the DC waste-heat, having 
exceptions where other qualitative conditions from 
the DC owner or DC customers have preference (e.g. 
will to be environmentally friendly or will to innovate). 

4.6 Source homogeneity 
The data used for this factor is retrieved from SCB 

database, and refers to the “district heating 
production and fuel consumption sources”. 
Considering that all the three cases are inside an area 
covered by the district heating this factor can be 
relevant to encourage DC waste-heat utilization. 
Stockholm has highly diversified heat sources (35% 
biomass, 24% non-renewable solids, 21% wastewater 
treatment plant, 11% electricity, 5% biodiesel). 
Helsingborg has a high-moderate diversification of 
heat sources (35% biomass, 29% waste-heat from 
industry, 17% non-renewable solids, 10% electricity), 
and Falun the lowest with only two heat sources, 
having wood pellets as the dominant heat sources with 
a 76% share of the total amount of heat sources. One 
could think that the more diversified the heat sources, 
the lower the need to add a new sources to diversify. 
However, if the district heating network has already a 
flexible and adaptable system to include many 
different sources, the easier it can be for this 
“experienced” system to add a new source. The lesser 
diversified heating network the more reluctant the 
heat supplier might be to adapt the system for a new 
(low-grade temperature) heat source. Therefore, 
Stockholm having a highly diversified system has a 
greater experience in including multiple sources and 
even low-grade heat source (as DC waste-heat), makes 
it a good set-up which can facilitate DC waste-heat 
utilization. 

4.7 Zero-Carbon target 
Here the amount of non-renewable sources is 

presented in relation to the total amount of sources. 
Falun has the lowest amount of non-renewable as it is 
mainly using wood pellets to heat the town. Stockholm 
has the highest share in non-renewable followed by 
Helsingborg. Both cities, Stockholm and Helsingborg, 
have a higher heat demand than Falun, as their 
population density in the urban area is higher. This 
high heat demand could force them to use “any” 
source available to cover the need. This situation 
might encourage using more secondary resources with 
a “cleaner primary energy” as the DC sector powered 

by Swedish electricity, having a 58% of renewable and 
42% non-renewable [27]. 

4.8 Linearity of heat sources 
The linearity of sources is considered as the 

opposite to circularity of sources. The indicator used is 
the amount of primary sources in relation to the total 
amount of sources. Helsingborg has very low linearity 
(or high circularity) which means that they use many 
secondary sources to generate heat. Helsingborg has a 
heat production plant powered by solid waste (67% 
renewable, 33% non-renewable). They have a high 
circularity in their heating system. Falun on the 
contrary has a high linearity as they consume high 
amounts of primary sources; wood pellets to produce 
heat from the town. Stockholm has as well very high 
primary energy source share but lower than Falun. 
Stockholm, despite of having a complex and highly 
diversified district heating system, has a high heat 
demand that  needs high amount of primary 
resources. Stockholm has many boosters in their 
system that are powered by oil, wood pellets, and 
other primary sources. Here the DCs could play their 
part by substituting these sources by DC-waste-heat, 
in order to reduce primary source consumption and 
their related cost and as well reduce their 
environmental impact. The heat pumps used could 
increase the amount of CO2, however, the electricity 
mix in Sweden has high percentage of renewables, still 
making a positive environmental impact even if using 
the electrical heat-pumps. If a system is circular the 
lower need to use and add more secondary sources, 
and if the system is linear, the higher need to use 
available secondary sources (e.g., DCs waste-heat). 

5. CONCLUSION
The results point that DCs which are located in

cities with moderate-high heat demand density and 
with a tradition of DH network (as in the three cases 
studies presented), seem to have multiple possibilities 
to utilize the waste heat in different urban set-ups. All 
the factors show a considerable variability in all of the 
case studies, and no specific pattern has been 
detected. This reflects that there is a greater possibility 
than the current situation in Sweden to utilize the DC 
waste-heat in different urban set-ups, where many 
combinations of these urban factors are possible. 
However, other factors (e.g. business-model factors, 
political factors…etc.) which not have been included 
specifically in this study, may have revealed less 
variability and more similarities between the cases.  
In addition, some factors can influence DC waste-heat 
utilization, in both directions (positively or negatively) 
as in the factor called “source homogeneity” case. 
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Having a low heat source homogeneity (or high 
diversification) as in Stockholm case, can have less 
need to diversify but can be more flexible to include 
any new source than a case with high homogeneity 
(e.g. Falun case), having a higher need to diversify. 
Both categories, factors related to the municipalities’ 
energy profile and spatial factors, appear to have as 
high influence to utilize DC waste-heat in Stockholm, 
where as in Falun and Helsingborg the energy related 
factors appear to encourage the DC waste-heat 
utilization more than the spatial factors. However, this 
would depend on the municipalities will (political 
agenda) to e.g. improve resource resilience, aim for 
circular city approach or reach Zero-carbon target. A 
municipality can have an energy profile (e.g. high 
linearity) that encourages the DC waste-heat 
utilization but can have no planned agenda to do so. 

It should be noted that all presented factors are 
directly or indirectly dependent on the current 
available technology and that a new technological shift 
or development within the DC sector could change the 
rules of the game. However, until that occurs, it is 
relevant to rise the discussion on how to facilitate the 
DCs waste-heat utilization in our cities. 
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Indoor Farming in Future Living Models 

ABSTRACT: According to a UN report, by 2050, the world’s population will reach around 9.7 billion. This growth, 
alongside a changing climate, will strain natural resources, especially the food supply chain. There will also be 
issues in relation to human health, education and well-being, due to people’s growing distance from food supply. 
Previous projects have sought a solution to these problems through vertical farming. Producing food within an 
urban environment suggests a different worldview for the next generation of living and a new urban lifestyle. In 
collaboration with SOM, this project explores the feasibility of using a network of hybrid farms to address 
London’s growth challenges. The research included solar studies of 3 building geometries in the identified 
farming zones within the building. The thermal analysis, conducted in studied areas, revealed that the optimum 
footprint is a square geometry. As an example, the lettuce was chosen to quantify and compare the production 
potential, food miles, energy and water consumption between the main farming systems. The building’s design 
maximises daylight and sunlight access in order to produce vegetables using the least amount of artificial 
energy. In this manner, the hybrid farms minimise energy demand, water consumption, transportation distances 
and land use.  
KEYWORDS: Indoor farming; Food production; Energy consumption; Urban agriculture; Vertical community. 

1. INTRODUCTION
Fifteen thousand years ago, there was not a single

farm on the planet. Agriculture triggered such a 
change in society and on how people lived. Its 
development, therefore, has been dubbed the 
“Neolithic Revolution” [1]. However, today, 
traditional agriculture is the primary reason for 70% 
of water consumption and 80% of global 
deforestation [2]. On average, fresh food produced 
travels 2000 kilometres in order to reach consumers. 
Aside from transportation, this operation consumes 
additional energy for refrigeration in order to ensure 
supplies remain fresh. This process emits a significant 
amount of carbon in the atmosphere [3]. Along with 
agriculture, increasing urbanisation worldwide is 
another primary source impacting the Earth’s 
conditions.  

As the human population continues to increase as 
predicted to 9.7 billion people by 2050, nearly 80% of 
the people will reside in urban centres [4]. Together 
with climate change, such increase will strain natural 
resources, especially the fresh food supply chain. 
Global food production will need to grow by an 
estimated 70% in developed countries and 100% in 
developing countries to match the current trends in 
population growth (based on production information 
from 2005 to 2007). The United Kingdom, for 
example, uses 72% of its landmass for agricultural 
practices, but imports nearly 50% of fresh food 
consumed [5]. It is necessary to consider new food 
production methods in order to ensure food security 

and prevent natural habitats from being destroyed 
for new farmland.  

There will also be fundamental issues related to 
human health, as well as to education and social 
wellbeing, stemming from people’s growing distance 
from and limited access to their fresh food supply. 

Considering the available research on how to offer 
more liveable, sustainable and flexible living models 
for 2050, this thesis strives to contribute to exploring 
the feasibility of using a hybrid farm network to 
prepare London living for the next generation of 
urban density. The purpose of the proposal is to 
sustainably supply food and enhance occupant 
wellbeing, while also strengthening the community 
within a built environment. This interest is shared by 
Skidmore, Owings and Merrill (SOM), and leads to the 
formation of this thesis collaboration. 

As mentioned, the world is facing interrelated is-
sues concerning urban environment, society and 
agriculture under increasing world population and 
climate change. As vertical farming is no longer a 
nascent industry, it has been known as path to 
resource conservation, better human health and 
thriving communities [1]. 

Producing vegetables within a building in an urban 
environment suggests a different worldview for the 
next generation of living, as well as a new urban 
lifestyle – in which access to fresh food supply is 
made available at immediate proximity.  

The energy demand associated with indoor 
farming, however, is still higher than certain 
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vegetables growing systems. In light of this scenario, 
in order to find balance between existing methods 
(conventional, greenhouse and vertical farm) and 
production, and to minimise natural resources 
consumption, this research has created a hybrid farm, 
which offers benefits mainly in 3 different scales:  
• Built environment: Farms will improve air quality,
decreasing pollution and noise levels. By minimising
food supply distance, they will reduce the urban heat
island effect, minimise travel or delivery cost, and
carbon emissions. They will also positively impact the
microclimate and thermal comfort.
• Community: Farms will transform food habits in
London, offering a sustainable alternative to fresh
food consumption, distribution and supply as well as
job and educational opportunities, together with a
shared area for people to enhance their sense of
community.
• Occupant wellbeing: Farms will enable occupants to
live closer to their food source, which will provide
both psychological and physical benefits as well as
visual comfort.

The interest in this topic arises from the lead 
author’s own experience and observations: The 
segregation between the natural environment and its 
connection with people in urban centres, causes a 
fundamental change - when compared to rural areas - 
in the way people relate to their food sources. This 
thesis aims to provide people, living in urban centres, 
with opportunities to break away from the 
unsustainable, industrial food distribution system, 
and explore ways to grow and harvest their food as 
part of their lifestyle.  

The “Tree” is a prototype of a new urban and 
social vision that goes beyond the boundaries of 
traditional environmental design, embracing a key 
issue associated with the sustainable future of our 
cities which also relates to the environmental 
response and performance of buildings. In addition, 
the “Tree” promotes an opportunity for a new living 
vision of the future, merging a hybrid indoor farming, 
residential, office and commercial typologies. To this 
end, an example building is created in the Covent 
Garden Market area of Nine Elms in London, UK. 

2. METHODOLOGY
The study begins with the industry’s interest in

further understanding London’s future living model 
for 2050. It is a collaborative thesis with Skidmore, 
Owings and Merrill (SOM), who share the interest in 
how to design more liveable, sustainable and cost-
effective (predominantly residential) mixed-use 
buildings for the next generations. 

The study follows the literature review and is 
based on the evidence that bringing people closer to 
vegetation can improve human wellbeing and 

liveability in building. However, it challenges existing 
literature, which primarily focuses on ornamental 
plants (due to lack of knowledge and initial costs) to 
make such a conclusion – and not considers what the 
outcome may be if edible plants were taken into 
account. In order to understand and support this 
hypothesis, this study is backed up by a section of 
researches on vegetables necessities, growing 
conditions and available systems, analysing 
precedents as well professional support to choose the 
most suitable species for the local climate, building’s 
context, and growing system.  

As the concept is a novelty, with no built prec-
edents in residential typology, the solar studies were 
performed on site and on 3 main building shapes: 
circle, triangle and square; in order to evaluate 
daylight availability and sunlight hours reaching the 
identified farming zones within the building to know 
the most effective building form. 

The study, then focused on the research process 
and improvement of the selected square form’s 
performance to minimize the use of natural resources 
in the farming zones, and to further develop environ-
mental strategies for both the residential and office 
areas. 

Consequently, thermal analysis was conducted in 
both the farming zones as well as the residential and 
office areas to determine the most effective thermal 
strategy.  

Finally, one vegetable – lettuce – was chosen to 
quantify and compare the production potential, food 
miles, energy and water consumption between the 
four main farming systems (i.e. conventional, 
greenhouse, vertical farming and hybrid). 

3. ANALYSIS AND RESULTS
Over the past decade, people's attitude toward

vegetables has changed. Suddenly people are eating 
vegetables voluntarily, and not just because they feel 
they should. This change can be observed the 
growing popularity of vegetarian diets, and the new 
generation of millennia claiming a cultural shift in 
their eating habits. People’s already changing 
relationship with fresh food brings more relevance 
for the urban farms to be built now, rather than 
anticipated in the future. 

As this thesis chose London as the context, the 
inhabitants' eating habits and production systems 
were analysed to create 2 groups of the most 
consumed vegetables. These groups combined 
species, which could be grown under the same 
conditions, and with the same hydroponic system. 
Because each vegetable has different nutrient, water, 
light, CO2 and temperature requirements, just 1 
representative vegetable of each group was assessed: 
the lettuce was chosen from the “cold” group, and 
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the tomato was chosen from the “warm” group (Fig. 
1). 

Fig. 1: Diagram with vegetables’ general growing 
conditions. 

Shadow simulations performed on site showed that 
sunlight hours greatly vary depending on the season – 
even when optimum conditions can be created for an 
indoor farm with minimum obstructions from the 
surrounding context (which is likely a challenge in a 
dense city environment such as London). During 
summer, sunlight hours are the longest with 
approximately 10 hours or more throughout the day. 
During the transitional seasons, the selected project 
site receives between 8 and 10 hours of sunlight per 
day. However, there is a sharp contrast between 
winter and summer sunlight hours: in winter, a 
maximum of 8 hours of sunlight reach the project 
site, as the shadow range analyses concluded. The 
winter and mid-season analyses were superimposed 
to identify the best zone for the indoor farming, 
because it is in these seasons that the sun angle is 
low, likely resulting in increased overshadowing from 
the surrounding obstructions/context. 

Integrating indoor (vegetable) farming into a 
mixed-building typology introduces a whole new set 
of architectural design considerations. In an effort to 
reduce energy consumption and the building’s overall 
environmental impact; daylight, natural ventilation 
and a geothermal system were identified as the 
primary strategies and ‘infrastructure’ for this new 
kind of building. Daylight and solar access are 
maximised to respectively reduce the use of artificial 
lighting and heating demand.  

The first solar analysis on the building was based 
on the analytical studies of 2 of the main variables 
that define the productivity of indoor farming. The 
analysis was conducted according to each vegetable 
group’s growing conditions: The “cold” group needed 
6 to 8 hours of sunlight for effective cultivation, 
whereas, the "warm” group needed more than 8 
hours of sunlight. The careful assessment of building 
forms and orientations concluded that the square 
shape, facing south offered the ideal combination of 
typology and orientation, yielding to 100% 
productivity/year (Fig. 2).  

The Daylight Autonomy analyses were performed 
with the threshold defined by the “cold” group’s 
(growth) need of at least 12,000 lux, and the “warm” 
group’s need of 20,000 lux (Fig. 3). The analyses 
showed that the square building form was the most 
effective of all, even though a slight advantage could 
also be observed in the triangular building shape. The 
analysis revealed that the square form received 
>12,000 lux in 11m² more than the triangular building
form, and it also had 40% more effective daylight (for
the “cold” vegetable group”) throughout most of the
year. In addition, the square form had a larger area of
142m² (when compared to 102m2 in triangular form)
with adequate daylight for 30% of the year. At the
20,000 lux threshold – ideal for the “warm” vegetable
group – the square shape continued to perform
better, with 30% of the year of effective daylight, and
in 26m² more daylight area than the triangular form.

The circular shape had the worst performance for 
both the “cold” and the “warm” vegetable group 
needs, receiving 20,000 lux up to 10% of the year in 
7m² of area.  

Figs. 2 & 3: Sunlight Hours and & Daylight Autonomy 
Analyses Results   

The second part of the research seeks to improve 
the square building form’s performance and its final 
design. The workflow was divided into 4 main parts 
(Fig. 4), starting from the square form’s original shape 
as the base-case scenario with a building area of 
14,400m² - where the farming zone’s effective 
production area accounted for 1,800m².  

The building façade was slightly tilted (until the 
10th floor) to optimize sunlight access to the indoor 
farming increasing the productive area in 630m². The 
respective floor plans on those floors were also 
retreated to maintain the residential/office area. 

The third step of the study focus on to use the 
3,600m2 along the Northern facade for offices. Lastly, 
the upper part of the Southern façade was studied in 
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detail to meet the indoor farm's needs (along that 
façade or orientation).  

Fig. 4: Square geometry workflow diagram 

The farms compared across different scenarios 
have double height to ensure the growth of all 
possible vegetables, in all the farming zones 
throughout the building. The base case scenario was 
evaluated at sunlight exposure through the sun 
angles at 12:00 (summer solstice 62°, mid-season 39° 
and winter solstice 15°), in which summer as the 
highest angle was used to limited the farms depth to 
guarantee sunlight access thought out the year. This 
scenario presented 1,800m² of indoor farming zone, 
with an area of 9,982m² to be densified in a building 
with 20 floors. 

Naturally ventilating the indoor farms through 
stack effect will help reduce energy demand and 
costs associated with heating and cooling as well as 
maintaining the CO2 and humidity levels at desirable 
levels. In addition, the geothermal system will 
minimise energy consumption in winter, as the 
“warm” group vegetables need artificial lighting and 
heating for 8 hours per day (Fig. 5).  

Fig. 5: Bioclimatic section of the proposed indoor farm’s 
winter strategy with geothermal system 

 The south-facing farm facade is designed using a 
different treatment when compared to other, non-
farm containing building facades: the first 10 stories 
of the building follow the greenhouse rule with the 
(city) latitude + 20 degrees: 51.5 + 20 = 71.50 
degrees, and with the depth according to the summer 
solstice which is 6 meters (Fig. 6). As the sunlight 
penetrates into the farm (mostly when it has zero 
incidence angle), in the second 10-storey section of 
the building (from the 10th to the 20th level) the 

facade becomes dynamic, and is designed 
perpendicular to the summer, autumn and winter 
solstices.  

Fig. 6: Solar access diagram in the summer solstice, mid-
season and winter solstice and dynamic façade diagram.   

Four different façade scenarios were modelled: the 
square volume as the base case, which is inclined 15° 
for winter, 39° for mid-season, and 62° for summer. 
The analysis was performed using Thermal Analysis 
Software (TAS) by Environmental Design Solutions 
Limited (EDSL) to establish a database and 
understand the solar gains of a dynamic façade when 
compared to the fixed façade. The simulation results 
showed a highly positive strategy for a façade that 
varies with seasons. 

The analyses were performed during one 
representative week of which season. During the 
summer (3-09th of August) showed the best effect 
with 1,755,776 Watts of solar radiation/energy, 
which was 17% larger than what the fixed façade 
presented for the same period around at 1,504,565 
Watts. However, during the winter (04-10th of 
February), the solar radiation/energy decreased by 
10% (1,223,513 Watts) when compared to the base 
case scenario at 1,113,362 Watts. The mid-season 
(14-20th of April) results, on the other hand, have 
shown 15% increase with 1,339,180 Watts more solar 
radiation/energy when compared to the base case 
scenario. It has therefore, been concluded that the 
strategy was effective to increase the production 
within the indoor farms. 

Cross-ventilation is considered to provide 
convective cooling in the residential and offices areas 
of the building. Additionally, external fins were 
integrated into the proposed building’s facades to 
provide shading during the summer season, and to 
create a ‘buffer’ zone during the winter period (Fig. 
7). These fins have different density and glazing ratio 
based on the enclosing programmes behind and the 
building’s orientation. They were also designed with 
different U-values to align with the Passivhaus 
Standard requirements for thermal performance.

Fig. 7: Seasonal, operable external fins and the enclosing 
space behind 
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4. CONCLUSIONS AND NEXT STEPS
The research presents the theoretical background

and analytical approach to the design of a future 
living model (for London), suggesting the “Tree” as a 
hybrid urban farm, delivering social transformation 
by reshaping the future of urban living. It offers a 
sustainable alternative to consume, distribute and 
provide a healthy food source, while also offering a 
shared area for local community cohesion (Fig. 8).  

Fig. 8: Internal perspective of the proposed building’s 
ground floor area 

In this research, analytical studies were 
performed in two, main variables, which define the 
productivity of indoor farming. These studies which 
looked at 3 shapes, have leaded to an optimum 
building form – the square shape. The daylight 
autonomy analysis also revealed that the most 
productive building form is the square shape, because 
it allows for effective daylight penetration, and solar 
access for both vegetable groups throughout the 
year. 

Moreover, the conducted sunlight hours’ analyses 
confirmed the favourable benefits of the southern 
orientation – leading to the location of the indoor 
farming zones, in the final proposal, along that 
orientation.  

The building’s square form, and its indoor farms 
were designed to maximise passive strategies to 
reduce its energy consumption, greenhouse gas 
emissions, transportation distances, and the overall 
negative impact stemming from the agricultural 
industry. This square geometry also provided a 
healthy, alternative food source for the increasing 
urban population – re-establishing the local food 
sovereignty, and producing O2, while also capturing 
CO2. 

The lettuce was chosen as the vegetable to 
investigate for this thesis. Lettuce’s productivity was 
calculated exactly as 188.12m² area (total farm area 
divided by others listed vegetables), which requires 
natural light for 75% of the year, and artificial lighting 
for the remainder time (when daylight and sunlight 
conditions in winter, are not able to meet the lighting 
demand for this lettuce’s healthy growth).  

According to the Free-Range Practice Guide [6], 
one person consumes 18g of lettuce per week, 
totalling a demand of 864g per year that the indoor 
farm would have to supply for each of the 456
occupants of the building’s private residential area, or 
393.9kg per year. However, this result does not fully 
correspond to the actual lettuce consumption, since 
the above-mentioned amount assumes that each 
person eats lettuce every day, without any 
exceptions, for an entire year. The assessment results 
of the lettuce production area of 188.12m² were 
grouped based on two variables: the period of full 
sunlight exposure, representing the summer solstice 
and mid-season, and the period of limited sunlight 
exposure (which would require the aid of artificial 
lighting), as in the case of winter.  

During the summer season, the farm area was 
able to produce 376.3kg of lettuce following the 
figures demonstrated by Graamans et al.’s research 
which compares the lettuce production performance 
in plant factories and greenhouses in three different 
climate zones and latitudes [7]. The farm was even 
more productive, with complemental, artificial 
lighting, capable of yielding 517.3kg during the winter 
period.  

Assuming that natural light is available for 75% of 
the year, while artificial lighting can compensate for 
25% of it, the annual lettuce production that the 
proposed indoor, hybrid farms can total up to 411kg 
throughout the year. Such lettuce production is not 
only able to meet the hypothetical demand of 
393.9kg for all the proposed building’s residents 
within the private residential area, but also to offer 
17.1kg of lettuce per year for the local 
neighbourhood community as well as the people, 
who work in the building’s office areas.  Considering 
this, the “Tree” presents a successful proposal (from 
the lettuce production and demand standpoint) with 
2.2kg/m2 of lettuce production per year. 

The thermal performance achieved with the 
proposed indoor, hybrid farms (evidenced in the 
results obtained from comparing the various urban 
farming systems) could be an answer to a sustainable 
and self-sufficient living in the growing cities. The 
hybrid system produces 28% more lettuce in com-
parison to the conventional system. In addition, this 
system consumes 250 times less water, and results in 
47 times fewer food miles. However, the vertical farm 
system offers 56% higher lettuce production than the 
proposed, hybrid system, which in contrast, demands 
46 times less energy (due to the maximised daylight 
access) (Fig. 9).  
The strategies applied in the proposed building’s 
residential and office areas had an overall comfort 
frequency (during occupancy hours) calculated 
according to ASHRAE Standard 55, 2013. Cross-
ventilation provided effective results during Summer 
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due to low cooling loads. The building’s concluding 
heat demand was 3KWh/m² higher than the 
thresholds identified within the Passivhaus Standard, 
in the office typologies with buffer zones because of 
the high internal heat gains.  

Fig. 9: Diagram comparing different lettuce growing 
methods 

The results of the “Tree” project, presented 
throughout this study, were conclusive not only for 
the validation of a new building or mixed-use  
typology, but also for a new way of living. Pioneering 
these efforts could one day, turn into a precedent for 
a possible food supply solution in urban centres – 
using architecture as a powerful tool to stimulate 
community life. In addition, the proposed typology 
has proved to be a solution for effectively densifying 
new areas in cities, with similar potentials – as an 
action to proactively deliver sustainable buildings 
resilient for a changing future. 

Fig. 10: Hypothetic proposal of a masterplan formed with 
the “Tree” concept. 

The proposed typology could be replicated not 
only in the studied context within the Nine Elms area, 
but also in other areas with similar conditions – 
providing a new urban and social vision that goes 
beyond the boundaries of traditional environmental 
design, and embracing a key issue associated with the 
sustainable future of our cities (which also relates to 
the environmental response and performance of 
buildings in a changing climate) (Fig. 10). To illustrate 
this, the current London plan already defines 38 areas 
with densification opportunities (Fig. 11). Based on 
this context, the “Tree” could easily be spread across 
different scales and heights around the city of 

London, creating a network capable of rethinking the 
food system in our society.  

The “Tree” concept has inherently a global vision 
which can spread around the world, adapting to 
varying climates, cultures and eating habits. With the 
changing lifestyles, challenged status-quo and 
visionary designs, such a proposal will be even more 
feasible in the coming years, when the imaginative 
and creative ability of human beings can intrinsically 
coexist with nature, in balance. 

Fig. 11: Map of London’s opportunity areas to be densified 
[8] 
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ABSTRACT: The purpose of this paper is the development of the research model for bioclimatic small-scale urban 
settlement in mild and temperate climate. Data for this model was obtained from the comparative analysis of 
five case studies, pre-selected on the basis of the literature review. Preliminary study was carried out to check 
the compliance of projects results with previous declarations in the authors’ description, in the context of 
bioclimatic design features. The possibility to perform on-site tests was also taken into account. As a result of the 
preliminary analysis, two case studies, completed in the same year but designed by completely different teams in 
two different countries, were selected as adequate and representative, and therefore qualified for further 
research. Multilevel research model was developed with aim to create a tool that can be used not only by 
scientists but also by designers, students, policy makers and other stakeholders interested in bioclimatic small-
scale urban settlements as an important element of post-carbon cities planning strategy. While the tests were 
carried out for the specific climate conditions, the model, after some minor modifications, may be applied for 
research, education and design purposes also in other climatic zones. The research conclusions address the issue 
of multilevel integration of the built and natural environment oriented towards climate resilience and taking 
advantage of contemporary technology and knowledge.  
KEYWORDS: bioclimatic, environmental strategies, urban energy transitions, nature-based solutions, post-carbon 
cities  

1. INTRODUCTION
The first practical concepts of holistic solutions

aimed at creating urban ecosystems integrated with 
the natural environment appeared at the end of the 
20th century. According to the authors' declarations, 
these concepts have been based on a thorough 
analysis of the bioclimatic context, with a view to 
maintaining habitat continuity and implementing 
coherent strategies in the field of environmental 
engineering [1-2]. They include in particular the 
processes of obtaining, storage and distribution of 
water and energy, as well as waste management. In 
2018-2019 the study was carried out to check the 
compliance of projects results with previous 
declarations in the authors’ description, in the 
context of bioclimatic design characteristics. The 
comparative analysis involved five case studies, pre-
selected on the basis of the literature review [3-5]. 
The possibility to perform on-site tests was also taken 
into account in the selection procedure. As a result of 
the preliminary analysis, two case studies, were 
selected as adequate and representative, and  
therefore qualified for further research. The chosen 
settlements were completed in the same year but 
designed by different teams in two different 
countries. The climate conditions are not identical but 
in both of cases can be described as typical for mild 
and temperate climate. 

The research model for bioclimatic small-scale 
urban settlement in mild and temperate climate was 
developed with aim to create a tool that can be used 
not only by scientists but also by designers, students, 
policy makers and other stakeholders interested in 
bioclimatic small-scale urban settlements as an 
important element of post-carbon cities planning 
strategy and urban energy transitions. While multiple 
factors were taken into account, one of the purpose 
of the research was to evaluate which parameters 
should be weight over others and to indicate the ones 
that are crucial for successful bioclimatic design. 

2. SPECIFIC CONDITIONS FOR SMALL-SCALE URBAN
SETTLEMENT IN MILD AND TEMPERATE CLIMATE 

Architectural objects located in the zone of mild 
warm and temperate climate are subject to lower 
annual and daily temperature amplitudes than 
buildings situated in hot and dry or cold continental 
zones. However, due to the significant differences in 
the amount of precipitation in summer and winter, 
user comfort most often requires air conditioning in 
summer and heating in winter. While for individual 
buildings, in order to improve their energy efficiency, 
hybrid strategies are increasingly used, similar 
solutions are scarce in the scale of small settlement. 
Meanwhile, ensuring proper conditions for heating, 
cooling and ventilation in the immediate vicinity of 
buildings has a direct impact on the user comfort in 
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the whole architectural and urban complexes as well 
as on the energy management of the buildings 
themselves. Additional difficulties are associated with 
the necessary glare control, especially in spring and 
autumn, with lower position of the sun. Taking 
advantage of local bioclimatic conditions is also 
important due to high rates of energy consumption 
and significant greenhouse gas emissions 
characterizing these climate zones. 

3. COMPARATIVE ANALYSIS OF CASE STUDIES
The in-situ analysis were carried out in two

bioclimatic small-scale urban settlement in mild and 
temperate climate: Beddington Zero Energy 
Development (BedZED) designed by William Dunster 
(2002, Sutton, UK) and Parc Balearic Information 
Technology (ParcBIT) by Rogers Stirk Harbour + 
Partners (2002, Palma de Mallorca, Spain). The 
selected case studies were also used to establish the 
benchmarks and to construct the research model. 
While the tests were carried out for the specific 
climate conditions, the model, after some minor 
modifications, may be applied for research, education 
and design purposes also in other climatic zones. 

3.1 Case study analysis: Beddington Zero Energy 
Development, William Dunster 

Beddington Zero Energy Development (BedZED, 
2002) by William Dunster, located in Beddington 
(Sutton, UK), on the southern outskirts of London, 
was one of the first bioclimatic small-scale urban 
settlements in temperate climate. Local environment 
and context analysis revealed that while the green 
areas (parks, forests and meadows) are located in in 
the vicinity of the new housing estate, the 
biodiversity level should be enriched including the 
option of ecological food production. The climatic 
analysis allowed to classify Sutton climate as Cfb by 
Köppen and Geiger [6]. The average annual 
temperature is 10.55°C and the average rainfall of 
654 mm is distributed rather evenly throughout the 
year. July is the warmest month (av. temp. 17.8°C) 
and January is the coldest (av. temp. 4.3°C) [7]. Solar 
radiation is generally perceived as pleasant except for 
a few hottest days in summer with tendency to 
overheating. 

 The cultural environment analysis addressed 
vernacular architecture and traditional methods of 
building adaptation to the climate. The authors 
decided to adopt the concept of small-scale 
neighbourhood unit with shaded and well ventilated 
internal streets, covered with greenery. Due to the 
considerable distance from the center, there was a 
need to reduce the necessity to commute. School, 
kindergarten, shops, sports and recreation facilities 
are available within walking or cycling distance as 
well as by short-distance public transportation routes. 

In order to increase the level of self-sufficiency, the 
office space and college were created.  

Bioclimatic potential analysis carried out at the 
second step of research shown the promising 
opportunities for daylighting (taking into account 
eventual overheating and glare), possibility to apply 
passive cooling, heating and ventilation methods, as 
well as renewable energy sources. Sustainable, locally 
available materials were also identified. 
Consequently, BedZED was developed as a mixed-use 
estate with zero CO2 emissions. Minimal 
environmental impact was achieved due to the 
appropriate combination of passive and active 
methods, as well as rigorous control of the assembly 
process. Most steel and wood for construction 
purposes were obtained from demolition work 
carried out in the area. Also, raw materials (loose 
materials) and workforce used at the construction 
site were available within a radius of approximately 
80 km from the project site [8]. Gardens, terraces, 
fragments of green roofs, green creepers and other 
biologically active surfaces provided closer contact 
with nature, prevented excessive heat transfer and 
improved the quality of life. A sense of community 
was enhanced by removing car traffic from the 
estate, connecting the buildings with pedestrian 
flowered aisles and encouraging interaction within 
the public spaces.  

Fig. 1: Beddington Zero Energy Development (2002, Sutton, 
UK) by William Dunster. Photo by Author (2017). 

The functional scheme of the buildings has been 
divided into two zones: residential part, very well-lit 
with daylight, and opened to the south and office 
area situated on the one north. The double skin 
façade creates a solar buffer and protects the interior 
from overheating in summer, simultaneously allowing 
to contribute from natural ventilation as well as from 
passive solar gains in winter. Used air is removed 
through the communication zone located in the 
centre of the building. The natural ventilation system 
with heat recuperation is supported by "wind 
catchers" originating in the Middle East and 
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combined with passive cooling and heating system 
using thermal mass (mainly thick concrete walls and 
ceilings) (Fig. 1). Efficient thermal insulation (for glass 
surfaces U = 0.5 W / m2K) has been also provided. The 
sum of these methods brought about 90% energy 
savings for heating purposes [9]. Water and energy 
meters with a reading system are visible to users in 
real time. The study confirmed that this monitoring 
system encourages consumers to greater savings. The 
heated water is supplied from the gas municipal 
boiler through the underground heat distribution 
system operating within the estate. In winter, large 
hot water tanks located in apartments increase the 
temperature in the rooms. Unfortunately, the central 
hot water supply system has been permanently 
connected to the bathroom towel dryers, without the 
possibility of turning them off. In winter, the whole 
system worked flawlessly, however, post occupancy 
evaluation, conducted seven years after the BedZED 
completion, revealed that in summer 56% of users 
suffered from thermal discomfort resulting from 
apartments overheating [9]. Office areas with 
northern exposure are protected against excessive 
insolation and have a lower temperature, which 
provides higher work comfort. In 2015 an integrated 
water treatment system and a combined heat and 
power plant with a biomass boiler using wood chips 
were introduced. Rainwater recovery and waste 
management, including recycling and composting has 
been also applied. The BedZED has become an 
exemplary solution and a role model so far, to which 
other bioclimatic settlements are often compared. 

3.2 Case study analysis: Parc Balearic Information 
Technology (2002, Palma de Mallorca, Spain), Rogers 
Stirk Harbour + Partners 

At the end of 20th century, an ambitious attempt 
to create the bioclimatic mixed-use settlement 
combined with information technology centre in 
Majorca was made by Rogers Stirk Harbour + 
Partners. The activities were initiated by the Balearic 
government as part of the Thermie Programme 
(European Technologies for Energy Management) 
financed by the European Commission. The goal of 
the program was to develop new attitudes in relation 
to the living and working environment. Ensuring 
modern, sustainable and efficient infrastructure as 
well as creating a high quality built environment was 
considered the key strategy.  

Local environment and context analysis revealed 
that Palma de Mallorca lies on 28m above sea level 
and the climate is classified as BSk (considered a local 
steppe climate) by the Köppen-Geiger system [6].  
The average annual temperature in Palma de 
Mallorca is 16.8°C with the rainfall around 453 mm. 
August is the warmest month of the year (av. temp. 
24.6°C) and January is the coldest (av. temp. 10.2°C). 

The driest month is July, with 6 mm of rain. Most 
precipitation falls in October, with an average of 79 
mm. The low level of rainfall in the vegetation period
represents a serious issue, especially for the
agriculture. For this reason, an action to improve
bioclimatic conditions in the area was undertaken.
The main activities were focused on creating a
rainwater harvesting system for irrigating crops, and 
consequently also humidifying the air and lowering
the island's high temperatures throughout the
summer. An plot near the town of Nord, on the
northern outskirts of Palma de Mallorca was selected
for the pilot and demonstration project. The network
of cisterns in the area of 50 hectares was deployed
for the recovery and storage of water from winter 
rainfall. Model based calculations allowed to establish
the amount of water which should be collected to
meet the needs of residents, i.e. to irrigate the
existing and planned greenery, and to supply the
aquifer from the excess obtained. It  was confirmed
that the sum of average winter precipitation would
be fully sufficient for this purpose. A system of weirs
was designed to support the rainwater collection,
allowing to take over a part of water from riverbeds
when the level exceeds a certain height. All the
cisterns and reservoirs were located to enable gravity
feeding of the irrigation system, without having to
pump water. Dedicated software controls the
collection and distribution of water and the proper
functioning of each element of the system. Trees
were planted to protect areas intended for plants
cultivation from the excessive sunlight and strong
wind. This comprehensive solution made it possible
to expand the renewable plantations on the terraces
and to increase the level of biodiversity.

Fig. 2: Green courtyards provide shadow and natural 
ventilation. Parc Balearic Information Technology (2002, 
Palma de Mallorca, Spain) by Rogers Stirk Harbour + 
Partners. Photo by Author (2019). 

The cultural environment analysis shown the 
opportunity to connect the new edifices with 
vernacular architecture and to adapt some of the 
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traditional methods of building adaptation to the 
climate. They include narrow streets and inner 
courtyards planted with vegetation that provide 
pleasant shade and proper air flow in summer (Fig. 2). 
Traditional farm called ‘finca’ was renovated and 
transformed into a conference and restaurant centre, 
being a heart of the community. The whole 
settlement has been situated on terraces, among 
greenery. Similarly as in BedZED, the car traffic was 
limited within the estate and the parking lots were 
situated outside ParcBIT to leave more space for 
plants and to maintain the continuity of watercourses 
and small animals natural routes.  

The community of ParcBIT is self-sufficient in 
terms of water and food supply. There are 
commercial, service and educational facilities (school 
and kindergarten) at ParcBIT, providing jobs and 
housing for five thousand people. Photovoltaic panels 
located outside the housing estate provide electricity. 
The settlement has a central heating and cooling 
system (CHCP) and its own waste collection and 
utilization system (including water purification and 
recovery). Access to higher education is facilitated 
thanks to the immediate vicinity of the University of 
the Balearic Islands.  

ParcBiT is located 12 kms from Palma de Mallorca 
and is well connected to the capital with the public 
transportation. This settlement breaks the stereotype 
of a bedroom estate, dependent on a large city in 
terms of supplies and jobs, and forcing residents to 
commute to the centre daily. This allows for a higher 
quality of life, cleaner environment, reduced 
transport costs and increased sense of community. 
However, the post occupancy evaluation revealed a 
couple of issues. First of all, after 18 years the project 
has not been completed, yet. Currently, solely the 
north-eastern part of the settlement has been 
finalized. This causes some problems due to the lack 
of sufficient wind protection and shadowing. 
Moreover, the balance with office and residential 
zone has been impaired and some of the minor 
services such as e.g. grocery store or pharmacy are 
still missing. The same imbalance is related to the 
number of people that travel by car to their 
workplaces in ParcBIT. They do not have enough 
space on the parking provided outside the estate and 
enter with their cars wherever it is possible. Original 
concept to limit the car traffic and to give the priority 
to the pedestrians is maintained on the ramps, steps, 
bridges and green zones. Everywhere else the cars 
are conquering the area.  

Another disquieting observation regards the 
number of trees that have been cut out last year (Fig. 
3). This disturbed the balance between the external 
shaded and sunny zones and contributed to the 
excessive drafts in the housing estate in the winter. In 
turn, the shady courtyards and atria work properly in 

terms of interior cooling in summer and are positively 
assessed by the users. The quality of air is very good 
and the visual and acoustic comfort levels are very 
high. Bioclimatic analysis results for the selected case 
studies were compared to the reference unit as 
shown in Fig. 4. The reference unit was established 
on the basis of the average values achieved in the 
survey carried out in 10 “conventional” urban 
settlements of similar size and climate conditions 
built in 2002. 

The comparative analysis of the selected case 
studies allowed to distinguish decisive paths and 
factors necessary to develop the research model. The 
critical parameters were indicated and used to 
establish the benchmarks for bioclimatic small-scale 
urban settlement design in mild and temperate 
climate (Fig. 4). 

Fig. 4: Bioclimatic analysis results for the selected case 
studies and the reference unit (average results from survey 
in 10 “conventional” urban settlements of similar size and 
climate conditions built in 2002). 

Fig. 3: A number of trees have been cut out which disturbed 
the balance between the external shaded and sunny zones. 
Parc BIT (2002, Palma de Mallorca, Spain) by Rogers Stirk 
Harbour + Partners. Photo by Author (2019).
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4. RESEARCH MODEL DESCRIPTION
Analysis involved 3 stages in the first phase and 2

stages in the second phase. The starting point for the 
first phase was the local environment and context 
analysis. Within this stage the natural and cultural 
environment aspects were studied parallelly. The 
natural environment aspects included biological and 
climatic factors.  

The biological analysis consists of such elements 
as physical condition of the existing ecosystem, taking 
into account its properties (occurrence of specific 
species of fauna and flora, number of representatives 
of these species and their distribution in the field) 
and internal ecological processes, biodiversity; energy 
and matter flows; sensitivity of the ecosystem and its 
adaptability to changing internal and external 
conditions [10]. The climatic analysis involved: 
temperature,  precipitation, solar radiation, wind. The 
cultural environment analysis was related to 
vernacular architecture and traditional methods of 
adaptation to the climate. This included such 
elements as locally available materials, construction 
methods and predominant form as well as functional 
solutions used in the area of research [11]. 

After the first stage of analysis the conclusions 
from natural and cultural paths were formed which 
was followed by the bioclimatic potential analysis. 
The concept of parallel natural and cultural paths was 
continued. The natural path was focused on potential 
for using daylighting (taking into account eventual 
overheating and glare), possibility to apply passive 
cooling, heating and ventilation methods, including 
PDEC and the accessibility of renewable energy 
sources [12-14]. Simultaneously, the potential for 
using traditional ways of providing indoor and 
outdoor comfort  was checked as a part of the 
cultural path analysis [16]. The option to use local 
building materials and construction methods based 
on local resources was also evaluated [17-18]. 

The conclusions from the second stage were used 
in the third stage: design on the bases of local 
bioclimatic analysis results. The model was again 
divided into parallel paths, but this time these were 
the goals and methods leading to their 
implementation. The proposed goals were: holistic 
environment and healthy ecosystem; user's comfort; 
connection with landscape, symbiosis with nature; 
resource management optimization; minimal 
environmental footprint. The selected methods 
consisted of: daylighting, natural ventilation, space 
opening, hybrids of passive and active methods 
controlled by BMS, ecosystem continuity, 
biodiversity, end-user engagement, LCA. 

The purpose of this stage was to provide the 
coherence of previously developed skills to adapt 
individual objects to the climate with a systematic 
approach to bioclimatic urban design. The results 

were applied in the next stage which demanded 
testing in a real-life conditions. 

Among the most adequate elements suggested 
for the bioclimatic design, five main strategies were 
chosen:  combining the shield function of a façade 
with energy production; energy and gas exchange 
inspired by biological processes; environmental 
engineering strategies, self-sufficiency (water, energy, 
food, living, work, education, recreation); no-waste 
model, circular economy; multilevel integration of the 
built and natural environment, understanding of any 
urban environment as a specific form of ecosystem. 
Each ecosystem consists of biocenosis (a set of 
populations of living organisms inhabiting the given 
environment) and biotope (inanimate elements of 
the environment). In this part of research the specific 
notion of ecosystem with regard to the city structure 
was applied [19].  

The last stage of the research is focused on the 
optimization with a special stress on the post 
occupancy evaluation which leads to the optimization 
on multiple levels. The possible steps include regular 
monitoring of the ecosystem conditions, energy 
efficiency, emissions and other environmental 
impacts. In the consequence, the application of the 
research model of bioclimatic design should lead to 
the high level of user comfort and satisfaction [20].  

Figure 2: Research model for bioclimatic design. 

5. CONCLUSIONS
The completion of bioclimatic small-scale urban

settlements analysed above is an important step in 
planning post-carbon cities. Its special importance lies 
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in coherence of previously developed skills to adapt 
individual objects to the climate with a systematic 
approach to the design of urban complexes. The 
research model indicates the key points of the 
bioclimatic design strategy: local environment 
context analysis, bioclimatic potential analysis, design 
on the basis of local bioclimatic analysis outcomes, 
testing in a real-life conditions and optimization of 
the achieved results. These are relatively simple steps 
that should follow the logical sequence described in 
the model. The successive decisions should result 
directly from the conclusions from the previous stage. 
The two parallel decisive paths proposed in the 
model are equally important and allow to analyse 
together the crucial elements of the process. Among 
the critical parameters that should be taken into 
account in bioclimatic design are those that allow for 
safe, self-sufficient and comfortable functioning of 
housing estates in a cultural and natural 
environment. These include the following factors: 
taking advantage of renewable energy with adequate 
energy storage systems, proper daylighting, natural 
ventilation, sustainable resource management as well 
as ecosystem health and continuity. The comparative 
analysis of case studies has proven the advantage of 
bioclimatic small-scale urban settlements over the 
research reference unit. While in terms of thermal 
and acoustic comfort or clean water supply the 
benefits of bioclimatic settlements are clearly visible 
but not overwhelming, for such features as visual 
comfort, renewable energy, daylighting and natural 
ventilation the difference is indeed significant. In the 
case of ecosystem continuity, resource management 
and life cycle assessment, one can notice a real gap. It 
should be emphasized that the advantage of the 
studied bioclimatic settlements over the reference 
unit was marked in all categories, but it was 
particularly clear in aspects related to the 
environment and bioclimatic potential. This allows to 
conclude that special attention should be paid to the 
environmental safety issues whilst the conscious 
benefiting from bioclimatic potential should be 
encouraged. It can be achieved with the 
implementation of important bioclimatic design 
strategies underestimated so far in the urban scale, 
i.e.: combining the shield function of a façade with
energy production; energy and gas exchange inspired
by biological processes; environmental engineering
strategies, self-sufficiency in terms of water, energy
and food supply; combination of living, work,
education and recreation spaces; no-waste model,
circular economy; multilevel integration of the built
and natural environment. The general conclusion is
that bioclimatic urban settlements should be more
focused on applying advanced technology with aim to
provide optimal adaptation to local climate, culture
and biology. Eventually, multilevel integration of the

built and natural environment results in consistent 
planning strategy. The new urban ecosystems created 
in this way are an extension of the biosphere and 
ensure the continuity of life and well-being. 
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ABSTRACT: The specific design of concert halls links architecture and architectural acoustics through the 
definition of spatial characteristics to create the acoustic conditions of each space. However, the solution of the 
architectural design and that of the acoustic quality of the space are solved independently, which leads to 
possible effects on acoustic comfort. Currently, a new way of dealing with the relationship between architecture 
and acoustics in design is required. This article presents the implementation of a parametric design process for 
concert halls, which includes an acoustic evaluation. The design process was made using parametric 
programming in Grasshopper and acoustic evaluation with Pachyderm Acoustical Simulation plugin. This 
evaluation of acoustic quality within the established processes included the measurement of four acoustic 
parameters for concert halls, and the implementation of the parametric design process was used for the initial 
design of a concert hall model. Different elements of the original model that were formally explored were 
determined and later modified during the process to create other better adjusted models. The information of the 
acoustic quality provides guidelines for the design and offers feedback to determine the optimal design. 
KEYWORDS: Acoustic evaluation, Acoustic quality, Parametric design, Concert halls 

1. INTRODUCTION

The evolution of digital technologies,
development of computer sciences, digital tools, and 
softwares have had an impact on architecture, and 
architecture digital creation tools have led to 
extensive exploration in terms of what they offer to 
the field.  Designers have access to new tools for 
project development that allow them to address and 
to solve problems from varied perspectives that 
generate multiple answers [1] [2]. Formal 
architecture proposals show the multiple possibilities 
designers have as part of new trends, and musical 
presentation spaces are part of them. 

Concert halls are exclusively designed spaces for 
music appreciation where sound quality is 
fundamental.  Through history, concert halls have 
been studied to understand their characteristics and 
operating method [3]. In these spaces, the musical 
dynamics and space perception have a great impact 
on the experience both musicians and spectators 
have [4] [5]. In the design process, space design and 
acoustic conditions are equally important to create a 
music experience and users’ acoustic comfort [6] [7]. 

The specific design of concert halls links 
architecture and architectural acoustics through the 
definition of formal elements, spatial characteristics, 
functional configurations and materiality to create 
the acoustic conditions of each space. Design 
decisions have an impact on acoustic quality and 
demonstrate that when designing concert halls, 

architecture and architectural acoustics have a 
specific connection [8]. 

It is now possible to identify an increase in 
architectural projects of concert halls that present 
new space proposals through design evolution [9]. In 
order to achieve the necessary changes, designers 
have to create spaces where acoustic conditions are 
optimal and controlled to perceive music in the best 
possible way and to improve users’ experiences.  

When working with spaces for musical 
presentations, a series of acoustic parameters must 
be met to guarantee sound quality [6] [10].  The 
verification of these parameters during the definition 
of the architectural object helps to achieve the 
expectations in terms of sound and in turn 
contemplates its functional requirements, so the 
functional and acoustic design are faithfully 
integrated. Nevertheless, the designer generally does 
not have the tools to evaluate the sound within the 
creative and architectural process [8] [11]. 

In the usual process, the designer projects spaces 
from the management of the variables associated 
with architecture –functionality, aesthetics, and 
materiality– until the design of the space is defined 
[6]. The evaluation of the acoustic quality is carried 
out on the previously defined design, so the acoustic 
parameters are not considered during the design 
process. The architectural design and the acoustic 
quality of the space are solved independently, which 
leads to possible effects on acoustic comfort [8]. 
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This article presents a design process which 
vinculates parametric design tools and the study of 
acoustic quality for the architectural projection of 
concert halls. This process is possible in digital tools 
for specific designs such as Rhinoceros software, 
Grasshopper plugin and Pachyderm Acoustical 
Simulation. The purpose of the methodological 
process is to link formal exploration and acoustic 
simulation during the design process in order to 
obtain optimal designs for a specific type of space. 

2. METHODOLOGY
Process of parametric design for Concert Hall Design

The research process is centered on logic and 
parametric design tools and performance-based 
design. Through parameter setting, the conditions for 
the design are set to later explore and define shape 
and materiality. In addition, simulations that function 
as decision-making tools are implemented, and 
simulation and digital evaluation are presented as 
new ways for quantitative data projection that give 
feedback to the design process [12] [13]. The 
combination of the previous elements guided the 
process that in general terms intends to optimize de 
design of concert halls. 

 In the parametric design process, the guidelines 
and variables related to the architectural and acoustic 
part for the design of a concert hall were 
contemplated. The application of these variables was 
divided into two stages. In a first stage, the formal 
and concrete definition was generated, and in a 
second stage the acoustic evaluation was used to 
validate the projected design (Figure 1). 

Figure 1: A diagram of the process of parametric design for 
Concert Hall design.  

2.1 Parametric model 
The first stage in the process deals with the 

identification of the needed conditions for space 
design and the creation of a geometric information 
system where the identified conditions can be 
transmuted. The previous defines the shape of the 
concert hall by means of the data entered. 

The consulted references in terms of concert hall 
design identified that each of the surfaces in the 
space is a reflection of sound behaviors. The 
similarities answer to the shape of the surface and 
the material it is made of [14]. At the same time, the 
formal conditions, functions, and materials that are 
usually used in the design of these spaces were 
identified, which allowed the use of the needed 
materials to achieve the best results. Moreover, the 
configuration of the space, the side walls, the front 
wall, the back wall, the levels, the balconies and the 
ceiling become elements to work on [6] [7].  

The development and exploration of the 
identified formal elements were established as the 
information base to build the parametric 
programming. Different authors indicate that the side 
walls and the ceiling are surfaces of great importance 
for sound dispersion and hence the exploration of the 
internal morphology focuses on those surfaces. In 
order to achieve the objective, the information 
should be programed upon the needed requirements 
and in the most specific way, which helps the 
designer develop all the interactions in terms of form 
and design metric [15]. 

The construction of the parametric programming 
was developed in the Grasshopper plugin for the 
Rhinoceros software which through a visual 
programming defines the components, data and 
operation to generate the morphology [1]. This 
platform facilitates the execution of the information 
base as in the formal exploration.  

The selected conditions entered in the parametric 
programming led to the projection of the model of 
the internal morphology for the concert hall [8]. In 
the light of the generated model, surface materiality 
is needed to continue with the acoustic simulation. 

2.2 Acoustic quality and its evaluation 
In the second stage of the parametric process, the 

parameters for acoustic evaluation and the testing 
tools were addressed.  The author Carrión Isbert 
defines the design of the musical performance rooms 
as the spaces with the greatest complexity of acoustic 
design [6] and highlights the importance of including 
the acoustic considerations in the design process of 
these spaces.  
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The evaluation of acoustic quality is obtained 
from the measurement of specific acoustic 
parameters to achieve optimal acoustic quality in the 
concert hall [16]. The acoustic parameters correspond 
to the measurement of the physical behavior of 
sound in the projected space. At the same time, those 
parameters are correlated to the subjective 
impression of the listener and prioritizes music 
intelligibility in those spaces [17]. This approach 
belongs to the psychoacoustic field where some of 
the wanted characteristics for the impression of 
sound in those spaces are achieved through an 
adequate level of rhythm, identification of the 
division among individual sounds that are part of the 
musical composition, identification of richness in 
bass sounds and high-pitched sounds, and music 
softness [6].  

In this process, the evaluation of the acoustic 
quality was conducted through the Pachyderm 
Acoustical Simulation plugin, which is a tool that was 
developed for the Rhinoceros and Grasshopper 
softwares, and it is directly connected with them. The 
plugin has a collection of simulation algorithms that 
measure and calculate acoustic parameters from 
different spaces [18]. 

The acoustic evaluation process includes the 
measurement of three acoustic parameters for 
concert halls. Their delimitation was based on the 
possibilities of Pachyderm Acoustical Simulation. The 
following acoustic parameters were evaluated in 
concert halls: 

Table 1:  Evaluated Acoustic Parameters 

ACOUSTIC PARAMETERS
RTmid Reverberation Time 

EDTmid Early Decay Time  

C80 Clarity  

For each of the established parameters, the plugin 
shows results in frequency bands and limits itself to 
only generate the measurements. To conduct an 
objective evaluation of the characteristics of the 
concert halls, it is necessary to determine the values 
of the results in each parameter. For this, calculus 
formulas have to be solved to determine the average 
value for each acoustic parameter. In addition, from 
each of the previous parameters, recommended 
values are collected to check the information [6]. 
Through the detailed acoustic parameters, a 
preliminary evaluation guide of the acoustic quality 
for a concert hall was proposed. 

Table 2: Recommended values for the evaluated parameters 

ACOUSTIC PARAMETERS CALCULATION FORMULA RECOMMENDED 
VALUE 

RTmid   Reverberation 
Time 

RT(500Hz) + RT (1kHz) 
2 

1.6s ≤ RTmid ≤  2s 

EDTmid  Early Decay 
Time  

EDT(500Hz) + EDT (1kHz) 
2 

EDTmid  ≈  RTmid 

C80 Clarity  RT(500Hz)+RT(1kHz)+RT(2kHz) 
3 

-2 dB ≤ C80 ≤ 
+2dB

As part of the evaluation forms that plugin offers, 
Sound Pressure Level and Sound Dispersions are 
included, which help in the understanding of the 
behavior of sound in the space and are implemented 
as analysis tools in the process. 

Finally, for the acoustic quality, materiality has to 
be considered. Materials have sound absorption or 
reflection properties and each one has its own 
absorption coefficient values which are key for the 
calculus of the acoustic parameter [6] [14]. In concert 
halls, the use of wood is common due to the its 
effective transmission of sound waves, but other 
materials should also be considered in these spaces. 
In this case, the following materials were analyzed 
with their corresponding absorption coefficient 
values: 
Table 3: Absorption coefficient of materials 

Sound Absorption Coefficient
Frequency (Hz)

Material 12
5 

25
0 

50
0 

10
00

 

20
00

 

40
00

 

Wood (to 2” airspace of 
the wall)  0.30 0.25 0.20 0.17 0.15 0.10

Acoustic chipboard  0.47 0.52 0.50 0.55 0.58 0.63

Plywood sheet 0.28 0.22 0.17 0.09 0.10 0.11

Concrete 0.01 0.01 0.01 0.02 0.02 0.02

Wood seating (occupied) 0.34 0.39 0.44 0.54 0.56 0.56

2.3 Implementation strategy in the process 
The implementation of the parametric design 

process was used in the pre-design of a concert hall 
for 500 people. The proposal incorporated the 
delimitation of the required guidelines and variables. 
As for the guidelines, the initial conditions for the 
model were defined: spatial configuration, materiality, 
area of occupation and geometry in plan. In the 
subgroup of variables, the elements that were to be 
formally explored were determined and later 
modified during the process. Among the variables, 
the morphology of the spatial domain, the shape of 
the walls and the ceiling were pointed out. 
Additionally, the possible combination of materials 
was also included. The proposed exploration aimed at 
providing acoustic comfort in concert halls by means 
of shape and material. 
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Since the stages in the parametric process, the 
programming base was defined, which helped to 
control the walls and ceiling for the gradual 
exploration. Two materiality conditions were 
evaluated with the purpose of identifying the 
materials that provided better results. In the 
definition of each group of materials, specific 
functionality-based qualities were analyzed, which 
helped to identify the materials that belonged to 
each space (walls, ceilings or floors). This process 
studied properties such as absorption and reflection 
of sound, and three types of surfaces were 
recognized:  outside surface, scenario back wall, and 
occupation surface.  

The process starts with a formal definition which 
was evaluated under two material conditions and 
some modifications were executed since the first 
results were gathered. For subsequent modifications, 
the combination of materials with better results was 
kept and thereafter some formal modifications were 
conducted gradually. Through the analysis of the 
results, some design decisions were made until the 
result with the required internal acoustic morphology 
was obtained. 

3. RESULTS OF THE APPLICATION OF THE PROCESS

The first result of the predesign of the concert
hall (Model A, Figure 2) was projected based on the 
information of the spatial domain with two 
combinations of materials. The first combination 
(Model A.1, Figure 2) was made of wood for the 
outside surface, acoustic chipboard for the scenario 
back wall, and wood seating for the occupation 
surface. The second combination (Model A.2, Figure 2) 
was made of plywood sheet for the outside surface, 
concrete for the scenario back wall surface, and wood 
seating for the occupation surface (Table 3). With the 
indicated shape and materiality conditions, two 
evaluations were conducted. In both cases, the 
collected results of the SPL variable were positive, but 
the RT, EDT and C80 indicated that the acoustic quality 
was not the appropriate one. Conditioned by the 
results from Model A, the second combination 
(Model A.2, Figure 2) of materials proved to have a 
better performance, so it was chosen for the 
following modifications, and changes in the shape of 
walls and ceiling were proposed. 

The modifications to the outside surface led to a 
second result (Model B, Figure 2). The evaluation 
results continued to show adequate SPL values and 
also evidenced positive values between RT and EDT, 
which are needed to achieve acoustic quality.  

Figure 2: Exploration of Concert Hall design with the process 
of parametric design.  
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 Additionally, the values indicated a significant 
and beneficial decrease in the C80 parameter. 
Nevertheless, the registered C80 value is not included 
in the ones the theory recommends [5].  

A third model was created to have a preliminary 
version that meets the indicated acoustic quality 
conditions (Model C, Figure 2). In this model, a new 
shape for the outside cover was projected. The 
evaluation of the acoustic parameters presented 
significant improvements, and the most important 
one is that C80 registered value is included in the 
recommended ones. In terms of the RT and EDT 
values, they were registered in more recommended 
ranges than in model A and model B. Finally, the SPL 
values continued to be positive. In this last case, a 
model of internal morphology for concert halls 
achieved the research objective (Figure 3). 

Figure 3: Comparison of results of acoustic parameters 
between the developed models. 

4. CONCLUSION

The created design process allows the integration
of architectural and acoustic architectural design. The 
process follows an “automatized” system 
(Grasshopper and Pachyderm Acoustical Simulation), 
which contributes to work on the communication 
between formal modifications, materials, and the 
verification of the acoustic quality in an 
interconnected way.  

The presented exercises evidence how the 
integrated evaluation in the design process positively 
affects the acoustic results. Hence, the connection 
between the definition of the design and the 
evaluation of the acoustic quality has great relevance.  

The proposed process allows the designer to 
have a comprehension and control over the formal 
decisions and materials while facilitating the 
comprehension of the design problem. This 
connection provides guidelines when designing 
concert halls and offers feedback of the acoustic 
information in the space projection during the initial 
design stages. In conclusion, the analysis of acoustic 
data during the projection of concert halls is 
necessary to determine the optimal design. 

ACKNOWLEDGEMENTS 
This research is based on the graduation project 

called “Música+Arquitectura+Parametría: Pautas de 
diseño para espacios de presentación musical” and 
guided by the support of Ph.D. Architect Emily Vargas 
Soto, academic at the Universidad de Costa Rica; 
Ph.D. José Araya Pochet; Ph.D. Architect Rodrigo 
García Alvarado, academic at the Universidad del Bío 
Bío, Chile; and Architect Alexis Salinas Arriagada, 
DGNL Studio.  

REFERENCES 
1. García Alvarado, R.,  and A. Lyon Gottlieb, (2013). Diseño
paramétrico en Arquitectura; método, técnicas y
aplicaciones. Revista Arquisur, 3(3): p.16-27.
2. Navarrete, S., (2014). Diseño paramétrico. El gran desafío
del siglo XXI. Cuadernos del Centro de Estudios en Diseño y
Comunicación, 49: p. 63-72.
3. Basso, G., Di Liscia, O. P., and Pampin, J. (2009). Música y
espacio: ciencia, tecnología y estética. Buenos Aires:
Universidad Nacional de Quilmes.
4. Green, E., and E. Kahle, (2019). Dynamic Spatial
Responsiveness in Concert Halls. Acoustics 2019, 1(3): p.
549-560
5. Carles, J. L., and C. Palmese, (2005). Dossier Música y
arquitectura. Revista Scherzo, 193(20): p. 113-133.
6. Carrión Isbert, A. (1998). Diseño acústico de espacios
arquitectónicos. Barcelona: Edicions de la Universitat
Politècnica de Catalunya.

Vol.3 | 1660
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


7. Barron, M. (1993). Auditorium Acoustics and 
Architectural Design. London: E & FN Spon 
8. Takenaka, T., and A. Okabe. (2013). A Computational
Method for Integrating Parametric Origami Design and 
Acoustic Engineering. Computation and Performance - 
Proceedings of the 31st eCAADe Conference - Models of 
Computation: Form Studies, 2: p.289-296.
9. García Gómez, J.O, Kahle, and E., Wulfrank, T. Shaping
concert halls. EuroRegio 2016, Porto, Portugal (2016).
10. Beranek, L. (2004). Concert Halls and Opera Houses:
Music, Acoustics, and Architecture. New York: Springer
11. Lu S., Yan X., Xu W., and Liu J. (2016). Improving
auditorium designs with rapid feedback by integrating 
parametric models and acoustic simulation. BUILD SIMUL 
(2016), 9(3): p. 235-250. 
12. Gronda, M.L., Chiarella M., and Veizaga M. (2019)
«Flexo.In-Form.2019. Manufactura digital y optimización 
geométrica mediante programación visual». Polis, 16
(2019). https://www.fadu.unl.edu.ar/polis/
13. Chiarella, M., Gronda, L., and Veizaga M. (2019). “RILAB
- architectural envelopes. From spatial representation 
(generative algorithm) to geometric physical optimization
(scientific modeling)”. Architecture in the Age of the 4th
Industrial Revolution - Proceedings of the 37th eCAADe
and 23rd SIGraDi Conference - Algorithmic and Parametric,
3: p. 17-24.
14. Miyara, F. (2000). Acústica y sistemas de sonido.
Argentina: UNR Editora (Universidad Nacional de Rosario).
15. Gürsel, İ. (2012). Creative design exploration by
parametric generative systems in architecture. METU: JFA,
29(1): p. 207–224.
16. Cerdá, S., Segura, J., Giménez, A., and Cibrián, R. (2013).
Calidad de las salas para música clásica. Informes de la 
Construcción, 65(532): p.435-442.
17. Kuttruff, Heinrich (2000). Room acoustics. London: Spon 
press.
18. Van der Harten, A. (s.f). Pachyderm Acoustical
Simulation. Available:
http://www.perspectivesketch.com/pachyderm/index.php/
author

Vol.3 | 1661
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


PLEA 2020 A CORUÑA 
P lanning P ost  Carbon C it ies

On the Reliability of Buildings' Energy Use Predictions 
Can we Close the Occupant-related Performance Gap? 

ARDESHIR MAHDAVI, CHRISTIANE BERGER 

Department of Building Physics and Building Ecology, TU Wien, Vienna 

ABSTRACT: Computational building models can support building design, for instance via provision of 
performance predictions. Specifically, energy use predictions are considered both as useful feedback for iterative 
design improvements and as useful orientation for future building users and operators. However, in many 
instances, predictions of building energy use are not confirmed by actual monitored energy use data. This 
circumstance is generally referred to as performance gap. As such, multiple factors can play a role in the 
divergence of predictions and observations, including differences between the computational building model and 
the actually constructed building, weather conditions, and user presence and behaviour. The latter aspect has 
recently suggested to be a major factor behind the performance gap. In this paper, we reconsider the problem of 
performance gap as related to building energy use predictions. Toward this end, we: i) formulate a general 
definition of the occupant-centric performance gap research premise, ii) provide a systematic depiction of the 
many ways people's presence and control-oriented actions can influence buildings' energy demand, iii) reassess 
the validity of identification of the human factor as the main contributor to performance gap, and iv) explore the 
postulated prospect of sophisticated occupancy modelling techniques and behavioural modification schemes. 
KEYWORDS: Energy, Performance Gap, Prediction, Simulation, Buildings 

1. INTRODUCTION
Computational building models can support

building design, for instance via provision of 
performance predictions. Specifically, energy use 
predictions are considered both as useful feedback 
for iterative design improvements and as a useful 
orientation for future building users and operators. 
However, in many instances, predictions of building 
energy use are not confirmed by actual monitored 
energy use data. This circumstance is generally 
referred to as performance gap.  

As such, multiple factors can play a role in the 
divergence of predictions and observations, including 
differences between the computational building 
model (geometry and construction assumptions) and 
the actually constructed building, weather conditions, 
and user presence and behaviour.  

The latter aspect has recently attracted much 
attention. In fact, occasionally it has been even 
declared to be the main reason behind the 
performance gap. As a consequence, numerous 
research efforts in the building energy use domain 
pursue both better predictions of user behaviour and 
the exploitation of user-related energy efficiency 
potential via behavioural modification.  

In this paper, we reconsider the problem of 
performance gap as related to building energy use 
predictions. Toward this end, we attempt to: 

i) formulate a general definition of the occupant-
centric performance gap research premise,

ii) provide a systematic overview of the main ways
people's presence and control-oriented actions
can influence buildings' energy demand,

iii) probe if the identification of the human factor as
the main contributor to performance gap is valid,

iv) explore the postulated prospect of sophisticated
occupancy modelling techniques and behavioural
modification schemes,

v) examine the practical utility of sensitivity and
uncertainty analyses as a remedy for the
performance gap problem.

2. THE CHALLENGES OF THE PERFORMANCE GAP
RESEARCH PROGRAM

Many recent and ongoing research efforts are 
geared at improving the reliability of predictions of 
buildings' future energy use, i.e., closing the 
performance gap. A number of such efforts reveal 
certain recurrent features that implicitly constitute a 
kind of performance gap research program [1-2]. This 
program seems to suggest the following:  
a) Actual energy use of similar buildings (with

identical geometry, construction, and location).
Hence, occupants must be behind the differences.

b) To address the problem conjured in the above
proposition a, better (detailed, dynamic, realistic)
predictions of people's presence and activities in
buildings occupancy patterns and behaviour are
needed.
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c) Instead of single-value predictions of key
performance indicators, computational
predictions must always come with a distribution
(uncertainty range).

d) Given people's influence on energy use, there is a
need for efforts and campaigns to foster energy-
conscious behaviour on the side of building
occupants.

The proposition a above is not mistaken. But one
must be careful, as even in case of visibly similar 
building units, possible differences in construction, 
details, and systems cannot be dismissed outright. 
For instance, seemingly unitary row house may still 
differ in view position in the site (and thus in view of 
solar exposure and air flow patterns). More 
importantly, even if we grant proposition a, the 
subsequent propositions b, c, and d do not 
automatically follow. Predicting the future 
preferences and behaviour of unknown populations 
of building occupants in the design phase may – and 
probably does – face certain limits in terms of 
reliability. Likewise, it would be naïve to assume that 
by simply replacing typical schedules and rules in 
simulation models with more sophisticated (e.g., 
stochastic) formalisms we could necessarily obtain 
more accurate energy use predictions [3]. 

3. OCCUPANTS'S INFLUENCE ON ENERGY USE
Occupancy-centric performance gap research at

times appears to assume that occupants not only are 
responsible for this gap, but also have the possibility 
to significantly reduce it by simply adopting the right 
energy-conscious attitude and the congruous 
behaviour. There is, however, still a need for a clearer 
understanding of how occupants influence buildings' 
energy use. 

Categorization of occupants' impact on energy use 
of buildings can start with the distinction between 
passive and active effects. Whereas the former (i.e., 
emission of sensible and latent heat) are the 
consequence of people's mere presence in buildings, 
the latter primarily result from occupants' operation 
of building devices that are intended to condition 
indoor spaces [4]. Such devices include both building 
envelope elements (e.g., windows and blinds) and 
building control systems for heating, cooling, 
ventilation, and illumination. The energetic 
consequences of occupants' interactions with these 
devices depend on their availability and effectiveness, 
which may differ considerably from one building to 
another.  

Let us consider a number of control devices both 
in the envelope category (windows, shades) and in 
the equipment and systems category (luminaires, 
fans, radiators, diffusors). The following illustrative 
scheme (Table 1) summarizes these together with: 

possible reasons why the occupants would want
to operate them;
how (via which interfaces) they could be operated
by occupants;
reasons for occupant-driven energy inefficiency;
relevant energy category

Table 1 allows to pinpoint some of the challenges
of the aforementioned occupant-centric energy 
efficiency research program. The tangible reasons 
behind occupants' use of device control opportunities 
(if available) mainly pertain to their need for comfort. 
Assuming occupants' needs are "reasonable" and 
control devices (including their human interfaces) are 
well-designed, not much leeway remains in view of 
occupancy-related energy efficiency opportunities 
(see Table 1's fourth column).  

Table 1: A schema of buildings' control devices including functionality, interface, energy demand, and inefficient operation. 
Environmental 

control elements 
and components 

The primary purpose 
of control operations 

Interfaces for 
occupants' control 

actions 

Inefficient energy use 
potentially attributable to 

occupants' behaviour 

Relevant energy use 
modality 

Windows Thermal comfort, 
fresh air (indoor air 

quality) 

Manual and/or 
mechanical operation 

Absence, improper 
operation, "unusual" 
comfort preferences 

Heating and cooling 

Blinds Visual/thermal  
comfort, solar 

protection 

Manual and/or 
mechanical operation 

Absence, improper 
operation 

Heating and cooling, 
lighting (electricity) 

Lights Visual performance Physical and/or digital 
switches/dimmers 

Absence, "unusual" 
preferences 

Electricity, internal 
thermal gains 

Fans Thermal comfort Physical and/or digital 
switches/dimmers 

Absence, "unusual" 
preferences 

Electricity, internal 
thermal gains, cooling 

Radiators Thermal comfort Physical and/or digital 
valves, thermostats 

Absence, "unusual" 
preferences 

Heating and cooling 

Diffusers Thermal comfort, 
indoor air quality 

Physical and/or digital 
nubs/actuators 

Absence, "unusual" 
preferences 

Heating and cooling 
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Needless to say, in case of occupants' absence, 
provision of indoor environmental services would be 
unnecessary. Aside from adequate technical solutions 
(e.g., occupancy sensors for lighting controls) proper 
occupant behaviour would be desirable. However, we 
should not forget that the design quality of building 
systems' hardware and software (for example, 
hardware accessibility and user interface 
intuitiveness) can encourage or hamper proper 
behavioural patterns.  

The fourth column of Table 1 entails the phrase 
"unusual" comfort preferences. The question is, if 
comfort preferences that are not within the common 
range of assumptions can be said to be unreasonable. 
We can of course remind occupants of the adaptive 
opportunities such as adjusting their clothing (instead 
of choosing an overtly high heating temperature set-
point). But, given occupants highly diverse and 
complex motivational and attitudinal backgrounds, 
there is no guarantee that a change in behaviour 
occurs, or if a manifested change would be sustained 
over the long run. As such, to find the optimal 
handling of situations involving "unusual" behavioural 
habits is not trivial. For instance, what can be done if 
information campaigns concerning adaptive 
opportunities remain unheeded? What can be done if 
occupants in residential buildings insist on winter-
time natural ventilation guided by a highly purist 
attachment to fresh air? Must they be confronted 
with the monetary consequences of their behaviour, 
for instance via dedicated energy use monitoring and 
billing? 

Another class of behavioural patterns that may be 
construed to have negative consequences in terms of 
energy use, concerns "improper" interactions with 
the buildings' environmental control systems. There 
are various instances of such interactions that may be 
interpreted as improper. These could concern the 
timing of actions (for instance, intensive window 
operation during peak heating periods in the cold 
season). Another instance pertains to opting for a less 
efficient choice when multiple control options are 
available (for example, closing shades and intensive 
electrical lighting usage when glare-free daylight is 
available). But the so-called improper behavioural 
patterns are not necessarily and entirely due to 
occupants' carelessness or poor judgments. In many 
instances, the design quality of building control 
systems and respective interfaces plays a role as well. 
For instance, systems that would offer occupants 
timely information (e.g., regarding outdoor 
conditions and system states) could presumably 
contribute to a more energy-conscious control 
behaviour. 

To recapitulate, the energetically relevant extent 
of occupants' control-oriented actions depends on 
the availability of relevant systems/devices and the 

degree to which they could be effectively 
manipulated. Consider, as a simple example, the case 
of electrical lighting operation in an office building. 
Consider further the following (by no means 
exhaustive) list of a number of possible lighting 
control scenarios:  
i) The lights may be centrally controlled (e.g., via

building's automation system);
ii) The lights may be switched on/off based on feed-

back from occupancy detection sensors;
iii) The lights may be turned on/off (or continuously

modulated) based on feedback from illuminance
sensor indicating the magnitude of available
daylight;

iv) The lights may be switched on/off by occupants;
v) The lights may be controlled by occupants using a

dimmer (for continuous control of the light
levels).

It seems obvious that, in case of the first three
scenarios above, occupants are not in a position to 
directly or actively determine the control regime. 
Consequently, they can also not influence the 
associated energy use ramifications.  

The situation is not different in case of buildings' 
other indoor-environmental control systems (for 
heating, cooling, and ventilation). Such systems are 
frequently (especially in office buildings) centrally 
controlled. In some buildings, occupants may have 
some degree of local interaction opportunity. This 
could be either some rudimentary (e.g., on/off) mode 
of control, or a more extended mode, including 
options to define and schedule set-points pertaining 
to desired values of indoor-environmental variables 
such as temperature and humidity.  

It thus appears reasonable to suggest that the 
degree of occupants' influence on buildings' energy 
use depends not only on their behaviour, but also on 
the availability and effectiveness of systems control 
opportunities. These may be very different from one 
building to another, even within the same building 
type (e.g., office buildings, residential buildings).  

These observations underline the problematic 
nature of the tendency to single out occupancy 
behaviour as the deciding factor in the performance 
gap discussion. Occupant behaviour may be indeed 
the main contributor to performance gap in many 
instances. But global statements on the role and 
magnitude of occupants' influence on buildings' 
energy performance are not warranted. But even if 
grant the importance and scope of occupants' role, 
we still must probe the coherence of proposed 
remedies of the performance gap research program 
(see items b, c, and d in section 2): 

There is no reason to believe that future 
occupancy patterns and behaviour can be arbitrarily 
enhanced. Especially in case of future buildings, the 
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composition and attributes of building occupants are 
routinely underdetermined.  

There is no evidence to suggest that replacing 
schedules and rules in simulation tools with 
stochastic models must lead to more accurate 
predictions of energy performance indicator values 
[5]. Note that the emulation of the probabilistic look 
of energy use dynamics is not the same as provision 
of accurate predictions of future energy use.  

Even if we achieve significantly improved 
predictions of occupancy patterns and behaviour 
(particularly in case of operation applications in 
existing buildings with known populations), it does 
not follow that design phase building energy use 
predictions likewise radically improve. To understand 
this point, one needs to reflect on the uncertainties 
involved in the mid-term and long-term predictions of 
weather conditions, which represent a critical input 
information in energy simulation.    

Ideally, integrated consideration occupants' 
presence, comfort preferences, and behavioural traits 
could contribute to the closure of energy 
performance gap. However, a major challenge 
thereby is the lack of information on building's future 
occupants (energy consciousness, technical 
knowledge, disposition to adaptive behaviour, 
comfort preferences, responsiveness to informational 
campaigns) in the building design phase. If we had 
information, in this phase, on the future occupants' 
attitudes (toward environment), awareness 
(concerning energy efficiency), and knowledge (with 
regard to buildings' control systems, we could 
perhaps more reliably predict future energy 
performance. Similarly, equipped with such 
information, we could be probably in a better 
position to estimate the short-term, mid-term, and 
long-term effects of informational campaigns on 
energy efficiency. Currently available – arguably 
modest – information on occupants' attributes does 
not allow for generalized inferences.  

All this does not mean that efforts to develop 
better occupancy-related predictive models is not 
important. As such, obtaining a better understanding 
of occupant behaviour can be seen as a necessary 
precondition to effective building design and 
operation approaches. Nonetheless, the flaws of the 
so-called performance gap research program must be 
broached.  We can generate more realistic looking 
profiles of occupants' presence and behaviour in 
buildings using probabilistic modelling techniques. 
But this, in and of itself, cannot close the 
performance gap. Similarly, the longevity of 
informational campaigns on energy-efficient control 
behaviour cannot be universally predicted, given the 
complexity of the factors involved (occupants' 
attributes, building types, locations, etc.).  

These circumstances can of course improve in the 
future, if the scope and resolution of empirical 
information on buildings' occupants can be expanded 
in the future. Hereby, a relevant question pertains to 
measures and methods that could enhance the 
building design and operation even in the absence of 
comprehensive empirical information on user 
behaviour. In this context, certain types of 
mathematical and computational formalisms have 
been suggested to provide a remedy. The next 
section of this paper briefly addresses one class of 
such formalisms. 

4. ABOUT UNCERTAINTY
In the forgoing treatment, we alluded to one of

the misconceptions related to the occupancy-centric 
performance gap research. It is entailed in 
assumption that replacing single-value performance 
predictions with distributions of key performance 
indicator values could alleviate the performance gap 
problem. It seems reasonable of course, to suggest 
that energy performance simulation output should 
include uncertainty ranges, instead of mere single-
value results. However, in and of itself, the suggestion 
does not say where the information on uncertainty 
ranges of simulation input assumptions should come 
from. It could be argued that computed distribution 
of performance indicator values may could be, at 
least to a certain extent, resistant to attributes of the 
respective input data distributions.  

To explore this possibility, we recently conducted 
a parametric simulation study of a sample residential 
building [6]. Thereby, we explored how different 
distribution shapes and ranges of occupancy-related 
input data influence the computed values of the 
building's annual heating demand. Consider, 
specifically, the five different distributions of 
computed annual heating demand of this sample 
building (Figure 1). Now, what would be the 
informational utility of these different distributions? 
In this case, these diverse distributions resulted from 
the – arbitrarily assumed – input data distributions 
(see Figure 2), namely three normal distributions with 
three different widths (N_N, N_S, and N_W), a left-
skewed distribution (S_L) and a right-skewed 
distribution (S_R). Given the arbitrary nature of input 
data distributions, the resulting output data 
distributions must be also qualified as arbitrary. 

Perhaps, one could think, the simulation output 
distributions would be less prone to variation of input 
distributions, if we would vary – simultaneously and 
randomly – more than one input variable (for 
instance, via Monte Carlo simulations runs). To reflect 
on this possibility, consider the three distinct 
distributions of computed heating demand (using 
simulation application EnergyPlus [7]) of the 
aforementioned building (Figure 3).  
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Figure 1. Computed annual heating demand (qa,h) 
distributions as a consequence of assumed input variable 
distributions (see Figure 2). 

Figure 2. Assumed heating temperature set-point ( sp-h) 
distributions toward computation of annual heating demand 
(see Figure 1). 

Figure 3. Computed distributions of annual heating demand 
(qa,h) as a consequence of assumed input variable 
distributions (see Figure 4). 

Figure 4. Selected distributions of input variables sp-h and 
ACH toward computation of annual heating demand (see 
Figure 3). 

These distributions resulted from the concurrent 
randomization of two simulation input variables 
(heating temperature set-point and air change rate) 
based on three distinct functions (A, B, and C) as per 
Figure 4. These results do not provide any evidence 
for the suggestion that arbitrary variations of input 
data distributions would yield persistent distributions 
of computed performance indicator values.  

We must thus conclude that we have not supplied 
much of added value to the simulation utility just by 
flanking energy performance predictions with 
uncertainty ranges, as long as the underlying input 
data distributions lack empirical substance. 

5. CONCLUSION
The performance gap research program – as

understood in this contribution – refers to occupants' 
role as a key reason behind the mismatch between 
buildings' predicted and actual energy performance. 
As remedies, it targets: 
i) more accurate predictions of user presence and

behaviour in buildings, for instance, via
probabilistic modelling approaches;

ii) promotion of energy-conscious user behaviour,
for instance, via energy efficiency information
campaigns or dynamic energy-centric feedback
mechanisms).

Such efforts are undoubtedly important and useful. 
But we need to be careful with exaggerated claims 
regarding their promise and potential. We argued 
that there is need for a structured assessment of 
occupants' energy-related impact on buildings' 
performance. We further argued that not all 
occupant-centric issues causing sub-optimal energy 
use can be resolved by occupants themselves. 
Specifically, the role of poorly conceived and 
operated environmental control systems should not 
be neglected. 

We also briefly addressed the frequently postulated 
promise of occupant-centric probabilistic methods 
and uncertainty analysis in the context of the 
performance gap problem. In our view, the use of 
stochastic modelling in lieu of more conventional 
(schedule-based) occupant presence and (rule-based) 
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behavioural models in of itself does not result in 
more accurate energy use predictions.  

Finally, we briefly discussed the potential of formal 
methods for the analysis of the uncertainty of 
simulation results in the specific context of 
performance gap discourse. Specifically, we 
considered the potential benefits of presenting 
simulation results not as single values, but in terms of 
distributions of performance indicator values. In this 
case too, we had to conclude that the usefulness of 
such distributions remains limited, as long as they are 
not based on reliable empirical information 
concerning the corresponding distributions of the 
input variable values.  

Even if it is unlikely that the so-called performance 
gap can be entirely closed, it is important to improve 
the quality of occupant-related model input 
assumption. As such, richer and more representative 
repositories of occupancy-related data are needed to 
develop more reliable behavioural models, building 
codes/standards, and energy policies. This may not 
eliminate the performance gap, but could 
significantly contribute to more robust evidence-
based building design and operation methods in the 
future. 
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ABSTRACT: Shading strategies in street canyon are essential for reducing sky exposure and optimizing outdoor thermal 
environment, especially in the hot and humid climate zone. However, over shading might damage the thermal 
dissipation potential in a street canyon. Traditional shophouse neighbourhoods (TSNs) in southern China is a good 
reference on climate-adapted urban morphology since they integrate multiple shading strategies properly. In this paper, 
the correlative impact of four shading strategies of TSNs on sky view factor (SVF) and pedestrian-level thermal comfort 
are investigated, including aspect ratio of canyon, axis orientation, proportion of arcade, and tree coverage area. The 
concept of physiological equivalent temperature (PET) load is applied on assessing the cooling performance in different 
experimental case. The results illustrate that: the cooling performance of the streets with border tree in high SVF are 
better than the streets only shading by building geometry; the cooling effect of shading facilities is getting weak in 
street canyon with low SVF (SVF < 0.1 on the middle of pedestrian area). Furthermore, a proper value range of the 
above four shading strategies is given for guiding climate responsive street canyon design. 

KEYWORDS: Urban microclimate, Parametrical simulation, Pedestrian-level thermal comfort, Correlated assessment 

1. INTRODUCTION
The characteristic of urban morphology relates with

the local microclimate directly[1]. As an element of 
urban morphology, shading facilities are necessary in 
street canyon for achieving a comfortable outdoor 
environment especially in warm climatic zone where 
suffers a long and unbearable hot summer season[2]. 
Shading facilities are served as preventing solar radiation 
and adjusting the level of sky exposure. According some 
contrastive studies, the cooling performance and 
correlative impact between shading strategies are 
different[3-5]. 

However, over shaded or too deep canyon might also 
lead to aggravate urban thermal environment, since the 
lower sky exposure would damage the thermal 
dissipation potential of urban in nighttime as well[6, 7]. 
A negative correlation between sky exposure and 
intensity of Urban Heat Island (UHI) has been verified[8]. 
Thus, it is important to balance the needs of shading and 
performance of cooling in the process of street canyon 
design.  

A kind of compact and climate-adapted Traditional 
shophouse neighbourhoods (TSNs) can be found in many 
old city quarters of southern China and Southeast Asia 
(Fig. 1), where are located in the hot-humid climate zone. 
Multiple shading facilities are integrated in these TSNs, 

including greening, semi-open arcade, and high aspect 
ratio, to achieve comfortable thermal environment for 
residential and pedestrian, which is a proper reference 
for urban design on responding climate. 

Authors has already reported the correlative impact 
between shading strategies and neighborhood 
configurations on pedestrian-level thermal comfort (PTC) 
in the street canyon of TSNs [9, 10]. This research is a 
further study based on the microclimatic simulation 
result from the former papers. By means of relating the 
value of sky view factor and thermal environment on 
pedestrian level, the correlative impact of shading 
strategies in street canyon on sky exposure and cooling 
effect can be investigated. 

Fig. 1. Aero and street view at a Traditional Shophouse 
Neighbourhood in Guangzhou, China 
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2. METHOD
2.1 Parametrical simulations

In the context of ideal street canyon, four main 
shading strategies of street design are studied, which are 
aspect ratio of canyon (CHW), axis orientation (AO), 
aspect ratio of arcade (AHW) and tree coverage area 
(TCA). Those streets are in a fixed length (200m) and 
height (12m). The pedestrian area with 3m width is set 
beside both sides of road. As shown on Fig. 2, three 
groups of street canyon for experiment (G1 to G3) are 
generated following the spatial scale ranges of TSNs in 
South China, details can be found in Yin, Lang [9].  

The CHW is varied via adjusting the width of road. 
According to the site survey on relating canyon type in 
cities of Southern China, the CHW in three groups are 
different. In G1, CHW is varied from 1.00 to 3.00; in G2 is 
0.67 to 1.67; in G3 is 0.33 to 1.33. Regarding the AHW in 
G2, the height of arcade is fixed at 4 m same as that of 
ground floor. The AHW is changed from 0.67 to 2.67 via 
varying the width of arcade. The variation of TCA in G3 is 
generated by increasing crown diameter of border trees 
in both sides, and the range is from 22% to 89%. In each 
value range, five cases are selected with equally interval. 

In all above cases, four AOs are investigated which 
are east to west (EW), southeast to northwest (SE-NW), 
south to north (SN), and southwest to northeast (SW-NE). 
In a total, 216 street canyons have generated as 
experimental case in this research.  

These models are named as variable followed value, 
such as the CHW300 in G1 is alluding to the alley with 
CHW in 3, and the TCA089 is pointing the canyon with 
TCA in 89% in the G3. The predicted points locate at both 
the middle of pedestrian area and road. 

Fig. 2. Parameters investigated in three groups 

2.2 Assessing Index for Sky Exposure 
The Sky View Factor (SVF) is adopted to assess the 

level of sky exposure on a predict point. SVF represents 
the ratio at a point in space between the visible sky and 
a hemisphere centered over the analyzed location[11]. 
The range of SVF is varied from 0 to 1. At the point with 
SVF=0, the sky is blocked entirely by obstacles. In this 

research, the crown of tree is set as a solid volume and 
15 m height in calculating SVF.  
2.3 Assessing Index for Cooling Performance 

The physiological equivalent temperature (PET) is 
applied to evaluate the PTC. The concept of PET load 
(PETL) is applied in this research, which means the part 
of PET over no thermal stress[12]. Thus, the cumulative 
PETL (cPETL, i.e., the sum of PETL) can present the 
thermal stress load on the attendance of a person at a 
specific point during a certain period, as in the Equation 
(1).  

In this research, the value of no thermal stress 
perception (BC) is set as 30 ◦C, which is the neutral PET 
in hot-humid climate zone according to relating 
research[13]. The cPETL is the sum of PETL at a predicted 
point from 8 to 20h, when is the main period for outdoor 
activities. For comparing the cooling effect between 
different cases, the ∆cPETL is adopted, which is 
calculated as the Equation (2). The OcPETL (◦C) is the 
cumulative PET load of the point in the base case, which 
is the alley with CHW=1 (CHW100). The PcPETL is other 
street canyons with the same AO of the base case. Thus, 
higher ∆cPETL means better cooling performance and 
vice versa. 

����� � �(����� � ��)
��

���

 (1) 

������ � ������ � ������ (2) 

where PETLh (◦C) is the PET load in h time; PcPETL (◦C) 
is the cumulative PET load of the point in predicting 
street canyon; OcPETL (◦C) is the cumulative PET load of 
the point in reference street canyon, which is an alley 
without any shading facility and its CHW is 1. 
2.3 Boundary Conditions for ENVI-met 

The ENVI-met 4.3 (released in Dec. 2017) [14] is used 
for both calculating the value of SVF and simulating the 
PTC in each generated cases in Chapter 2.1. The PET is 
calculated via Biomet which is a post processing program 
in the suite of ENVI-met. 

The Tab. 1 indicates the boundary conditions for 
parametrical microclimate simulation. The data of Ta 
and RH come from a weather station on the roof of TSN 
in Guangzhou on 30th July 2017, more details can be 
found in a former research by authors. The variations of 
Ta and RH in a day are set as forced file in hourly for 
simulating in ENVI-met. The Ta reached its peak at 1600H 
and the lowest value at 0200H, which is 38.7°C and 
27.1°C respectively, while the RH lied in the valley 
bottom, 48.5% and get the top at 0700h, 90.1%. The 
Solar adjustment factor of ENVI-met model is set as 0.78 
to fit the Global Horizontal Irradiance from measured 
point. 
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Tab. 1 Climate data input for simulations with ENVI-met 
Size and 
resolution 

100x100x50m 
X=1m, Y=1m, Z=2m 

Date 30.07.2017 
Duration 4:00 am- 8:00 pm 
Ta 38.7°C - 27.1°C 
RH 48.5% - 90.1%. 
Solar adjustment 
factor 0.78, max 847 W/m2 

Wind Velocity 
and Wind 
Direction at 10m 

1.5 m/s, 135° 

Specific humidity 
at 2500 m1 13.0 g/kg 

Soil initial 
temperature2 

305K (0-20 cm)/ 307K (20-50 
cm)/ 306K (<50 cm) 

Soil wetness2 30% (0-20 cm)/ 40% (20-50 
cm)/ 50% (<50 cm) 

Building 

Wall: Thermal resistance=0.5 
(m2K)/W, albedo=0.4 

Roof: Thermal resistance=1.0 
(m2K)/W, albedo=0.45 

Surface Albedo Asphalt=0.2/ Concrete=0.8/  
Grey tile=0.5 

1 this variable acquired from Barsi [15] 
2 this variable acquired from Yang, Zhao [16] 

3. RESULT AND CONCLUDSION
The SVF and PTC on the middle of the road and

pedestrian area are compared for investigating the 
correlation between sky exposure and cooling 
performance.  

 SVF 
The Fig. 3 indicates that the SVF in different groups. 

In G1, the SVF presents positive correlation between the 
point on road and pedestrian, whose R-squared is over 
0.9. The value of SVF on road is varied from 0.13 to 0.53, 
while on pedestrian is from 0.15 to 0.44.  

Similar positive correlations are illustrated in the 
street with arcade in G2. In general, the SVF on the 
pedestrian is getting lower with the AHW decreasing. 
Besides the AHW067, the other 4 streets present linear 
correlation between the point on road and pedestrian 
with the same slope, which is much slower than it in G1. 
The SVF on road changes from 0.30 to 0.67, and on 
pedestrian area varies from 0 to 0.3. The SVF on 
pedestrian approach 0 when the SVF on road lower  than 
0.6 in the AHW067, while the SVF on pedestrian is 
closing 0 when the road’s SVF is 0.3 in the AHW 100 as 
well. 

Fig. 3 The correlation between SVF on middle of road and 
pedestrian area in three groups. (a) is the group of alleys with 
shading facility; (b) is the group of arcade streets; (c) is the 
group of boulevards. 

Vol.3 | 1670
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


Regarding the street with trees, the correlation 
between the SVF on the middle of road and pedestrian 
presents less linear relations than that in G1 and G2. 
Though the R-squared value in all streets are rather 
lower, the street with less tree coverage area presents 
high linear correlation. The R-squared in TCA022 is 0.87, 
while in TCA088 is only 0.33. The SVF in most of its 
canyons are closing 0 on pedestrian area. In G3 the value 
of SVF on middle of road varies from 0.13 to 0.63, and on 
pedestrian area changes from 0 to 0.47. With the tree 
coverage area increasing, the response of SVF on 
pedestrian area is getting insensitivity and presenting 
mild slope on its fitting line. For example, the SVF on 
pedestrian area in TCA022 varies from 0.2 to 0.48, while 
in TCA088 is only from 0 to 0.05. The SVFs are raised 
markedly when its TCA less than 33%.  

 ∆cPETL 
The OcPETL ( ) is the cumulative PET load of the 

point the alley without any shading facility and its CHW 
is 1,which is varied from 121.3 to 142.4  according to 
its orientation. With the CHW increasing, the cPETL of 
the predicting point is reducing and its corresponding 
∆cPETL is higher. As shown in Fig. 4, the highest ∆cPETL 
in G1 is 50.3  and the average is 18.4 . The inter 
quartile range (IQR) of G1 is from 4.1 to 29.4 , which is 
the lowest range comparing with that in G2 an G3.  

Fig. 4 The box-plot of ∆cPETL on the pedestrian area in 
different street type, G1 is alleys, G2 is street with arcade for 
pedestrian, G3 is street with boulevard.  

In most of arcade streets, pedestrian area is comfort 
than in alleys. The average value in G2 is 35.9  and in 

G1 is 19.5 . The AHW200 with CHW in 0.33 and N-S 
orientation shows the worthiest thermal environment 
with ∆cPETL=-13.6 . The maximum ∆cPETL is 84.8  in 
the AHW067 with CHW=1.67. The span of its IQR is 
longest among the three groups, from 18.0 to 54.6 .  

The streets with trees illustrate the best performance 
on reducing PET load and the average  ∆cPETL is 42.5 . 
Though the third quartile only slightly over it in arcade 
street with 56.0 , the first quartile is fast double as it 
in G2 with 31.8 . The average of ∆cPETL in G3 is fast 
44.5  and higher than the third quartile in G1. The 
minimum ∆cPETL is only -4.6  just few lower than it in 
the reference street canyon.  

 orrelation between SVF and ∆cPETL 
As shown on Fig. 5, the correlation of SVF on road and 

pedestrian area with the ∆cPETL on pedestrian area are 
presented, respectively. In general, the ∆cPETL in all 
streets is reducing with the SVF raising. The alleys always 
present worse outdoor thermal environment comparing 
other two street types when they share the same SVF on 
the middle of road, expect the street in extremely deep 
canyon. For example, the lowest SVF on the middle of 
road in G1 and G3 are 0.13, but the ∆cPETL in some 
street with trees even lower than it in alleys. Differing 
from the linear correlation between the SVF on the 
middle of road and the ∆cPETL on pedestrian area in G1, 
the PTC in the street with arcade and tree shows weak 
relationship with the SVF on the middle of road, such as 
the ∆cPETL varied significantly from -13.6 to 80.4  in 
G2 when its SVF on the middle of road is around 0.66. 
The range of ∆cPETL of boulevards in a certain SVF is 
about 60 to 70 , as the shading facilities impact the 
PTC in those streets on pedestrian area.  

Regarding the correlation between SVF and ∆cPETL 
on pedestrian area, a linear relationship only present in 
G1. In other two type of street, the span of ∆cPETL is 
relative significant, especially in the street with high SVF. 
For example, the difference of ∆cPETL between cases in 
arcade street with SVF in about 0.3 is over 85 , in 0 is 
around 60 . Such range in G3 is smaller, which is 
around 60  in different SVF. When the SVF is less than 
0.3, the ∆cPETL in G1 is closing worst case in G3 but is 
higher than majority streets with arcade. For example, 
the highest ∆cPETL of G1 in SVF=0.3 is 22.3 , and the 
lowest ∆cPETL of G3 in the same SVF is 18.4 , but its 
top value is fast 75 . In G2, the lowest case is -13.0  
and the best is 72.8 .  
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Fig. 5. The correlation between SVF and ∆cPETL of the point on 
the middle of road(a) and pedestrian area(b) 

When the SVF higher than 0.21, the ∆cPETL in some 
street with arcade is lower than 0, but in G3, the 
threshold is postponed until the SVF over 0.47. This 
illustrates that the cooling capacity of tree coverage is 
better than it of building geometry. Only few arcade 
street’s PTC is approaching that in boulevard with the 
same SVF, and most cases in G2 are worse than G3. 
When the SVF of G2 and G3 is lower than 0.05, the range 
of ∆cPETL of both two groups are similar, about 30 to 
90 . Meanwhile, the orientation plays an important 
role in G2, since some cases have much better cooling 

performance than others in the same SVF. The most 
significant gap can be found In the AHW267 with SVF 
about 0.3. The ∆cPETL in E-W orientation changed from 
55 to 61 , while in other orientation is from -13.6 to 
34.9 . However, the difference in G3 is rather small and 
the best orientation is N-S orientation. 

4. CONCLUSION
Some conclusions can be summarized as following:

Regarding the impact of shading facilities on sky
exposure, the CHW presents an inverse 
relationship with SVF in all groups but in 
different tendencies. The SVF of point in arcade 
and under tree coverage increase much slower 
than it in alley with the road getting wider. It 
indicates the resistant capacity of arcade and 
trees on decreasing the sky exposure for 
pedestrian. Differing with a similar relating 
tendency in different AHW, boulevards 
illustrate variant trends between the SVF on 
middle of road and pedestrian area. With the 
TCA getting higher, the relationship is 
inconspicuous and insensitivity.  
The cooling performance in the street with 
arcade and tree is similar since both of them still 
present high ∆cPETL in the street with open sky 
exposure. The maximum and third quartile of 
∆cPETL in G2 and G3 are closing. Most of the 
points at pedestrian area in G1 are lower than 
that in G2 and G3. However, over half of 
canyons in G3 have better thermal environment 
comparing street with arcade, even in shallower 
canyon. This indicates that the greening has the 
best cooling performance among all shading 
facilities. 
In the aspects of the correlation between SVF 
and ∆cPETL, the boulevards present the best 
cooling performance in high sky exposure 
canyon on pedestrian area, while in the 
pedestrian area with low SVF the cooling effect 
of arcade and greening are closing. Meanwhile, 
the impact of orientation is relative faint in the 
point of low sky exposure. The tree coverage 
has better resilience on preventing the raise of 
PET load in high sky exposure. The negative of 
∆cPETL in G3 only appears out until the SVF over 
0.47. The cooling performance in arcade is 
limited according to orientation, as its negative 
of ∆cPETL comes out at the SVF over 0.21 while 
the threshold for alley is over 0.4. When the SVF 
on pedestrian area too lower, the cooling 
impact of shading facilities is difficult to detect 
or even worse than that in higher SVF.  

Vol.3 | 1672
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


To avoid too deep canyon and over shading in arcade, 
the SVF in the middle of arcade can over 0, when its SVF 
at middle of street is higher than 0.3 but lower than 0.5, 
and its AHW is around 1 to 1.33. In the aspect of 
boulevard street, the TCA is suggested higher than 33% 
but lower than 67%, and the SVF on middle of road is 
over 0.2. Based on the above guidance, the need of 
shading from pedestrian is satisfied, meanwhile, the 
thermal dissipation of urban is ensured as well. 
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ABSTRACT: Designers usually assume several parameters when building simulation models. Among these 
assumptions is the preferred indoor climatic conditions. However, thermal comfort is a subjective matter in 
which people perceive differently. The discrepancy between the assumed and preferred indoor conditions can 
cause the “comfort gap” which contribute to the performance gap. In this paper, personalized thermal sensation 
vote equations were developed for seven respondents. They were developed based on coupling monitoring with 
“right here right now” survey to define the preferred indoor temperature for each of them. Adapting this 
approach, especially using an automated system is useful to reduce the “comfort gap” by minimizing the 
assumptions when developing the simulation models.  
KEYWORDS: Energy, personalised comfort, monitoring, performance Gap  

1. INTRODUCTION
Humans have certain expected thermal limits for

the different environments which change according 
to the contexts, time of the day and season [1]. The 
internationally accepted definition for thermal 
comfort used by ASHRAE is ‘that it is a condition of 
mind which expresses satisfaction with the thermal 
environment’ (ISO 7330).  However, Heijs argued, the 
definition does not define what state of mind that is 
(in terms of perception, feeling, etc.), and does not 
define the variables involved [2]. He also added that 
the definition provides no indication of how to relate 
the mental state into a measurable parameter. Limb 
(1992) defined thermal comfort as “a condition of 
satisfaction expressed by occupants within a building 
to their thermal environment” [3]. On the other hand, 
it was defined by Markus & Morris (1980) as “that 
state in which a person will judge the environment to 
be neither too cold nor too warm_ a kind of neutral 
point defined by the absence of any feeling of 
discomfort”[4]. 

There are two main ways to meet the thermal 
comfort requirements, the first is by consuming 
energy to control the internal environment and the 
second is by adapting the adaptive comfort approach 
[5]. Building users have a natural tendency to adapt 
to changing conditions in their environment, as 
expressed in the adaptive approach [6]. Adaptation is 
defined as the gradual decline of human responses to 
repeated environmental stimulation, which might be 
behavioural (clothing, windows, ventilators), 
physiological (acclimatization), psychological 

(expectation) or a combination [7]. The users in this 
approach are supposed to have some degree of 
control over their personal thermal environment [8]. 
The adaptive approach had support from studies 
around the world [9-12]. It was also recognised 
internationally, as ANSI/ASHRAE Standard 55 uses 
standards that have incorporated evaluative methods 
based on an adaptive approach [13], followed by the 
Chinese GB/T standard 18049 [14]. The thermal 
response of users is measured by expressing a 
‘comfort vote’ on a descriptive scale such as the 
ASHRAE or Bedford scale [6]. Several contextual 
variables impact the results of these surveys: climate, 
the nature of the building and its services, and time in 
a variable environment [6].  

Thermal comfort is a very subjective concept. The 
key factors that impact the thermal comfort are 
environmental and personal. The environmental 
factors include the air temperature, humidity and air 
velocity while personal factors include clothing 
insulation and metabolic rate [15]. In addition to the 
previous parameters, other parameters are 
considered influential coming to comfort like the 
state of health, acclimatization, body shape and 
gender [16]. The thermal comfort requirements 
change as people grow from children to the elderly 
[17].  When it comes to sick people, thermal comfort 
requirements will depend on the type of sickness and 
the conditions the patient is in during recovery [17]. 
Pregnant women have a limited adaptive opportunity 
due to hormonal changes, an increase of metabolic 
rate and the added weight [17]. It was found that a 
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group of people with physical disabilities have slightly 
different thermal comfort requirements from people 
with no physical disability [18]. Kohler (2003) 
demonstrated the role of the cultural background of 
the individuals in identifying their perception and 
thermal sensation when it came to thermal 
comfort[19]. Based on that it is clear that a great 
amount of our perception to thermal comfort is a 
subjective matter and related to the user’s 
characteristics. 

As thermal comfort is a personal matter, this 
paper suggests a method to decrease the 
performance gap of the new and retrofitted 
buildings. this is done by using more accurate 
assumptions for the heating and cooling set-points 
when creating the simulation models that meet the 
individuals’ thermal needs. 

2. PERSONALISED THERMAL COMFORT AND
PERFORMANCE GAP 
“Performance gap” is defined as the difference 
between predicted (computed) performance of 
buildings and the actual one during the operational 
phase. The difference can be in energy use, comfort 
performance or both. The term “Performance gap” 
was first brought out in 1994 to describe the 
difference between the predicted and the actual 
energy consumption in buildings [20] and studies 
continued to address the issue afterwards[21-26]. 
There is a great discrepancy in the size of the gap [27] 
which can vary between 6-140% [28]. The gap was 
spotted in new and retrofitted buildings [29,30]. The 
causes behind not meeting the predicted energy 
during real-life performance can go back to different 
stages of the building life [31]. In this paper, we will 
explore the reasons related to user behaviour. 
The behaviour of the occupants has substantial 
impacts on the energy performance of buildings, 
however, its precise impact is not very certain [32] 
and is usually oversimplified in the building life cycle 
[33]. There are several issues related to occupant’s 
behaviour that can contribute to the performance 
gap when retrofitting buildings.  The rebound effect 
describes the gap due to the increase of consumption 
as a result of an increase of energy efficiency [34] as 
an application of Jevons paradox [35].  The pre-bound 
happens when energy consumption before 
retrofitting is overestimated [36]. Designers 
sometimes are encouraged to make significant 
assumption due to insufficient data during the design 
and energy simulation phase [37, 38]. Among these 
assumptions that contribute to the rebound and 
prebound effects are the temperature set-points for 
heating and cooling for which the users may feel 
comfortable in the targeted buildings. When the 
designer assumes a certain internal temperature that 
differs from occupants’ preferences, this can cause a 
“comfort gap” [39]. 

Personalised thermal comfort models were 
developed in several studies. For example, Daum et 
al., (2011) and Satake et al., (2016) developed 
personalised thermal comfort models to reduce 
energy consumption with minimal comfort loss using 
Bayesian network to learn and adapt to a user’s 
individual preferences [40, 41]. In addition to the 
benefits of using a personalised thermal model on the 
health and wellbeing of the users, the model can be 
beneficial when it comes to saving energy in 
buildings. Since thermal comfort sensation is a 
“personal” matter, a personalized model for thermal 
comfort can help the designers and users to set up 
the temperature of the heating and cooling systems. 
In the following section, the method to develop the 
personalized model is discussed.  

2. Method
Three dwellings were selected, the first house was a 
single house with a total area of 250 m2, the second 
was an apartment with a total area of 125 m2and the 
third one was an apartment with a total area of 120 
m2. The three houses located in the same 
neighbourhood to the north of the city of Hebron in 
Palestine.  The climate in Hebron is classified as 
Interior Mediterranean climate. On the social level, 
the residents are conservative. Privacy is important 
and is reflected in the houses’ layout. For example, 
usually, the houses have a separate guest room for 
the visitors and the living space is not shared by 
visitors who are not part of the family [42]. It is also 
reflected on the openings design, their orientation 
and the type of glazing which is usually reflective to 
prevent the users of the houses to be seen from 
outside. Windows that are fully exposed to the 
neighbourhoods can be closed permanently. The size 
of the families, gender, age ranges and physical 
characteristics which are weight and age is explained 
in Table (1). All the respondents lived their whole life 
in this climatic condition and none of them had a 
different previous thermal experience.    

Table (1) The characteristics of the respondents 
House ID Gender Age Weight Hight 

House1 1 55 Male 80 166 
2 42 Female 75 162 
4 25 Female 59 158 

House2 3 28 Female 85 170 
7 28 Male 125 180 

House3 5 27 Female 70 150 
6 32 Male 120 180 

The method used incorporated environmental 
monitoring [43,44] coupled with a “right here right 
now survey” [45] for the period between 2- 16/3 
/2020. Data loggers were set at the three houses in 
the living rooms where the households spend the 
majority of their time. In addition, one data logger 
was used to monitor the outdoor temperature.  The 
users were asked about the level of clothing they 
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were wearing and the type of activity they were 
doing when responding to the survey. They were also 
asked about the thermal comfort level at the time of 
responding. The Personalised Thermal Sensations 
Votes (PTSV) during the first period varied from ‘very 
cold’ (−3) and ‘slightly warm’ (1).  

The weather was cold during the monitoring 
period, hence, the respondents had heavy clothes 
that varied between (0.9-1.2) on the clothing scale 
[46] The insulation of the clothes of the respondents
was calculated in each response. The insulation of
clothes was defined as 1.1 for the respondents who
wore trousers, long-sleeved shirt, long-sleeved
sweater, T-shirt and defined as 1.3 for the
respondents who wore a jacket in addition to the
previous pieces [43]. The level of activity was
calculated based on the activity scale [43]. The
activity scale was defined for each response as seen
in Table (2).

Table (2) Metabolic rates for typical tasks 
Ensemble Description Metabolic rate 

(W/m2 ) 
Sleeping 40 

Seated, reading, writing 60 
Typing 65 

Standing, relaxed 70 
Walking on a level surface 115 

Driving an automobile 60-115
House cleaning 115-200

Dancing, socializing 140-225

After reviewing the responses, the researchers 
found that the clothing and the activity levels among 
the respondents did not vary significantly.  Hence, the 
most repetitive clothes and activity level was defined 
and analysed for each. For example, if the most 
repetitive clothing level was defined as 1.1, and the 
most repetitive activity was sitting passively with a 
metabolic rate of 60 (W/m2), these responses were 
analysed while the responses with different clothing 
and activity levels were neglected.  

4.Results and discussion
Figure (1) shows the external temperature that

was monitored using the data logger that was set 
outdoors. The figure shows that the external 
temperature in the study context was between 7 and 
27Cº.  

Figure 1: The external monitored temperature 

The responses from the seven users in the three 
dwellings were compared to the monitored data. The 
indoor temperature range was between 12.0 and 
23.4 C° in the three dwellings. The PTSV was plotted 
for each of the respondents against the internal 
temperature for the most repeated activity and 
clothing level as shown in Figures (2-8).  Based on the 
plot in these figures, the Personalised Thermal 
Sensation Vote (PTSV) for each of the respondents 
can be calculated using Eqs (1-7). The statistical 
models for calculating the PTSV were demonstrated 
in Table (3). These equations were calculated by excel 
to represent the best fitting with existing curves 
shown in the Figures (2-8). By replacing the PTSV by 0 
which represents the comfortable vote, the 
comfortable indoor temperature was calculated for 
each respondent. Table (3) shows also the 
temperature where the respondents felt comfortable 
‘neutral’ during this time of the year.  

Figure 2: The (PTCS) vs. internal T for respondent 1 
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Figure 3: The (PTCS) vs. internal T for respondent 2 

Figure 4: The (PTCS) vs. internal T for respondent 3 

Figure 5: The (PTCS) vs. internal T for respondent 4 

Figure 6: The (PTCS) vs. internal T for respondent 5 

Figure 7: The (PTCS) vs. internal T for respondent 6 

Figure 8: The (PTCS) vs. internal T for respondent 7 

Table (3) The statistical models for calculating the PTSV and 
the preferred internal temperature  
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1 1.1 60 PTSV = -0.023t2 + 1.2283t - 14.556 17.7 
2 1.1 65 PTSV = 0.017t2 - 0.1721t - 2.6134 18.5 
3 1.3 60 PTSV = -0.0418t2 + 1.9434t - 21.389 17.9 
4 1.1 65 PTSV = 0.0004t2 + 0.2952t - 5.7055 18.8 
5 1 60 PTSV = 0.4988t - 9.596 19.2 
6 1.2 65 PTSV = 0.2694t - 6.1456 22.8 
7 1.2 60 PTSV = 0.2697t - 5.0595 18.7 

Table (3) shows that there is a discrepancy between 
the temperature that the respondents defined as 
comfortable during this time of the year. In addition, 
Figures (1-7) show that there is a range of indoor 
temperature with the same votes for the same 
respondent. For example, in Figure (2), the range of 
temperature between 16.2 and 20.5 had the same 
vote which is slightly warm in some cases.  Besides, in 
several cases, the same internal temperature had 
different votes on different occasions.  This can be 
due to personal reasons such as the mood state and 
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health condition [47,48]. Since thermal comfort is 
related to the external temperature, the method can 
be repeated in the different seasons in order to have 
a holistic picture and an annual personalised profile 
of the user’s indoor thermal preference throughout 
the year.  
There are several factors behind the discrepancy 
between the preferred temperature for the 
respondents. Among these are the gender, weight, 
Hight (which affect the exposed area of the skin), the 
metabolic rate, level of clothing and health.  Also, the 
building characterises, level of insulation, type of 
heating system used in addition to the way that the 
respondents use the buildings can influence on the 
preferred temperature. Finally, the discrepancy can 
be also influenced by the cultural and economic 
factors which determine the way that the users 
interact with the building environment. For example, 
the respondents might sacrifice having direct solar 
heat gain for gaining more privacy or comfort for 
energy savings.   
The fact that the respondents live in the same 
climatic conditions and that they had no different 
previous thermal experience, but still; there was a 
discrepancy when it comes to the preferable indoor 
temperature is noted.  Despite the slight discrepancy 
between the preferable temperature, considering it 
can have significant implications on the energy 
consumption in the long term.  
Creating the PTVS can help the users and designers to 
set the heating and cooling systems temperatures. It 
can be applied to reduce the ‘comfort gap’ when 
building new buildings or when retrofitting existing 
ones by setting acceptable settings for different users 
by considering the comfort level. This can be done by 
an extensive data collection throughout the year in 
order to create personalised profiles to meet the 
thermal comfort requirements. The profiles can be 
integrated with the daily and weekly routine, 
activities and occupancy periods. Creating such 
profiles in addition to the activities and occupancy 
schedules can help the designers to create more 
accurate models and reduce the comfort gap created 
by inaccurate assumptions as data inputs in the 
simulation models. Since the thermal comfort 
requirements change by age and health conditions, 
the profiles should be updated periodically to meet 
the changing requirements of the users using an 
automated system that collects the PTSV of the user 
and creates and assess frequently so the temperature 
may be set automatically using smart technologies.   
5. Limitations
Due to the privacy requirement and political
instability, it is hard to convince the households in the
study context to set up data loggers in their houses.
In order to generalize the findings, more respondents
should be included and more climatic regions should

be studied to investigate the difference in several 
contexts.  
6. CONCLUSION

Personalised thermal sensation vote equations
were created for seven respondents. The results 
show a difference between the preferred internal air 
temperatures among them. The difference between 
the highest and lowest temperatures the users have 
defined in this study as comfortable during the study 
period was 4.9. Creating the PTVS can help the users 
and designers to set the heating and cooling systems 
temperatures. It can be applied to reduce (the 
‘comfort gap’ when building new buildings or when 
retrofitting existing ones. adapting this approach, 
especially using an automated system can also be 
useful in light of climate change. As the globe will 
witness extreme weather conditions including 
severing short periods [49]. A smart system that 
meets the personal thermal needs, will not only 
enhance the thermal comfort of the users and save 
energy, but can prevent death especially for the most 
vulnerable users, e.g. elderly. 

REFERENCES 
1. Roaf, S. (2016) Adaptive thermal comfort. London: 
Routledge. 
 2. Heijs, W. (1994) The dependent variable in thermal comfort 
researchsome psychological considerations. In: Thermal 
comfort past present and future. Garston: Watford Building
Research Establishment, pp. 40-51. Available from 
https://research.tue.nl/en/publications/the-dependent-
variable-in-thermal-comfortresearchsome-psychologi [accessed 
2 November 2018]. 
3 Limb, M (1992), Technical notes, an infiltration and 
ventilation glossary air infiltration and ventilation centre 
4. Marcus, T A and Morris, E N 1980. Buildings, climate, and 
energy. London: Pitman. 
5. Nicol, J. and Humphreys, M. (2002) Adaptive thermal comfort 
and sustainable thermal standards for buildings. Energy and 
Buildings, 34(6) 563-572. 
6. Nicol JF, Humphreys MA. New standards for comfort and
energy use in buildings. Build Res Inform 2009;37:68–73. 
7. de Dear, R., Brager, G. and Cooper, D. (1997) Developing an 
adaptive model of thermal comfort and preference, Final 
Report ASHRAE RP-884. Atlanta: ASHRAE Inc. 
8. Halawa, E. and van Hoof, J. (2012) The adaptive approach to 
thermal comfort: A critical overview. Energy and Buildings, 51, 
101-110. 
9. Han, J., Zhang, G., Zhang, Q., Zhang, J., Liu, J., Tian, L., Zheng, 
C., Hao, J., Lin, J., Liu, Y. and Moschandreas, D. (2007) Field 
study on occupants’ thermal comfort and residential thermal 
environment in a hot-humid climate of China. Building and
Environment, 42(12) 4043-4050. 
10. Nicol, J., Raja, I., Allaudin, A. and Jamy, G. (1999) Climatic 
variations in comfortable temperatures: the Pakistan projects. 
Energy and Buildings, 30(3) 261-279.
11. Yao, R., Liu, J. and Li, B. (2010) Occupants’ adaptive 
responses and perception of thermal environment in naturally 
conditioned university classrooms. Applied Energy, 87(3) 1015-
1022. 
12. Ye, X., Zhou, Z., Lian, Z., Liu, H., Li, C. and Liu, Y. (2006) Field 
study of a thermal environment and adaptive model in
Shanghai. Indoor Air, 16(4) 320-326.

Vol.3 | 1678
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


13. Hoof, J. (2010) Thermal comfort: research and practice. 
Frontiers in Bioscience, 15(1) 765.
14. Li, B., Yao, R., Wang, Q. and Pan, Y. (2014) An introduction 
to the Chinese Evaluation Standard for the indoor thermal 
environment. Energy and Buildings, 82, 27-36. 
15. Gethering, W. and Puckett, K. (2013) Design for climate 
change. London: RIBA. 
16. Szokolay, S. V. (2008). Introduction to architectural science: 
The basis of sustainable design. Oxford, UK: Architectural Press. 
17. Parsons, K. (2014) Human thermal environments, 2nd
edition. Boca Raton, Fla: CRC Press/Taylor & Francis.
18. Powell, J., Monahan, J. and Foulds, C. (2015) Building 
Futures: Managing energy in the built environment, 1st edition. 
Routledge. 
18. Webb, L., Bailey, A. and Parsons, K. (2000) A software tool 
that provides gidance on thermal comfort conditions for people
with physical disabilities. In: IEA 200/HFES 2000 Congress. San 
Diego, USA. 
19. Kohler, N. (2003) Cultural issues for a sustainable built 
environemnt. In: R. Cole and R. Lorch (ed.) Buildings, Culture 
and Environment: Informing Local and Global Practices. 
20. Norford, L., Socolow, R., Hsieh, E. and Spadaro, G. (1994) 
Two-to-one discrepancy between measured and predicted 
performance of a ‘low-energy’ office building: insights from a 
reconciliation based on the DOE-2 model. Energy and Buildings, 
21(2) 121-131. 
21. de Wilde, P. (2014) The gap between predicted and 
measured energy performance of buildings: A framework for 
investigation. Automation in Construction, 41, 40-49. 
22. van Dronkelaar, C., Dowson, M., Burman, E., Spataru, C. 
and Mumovic, D. (2016) Corrigendum: A Review of the Energy 
Performance Gap and Its Underlying Causes in Non-Domestic 
Buildings. Frontiers in Mechanical Engineering, 2, 
23. Khoury, J., Alameddine, Z. and Hollmuller, P. (2017) 
Understanding and bridging the energy performance gap in 
building retrofit. Energy Procedia, 122, 217-222. 
37. Leong, X. and Essah, E. (2017) Bridging the gap between 
energy consumption and the indoor environmental quality of a 
1960s educational building. Energy Procedia, 132, 87-92. 
24. Menezes, A., Cripps, A., Bouchlaghem, D. and Buswell, R.
(2012) Predicted vs. actual energy performance of non-
domestic buildings: Using post-occupancy evaluation data to 
reduce the performance gap. Applied Energy, 97, 355-364. 
25. Bordass, B., Cohen, R., Standeven, M. and Leaman, A. 
(2001) Assessing building performance in use 3: energy 
performance of the Probe buildings. Building Research & 
Information, 29(2) 114-128. 
26. Fokaides, P., Maxoulis, C., Panayiotou, G., Neophytou, M. 
and Kalogirou, S. (2011) Comparison between measured and 
calculated energy performance for dwellings in a summer 
dominant environment. Energy and Buildings, 43(11) 3099-
3105. 
27. Johnston, D., Miles-Shenton, D. and Farmer, D. (2015) 
Quantifying the domestic building fabric ‘performance gap’. 
Building Services Engineering Research and Technology, 36(5) 
614-627. 
28. Ibrahim, A., Ali, H., Zghoul, A., & Jaradat, S. (2019). Mood 
state and human evaluation of the thermal environment using 
virtual settings. Indoor + Built Environment: The Journal of the 
International Society of the Built Environment, 
1420326X1988032. 
29. Sunikka-Blank, M., Chen, J., Britnell, J. and Dantsiou, D. 
(2012) Improving Energy Efficiency of Social Housing Areas: A 
Case Study of a Retrofit Achieving an “A” Energy Performance 
Rating in the UK. European Planning Studies, 20(1) 131-145 
30. Loucari, C., Taylor, J., Raslan, R., Oikonomou, E. and
Mavrogianni, A. (2016) Retrofit solutions for solid wall 
dwellings in England: The impact of uncertainty upon the 

energy performance gap. Building Services Engineering 
Research and Technology, 37(5) 614-634. 
31. Powell, J., Monahan, J. and Foulds, C. (2015) Building 
Futures: Managing energy in the built environment, 1st edition. 
Routledge. 
32. Niu, S., Pan, W. and Zhao, Y. (2015) A Virtual Reality 
Supported Approach to Occupancy Engagement in Building 
Energy Design for Closing the Energy Performance Gap. 
Procedia Engineering, 118, 573-580.
33. Hong, T., Yan, D., D'Oca, S. and Chen, C. (2017) Ten 
questions concerning occupant behavior in buildings: The big 
picture. Building and Environment, 114, 518-530. 
34. Sunikka-Blank, M., Chen, J., Britnell, J. and Dantsiou, D. 
(2012) Improving Energy Efficiency of Social Housing Areas: A 
Case Study of a Retrofit Achieving an “A” Energy Performance 
Rating in the UK. European Planning Studies, 20(1) 131-145. 
35. Alcott, B. (2005) Jevons' paradox. Ecological Economics, 
54(1) 9-21. 
36. Sunikka-Blank, M. and Galvin, R. (2012) Introducing the 
prebound effect: the gap between performance and actual 
energy consumption. Building Research & Information, 40(3) 
260-273. 
37. Powell, J., Monahan, J. and Foulds, C. (2015) Building 
Futures: Managing energy in the built environment, 1st edition. 
Routledge. 
38. Ahn, K., Kim, D., Kim, Y., Yoon, S. and Park, C. (2016) Issues 
to Be Solved for Energy Simulation of An Existing Office
Building. Sustainability, 8(4) 345.
39. Calì, D., Osterhage, T., Streblow, R. and Müller, D. (2016) 
Energy performance gap in refurbished German dwellings: 
Lesson learned from a field test. Energy and Buildings, 127, 
1146-1158. 
40. Daum, D., Haldi, F. and Morel, N. (2011) A personalized 
measure of thermal comfort for building controls. Building and 
Environment, 46(1) 3-11. 
41.Satake, A., Ikegami, H. and Mitani, Y. (2016) Energy-saving 
Operation and Optimization of Thermal Comfort in Thermal 
Radiative Cooling/Heating System. Energy Procedia, 100, 452-
458.
42. Alqadi, Shireen, Sodagar, Behzad, Elnokaly, Amira (2018) 
Estimating the Heating Energy Consumption of the Residential 
Buildings in Hebron, Palestine, Journal of Cleaner Production 
196
43 Azizi, N., Wilkinson, S. and Fassman, E. (2015) do occupants 
in green buildings practice better energy saving behaviour in 
computer usage than occupants in conventional buildings?. 
Journal of Green Building, 10(4) 178-193. 
44. Bros-Williamson, J., Garnier, C. and Currie, J. (2016) A 
longitudinal building fabric and energy performance analysis of 
two homes built to different energy principles. Energy and 
Buildings, 130, 578-591. 
45 Han, J., Zhang, G., Zhang, Q., Zhang, J., Liu, J., Tian, L., 
Zheng, C., Hao, J., Lin, J., Liu, Y. and Moschandreas, D. (2007) 
Field study on occupants’ thermal comfort and residential
thermal environment in a hot-humid climate of China. Building 
and Environment, 42(12) 4043-4050.
46. ASHREA, A. (2013) 2013 ASHRAE Handbook: Fundamentals. 
ASHRAE, 2013. 
47. Alqadi, Shireen, Elnokaly, Amira, Sodagar, Behzad (2017) 
Predicting the Energy Performance of Buildings Under Present 
and Future Climate Scenarios– Lessons Learnt, first 
international conference on climate change (ICCCP), May 2017, 
Ramallah, Palestine

Vol.3 | 1679
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


PLEA 2020 A CORUÑA 
P lanning Post  Carbon C it ies

Assessing Heat Stress in Hospital Wards
Using Wet Bulb Globe Temperature: 

A Case Study in Mediterranean climate

KYVELI FILIPPIDOU1, GIRIDHARAN RENGANATHAN2 

1MSc Architecture and the Sustainable Environment, University of Kent, Canterbury, United Kingdom 
2 Senior Lecturer, School of Architecture and Planning, University of Kent, Canterbury, United Kingdom 

 ABSTRACT: In the context of climate change, there is increasing concern about the likelihood of overheating in  
hospitals.The aim of this paper is to investigate the heat stress exposure through the Wet Bulb Globe 
Temperature (WBGT) heat index in four different rooms of the 1st Internal Medicine Department of the 
American Hellenic Educational Progressive Association (AHEPA) hospital located in Thessaloniki, Greece. In 
hospital environments patients usually have restricted adaptive opportunity. Thus, the need for an indoor heat-
safety metric is imperative. This study proposes thresholds of 24oC and 26oC to assess critical ward spaces as 
these are the initial warning points for nighttime thermal discomfort of healthy individuals in ‘normal’ 
environments. In this context, the internal temperatures measured in the patients’ rooms were plotted against 
the indoor WBGT thresholds for a low wind velocity of 0.1m/sec. Between the 13th and the 22th of June 2017 
the most extreme temperatures were recorded in room 3, while the mildest conditions occurred in room 1.  
WBGT ranged between 19⁰C and 25.46⁰C. The recorded WBGT in three rooms exceeded the threshold of 24oC
for approximately one-third of the time, while in one room it was marginally below the proposed threshold. 
 KEYWORDS:  Heat stress, Wet bulb globe temperature, monitoring, hospital. 

1. INTRODUCTION
Climate projections predict extreme weather around
the globe in the coming decades. One of the expected
consequences of a changing world climate is that
uncharacteristically high external temperatures
(often referred to as ‘heat waves’) have become
more intense, longer lasting, and more frequent. Heat
is an environmental hazard and its serious impact on
human well-being creates a great challenge for public
health and associated institutions. According to
United Nations projections, urban populations will
continue to grow over the next decades. The
combined effect of extreme weather events and the
increasingly populated urban areas will lead to risk of
overheating in buildings. As more and more people
spend the majority of their time indoors, this will in
turn expose the occupants to heat stress vulnerability
within the current building stock.  This is likely to
become an increasingly important and critical issue,
even in the temperate climate of central Europe (50-
55οN).
Therefore, there is an increasing concern about the
health impacts costs due to elevated indoor
temperatures, especially during the night. Moreover,
contemporary buildings depend to a large extent on
artificial systems to maintain indoor performance to a
satisfactory level. This fact renders indoor
environment inhabitable without the consumption of
energy and other natural resources, since in many

cases the provision of passive cooling may be more 
difficult to achieve.  Generally, a building’s primary 
function is to provide optimum thermal conditions 
(temperature, humidity and air movement) to 
support occupants with a safe, livable indoor 
environment. Therefore, it is imperative for buildings 
to be resilient in a changing climate and provide 
acceptable conditions particularly during heat waves. 
In most cases, people can create comfortable thermal 
conditions in physiological, behavioral, and cultural 
terms. Humans can adapt to different climates and 
environments in innumerable ways. However, the 
tolerance ranges, regarding temperature of an 
individual narrows with age. Moreover, people with 
physical vulnerability are also at high risk of heat-
related mortality. Therefore, hospital buildings offer a 
wide range of heat and health related challenges, as 
they shelter the most vulnerable individuals (elderly 
people and people with chronic medical conditions). 
In addition, hospital buildings provide a wide range of 
different activities that function 24 hours a day and 
they store a large amount of essential equipment 
vulnerable to heat. This fact, render hospitals and 
healthcare facilities special places, where the 
resilience to prolonged high temperatures is very 
critical. Particularly, an increasing concern has 
developed about the provision of a safe environment, 
particularly during high extreme temperatures in 
hospitals which are not mechanically cooled. 
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2. RESEARCH METHOD
The aim of this paper is to assess the potential Wet
Bulb Globe Temperature (WBGT) heat index to
evaluate the heat stress exposure in hospital spaces.
For this purpose this research project monitored four
different rooms of the 1st Internal Medicine
Department of the American Hellenic Educational
Progressive Association (AHEPA) hospital located in
Thessaloniki, Greece.
Firstly, a detailed building survey was carried out to
collect data on the structure, age, type, geometry and
orientation of the hospital along with information
regarding the HVAC systems, the heating controls and
the appliances used by the occupants. Additional
information was collected through drawings, field
measurements, observations and interviews with
facility management and other staff.
Secondly, measurements (monitoring) were carried
out in the selected patients’ rooms. Considering the
constraints and limitations to monitor globe
temperature and wind speed in a hospital
environment, the research project focused on
internal temperatures and relative humidity levels so
that WBGT could be used effectively to assess heat
stress in a meaningful way. Data were collected
between the 13th and the 22th of June 2017. The
limited period was largely due to resource constraints
and access limitations. By and large, the monitored
period was a reflection of early summer conditions.
During this period, Air conditioning within the
patients’ rooms was turned off. At the same time, the
daytime outside temperature was fluctuating
between 25oC and 33oC and it was dropping to 18oC
to 24oC during the night. The selected spaces have
different number of beds and a different orientation.
Furthermore, an algorithm was developed to
generate the heat stress graphs. The algorithm solves
polynomial heat stress equations proposed by
Bernard and Pourmoghani (1999) and provides Air
Temperature values for the corresponding Relative
Humidity values from 0.0 to 100.0 by step 0.1. The
algorithm runs on python programming language.

3. HEAT STRESS IN HEALTHCARE FACILITIES
Heat stress is a common problem in many industrial
situations, athletic and military activities. Many
scientific studies have shown a direct and measurable
link between individual performance and the heat
conditions in enclosed spaces. Globally, many efforts
have been made to indicate the level of the
environmental heat stress that is inflicted by a wide
range of ambient and work conditions. However,
studies focused on indoor heat stress on health
related issues for the general population in non-
industrial settings is very limited. The most indoor
overheating research relies on indoor-outdoor
temperature differences and has no common indoor

heat index for evaluating indoor heat stress. The need 
is even more critical in health care facilities 
considering patient care plans. However, Holmes et 
al. (2016) are of the opinion that the data from the 
healthcare facilities and hospital studies conducted 
during heatwaves in the absence of mechanical 
cooling begin to suggest certain indoor heat-health 
thresholds. 
Generally, heat stress is highly linked to human 
thermoregulation. Human body can reach thermal 
equilibrium by balancing the heat gains and losses 
while responding to the prevailing environmental 
factors (air temperature, humidity, air speed and 
radiant temperature) by adjusting (metabolic rate 
and clothing) properly to the conditions. The zone of 
homeothermy includes the zone of thermal comfort 
which requires minimum heat production; however, 
it also includes uncomfortable conditions where the 
body itself does not have the capacity to maintain 
thermal balance. When the human body is not able to 
maintain thermal equilibrium, the heat stress of 
hypothermia or hyperthermia begins. The correlation 
between homeothermy zone and comfort and heat 
stress can be seen in Figure 1.

Figure 1: Homeothermy 

Heat stress is often associated with the term 
‘overheating’. On most occasions, this condition is 
assessed using adaptive thermal comfort standards 
based on BSEN 15251 and ASHRAE 55. However, an 
indoor environment considered uncomfortable by 
these standards may still be safe for occupation 
provided it is not inducing heat stress on its 
occupants. This is unlikely to be applicable to patients 
considering low level of body resilience and care plan. 
In reality, a patient could experience a heat stress 
below the overheating threshold of 28°C. It is also 
important to note that, in hospital environments, 
patients on most occasions have restricted adaptive 
opportunities. Their mobility (change clothing level, 
standoff of an uncomfortable place) and the ability to 
thermoregulate by acting suitably may be seriously 
limited. 

4. THE WET-BULB GLOBE TEMPERATURE (WBGT)
HEAT STRESS INDEX
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The assessment of the thermal stress taking into 
account physiological and psychological strain is a 
complex issue. There are three groups that can 
categorize heat stress: “rational indices”, “empirical 
indices”, or “direct indices”. Rational and empirical 
indices combine environmental and physiological 
variables; they are hard to be assessed and are not 
practical for every day utilize. However, the last 
category is based on the monitoring of the main 
environmental factors (air temperature, humidity, 
and air speed), offering more applicable indices. 
The wet-bulb globe temperature (WBGT) has been 
used globally by many occupational safety agencies 
for heat stress assessment. More specifically, WBGT 
(in oC) is an empirical thermal index, developed in the 
1950s, that measures natural wet bulb temperature 
(Tnwb in oC) and black globe temperature (Tg in oC)
However, it is not easy to measure globe temperature 
in a hospital ward as there are a lot of functional 
constraints. Bernard and Pourmoghani (1999) have 
suggested a simplified equation (Equation 2) and it 
was validated by Lemke and Kjellstrom (2012) to 
assess indoor conditions. The equation is based on 
psychrometric wet bulb temperature (Tpwp in ⁰C), dry 
bulb temperature (Ta in ⁰C) and air speed (V in m/s). 
Generally, it is assumed that occupants are healthy 
adults.  

   WBGTind=0.7Tnwb+0.3Tg   (1) 

 WBGT=0.67Tpwp+0.33Ta-0.048log10V(Ta-Tpwp)   (2)          
where Tpwp = Tw 

Tw= Ta atan (0.151977(RH+8.313659)1/2) + atan 
(Ta+RH) atan (RH1.676331) +0.00391838(RH) 3/2atan 

(0.023101RH) - 4.686035                                      (3) 

In equation 2, indoor radiant temperature is 
considered equal to indoor air temperature; 
removing radiant temperature from the equation. 
Indoor operative temperature is what is measured 
more frequently in a low air speed hospital, which is a 
combination of air and radiant temperature.  

Figure 2: Indoor WBGT (0.3 m/s) and its relationship to 
BSEN 15251 adaptive threshold 

Figure 2 demonstrates the WBGT thresholds of 31oC 
and 28oC in connection to dry-bulb temperatures and 
RH levels. The equation has been validated up to an 
air speed of 3m/sec. According to Holmes et al. 
(2016), the WBGT threshold of 31oC is not a suitable 
for vulnerable and sick people. However, a threshold 
for 28oC could be proposed for below average healthy 
people, but it has not been valid for healthcare 
buildings. Giridharan (2017) in his study on the 
naturally ventilated ward building at St Albans city 
hospital, argue a   WBGT heat index threshold of 
23°C. Overall, the paper displays the importance of 
combining BSEN15251 adaptive thermal comfort 
standards and WBGT heat stress index for hospital 
environmental performance analysis and proposes 
further investigation considering the maximum value 
of WBGT as heat stress index for patients. 
CIBSE Guide A (2006) states that “thermal comfort 
and quality of sleep begins to decrease if bedroom 
temperatures rise much above 24oC” and “bedroom 
temperatures at night should not exceed 26oC” unless 
if ceiling fans are available”. As there is no WBGT 
valid threshold for sick and vulnerable people, this 
study proposes thresholds of 24oC and 26oC to assess 
critical ward spaces. As these are the initial warning 
points for nighttime thermal discomfort of healthy 
individuals in ‘normal’ environments, one could argue 
these are the heat stress thresholds for sick and 
vulnerable people. Assuming that temperatures 
above 24oC invoke impaired sleep and temperatures 
above 26oC provoke heat stress during sleep to 
healthy individuals, these thresholds could lead to 
severe health implications for sick people under 
naturally ventilated hospitals. Furthermore, this value 
is less than the threshold of below average healthy 
people. 

5. DESCRIPTION OF CASE STUDY
The 1st Internal Medicine Department consists of 18
patient rooms and an administrative area. It belongs
to the first floor of a concrete construction with
conventional cavity external walls (50 mm
polystyrene insulation) and solid internal walls.
Plaster (25 mm) has been used as inner and outer leaf
to both internal and external walls.  The ward is
naturally ventilated and every room is heated by cast
iron radiators. Almost all the rooms use air
conditioning but measurements were done it was
turned off. The 1080m2 floor area consists of a long
central corridor to which rooms of 4-6m depth are
connected. On the south and north side, multi-bed
rooms occupy the wider parts of the building. The
windows run as a continuous ribbon on both facades
incorporating opaque elements. Solar gains and glare
arising from the south easterly exposure are
mitigated by external blinds made of plastic. Every
room is equipped with one small TV screen and
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fluorescent light is used for main lighting. Every bed is 
supplied with a bedside lamp (fluorescent bulb) for 
private use. 

5.1 DATA COLLECTION 
One HOBO UX100-003 data logger was installed 
inside every room and recorded temperature and 
relative humidity (within 3.5% accuracy) with its 
integrated sensors. A short time (two days) dynamic 
calibration was carried out on all loggers.  The loggers 
collected data from Tuesday 13th of June, at 12:00am 
until Thursday 22th of June, at 12:00am, registering 
the mean values within a 15-min interval. The sensors 
were placed near the patient bed in an average 
height of 1.10m above the floor, which is equal to the 
patients’ bed height or the upper part of a sitting 
body. All devices were placed in positions protected 
from direct solar radiation and far from heat sources 
or drafts. Figure 3 indicates the spaces in which data 
collected. 

Figure 3: Floor Plan of the 1st Internal Medicine Department,
in AHEPA hospital, Thessaloniki. Key: Spaces being 
monitored: a three-bed room (1) a six-bed room (2) and two 
bed-rooms (3, 4). 

5.2 ASSESMENT OF INDOOR PERORMANCE 
The measured data collected by each sensor were 
complete with no apparent outliers. During the 
monitoring period, the maximum temperature 
recorded was 30.7oC, observed in room 3, while a 
minimum temperature of 25.2oC was recorded in 
room 2. Τhe maximum observed indoor temperature 
difference among the rooms was approximately 2oC. 
The similar pattern between the temperatures is due 
to the small differences in heat gains of occupancy 
and equipment, exposed thermal mass of the 
structural elements-namely concrete ceilings. The 
mean daytime indoor temperature varied between 
27.8oC and 28.6oC, while mean nighttime indoor 
temperature varied between 27.2oC and 28.5oC. 
The maximum WBGT fluctuated between 23.9oC and 
25.7oC while the minimum was between 18.9oC and 
19.9oC. According to table 1, it can be noted that in 
most of the rooms the humidity levels were 
maintained within the recommended comfort 
standards. Based on international regulations and 
standards, the recommended levels of indoor relative 
humidity are 30–60%. Further, it should be noted that 

at maximum temperature of 29.6oC, the WBGT was 
less than 24oC. Exposure of the less healthy people to 
higher temperatures is acceptable as long as it does 
not cause heat stroke which has a bearing on heat 
index. There is no research to suggest a heat index 
threshold for heat stroke in less healthy and sick 
people. Further heat index has to be different for 
different category (children, maternity, infections 
etc.) of sick and less healthy people. However, it 
appears that for less healthy people, the heat index 
has to be less than 24.  Further research is required to 
ascertain a more appropriate threshold for less 
healthy and sick people.  

Table 1: Comparison of temperatures measured between 
13th June and 22th June in 1st Internal Medicine 
Department. 

Space 
Max 

WBGT( oC) 
Min 

WBGT( oC) 
Max Temp 

( oC)

ROOM 1 23.8 19.5 29.6 
ROOM 2 25.4 18.9 30.0 
ROOM 3 25.7 19.9 30.4 
ROOM 4 25.1 19.1 30.6 

Space 
Min Temp 

( oC)
Max  

RH (%) 
Min 

RH (%) 
ROOM 1 26.4 65.5 28.8 
ROOM 2 25.2 60.3 35.7 
ROOM 3 25.9 60.3 29.5 
ROOM 4 25.9 59.6 30.7 

In general, higher air velocities are expected to 
provide more appropriate standards of air quality and 
temperature. The internal temperatures measured in 
all of the rooms are plotted against the indoor WBGT 
thresholds with the lowest air speed of 0.1m/sec, 
which is considered as the worst case scenario. 

 Figure 4: Internal temperatures measured in room 1 are 
plotted against the indoor WBGT thresholds (0.1m/s)

2 1

3 4

NORTH 
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Figure 5: Internal temperatures measured in room 2 are 
plotted against the indoor WBGT thresholds (0.1m/s)

Figure 6: Internal temperatures measured in room 3 are 
plotted against the indoor WBGT thresholds (0.1m/s) 

Figure 7: Internal temperatures measured in room 4 are 
plotted against the indoor WBGT thresholds (0.1m/sec)

As it can be seen from the figures 4 to 6 for the 
period of 13th to 22th of June 2017, the most 
extreme temperatures were recorded in room 3, 
while the mildest conditions occurred in room 1. For 
a wind velocity of 0.1m/sec which constitutes the 
worst case scenario, the recorded internal 
temperatures in room 3 exceeded the threshold of 
24oC for approximately one-third of the time, while in 
room 1 a few temperature values were marginally 
above the proposed threshold. In rooms 2 and 4 the 
measured internal temperatures crossed the 
threshold of 24oC for approximately one-fifth of the 
time. Ιn none of the rooms the internal temperatures 
exceeded the limit of 26oC which is the maximum 
nighttime thermal comfort threshold. 

In general, rooms 3 and 4 had the most extreme 
conditions regarding temperature. The First Internal 
Medicine Department has south-north orientation. 
The rooms 1 and 2 are located on the north side and 
the rooms 3 and 4 have south orientation. In general, 
northern facing rooms receive the least amount of 
solar lighting during the year while the rooms facing 
south receive direct solar light almost all day during 
year. Moreover, the frequent use of ceiling fans, the 
use of blinds and open doors, in rooms 1 and 2 may 
have contributed to higher heat losses to adjacent 
spaces. 

CONCLUSION 
This study has reported the thermal performance of 
four different rooms of the 1st Internal Medicine 
Department of AHEPA hospital, by applying the 
WBGT heat index. The most extreme temperatures 
were recorded in room 3, while room 1 presented the 
mildest conditions. Consequently, the research 
highlights the suitability of the rooms with the 
mildest conditions for those patient groups (e.g. 
elderly, patients that are easily affected by heat) that 
are considered the most vulnerable. The study 
highlights the importance of WBGT heat stress index, 
especially in hospital environments where the 
adaptive ability of the patients is limited most of the 
times. As there is no WBGT valid threshold for sick 
and vulnerable people, this study proposes WBGT of 
24.0oC and 26.0oC as lower and upper thresholds in 
relation to dry-bulb air temperatures and RH levels 
for a low air speed of 0.1m/s which is the worst case 
scenario. These temperature values are the initial 
warning points for nighttime thermal comfort of 
healthy individuals in ‘normal’ environments. 
Therefore, an argument could be made that these 
thresholds could lead to severe health implications 
for sick people under naturally ventilated hospital. 
The recorded internal temperatures in room 3 
exceeded the threshold of 24oC for approximately 
one-third of the time, while in room 1 a few 
temperature values were marginally above the 
proposed threshold. Ιn none of the rooms the 
internal temperatures exceeded the limit of 26oC 
which is the maximum nighttime thermal comfort 
threshold. Finally, the authors believe that less 
healthy people can adapt to indoor temperatures 
above 24oC as long as the WBGT heat index is less 
than 24oC. However to make this concrete a large 
scale and a long term monitoring is required.   
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ABSTRACT: Courtyards are traditional architectural elements applied in many regions of the planet. In this research, 
the passive cooling potential provided by two courtyards with similar shapes, located in different climates types 
(Tropical and Mediterranean) were investigated. We focus to identify physical and climatic factors that influence the 
courtyard passive cooling system under similar weather conditions (in hot-dry period) but in different geographic 
positions. Shading and Insolation were quantified by computational analysis and thermal indexes determined by 
monitoring campaigns, focusing to contrast the courtyards performance. Due to differences in the latitude and 
longitude (solar trajectory), orientation, form and period of analyses, the courtyard located in the tropical region had 
its internal envelop more shaded and with less insolation than that in the Mediterranean. In turn, as nocturnal 
radioactive cooling is less pronounced in the tropical region, the outdoor and courtyard diurnal thermal range (DTR) 
presented lower thermal amplitudes than those in the Mediterranean. As consequence, the average daily difference 
between outdoors and indoors temperature ( T) was lower in the tropical region (1.2 C) than in the Mediterranean 
(2.5 C). This research confirms the courtyard architectural utility as a passive cooling system for tropical climate, with 
less cooling effects than those deployed on Mediterranean climate. 
KEYWORDS: Courtyards monitoring, Tempering effect, Passive cooling strategy  

GLOSSARY 
AR Aspect ratio parameter Ishading Average hourly shading index 
CT Courtyard temperature Iisolation Average hourly insolation index 
CDTR Thermal amplitude in indoors 

courtyard air temperature 
ODTR Thermal amplitude in outdoors air 

temperature  
DTR Diurnal thermal range CTMOT Courtyard temperature at MOT 
MOT Maximum outdoor temperature OT Outdoor temperature 
Tmin Minimum air temperature Tmax Maximum air temperature 

T Thermal difference DTR Difference between outdoor and 
indoor thermal amplitude 

1. INTRODUCTION
This study deals with the potential of the courtyard

as a project resource to mitigate the effects of climate 
change and the phenomenon of the Urban Heat Island 
(ICH) in an urban environment [1, 2].  

The courtyard is an enclosed space, open to the sky 
and bounded by buildings in its perimeter [3], an 
architectural element commonly applied to increase 
daylight inside buildings as well as to attenuate the 
heat gain by shading the external surfaces, offering an 
internal private space for occupant’s interaction [4]. It 
acts as a microclimate modifier due to its ability for 
control ventilation and the humidity inside buildings [5], 
by the arrangement and proportion of full and empty 

volumes created by its shape. Therefore, its passive 
cooling potential is an important factor to consider 
because it may reduce the building's temperature 
without resorting to the artificial mechanical system 
which may contribute to resilience to the urban heat 
island phenomenon, therefore also being beneficial for 
the mitigation of the global warming [6]. 

Based on literature review, it turns out that 
investigations are concentrated on dimensions/aspect 
ratio of the courtyard (height, width and length, and its 
proportions) [3, 6, 7], solar orientation once its direct 
impacts on shadows produced on the external surfaces 
and solar radiation received [2, 4, 8], the influence of 
the size of the floor which is generally determined 
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according to the latitude of the courtyard [2], the 
vegetation influence [9], measurements of a 
courtyard's climatic conditions (air temperature and 
humidity, ventilation) and their impact on outdoor and 
indoor thermal comfort [3, 6, 10], buildings energy 
consumption [11, 12] and theoretical researches using 
ENVI-met/ Energy Plus software to computational 
simulations [12, 13]. 

The Courtyard is a traditional resource commonly 
used in warm-climate of Desert and Mediterranean 
cities [2, 4, 6]. In recent years, the interest in the 
microclimatic courtyard thermal has increased in hot-
dry and Mediterranean, but especially in hot-humid and 
cold climates [3, 11]. Some general rules to design an 
efficient courtyard regarding height and orientation 
have been stated for this climate: for Hot-Dry, optimum 
courtyard height is two-store and the best orientation is 
the N-S axis but the NE-SW axis would be 
recommended; for Temperate, two-store and N-S axis; 
for Cold, one-store and the N-S axis; and for Hot-Humid, 
three-store and NE-SW axis [3]. 

Although there is already deepening knowledge 
about the thermal potential on arid and Mediterranean 
climates, studies on courtyard thermal performance in 
hot and warm-humid climates are still incipient, 
especially in Brazil, in which this architectural element 
was brought by the Portuguese colonization process. 
Thus, the objective of this research is to compare the 
thermal passive cooling potential provided by two 
courtyards with similar shapes, located in two different 
types of climate (Tropical and Mediterranean). We 
focus on identifying physical and climate factors that 
influence the passive cooling system capacity of the 
courtyard under similar weather conditions (in hot-dry 
period) but in different geographic positions. 

2. MATERIALS AND METHOD
2.1 Research Locations

The first building is located in the central-western 
region of Brazil, in the Cuiabá city downtown area with 
high urban densification (15° 35' 56''S 56° 5' 42''W, 
146m a.s.l), characterized by the tropical climate (Aw - 
Köppen-Geiger classification). The second is located in 
the southern region of Spain, in the Seville City 
suburban area with high compactness and low-height 
edification (37°16'59.39"N 5°55'53.10"O, 58m a.s.l), 
characterized by a moderate Mediterranean climate 
(Csa - Köppen-Geiger classification). 

The pattern of air temperatures at the locations of 
the courtyard studied is indicated in Figure 1 [14, 15]. 
The Aw climate is characterized by a hot and humid 
season between spring and summer (October to April) 
and a hot and dry season between autumn and winter 
(May to September) [16]. The Csa climate presents 

well-defined seasons, with minder winter and hot 
summer [3]. From June to August, the air temperature 
maximum and the minimum monthly pattern is quite 
close, but the daily courses of the Diurnal Thermal 
Range (DTR) are different (see section 2.3.1).  

Figure 1: Months mean maximum and minimum air 
temperatures for Cuiabá/ Brazil and (b) Seville/ Spain. 

The buildings’ selection followed the general rules 
established for efficient courtyard described by 
Rodríguez-Algeciras et al. [3]. Thus, as a preliminary 
criterion, buildings should present proportionality 
between its internal courtyards and be oriented 
following the preferential axis to achieve an efficient 
performance. The proportions were calculated by using 
the Aspect Ratio Parameter (AR) [6] by Equation 1: 

AR = hmax / W                  (1)       

where  - hmax - maximum height, in meters; 
      W - is width/ length of the courtyard. 

In Aw climate, it was selected an institutional 
building constructed in the early 19th century, featuring 
historic-eclectic style with two-store and two central 
courtyards orientated along NE-SW axis (60 ), inner 
dimensions of 13.7x10x11.8m (width x length x height) 
(AR equal to 0.81 and 1.43). In Csa climate, a school 
building, with three-store and three inner courtyards 
orientated along E-W axis (-6 ), inner dimensions of 
13.2x 7.5x 10.7m (AR equal to 0.84 and 1.18) (Fig. 2b).  

(a) 

(b) 
Figure 2: Buildings and its courtyards at (a) Cuiabá/ Brazil 
(fuzuedasartes.blogspot.com/2019/10/) and (b) Seville/ Spain. 
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2.2 Monitoring Campaigns 
The methodology followed the protocol established 

by [13], with two weeks of climates variables 
monitoring inside the courtyards in both surveyed 
regions. Only days with stable conditions were selected 
for the analyses, with similar patterns of wind speed 
and sky conditions featuring typical local seasonal 
characteristics. The period selected for Aw and Csa 
climate was from August 28 to 30 (winter season in the 
southern hemisphere) and June 14 to 21 (summer 
season in the northern hemisphere), respectively. 
Despite season’s differences, the comparison is feasible 
once weather conditions are similar in terms of 
maximum and minimum temperatures, characterized 
by hot and dry conditions in regions (Fig. 1). 

Air temperatures and humidity inside the courtyards 
were recorded using sensors properly calibrated. To 
avoid overheating due to solar radiation, the sensors 
were protected by shields (made of wood or aluminum 
foil). Outdoor temperatures and wind velocity were 
also recorded through a meteorological station placed 
in the rooftop of each building. 

2.3 Data Analysis of courtyards 
2.3.1 Shading and Isolation performance 

It was selected the Shading and Insolation Indexes 
to contrast the courtyard’s performance. The first 
represents the average percentage of the total 
courtyard’s area shaded (ranging between 0-1), and the 
second, the average level of insolation received by 
surface area exposed to the sun inside the courtyard, 
measured in Wh/m2. The Ecotect Analysis software [17] 
was utilized to simulate and obtain a quantitative 
measure of shading and insolation on the surfaces of 
inner courtyard envelops (Fig. 3).  

(a)                                                  (b) 
Figure 3: Simplified 3D model of (a) Cuiabá and (b) Seville 
courtyard (Font: Ecotect Software building modelling) 

Shading analyses were carried out during the total 
campaign period as they only depend on the latitude 
and longitude of the building implantation (solar 
trajectory), orientation, and form of the courtyard. 
Since standard climate file is an alternative strategy to 
model solar radiation for the researched cases, Energy 
Plus Weather Files (EPW) were converted into Weather 

Data Files (WEA) to evaluation the Isolation Index. A 
specific standard day in the weather data file (Figure 4) 
inside the measurement period displaying clear sky 
conditions pattern was chosen to perform solar 
incidence on surfaces in each region. Since 
measurements were conducted in different seasons, 
courtyards located in the north and south hemisphere 
are under different total solar radiation and 
photoperiods. 

Figure 4: Solar radiation considered for tropical and 
Mediterranean region (Font: https://energyplus.net/weather) 

The percentage of shading on the four facades and 
floor was determined from 6am to 6pm for the building 
located in the tropics and from 7am to 9pm for the 
Mediterranean. Thereby, the average hourly shading 
Index for all surfaces areas inside the courtyard was 
calculated using Equation 2: 

)        (2) 

where ASi - area of surface i of the courtyard; 
    HPSi - hourly percentage of shadow on facades/ 

floor surface i of the courtyard. 

The average hour of incident solar radiation 
received in each surface (Wh/m2) weighted by the 
percentage of courtyard surface areas hit by radiation 
was utilized to measure the average hourly insolation 
index received inside the courtyard by the Equation 3. 

)        (3) 

where SRIi - solar radiation intensity on the surface i of 
the courtyard; 

    HPRSi - hourly percentage area of radiation 
received by facades/ floor surfaces i of the courtyard;  

    ASi - area of surface i of the courtyard. 

2.3.2 Passive Cooling indexes 
Since the diurnal cycle of air temperature is affected 

by geographic position, altitude, geographical features, 
clouds presence (absence), solar radiation, wind speed, 
among others, it was utilized the Diurnal Thermal Range 
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(DTR) as an index to assess the courtyard thermal 
potential passive cooling, expressed by Equation (4): 

DTR (°C) = Tmax - Tmin        (4) 

where Tmax - maximum air temperature (◦C); 
Tmin - minimum air temperature (◦C). 

Thermal difference ( T) or gap between outdoor 
and courtyard air temperature for any time of the day 
was evaluated according to Equation (5): 

T = OT- CT        (5) 

The courtyard efficiency in terms of passive cooling 
effect was calculated by TMOT (Equation 6), which 
represents the difference between maximum outdoor 
(MOT) and courtyard temperature at this moment: 

TMOT = MOT- CTMOT        (6) 

It was also calculated DTR (Equation 7) since TMOT 
only establishes a specific parameter within a daily 
cycle of air temperature: 

DTR = ODTR - CDTR       (7) 

where ODTR - difference between maximum and 
minimum outdoors air temperature (◦C); 

      CDTR - difference between maximum and 
minimum indoors courtyard air temperature (◦C). 

3. RESULTS AND DISCUSSION
The shading index can be visualized in Figure 5. As

courtyard shapes are similar, differences are attributed 
not only to the buildings solar orientation but also due 
to solar trajectories arising from the fact that seasons 
are different. Thus, the courtyard located in the tropical 
region (orientated along the NE-SW axis) provided 
diurnal higher shading indexes than that located in the 
Mediterranean (oriented E-W axis). The minimum Ishading 
of the tropical courtyard (at 11am with 62.86%) does 
not occur with the peak of sunlight incidence while in 
the Mediterranean does (at 2pm with 50.08%).  

Figure 5: Average total shading on the courtyards' surfaces. 

The average daily Ishading in building located in the 
tropics (78.78%) is 6.7% higher than that observed in 
the Mediterranean (73.77%). The lower average daily 
shading is also attributed to the proximity of summer 
solstices in Mediterranean but also the photoperiods 
once it displays three more hours of sunlight. The daily 
shading of the Mediterranean courtyard features 
similar behaviour to those observed in the city of 
Kerman, Iran (latitude 30°15N) during June, with a 
minimum shading index equal to 55% [2]. 

In the courtyard located in the tropical region, the 
SW and SE façades are the sunniest surfaces during the 
day. For the courtyard in Mediterranean region, the N 
and E/W facades are the most exposed. In turn, the 
courtyards floors receive the second most intensities of 
insolation in both locations. The observed patterns are 
similar to those found for rectangular courtyards during 
winter and summer solstice, respectively [3]. 

The insolation index follows a similar behaviour for 
the shading index. The Iinsolation peak in the courtyard at 
Tropical and Mediterranean region reaches 
153.3Wh/m2 at 10am and 162.3Wh/m2 at 2pm, 
respectively. The average daily insolation received in 
the Mediterranean courtyard was 85.5Wh/m2, only 
1.7% higher than the tropical region (84Wh/m2) (Fig. 6). 
The similar intensities are due to the differences 
observed in the photoperiod in the researched regions. 
The total solar radiation gains by courtyard in the 
Mediterranean summer day (1116.1Wh/m2) is 12.6% 
higher than the tropical winter day (1008.50Wh/m2), 
compatible with the intensities observed for the direct 
and diffuse solar radiation between the standard days 
chosen to conduct the insolation analyses. The last 
value is compatible with those observed in a 
rectangular oriented NE-SW axis courtyard in the city of 
Camagüey-Cuba for the winter solstice [3]. 

Figure 6: Average total isolation on the courtyards' surfaces. 

The combination of shading and insolation effects 
on inner courtyard surfaces plays a decisive key to 
thermal performance once they directly interfere in the 
microclimatic courtyard conditions. Since the inner 
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envelope of the tropical courtyard is more shaded and 
under lower intensity and range of solar radiation, it is 
expected Diurnal Thermal Range (DTR) lower than 
those located in Mediterranean. However, the physical 
and thermal properties of the inner courtyard envelope 
may also influence its passive thermal performance. 

The daily outdoor air temperature variation and DTR 
are consistent with the synoptic patterns observed in 
both regions (Fig. 7). Winter measurements in the 
tropical region were carried out during a period of 
scarce rainfall and absence of cold fronts entrance what 
justifies the high air temperature recorded. Summer 
measurements at the Mediterranean also displayed 
high air temperatures, with minimum temperatures 
reaching values much lower than those in the tropical.  

The indoor courtyard temperatures are linked to the 
daily course of external temperature and the shading 
and insolation penetration inside the courtyard. The 
indoor temperatures in the Mediterranean courtyard 
always remain lower than the outdoor. In the tropical 
region, the pattern is similar but during the period of 
the highest insolation, the indoor temperature almost 
reaches the outdoors. In turn, the minimum indoor 
temperatures are always higher than those observed in 
the Mediterranean region. The tropical courtyard 
behaviour is related to its geographical location which is 
characterized by high air temperatures but also due to 
the lower radiative cooling capacity provided by 
atmospheric conditions during night-time. 

Figure 7: Daily course of outdoor and indoor courtyards’ air 
temperature during the campaigns. 

The distribution patterns of outdoors DTR in the 
tropical region displayed low range (10-12.2 C) when 
compared to those observed in the Mediterranean (15-
20.7 C) and both are compatible with the climatological 
normal data of its regions [14, 15]. The indoor DTR 
range for the tropical region (8.20-10.7 C) is close to 
that observed outside, while in the Mediterranean 
region it is smaller (12.3-15.4 C). The DTR daily cycle is 
related to the radiation level received by each region, 
which is reduced in the tropical region because of the 

lower insolation received during the winter and higher 
in the Mediterranean region, due to the summer 
period. Indoors DTR has also coupled with courtyard 
physical and thermal properties, affecting it. 

During night-time, nocturnal radiative cooling 
resulted from the difference between atmospheric and 
terrestrial longwave radiation, is more pronounced in 
Mediterranean than in the tropical region despite 
weather conditions in both regions present clean sky 
and dry atmosphere, factors associated with scarce 
rainfall and a dry period lasting 4–5 months. Thus, the 
lower night-time cooling rates observed in tropical 
regions may compromise the cooling potential effect. 

During the daytime, it is possible to observe 
dropping in the air temperature inside the courtyard in 
both buildings, confirming the researched bioclimatic 
passive strategy can moderate the outside air 
temperature (Fig. 8). During the period of highest 
insolation inside the courtyard in the tropics (from 10 
am-1pm), the indoor air temperature rises, almost 
reaching the outdoor temperature. This behaviour 
differs from that observed in the Mediterranean region, 
since the courtyard can moderate the external air, 
especially in the warmest part of the day. This cooling 
effect extends until 9pm at night-time. Thenceforth 
until early morning, due to courtyard geometrical form 
(sky view factor) and the façade's physical and thermal 
properties, it is observed an overheating effect caused 
by longwave radiation multiple reflections that keep 
the courtyard environments warmer than the outside.  

Figure 8: Mean daily thermal differences inside the courtyards. 

The maximum TMOT in the tropics region (2.65 C) 
occurs before the peak of outside air temperature and 
insolation inside the courtyard. It is quite lower than 
those observed in the Mediterranean (4.3 C), with a 
peak near the maximum thermal and insolation 
records. The average daily T is twice as much in the 
Mediterranean region (2.5 C) than in the tropical 
region (1.2 C). The moderating effect observed is 
intrinsically related to the net difference between the 
outdoor DTR and the courtyard DTR. The DTR range is 
small (1.7-3.8 C), reducing the potential passive cooling 

Vol.3 | 1690
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


effects in the tropical region. In turn, in the 
Mediterranean, it is upper (2.7-5.3 C), allowing passive 
cooling to be more substantial. 

Based on the factors previously described, it can 
infer that the outdoor DTR variations significantly 
influence the thermal regulation provided by the 
courtyard as a passive architectural design strategy. 
Thus, the tempering capacity of the courtyard located 
in tropics is less effective than in Mediterranean. It is 
important to state that physical and thermal properties 
of inner courtyard envelope were not taken into 
account in the analyses. However, its effects have been 
captured during the campaigns, influencing T and the 
inner thermal amplitudes of the courtyard DTR. 

4. CONCLUSION
The current research focuses on contrasting the

thermal performance of two courtyards located in 
different climates, aiming to understand the 
microclimatic interactions that interfere in the passive 
cooling effects in two similar geometrical courtyards 
located in distinct climates. The findings confirm the 
courtyard as a passive cooling system in tropical climate 
under hot and dry season, but with less cooling effects 
than those deployed on the Mediterranean climate.  

The study of shading and insolation allowed 
demonstrating that these indicators affect the 
courtyard thermal environment in a different way at 
each region. Due to the differences in the latitude and 
longitude (solar trajectory), orientation, form, and 
period of analyses, the courtyard located in the tropical 
region had its internal envelop more shaded and with 
less insolation than that implanted in the 
Mediterranean. Along with the fact that nocturnal 
radioactive cooling is less pronounced in the region, the 
outdoor and courtyard DTR presented lower thermal 
amplitudes than in the Mediterranean, decreasing the 
courtyard cooling potential in the tropical regions. In 
turn, due to a higher nocturnal radioactive cooling 
effect, despite less shading on the envelope and highest 
insolation in the summer, it was observed higher 
outdoor and courtyard DTRs, allowing the cooling effect 
to be more effective in the Mediterranean courtyard. 

Due to limitations of using only one courtyard per 
climate, it becomes necessary to contrast courtyards 
with different geometric form in both regions to enable 
the enhancement of research findings. 
ACKNOWLEDGEMENTS 

This work was supported by: Brazilian National Council for 
Scientific and Technological Development (128291/2019); 
National Government of Spain Research Projects (RTI2018-
093521-BC33); and Spanish Ministry of Education, Culture and 
Sport by a pre-doctoral contract granted (FPU 18/04783). 
Thanks to the Department of Culture, Sport and Leisure of the 
State of Mato Grosso/ Brazil for authorizing this research. 

REFERENCES 
1. Zamani, Z., Heidari, S., Hanachi, P., (2018). Reviewing the
thermal and microclimatic function of courtyards. Renewable
and Sustainable Energy Reviews, 93:580-595, 2018.
2. Soflaei, F., Shokouhian, M., Abraveshdar, H., Alipour, A.,
(2017). The impact of courtyard design variants on shading 
performance in hot-arid climates of Iran, Energy and 
Buildings, 143:71-83.
3. Rodríguez-Algeciras, J., Tablada, A., Chaos-Years, M., De la
Paz, G., Matzarakis, A., (2018).Influence of aspect ratio and
orientation on large courtyard thermal conditions in the historical
centre of Camagüey-Cuba, Renewable Energy, 125: 840-856.
4. Al-Hafith, O., Satish, B.K., Bradbury, S., De Wilde, P., (2017). 
The impact of courtyard compact urban fabric on its shading:
case study of Mosul city, Iraq, Energy Procedia, 122: 889-894.
5. Markus, B. (2016). A review on courtyard design criteria in
different climatic zones. African Research Review, 10:181-192.
6. Rivera-Gómez, C., Diz-Mellado, E., Galán-Marín, C., López-
Cabeza, V. (2019). Tempering potential-based evaluation of
the courtyard microclimate as a combined function of aspect
ratio and outdoor temperature, Sustainable Cities and
Society, 51:101740.
7. Soflaei, F., Shokouhian, M., Shemirani, S. M. M., (2016).
Traditional Iranian courtyards as microclimate modifiers by
considering orientation, dimensions, and proportions,
Frontiers of Architectural Research, 5:  225-238.
8. Galán-Marín, C., López-Cabeza, V. P., Rivera-Gómez, C., 
Rojas-Fernández, J.M., (2018). On the Influence of Shade in
Improving Thermal Comfort in Courtyards. Proceedings, 2:1390.
9. Del Rio, M. A., Asawa, T., Hirayama, Y., Sato, R., & Ohta, I., 
(2019). Evaluation of passive cooling methods to improve
microclimate for natural ventilation of a house during
summer. Building and Environment, 149:275–287.
10. Martinelli, L., & Matzarakis, A. (2017). Influence of
height/width proportions on the thermal comfort of 
courtyard typology for Italian climate zones. Sustainable Cities
and Society, 29: 97–106.
11. Taleghani, M., Tenpierik, M., & van den Dobbelsteen, A.
(2014b). Indoor thermal comfort in urban courtyard block
dwellings in the Netherlands. Building and Environment,
82:566–579.
12. Cantón, M. A., Ganem, C., Barea, G., Llano, J. F., (2014). 
Courtyards as a passive strategy in semi dry areas.
Assessment of summer energy and thermal conditions in a
refurbished school building, Renewable Energy, 69: 437-446.
13. Lopez-Cabeza, V. P., Galan-Marin, C., Rivera-Gomez, C., &
Roa-Fernandez, J. (2018). Courtyard microclimate ENVI-met 
outputs deviation from the experimental data. Building and
Environment, 144:129–141.
14. Resúmenes climatológicos - España - Anuales - Agencia
Estatal de Meteorología-AEMET. Gobierno de España.
Available:http://www.aemet.es/es/serviciosclimaticos/vigilan
cia_clima/resumenes?w=0&datos=2. [09 April 2020].
15. NATIONAL INSTITUTE FOR METEOROLOGY. Brazilian 
Climatological Normals 1981 to 2010. Brasília, 2018. 766p.
16. Callejas, I. J. A., Nogueira M. C. J. A., Biudes, M. S., Durante
L. C., (2016). Seasonal variation of surface energy balance of a 
central Brazil city. Mercator, 15: 85-106.
17. AUTODESK. Autodesk Ecotect Analysis: Sustainable
Building Design Sofware. 2016.

Vol.3 | 1691
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


PLEA 2020 A CORUÑA 
Planning Post Carbon Cities

Household Waste as a Low-tech Thermal Insulation for Roofs 
A Vernacular Approach to Climate Change Mitigation and Adaptation 

Strategies for Vulnerable Communities in Egypt

ABSTRACT: A gradual increase in earth’s temperature is becoming a reality faced nowadays. Communities in 
informal settlements or deprived neighbourhoods living in buildings of poor quality are the most vulnerable to 
indoor heat stresses. Six test cubes were constructed on the rooftop of a residential building in Cairo, Egypt. Ten 
different thermal roof insulation ideas were tested and experimented in an urban living lab setting under real 
climate conditions. The 10 solutions were tested during peak summer hours and their efficiency was monitored 
along two consequent time intervals, where 5 solutions were monitored at a time. The two best solutions were 
tested again in winter. This experimental study showed that using reed mats and reed crate with wet burlap can 
reduce temperatures up to 3.5 degrees compared to conventional roof construction methods. The feasibility of the 
proposed solutions, their cost efficiency and their maintenance were discussed. We hope this experimental study 
can be scaled up to help vulnerable groups in informal or deprived areas to reduce their level of suffering from 
indoor heat stress. Low-tech and low-cost roof insulation can offer adequate thermal comfort for marginalized 
populations. 

KEYWORDS: low-tech; vernacular solutions; climate change; urban living lab; municipal waste  

1. Introduction

1.1 Study background and problem definition  
It is a known fact that buildings account for 40 
percent of global energy consumption [1]. Existing 
solutions such as energy-efficient windows, 
insulation, heat regulators, efficient pumps, smart 
meters and intelligent management systems can 
reduce energy consumption by at least 50 percent 
[2]. But how about the majority suffering in many 
cities in the global south? Their shelters are 
structurally insecure with poor to no insulation - not 
even offering minimal levels of indoor thermal 
comfort. Mortality levels especially in the global 
south are increasing due to indoor heat stress [3,4]. 
Both mortality rates and levels of suffering will 
continue to rise with the increasing frequency and 
impact of extreme climate change events. 

In Egypt, 40 % of residential areas are informal and is 
around 60 % of Cairo’s residential stock [5,6]. 
Horizontal flat roof with no thermal insulation is the 
typical roof system in Cairo’s residential buildings, 
contribute to the increase of heat gains in buildings. 
During hot summer days, flat roofs receive 1.5 times 
the solar radiation that vertical west-facing façades 
receive, and 4 times more than what vertical south-
facing façades receive [7,8]. Previous research has 
shown that flat roofs in single story buildings can 

account for ± 50 % of total daytime heat gains [9,10]. 
Treatments to roofs can contribute to reducing the 
cooling loads and the need for air-conditioning 
systems in hot climates [11]. Several studies have 
shown diverse techniques and solutions for passive 
cooling in buildings [12]. Some focused on low-tech 
approaches [11] and some mainly looked at high-tech 
solutions like aerogels [13]. Experimental test cells 
were used as a methodological approach in real 
climates to test the performance of several roof 
solutions in several studies [14]. The same approach 
has also been used extensively in hot climates 
[15,16]. 

After conducting a review of the available discourse 
and literature, we can deduce that there is still no 
focus on low cost and low-tech thermal insulation 
solutions for vulnerable groups who cannot afford to 
pay for standard insulation. The aim of this paper is to 
introduce passive and low-tech thermal insulation 
proposals for roofs that are almost zero cost through 
the use of mainly household waste. The goal is to 
come up with solutions that should be easy to 
implement, require little maintenance and are easy to 
replace when needed. Ten alternatives were tested in 
a real environment on the rooftop of an apartment 
building in Cairo, Egypt as a proof of concept. The test 
cubes were built, and the 10 solutions were tried out 
and monitored for 10 days in summertime and 10 
days in wintertime. The outcome of the monitoring 
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revealed that the proposed passive low-tech 
solutions have a direct impact on the heat flux from 
the roof to the inner space of the test cubes. Thus, 
affecting the indoor temperature and thermal 
comfort levels.  

This research has a social dimension in addition to the 
environmental and economic ones. We hope that we 
can contribute in reducing the knowledge gap by 
conducting this research, which we hope will be 
followed by more in-depth testing and wider 
application on full scale residential units. The 
outcome was mainly aimed at targeting people in 
informal areas earning little to no income. However, 
there is a potential for wider applicability of the 
outcomes of this research in other low-income areas 
in hot climate zones. 

2. METHODOLOGY

2.1 Experimental set up for the urban living lab and 
text cubes  
First the test cubes were modelled using Autodesk 
Revit software and a shadow study was performed 
for the summer and winter seasons. This was to make 
sure that the test cubes would not drop shade on 
each other. Also, to avoid any shadows from 
neighbouring buildings or the roof’s fence. Then the 
test cubes were constructed using reclaimed mud 
bricks from construction rubble in the same 
neighbourhood. All the test cubes were covered with 
the same reinforced concrete flat roof, which is how 
typical roofs for residential buildings are constructed 
in Cairo. One cube was used as a base, or “control” 
case to resemble a typical residential unit. The other 
5 were used to try out different passive cooling 
solutions for roofs. Prior to installing the different 
roof solutions, a test trial was conducted to check 
that all the test cubes had the same thermal 
behaviours and no air that could affect monitoring 
results was infiltrating. All the loggers were calibrated 
at that stage as well. 

The proposed passive cooling solutions mainly relate 
to coating shading strategies. Materials were mainly 
sourced from household waste, like Tetra Pak juice 
containers, toilet paper tubes, EPS (foam) plates filled 
with white Styrofoam, transparent plastic bottles 
filled with Styrofoam and egg cardboard cartons. 
Other vernacular inspired solutions were also tested 
– for example, reed mats, cactus as green roof
solution, reed crates1 covered with wet burlap2 (jute
cloth), and broken pottery pieces and sand. Addition,
one test cube was painted with white lime wash
paint. Thermal performance was assessed over 10

1 Crate is a wooden container used for transporting goods, in Egypt 
it’s used to make from palm tree wood.

days in summertime and 10 days in wintertime. The 
measurements were made in comparison to the bare 
roof test cube (the base case). Local climate 
parameters were recorded during monitoring using 
an outdoor home weather station. Recorded 
measurements from the weather station were 
compared to a reference meteorological year in Cairo 
– 2018.

2.2 Building process for the different roof solutions 
Six identical text cubes were constructed with the 
dimensions 60 cm * 60 cm * 72 cm. The test cubes 
were built from mud bricks composed of construction 
waste in order to resemble the poor quality of wall 
construction materials and techniques that compose 
the majority of informal residential units in Cairo. 
Test cube roofs were constructed from 10 cm of 
reinforced concrete, which also resembles standard 
roofing solutions. The test cubes were then left to 
dry. After the first 5 solutions were tested which 
include those with broken pottery and sand, plastic 
bottles with Styrofoam filling, egg cartons, EPS (foam 
plates) and white lime wash paint. Then, reed mats 
and juice carton packs, empty toilet paper roll, palm 
reeds crate with burlap, together with Cactus plants 
and soil. All were tested for another 10 days. The 
most efficient solutions from the first and the second 
rounds of monitoring were compared to the base 
case and monitored for another 10 days in winter. 
The solutions are shown in (Fig. 1). 

2.3 Monitoring process 
The monitoring was done using Easy Loggers. (Fig. 2) 
depicts the location of the data loggers hung in the 
centre of the test cubes. The test cubes were 
monitored in 10-minute intervals with an accuracy of 
+/- 0.5 °C and +/- 3 % humidity. The 10 different 
thermal roof solutions were monitored over two 
phases. The first 5 solutions were monitored for 10 
days, from the 3rd of August to the 13th of August 
2019. The second 5 solutions were monitored for 10 
days, from the 30th of August to the 9th of 
September 2019. The two solutions that should best 
thermal performance and least reduction in indoor 
temperature from each phase were monitored 
against the base case from the 21st of February to 
the 2nd of March 2020. The outcome of the 
monitoring was analysed and synthesized based on 
the understating of the thermal performance and 
heat gains in addition to the proposed solutions 
behaviour in relation to the material properties of 
each of the roof insulation alternative. 

2 Burlap is a fabric rough closes made from jute, it’s often used for 
packing and shipping bulk goods and cotton in Egypt.
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Figure 1: Detailed drawings and real shots for the 10 
solutions that were tested in July and August   

Figure 1: Detailed drawings and real shots for the 10 solutions that were tested, to the left (round 1) 
 August 03-13, and to the right (round 2) August 30 to September 09.
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Figure 2. The logger hung in the middle of the test cell 
during monitoring. 

2.4 Comparative analysis for insulation performance 
and cost 
The outcome of the thermal performance of the 10 

different solution were compared to the base case to 
define the most effective one in terms of reduction in 
heat gains on the roof surface and indoor 
temperature. Also, the initial costs of each solution 
were compared to each other to define the most 
cost-efficient ones. In addition, the two best solutions 
from each monitoring interval were kept for the rest 
of the summer and winter seasons to observe their 
durability and maintenance. The strategy was to see 
if these solutions would deteriorate over summer or 
winter from the strong radiation of the sun, or rain 
and wind, respectively. 

3. RESULTS AND DISCUSSION

3.1 Temperature and humidity monitoring 
The majority of the solutions proposed resemble a 
typical shading strategy commonly used to reduce 
heat gains through the roofs of buildings. Results 
differed in regard to the air gap buffer between the 
roof and the insulation material or in between the 
insulation solution different layers.  Also differ based 
on the material with high thermal properties like 
foam or material with high reflectivity as white lime 
paint. White lime wash paint and egg cartoon holders 
resulted in the best outcomes during the first round 
of temperature monitoring in summer. The paint and 
the cartoon reduced heat gains from the roof so 
consequently managed to reduce the indoor 
temperature by 3 °C to 2.5 °C compared to the trials 
with broken pottery pieces and sand, plastic bottles 
and EPS plates. The second monitoring round showed 
that the solutions using reed mats, cardboard, and 
burlap and wet crate cloth were the best solutions in 
reducing the heat gains which reduced the indoor 
temperature by 3.0 °C to 3.5 °C compared to the base 
case.  Minimal to negligible differences in humidity 
were measured. This is most likely due to the fact 
that the climate in Cairo is relatively dry. Monitoring 
results are shown in (Fig. 3, 4 & 5). 

Figure 3: Monitoring results for the first 5 roof solutions 
compared to the base case and the outdoor temperature 
over summer.

Figure 4: The monitoring results for the second 5 roof 
solutions compared to the base case and the outdoor 
temperature over summer. 

Figure 5: Monitoring results for the 4 best roof solutions 
compared to the base case and the outdoor temperature 
over winter. 

The efficiency of reeds is expected to be connected to 
their U-value and their ability to retain heat for a long 
time before it is transmitted to the surface of the roof 
and then to the indoor space [17]. Reeds also have 
hollow stems which act as air gaps and increase the 
time lag for heat transfer [18].  While the burlap and 
crate create a fairly large shaded space allowing for 
air to pass underneath the burlap in between the 
crate hollow box like shape. The burlap was also 
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sprayed with water early in the morning, adding to its 
capacity to reduce heat gains through evaporative 
cooling. This explains why this solution was one of the 
most effective. 
The solutions with high reflectivity like the white lime 
paint, transparent plastic bottles with Styrofoam and 
the EPS white foam plates also performed well, with 
an average 2°C difference from the base case. 
However, the white paint was more effective as it 
acted as an albedo material - proving in several 
studies to be an effective passive cooling solution 
[10,11]. 

The solutions with air gaps like the toilet paper tube, 
and Tetra Pak reduced indoor readings in the test 
cubes to a good degree, lowering the temperature by 
3°C and 2.5°C, respectively. These results were quite 
close to the those of burlap and crate in the second 
monitoring round. It is assumed that if the paper 
tubes and Tetra Pak were thicker, their respective 
performances would have been even better, reducing 
the time of heat absorption and transmission from 
each material’s surface to the air gap. One way to 
enhance the performance of these two solutions 
would be to fill them with foam. This could have 
increased the time lag for the heat to transfer from 
the tubes or the bottles to the roof’s surface.  

The green roof was expected to perform better. As 
normally planting vegetation in a soil layer combines 
three different roof cooling strategies which are; 
surface shading from the vegetation, earth covering 
form soil and evaporative cooling from the irrigation 
water [12].  Although green roofs are known to 
reduce the heat island effect and sequester carbon, 
the monitoring results for the solution tested here 
showed that the thermal reduction effect was not 
very high. The thickness of the soil, the types of 
plants used (in this case cactus) and the amount of 
water used for irrigation which helps in evaporative 
cooling, all play a role. Plants also transpire, which 
also helps to reduce indoor temperatures. Yet since 
the cacti were small, no plant canopy was created. It 
is also presumed that the dark brown colour of the 
soil, which was partially exposed to the sun, might 
have increased heat gains. While it has been 
suggested to cover the soil’s surface with dry mulch 
(i.e. gravel) or light sand, or to use vegetation that 
needs water daily [19], these are not practical 
solutions for the hot, dry and water-scarce climate of 
Cairo. 
In winter, comparing the egg carton, the burlap with 
crate, the reed mats and white paint it revealed that 
the reeds together with the burlap and crate proved 
to be the most efficient in keeping the indoor 
temperature warmer with an average gain of 2.5°C. 
Comparing results of the four solutions that were 
tested both in summer and winter, the reeds 

together with the burlap and crate was the most 
effective method for thermal roof insulation in both 
seasons.   

We want to re-emphasize that only the top two 
efficient solutions were carried over to the winter 
tests because thermal comfort in summer was more 
important; otherwise, there might have been other 
materials that didn’t perform best in summer, but 
performed better winter than the best-performing 
case in summer. It should be stressed here that the 
test cubes’ indoor air temperature and humidity 
readings don’t reflect their full-scale performance if 
applied in normal residential buildings. This is due to 
the small size of the test cubes and their lack of 
windows. Here, the experiment shows the difference 
in performance as it is useful for comparative 
purposes. 

3.2 Durability and waterproofing of the proposed 
solutions  
On roofs, the materials tested could be affected by 
sun, rain, wind, dust, birds, rodents or tiny reptiles. 
None of the materials are waterproof; however, some 
were more affected by rain than others. The solutions 
can be categorized into four typologies. First are the 
materials which were damaged and need to be 
replaced every summer like burlap and EPS plates 
(foam plates). The second typology consists of the 
materials that were affected but not damaged and can 
be used for another summer like white lime paint and 
Tetra Pak. The third category wouldn’t need to be 
change – this includes the plastic bottles filled with 
Styrofoam, the reed mats, the broken pottery with 
sand and the egg cartons and empty toilet paper rolls. 
The fourth category are the solutions that need year-
round care, like the cacti, which need to be watered on 
a weekly basis.  

3.3 Cost efficiency and maintenance 
The cost associated with the majority of the solutions 
is minimal. Tetra Pak, egg cartons, EPS plates and 
burlap with crate are all typical household waste 
materials.  Even if they deteriorate every season, the 
cost of replacing toilet paper and egg cartons is 
almost zero as they are typically readily available as 
household waste as long as a storage area is 
available. While it can be tiresome to replace these 
materials as roofing insulation every season, the 
payoffs in their insulation capacities make the time 
spent worth it. Reed mats, while not free, are still 
cheaper than lime paint and might be available from 
agricultural waste for no cost. Nevertheless, 
transportation costs should be factored in as well as 
the time it takes to weave the reeds together as 
mats. 
The white lime wash and cacti would could be cost-
prohibitive to low-income communities. However, 

Vol.3 | 1696
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


the white lime paint is economical in the long run as 
it performs well and showed effective reduction in 
indoor temperature. In addition, it can last for a 
couple years before it needs another coat or to be re-
painted. Previous research also shows that white lime 
paint’s efficiency is also reduced if dirt accumulates 
on the roof’s surface, meaning that regular cleaning 
would be needed in combination with this solution 
[11].  As the cactus proved to be the least efficient 
solution, the investment is not advisable. 

4. CONCLUSION

This study is an experimental monitoring test for test 
cubes in urban living labs. The aim is to construct test 
cubes and add different passive cooling roof solutions. 
The solutions were monitored for their performance in 
a real environment – on the rooftop of a residential 
apartment building in a dense neighbourhood in Cairo. 
It is considered a trial for a proof of concept for testing 
different low-tech cool roof solutions. In this study, 10 
passive low-tech solutions for thermal insulation and 
solar protection were tested. Low-tech roof insulation 
solutions using household waste and vernacular 
inspired passive strategies proved to improve the 
indoor temperature. The solutions suggested are 
almost zero cost solutions with thermal efficiency up 
to 3.5 degrees difference in indoor temperature 
compared to outdoor. The study concluded that reed 
mats together with the burlap and crate are 
considered the best two solutions in terms of 
durability, efficiency, maintenance and cost.
We hope that the outcome of this paper will help 
relieve the extreme heat conditions often born by 
vulnerable communities in the global south. The 
solutions have wider applicability in areas with similar 
building structures and climate conditions. We also 
hope this paper will inspire researchers and architect 
practitioners and most importantly homeowners to 
follow the same low-tech solutions. Heatwaves are 
now more frequent and increasingly long summer 
periods are inevitable. A popular science description 
and short film are also available so that the cool roof 
strategy can be more easily applied through this link. 
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ABSTRACT: The correct use of natural ventilation is a bioclimatic strategy commonly used to improve the 
thermal and hygienic conditions of interior spaces located in the tropics. Openwork blocks are enclosures 
that could contribute to this improvement. For this research, commercially available openwork blocks in 
Colombia were used to analyze the ventilation efficiency of these elements. The implemented methodology 
was based on computer simulations generated in the Autodesk CFD software. Two parameters were taken 
into account while analyzing these elements: Maximum Useful Wind Area (MWA), understood as the area 
with wind speeds between 0.9m/s to 1.2m/s and the maximum useful wind distance (MWD) taken from 
the exit face of the openwork blocks to the furthest point where wind speeds between 0,9m/s and 1,2m/s 
are evident. It was concluded that the efficiency of the openwork blocks from the natural ventilation 
perspective is not proportional to their percentage of opening, it is influenced by the type of geometry and 
by the angle of the wind direction in relation to the external surface of the openwork block.  
KEYWORDS: Architecture, Bioclimatic, Natural ventilation, Openwork blocks, Efficiency. 

1. INTRODUCTION
To reorient architectural design and respond to

today's environmental demands, passive natural 
ventilation strategies must be implemented to reduce 
the demands on mechanical ventilation and air 
conditioning systems, to promote indoor air quality, 
and to improve the level of thermal comfort in spaces 
[1]. These strategies are based on technical concepts 
born from "bioclimatic architecture" [2]. In that sense, 
it is important to create architectural designs that are 
responsive to local climatic conditions, to generate 
comfortable interiors by natural means [9]. 
      In locations with a hot moist climate, where 
relative humidity and average temperature are high, a 
constant flow of natural ventilation must be ensured 
at costs that allow its implementation in tropical 
regions [2]. One way to obtain this with passive 
elements guaranteeing the reduction of 
electromechanical ventilation while maintaining 
thermal comfort [3] is with the use of perforated 
pieces called openwork blocks, which are frequently 
present on the market at low costs and also function 
as a measure for solar regulation [4]. With the use of 
this strategy within the design, it is possible to diminish 
some problems in the way of inhabiting space, such as 
low productivity rates and health-related difficulties 
[6].       
      Existing studies on the efficiency of these 
architectural elements are still insufficient in their 

applicability, although their empirical management 
has in some cases unsatisfactory results [2].    
      Hence, in the last 25 years, significant progress has 
been made in understanding fluid mechanics in 
architecture and the importance of involving them in 
natural ventilation through architectural design [5].  
      Consequently, the objective of this research is to 
define the efficiency in terms of wind distribution and 
speed that commercial openwork blocks in Colombia 
allow to pass through, for application in locations with 
a hot humid climate, based on the simulation in the 
Autodesk CFD software [7]. Therein lies the 
importance of this research on openwork blocks, in 
which, based on measurable data and figures obtained 
in said software, it is possible to define their 
ventilation efficiency for different spaces in the hot 
humid climate, to evidence their presence in the 
market and their sustainability over time [6].  

2. METHODOLOGY
The analysis methodology implemented consisted

of the quantitative analysis of graphs generated from 
computer simulations using Autodesk CFD software.   
      The results were processed from the maximum 
useful wind area (MWA), the maximum useful wind 
distance (MWD) in relation to the external speed (Ve). 

2.1 Classification 
For these researches, 6 types of commercial 

openwork blocks in Colombia were used, which are 
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identified as follows: C01, C02, C03, C04, C05, and C06, 
as shown in Figure 1.  

Figure 1: Openwork blocks types.  

2.2 Simulation parameters 
In CFD, the wind tunnel was created with the 

proportions shown in Figure 2 to reduce the 
turbulence of the walls and achieve a homogeneous 
airflow. A wind speed of 2 m/s (Ve) was assigned, as 
shown in Figure 2. 

Figure 2: Tunnel proportions and wind direction in the 
Autodesk CFD software.  

      Under the same parameters, computer simulations 
were performed with the openwork block in two 
positions, at  90° and 45° from its base with respect to 
the X-axis, and with wind direction at 90° and 45° with 
relation to the perforated face of the openwork block, 
as shown in Figure 3. 

Figure 3: Analysis orientations and positions. 

      For the visualization of the results, three horizontal 
sections (Sa, Sb, Sc) and the three vertical sections (S1, 
S2, S3) were analyzed as shown in Figure 4. 

Figure 4: Visualization sections. 

2.3 Results treatment 
The results were processed from the charts 

generated in the CFD software from two variables: 
MWA and MWD. 

MWD: It is the length taken from the air outlet face 
of the openwork block, to the farthest point where 
wind speeds between 0.9 m/s (45% of the Ve) and 1.2 
m/s (60% of the Ve) are evident. In the case of having 
several wind distances, the average of the different 
distances was taken as data as shown in Figure 5. 
      MWA: It is the surface of the wind profile in cm2 at 
the exit of the openwork block that has wind speeds 
between 0.9 m/s to 1.2 m/s. In the case of having 
several areas between these speeds, the average was 
taken. As shown in Figure 5. 
      While the wind speed of 0.45 m/s is qualified as 
thermal neutrality in the Fanger ISO 7730 comfort 
tables for a climate of 22° C to 24° C and a balloon 
temperature of 25° C to 26° C, with 0.5 Clo and 1 MET, 
the speed taken for this investigation was 0.9m/s to 
1,2 m/s, being half of the outside speed (Fanger 
ISO7730, 2016). 

     Horizontal sections     Vertical sections   

I: Wind incidence angle 
L: Angle of inclination of the openwork block 

I90°-L45° 

I45°-L45°   

I90°-L90° 

I45°-L90°   
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Figure 5: Wind passage comparison variables. 

3. RESULTS
The results were analyzed under the premise of the

objective of the research, as follows: The different 
measurements in cm for MWD and cm2 for MWA of 
the six types of openwork block were tabulated as 
exemplified in Tables 1 and 2 with the C02 openwork 
block.  

Table 1: Block C02 measurements, position I90°-L90°, and 
I90°-L45°. 

C02 

I90° - L90° I90° - L45° 
MWD MWA MWD MWA 

cm cm2 cm cm2 

Plants 
Sa 40,1 165,4 48,5 245 
Sb 57,3 266,4 60,0 227,3 
Sc 44,2 58,9 43,3 194,4 

Average 47,2 163,6 50,6 222,2 

Sections 
S1 36,4 169 7,9 37,8 
S2 58,5 376,3 12,2 128,2 
S3 43,9 222,2 16,2 149,6 

Average 46,3 255,9 12,1 105,2 

Table 2: Block C02 measurements, position I45°-L 90°, and 
I45°L-45°.  

C02 

I45° - L90° I45° - L45° 
MWD MWA MWD MWA 

cm cm2 cm cm2 

Plants 
Sa 23,8 207,9 35,2 214,1 
Sb 68,1 278,8 48,6 251,2 
Sc 24,9 155,1 38,3 197,3 

Average 38,9 213,9 40,7 220,9 

Sections 
S1 43,4 138,6 7,0 104,8 
S2 70,9 289,0 14,3 94,4 
S3 26,2 171,5 6,8 20,9 

Average 46,8 199,7 9,3 73,4 

      Each group of measurements was averaged, Sa, Sb, 
Sc: Horizontal and S1, S2, S3: Vertical. With these 
averages, the comparison between the 6 types of 
openwork blocks was made as shown in Tables 3 and 
4. 

Table 3: Average of block sections analyzed in position I90°-
L90°, and I90°-L45°.  

Average 

% Opening 
|90° - L 90° |90° - L 45° 

MWD 
cm 

MWA 
cm2 

DMV 
cm 

AMV 
cm2 

C01 53,0 
Horizontal 34,2 133,8 12,4 78,0 

Vertical 31,5 156,2 2,8 18,3 

C02 42,7 
Horizontal 47,2 163,6 50,6 222,2 

Vertical 46,3 255,9 12,1 105,2 

C03 31,0 
Horizontal 24,8 81,1 7,5 35,7 

Vertical 8,9 65,3 21,0 21,0 

C04 54,0 
Horizontal 25,8 76,6 9,4 38,5 

Vertical 22,4 56,7 6,3 33,0 

C05 50,0 
Horizontal 26,0 189,7 0,0 0,0 

Vertical 22,5 135,8 0,0 0,0 

C06 42,0 
Horizontal 9,9 41,9 4,5 19,8 

Vertical 10,1 46,8 5,0 19,6 

Table 4: Average of block sections analyzed in position I45°-L 
90°, and I45°L-45°.  

Average 

% Opening 
|45° - L 90° |45° - L 45° 

MWD 
cm 

MWA 
cm2 

DMV 
cm 

AMV 
cm2 

C01 53,0 
Horizontal 31,6 83,0 21,4 176,5 

Vertical 29,6 112,9 8,6 50,2 

C02 42,7 
Horizontal 38,9 213,9 40,7 220,9 

Vertical 46,8 199,7 9,3 73,4 

C03 31,0 
Horizontal 12,3 59,2 9,4 46,8 

Vertical 9,5 45,2 2,9 30,1 

C04 54,0 
Horizontal 55,2 267,2 14,1 76,1 

Vertical 57,0 326,4 4,9 40,1 

C05 50,0 
Horizontal 18,1 64,4 6,5 3,6 

Vertical 18,9 54,4 0,8 9,7 

C06 42,0 
Horizontal 8,1 70,5 3,8 23,1 

Vertical 11,2 59,1 5,1 35,1 

4. DISCUSSION
To continue with the efficiency analysis, only the

average between the horizontal and vertical sections 
was taken, as seen in Tables 3 and 4. Figure 6 is 
presented below where the openwork blocks were 
classified in efficiency quadrants according to their 
performance at different inclinations with respect to 
the wind tunnel comparing the results between MWA 
and MWD. 
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Figure 6: MWA Y MWD variables graphic.  

In order to establish another analysis criterion, a 
classification of the performance of the openwork 
blocks according to their percentage of opening in 
relation to the MWD (Fig. 7) and the MWA (Fig. 8) was 
constructed. 

Figure 7: Comparative graph between Distance and aperture 
percentage. 

Figure 8: Comparative graph between Distance and aperture 
percentage. 

      It is not only the opening area that influences the 
efficiency of the openwork block in terms of 

ventilation [2], in which the most efficient ventilation 
results are produced by the combination of the 
openwork blocks, creating a modulation that 
generated a greater speed thanks to the accumulated 
pressure inside the openwork block, and not by a 
greater perforated area, coinciding with the results of 
this research. 
      According to the information obtained in Figure 6 
about the efficiency of the openwork blocks, it would 
be more appropriate to use the C02 openwork block 
with a wind input angle of 90° in a space where a 
deeper wind range with a high value in the area is 
needed, its uniform behavior in both MWD and MWA 
would allow it to cover these characteristics. 
      In addition, the research [8] describes the results of 
simulations based on the use of a lattice-like openwork 
block, and concludes that the larger the opening area, 
the average wind speed changes and enters with a 
direction according to the lattice, allowing a controlled 
internal distribution of air.  
      This research may suggest the implementation of 
“obstacles” in the interior design of the openwork 
block to direct the air in the case it is in a place exposed 
to high wind speeds, however, the present research 
found an important relationship with the layout of the 
opening area of the openwork block in terms of MWA 
and MWD, in which it is verified that the openwork 
block is more efficient when its perforated area is 
concentrated in a single point and not divided by 
multiple openings or “obstacles”. This can be seen in 
Figure 9d, in which the openwork block with the 
greatest concentrated perforated area is the one that 
reaches the greatest distance and area, as can be seen 
between openwork block C02 and C04. 

Figure 9a: Group 1. I90°-L90° Section Sb. 

Figure 9b: Group 2. I90°-L90° Section Sb.
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Figure 9c: Group 3. I90°-L90° Section Sb. 

Figure 9d: Group 4. I90°-L90° Section Sb. 

5. CONCLUSIONS
Based on the analysis of the six types of openwork

blocks, different sets were defined, among which they 
were grouped as follows: According to the type of 
opening, Group 1: C01, C02, and C05; Group 2: C03, 
C04, and C06. According to the geometry: Group 3: 
C01, C03, and C05; Group 4: C02, C04, and C06; as 
shown in Figures 9a, 9b, 9c, and 9d. 
      In addition, the ventilation efficiency of these was 
established as the relationship between the 
percentage of opening with MWA and MWD, from this 
it was concluded:  

5.1 Percentage of opening 
      The initial hypothesis was the higher the 
percentage of opening, the higher the efficiency of the 
openwork block. After the investigation, it could be 
concluded that the efficiency of openwork blocks in 
ventilation is not always proportional to their 
percentage of opening, but also to the arrangement of 
the openings, i.e. two openwork blocks with a similar 
percentage of opening can have completely different 
values in MWA and MWD, due to the way they arrange 
their openings. 
      The openwork blocks with the highest MWA and 
opening were concentrated in a single hole, as in the 
case of Group 1 (Fig. 9a), they are 40.2% more efficient 
than perforated blocks in Group 2 (Fig. 9b), this group 
is made up of openwork blocks with several holes, so 
the efficiency of the openwork blocks in ventilation is 
not only related to the percentage of the opening but 
also the disposition of this one, dominates the 

openwork block that presents a minor quantity of 
perforations, although this one has a minor 
percentage of opening that the other one. That is to 
say, the minor quantity of perforations, major is the 
efficiency of the openwork block. 

5.2 Wind input 
      In addition to the distribution of the opening of the 
openwork block, the wind entry angle is another factor 
that can help determine the efficiency of the 
openwork block, this factor has a direct incidence on 
MWA and MWD of the openwork block. 
      After analyzing different wind entry angles to the 
openwork block, I90° and I45°, it could be concluded 
that openwork blocks are 13.4% more efficient when 
the wind source is at 45° from the open face of the 
openwork block (I45°). 

5.3 Geometry of the opening 
      Another factor of influence when determining the 
efficiency of the openwork blocks is the geometry of 
its opening or the openings, in which independently of 
the percentage and its distribution, they directly affect 
the operation of the openwork block.   
      Openings made up of curved lines or circles, as is 
the case with group 4 (Fig. 9d) of openwork blocks, 
positively affect the efficiency of the perforated block, 
openwork blocks in this group are 37.7% more 
efficient than those in Group 3 (Fig. 9c), which are 
made up of straight-line openings. 

5.4 Openwork block position 
      In addition to the points already mentioned, the 
position in which the openwork blocks are arranged 
also influences their behavior with respect to the wind, 
and this is a factor that can help determine their 
efficiency. 
      After analyzing different positions of the openwork 
blocks, L90° and L45°, it could be concluded that the 
openwork blocks are 54.6% more efficient when they 
are in the L90° position. 

5.5 Internal wind distribution according to section 
and inclination. 
      Unlike the horizontal sections (Sa, Sb, and Sc), the 
vertical sections (S1, S2, and S3) do not show much 
difference between the different orientations of both 
the wind tunnel and the draughts themselves. 
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The Thermal Performance of Compact Housing in Tall Buildings: 
 Strategies for Façades Design in the Dense Urban Centre of the 

Subtropical City of Sao Paulo 

ABSTRACT: The downtown São Paulo has been facing a complex transformation process since the early decades
of the 20th century, ending up in a significant stock of unoccupied buildings, built between 1930s and 1960s. 
Nowadays, both public and private sectors of the city are interested in redeveloping these buildings and open up 
new housing market opportunities in the city centre. However, very little is known about the environmental 
performance of these buildings. For this reason, the objective of this research is to quantify the thermal 
performance of compact economic housing in the tall buildings of the urbanely dense city centre of subtropical city 
of São Paulo (latitude 23.85OS), following up with the formulation of design guidelines for the retrofit of façades, 
considering the impact of solar radiation and the benefits of natural ventilation. The method was based on 
thermodynamic computer simulations, carried out for a representative base-case and a series of scenarios 
encompassing 8 orientations and 3 floor-heights in the urban canyon, configured with different degrees of 
obstruction. The adaptive comfort model proposed in the BS EN 15251: 2007 standard was adopted. The final 
results proved that in the summer sufficient air-flow via single sided ventilation was obtained with the minimum of 
50% window´s aperture. In the cases of high solar exposure, cross ventilation is necessary for comfort conditions for 
at least 80% of the time. 
KEYWORDS: compact housing, thermal performance, subtropical climate, façade design, thermodynamic simulation. 

1. INTRODUCTION
The downtown São Paulo has been facing a complex

transformation process since the early decades of the 
20th century, ending-up in a significant stock of 
unoccupied buildings built between 1930s and 1960s, 
due to various socioeconomic and real-estate market 
reasons [9]. This specific building stock of tall buildings 
was built in concrete structures, brick walls and large 
windows designed for solar access and natural 
ventilation. Although densely built, the central 
neighbourhoods show a vacancy rate of housing units 
of approximately 12%, one of the highest in town [7]. 
Since around 2010, both public and private sectors of 
the city are interested in redeveloping these buildings 
and open-up new housing market opportunities in the 
city center. In 2009, the city´s authorities in partnership 
with the private housing company Companhia 
Metropolitana de Habitação de São Paulo (COHAB) 
identified approximately 220 unoccupied potential 
buildings in the city centre for social and economic 
housing [5, 7]. However, as demonstrate in Uzum 
(2011), the new buildings as well as the requalification 
building projects have not paid attention to issues of 
environmental performance.  

For this reason, the object of this research is to 
characterise the thermal performance of compact 
housing in the tall buildings of the city centre of São 
Paulo, built between 1930s and 1960s and identify the 
necessary design guidelines for the retrofit of façade’s. 
The technical investigation was based on 
thermodynamic simulations. Given the subtropical 
climate of São Paulo (latitude 23.85OS), the design 
guidelines consider the impact of solar radiation and 
benefits of natural ventilation, within the densely built 
city centre. 

2. CLIMATE
The city of São Paulo (latitude 23.85°S; longitude

46.64°W; altitude 792m) is located in a region of 
humid-subtropical climate (Cfa), according to Köppen 
[10], being characterized by warm-humid summer days 
with predominantly partially cloudy sky and cool and 
drier winter days with predominantly sunny sky. 
Prevailing wind directions are south and northeast 
during the summer months and southwest and north 
during the winter months. Annual average air 
temperature is of approximately 19°C. Due to the 
subtropical conditions and the 60% annual frequency of 
overcast sky, diffuse radiation in São Paulo can reach 
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approximately 50% of the total global annual radiation 
on the horizontal plan, therefore, having a significant 
impact on buildings´ solar gains.   
     January is the hottest month, with an average of 
22.82°C, absolute minimum of 14°C and absolute 
maximum reaching 34°C, whilst humidity levels vary 
between 31% a 100% (Fig. 1). Maximum global solar 
radiation on the horizontal plan in January is 1,068 
W/m2. July is the coolest, with an average of 16°C, 
absolute minimum of 8°C and absolute maximum 27°C, 
whilst relative humidity varies between 26% a 100% 
(Fig. 1). Maximum global solar radiation on the 
horizontal plan is 719 W/m2. In terms of design 
strategies, in warm days, shading is fundamental for the 
thermal comfort in buildings as well as natural 
ventilation, which can also be beneficial during night-
time, given the daily temperature differences. In cooler 
days, the use of passive solar gains is strategic, together 
with controlled natural ventilation. It is worth 
mentioning that this diagnose does not consider the 
influence of heat island effect, identified by Tarifa and 
Armani [15]. 

Figure 1: Annual distribution of dry bulb temperatures and 
relative humidity in Sao Paulo [11]. 

3. URBAN CONTEXT AND BUILDING TYPE
The verticalization process of São Paulo´s city centre

was initiated in the decade of 1920, as a consequence 
of economic growth and urban development [14]. The 
building regulations that were applied in the city centre 
between 1930s until late 1960s, named Código de 
Obras Arthur Saboya, made mandatory that buildings 
were aligned with all edges of the site. Height was 
associated with the width of the street [13]. The main 
morphological and typological aspects of the urban 
blocks of the densest urban area in the city centre of 
São Paulo, the República neighbourhood (Fig. 2), are: 
80% site coverage; lack of front and side setbacks; 
occupation of ground floors; variability of building 
heights, with majority of buildings from 7 to 14 floors; 
heavyweight construction; and albedos of 0,5-0,6. As a 
consequence, asymmetric street canyons and deep 

building plans are conformed within a compact urban 
environment [8]. 

To fulfil the objectives of densification, in the 
decade of 1930 the concept of minimum housing was 
developed by the building sector of residential tall 
buildings, with the proposal of the so called kitchenette 
or simply kitnet, being those small residential units in 
which kitchen, bedroom and living functioned together 
in one single space, encompassing between 14m2 to 
28m2 of usable space (Fig. 3) [12]. The typical window is 
of 2,0 meters wide by 1,2 meters high, with sliding 
opening panels, high-level openings (Fig. 4). 

Figure 2: Map of the República neighbourhood the densest 
urban fabric of the city and facades of kitnet residential multi-
storey buildings.  

Figure 3: Floor plan of a typical residential multi-storey 
building for kitnets in the city centre of São Paulo. 

Figure 4: The main window type for the kitnet. 

      Cavaleri and Gonçalves [2] investigated by means of 
thermal-dynamic simulations the impact of the urban 
form on the thermal performance of the 28m2 kitnet 
located at different heights and orientations of a 12-
storey building of an existing urban block in the 
neighbourhood of República and found out that the 
reduced building exposure of the single-aspect narrow 
front kitnet, coupled with the overshadowing effect 
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from the urban form, proved to be positive to the 
overall environmental performance of the kitnets, as 
thermal comfort conditions were obtained for up to 
70.5% of the year, in the best base-case scenarios. 
Furthermore, the thermal mass of the building fabric 
enabled the predominance of stable temperatures in 
kitnets in São Paulo, with daily mean radiant 
temperatures on a typical summer day around 26oC, 
when external temperatures fluctuates between 20oC 
and 31oC [6]. In this context, the question about the 
potential improvement of the thermal performance of 
kitnets in the city centre of São Paulo, according to the 
impact of urban form and orientation, remains opened 
and requires the redevelopment of façades, looking for 
the balance between shading and ventilation. 
4. METHOD

This research was based on thermal dynamic
simulations, carried out with the tool Thermal Analysis 
Simulation Software, TAS [4]. The base-case kitnet-unit 
was considered in the model of a multi-storey 
residential building inserted in a typical urban block of 
the densely built city centre of São Paulo. The thermal 
performance of the kitnet was verified in 8 solar 
orientations and 3 different heights of the urban 
canyon, in order to assess the impact of the urban 
fabric on the resulting impinging global solar radiation 
and air flow between buildings. The first round of 
simulations was performed for summer and winter 
periods with the window´s aperture of 50% during 
occupancy hours. A second round of simulations was 
performed with a higher aperture for the warm period 
and lower apertures for the cooler period. In total, the 
analytical encompassed 480 scenarios. The criteria 
applied to evaluation of the results from the thermal 
dynamic simulations was the comfort adaptive model 
presented in the BS EN 15251: 2007 standard [1]. In this 
article, only the best and the worse performative 
scenarios were presented.  

5. BASE-CASE AND ANALYTICAL SCENARIOS
The construction of the base-case was informed by a

sample of 25 kitnet multi-storey buildings localized in 
the neighbourhood of República, in the city centre of 
São Paulo. Following the architectural features of the 
buildings´ sample, the typical single-aspect kitnet was 
modelled with 28m2 in a rectangular form of 4 meters 
wide by 7 meters deep and a window-to-wall ratio 
(WWR) of 32%, which is equivalent to a window floor 
ratio (WFR) of approximately 11%. Building materials 
and its respective thermal properties are presented in 
Table 1. It is important to notice that the relatively 
higher U-values of windows and walls, when compared 
to the building standards in temperate climates 
(specially for windows). As seen in the climate analysis, 

external temperatures are not critical in the subtropical 
conditions of São Paulo, therefore, insulation has never 
been a concern for the local building sector. On the 
other hand, external shading and apertures for 
ventilation have a much bigger role to play. According 
to the design of existing buildings, windows´ aperture 
was firstly test at 50%, followed by other scenarios of 
higher and smaller percentages, aiming to improve 
thermal comfort in summer and winter, respectively. 
The various scenarios of window´s aperture are 
described in Table 2. 

Table 1: Thermal properties of the base case. 

 Building elements U (Wm2/°C) 
External wall 1.61 

Window 5.46 
Internal wall 2.59 

Slab between flats 2.73 
Table 2: Aperture schedule 

Aperture schedule  temperatures  
between 20°C  and 30°C 

January (summer) 1st scenario: 50%  
2nd scenario: 70%  

July 
(winter) 

1st scenario: 50%  

2nd scenario: 10%  
3rd scenario: 2.3%  

     In order to represent a wide range of possible conditions of 
solar exposure as well as urban obstructions, the simulation 
scenarios of the base-case kitnet-flat encompassed 8 solar 
orientations (North, South, East and West and Northeast, 
Northwest, Southeast and Southwest), 3 floor heights of the 
12 storey base-case (2nd, 5th and 11th floors) and 4 scenarios of 
obstruction created to each orientation: no urban obstruction 
from frontal buildings and no external shading, no urban 
obstruction but external shading, urban obstruction but no 
external shading and, at last, urban obstruction and external 
shading (Fig. 5). The 3 obstruction scenarios were applied to 
the 3 different heights of the urban canyon. The distance 
between the base-case building and the opposite one was 
extracted from the typical urban configuration in the 
neighbourhood of República. In this sense, the proximity 
between opposite buildings led to Sky View Factors (SVF) as 
low as of 0.15 to the window at 1st floors, going up to 0.43 at 
9th floors.  

Figura 5: Digital model for the thermal dynamic simulations 
developed in TAS. 
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6. RESULTS AND DISCUSSION
The results for the summer month showed some

percentage of hours in discomfort in all simulated 
scenarios, even if reasonably small. In some of the best 
cases, the percentage of hours above the comfort zone 
varied between 0.1 and 2.9% [16]. In 41% of the cases 
simulated with the 50% aperture, the amount of 
overheating hours exceeded 3%, the limit for 
overheating hours recommended by CIBSE [3]. In all, 
overheat was identified in the afternoons. The 
scenarios without external shading had an occurrence 
of overheating hours equal or higher than 3%, being the 
5th floor on the west orientation the worst case. These 
results are shown in Figure 6, presenting 6.7% of 
monthly hours of discomfort spread around 13 
afternoons, confirming the need of external shading at 
middle and top heights of the canyon. As expected, 
regardless the orientation and the canyon-height of the 
kitnet-flat, the best results for the summer month were 
found where there was external shading added to 
obstruction from the opposite buildings. It is worth 
noticing that even with the protection of external 
shading, the higher values of OT at the 11th floor (even 
when within the comfort band) illustrates the impact of 
global solar radiation. 
     For the summer period, the results of the second 
round of simulations, in which a higher window 
aperture was tested (70% rather than 50%), showed 
that different scenarios of orientation, shading and 
canyon height required different aperture sizes for the 
achievement of comfort conditions in the kitnet-flats. In 
the west orientation, the most problematic case, at 2nd 
and 5th floors, the 50% aperture was enough to avoid 
excessive overheating hours (closing the window when 
external temperatures reach above 30oC), but at the 
11th floor, the 70% window´s aperture was necessary to 
counter-act the effect of impinging global radiation, as 
seen in Figure 6. Some of the best results were found in 
the kitnets positioned in the northeast orientation, with 
external obstructions and 70% aperture. 
     Regarding OT values during the month of January, 
the flats oriented towards the west, temperature 
figures outside the comfort zone stay just under the 
threshold of 32oC, whereas in those oriented towards 
the northeast, temperatures stay well within the 
comfort zone. Out of the scenarios simulated so far for 
the summer month, 20% remained with more than 3% 
of the time under overheating conditions, often by a 
small margin.  In southeast and southwest orientations, 
for example, all the simulated cases with external 
shading presented a percentage of overheating hours 
close to the limit of 3%, as seen in Table 3. The third 
round of simulations, in which extra external shading 
and cross ventilation through the building´s naturally 

ventilated corridor were introduced, showed a sensitive 
improvement in comfort conditions, in particular to 
lower level flats at the 2nd floor, where cross ventilation 
had a crucial impact in decreasing hours of discomfort. 
As an example, in the southeast cases, the hours of 
discomfort were reduced further with the addition of 
external shading (where originally there was none) and 
eliminated altogether with the introduction of cross 
ventilation via the open corridors of the building, as 
shown in Table 4.  

Figure 6: Results for the thermal performance of the kitnets in 
the west orientation, along the height of the canyon (2nd, 5th 
and 11th floor), without external obstructions and with 70% 
aperture. On the left, the proportion between hours in comfort 
and discomfort for the EN criteria Categories II. On the right, 
values for the OT throughout January, the hottest month of 
the year [16].  

Table 3: Results from the thermal performance analysis of the 
kitnets positioned in the southeast orientation, along the 
height of the canyon (2nd, 5th and 11th floor), for the summer 
period, for 2 window´s aperture, 50% and 70%, with and 
without external shading [16].  

Table 4: Results from the thermal performance analysis of the 
kitnets positioned in the southeast orientation, repeating all 
cases presented in Table 4 for the summer period, with the 
addition of external shading and cross ventilation [16]. 
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It is important to clarify that the window type of the 
base-case building was taken from the typical multi-
storey building designed for kitnets, with the maximum 
of 50% aperture at the usual sill-height of 0.8 meters, 
plus high-level openings. However, the simulation 
results showed that the majority of the cases required 
70% window´s aperture to achieve the necessary air-
changes for satisfactory levels of thermal comfort 
conditions during the summer period. In this context, 
using the openings of the high-level windows has the 
potential to increase the total aperture for ventilation 
from 50% para 61% of window area. Having said that, 
the typical window of the kitnet-flat would have to be 
redesigned to create the possibility of apertures bigger 
than 61%.  
     For the winter period, considering 50% window´s 
aperture when external temperatures are above 20°C, 
high levels of discomfort were found in most scenarios, 
reaching the mark of 25% of the annual hours in some 
of the best cases (Fig. 7). Similar results were identified 
with 10% aperture. Looking at the case of the west 
façade without any obstruction or external shading, 
hours in discomfort with the 10% aperture reached 
around 70% in levels 2 and 5. In this case, applying the 
minimum fresh-air requirements with the adoption of 
continuous 2.3% aperture was sufficient to eliminate 
discomfort in winter. However, the discomfort due to 
low temperatures remained high in a number of other 
orientations. As an example, the flats facing southeast 
with fix-external shading and external obstruction, 
discomfort hours happen for approximately 25% of the 
time, as seen in Table 5.   
Some of the worst results for the winter period were 
found on the scenarios located at the south orientation 
and with the impact of the urban obstruction, where 
discomfort is as high as 30% of the time due to low 
operative temperatures, as a consequence of lack of 
global radiation. Initially, only the unobstructed 
scenarios from north and west orientations showed 
favourable results for thermal comfort in winter. The 
reduction of window´s aperture from 50% to 10% did 
not show significant improvement, therefore were 
discarded, whilst the simulations with 2.3% aperture – 
which were calculated for the minimum fresh-air 
requirements, showed a much better results.  
     As expected, due to the benefits of solar gains, the 
scenarios without obstruction performed better than 
the other ones. As an example, the scenarios of kitnets 
without the obstruction of the urban canyon in the 
southeast orientation had around 7% hours of 
discomfort, against 25% in those positioned at any 
height of canyon, as shown in Tables 5 and 6.  

Figure 7: Results for the thermal performance of the kitnets 
positioned in the west orientation, along the height of the 
canyon (2nd, 5th and 11th floor), without external obstructions 
and with 50% aperture. On the left, the proportion between 
hours in comfort and discomfort for the EN criteria. On the 
right, values for the OT throughout July, the coldest month of 
the year [16].  

Table 5: Results from the thermal performance analysis of the 
kitnets positioned in the southeast orientation, along the 
height of the canyon (2nd, 5th and 11th floor), for the winter 
period, with and without external shading and window 
aperture of 2.3% [16]. 
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Table 6: Results from the thermal performance analysis of the 
kitnets positioned in the Southeast orientation, repeating all 
cases presented in Table 6, for the winter period, with the 
external shading and window aperture of 2.3% [16]. 
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It is interesting to notice that the hours of discomfort 
did not occur only during nigh time. On the contrary, in 
some cases, they accounted for entire days. Concluding 
the technical studies for the winter period, in order to 
improve comfort conditions in the winter period, solar 
access was improved in the 39 cases with external 
shading by making them retractable, therefore, 
allowing the access of global solar radiation.  
7. CONCLUSION

 As described above, the analytical work highlighted the
importance of solar control and natural ventilation for the 
thermal comfort in the typical kitnet-flats within the urban 
context of the city centre of São Paulo. Variation of design 
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strategies including the degree of external shading and 
window´s aperture across the various orientations and along 
the floor-height of the building in the urban canyon, were 
proved to be necessary to maximize hours in comfort for the 
summer and winter periods.  
     Overall, the simulation results revealed that even with the 
canyon configuration, external solar protection and air-flow 
through wind driven ventilation played a relevant role in the 
thermal performance of many scenarios for the kitnet-flat in 
the summer days, whilst solar access and controlled 
ventilation for minimum fresh air requirements were crucial 
to guarantee thermal comfort in the winter days. It must be 
also underlined that the thermal performance of the cases 
analysed here proved to offer better comfort conditions in 
summer rather than in winter. This difference can be 
explained by the opportunity for shading from external 
devices and, or the urban canyon and still satisfactory 
ventilation in the summer period, versus the consequent 
oversharing of the urban configuration in the winter period.  
In the summer period, the benefits of air-flow were verified 
for 50% and 70% window´s aperture and with the 
introduction of cross ventilation in the critical cases.  
Regarding the issue of aperture size and the limitation of the 
typical typology of window, there is the need to change the 
opening mechanism so that the whole window area can 
become effective ventilation area. In addition to that, for the 
winter conditions, the opening mechanism needs to 
accommodate the so called “trickle vents”, where by 
relatively small apertures are incorporated within the 
window´s design, separated from the main aperture. 
The increment of solar control and window´s aperture of the 
typical kitnet-flat during the hottest month of the year, 
including the introduction of cross ventilation in the most 
extreme scenarios via the opened corridors of the building, 
led to operative temperatures well within the comfort band in 
most of the cases.  
     The possibility of connecting the flat´s ventilation with the 
open corridors has a significant effect of improving thermal 
comfort in kitnet-flats in different orientations and heights, 
including of those located at lower levels of the urban canyon. 
The open corridors are a particular quality of the residential 
multi-storey buildings in the city centre in São Paulo built 
between 1930s and 1960s, whilst later building codes did not 
allow anymore communal corridors and stairs to be opened 
because of fire protection and security at the higher floors.  
     For the winter month, the results were less positive, since 
just 5.3% of the cases had more than 80% of the time in the 
comfort. However, as expected, during the month of July, the 
winter period, the scenarios more exposed to solar radiation 
showed better comfort conditions, proving the benefits of 
solar gains for this specific time of the year. However, as 
mentioned before, in residential buildings there is significant 
scope for occupants’ adaptability through clothing. The 
results also demonstrated the need of different design 
strategies along the height of one orientation or of facade 
solutions flexible enough to respond to the various conditions 
along the height and across the orientations, between 
summer and winter periods. In this sense, in the same 
orientation, variations along the height showed the demand 
for different degrees of solar protection and air-flow, 

consequently, different window apertures, as a function of 
the variation of obstruction imposed by the surroundings to 
solar radiation and wind flow upon the building´s facade. As 
an example, on the west orientation of the urban canyon it 
was identified the need to shade the window of the kitnet at 
the 11th floor in order to maximize thermal comfort in the 
summer, whilst at the 5th floor the window does not need 
external shading.  
Concluding, comparisons such as the one mentioned above 
raise the question about the appropriate design solution for 
the floors between the 6th and 10th levels in the west as well 
as in other orientations within the urban canyon, according to 
the influence of the frontal obstruction and restricted views 
of the sky. Based on the impact of solar radiation on the 
thermal performance of the kitnet and the associate need for 
solar protection, it is possible to establish a relationship 
between the maximum acceptable amount of incident 
radiation on a specific floor-height and the dimensions of 
solar protection, in which the second factor varies along the 
height, as the obstruction of the surroundings reduces and 
the consequent incident solar radiation increases. Such a 
design problem is a topic for further research work.  
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Impact of Climate Change on the Natural Ventilation Potential 
A case study in the UK 
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ABSTRACT: As the climate warms, active cooling is required for the UK domestic buildings, meanwhile ventilation 
strategies need to be best supplemented to meet carbon emissions targets. This paper aimed to evaluate the 
potential of natural ventilation in a typical UK house as well as reduction in cooling load in four of major UK 
cities under two climatic conditions: 1990s and 2080s. This study found that, natural ventilation was an effective 
thermal adaptation against overheating, the reduced exposure hours to high temperatures at 2080s can even be 
ten times higher than at 1990s. Assuming ventilation strategy is not adopted, cooling demand in the four cities 
would increase 2 to 17 times over 1990s by 2080s, and nighttime cooling demand would increase faster than 
that during the day. This implicates that cooling energy demand will rise substantially at a national level.  
KEYWORDS: Natural ventilation, Overheating risk, Mortality risk, Cooling demand, Climate change  

1. INTRODUCTION
The Paris Agreement at the 21st Conference Of

Parties (COP21) in 2015 aimed to limit the warming 
climate below 2°C above pre-industrial levels. The UK 
government committed to reduce carbon emission by 
at least 80% relative to 1990 baseline by 2050 in 
accordance with the Paris Agreement at COP21. At 
the time of preparing this article, the UK government 
made a more ambitious reduction target amending it 
to at least 100% reduction, i.e., net zero emission by 
2050, which has been legislated for the first time in 
the world [1]. It would be however an infeasible 
target if without a substantial and faster reduction of 
carbon emission across all sectors, including building 
sector which accounts for approximately 36% of 
global carbon emissions [2]. Domestic buildings in the 
UK are typically non-air conditioned buildings so that 
cooling energy consumption for the UK residential 
sector is negligibly small. Since they are naturally 
ventilated during summer, it is concerned that 
warming climate would pose a critical threat to the 
naturally ventilated buildings. For instance, 
overheating risk has been predicted to increase 
significantly regardless of combination of behavioral 
and structural adaptations [3, 4]. Active cooling 
therefore is required for the UK domestic buildings.  
Warming climate would lead to 75%-200% increase in 
carbon emission from building operation [5-7], 
implicating that the net zero emission target is more 
challenging to achieve by 2050. 

Though structural adaptation can improve 
building energy efficient, this can cause financial 
burden for individuals. In contrast, behavioral 
adaptation is freely available which can be a 

contributing factor to a low carbon society.  People 
are encouraged to open the windows for natural 
ventilation before using active cooling system, as this 
is clearly an energy-saving and efficient cooling 
solution. However, opening windows for natural 
ventilation would not occur when the external 
temperature is extremely high in real life. In this 
study we aimed to assess the influence warming 
climates (i.e., current and future climates) on the 
natural ventilation potential, which would have an 
implication for estimating the cooling energy saving. 

2. METHODOLOGY
Thermal model of a detached house, one of the

typical UK dwelling types [8], was created for 
understanding the influence of climate change on the 
natural ventilation potential. From north to south, 
the selected cities such as Glasgow, Manchester, 
London and  Plymouth are shown in Table 1. The 
details of constructions and fenestrations are 
presented in Table 2. 

Table 1: City location. 
City Latitude Longitude 

Glasgow 55°52'N 4°15'W 
Manchester 53°30'N 2°15'W 

London 51°30'N 0°07'W 
Plymouth 50°48'N 1°06'W 
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Table 2: Building details of constructions and fenestrations 
Construction 

details  
U-value 
(W/m2K) 

Window and door 
characteristics 

U-value 
(W/m2K)

External wall 0.50 Double glazing 2.71 
(SHGC=0.70) Internal wall 1.79 

Internal floor 1.33 Window frames 

Door 

3.48 

2.25 
Ground floor 0.50 

Roof 0.16 

All the thermal properties can be referred to Table 
3.49 in Appendix 3.A presented in CIBSE Guide A [9]. 
As UK houses are non-air-conditioned buildings, they 
rely on natural ventilation during hot summer. The 
assumptions of the thermal models were made 
according to previous studies [10, 11]. It was assumed 
that natural ventilation was triggered when (1) 
internal temperature was higher than external 
temperature, and (2) the internal temperature 
exceeded 24°C and (3) during occupied hours. It also 
was assumed that a person was doing light work (1.2 
met) in living room from 08:00 to 22:00 while a 
couple was sleeping (i.e. 1.0 met) in the main 
bedroom from 23:00 to 07:00. Overheating threshold 
temperatures suggested in the CIBSE Guide A [9] (i.e., 
28°C for a living room while 26°C for a bedroom) 
were used in this study. 

In hot summer, people use air conditioners as an 
additional auxiliary cooling equipment. Therefore, we 
set two scenarios to simulate the cooling strategy. 
Overheating risk and energy saving were examined 
for each scenario. In scenario A, opening the window 
is the only natural ventilation method to cool the 
house, i.e., without air-conditioning; in scenario B, 
windows were kept shut. The cooling set-point 
temperature of 24°C was set for natural ventilation 
and ideal cooling load calculation, because typical 
residential buildings of the UK are Air conditioned, 
the cooling demand we calculated is an ideal value . 
In addition, occupants’ exposure hours to high 
internal temperatures were investigated. The 
threshold temperatures at which relative risk of heat-
related mortality began to rise were found to be the 
93rd percentile 2-day mean temperature [12]. The 
number of hours occupants exposed to the heat-
related mortality threshold temperature for both 
scenarios were examined under two climates: the 
1990s and the 2080s. The probabilistic Hot Summer 
Years (pHSYs) [13] were created for the 1990s and 
the 2080s based on the future weather data 
generated by the Spatial Urban Weather Generator 
(SUWG) [14]. The pHSYs are warmer than typical 
weather years [13]. In this study, pHSYs were used in 
estimating (1) the risk of overheating, (2) exposure 

time to the heat-related mortality threshold 
temperatures and (3) cooling demand. 

3. RESULTS
Figure 2 shows relative reduction (%) in

overheating hours caused by natural ventilation 
(compared to the one without natural ventilation) 
during non-heating season for the 1990s and 2080s 
respectively. The effect of natural ventilation varied 
significantly with locations and warming climate. For 
instance, natural ventilation could decrease 
overheating hours over 40% in Plymouth while less 
than 10% in Manchester; in addition, natural 
ventilation could eliminate 100% of overheating risk 
in the bedroom in the 1990s but little in the 2080s in 
Glasgow. 

Figure 2: The reduction (%) in overheating hours in (a) the 
living room and (b) the bedroom due to natural ventilation. 

If the external temperature was higher than the 
internal temperature, natural ventilation was not be 
triggered even though the internal temperature 
exceeded the overheating threshold. Figure 3 showed 

Figure 1: Map of UK and Ireland 
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the hours when natural ventilation was disabled for 
the 1990s and the 2080s respectively. For London, it 
was significantly longer (207 hours for the living room 
while 252 hours for the bedroom in the 2080s), 
indicating a higher risk of heat-related mortality and 
morbidity than other cities. Furthermore, warming 
climate had a significant influence on the natural 
ventilation potential. As can be found in Figure 3, the 
hours when natural ventilation was disabled 
increased significantly by the 2080s due to warming 
climate. 

Figure 3: Hours when external temperature were higher 
than internal temperature during occupied period for the 
1990s and the 2080s respectively. 

Table 3 shows the mortality threshold 
temperature (the 93rd centile of 2-day mean 
temperatures). Compared to the threshold 
temperature found by Liu et al. [11], which roughly 
ranged from 20°C to 23°C in Sheffield (53°38'N), 
similaring to Manchester. It can be concluded that 
the threshold temperature in the 1990s was 
reasonable. 

As shown in Table 3, there is no significant 
relationship between threshold temperature and 
latitude. London showed the highest threshold 
temperature in both 1990s and 2080s; furthermore, 
in occupied period, London showed the maximum 
hours when external temperature were higher than 
internal temperature (see Figure 3). All of four cities 

showed significant long hours when natural 
ventilation was disabled. This would indicate a great 
amount of active cooling demand, i.e., additional 
carbon emission in unit area of the country.   
Considering whether thermal adaptations exist in the 
future, exposure hour of 4 cities were calculated in 
both 1990s and 2080s. Using these data alone, the 
difference in hours of exposure (Hoff-on) can be 
derived: 

Hoff-on=Hoff-Hon                                  (1) 
where, Hon and Hoff are the exposure hour for 
scenario A (with natural ventilation) and scenario B 
(without natural ventilation) respectively. 

Figure 4: The difference in exposure hours between closed 
and open windows for the 1990s and 2080s respectively. 

The difference of exposure hours between closed 
and open windows is presented in Figure 4. If Hoff-on 
is a positive number, it means that the exposure time 
without natural ventilation is longer than that with 
natural ventilation. In the 1990s, opening windows 
could decrease exposure hours in both living rooms 
(daytime) and bedrooms (nighttime), where London 
can reduce exposure time by more than 60 hours 
during the day. Moreover, in 2080s, the reduction of 
exposure time will be higher in the three cities except 
London. For instance, compared to the 1990s, 
reduced exposure hours of Plymouth increased 10-
fold to nearly 100 hours during the day and 9.5-fold 
to over 60 hours at nighttime, while in Glasgow it 
increased 7.7-fold and 10-fold, respectively. 
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Table 3: Threshold temperature of Living room (LR ) and Bedroom (B) between 1990s and 2080s respectively. 

Table 4: The unit cooling demand per year and the relative ratio (ρ) between 1990s and 2080s respectively.

For London, ventilation strategies will not reduce the 
hours occupants are exposed to high temperatures. 
The reason probably lies in the fact that London has a 
more severe urban heat island effect resulting in a 
shorter time to meet the condition of opening 
windows than other cities. 

Table 4 shows the annual cooling demand per unit 
area of living room and bedroom for  the 1990s and 
the 2080s respectively. As reported by D2.3. of WP2 
of the Entranze Project [15], Berlin (52°31'N) has a 
cooling energy needs of about 4 to 5 KWh/m2 per 
month in summer, and that of Prague (50°05'N) is 
about 2 to 3 KWh/m2. Since we show that 
Manchester (53°30'N) has an annual cooling energy 
consumption of 15.4 km/m2, and that of Plymouth 
(50°48'N) is 7.2 KWh/m2, the results obtained in our 
simulation for cooling demand are reasonable.  

Overall, energy consumption in four cities ranged 
from 2 to 17 times greater in the 2080s than in the 
1990s.  

For the 1990s and 2080s time periods, the 
amount of cooling energy consumed was not 
significantly related to the latitude at which the city is 
located. For London, its energy consumption is higher 
than other cities, even if it is not the lowest latitude 
city, and we're also surmising it's because of the more 
severe heat island effect.  

For the 1990s, cooling energy consumed during 
the day (living rooms) is higher than at night 
(bedrooms), up to 10 times as much (e.g. Glasgow). 
But for the 2080s, that relative difference shrank 
significantly, with the four cities consuming only 
about four times as much energy during the day as 
they did at night. This indicates that because daytime 
temperatures are higher in the 2080s, the ground 
absorbs a lot of the heat and releases it at night. 

Relatively speaking, the severity of heat island effect 
grows more rapidly at night than during the day, 
meaning that if ventilation strategies are not used at 
night, then future cooling energy demand will 
increase. 

4. CONCLUSION
Natural ventilation is an effective behavioral

adaptation against overheating. This study 
investigated the natural ventilation potential for 
different locations and under changing climates. It 
was found that the differences of the natural 
ventilation potential varied significantly with 
locations, and the hours when natural ventilation was 
disabled increased significantly in the future due to 
warming climate. furthermore, ventilation strategies 
were effective in reducing overheating risk of  
occupants in the 1990s, and this effect was more 
obvious in 2080 (except London), with reduction of 
exposure time increasing even ten times.  

As for cooling demand, which in the four cities will 
increase between 2 and 17 times in the 2080s than in 
the 1990s, and because of the increase in nighttime 
temperatures, cooling needs at night will increase 
more rapidly than during the day. It is detrimental to 
the implementation of future energy conservation 
and emission reduction policies in countries. 
Moreover, warming climate is not a single factor that 
affects the amount of energy used for urban cooling; 
population size, activity, lifestyle habits, etc. can also 
affect energy consumption, which need further 
research and discussion. Due to the human initiative, 
the on-off control of the air conditioner cannot be 
directly related to the set temperature, so cooling 
demand in this study is realistic but might be 
different form the individual actual cooling energy 

1990s 2080s 
Open window 

°C  
Close window 

°C  
Open window 

°C  
Close window 

°C  
LR / B LR / B LR / B LR / B 

Plymouth 22.4 / 22.7 22.5 / 22.7 24.3 / 24.7 24.4 / 24.9 
London 23.8 / 24.8 24.0 / 24.8 28.2 / 29.6 28.2 / 29.6 
Manchester 21.7 / 22.1 21.8 / 22.1 25.9 / 26.6 26.0 / 26.8 
Glasgow 21.3 / 21.4 21.3 / 21.4 24.8 / 25.9 25.2 / 26.0 

Cooling demand 
(KWh/m2/yr)  Living room  Bedroom 

1990 2080 ρi 1990 2080 ρ 
Plymouth 17.0 61.7 2.6 2.8 13.1 3.8 
London 36.8 134.0 2.6 7.4 39.3 4.3 
Manchester 15.4 74.9 3.9 3.0 18.4 5.2 
Glasgow 7.2 55.5 6.7 0.7 13.0 17.6 

IRelative ratio (ρ) = %100
1990

19902080

C
CC
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consumption due to uncertainties including human 
behaviours, building thermal characteristics localized 
climate, surrouding obstruction, etc. 

  The reduced natural ventilation potential could 
indicate likely increase in energy use in cooling 
demand, hence, carbon emission from the residential 
sector. The likely increase in carbon emission will be 
investigated at a regional or national level in the 
future work. In addition, security issue, noise, and air 
pollution, which prohibit occupants from opening 
windows, will be conducted in the future work. 
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The Potential of Electrochromic Glazing
 for Occupant Well-Being and Reduced Energy Load

 in a Mediterranean Climate

ABSTRACT: Fully glazed façades pose a design challenge; especially in controlling the cooling demand and 
occupant well-being of buildings, particularly in a Mediterranean climate. This paper highlights the need to 
design for occupants and for designers to prioritise on occupant well-being rather than aim solely to create 
energy-efficient buildings. The need for occupant comfort and its direct effect on productivity cannot be ignored. 
Studies show that occupant well-being is directly related to a range of environmental factors, particularly 
daylight distribution, glare, and indoor air temperature. The use of indoor blinds is often a poor and retrofit 
attempt at achieving indoor occupant comfort, often to the detriment of views. Adaptive facades seek to address 
the need to strike a balance between occupant comfort and energy efficiency, whereas switchable glazing 
technologies can control visual light transmittance and solar radiation transmitted into a building’s interior. In 
the opinion of the authors, electrochromic glazing has a great potential to achieve a compromise between 
occupant visual and thermal comfort whilst retaining unobstructed outdoor views in a cooling-dominated central 
Mediterranean climate. Research shows that the potential benefits of electrochromic glazing have not yet been 
studied enough in real-life scenarios and this paper delves further into this concept. 

KEYWORDS: electrochromic glazing, occupant well-being, visual comfort, thermal performance, energy 
efficiency. 

1. INTRODUCTION
The concept of today’s drive is to have

predominantly glazed buildings (Schittich et al, 1999). 
very often fuelled by aspects related to the projection 
of a “modern” image to a building with little thought 
being given to the use of energy required to attain 
thermal comfort and even less to environmental 
issues such as thermal and visual comfort of its 
occupants. The need to align the design requirements 
with environmental issues is key in establishing a 
well-balanced approach between aesthetics, 
occupant well-being and energy use. In the case of 
Mediterranean climates having substantial insolation, 
further studies need to be undertaken to provide new 
performance-enhanced building materials, 
particularly related to the external building envelope.  

The aim of this paper is to highlight the 
importance of occupant well-being from a thermal 
and visual perspective, particularly the need to 
maintain the availability of a positive outlook from 
within. Views come at a premium but are often 
traded off by building occupants in favour of visual 
and thermal comfort. The need to incorporate 
adaptivity into facades is increasingly gaining 
momentum and the inclusion of dynamic/switchable 
glazing is likely to be a promising approach that can 

employ façade adaptivity to achieve thermal and 
visual comfort, while retaining the view.  

2. WINDOW CHARACTERISTICS AND THE
IMPORTANCE OF VIEW

The indoor environment of buildings in general 
affects the health and well-being of occupants in 
various ways. In an office environment, staff are most 
likely to be the most valuable resource to which 
business operating costs can be directly attributed 
(World Green Building Council, 2016). The 
environmental aspect of the building relates to how 
the varying physical properties of an indoor 
environment affect the building’s occupants, thus 
occupant experience ought to be the designer’s 
prime objective. Field studies have shown that in an 
office environment, daylight illumination levels are 
significant and contributed to better performance in 
tests related to mental function and attention 
(California Energy Commission, 2003). 

Windows are considered as the least energy-
efficient building component, them being complex 
assemblies especially in an office building. Besides 
having a direct influence on ventilation and indoor air 
quality in the case of openable windows, they allow 
for the ingress of daylight, provide for views and 
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allow for the occupant connection to the outside 
world, reinforcing the human circadian rhythm. 
Studies show that sitting close to view windows can 
be beneficial and visual contact with nature reduces 
occupants’ stress and promotes the overall quality of 
life. (California Energy Commission, 2003). It can also 
be shown that computer workers working in offices 
with a view tend to spend 15% more time on their 
primary task of programming computers, while 
equivalent workers without views spent 15% more 
time talking on the phone or to each other (Figuero 
et. al., 2002). 

3.ADAPTIVE FACADES AND SMART GLAZING
Adaptive facades are building envelopes that can

adapt to changing climatic conditions. “Adaptivity” 
refers to the ability to respond or benefit from 
external climatic conditions to meet efficiently and 
more important, occupant comfort and well-being 
requirements (Loonen et. al., 2013). Contrary to fixed 
facades, they react mechanically or chemically to the 
dynamic external climate, to meet internal loads and 
occupant needs (Luible, A., 2014).  

Electrochromic (EC) glazing provides for the 
adaptivity of glazing and allows active dynamic 
control of light and heat transmission, reflection, and 
absorption thanks to a thin-film coating composed of 
several extremely miniature conductive layers within 
the glass. EC glazing seems to be highly promising for 
dynamic daylight and solar energy applications in 
buildings. Transmittance range in the solar spectrum, 
UV stability and the number of cycles are all key 
performance indicators of this type of technology, 
whereas the best systems on the market are able to 
alter the tint of the glass from fully clear to a fully 
tinted state in less than 3 minutes. Moreover, the 
integration of EC glazing into a building management 
system offers endless possibilities when it comes to 
building component integration, automation, 
connectivity and IoT (Internet of Things) (Baetens at. 
al., 2010).

Among all the multi-objective requirements of 
façades (Favoino et al, 2014), the primary objective of 
any façade should be to promote a healthy and 
satisfactory environment for occupants. A human-
centred façade should be able to provide and 
regulate daylight and heat transfer, protect 
occupants from overheating and prevent large heat 
losses, while maintain healthy levels of air quality. 
(Luna-Navarro & Overend, 2018). Dynamic glazing 
such as EC glass has the potential to permit the 
adjustment of the amount of incoming light and heat 
thus helping in achieving an optimum level of visual 
and thermal comfort.

3. FIELD STUDY TESTS
Most research conducted to date in the field of EC

glazing has focused mainly on the use of building 

simulations and virtual modelling environments. 
While these studies can clearly demonstrate the 
manner in which dynamic glazing may be controlled 
to achieve lower energy consumption in buildings, it 
would be perhaps more appropriate to conduct 
physical field trials and record the results of dynamic 
glazing in a variety of climates and with a variety of 
control methodologies. Moreover, limited research 
exists to date on the potential benefits of this type of 
smart shading on occupant well-being (McLean et. al., 
2017).  

An ongoing research project aims to investigate 
the performance of EC glazing in a real-life 
environment, primarily with respect to visual and 
thermal comfort. Two identical office spaces within 
an occupied, office building have been initially 
identified as having the ideal characteristics for a 
preliminary study [Figure 1]. The existing offices 
comprise two south-south-east-facing façade spaces, 
having a window-to-wall ratio of 65% and fitted with 
insulated double-glazed units. Both office spaces 
featured an open plan layout with approximately 12 
people working at each floor and both having 
unobstructed long-distance views. [Figure 2.] 

Figure 1: Photo of the offices under study. 

At design stage, no solar control measures have 
been employed within this façade, except for a 
horizontal overhang along the top mullion of the 
window and a static, solar control coating within the 
glass. The employers of the company leasing the 
premises have been facing persistent complaints by 
their employees due to lack of adequate solar control 
measures leading to overheating and glare issues and 
the overall lack of indoor environmental quality 
within their office environment. The installation of 
first, a technical roller blind and subsequently, black-
out blinds in one of the offices proved to have only a 
marginal effect on the quality of the indoor visual 
environment. Consequently however, the installation 
of these blinds obliterated the views and have 
therefore altered the design-intent positive outlook 
of this office, given its sea views, into a negative one, 
on account of the loss of views. [Figure 3.] It was 
evident that the interior space became dependant on 
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artificial lighting for most of the day, even during 
peak summer months with typical Mediterranean 
clear blue skies, and an external global solar 
irradiance of over 8.06 kWh/m2/day. 

Figure 2: Typical layout plan of the office. 

Figure 3: Interior view of the binds within the office. 

3.1 PILOT STUDY QUESTIONNAIRE 
A pilot questionnaire was carried out among staff 

within the offices, asking generic questions about 
their current working environment. This study was 
carried out in the two similar offices: one fitted with 
the two-blind system and another without any form 
of solar shading. Respondents were asked questions 
related to their overall indoor environmental 
conditions, lighting levels, window shade usage, view 
satisfaction, among others. The study was carried out 
in autumn 2019 and its objective was to further 
investigate and confirm the importance of an 
effective building skin to safeguard the wellbeing of 
workers with such an office building. 

3.2 OBSERVATIONS 
The salient observations derived from this pilot 

study include: 

1. The rating of the quality of the view is very
subjective. Different people rated the same view
differently. The view from this office consisted of an
undeveloped tract of land in the foreground with

long-distance open country views further away. 
When asked to describe their view, half of the 
respondents classified their view as an unattractive 
building site, with others conversely considering it 
as a pleasant, country view. 

2. Discomfort glare appears to be the most
significant issue that affects occupant well-being.
The continuous need to frequently adjust the
position of the computer and laptop screens appear
to be one of the most significant factors causing
frustration and lack of focus during working hours.
Excessive levels of daylight were noted to be a
direct influence and thus voted as the second most
significant issue affecting visual comfort. Thermal
discomfort is, to an extent, being counteracted by
the air-conditioning system, which is most likely
being operated at a lower thermostat setting to
counteract the lack of appropriate solar control. The
lack of human-control over artificial lighting scheme
also featured as a secondary cause of discomfort;
however, this scored substantially less than the lack
of visual comfort from the absence of daylighting
[Figure 4].

3. Fatigue, headaches, and eye strain appear to be
common symptoms among respondents. Interviews
indicate that the main sources for these symptoms
appear to originate from excessive quantities of
daylight within the indoor space [Figure 5].

Figure 4: Attributes of the lighting environment. 

Figure 5: Classification of causes for discomfort. 
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4. Persons who had shades installed at their
window, were more likely to adjust their shade
once (only) every day. Adjusting them more
frequently throughout the day meant getting up
from their desk, becoming a distraction in itself.
Respondents preferred to tolerate a degree of
visual discomfort rather than having to regularly get
up from their workstations to adjust the blinds as
the sun tracks its trajectory across the sky.

5. Most respondents prefer to have unobstructed
views and are of the opinion that views would
positively affect their overall productivity.
Interviews confirmed that although the quality of
the view may be rated differently by different
people, the presence of long distance views helps
the office worker to connect with the external
environment and more importantly, permits relief
from the constant need to focus at a screen, or
what is commonly known as digital eye strain
[Figures 6, 7]. Ophthalmologists in fact suggest
frequent rest breaks from looking at digital screens
and to complement long distance focus into distant
objects (American Optometric Association, 2020).

Figure 6: Rating of the importance of view and outlook.

Figure 7: Rating of the perceived effects on 
productivity due to the availability of views.

6. When asked about the possibility of having an
adaptive, smart shading device installed, the
absolute majority preferred to have an alternative
intelligent shading system installed; they highly
regarded the concept of experiencing self-tinting
glazing within their façade.

3.3 ADDITIONAL REMARKS 
The pilot study questionnaire included a section for 

personal comments and feedback from respondents 
about any related observation they would like to 
point out; over 50% of subjects contributed to this 
section: Within the office without any form of blinds 
installed, office workers commented strongly about 
the lack of visual comfort. Some highlighted that 
employers, in general, are not yet conscious enough 
about the importance of visual comfort within an 
office environment and the detrimental effects this 
may have on occupant well-being. Persons stationed 
closest to the window additionally highlighted the 
unbearable thermal and visual conditions at peak 
times during the day. They claim that even though 
the air-conditioning system would be running at 
maximum capacity, it remains largely ineffective at 
alleviating thermal discomfort. On the other hand, 
fellow colleagues sitting further away from the 
window complained about the temperature being too 
cold. This thermal imbalance across the floor 
indicates high solar gains close to glazed surfaces. 

The availability and importance of daylight within 
both offices were both commented upon positively. 
The excessive quantity of daylight, the cause of visual 
strain, the unwarranted discomfort due to the 
continuous need to adjust computer screens were all 
very common comments. A respondent additionally 
commented on the inappropriate configuration of the 
desks which seemed to be laid out more to suit 
electrical layout than the configuration of the room in 
relation to the façade. 

4. FORTHCOMING INVESTIGATION
The outcome and results from the pilot study

further strengthened the initial research objective 
that most office buildings that are currently being 
developed within cooling-dominated climates, such 
as that of the central Mediterranean, are blindly 
following design trends more suitable to cooler 
climates without taking into consideration the 
detrimental effect of large extents of glazing on the 
building occupants. 

For the next phase of the project, a long-term study 
will be conducted within a second, larger, fully 
occupied office building on multiple floors. The 
building that has been identified is a four-storey 
commercial and office building, facing a South-South-
West orientation with an open-plan layout on the 
topmost floors. The existing façade comprises a four-
pane, double-glazed fixed aperture, retrofitted with a 
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technical roller blind as the sole means of solar 
control (Figures 8, 9, and 10). The plan is to. Intervene 
on the façade This arrangement allows for physical 
interventions on the façade on one floor, keeping the 
other unchanged for reference purposes.  

The study will be carried out over a period of 12 
calendar months, to assess the solar trajectory across 
the four seasons, also investigating occupant 
behaviour under different ambient conditions. A 
comparison is shall be drawn between the 
performance of one floor having the existing, 
manually controlled indoor blinds and another 
equipped with an automatically adaptive EC glazing, 
programmed with a pre-set control strategy. 
Environmental data is to be collected through sensors 
strategically located within both offices and will 
attempt to record the following parameters:  

Daylight Glare Probability [DGP]
Vertical and Horizontal illuminance in Lux
Air Temperature
Radiant Temperature close to occupants
Relative Humidity
State of the manual blinds
Electric consumption of lights
Occupancy ratio
HVAC energy consumption

The measurement of the DGP may perhaps be the 
most challenging metric to be captured. Low cost 
glare cameras similar to that developed at Cambridge 
University (Luna-Navarro, et. al. 2019) provides for a 
validated approach to data collection, whereas the 
status of manual blinds is proposed to be captured 
through time-lapse photography. 

The study will then attempt to correlate indoor 
environmental conditions with the perception of 
indoor occupant well-being in both spaces under 
different climatic conditions. The quality of the indoor 
environment as perceived by the occupants of the 
offices is to be collected through questionnaires, 
interviews, and observations of occupant behaviour. 
The use of real-time polling stations for each 
occupant, similar in concept to those validated by 
Luna-Navarro, et. al., 2019, are planned to be 
adopted to attain a more systematic data collection 
and to increase accuracy. Luna-Navarro reports that 
having a physical object on a desk to capture real-
time occupant response is a more accurate and a less 
intrusive way than receiving a large number of survey 
notifications through a web-based system. To record 
instant perception of discomfort, a desktop polling 
station has proved to be a more effective manner to 
transiently monitor the presence or absence of 
discomfort. Using this approach, the study will aim to 
correlate the real-time response level of visual and 

thermal discomfort with the state of tint of the EC 
glazing across an entire seasonal cycle. 

In addition to the above, readings of the energy 
consumption of both spaces through the existing BMS 
are expected to provide additional data for the 
analysis of energy consumption patterns of the two 
office floors under investigation. 

The full-scale field test study is projected to span 
across the years 2021-2022 with the outcome of the 
initial results expected to be published towards 2023.  

Figure 8: Photo of the offices to be investigated. 

Figure 9: Interior View of Level One. 

Figure 10: Interior View of Level Two 
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4. SPECIFIC OBJECTIVE
This study aims to shed further insight into the

following research question, and which may not have 
yet been investigated in the context of real-life 
building. 

The benefits of natural daylight are well
documented in research. Can a dynamic façade
fitted with electrochromic glazing give the quality
of daylight required to improve occupant well-
being and increase productivity?

5. CONCLUSION
Occupant well-being in an office environment has

a direct effect on the productivity of the employee, 
the most valuable resource to which business 
operating costs can be directly attributed. Moreover, 
ample and pleasant views have a track-record of 
being directly linked with improved worker 
performance with increased fatigue, mostly 
associated with lack of a positive outlook. Adaptive 
glazed façades are considered as a significant step 
towards improving both occupant well-being and 
energy efficiency of buildings, with electrochromic 
windows appearing to be a very promising 
technology for daylight and solar energy control, 
while retaining views. 

This occupant well-being approach is a combination 
of quantitative and qualitative studies that can give a 
holistic insight on whether electrochromic glazing can 
contribute towards occupant well-being. Contrary to 
the energy approach, which would be based on 
climatic, lab-grade environments for the scientific 
comparison, based solely on energy consumption, 
this approach is therefore expected to give: 

a wider understanding of the behaviour of EC
technology in context of a real-life environment.

an occupant-centric study to understand better
any improvements to the thermal and visual
environment that this technology may create.
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ABSTRACT: The integration of daylight and electric lighting, considering user satisfaction and energy savings potentially 
can contribute significantly to reduce energy demand for lighting, that represents 18% of global energy demands. This 
paper presents the work and first results of IEA SHC Task 61/EBC Annex 77 “Integrated Solutions for Daylighting and 
Electric Lighting: From component to user centered system efficiency”, a joint project activity between the Solar 
Heating and Cooling (SHC) and Energy in Buildings and Communities (EBC). The project deals with the idea that an 
integrated design approach for the whole system, combining daylighting, electric lighting, the associated lighting 
controls and the users’ interaction, can achieve higher energy saving than the simple energy-efficient design of single 
components. First results show the main experience from three completed case studies.  
KEYWORDS: Daylighting; Electric lighting; integration; case studies 

1. INTRODUCTION
Lighting accounts today for approximately a fifth of

the global electric energy use [1]. This demand can be 
significantly reduced by a better integration of 
daylighting and electric lighting solutions to the benefit 
of higher user satisfaction and energy savings. To this 
purpose, the International Energy Agency (IEA) 
launched, in February 2018, a collaborative project 
shared between the Solar Heating and Cooling (SHC) and 
the Energy in Buildings and Communities (EBC) 
programs, called IEA SHC Task 61/EBC Annex 77 
“Integrated Solutions for Daylighting and Electric 
Lighting: From component to user-centered system 
efficiency” (http://task61.iea-shc.org/). 

The project is founded on the idea that an integrated 
design approach combining daylighting and electric 
lighting, the associated lighting controls and the users’ 
interaction with them, can achieve higher energy savings 
than simple energy-efficient measures or the design of 
individual components. The Task is structured into four 
Subtasks aiming at: A) identifying user requirements in 
the design of lighting systems; B) providing an overview 
of existing technologies in daylighting and electric 
lighting; C) development of software and standards 
towards an integrated lighting design; and, D) increasing 
awareness among stakeholders by presenting exemplary 
integrated design solutions, with lab and field study 
performance tracking. 

The Task in its entirety has a duration of three-and-a-
half years, and it involves over 30 experts from 16 
countries, representing industry, research institutes and 
universities. This paper reports on the activities and the 
current status of Subtask D, specifically focusing on the 
development of a Monitoring Protocol and the 
preliminary results from selected Case Studies. 

2. SUBTASK D: OBJECTIVES AND STRUCTURE
The activities of Subtask D are structured into

different project areas (Fig. 1) and supported by a dozen 
daylighting and lighting experts from different countries 
and institutions. 

Figure 1: Project areas in IEA SHC Task 61 Subtask D 
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An initial literature survey (D.1) collect available 
scientific knowledge and experience on user-focused 
lighting systems leading to significant savings for lighting 
and related building energy use. Exemplary integrated 
design approaches are documented through the 
development of a monitoring protocol (D.2) and the on-
site analysis of a number of case studies (D.3). The goal 
is to demonstrate and assess currently available, and 
typically applied, concepts for daylighting and electric 
lighting design and their integration, with a focus on 
energy savings and users’ perspectives. The last step 
consists in summarizing the lessons learned (D.4), 
drawing relevant and generalizable conclusions from the 
case studies, cross-checked with information from the 
literature, so that they can be useful for façade and 
lighting designers, as well as for building owners and 
users, also communicated to a non-specialist audience.  
2.1 Literature survey 

The literature survey identified technical and non-
technical opportunities and barriers to integrated 
design. Among other technical information, the survey 
confirmed the opportunities for energy savings that can 
be offered by integrated controls of shading and electric 
lighting, which can easily reach more than 60% savings 
with respect to traditional systems. On the non-technical 
side, the survey identified design strategies and methods 
that rely on the user in order to achieve energy savings 
(“user-driven strategies”). Such strategies show 
encouraging potential, although savings are context-
dependent. Preliminary results are presented [2]. 
2.2 Monitoring Protocol  

The monitoring protocol, inspired by the framework 
proposed in IEA-SHC Task 50 [3, 4], includes point-in-
time and longitudinal technical and observer-based 
assessments. In principle, it should be possible to 
conduct basic field monitoring with relatively accessible 
instrumentation over two days. However, the protocol 
also provides methods and guidelines for more extensive 
monitoring. The protocol assesses four areas: 
1. Energy use for lighting and associated controls;
2. Photometry, a characterization of the space via

luminance maps, daylight factor, etc., or climate-
based daylight modelling (CBDM) metrics;

3. Circadian potential (melanopic lux via the Lucas
toolbox [5] or the Circadian Stimulus [6]), based on
measured spectral power distribution at the eye or
with vertical illuminance; the circadian potential can
also be estimated via the data collected by wearable
devices over a longer time frame;

4. User perspective, preferably via validated surveys
and scales, or tailor-made evaluations and semi-
structured interviews.
The monitoring protocol is conceived as an adaptable

tool and It is constantly updated due to lessons learned 

and data collection methods used in the different case 
studies. It will consist of a collection of methods for 
evaluations of real integrated design projects. Its 
flexibility allows to be tailored to the specific goal of the 
project. For example, in case studies on integrative 
lighting, the monitoring may look more in-depth at user 
perspectives in terms of alertness or perceptions, rather 
than at the energy performance of the lighting system. 
2.3 Case studies 

The case studies provide comprehensive information 
on exemplary projects, representing solutions, systems 
and strategies of integrated daylighting and electric 
lighting to inspire practitioners. 

To date, 21 case studies have been selected from 
different countries and climates, including offices, 
schools, retail shops, healthcare facilities, listed 
buildings and living labs. The solutions monitored 
include integrative lighting applied to different 
typologies, traditional daylight harvesting systems 
thought for non-invasive large-scale retrofits, shade 
automation, or normative prompts as tools to educate 
users. The Monitoring Protocol has been devised in a 
way to be flexibly adjusted and accommodate the 
inherent specificities among the various buildings 
selected. Some case studies have already been 
monitored, including an office building in Brazil [7], a 
rehabilitation facility in Denmark, and a furniture shop in 
Germany [8].  
2.4 Lessons learned 

The lessons learned will include findings from the 
case studies and overarching recommendations based 
on the literature survey and case studies. 

Figure 2: An example of factsheets for the lessons learned 
The format is under discussion. It will most likely 

consist of a report including a short factsheet with 
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highlights for each case study (Fig. 2) and lessons 
learned. The target groups are architects, designers, and 
decision-makers, although scientists (and the general 
public) may also benefit from the findings. 

3. PRELIMINARY RESULTS
Three case studies are presented here with similar

structure. Each one has different characteristics, and the 
aim is to highlight original and positive aspects, as well 
as lessons learned about the integrated design project, 
and specific methodological aspects concerning the 
monitoring protocol and data collection procedures. 

3.3.1. Office Building in Brasilia, Brazil 
The building housing the Deans’ offices for ‘Research 

and Innovation’ and ‘Graduate Studies’ on the campus of 
the University of Brasilia was chosen due to its 
bioclimatic and daylighting design, as well as its potential 
for lighting control use. The facades are North and South 
oriented, and the offices are distributed alongside them, 
with large windows shielded from direct solar radiation 
– external horizontal brise soleil in North façades, solar
control films and curtains in South façades.

Figure 3: Building´s plan, with monitored rooms in yellow 
(North) and red (South) 

Figure 4: View of South façade 
The aspects highlighted are quality of daylight and 

user satisfaction, monitoring photometry, circadian 
potential and user perspective. The building was 
monitored next to autumn equinox (march - cloud sky) 
and winter solstice (21 June, clear sky) of 2019 (only 
daylight, daylight and electric light, only electric light), 
according to the Monitoring Protocol. 
Hand-held spot measurements 

Photometric measurements were taken in selected 
occupied rooms, located along the North and South 

facades (figure 3). The assessment included 
measurement of horizontal/vertical/cylindrical 
illuminance and external view quality. The measurement 
points were located on a grid, as suggested by the CEN 
standard [9]. External view quality was evaluated based 
on CEN criteria [10].  

Afterwards, Equivalent Melanopic Lux (EML) values 
were calculated using the Lucas spreadsheet [5] and 
evaluated according to the Lighting for the Circadian 
System criterion of the WELL v2 building standard [11]. 
The WELL building standard is, to date, among the few 
certification schemes integrating criteria for assessing 
the circadian potential of lighting strategies and 
solutions. The credit requires verification of the EML 
value received at the eye of the occupant during specific 
times of occupation, awarding a number of credits.  
Survey 

A survey was administered based on a questionnaire 
adapted from IEA Task 61 (version November 2018). The 
survey with a total of 45 questions was structured in 
three sections: general data, social and physical climate, 
and user experience with lighting. It was distributed to 
17 users who work in the monitored rooms. 
Outcome 

The results show adequate conditions of horizontal 
illuminance according to the CEN standard [9] that 
requires 500 lux on the task, ranging from 400 lux with 
daylight to around 900 lux with daylight and electric 
light. Regarding directionality of light, the values are 
above recommended limits (strong and moderately 
strong). Accentuated shadows are present on objects, 
especially in the South room. The circadian potential 
shows adequate conditions, satisfying the criteria in 
both the North and South rooms.  

Regarding external view quality (Tab. 1), large 
windows along the entire extension of the South façade 
were rated as High. The North room has the same kind 
of windows, protected with external horizontal brise-
soleil, and view quality rated as Minimum.  

Table 1. External view quality results 
The questionnaire showed the following results: 

Respondents were 42.3% men and 53.8% women, 
between 18 and 56 years old, working from 8am to 5pm, 
5 days a week. The work is mostly computer-based tasks, 
the working environments are mostly organized in 

External view quality  
South room North room 

Parameters Result Rate Result Rate 

Horizontal sight 
angle 

100% > 
54°  

High 100% > 
54° 

High 

Distance of view > 50m High 3 m  Minimum 
Number of layers 
seen from 75 % of 
area 

3 High 2  Medium 

General view rate High Minimum 
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shared open spaces or with low divisions. Regarding the 
workplace layout, 85.2% of occupants are located at a 
position less than 5 meters from the nearest window. 
60% of occupants prefer working with daylight only, 
while 40% expressed a preference for a combination of 
daylighting and electric lighting. Most (75%) declare to 
be very satisfied with daylight, window size and view. 
But in South façade, 50% experience discomfort with 
daylight, due to reflections in the computer. Regarding 
controls, 76% declared to have medium or high control 
over daylighting and electric lighting, and 70.5% said that 
they have medium or high control of electric lighting. 
Lessons learned 

The integrated daylighting design in the building was 
relatively successful, both due to the orientation of the 
main facades (north/south) and the building form. Office 
rooms are not very deep and can take advantage of 
daylight during daytime and also from high quality 
external view, especially in South façade. Despite this, 
problems with reflections from daylight were detected, 
in South façade, that has no solar protection. The 
building could improve its energy performance 
regarding electric lighting consumption, if adequate 
daylight-linked controls were installed.  

3.3.2. Rehabilitation Facility in Aarhus, Denmark 
This study focused on surveying the electric lighting 

conditions in the patient rooms of a short-term 
rehabilitation facility in Aarhus, Denmark. The facility 
was equipped with two different electric lighting 
systems. Some of the rooms were lit by existing compact 
fluorescent lamps (CFL) and some by new integrative LED 
lighting, which was programmed to change intensity, 
color temperature and spectral distribution throughout 
the day. The purpose of the study was to measure the 
photometric characteristics of the two systems and 
investigate any possible correlation between the lighting 
settings and human response (such as sleep patterns and 
activity). The monitoring involved hand-held and 
automated measurements together with a 
questionnaire survey. 
Hand-held spot measurements 

As a first step, photometric measurements were 
taken in rooms equipped with the existing CFL lighting, 
as well as in rooms with the LED lighting. For the latter, 
five different lighting scenarios (light therapy, night care, 
calm, dynamic lighting at 9:00 and 21:00 o’clock) were 
assessed. Based on the assessment of horizontal/ 
vertical/cylindrical illuminance, luminance maps and 
glare, a suggestion for improvement of the dynamic LED 
system was made. After the proposed changes were 
implemented by the facility, a new measurement 
sequence took place. In addition to the initial analysis, 
EML and circadian stimulus (CS), a metric developed by 

the Lighting Research Center (LRC) to measure the 
effectiveness of a light source in providing circadian 
stimulation [12, 13], were calculated using the Lucas [5] 
and LRC spreadsheets [6]. 
Automated measurements 

Automated measurement were set up in eight rooms 
(four with CFL and four with dynamic LED) for a period of 
two weeks involving eight patients and ten nurses. The 
participants were given two kinds of wearable 
dosimeters, one meant to be placed on the wrist and one 
on the shirt, in order to observe the lighting conditions 
to which they were exposed. The devices also logged the 
participants’ activity. In addition, mobility monitors were 
located under the patients’ beds to investigate their 
sleep quality. Camera-based sensors were placed on the 
ceiling of two of the rooms. The sensors, which consisted 
of Raspberry Pi computers with  camera and fisheye lens, 
were used to continuously capture high dynamic range 
images for generating luminance maps [14, 15, 16].  
Survey 

The subjective sleep quality was assessed using a 
questionnaire based on the Pittsburgh Sleep Quality 
Index (PSQI) [17]. Additional questions covered personal 
information, such as smoking and coffee drinking habits, 
but also personal satisfaction with the lighting system. 
Outcome 

The photometric measurements showed that the 
dynamic LED system has the potential for a higher CS 
when a boost is needed (0.45 for light therapy setting), 
but also a lower CS for relaxation (0.04 for calm setting). 
CS for the existing CFL was only 0.08. For comparison, it 
is noted that a CS between 0.1 and 0.7 is considered 
corresponding to the range of effectiveness of light for 
the human circadian system, from threshold (0.1) to 
saturation (0.7) [18]. 

A positive effect of the dynamic lighting on people’s 
behaviour could not be established. The PSQI results 
showed a better self-assessed sleep quality in the rooms 
with dynamic LED for patients and nurses, but the 
activity level recorded by the devices used in this study 
was lower there. All patients in the rooms with CFL 
answered that the light did not affect their mood, 
attention or energy, whereas in the rooms with dynamic 
LED some of the patients claimed to notice an effect to a 
small or large extent. Unfortunately, the small scale of 
this study did not allow for drawing more generalizable, 
and statistically robust, conclusions. 
Lessons learned 

As with any research involving people’s subjective 
responses, many more participants and much more time 
would be needed to establish trustworthy correlations. 
However, this case study indicates that there might be 
potential benefits from installing dynamic lighting 
systems in healthcare facilities. 
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An interesting observation was that although the 
LEDs were dimmed down during the night, the TV or 
bathroom lights were frequently on while patients were 
sleeping, possibly negating any positive effect of the 
dynamic lighting system. It was also noticed that the 
patients probably found the controls too complex, since 
they often pressed several buttons within the same 
minute until they found the setting they wanted. 

Trustworthy wearable sensors are essential for a case 
study like this, but not all might be suited for this type of 
research. Clarity in the survey questions is needed to 
avoid misinterpretation. The questionnaire used by the 
rehabilitation facility staff in this study proved to be 
somewhat problematic, since it could only assess if 
lighting conditions had an influence on people, but not 
whether this influence was positive or negative. 

3.3.3. Furniture Shop in Kaarst, Germany 
The monitoring focused on the first shop of a 

multinational furniture chain purposely designed for 
daylight penetration in the exhibition space. Daylighting 
was integrated with electric lighting via a daylight 
harvesting system in the ‘living room’ (LR) department 
(for saving energy) and an integrative lighting system 
with LED panels in the ‘home decoration’ (HD) 
department (for improving circadian potential). A full 
report of the monitoring is provided elsewhere [8]. 
Hand-held spot measurements 

The monitoring included spot measurements 
illuminance, vertical spectral power distribution (SPD), 
as well as cylindrical illuminance. The measurement 
spots were located on a grid, as suggested by the CEN 
standard [9], and along the designed visitors’ pathway; 
in both cases, the measurements were performed at eye 
level for a standing position (1.65 m). Luminance maps 
were produced for the detection of glare and light 
directionality. Models of the spaces were created and 
calibrated for further assessments, e.g. for climate-
based daylight analysis. Online surveys were handed out 
to visitors and informal interviews were carried out with 
shop staff. The surveys aimed at evaluating the lighting 
perception and shopping experience. The site was first 
visited in February 2019 and later monitored for two 
weeks before the spring equinox (21 March). 
Outcome 

The decision of integrating daylight into the 
exhibition areas was successful. The majority of visitors 
reported a better atmosphere, especially in relation to 
lighting, with respect to other shops of the same chain. 
The surveyed people also declared that they would likely 
spend more time than planned in that shop, although no 
robust conclusions could be drawn about higher sales. 
The visitors claimed a ‘home-feeling’ with daylight. It 
was common to see visitors bringing and observing 

goods under daylight when discussing a purchase. 
Luminance maps and simulations warned of the risk of 
intolerable glare from direct sunlight in some areas, but 
visitors had no complaints about that; rather they 
appreciated the fact. The staff members were also happy 
working in this new shop with daylight. 

The penetration of daylight was such that most 
circulation spaces receiving some daylight had high 
melanopic illuminance, and the melanopic/photopic 
ratios were always high, close to one. High 
melanopic/photopic ratios indicate higher short-
wavelength components in the light’s SPDs [5]. 

The integrated design with daylight harvesting could 
have allowed for high energy savings, but inefficient 
lamps were installed for ‘retail’ purposes, reducing 
savings. The integrative lighting in the HR area was 
appreciated by the staff, but barely noticed by visitors. 
Even when the SPD was measured, the effect of 
integrative lighting could be barely noticed due to 
daylight abundance. 
Lessons learned 

This case study provided three main lessons: First, in 
terms of integrated design, daylighting can be an asset 
even for the retail sector. Since daylight is more 
challenging to control, retail lighting design has been 
traditionally relying on electric lighting. However, 
designers could plan for more daylight and get 
substantial benefits from this design choice. Second, 
installing advanced control systems does not necessarily 
secure energy savings. A careful, holistic approach 
should be taken. Third, in terms of methodological 
issues, some of the widely accepted methods and 
metrics have been developed for specific contexts, e.g. 
office-based tasks. In this case study, the use of a grid of 
points was not appropriate for spot measurements. 
Similarly, measured glare referred mostly to “pleasure” 
glare, since the task performed by shop visitors is very 
different and less focus-demanding than office work. 
This calls for a critical and thoughtful application of 
existing metrics during lighting design or monitoring. 

4. CONCLUSION
This paper described some of the planned and 

ongoing activities of the IEA SHC Task 61/EBC Annex 77 
“Integrated Solutions for Daylighting and Electric 
Lighting: From component to user-centered system 
efficiency”, Subtask D: “Lab and Field Study Performance 
Tracking”. The main experience from three completed 
case studies have been also illustrated. The first project 
area in Subtask D, consisting of a literature survey, 
provides a number of technical and non-technical 
solutions to exploit energy performance of integrated 
design. The report is expected in mid-2020, and it will 
be available for download at http://task61.iea-shc.org/. 
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Experiences from the case study monitoring are 
offering interesting lessons learned in terms of solutions 
for integrated design, as well as monitoring procedures. 
Several of the projects analysed seem to have primarily 
been prompted by objectives other than energy savings. 
For example, the three cases reported here aimed at 
increasing users’ comfort and wellbeing (Brazil), 
regulating sleep and activity patterns of patients 
(Denmark), or improving the shopping experience 
(Germany). In all three cases, energy savings were or 
could be achieved. It can, therefore, be speculated that 
integrated design solutions should initially be promoted 
for aspects other than energy savings, because energy 
savings will very likely occur due to the integrated design 
process. Most of the case study monitoring was 
expected to be completed by spring 2020. The Covid-19 
pandemic prevented continuation of monitoring in many 
cases, as most non-residential buildings have been 
unoccupied. A delay of a few months is expected, with a 
direct impact on the completion of final deliverables.  
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A Classroom for the Outdoor Learning
A Bioclimatic Approach on a Real Case 

ABSTRACT: The paper focuses on the proposal to enhance schoolyards for inductive learning and the contact with 
natural elements. 
The result of an experience carried out on 3 schoolyards (the paper reports the study on 2 primary schools) of the 
same Institute (3 schools led by one head of teacher) with the aim of proposing the realization of outdoor classrooms. 
The environmental approach characterized the analysis from different points of view. For the school (Rinnovata 
Pizzigoni) which has already a simple classroom with a table and fixed seats, it has been proposed to enhance this 
space, through the insertion of new teaching equipment, the proposal for new gathering spaces of the class and 
armature for fixing mobile solar radiation protections and students' work. In the second school (Dante Alighieri) a 
first analysis, with the aim of identifying the best location for the outdoor classroom, was based on the evaluation of 
the thermal comfort conditions of different points in the schoolyard, accessibility, proximity to other functions and 
equipment (the gym, the vegetable garden, the exit from the building, the deposit). A second phase led to the design 
proposal, which provided for tables and seats, both for structured and more informal activities, a useful structure for 
fixing shading systems, but also student works and tools for assessing local environmental parameters. 

KEYWORDS: outdoor learning, schoolyards, thermal comfort, environmental approach  

1. INTRODUCTION
The use of schoolyards for teaching and free play

was a practice that was common in the past in Italy 
(especially for health reasons) but has been lost over 
time. On the contrary, in Northern Europe, since the 
end of the nineteenth century, the schoolyard has been 
considered a space to teach, and especially recently, to 
deal with questions relating to environment and natural 
elements. In the USA, although there is no tradition, the 
topic of outdoor learning has been spreading 
enormously and is helping to spread models and 
approaches for the design of adequate spaces. That 
space is indeed considered suitable not only to teach 
(and learn) subjects linked to the nature and the 
environment, but also topics that use the natural 
element as a starting point for reasoning on different 
other topics. 

This paper reports a research experience developed 
from the collaboration with a school in Milan (which 
includes three institutes, 2 primary schools and a low 
secondary one managed by one head of teacher) with 
the aim to develop a path of analysis of the existing 
resources in the schoolyard. This kind of conscious 
analysis is oriented to the design of outdoor 
classrooms, considered opportunities for in-depth study 
consistent with an approach strongly oriented to 
environmental sustainability. 

The institute Rinnovata Pizzigoni  takes its name 
from one of the two primary schools (Rinnovata 
Pizzigoni, R.P.) and represents an important method 
school (recognized by the ministry of education), 
created in Milan in 1911 by the idea of the pedagogist 
Giuseppina Pizzigoni. The Pizzigoni method, 
subsequently adopted also by the second primary 
school of the institute, Dante Alighieri (D.A.), is based 
on inductive learning, and for this reason many of the 
experiences take place in the schoolyard. 

None of them has a formal space for outdoor 
learning, except an area with a table and fixed seating 
in the R.P. School, improperly called outdoor classroom. 
Actually, in order to define it as an outdoor classroom, 
the dedicated area must have a set of specific 
requirements that allow it to be used in different ways 
that vary according to the teaching experience. 
The paper reports an in-depth analysis on the D.A. 
School, also with the comparison with the R.P. School. 
During the analysis, an area deemed appropriate to 
host the outdoor classroom was identified, 
recognizable in the map in Figure 4, with No. 6. 
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Figure 1. Aerial photo of the three schools of the Institute 
Rinnovata Pizzigoni, Milan 

It is a well recognizable space and with adequate size to 
host a class. It is located also near to the vegetable 
garden and the storage which could contain not only 
useful material for the management of the garden but 
also for the classroom, for example it could contain a 
blackboard, tools for measuring climatic conditions and 
so on. 
Compared to other points, it can be easily shielded 
from the mobility flows of other students who move 
from one part of the schoolyard to the other; 
moreover, some trees are already present, and the area 
can be further shaded if necessary. The various types of 
analysis have served to confirm this proposal. 

2. THE CASE STUDY: PHYSIC AND ENVIRONMENTAL
CONFIGURATION

The primary school R.P. is composed of one-storey 
pavilion buildings overlooking an internal courtyard, 
with numerous plants, paved areas, a vegetable garden, 
a farm with several animals, an agricultural greenhouse. 
The whole courtyard is used as a large outdoor 
classroom, although over the years a table with fixed 
seats has been added in a free area. It has been named 
outdoor classroom and it is useful for gathering the 
students of a class or to start a fresh experience in 
outdoor. The other primary school, the Dante Alighieri 
(D.A.), more recent than the previous one, is developed 
in a three-storey building. It also has a large adjacent 
outdoor area, but with few equipment that can 
encourage learning activities and help to enhance the 
existing space. The analysis work focused mainly on 
D.A. primary school, although there were several
occasions to highlight differences between the two
primary schools, both from the point of view of the
physical configuration and of the use of the spaces.

Figura 2 The so-called outdoor classroom of the Rinnovata 
Pizzigoni: a table and seats fixed together and on the ground 

Different types of analysis are required to define the 
spatial and environmental characters that define a 
place, in particular a schoolyard, where a specific user 
carries out, in addition to free play, different types of 
educational activities. For this reason, to start a 
targeted analysis, it was first of all useful to identify the 
subjects that are taught and that have the possibility of 
being carried out outdoor. 

Table 1. Specific activities for each group (teaching/learning, 
Recreation, extra-curricular) 

Teaching activity Recreation 
/leisure activity 

Extra-curricular 
activity 

- Lectures (any subject) - Free games - Free games
- Laboratory (Math, Art,

Science, Technology) 
- Recreation 

time 
- Rest activity 

- Observation from life 
(Science and Art)

- Plantation for 
educational purposes
or for horticultural 
production

- Sport activity 

2.1 Analysis related to the use of the space 
During the analysis of the school, the presence of 

the equipment that allows the lessons to be carried out 
was checked; in other words, an evaluation was made 
to understand if the courtyard has the necessary 
requirements to host activities related to school 
subjects. The analysis can change from school to school, 
depending on the type of available space, the 
characteristics of the elements that configure the 
outdoor space and the subjects that are taught. 

The school described in this contribution, the 
primary school D.A., has a courtyard used in the two-
hour lunchtime, and in educational activities, in 
particular the vegetable garden in the hours of science 
(that includes agriculture). Many teachers use the 
schoolyard as they identify the open space as an 
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additional stimulus for "active" learning, while a part of 
the outdoor space is used for playing basketball and 
football. We may wonder if a different and adequately 
equipped space could encourage teachers to use the 
space more often.  

Table 2. Spatial requirements and equipment for different 
curricular activities. In blue equipment absent in the Dante 
School. In yellow equipment absent in both Dante school and 
Rinnovata schools

Curricular 
activities 

Spatial requirements and equipment 

Lectures - Suited area for gathering the class  
- Seats 
- Shaded/sunny area according to the season
- Quiet area
- Accessibility 
- Storage for blackboards and other materials. 

Laboratory 
Science 
Art 

- Fenced and appropriate areas for the class.
- Tables
- Seats 
- Storage 
- Water intake 
- Power supply (warehouse) 
- Tools for environmental parameters measurement
- Different species of trees, shrubs and herbaceous
- Pond for the analysis of hydro-fauna.
- Rigid vertical support for decoration (mosaics) 
- Armatures for the temporary exhibitions

Observation 
from life 

- Different species of trees, shrubs and herbaceous
- Seats (on the meadow or movable seats) 

Cultivation 
for educat. 
purposes / 
horticultural 
production 

- Protected area, fenced 
- Area for the cultivation and growth of edible plants
-Water intake 
- Storage 

Sport - Paving with materials which reduce overheating 
(cooling materials) 
- Proximity to the gym 
- Coloured surfaces for the identification of functions

The courtyard of the R.P. offers more opportunities; 
just to give a few examples, the flowerbeds, which have 
different geometric shapes, are the starting point for 
teaching geometry to the first grades; art teachers use 
the conifer grove to observation from life and science 
teachers to study plants.  

Teachers and pupils from the D.A.  often go beyond 
the perimeter of the school to go to the most equipped 
courtyard of the R.P. courtyard, even if some of the 
activities are carried out in their schoolyard 

(horticultural, physical education, observation of 
plants...). Once the activities to be carried out in  the 
outdoor classroom have been identified, it is possible to 
check the availability of different types of equipment 
that adequately configure the space: from the 
equipment, (although different, as seats, tables…) 
present in a classroom inside the building, to all 
equipment and elements that allow and facilitate 
activities (structures to hang students work, tools to 
study the environmental parameters…); from the 
variety of plants and shading systems to the flooring 
materials. Table 2 highlights the appropriate equipment 
for carrying out the activities. 

Afterwards, a material analysis of both horizontal 
and vertical surfaces was carried out. This analysis 
highlighted that many areas, both in the schools R.P. 
and D.A. have more permeable surfaces than sealed 
pavements, and proportionally more the school D.A. 
than the R.P.. Apart all paths in D.A., that are asphalted 
and driveway, this means that after rainy periods it may 
take some time before the areas become usable again. 
As will be seen later, this analysis will also be useful for 
understanding the environmental data revealed from 
the field survey and thermal simulations.   

Figure 3. Percentage of material distribution in the horizontal 
surfaces in the Rinnovata Pizzigoni (left) and Dante Alighieri 
(right) schools 

Another analysis was carried out on mobility, and in 
particular on the most used paths between the building 
and the outdoor space, between schools of the same 
institute that can use the equipment of the other 
schools, and between the school and the space outside 
it. This analysis allowed identifying the areas difficult to 
reach and the potential of other areas, easier to reach 
which perhaps are not or scarcely used. 

2.2 Environmental performances and thermal comfort 
The environmental performance of the outdoor 

space can favor or discourage its use both for teaching 
and for the spare time of the interval. It is therefore 
opportune to be aware of the thermal performance of 
the space that determines the thermal comfort 
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conditions in order to define strategies for improving 
environmental performance. 

In the D.A. School, an analysis of the shadows was 
initially carried out, considering the school and the 
nearest residential buildings and the trees. 

Figure 4. The Dante Alighieri schoolyard, with the 
identification of the different areas  

Throughout the institute there are many plants, also 
used for teaching, in particular for the subject of 
science, which were identified and filed during the 
analysis. These are generally deciduous trees but there 
are also perennial leaf trees. In particular, in the 
courtyard of the D.A., there are tall trees, almost all 
Ulmus minor (field elm) especially around the terrain 
used for playing football. There are trees also in the N-
O perimeter of the courtyard and high hedges on the 
border along the S-W side, near the main entrance. 
Subsequently, a field survey of the microclimatic 
variables was carried out at a particular time of the year 
for the evaluation of thermal comfort in different areas 
of the courtyard, while for the other days/months of 
the year, thermal comfort simulations were performed. 

The simulations served to complete a framework, 
given that the field survey was done only for one 
season. Nevertheless, the most important season is the 
one measured, the spring, corresponding, in terms of 
solar radiation amount, to the beginning of autumn, 
periods in which it is easier to have students and 
teachers outdoor for an extended time. The field survey 
was carried out on a particularly hot March day in 
points 1 to 8 visible on the map in fig. 4. The graph in 
figure 5 shows the trend of the air temperature of 
30/03/2017 coming from an ARPA (Regional 
Environment Agency of the Lombardy region) 
environmental monitoring station and the points 
measured in situ.  

The graph shows the values of the air temperature 
and the UTCI thermal comfort indicator for three of 
these points (8, 3 and 6 in the map in figure 4). 

Figure 5. Air temperature in Milan, March, 30th 2017 and in 
different points (3,6,8) of the Dante School. For these points 
thermal comfort conditions through UTCI indicator are 
reported 

In particular, the measure of a point on the field 
where football is played, on the asphalted road 
between the field and the building, and a third point, 
the number 6 on the map, which is on the left  side of 
the vegetable garden, under particular observation 
because it could be the suitable area for the outdoor 
classroom. 
As can be seen in figure 6, a part of the lawn area is 
sloping, and only the upper part, is almost flat. 

Figure 6. Part of the schoolyard in the Dante A. School suitable 
to be an outdoor classroom (point 6 in the map of figure 3) 

Point 6 at 9:00 a.m. has both sunny and shaded 
areas. On the basis that UTCI considers values in 
between 9-26°C as thermal comfort conditions, with 
some slight level of discomfort up to 32°C, it can be 
observed that in the morning thermal comfort is fully 
satisfied, both in sunny and in shaded areas (9 am: UTCI 
under the sun is 25°C, and in the shaded ones it is 
20°C). At lunchtime, when the classroom would not be 
used because of the lunchtime interval, the area is 
under the sun. Just one part is shaded between April 
and late summer by an American tulip tree 
(Liriodendron tulipifera), a deciduous leaf tree, with a 
columnar shape. Under the sun, the UTCI is equal to 
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31.6°C.  The other two points, 3 and 8 shown in the 
graph, are shaded by the school building and do not 
offer the possibility of choosing whether to stay in 
sunny or shaded areas, but it also means that the two 
areas 3 and 8 and can be more easily used during the 
lunch break especially to play. 

In the afternoon, these two areas have both points 
under the sun and shaded, and in particular the field 
reaches UTCI values (up to 33.3°C) beyond the 
threshold of slight discomfort, thus becoming 
particularly difficult to use. If we think that in the last 
weeks before school closes, the temperature could rise 
by many degrees, the discomfort conditions would be 
even more evident. 
On the contrary, from the early afternoon the area of 
the outdoor classroom, with the p.6, it is again shaded 
and in thermal comfort conditions (at 15:00 the UTCI is 
24°C). It is therefore important to configure fresh 
niches and improve the existing ones, vegetated and in 
the direction of the prevailing winds which in the 
hottest moments can represent a place of relief, both 
for educational activities and for relaxation. 

As the findings show, area 6 could be used as an 
outdoor classroom, but it should be equipped and more 
protected so that it can also be used at other times 
where discomfort is more evident. 

Interesting studies should be mentioned on comfort 
assessments that are usually made considering an 
average adult person, while children have different 
physiological responses to the microclimatic conditions, 
which should be taken into account when analyzing, for 
example, high metabolic level activity (including free 
play). Interesting studies asserts that children are more 
vulnerable to extreme heat than adults, that they have 
inferior thermoregulation during extreme heat, and 
thus that children experience differing thermal comfort 
and responses (9). This means that differences may 
result in variations from thermal comfort models (i.e., 
PET, UTCI and others) tested and created for adults, as 
many consider the ‘average man’ (1.8m2 body surface 
area, resting heat production of 90 w or 50 w/m2). 

2.3 Voice to the protagonists: the questionnaires 
An important phase of the analysis was carried out 

in parallel on the needs expressed by the school 
community that uses these spaces the most. Students 
and teachers, both in primary  schools and in the 
secondary one, were interviewed on how they use the 
space, on how they would like it and what activities, 
different from those they are already doing, would like 
to do. The questionnaires were elaborated to evaluate 
a possible starting point in thinking about the 
reorganization of the schoolyard and the outdoor 
classroom. It is impressive to observe how the students' 

response gives a very clear view of the context and how 
the response is homogeneous on the requirements that 
the space should have for children and young people to 
be able to perform certain activities. 

As expected, younger children in primary school 
than older children more easily associate the 
schoolyard with play. It is important to respond to this 
need to stay outside also for learning, even if not 
expressed. For older children it is a more conscious 
need, how the table 3, with the responses of pupils 3rd 
grade of the primary school D.A. highlights. 

Table 3. Preferences in percentage to the questions asked to 
the Dante A. primary school pupils (3rd grade) on their favorite 
activities in the schoolyard 

What kind of activities would you like to do in the schoolyard?  
% of Boys % of Girls 

Learning 17 19 
Play 35 57 
Play football 26 
Run, gym 4 6 
Working in the vegetable garden 6 
Music 9 6 
Spend extra-school spare time 9 6 

3. INDICATIONS FOR THE PROJECT
This type of analysis represents the first phase of

approach the project that highlights the elements on 
which the project must focus, including the choice of 
location of the outdoor classroom, type of equipment, 
and so on. Table 2, which was initially used to analyze 
the outdoor classroom of the R.P.  School and to 
identify the best location of the classroom in the 
schoolyard of the D.A., is used at this stage to identify 
the elements that characterize the classroom and make 
it a place to teach and learn in the best possible 
conditions. If on the one hand the table 2 has been 
used as a check list to verify that certain analyzes have 
been carried out, on the other hand, through this list, 
the general and specific didactic objectives to be 
achieved are identified (choosing from a wider range of 
possible aims). For the R.P. School the proposal focused 
on the idea of integrating and improving an area 
already used and partially equipped, and which can 
integrate elements helpful for different types of use 
that the current configuration does not allow. 

Figure 7. Sketch and photorealistic view of the re-adaptation 
proposal of the Rinnovata Pizzigoni outdoor classroom 
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As can be observed both from the plan and from the 
perspective  view (assembly of the new equipment on a 
photograph) in figure 7, the existing equipment has 
been enhanced on one hand, creating an armature 
around it where a shading device could be fixed, which 
could be in fabric, or even a vegetable pergola. 
Alternatively, it could be an opaque, fixed device, but in 
this case would reduce solar access in the coolest 
moments of the year. The armature represent supports 
for fixing the students' works and the tools for assessing 
the environmental performance of the open space 
around. In another area, informal seats have been 
arranged, which could be tree trunks, pallets, or stones, 
in an unpaved area allowing a different and less formal 
relationship even with the teacher. 

Table 2 was also used for the D.A. not only to 
identify the best location, but also to identify the 
elements necessary to configure the classroom. The 
area is currently confined to the north-west by the 
fence and by high hedges, while on the other sides it is 
delimited only by a retaining wall due to a different 
height, higher than the space around, from a minimum 
of 40 cm to a maximum of 80 cm (fig. 8). 

Figure 8. Plan and photorealistic view of the design proposal 
of the Dante Alighieri outdoor classroom (Graphical 
elaboration. E. Cusato and A. Esposito) 

The area that can be adapted, even without 
changing the morphology of the land, is approximately 
280 square meters and is suitable for hosting one/two 
classes of 20-25 children. 

The design proposes to floor the upper part, and to 
place a structure (armature) that can support one or 
more removable textile covers, or a pergola. The same 
structure can support, if needed, a blackboard, the 
students' work, or tools to measure environmental 
variables. There are tables with seats for more 
structured and group activities, and other seats 
distributed in the areas for individual activities, which 
can be tree trunks, pallets, and recovered materials. 

4. CONCLUSION
The presented work starts from the evaluation of

the opportunity to identify a method to develop an 
analysis and start a design path for an outdoor 
classroom in a schoolyard, strongly marked by an 
environmental approach, first because the project 
foresees that the space is in acceptable conditions  of 
thermal comfort as much as possible, and second 
because it promotes the knowledge of environmental 
phenomena even through the use by students of the 
tools that can somehow measure these flows. 

Nowadays there are many design experiences 
proposing an outdoor classroom pre-established layout, 
and often the approach used is well recognizable. 
However, the method proposed here is born from an 
analysis strongly characterized by the environmental 
characters and performance of the space (and in 
particular of the thermal comfort conditions) that are 
also used as an indicator of the project. 

However, this paper has a further conclusion, which 
is a reflection on the additional opportunities that the 
schoolyard offers. This paper was written during the 
spring of 2020, under the lockdown due to the 
pandemic from Covid 19. All forecasts for the approach 
of phase 2, the phase in which it will be possible to 
gradually resume activities, recognize a key role for the 
open spaces, as a place to experiment new forms of 
social life which instead will be very difficult to 
guarantee in closed spaces. 

We also wonders how school life can be re-
configured, which cannot, at least for some time, be the 
same as before. In this perspective, school courtyards 
represent a very precious resource for the school, to 
guarantee the co-presence of an entire class with 
adequate distances, or to allow activities and events 
that in  volve several classes at the same time. 
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ABSTRACT: This paper presents the application of global sensitivity analysis (GSA) to identify the key 
parameters  determining the annual cooling energy consumption and peak cooling demand of a residential 
apartment unit situated in a hot and dry arid region (Köppen climate classi fication: BSh). Eleven building and 
occupant related parameters are selected and permuted systematically using Latin Hypercube Sampling to develop 
1500 possible model co mbinations. Each combination is simulated using Energy Plus and JE Plus programs. Ratios 
of 4.24 and 1.90 are observed between the maximum and minimum annual cooling energy consumption and the 
maximum and minimum peak cooling demands, respectively. Standard Regression Coefficient GSA is deployed to 
identify the sensitive model parameters. Da ily hours of air conditioner (AC) operation, AC size, AC operation 
months AC set point, and wall thickness are found to be the top five factors impacting cooling energy consumption. 
Similarly, AC size, AC set point, the number of AC operation hours daily, wall core thickness and wall core density 
are found to be the five main factors impacting peak cooling energy demand. It is found that occupant related 
variables play a major role in determining the energy performance of residential buildings situated in hot and dry 
arid regions. 

KEYWORDS: Cooling Energy Demand, Latin Hypercube Sampling, Standard Regression Coefficient 

1. INTRODUCTION

The building sector is one of the prime 
consumers of energy accounting for 30 
percent of the global demand and generating 
40 percent of the total carbon dioxide 
emissions [1], [2]. Similar trends are seen in 
India, where building sector alone accounts for 
nearly 30 percent of the national energy 
demand and further expanding at a rate of 8 
percent annually [3], [4] (Figure 1). As 
countries around the world move towards 
making major expansions in their existing 
building stock, it shall be crucial to improve 
the energy efficiency of all existing and 
proposed buildings. In the absence of such 
measures, national energy demand for 
developing countries like India is expected to 
grow five folds by the year 2100 [5]. In India, it 
is reported that in between 40-50 percent of 
energy savings could be achieved by adopting 
suitable energy efficiency measures during the 
design stage and 20-25 percent by applying 
energy retrofits to existing buildings [6]. 
It is reported that in between 20-50 percent 
energy savings can be achieved through 
suitable modifications in the building 
envelope, 20-60 percent in the building HVAC 
systems and 20-50 percent in lighting 

improvements, respectively [7]. Building 
simulation programs such as Energy Plus, 
Trnsys and ESP-r are used for developing 
computer models of existing and proposed 
buildings to test the performance of a wide 
variety of energy efficiency measures (EEM’s) 
[8]. In order to identify the most appropriate 
EEM for a building type, it is important to 
identify the set of building parameters which 
have strong influence in determining building 
energy demand. This would help building 
designers and policymakers to develop 
appropriate strategies to reduce the energy 
footprint of building sector. Sensitivity analysis 
(SA) methods are used to identify the set of 
model input parameters that have a strong 
impact in predicting the model outcome. 
These methods can also help to eliminate 
inputs which have a negligible impact in the 
prediction of model output. This is useful for 
model simplification. SA methods are used for 
a number of applications such as checking the 
validity of simulation assumptions, computing 
the combined effect of input parameters on 
the model output, model calibration and to 
identify critical regions in the input parameter 
space responsible for a specific model 
behaviour [9]–[13]. 
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Figure 1: Energy consumption profile for Indian 
buildings  

Sensitivity analysis methods can be classified 
under three broad categories: screening 
methods, local and global methods [14]. 
Screening methods are computationally 
economical methods that can identify and 
qualitatively rank the design parameters which 
control most of the output variability. They are 
used before complex simulations when it is 
computationally expensive to have a large 
number of parameters for building 
performance assessment. Local sensitivity 
methods, also known as one parameter at a 
time methods evaluate output variability by 
variation of a single input parameter while all 
other model inputs are held constant. These 
methods are suitable for simpler models, as 
they work on the assumption of a linear 
relationship between the model inputs and 
output. The third type, i .e. global sensitivity 
methods, can assess output variability by 
simultaneously varying all the input 
parameters. Global methods are the most 
robust as they can incorporate the effects of 
both range and shape of the probability 
distributions for the different input 
parameters as well as their mutual 
interactions. This paper presents the 
application of global sensitivity analysis to 
identify the key parameters determining the 
annual cooling energy consumption and peak 
cooling demand of a residential apartment 
unit.   

2. METHODS AND MATERIALS
A five-step research methodology has been 
developed for this study (Figure 2).

Figure 2: Research Methodology adopted in this study 

Step 1: Development of Building Energy Model  
A mid-size single bedroom apartment si tuated 
in Ahmedabad, India is selected for performing 
the study. Ahmedabad (23.04° N, 72.46° E) is 
located in a hot and dry region as per the 
Indian national building code. Its location 
corresponds to Bsh climate (Mid Latitude 
Steppe and Desert) as per the Köppen 
classification. The average daily maximum 
temperatures soar around 41° C during 
summers and 30° C during the winters. Annual 
variation of temperature and humidity are 
shown in Figure 3.   

      Figure 3: Annual Dry Bulb Temperature 
and Relative Humidity variation in Ahmedabad 

Figure 4: Building Simulation Model 

The apartment unit comprises of a fully air 
conditioned bedroom and three naturally 
ventilated rooms including kitchen, living room 
and the bathroom (Figure 4). Energy Plus 
program (version 8.9) has been used for 
developing the energy model and simulations 
have been performed using the typical 
meteorological weather data of Ahmedabad.  

Step 2: Develop Input Criteria  
Table 1 shows the range of input parameters 
considered for the simulations.  A total of 1500 
parametric conditions are generated using 
latin hypercube sampling as shown in figure 5. 
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  Table 1: Range of variation of Input parameters  
considered for analysis  

Figure 5: Cobweb plot of simulation combinations  

Step 3: Parametric Simulations  
The Energy Plus (.idf) model files for the 1500 
different cases are simulated using the JE-Plus 
parametric simulation tool [20]. This tool can 
perform batch simulation and generate results 
for the various input cases considered during 
analysis. A python script was used to 
implement the desired changes in the window 
to wall ratios of the building model [21]. 

Step 4: Uncertainty Analysis  
Simulation results were collected, and 
histograms were developed for the two target 
model outputs, i .e. annual cooling energy 
consumption and peak cooling energy 
demand. A python script was used to filter the 
peak hourly cooling demand from the 1500 
output files. The ratio between the maximum 
and minimum values for the model output is 
calculated to characterise the output 
uncertainty.  

Step 5: Sensitivity Analysis  
Standard Regression Coefficient method was 
used for performing the global sensitivity 
analysis. SRC method is based on multivariate 
linear regression technique as per the method 
of least squares [22], [23] This method begins 
by developing a multilinear regression 
equation between the dependent ( ) and 
independent (((((( ) parameters of the simulation 
model.  

In the equations (1) and (2),  represents the 
regression coefficient for each input 
parameter,  represents the model intercept 
and  denotes the error term associated with 
this regression model. SRC coefficient, i .e. 

 for every uncertain input parameter 
was calculated as the ratio of the variance of 
model output and the variance of 
corresponding model input parameter . 
The absolute value of SRC determines 
parameter importance with higher SRC values 
indicating stronger influence over the model 
output [24]. The sign of the SRC determines 
whether model output increase or decrease 
with changes in the input parameters. 
Simulation Environment for Uncertainty and 
Sensitivity Analysis (SimLab version 2.2) tool is 
used for implementing Latin Hypercube 
Sampling, uncertainty analysis and the global 
sensitivity analysis [25].  

3. RESULTS 
Uncertainty Analysis

Figure 6: Histogram displaying the uncertainty 
associated with Annual Cooling Energy Consumption 

Figure 7: Histogram displaying the uncertainty 
associated with Peak Cooling Energy Consumption 

Results are extracted from the 1500 simulation 
outputs to evaluate the distributions for the 
annual cooling energy consumption and peak 
cooling energy demand (Figure 6 and Figure 7). 

Vol.3 | 1753
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


Significant variations are observed between 
the highest and lowest possible model output 
subject to the chosen combination of input 
parameters. The maximum, minimum and 
average value for the annual cooling energy 
consumption is found to be 5141 kWh, 1211 
kWh and 2732 kWh, respectively. The ratio 
between the maximum and minimum annual 
cooling energy consumption is equal to 4.24, 
whereas a ratio of 1.88 is observed between 
the maximum and mean value. In the case of 
peak cooling energy demand, the maximum, 
minimum, and mean values are found to be 
equal to 5.97 kW, 3.13 kW and 4.29 kW 
respectively. The ratio between the maximum 
to minimum values is 1.90, whereas a ratio of 
1.40 is observed between the maximum and 
mean value for the peak cooling demand. 

Sensitivity Analysis  

Table 2: Sensitivity Analysis results for the Annual Cooling 
Energy Consumption 

Figure 8: Percentage contribution of individual 
parameters towards Annual Cooling Energy 

Consumption 

Table 2 illustrates the results of the sensitivity 
analysis performed over the annual cooling 
energy consumption. The number of daily 
hours of AC operation, number of months of 
AC operation, AC capacity and the choice of AC 
setpoint are the four most important input 
parameters having high SRC values. The 
percentage impact of each input parameter on 
the model output is shown in figure 8. It is 
seen that up to 70% variation in annual cooling 
energy consumption depends on the capacity 
of the air conditioner and its daily and monthly 
operational patterns and the choice of 
setpoint temperature. For the building related 
parameters, glazing SHGC, building 
orientation, wall core thickness and wall core 
density are found to be dominant input 
parameters. Together, building related 
parameters and building orientation 
accounted for 30% of the uncertainty 
associated with the annual cooling energy 
consumption of the apartment unit.   

Table 3: Sensitivity Analysis results for the Peak 
Cooling Energy Demand 

Figure 9: Percentage contribution of individual parameters 
towards the Peak Cooling Energy Demand 
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Table 3 illustrates the results of the sensitivity 
analysis performed over the peak cooling 
energy demand. Air Conditioner capacity, 
choice of setpoint, number of daily hours of AC 
operation were the three most important 
parameters having the highest SRC values. The 
percentage impact of each input parameter on 
the model output is shown in figure 9. It is 
observed that the top three factors account 
for 70 % of the overall  variation associated 
with the model output. Envelope related 
parameters such as wall core thickness, wall 
core density, glazing SHGC, orientation, wall 
thermal absorptivity are found important in 
determining the peak cooling energy demand. 
Building related parameters are found to 
account for 30 % of the variation associated 
with the peak cooling energy demand of the 
apartment unit.   

4. DISCUSSION
It is found that depending on building 
envelope and occupant preferences, two 
buildings situated in the same climate, having
similar layouts can have significantly different 
cooling energy requirements. Higher SRC 
values for AC and occupant related parameters
indicate that installing a higher COP AC and 

reducing the total hours of AC operation have
a major impact on reducing cooling energy 
consumption. Improving the ventilation design 
to increase airflow inside air conditioned
spaces can help reduce the total hours of AC 
operation. High negative SRC values for wall
thickness and core material density indicate 
that high thermal mass is suitable for reducing 
cooling demand in hot and dry climates. Due 
to their higher thermal storage capacity, high 
thermal mass walls restrict the flow of heat 
from the outdoor environment into the 
building. This helps to control indoor air 
temperatures during hot summer conditions
and reduce AC operational hours. Windows
having low SHGC values can reduce the cooling 
load by minimizing the incident shortwave 
radiation. The effective SHGC values of single 
glazing can be improved with the help of 
shading devices or by use of double glazing.

5. CONCLUSION

This paper has performed a global sensitivity 
analysis to identify the key parameters 
determining the annual cooling energy 
consumption and peak cooling energy demand 
of a residential apartment unit situated in hot 
and dry arid regions (Köppen climate 
classification: BSh). Eleven building and 

occupant related parameters were 
systematically permuted using Latin 
hypercube sampling to develop 1500 possible 
combinations. It is found that buildings 
situated in the same climate having similar 
layouts can have significantly different cooling 
energy footprint depending on occupant 
behaviour and envelope related parameters. 
The results indicate that occupants have a 
dominant role in determining the annual 
energy consumption and peak cooling energy 
demands. In such climates, improving the 
ventilation design to increase airflow inside air 
conditioned spaces can help reduce the total 
hours of AC operation. Buildings with higher 
thermal mass were found to have an inverse 
relationship with both the model outputs. 
Therefore, thick walls with dense core material 
are suitable for building construction in hot 
and dry arid regions. Due to the strong 
influence of occupant behaviour on cooling 
energy demand, it is essential to collect 
accurate data for occupant related parameters 
to ensure that simulation results are more 
reliable and closer to real world situations.    
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ABSTRACT: Chinese suburban housing largely consists of uninsulated reinforced-concrete apartment blocks with poor 
insulation performance. Much energy is required to reach indoor thermal comfort in Chinese regions which have hot 
summer/cold winter climates. Retrofitting existing dwellings to a better energy performance standard might be 
preferable to new build as existing buildings are mostly structurally sound and local demand for new homes is low. This 
paper examines the viability and benefits of applying the German Passivhaus EnerPHit standard to a suburban dwelling 
in Hunan, which is in the hot summer/cold winter climate zone of China. The indoor and outdoor hygrothermal data of 
the dwelling was monitored for 12 months, and the dwelling was then modelled and validated against the measured 
data. Incremental EnerPHit retrofitting measures were applied to the modelled building, and the thermal performance 
of the retrofitted building was evaluated using multiple approaches, including a PMV model, the Passivhaus standard 
and the Chinese passive house standard. The simulation results suggest that the EnerPHit standard is achievable, 
producing a high energy saving efficiency. Indoor thermal comfort was hugely improved after retrofitting, but two of 
the multiple comfort evaluation approaches highlighted that overcooling was a bigger problem than overheating for 
the retrofitted dwelling.  
KEYWORDS: Retrofitting, EnerPHit standard, Hot summer/cold winter climate, Thermal comfort, Overheating risk 

1. INTRODUCTION
The German Passivhaus standard, with its emphasis

on super-insulated and super-airtight building 
envelopes, is slowly being adopted in China, especially in 
the cold cities of northern China. However, the concept 
of Passivhaus in Chinese rural and suburban areas is not 
a familiar one, even though actual building energy use is 
greater in suburban China than in the cities [1]. The 
governance definition of rural areas in China includes 
both towns and villages. Much of the existing town/rural 
housing consists of uninsulated reinforced-concrete 
blocks with poor energy performance. They are 
structurally sound but costly to demolish and challenging 
to recycle. Therefore, retrofitting existing suburban 
dwellings to the Passivhaus EnerPHit retrofit standard 
may have the potential for large scale energy savings. 

This paper considers the retrofitting of suburban 
dwellings to the EnerPHit standard in the southern 
Chinese province of Hunan, which experiences a hot 
summer/cold winter climate, with temperatures peaking 
around 32°C in summer and dropping down to around 
2°C in winter. A typical apartment was monitored and 
then modelled using the software DesignBuilder, and the 
models were tested against the measured data. Finally, 
step by step EnerPHit retrofitting measures were applied 
to the case building, to assess the energy saving, thermal 
comfort and summertime overheating risk after 
retrofitting.  

2. LITERATURE REVIEW
In China, over 100 Passivhaus projects have now

been completed or are under construction, mainly in 
northern regions [2]. A Passivhaus dwelling built in the 
extremely cold northern city of Harbin generally 
performed well in terms of internal environmental 
conditions, but summer overheating was a problem [3]. 
The first residential Passivhaus in southern China under 
a hot summer/cold winter climate, the BRUCK Residence 
in Huzhou, was completed in 2013 [4], and achieved 95% 
energy savings compared to conventional dwellings [5]. 
For the EnerPHit retrofit project in the same climate 
zone, a serious overheating problem was found in the 
Lvyuan Passive House in Shanghai during operation [6].  

3. SCOPE AND METHODOLOGY
3.1 Case study building

This study investigated a semi-detached 4-storey 
occupied building (Figure 1) in Huilong town in the 
southwest province of Hunan, built with a reinforced-
concrete structure and no insulation. The ground floor is 
for commercial use, and the top three floors are three 
individual flats, each having the same layout (Figure 2). 
Only the residential areas were considered for the 
EnerPHit retrofitting in this study, so the other spaces in 
this building were set as semi-exterior unconditioned 
space, while the wall or floor adjacent to the semi-
exterior space were considered as exterior envelope 
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during retrofitting and set as semi-exposed envelope in 
DB simulations. Air temperature and relative humidity 
were monitored in the second-floor living room, and two 
bedrooms and a shaded external place for 12 months. 

Figure 1: View of the case building in Hunan, China 

Figure 2: Floor plan and sensor locations. 

3.2 The EnerPHit standard  
The EnerPHit standard guides the refurbishment of 

existing buildings to achieve a specified Passivhaus 
standard. It has different energy requirements for 
buildings in different climates. For the studied hot 
summer/cold winter climate, energy demand is limited 
to 20 kWh/m2 for heating, and 15 kWh/m2 for cooling 
(excluding dehumidification). For thermal comfort, 
EnerPHit requires the same comfort temperature as the 
Passivhaus standard (20°C to 25°C), with no more than 
10% of the hours in a year being outside this range [7].  

3.3 Retrofitting strategies 
The property was modelled using DesignBuilder, and 

the baseline model was calibrated before retrofitting. 
The field recorded weather data were used for 
calibration, and the results published in [8]. Because the 
aim of this retrofitting is to achieve the EnerPHit 
standard, the Passivhaus concept of ‘fabric first’ 
approach was followed, which prioritises heat retention 
and reduced air leakage, followed by an efficient heating 
and ventilation system. Rockwool insulation was chosen 
for the whole envelope because of its high thermal 
performance, and it is a commonly used in China. For 
external windows, triple glazed, and argon filled LoE 
windows were adopted. Airtightness was set to 0.6 ach, 
and mechanical ventilation with heat recovery (MVHR) 

system was modelled for the winter heating fresh air 
supply. For the hot summer, both active and passive 
cooling methods were adopted. 

3.4 Thermal comfort and overheating assessment 
Three evaluation approaches were used to assess the 

thermal comfort situation of the retrofitted building: (i) 
the PMV model; (ii) the Passivhaus standard and (iii) the 
Chinese Passive House standard. These last two 
standards require a similar temperature range, so the 
hourly simulated temperatures of the case building were 
compared with the two required comfort ranges.  

4. RESULTS
4.1 Field measurements

The weather data were recorded from 1st July 2018 
to 30th June 2019, and the dwelling was in a free-running 
situation. Figure 3 displays a larger outdoor hourly 
temperature span than the indoor hourly temperature 
range in the recorded period. However, the monthly 
mean temperature values were close, as the outdoor 
value changed from a peak of 31.1°C in July 2018 to a low 
of 6.2°C in January 2019, and the indoor value was about 
1°C higher than outdoors throughout the recorded 
period. For recorded relative humidity, the outdoor 
monthly mean value was high all year at 70% to 90%, and 
the indoor value was only slightly lower, changing 
between 60% and 80%. The recorded data suggest that 
the indoor thermal situation of the pre-retrofit case 
building is quite close to the outdoor environment, and 
active heating and cooling is needed for indoor comfort 
under this climate context. 

Figure 3: 12-month period measured indoor and outdoor 
temperature (T) and relative humidity (RH) 

4.2 C t level before the retrofit 
The comfort level of the case building before 

retrofitting was evaluated against the Chinese GB/T 
50785 standard, which is the evaluation standard for the 
indoor thermal environment in civil buildings in China [9]. 
For free-running dwellings under the studied climate, 
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the standard uses Equations 1 and 2 to calculate the 
acceptable comfort range. This calculation considers the 
outdoor temperatures 7 days prior to the test date, and 
the field recorded outdoor weather data were used to 
calculate the comfort range. 

Tupper limit = 0.73 trm + 12.72        (1) 
Tlower limit  = 0.91 trm – 3.69   (2) 

where 18°C ≤ Tupper limit ≤ 30°C; 16°C ≤ Tlower limit ≤ 28°C 

Figure 4 indicates the measured indoor daily average 
temperature against the calculated comfort range. This 
range accepts a large span of indoor temperatures (16°C 
to 30°C) under different corresponding outdoor running 
mean temperatures. However, only 41% (150 days) of 
the days were within the range during the measured 12-
month period, and 41% (150 days) were considered as 
cold, 18% (65 days) were hot. Thus, thermal comfort in 
the pre-retrofit building was unsatisfactory.  

Figure 4: Recorded indoor daily mean temperatures and the 
Chinese GB/T 50785 standard comfort range. 

4.  EnerPHit retrofitting
For achieving the EnerPHit criteria of energy

consumption, a commonly used insulation material was 
applied first on the inside of exterior walls, roof and 
floors to increase the insulation performance of the case 
building. Then the single glazed windows were replaced 
with triple glazed, argon filled low emissivity (LoE) 
windows. Table 1 summarises the thermal properties of 
the envelope before and after retrofitting. Secondly, the 
airtightness was reduced to 0.6 ach, and a mechanical 
ventilation system with heat recovery function (MVHR) 
was added, with a heat recovery efficiency of 0.85 and 
0.80 for sensible heat and latent heat respectively. The 
coefficient of performance of the MVHR system for 
heating was increased slightly from 1.0 to 1.2, for better 
heating energy performance. Finally, passive methods of 
shading cooling and natural ventilation cooling were 
adopted. Simulation results showed that the energy 
used in cooling was lowest when the window blinds have 
a low slat solar reflectance level (0.2). Night-time natural 
ventilation can help a passive house to cool down in 
summer [10]. While in the studied climate, the outdoor 

temperature in summer is usually greater than passive 
house required temperature of 25°C. Thus, the natural 
ventilation cooling way was only used in transitional 
seasons. 

Table 1: Thermal properties of the envelope before and after 
retrofitting  

Wall Roof Floors Window  
Main 
material 

180mm 
clay brick 

100m 
concrete 

raft 

100m  
concrete 

raft 

Single 
glazing 

Insulation 
material 

Rock 
wool 

Rock 
wool 

Rock 
wool 

Triple 
glazing 

LoE 
Insulation 
thickness 

250mm 250mm 250mm - 

U-value
Pre-retrofit

2.3 
W/m²K 

1.76 
W/m²K 

2.85 
W/m²K 

5.85 
W/m²K 

U-value 
retrofitted

0.125 
W/m²K 

0.123 
W/m²K 

0.126 
W/m²K 

0.78 
W/m²K 

 Figure 5 demonstrates how the energy demand 
changed following the EnerPHit retrofitting steps. The 
baseline pre-retrofit model energy demands were 150.6 
kWh/m2 and 42.0 kWh/m2 for heating and cooling 
respectively - much higher than the EnerPHit standard. 
Retrofitting insulation and changing the glazing reduced 
the heating demand to 78.4 kWh/m2. Figure 5 shows 
that the insulation did not reduce the cooling energy 
demand much, but the high-performance windows did. 
At the end of this retrofitting phase, the cooling energy 
demand was 29.4 kWh/m2, about two-thirds of the pre-
retrofit value. Reducing the air change rate to 0.6 ach 
was clearly very efficient, especially for heating demand, 
which was down to 17.4 kWh/m2 (11.5% of the baseline 
value). The cooling demand decreased to 22.8 kWh/m2 
(54.3% of the baseline value). After adding the MVHR 
system, the heating demand finally met the EnerPHit 
standard, with a further decrease after the CoP for 
heating was slightly increased. At this retrofitting stage, 
the heating demand was 14.9 kWh/m2 (10% of baseline 
demand) and cooling demand was 17.2 kWh/m2 after 
the MVHR system was added (40.9% of baseline 
demand). However, the EnerPHit cooling standard was 
still not reached. So, passive cooling methods were 
utilised, and Figure 5 suggests that the shading worked 
efficiently, with the cooling demand dropping to 13.2 
kWh/m2, which successfully meets the standard. The 
natural ventilation cooling also contributed to cooling 
the building, with demand down to 12.6 kWh/m2, or 30% 
of the baseline value. Thus, both the EnerPHit heating 
and cooling energy demand standards were achieved at 
the end of the retrofitting process.   

In general, all the retrofitting measures contributed 
to energy saving, but to different degrees in heating and 
cooling consumption. The final results suggest that 
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retrofitting the case property to meet the EnerPHit 
standard was achievable.  

Figure 5: Heating/ cooling energy demand after retrofitting 

4.  Overheating assessment
4.4.1 Indoor comfort in the retrofitted dwelling

Before evaluating the indoor thermal environment 
of the retrofitted case building against any standard, the 
main comfort indexes of indoor temperature and 
relative humidity are reviewed in this section. Figure 6 
indicates the monthly mean indoor temperature 
changed from the lowest value of 18.5°C in January to 
the highest of 26.0°C in July, which indicated a significant 
improvement in indoor comfort when compared with 
the pre-retrofit indoor mean temperature of 6.6°C in 
January and 32.3°C in July. Furthermore, the indoor 
environment was less humid in winter months after 
retrofitting, and the monthly mean relative humidity 
was changing between 30% and 68%. 

Figure 6: Comparison of retrofitted indoor mean monthly 
temperatures and relative humidities with pre-retrofit values.  

4.4.2 Assessing thermal comfort by the PMV method 
The predicted mean vote (PMV) scale ranges from -3 

to +3 (very cold to very hot) and is a comprehensive 
method to evaluate the indoor comfort. A PMV index 
from +1 (slightly warm) to -1 (slightly cool) is acceptable 
as comfort for the actively heated and cooled buildings 
according to the Chinese GB/T 50785 standard [9]. The 
PMV results calculated by DesignBuilder assumed 
metabolic inputs as shown in Table 2 (middle column), 
and indoor clothing levels of 0.5 clo for summer and 1.0 
clo for winter. Figure 7 shows the monthly PMV values 
of the retrofitted building. Only the months from May to 
October were in the comfort range, and the rest winter 
months were considered as cold, especially in January, 
the PMV index is -2.3.  

Figure 7: Monthly PMV results of the EnerPHit retrofitted case. 

Table 2: Comparison of the original and ASHRAE improved 
metabolic rates for DesignBuilder. 

Item Original setting Improved setting 
Bedroom 0.8 met  

(90 W/person) 
0.9 met 
(104 W/person) 

Living room 1.0 met  
(110 W/person) 

1.1 met  
(120 W/person) 

Bathroom 1.1 met  
(120 W/person) 

1.2 met  
(127 W/person) 

Kitchen 1.4 met  
(160 W/person) 

1.6 met  
(171 W/person) 

 However, according to ASHRAE [11], the DesignBuilder 
metabolic rates are slightly low and should be adjusted 
to slightly higher values (Table 2). Moreover, based on a 
previous analysis of clothing insulation [12], it is 
reasonable to improve the original winter clothing 
insulation setting from 1.0 clo to 1.2 clo. The PMV value 
after the metabolic rate and clothing insulation were 
improved is presented by the blue line in Figure 8, which 
suggest a significant improvement in winter indoor 
comfort as most of the winter months achieved 
reasonable comfort. Though the PMV value for the 
coldest month of January improved from -2.2 to -1.2, it 
still failed to achieve comfort. April also has a low PMV 
value of 1.2, which can be explained because 
DesignBuilder assumed less clothing insulation and less 
active heating would be needed as the weather got 
warmer in this month. To achieve further comfort, the 
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heating setpoint temperature was increased from 20°C 
to 21°C, and the dashed line shows the PMV results in 
Figure 8. All the months achieved reasonable comfort 
except April because of the previously mentioned 
reason. However, the higher heating target temperature 
also led to greater heating energy demand, which 
increased from 14.9 kWh/m2 to 17.5 kWh/m2 - still 
within the EnerPHit standard but the residents should 
decide between better comfort or lower heating costs. 

Figure 8: Monthly PMV results when metabolic and clothing 
insulation settings were improved, and heating target 
temperature is raised. 

4.4.3 Assessing the thermal comfort by the Passivhaus 
and Chinese Passive House standards 

Because the case building was retrofitted towards 
the Passivhaus EnerPHit standard, the indoor thermal 
comfort situation after retrofitting was also assessed 
against the Passivhaus standard as well as the Chinese 
Passive House Standard. The comfort level required by 
these two standards are very close; the first requires the 
indoor temperatures stay in the range of 20°C to 25°C, 
the second requires a temperature range of 20°C and 
26°C [12]. Both of these two standards allow 10% of the 
time outside of this range in a year.   

Table 3 illustrates the distributions of percentages of 
hours which are regarded as cold, comfortable and hot 
by the two standards for each month. Generally, most 
months failed to meet the comfort temperature 
requirement of both standards. Overall, the percentage 
of overcooling time in a year is 30.9% for both standards 
as they both require 20  as the lower limit of the 
comfort range, while the overheating percentage for the 
Passivhaus standard (32.4%) is much higher than the 
Chinese Passive House Standard (9.8%), due to a 
different upper limit of comfort range. 

For each of the months, the overcooling percentages 
of the months between November and March were 
quite high, especially in January, when 90.1% of the 
hours were considered as cold. However, the indoor 
mean temperature in January was 18.5  which is 
actually close to the required 20 . Thus, although the 

indoor temperature throughout winter largely failed to 
meet the standards, it still should not be considered as 
too cold. Conversely, Table 3 illustrates overheating 
problems occur from May to October. July has the 
highest percentage of overheating, which is 91.1% by the 
Passivhaus standard, although only 37.4% by the 
Chinese standard and the monthly mean indoor 
temperature in this month was 26.0 . The differences 
between the overheating percentages of the other 
overheated months are significant too when evaluated 
against those two standards because they have different 
upper limits of the comfort temperature range. These 
percentages shown in Table 3 were aided by the passive 
cooling features of window blinds shading and natural 
ventilation cooling. Table 4 shows that the passive 
cooling methods helped to reduce the overheating rate 
from April to October and that they appear to work more 
efficiently in the Chinese Passive House Standard as they 
are able to create a significant drop in the indoor 
temperatures.  

Table 3: Percentages of hours which are regarded as cold, 
comfortable and hot in each month by the Passivhaus standard 
(PH) and the Chinese Passive House (CPH) standard. 

Cold Comfort Hot 
PH CPH PH CPH PH CPH 

Jan 90.1% 90.1% 9.9% 9.9% 0 0 
Feb 86.3% 86.3% 13.7% 13.7% 0 0 
Mar 60.5% 60.5% 39.5% 39.5% 0 0 
Apr 0 0 89.9% 100% 10.1% 0 
May 0 0 56.9% 86.7% 43.1% 13.3% 
Jun 0 0 28.1% 88.9% 71.9% 11.1% 
Jul 0 0 8.9% 62.6% 91.1% 37.4% 
Aug 0 0 16.3% 75% 83.7% 25% 
Sep 0 0 35.1% 72.8% 64.9% 27.2% 
Oct 0 0 78.2% 97.7% 21.8% 2.3% 
Nov 48.8% 48.8% 51.3% 51.3% 0 0 
Dec 88.2% 88.2% 11.8% 11.8% 0 0 
Total 30.9% 30.9% 36.7% 59.3% 32.4% 9.8% 

Table 4: Comparison of overheating percentages with and 
without passive cooling methods by both Passivhaus standard 
(PH) and ‘Chinese passive house standard’ (CPH). 

PH, hours % >25°C CPH, hours % >26°C 
No Pass C With Pass C No Pass C With Pass C 

April 16.1% 10.1% 0% 0% 
May 48.1% 43.1% 13.7% 13.3% 
Jun 89.4% 71.9% 33.2% 11.1% 
Jul 90.6% 91.1% 60.8% 37.4% 

Aug 90.6% 83.7% 50.5% 25% 
Sep 78.1% 64.9% 29.3% 27.2% 
Oct 34.8% 21.8% 4.3% 2.3% 
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 In conclusion, both Passivhaus and Chinese Passive 
House standards have strict and fixed standards for 
indoor temperature, and only 36.7% and 59.3% of the 
hours in a year respectively were within their required 
comfort temperature range for the retrofitted building. 
For winter overcooling problem, both standards gauged 
30.9% of the time was cold. The methods discussed in 
section 4.4.2 should be able to increase comfort. For the 
summer overheating problem, the Passivhaus standard 
considered 32.4% of the time as hot, which may suggest 
more active cooling is needed under the studied climate, 
while the Chinese Passivhaus standard gave only 9.8% of 
the time as hot, which is within the allowed overheating 
range.  

5. CONCLUSION
This paper examines how energy savings and thermal

comfort improvements can be achieved by retrofitting 
an ordinary suburban residential building in Hunan’s hot 
summer/cold winter climate towards the Passivhaus 
EnerPHit standard and in addition the risk of overheating 
in summer due to the super-insulated envelope after 
retrofitting.  

Firstly, the simulated retrofitting results proved that 
the strict energy requirement of the EnerPHit standard 
is an achievable task for this ordinary building under the 
challenging climate context. The achieved energy 
demands for heating and cooling were 14.9 kWh/m2a 
and 12.6 kWh/m2a respectively, which is only 10% and 
30% of the building’s energy demands before retrofitting. 
However, the step by step retrofitting results suggested 
that the increased opaque insulation levels made a 
substantial contribution to heating energy saving but 
barely affected the cooling energy usage. A super airtight 
building level of 0.6 ach was a key measure to keep the 
highly insulated envelope and the high efficiency 
mechanical ventilation system working together to 
achieve the standard. Also, the passive cooling methods 
of window blind shading and nature ventilation were 
actions to reduce the cooling energy demand to within 
the required EnerPHit values.  

The indoor thermal comfort of the retrofitted 
building showed a significant improvement compared to 
the original dwelling. The simulated indoor monthly 
mean temperatures after retrofitting were 18.5°C and 
26.5°C in January and July respectively, while the field 
recorded data showed the indoor temperature in those 
two months as 6.5°C and 32.2°C. However, the three 
approaches which are used to evaluate the indoor 
thermal comfort all suggested that there was a more 
serious overcooling problem in the retrofitted building. 
For example, the PMV model results showed the winter 
months’ comfort were rated as cold, especially in 
January, which had a PMV of -2.3. Both the Passivhaus 

and Chinese Passivhaus standards assessed 30.9% of a 
year was cold, while the PMV model revealed that 
increasing the winter clothing insulation from 1.0 clo to 
1.2 clo could largely improve the warm feeling in winter, 
and the comfort level for whole winter could fully be met 
after the heating setpoint temperature increased from 
20°C to 21°C. Only the Passivhaus standard evaluated 
the overheating and overcooling problems as equally 
serious. On the other hand, there is no sign of 
overheating in the PMV model, but the Passivhaus 
standard assessed 32.4% within a year was hot even as 
the indoor monthly mean temperature in July was 
26.0 °C. Thus, different evaluation approaches suggested 
different results and further research is required to 
analyse the summer comfort and limit the overheating 
time. Further studies, including operational 
performance in the long term and life-cycle carbon and 
cost analysis, are required to fully understand how the 
EnerPHit standard might benefit Chinese suburban 
residential buildings in this climate.   
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ABSTRACT: The city of Sao Paulo, in Brazil, has been planned and built following the logics of self-
standing buildings, regardless  the space in-between them. From this panorama, it is launched the 
hypothesis that when urban planning and design are driven by environmentally, morphologically and 
socially informed interstitial infrastructures, the resulting urban space acquires higher levels of quality for 
people. Therefore, the objective is to analytically develop and prospectively apply tools and parameters of 
urban planning and design that requalify the existing city through the logics of the urban voids. The 
Analytical phase of this research  is composed by: the development of a simplified analytical tool that 
associates the sun path diagram with a thermal comfort index for outdoors; and the application of this tool 
in selected case studies and scenarios in the city of Sao Paulo, leading to the proposition of environmental-
morphological parameters. The Prospective phase employs and validates the different morphological 
parameters found in the previous phase that provide outdoors comfort in the various configurations of open 
spaces through design applicability in existing territories in Sao Paulo. Ultimately, the work proved that the 
combined application of quantitative and qualitative parameters leads the city to a network of 
“environmental diversity”, taking the urban block as minimum unit of planning and articulating publicly and 
privately owned open spaces as integral infrastructures. 
KEYWORDS: Urban void, Thermal Comfort, Open space, Urban Design, Equivalent Perceived Temperature. 

1. INTRODUCTION
As other cities living in the legacy of Modernist

Urbanism, the city of Sao Paulo, in Brazil, is 
fundamentally planned and built following the logics of 
self-standing and isolated buildings, regardless to the 
space in-between them [1]. From this panorama, it is 
launched the hypothesis that when urban planning and 
design are driven by environmentally, morphologically 
and socially informed interstitial infrastructures, the 
resulting urban space acquires higher levels of quality 
for people [2]. Therefore, this research pro-design’s 
objective is to analytically develop and prospectively 
apply simplified and replicable tools and parameters of 
urban planning and design with the aim of requalifying 
the existing city through the logics of the urban voids. 

1.1. The concept of urban void 
Based on the concepts of “intervals” [3], 

“accumulation of voids in largely unmanipulated solid” 
[1], and “positive spaces” [4], the term “urban void” or 
“urban interstice” is understood as a three-dimensional 
instance that overlaps the term “open space”. It is 

fundamentally the whole space in-between buildings 
(Fig. 1) that supports everyday common life, besides 
environmental dynamics (solar radiation, daylight, 
wind, sound), regardless to public or private domains. 

Figure 1: Diagram that illustrates the concept of urban 
void: self-standing buildings in white (left) and urban void in 
black (right). 

2. METHOD
The Method is fundamentally analytical and

prospective [5]. The Analytical phase is composed by 
two parts: first, the development of an innovative and 
simplified analytical tool that combines the sun path 
diagram to a thermal comfort index for outdoor spaces; 
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second, the application of this tool to selected typical 
case studies of urban voids and prospected scenarios in 
the city of Sao Paulo, from which the assessment leads 
to the proposition of environmental-morphological 
parameters. Ultimately, the Prospective phase employs 
and validates the parameters found in the previous phase 
that provide outdoors comfort in the various configurations of 
open spaces through design applicabilities in existing 
territories under transformation in the city of Sao 
Paulo. In addition to that, the method is anchored in 
Theoretical References regarding Outdoor Thermal 
Comfort [6], Urban Morphology [7] and Social Dynamics 
of Open Spaces [8]; besides Fieldwork, which is 
developed in three different territories in the city of Sao 
Paulo prior to the Analytical phase, in order to check 
the adopted theoretical concepts and hypothetical 
assumptions.  

3. DEVELOPMENT

3.1 Tool 
The Interstitial Thermal Comfort Chart (ITCC), or 

“Carta de Desempenho Térmico Intersticial” (CDTI) in 
Portuguese, is an innovative tool developed with the 
aim of both assessing and estimating the thermal 
conditions in existing and proposed urban voids 
throughout the year for a specific climate and latitude, 
in this case referring to the city of Sao Paulo. In 
essence, the tool is composed by the sun path diagram 
in which are plotted the calculated values of Equivalent 
Perceived Temperature (TEP) according to Monteiro’s 
thermal comfort index for outdoor spaces [9] and to the 
local climate database. The ITCC (Fig. 2) was 
constructed using the computer modelling software 
Rhinoceros 3D, Grasshopper and Ladybug.  

 

Figure 2: Interstitial Thermal Comfort Chart (ITCC) for the city 
of Sao Paulo (lat. 23°30’S) showing values of Equivalent 
Perceived Temperature in the scenario:  Summer-fall; Global 
Radiation; and 0% wind. Source: Rhino + Grasshopper + 
Ladybug. 

 

Figure 3: Simplified version of ITCC highlighting the TEP range 
above 34,9°C in the scenario:  Summer-fall; Global Radiation; 
and 0% wind. Source: Rhino + Grasshopper + Ladybug. 

Figure 4: Ensemble of ITCCs for different scenarios 
regarding period of the year, radiation and wind. Source: 
Rhino + Grasshopper + Ladybug. 
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In order to enhance legibility and simplify the 
application of the ITCC for the case of the city of Sao 
Paulo (warm temperature, hot summer - Cfa - under 
the Koppen climate classification [10]) it was produced 
a further version of it (Fig. 3), highlighting exclusively 
the TEP range above 34,9°C, which is related to 
“warm”, “super warm” and “extremely warm” 
sensations according to Monteiro [9]. The value 34,9°C 
is therefore assumed as threshold for outdoors thermal 
comfort in this climate. To all intents and purposes, the 
ITCC tool is composed by an ensemble of eight sun path 
diagrams encompassing the combination of different 
scenarios regarding period of the year (summer-fall 
versus winter-spring), radiation (global versus diffuse), 
and wind (0% versus 100% of the value registered in the 
weather file), as shown in the Figure 4. The selection 
and combination of ITCCs for evaluating and estimating 
thermal conditions outdoors in a specific given urban 
void is further described in the next item. 

3.2 Tool application 
The ITCC tool allows the assessment and prediction 

of the thermal conditions of a single point (at a time) in 
an urban void along the day and year once combined 
with the respective sun mask as shown in Figure 5. It is 
important to highlight the combination among global 
and diffuse radiation’s ITCCs for exposed and protected 
zones of the sun mask, respectively. 

 

Figure 5: Diagram summarizing the analytical procedure, 
combining ITCC and sun mask for a single point in the void. 

Since the ITCC and the sun mask are combined, the 
percentage of hours in thermal discomfort (assumed as 
TEP above 34,9°C) or comfort is graphically determined 
through a comparative pixel’s counting in the software 
Photoshop. As part of the Analytical work, the ITCC tool 
is applied to 87 selected case studies in the city of Sao 
Paulo (Fig. 6) with the aim of analysing the thermal 
performance of pre-selected existing urban voids. The 
case studies were selected according to the following 
criteria: territorial distribution; diversity of morphology, 
scale and function; environmental, morphological and 
social singularities or potentialities such as spatial 
connectivity and liveable edge zones. Depending on the 
morphology of each case study, the analysis is mainly 
based on the plan, or section, or both, or in an 
axonometric perspective.   

Figure 6: A sample of morphological masks of typical voids 
taken out of the 87 cases identified in the urban fabric of Sao 
Paulo, analysed in section. Black refers to urban void. The 
following figure illustrates one of the morphological masks. 

Figure 7: In reference to previous figure, picture of the void 
of the Sao Paulo Museum of Art – MASP. Source: AV 
Monographs [11]. 

The main results of the environmental assessment 
of the 87 case-studies were: the variation of hours in 
thermal discomfort along the year, leading to guidelines 
of adaptable and/or temporary interventions; the 
positive impact of natural ventilation on mitigating 
thermal conditions in warmer periods; that East-West 
oriented urban voids are more critical to thermal 
comfort; ultimately that typical voids from disparate 
contexts (for instance formal versus informal 
settlements) may embody similar thermal and social 
performances due to equivalent morphological 
proportions. 
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3.3 Environmental-morphological parameters 
Based on the outcome of environmental assessment 

of the case studies, a correlation between the 
morphological parameters of height-to-width ratio 
(H/W) and sky view factor (SVF) with thermal 
performance. In addition to that, the research 
speculates other proposed parameters: A/H², which 
compares the area of projection to the void’s height; 
and H/(A/P), which relates the height to the ratio 
between the area and perimeter of projection. The 
morphological parameters are rated according to 
ranges of percentage of hours in thermal comfort or 
discomfort in different scenarios regarding sun 
orientation and natural ventilation available (Fig. 8). 

Figure 8: SVF, H/W, A/H² and H/(A/P) parameters related 
to percentage of hours in thermal comfort or discomfort 
(referring to TEP = 34,9°C as threshold for thermal comfort) 
along the year for the city of Sao Paulo. Each line presents a 
different scenario regarding sun orientation and natural 
ventilation availability. 

3.4 Design Applicability 

Figure 9: (Voids) Design applicabilities developed for an 
ensemble of five existing urban blocks in Lapa’s neighborhood. 
The urban void is highlighted in different scenarios in Colours: 
1. existing factory settlement; 2. proposed scenario according 
to current urban regulation; 3-5. alternative plans show 
proposed scenarios based on the application of the proposed 
performance parameters. 
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Figure 10: (Resulting Buildings) Design applicabilities 
developed for an ensemble of five existing urban blocks in 
Lapa’s neighbourhood. From bottom to top, the envisaged 
plans highlight in White the resulting constructed mass in 
different scenarios: 1. existing factory settlement; 2. proposed 
scenario according to current urban regulation; 3-5. the upper 
three plans show proposed scenarios based on the application 
of the new parameters. 

The proposed parameters are ultimately applied to 
two different territories in current process of 

transformation in the city of Sao Paulo with the aim of 
evaluating their effectiveness and 
speculating/illustrating possible alternatives to the 
future of a subtropical city re-structured by 
environmentally responsive and socially liveable 
interstitial infrastructures. Each selected territory (five 
urban blocks in the neighborhood of Lapa and one 
single urban block along Rebouças Avenue) is re-
designed by different interstitial infrastructures 
(scenarios), through digital and physical models (Figs. 9-
12). 

The evaluation of the design applicabilities 
developed for the territory of Lapa (Figs. 9-10) brings to 
light important considerations. Firstly, the application 
of the proposed parameters results in an urban fabric 
marked by more diverse (regarding shape and scale) 
and articulated voids than the existing urban layout, 
emphasizing the “edge zones” as fundamental physical 
structure for supporting the social structure [8]. 
Secondly, the proposal of interstitial infrastructures 
based on environmental, morphological and social 
parameters should be developed in articulated layers. 
In other words, the pre-requisites for urban voids on 
the ground floor are different to the ones above, but 
the whole infrastructure’s performance relies on their 
interaction.  

This consideration is further investigated in the 
design applicability for Rebouças Avenue, where the 
voids are designed in four articulated layers at different 
heights (Fig. 11-12). 

Figure 11: Design applicability in Rebouças’ urban block, 
highlighting the proposed interstitial infrastructure in colors. 
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Figure 12: Design applicability in Rebouças’ urban block, 
highlighting the resulting built mass in white.  

Figures 11 and 12 show how different layers address 
specific requirements: the ground floor layer is 
designed with the aim of avoiding sun overexposure 
and stimulating urban life along rougher edge zones; 
the higher layers should gradually control solar 
radiation without blocking access to natural light and 
wind.  

4. CONCLUSION
The analysis of the research’s results leads to four

possible next steps: firstly, the application of wider 
ranges of natural ventilation data in the construction of 
the ITCC tool (instead of simply 0% versus 100%); 
secondly, the production of the ITCC tool for other 
latitudes and climates; thirdly, the development of 
further analysis in order to evaluate the impact of the 
proposed environmental-morphological parameters in 
the environmental quality of indoor spaces adjacent to 
the re-designed urban voids, stressing daylight levels; 
fourthly, the assessment (mainly based on the user 
experience) of the proposed parameters through the 
construction of 1:1 temporary prototypes around the 
city. 

By all means, the investigative process proved the 
stated hypothesis and led to five key considerations for 
the environmental quality and potential social success 
of the urban voids, as follows. Firstly, the importance of 
basing the research findings in the evaluation of the 
existing city. Secondly, the articulation of 
environmental, morphological and social domains in 
every phase of the research increases the applicability 
of the proposed tools and parameters. Third, instead of 

the deterministic implementation of fixed rules, the 
combined application of quantitative and qualitative 
parameters leads the city to adaptive spaces and 
ultimately to a network of “environmental diversity” 
[12]. Fourthly, the employment of simplified tools and 
parameters enhances replicability and scalability levels 
in urban planning and design, ultimately leading to the 
improvement of the city’s everyday life. Finally, the 
application of the proposed tools and parameters to 
the existing city should take the urban block as 
minimum unit of planning; and besides that, publicly 
and privately owned open spaces should be 
planned/designed together as three-dimensional masks 
assigning “where to build” and “where not to build” 
[13], ultimately guaranteeing an articulation of scales 
and, most importantly, the “smallness of big cities” 
[14]. 
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ABSTRACT: Neighbourhoods are symbols of community, growth and development, constantly faced to social and 
environmental challenges. To address these challenges, urban players have at disposition frameworks and tools 
to help their design and decision-making process. Within these guidelines, the UN SDGs identify critical 
challenges (poverty, inequality, climate change, environmental degradation, prosperity, peace and justice), 
which should be integrated into project designs. The One Plante Living is a framework that integrates the SDGs 
within its principles and design approach, i.e. think urban projects by integrating the notion that there is only 
one planet with limited resources. This paper presents the experience of how the One Planet Living framework 
was applied during a series of workshops during the early-design phase of a large urban project in France. It 
presents the process of engaging different stakeholders, validating the project’s objectives, and developing an 
action plan to address several SDGs for an urban development. This experience aims to share knowledge and 
learnings to be compared and replicated in other urban projects.  
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1. INTRODUCTION
New neighbourhood developments are symbols

for community living hood and growth. They are also 
areas faced with continued social and environmental 
challenges. To reflect, prepare and adapt to these 
challenges, urban actors have at their disposition 
frameworks and guidelines to aid their design 
decision-making process. Examples of these tools 
consider urban planning policies and regulations, 
voluntary Environmental Assessments Methods 
(EAM) including environmental certifications, or 
macro governmental directives based on 
international objectives as the UN SDGs. 

This paper presents the experience of how the 
One Planet Living framework was integrated during a 
new district design workshop during the early-design 
phase of a large urban project in France. The project 
owner wanted to align the objectives with the UN 
SDGs to address critical challenges beyond the 
environmental aspects (poverty, inequality, climate 
change, prosperity, peace and justice), thus the 
selection of the OPL framework as tool.   

The workshop process highlights the engagement 
of different stakeholders, validation of the project’s 
objectives, and initial development of an action plan 
to address the SDGs. This experience aims to share 
knowledge and learnings to be compared and 
replicated in other urban projects.  

1.1. The challenges of Environmental Assessments 
Methods and the SDGs 

In general, EAMs, such as the environmental 
certifications, attest the potential performance of the 
building according to general environmental 
categories (water, energy, material, IAQ, 
transportation). The performance criteria for these 
categories are global, agreed by consensus of 
different stakeholders during their definition, and 
although they partially address the specific 
geographical context it seldom integrates the socio-
economic context of the project (1). The nature of 
existing certifications is to address clear design and 
construction objectives with comparable criteria for 
all projects. Real estate players embrace and promote 
the development of green districts, mainly by the 
engagement of certification schemes, which have 
shown an increase year over year (2). 

The challenge arises if projects want to valorize 
non-environmental criteria that also highlight the 
sustainability engagement of a project, e.g. user 
wellness, education, employment and local economy, 
which is usually analyzed in a parallel process.  These 
other criteria are addressed by integrating multiple 
certification schemes such as WELL and OsmoZ 
(wellness of occupants), R2S and WiredScore (digital 
connectivity), or BiodiverCity (biodiversity). Still, the 
challenge of multiple certification scheme is the 
difficulty to link their different criteria with the global 
UN SDGs engagement. The difficulty of aligning 
environmental certifications to the SDGs, is that the 
they are not intrinsically adapted to real estate 
projects.  
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A complementary tool to analyze and integrate 
multiple sustainability criteria is the One Planet Living 
framework. This framework has been created by 
Bioregional, a British organisation specialised on the 
operational development and practical solutions for 
sustainable projects.   

The framework provides a different approach to 
urban and project design, under the premise that 
there is only one planet with limited resources. In 
contrast to other methodologies, which propose 
targets and indicators, OPL’s approach is based on 
the development of an action plan where targets and 
objectives are self-proposed by the project team and 
owner, taking as reference the 10 main principles 
ranging from environmental to local community 
engagement. Therefore, it can respond to the wider 
objectives of the SDGs (3) in urban projects. 

2. BACKGROUND
2.1. Project context

The project is a business district for over 2,500 
people located in the east of Paris (confidential per 
client request). The project aims to highlight nature 
and well-being as key areas of value proposition, and 
it is expected to have a strong impact on the local 
environment, with the potential for replicability. 
Nearby developments include housing projects. 

The aim of the project is to design and construct a 
district with ambitious objectives which demonstrate 
a positive impact in line with the UN SDGs. During the 
workshops key stakeholders were involved, among 
them the city council and public developers, the 
architecture and engineering firms. 

2.2. The OPL and SDGs approach for real estate 
projects 

The OPL framework combines the 17 UN SDGs 
around 10 principles (figure 1) to imagine, plan, do, 
and communicate about sustainability (4). The 10 
principles answer to different sustainability issues, 
nonetheless they are linked in order to design a 
global project. The framework was created following 
the involvement of the iconic real estate project 
BedZED eco-village in South London in 2002 (5). And 
in conjunction with other methodologies it helps the 
design process of an urban and neighbourhood 
development.  

The tool provides is an interesting framework for 
real estate projects, as it is used differently than a 
certification scheme. That is, it is not structured as a 
“checklist” of targets. Instead, it proposes a more 
prospective approach. This difference allows the 
project developer and design team to imagine and set 
their own targets and objectives. Moreover, the 
validation of these targets is not linked to a pre-
established checklist but to the analysis and feedback 
of external of experts. The OPL framework helps real 

estate developer to conceive sustainable buildings 
and neighbourhood and answer to the UN SDGs.  

To differentiate from the market, and go further 
in terms of impact, some real estate companies start 
to integrate, although slowly, the SDGs into their 
sustainability strategy (6). In this regard the mapping 
between the OPL principles and the SDGs provide the 
real estate sector with a methodology to identify 
opportunities and set targets different from EAMs. 
Note that the OPL framework, doesn’t replace 
certification systems as they can be used together. 

Such a holistic approach fosters a vision for cities 
that are more economically efficient, socially fair, 
ecologically sustainable, and climate resilient. Note 
that an OPL action may be linked to several 
principles. For example, focusing on local materials 
addresses three principles: equity and local economy, 
materials and products, and zero carbon energy.  

SDG OPL 

Figure 1: Grouping of SDGs to OPL’s 10 principles to embark 
the design team. 

3. GLOBAL METHODOLOGY
The OPL implementation process is based on

seven main steps (see figure 2). The process is 
iterative and the action plan is revised by the project 
owner each year to adapt to the changing 
environmental and social context.   

1. Context analysis: studies the site and its
environment to understand the underlying
trends that will impact the project development.

2. Vision & Positioning: defines a vision for the
project based on the context analysis.

3. Case studies: analyzes other similar OPL projects
to identify potential ambitions and actions to
implement.

4. Action plan: defines the ambitions of the project
according to the 10 OPL principles.

5. Implementation: executes the design and
construction of the project and implements
actions.

6. Control: measures and reviews the actions
implemented in regards to the ambitions set.
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7. Results publication: communicates the project’s
OPL achievements.

The paper focuses on steps 2 and 4 of the OPL 
process, i.e. the collaborative workshop experience. 
During these steps, the project owner and 
stakeholders, define the vision, ambitions and actions 
to include in the project’s design and construction 
documentation. Steps 1 and 3, although not detailed 
in the paper, were of analytical nature to create 
awareness and prepare the workshops. Their 
application is briefly described in the following 
sections.   

Figure 2: The One Planet Living process 

4. WORKSHOP DESIGN AND IMPLEMENTATION
Two distinct type of workshops were designed to

define the projects’ ambition and action plan: 1) 
positioning workshops aimed to get general concept 
buy-in and perform an analysis of local environment 
and context, and 2) action-plan workshops designed 
to brainstorm, benchmark the project to relevant 
case studies and develop an action plan following the 
10 OPL principles.  

4.1. The positioning workshops 
The goal was to bring each stakeholder together 

to create a collective vision for the project. The main 
stakeholders who participated in the workshop were: 
the project owner and design team (who brought the 
global vision, context and prospective objectives); the 
public actors (who challenged the project from its 
local perspectives, aspirations, needs and strengths); 
external experts (who contributed on the sociological 
and demographic views), and the OPL & sustainability 
team (who facilitated the overall process).  

The stakeholders approached the positioning 
workshop in three main phases:  

1. Context and vision: The description of the
project context allowed the stakeholders to
absorb its main opportunities and obstacles.
The discussions challenged the potential
environmental and social impacts in relation
to the existing practices.

2. OPL approach: The 10 OPL principles
structure an analysis to explore and evaluate
the various impacts from the vision. It
allowed for an initial classification of desired
categories and objectives to be integrated
into the district design.

3. Positioning definition: The previous phases
set the foundation to create alternative
global scenarios for the project. These
scenarios would serve as base to develop the
action plan. The objective is to agree on a
global scenario which highlights the values of
the project.

A highlight of this process was to allow all 
stakeholders to openly imagine and share their 
perspectives as if they were users in a 5 to 10-year 
timeline. This step was key to build consensus on 
important aspects of each scenario, to identify the 
recurring ideas, and consider the added-value of the 
project. Always under the notion that there is only 
one planet with limited resources. 

These positioning workshops allowed the 
stakeholders to confront different visions, foster a 
collaborative dimension, and allow the team to share 
these values with the future users. Moreover, the 
project’s name was a direct result of this process.   

All activities related to the project were analyzed 
under the umbrella of this general vision; thus, the 
positioning workshop brought a real consistency to 
the whole project.  

4.2. The action-plan workshops 
The objective of these workshops was to define 

an action plan linked to the general vision defined in 
the positioning workshop for each of the 10 OPL 
principles. During these workshops, in addition to the 
initial stakeholders other local actors (retailers, 
associations, etc.) participated.  

Ten sessions were organized to explore each of 
the principle in sets of 3 hours during a week. The 
sessions were planned with a design thinking 
methodology in order to develop a comprehensive 
action plan. The methodology followed 5 main steps 
(figure 3): empathize (understand user’s needs and 
expectations), define objectives (based on the needs 
and expectations), ideate solutions (to answer the 
objectives, prototype (create a version to test the 
idea), and test (if the prototype answers the user’s 
needs). As this is an iterative process, after each test 
step the needs of the users might be redefined (7).  

Figure 3: The design thinking 5 steps methodology used 
during the action-plan workshops 
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The empathize step required the creation of a 
persona. Before the session, several user archetypes 
were described to frame the potential user’s needs 
and expectations of the project. This helped 
stakeholders project from the user’s point of view.  

The other steps took the OPL principles as guide 
to define objectives. Case studies from other OPL 
projects illustrated possible ambitions and actions 
during the solution ideation (8). Finally, the 
stakeholders identified potential actions to the initial 
positioning and the project objectives to continue to 
test the proposed action. The test part involved the 
feasibility of the action in regards to the ambitions. 

4.3. Participant Workshop Experience 
The series of workshops based on short sprints 

engaged participants to focus and contribute, 
preventing moments of topic diversion. A survey after 
each workshop showed that the experience provided 
good solutions and allowed to explore ideas 
collectively. Furthermore, stakeholders expressed 
that the OPL approach allowed to share different 
points of view, understand different needs based on 
their individual knowledge, compare external 
practices to the global scenario initially created.  

The workshops showed a good measure to 
estimate the impact of identified actions (table 1), 
which allow the project team to analyze potential 
constraints. This pooling of knowledge and skills, 
from the stakeholders, accelerated the reflection to 
ensure the operational feasibility of the actions 
identified.  

5. CASE STUDY AND RESULTS

5.1. Use of the OPL methodology 
The OPL framework was integrated into the 

preparation of the workshops, with an emphasis on 
how the project can respond to the SDGs. As seen in 
figure 1, a mapping between OPL and the SDG was 
prepared to identify opportunities and gaps. The 
diagram was used to embark the project owner and 
design team, and later presented in the action plan 
workshop to identify solutions. For example, for the 
OPL principle “equity and local economy”, the 
stakeholders were encouraged to identify actions 
that encourage local and independent ecosystems to 
promote local economy.  

5.2. Workshop engagement and validated action 
plan  

The series of workshops were carried out 
between February and July 2019, and were 
structured to present the OPL methodology, to set 
ambitions linked to the local context, and to identify 
and validate opportunities based on existing 
experiences.  

At the end of the workshops, there were between 
3 to 4 validated actions corresponding to each of the 
10 OPL principles. Each action was assigned a specific 
objective, measurement indicator, and set of 
examples of how the action could be implemented. 
Table 1 shows examples of these results: action and 
indicators per OPL principle.  

Table 1: Top 10 Validated actions proposed during the co-
creation workshop. 

OPL 
Principle Ambition Actions Indicators 

Health and 
happiness 

Create a 
strong user 
community 

Create convivial 
and adaptable 

spaces 

Time of 
utilisation of 

convivial 
spaces 

Equity and 
local 

economy 

Promote local 
economy 

during 
construction 

phase 

Involve local 
companies in 
construction 

phase 

Number of 
local 

companies 
involved 

Culture 
and 

community 

Promote local 
art and 
culture 

Organize local 
art exhibit 

Number of 
exhibits 

Number of 
visitors 

Land and 
nature 

Increase the 
number of 

living species 
(20% in 10 

years) 

Implementation 
of birds and 

insects’ shelters 

Number of 
living species 

Sustainable 
water 

Drinking 
water 

consumption 
reduced by 

60% 

implementation 
of hydro-
efficient 

equipment 

Water 
consumption 

Local and 
sustainable 

food 

Food waste 
will be 

reduced by 
80% 

Agreement with 
local 

associations to 
collect unsold 

food 

Waste volume 

Travel and 
transport 

50% of users 
will use soft 

or shared 
mobility 
solutions 

A fleet-wide 
soft mobility 

service will be 
deployed. 

Number of 
people using 
soft mobility 

solutions 

Materials 
and 

products 

50% of 
building 

materials will 
be recycled 
or reused 
products 

100% of topsoil 
will be reused 

for the 
landscape part, 

on site or ex-
situ. 

Building 
materials origin 

Zero waste 70% of waste 
will be valued 

70% of waste 
produced 
during the 

construction 
phase will be 

valued 

% of valued 
waste 

Zero 
carbon 
energy 

95% of the 
energy used 

will be 
decarbonized 

Renewable one-
site energy 
production 

Decarbonized 
energy 

consumption 
Global energy 
consumption 

The actions identified were then integrated into 
the design process by design team (architect, 
landscape, engineering and sustainability consultant). 
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5.3. The initial peer-review 
All OPL projects go through several peer reviews 

that allows projects and stakeholders to exchange 
with a larger expert community, to use the 
communication tools, and be part of the One Planet 
advocates. The initial peer review done in February 
2020. During the first action plan review, the peer-
review team provided additional ideas of actions to 
further expand the project’s ambitions and actions. A 
specific example was in relation to the OPL local and 
sustainable food, and land and nature principles 
where the project team further identified external 
partnerships with local farmers to increase the 
objectives towards the local economy and reinforce 
actions towards two principles. Further opportunities 
have been explored following the initial review.  

5.4. Next steps 
The initial peer review was done in the middle of 

the conception phase, prior to the start of the 
detailed architecture and engineering design of the 
district. Following this part of the design phase, a 
documentation for property developers is set to be 
drafted to start to communicate the ambitions and 
objectives of the business district. Thus, requiring the 
integration of new actors into the process, and to 
continue the test and validation of the initial 
objectives. 

Another yearly peer review is planned for the 
beginning of 2021. The objective the annual reviews 
is to adapt the ambitions and actions depending of 
the evolution of the project, the local context and 
regulations, and other external impacts which can 
transform the project (e.g. the new positive energy 
legislation to be implemented in France in 2021).  

6. CONCLUSION
The paper presents how a different framework

(ie. OPL framework), compared to EAMs, can be used 
during the design of sustainable districts towards a 
low carbon city.  

At the end of the early design stage process, the 
different stakeholders (owner, design team, local 
authorities, public representatives, and external 
experts) validated an action plan to develop a 
business district framed under the 10 OPL principles 
and the SDGs. The project’s action plan identified 
opportunities that could be replicated to other 
projects in the region. 

The principles approach and the peer-review were 
strong points of the OPL methodology which allowed 
the team to be more effective in identifying and 
pushing the different scenarios for the district design. 
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ABSTRACT: This work re-evaluates the results of an old research on the relation of solar energy received by various 
forms and their geometric properties. In that past work, measured data of horizontal radiation was used to calculate 
the insolation on various forms in London, Athens, and Riyadh according to the solar model by J.K.Page et. al. of 1986. 
The ratio between the average insolation on a given form and on horizontal is named ‘Form Insolation Index’ [m-index], 
showing the percentage of the available solar energy received by the form. A major finding was the linear relationship 
between the m-index of a form and the ratio between its base size and its exposed surface [B/F].  
The present research is a simplified repetition of the old one, extended also to Reykjavik and Lagos. The main difference 
from the past is that solar energy data on inclined planes was not calculated from horizontal but taken from datasets 
provided by the Photovoltaic Geographical Information System (PVGIS). The new output confirmed the linear 
relationship between m-index and B/F ratio. An unexpected finding was that new radiation values are higher than 
those measured 30 years earlier, an increase attributed mainly to the stronger direct component.  

KEYWORDS: Solar radiation, geometric forms, insolation index, PVGIS 

1. INTRODUCTION
This work is based on previous research on the

effects of geometric shape on the solar energy incident 
upon a solid surface [1], [2]. Twenty years later, the past 
work is now reassessed using new available tools. It is 
also extended to two more locations added to the 
original three. 

Briefly, the insolation efficiency (’Form Insolation 
Index’ or m-index) of various forms was compared with 
the ratio of Base to Exposed Surface, revealing a clear 
linear relationship in all cases. 

The previous calculation of incident energy was 
based on the algorithm introduced by Prof. J. K. Page et 
al [3] for the calculation of solar irradiance on inclined 
planes. The study focused on three locations at latitude 
steps of about 15°, London, Athens, Riyad. 

In the current review, the laborious calculations were 
replaced by radiation values taken from the database of 
Photovoltaic Geographical Information System (PVGIS) 
[4] for the same locations as previously, adding also
Lagos and Reykjavik.

2. PAST WORK

2.1 Objectives & methodology 
The study explores the effects of geometric shape on 

the irradiation on various generic building forms. The 

conclusions can be applied to natural forms too, like 
plants or terrain formations. 

In the previous study, seven basic solids were studied 
in 71 variations of proportions and orientation, each one 
for 3 values of ground albedo (0, 0.2, 1) and in 3 locations 
(London, Athens, Riyadh). All forms were convex to avoid 
self-shading. The energy received by the entire exposed 
surface was computed as the sum of the irradiation on 
its parts, acting like flat solar collectors at various 
directions.  

The calculation of incident energy was based on the 
algorithm introduced by Prof. J. K. Page et al [3] for the 
hourly computation of direct, diffuse and ground 
reflected irradiance on inclined planes, according to local 
atmospheric conditions. In each one of the 639 
combinations of form, albedo, and location, the mean 
monthly irradiation was calculated for all the radiation 
components, leading to average irradiation values (e) 
per surface unit of the exposed surface. Similar forms 
have the same e independently of their size. 

 The e values were correlated to the solar energy 
available on the horizontal plane (e0) at the same time, 
in order to compare the performance of all forms as solar 
receivers. The ratio e/e0 indicates the relative insolation 
on a given form, and it was called ‘Form Insolation Index’ 
or ‘m-index’; it refers to the capacity of the form to 
receive more or less solar energy than others of the 
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same size and under the same conditions due to its 
geometric characteristics. The m-index is an indication of 
the efficiency of a form as solar collector. 

2.2 Results 
Further analysis revealed in all locations a linear 

relationship of the values of m-index to the ‘Base to 
Exposed Surface’ ratio B/F (Figure 1). Sporadic 
deviations from linearity appear in some cases, 
reflecting deviations of direct radiation, especially in 
winter months in London. 

Based on that, several conclusions were made on the 
relation between form and insolation, most importantly 
that low profile forms receive more solar energy than 
others of the same exposed surface elongated vertically. 

The trend of m-index approaching 100% as B/F ratio 
moves towards 1 is predictable, since the 3D surface is 
gradually transformed to a horizontal plane. However, 
what was not predictable is (a) that the trend is linear, 
and (b) that m values are always less than 100%, starting 
as low as 50%.  

LONDON ATHENS RIYADH

Figure 1: Mean annual m-indexes compared to B/F ratio 
(global radiation, albedo=0.2). Similar linear trends 

appear for all radiation components, and for albedo=0 
& 1. (samples from [1]) 

3. PRESENT WORK

3.1 Objectives & methodology 
The aim of the present work is to re-assess the past 

research using newer radiation data. This was triggered 
by a recent challenge on the validity of the past work’s 
conclusions since they were based on an old solar model. 
The argument was that newer solar models and tools 
available today offer better accuracy. 

Given that, the original work has been repeated using 
new solar data, with the objective to check the 
agreement between the old and new results. Since 
access to solar data for many locations is easier today 
than 25 years ago, Reykjavik and Lagos have been added 
to the examined locations extending the covered area to 
north and south latitudes (Figure 2). 

Lat. Lon. 
Reykjavik 64 -22

London 52 0
Athens 38 24
Riyadh 25 47
Lagos 6 3

Figure 2: The locations of the present study. 
Coordinates are rounded. 

To simplify the calculations, some of the shapes of 
the previous work were not included in the new study, 
leaving 5 generic shapes with facets tilted at 0°, 45°, and 
90°, studied in various proportions and orientations 
(Figure 3). For the same reason, only global radiation was 
taken into consideration, with a typical ground albedo at 
0.2. 

Figure 3: The forms of the present study, taken at 
various proportions and orientations (42 cases).  

In the calculations they all have the same exposed 
surface area (500m2), although that does not affect the 

final results since comparisons are based on the 
insolation per surface unit. 
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As in the past, the work had three main stages: (a) 
radiation data collection; (b) calculation of insolation and 
m-index of each form at each location (42x5=210 cases);
(c) correlation of the results with the B/F ratio.

3.2 New resources 
In the past research, horizontal data from [8] was 

used to calculate energy on planes at various directions 
following the steps of the algorithm presented in [3].  

In the present reassessment, instead of such lengthy 
calculations, ready datasets were taken from the PVGIS 
database, which offers solar data on planes at any 
orientation and tilt [4]. The values derive from horizontal 
data from satellite measurements processed by a model 
developed by Muneer [10]. Details on the origin and 
solar model used for PVGIS data are given in [5]. 

PVGIS provides 5 datasets, namely CMSAF, SARAH, 
NSRDB, ERA5, COSMO. Each one refers to different parts 
of the globe and different measurement years [6]. The 
present work utilizes SARAH dataset, as it covers all 
selected locations except Reykjavik for which PVGIS-
COSMO data was used (Figure 4).  

Figure 4: Geographical extent of the solar radiation 
data sets in PVGIS. Image from [6]. 

3.3 Comparing old and new data 

Global radiation
Radiation data on horizontal is the calculation basis

of energy on inclined planes. Moreover, horizontal 
values are taken in this work as a common measure of 
all individual cases. Given their importance, the first data 
to compare between the old and new datasets were 
horizontal values. As shown in Figure 5, it was found that 
the newer PVGIS values for London as well as for Athens 
are substantially higher than those given by European 
Radiation Atlas [8]. Similar differences between older 
and newer data were observed by the PVGIS experts 
who attempted to give an explanation -see note in 6. 

Further investigation revealed similar differences 
between old and new values of radiation on vertical 
planes at various orientations in London (Figure 6) and 
Athens (Figure 7).  

Figure 5: Ratio between monthly values of horizontal 
radiation in London and in Athens, given by PVGIS 

database and European Atlas Vol.I [8].  
All newer values are higher than the old ones by 4-38% 

(London) and 8-22% (Athens). 

Figure 6: Ratio between monthly values of global 
radiation on horizontal and on vertical planes oriented 

from 0 (south) to 180 (north) in London, as given by 
PVGIS and by the European Atlas Vol.II [9].  

In London, newer values are generally higher, except on 
north walls; the differences are pronounced in winter. 

Figure 7: Ratio between monthly values of global 
radiation on horizontal and on vertical planes oriented 

from 0 (south) to 180 (north) in Athens, as given by 
PVGIS and by the European Atlas Vol.II [9].  

New values are relatively closer to the old ones, except 
those towards north that are quite lower; winter 

differences are lesser than in London. 
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 Diffuse component 
The diffuse radiation component plays an important 

role in the calculation of radiation on inclined planes. It 
was found that the ratio D/G between diffuse and global 
radiation differs in the new and old datasets (Figure 8). 
The increased share of direct radiation favours insolation 
on surfaces exposed to parts of the sky where the sun 
moves (Figure 10). 

The difference of D/G ratios on inclined planes may 
be due to differences in the calculation model. However, 
the horizontal values are validated by measurements, 
hence the atmospheric parameters that affect diffuse 
radiation may have changed due to factors like those 
described in [12]. 

Figure 8: Comparison between the share of diffuse 
component in old and in new data of radiation on 

horizontal and vertical planes orientated from 0 (south) 
to 180 (north) in London (top) and Athens (bottom), as 

given by PVGIS and European Atlas Vol.I & II [8], [9].  
The diffuse component appears lesser in the new data, 

especially in Athens.  

4. RESULTS AND DISCUSSION

4.1 Calculations 
Following the comparison between old and new 

radiation data, the work entered its second stage: the 
calculation of monthly m-indexes, i.e. the solar radiation 
received by each form compared against the available 
horizontal at the same period.  

Figure 9 shows the annual averages of m-indexes in 
three of the selected locations, Reykjavik, Lagos, and 

Athens. For clarity, the images include only the 
rectangular prisms of the study. As in the past work, it is 
clear that the average insolation on each form varies 
widely, depending on the geometric shape and 
orientation.  

Reykjavik 

Athens 

Lagos 

Figure 9: Annual m-indexes of rectangular prisms of 
equal exposed surface in Reykjavik, Athens, Lagos.  
The numbers indicate the percentage of horizontal 

radiation received by each surface per square meter.  
The asterisks indicate minimum & maximum values in 

each location. In Athens and Lagos, both extremes 
appear in the same forms, but not in Reykjavik. 

0%

50%

100%

150%

1 2 3 4 5 6 7 8 9 10 11 12

horizontal 0 45
90 135 180

0%

50%

100%

150%

1 2 3 4 5 6 7 8 9 10 11 12

/

horizontal 0 45
90 135 180

Vol.3 | 1783
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


The differences in solar load on each form make 
some of them more or less appropriate for a particular 
region, depending on the desirability of solar input 
according to local climate and usage requirements. To 
explore this, the seasonal variations of m-indexes should 
be examined vs. local climates, as it was done in the 
original research [2]; this is a task for future work. 

REYKJAVIK LONDON ATHENS RIYADH LAGOS 

Figure 10: Sun-path diagrams over the five locations. 
Low solar rays affect vertical surfaces more than 

horizontal ones, high rays do the opposite. That can 
explain the effects of orientation on certain tall forms 

shown in Figure 9. Images created via [11]. 

4.2 Main outcome 
In spite of the differences between old and new 

values of global radiation (Figure 5, Figure 6), and the 
diffuse-to-global ratio (Figure 8), the relationship 
between the m-indexes and B/F ratio of the various 
forms appears again to be linear at the three original 
locations (Figure 11), as well as in the two new ones 
(Figure 12). 

LONDON ATHENS RIYADH 

Figure 11: Mean annual m-indexes compared to B/F 
ratio in the locations of the old study (global radiation, 

albedo=0.2). Compare similarities with Figure 1. 

REYKJAVIK LAGOS 

Figure 12: Mean annual m-indexes compared to B/F 
ratio in locations not included in the old study (global 
radiation, albedo=0.2). The same linearity is apparent 

here, albeit with wider deviations in Reykjavik. 

4.3 Differences 
Besides the linear trend, the new values of m-indexes 

are higher than the old ones (Figure 13). The difference 
is more pronounced in the upright forms (i.e. those with 
lower B/F ratio), indicating that these forms are more 
exposed to the stronger direct radiation due to their 
relatively increased height. This explanation is supported 
by the fact that the disparity is more noticeable in 
London with lower sun positions than Athens, whereas 
in Riyadh the difference between old and new indexes is 
negligible. 

     LONDON         ATHENS RIYADH 

Figure 13: Comparison of the relation of m-indexes and 
B/F ratio of rectangular prisms in London, Athens, 

Riyadh as calculated in the old and new work.  
The linearity of the relation appears in both.  

However, new m-indexes are higher, especially in high-
profile forms, reflecting the increased proportion of the 

direct component in PVGIS datasets that affects the 
insolation on upright surfaces more than low ones. 

5. CONCLUSION
The recent research confirmed the conclusions of the

old one regarding the efficiency of geometric forms as 
solar receivers, as expressed by the ‘Form Insolation 
Index’ or m-index. This efficiency depends mainly on the 
proportion between the base size and the exposed 
surface of each form (B/F), a relationship that applies 
linearly in all 5 examined locations.  

The effects of the orientation of a form are of 
relatively lesser importance compared to B/F ratio. The 
differences between shapes and seasonal variations is a 
topic for further research in order to study the ‘climatic 
suitability’ of forms according to local climatic regime.   

The confirmation of the above linear relation comes 
in spite of the differences between radiation data used 
in the previous work and in the present one. The new 
values of global radiation appear higher, with an 
increased contribution by the direct component. The 
differences underline that solar models might become 
inaccurate over time since radiation values change due 
to climatic variables not included in the model.  
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6. NOTE
An excerpt from [7] on the differences between old

and new radiation datasets: 
“Due to the possible wrong terrestrial measurements 

and to the fact that the amount of solar radiation has 
increased over Europe in the last 30 years, calculations 
with new PVGIS-CMSAF give higher values than with the 
older PVGIS-3”… “There are then two possibilities: (a) The 
measurements were wrong, or (b) The climate has 
changed so the irradiation is higher for the new data set 
(1998-2011) than for the old data set (1981-1990). 

On the other hand, research has shown that the 
amount of solar radiation has increased over Europe in 
the last 30 years [12]. This agrees quite well with the 
differences between PVGIS-3 and PVGIS-CMSAF.”  

7. REFERENCES

[1] Stasinopoulos T. N. (1998). Form Insolation Index. 
Proceedings of the 15th PLEA Conference ‘Environmentally 
Friendly Cities’, Lisbon 1998, pp 563-566 (ISBN 
1873936818). 

[2] Stasinopoulos T. N. (1999). Geometric Forms & Insolation 
– An analytical study of the influence of shape on solar
irradiation, PhD dissertation, NTUA School of Architecture,
Athens 1999 [in Greek, w. English summary]. 

[3] Page J. K. edit. (1986). Prediction of Solar Radiation on 
Inclined Surfaces’ vol. 3. Reidel, for the Commission of the 
European Communities (ISBN 9789027722607). 

[4] PVGIS home page, [online] https://ec.europa.eu/jrc/en/
pvgis [23.2.2020]

[5] PVGIS data sources & calculation methods. [online] 
https://ec.europa.eu/jrc/en/PVGIS/docs/methods
[23.2.2020] 

[6] PVGIS user’s manual, [online] https://ec.europa.eu/jrc/
en/PVGIS/docs/usermanual [23.2.2020] 

[7] PVGIS radiation databases, [online] 
http://re.jrc.ec.europa.eu/pvgis/apps4/databasehelp_en.
html [6.4.2019]

[8] Palz W. edit. (1984). European Solar Radiation Atlas Vol. I 
Horizontal Surfaces. TÜV Rheinland, for the Commission of
the European Communities  (ISBN 3885851946).

[9] Palz W. edit. (1984). European Solar Radiation Atlas Vol. II 
Inclined Surfaces. TÜV Rheinland, for the Commission of 
the European Communities  (ISBN 3885851964).

[10] Muneer, T. (1990). Solar radiation model for Europe. 
Building Services Engineering Research and Technology
1990, 11(4), 153-163. 

[11] Marsh, A. (2015). 3D Sun-Path, computer app. [online]
http://andrewmarsh.com/software/sunpath3d-web/ 
[23.2.2020] 

[12] Wild, M. (2012). Enlightening Global Dimming and 
Brightening. Bull. Amer. Meteor. Soc., 93, 27–37. 

Vol.3 | 1785
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


PLEA 2020 A CORUÑA 
P lanning Post  Carbon C it ies

How Much are Initial Design Optimisations Worth?
The Importance of Urban Energy Efficiency Optimisations 

in Early-stage Design Phase

JULIA KUREK JUSTYNA MARTYNIUK-PĘCZEK 

Faculty of Architecture, Gdańsk University of Technology, Poland 

ABSTRACT: In the context of predicted climate changes and shrinking natural resources there are growing 
appeals for most optimal energy and environmental resources management in the construction sector. However, 
far too little attention has been paid to urban design and comprehensive treatment of building structures, and 
their surroundings and lifestyle of inhabitants. The overall goal of this investigation was to find most optimal 
urban design solutions, lowering down energy consumption and negative environmental impact, but at the same 
time meeting other sustainable development and design composition goals. For this purpose, numerous design 
variants were created and analysed, based on collaborative work of joint international studio. Then the 
simulations were conducted according to the simulation tool for measuring urban energy efficiency and 
environmental impacts.  Simulated and compared were CO2 lifecycle emissions, ecological footprint and total 
energy demand per capita. The results proved that in the most favourable scenario energy savings reached one 
thirds and the impact on the environment can be reduced by more than 70 percent. Such results translate 
directly into financial, environmental and qualitative benefits for potential residents. They also demonstrate the 
importance of optimizations performed at an early-stage conceptual design. 
KEYWORDS: Urban planning, eco-cities, energy efficiency, carbon neutral cities, sustainability  

1. INTRODUCTION
The goal of this research was to find the possibly

carbon neutral urban design solution with minimal 
negative impact on the environment, meeting the 
criteria of affordability, energy efficiency and other 
aspects of sustainable development. The problem 
area was a district of Nowy Port located in the Polish 
city of Gdańsk, which is experiencing environmental, 
economic and social problems  [1]. The district is 
located in the Pomeranian Voivodship, which is able 
to satisfy its heating energy needs only in 30 percent. 
Additionally, in the district the permissible dust 
concentration in the air of PM10 and PM2.5 as well as 
sulfur dioxide [2] are regularly exceeded. Within this 
district dominates also low emissions - individual 
heating systems in the form of fireplaces and only a 
small number of buildings have a connection to the 
central heating system [3]. Due to the above facts 
and further planned development, this district 
required a special interdisciplinary design approach.  

2. METHOD
The research was divided into four main stages.

The first stage concerned mainly the analysis of 
conditions and local problems in the project area. 

These analyzes concerned on the aspects of Nowy 
Port and its surroundings, reconstruction, 

infrastructure, land uses, development land uses, 
public life, characteristic local elements and possible 
design areas. They were presented in detail and 
published in Atlas 1 "Discovering of Nowy Port" [1]. 
Based on the results from numerous analyses, the 
students of architecture and spatial planning from 
HafenCity University Hamburg and Gdansk University 
of Technology created various urban design proposals 
as a part of international joint studio. Based on these 
proposals, design trends were determined with the 
overwhelming number of planning solutions in the 
given area - requiring special attention and future 
project engagement.  

The process of classifying and selecting design 
trends and identifying students’ main design 
proposals was described in the article [4]. The most 
interdisciplinary spatial activities were proposed in 
the waterfront and port area therefore, this area 
became a focus of further research. 

Among the proposals of both HCU and GUT 
students in the analyzed area dominated the housing 
function and broadly understood environmental 
activities. A lot of emphasis was also placed on 
services and public transport aspects. Therefore, four 
design solutions that met these criteria were selected 
for preliminary testing (Fig. 1.). In the second stage, 
these districts underwent preliminary calculations in 
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2

the ELAS program. The goal of this stage was to select 
the most favorable design variant in terms of urban 
energy efficiency (energy consumption, ecological 
footprint and CO2 lifecycle emissions) for further 
simulations. 

Figure 1. Stage 2: selected design variants for tests in ELAS 
calculator. Results of preliminary ELAS simulations.

The second stage was based on creating a series 
of design variants based on the international joint 
studio and checking their energy demand and 
environmental impact using the ELAS [5] simulation 
tool.  

Then the most advantageous of the variants in 
terms of planning and environmental aspects was 
selected for further simulation. 

Preliminary comparative simulations for 4 design 
variants were carried out assuming the passive 
building standard for all objects. 

Figure 2. Scheme of research. Stages from 1 to 5. 

The ELAS calculator measures urban energy 
efficiency for residential complexes expressed as total 
energy demand, ecological footprint, CO2 lifecycle 
emissions. In comparison with other techniques, this 
method had the advantage of respecting not only the 
parameters of the buildings themselves, but also their 
siting, infrastructure and mobility aspects along with 
other parameters of spatial energy efficiency. 

The calculations considered the overall 
parameters of the building complex resulting from its 
functioning in the urban complex [6]. They were 
related to site specific data, buildings and 
household’s data, electricity data, municipality data 
and mobility data. Fig. 2 and Table 1. 

Appropriate data was entered to the calculator 
(according to table 1), that differed depending on the 
adopted scenario 

Figure 2: ELAS calculator scheme of work. Input and output 
data referring to the whole building complex. 

The ELAS calculator includes interdisciplinary 
information about the entire building complex and its 
functioning in the city. 

The variable was the number of buildings and 
their cubic capacity as well as the number of 
inhabitants, their life model and the type of energy 
used. In order to objectively compare the total energy 
demand, ecological footprint and CO2 lifecycle 
emissions results. Those results for the whole 
building complex were divided into the number of 
inhabitants. (fig. 1.) 
Calibration data was an extensive part of this work 
due to the multitude of parameters analyzed. The 
main parameters analyzed are contained in table 1 
below. 

Table 1  
ELAS input data for the parts 1,2,3,4 and 5. 
PART 1. SITE SPECIFIC DATA 

Si
te

 Nation 

In
ha

bi
ta

nt
s 

Number of inhabitants of municipality/city
Number of inhabitants of district
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De
gr

ee
 o

f C
en

tr
al

ity
  

From the locality as a starting point, the distance [in km] to 
the closest locality that provides at least one of the 
following facilities 
Theater, concert hall, university  
 Specialized shops, high school or vocational school 
 Branch bank, medical specialist, secondary school  
 grocery store, primary school 

PART 2. BUILDINGS AND HOUSEHOLDS DATA 

Bu
ild

in
g 

st
ru

ct
ur

e 

 Building energy standard (i.e. passive house)  
 Building type (i.e. multi-story building) 
 Total living space [m2] 
 Insulation (i.e. ecological/mineral/ fossil insulation) 
 Number of buildings  
 building lot area [m2] 

Re
sid

en
ts

  Number of households 
 Number of residents  
 Age pattern of residents (according to national 

statistics) 

Sp
ac

e 
He

at
in

g 
an

d 
Ho

t W
at

er
 S

up
pl

y 

Space Heating 
Energy rating of a building: number [kWh / (m2 · Year)] 
Total space heating demand: number [kWh / Year] 

Hot Water Supply 
Hot water demand per person: number [kWh / Year] 
Total water demand: number [kWh / Year] 

technologies used to 
heat / provide DHW 
to the buildings to 
be constructed 

Space heating 
supply  

Hot water 
supply 

Pellets, wood 
briquettes 

0.00 % 0.00 % 

Wood chips 0.00 % 0.00 % 
Log wood 0.00 % 0.00 % 
Solar thermal 4.00 % 4.00 %  
Heat pump, compact 
heating unit for 
passive houses 

4.00 % 4.00 %  

Electric heating 1.00 %  1.00 % 
District heating 
(biomass) 

23.00 % 23.00 % 

District heating (e.g. 
gas, waste 
incineration, fossil 
oil) 

24.00 % 24.00 % 

Natural gas 23.00% 23.00% 
Heating oil 21.00% 21.00% 
Hard coal 0.00% 0.00% 
Lignite 0.00% 0.00% 
Sum 100% 100% 

 

PART 3. ELECTRICITY DATA 

El
ec

tr
ici

ty
 

de
m

an
d 

 Electricity demand of households [kWh / Year] 
 Of that, used for space heating and hot water 

generation [kWh / Year] 

Do
m

es
tic

 e
le

ct
ric

ity
 

pr
od

uc
tio

n 

 Number of kWh that are annually produced de-
centrally from renewable resources in the 
settlement resp. in the building 

 Number of kWh electricity are provided from 
renewable resources [kWh / Year] 

PART 4. MUNICIPAL SERVICES AND INFRASTRUCTURE DATA 

Ro
ad

 
Ne

tw
or

k 

Internal development (streets within the settlement) 
 Municipal road 
 Country road 
 Location within town/city center (compact 

settlement area with) : yes no) 

Ro
ad

 se
rv

ice
s  

Number of trips per years: 
 Road cleaning 
 Mowing and trimming 
 Snow clearance 
 Sanding 
 Snow pole setting 
 

St
re

et
 

lig
ht

in
g Plans to provide the settlement with lighting: 

 Number of lamps 
 Total electricity consumption [kWh / Year] 

Se
w

ag
e 

Tr
ea

tm
en

t 

 Total annual wastewater [m3 / Year] 
 Link to the sewer line (yes) 
 Sewage treatment of the settlement is performed 

by a (Central sewage treatment plant) 
 Type of the technology is applied in the sewage 

treatment plant (i.e.  Two-stage (mechanical, 
biological/ three-stage (mechanical, biological, 
chemical) 

 the length in km of the sewer line between the 
settlement and the sewage treatment plant 

 number of kilometers of sewer line have to be 
additionally installed [km] 

 the energy consumption of the sewer pumps (if 
installed) for the settlement per year [kWh / Year] 

W
as

te
 co

lle
ct

io
n 

Public solid waste collection 
-Waste collection point: distance in km 
-Fractions of solid waste that are collected by waste
disposal companies or are collected at disposal points that
may be reached by walking:

 Residual waste  
 Plastic 
 Glas 
 Tree clipping,  
 lawn clipping 
 Bio-waste 
 Used paper 
 Used metal 
 Bulky waste 

PART 5. MOBILITY DATA 

Ev
er

yd
ay

 M
ob

ili
ty

 

Means of transport/ everyday mobility: 
consumption number in kWh/Year: 

 Pedestrian 
 Bicycle 
 Electric bike 
 Train / commuter train 
 Tram / Metro 
 Bus 
 Bio-gas Bus 
 Trolley Bus 
 Moped / Motorcycle 
 Car 
 Hybrid car 
 Electric vehicle  
 E85 car 
 Natural gas car ,  
 Bio-gas car 
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Va
ca

tio
n 

m
ob

ili
ty

 
Means of transport for vacation mobility. Vacation mobility 
is divided for short break vacation and main vacation: 

Electric bike
Train/ commuter train
Bus 
Bio-gas bus 
Car 
Hybrid car
Electric car
E85 car 
Natural gas car
Bio-gas car 
Aircraft
ship 

In the third stage, the selected design option was 
subjected to various energy scenarios. To prove what 
scenario is most beneficial and to which extent urban 
aspects may affect final results, a series of scenarios 
were conducted.  

The first three scenarios tested the results 
dependent from heating demand. The following 
characteristics were tested:  

95 kWh/m2Year-a current and commonly used
energy characteristic in Poland
40 kWh/m2Year-recognized in Poland as
energy-saving
15 kWh/m2Year -a passive-house standard

In the fourth stage of investigation, two scenarios
for the future were made – trend scenario and green 
scenario in order to check the future urban energy 
efficiency of the project, concentrating on ecological 
and non-ecological model of development in the 
perspective of 2050. 

The housing complex will be subject to dynamic 
development in the future, therefore the purpose of 
the future scenarios (4 and five) was to show how 
much depends on aspects of energy efficiency, 
renewable energy applications and the lifestyle of 
residents. 

Both scenarios 4 and 5 assumed the same heating 
demand as for passive construction – that is 15 
[kWh/(m2·Year)], but other future development 
models of the district. Trend scenario (no. 4), 
assumed in terms of electricity consumption 2,2 
percent increase per year along with change of the 
electricity provision mix. In terms of mobility it was 
simulated an increase of total mileage of everyday 
mobility by 25 percent together with increase of bio-
gas cars (to 10 percent) and electric vehicles (to ca. 
15 percent). 

Green scenario was aimed at more balanced and 
ecological vision for future. development. In terms of 
electricity consumption, it assumed a decrease of 
total demand by 33 percent together with 100 
percent eco-electricity (from hydro power, biomass, 
wind). Regarding mobility, an increase of total 
mileage like in trend-scenario was simulated (25 
percent). Moreover, bio-gas cars (70 percent) and 
electric vehicles (30 percent) were foreseen as 

providing individual mobility. Buses were simulated 
as running exclusively on biogas. 
3. RESULTS

The first stage research results were summarised
in the juxtapositions in the article [4] and allowed for 
the identification of the most problematic design 
intervention part - located in the current unused port. 
This area has become the subject of further second 
stage research.  

The second stage results are summarised on the 
figure number 2. The simulations were carried out for 
selected urban design variants – tested were carbon 
dioxide lifecycle emissions, ecological footprint and 
total energy demand per inhabitant. The calculations 
for individual design variants considered not only 
energy consumption and the environmental footprint 
of the buildings themselves, but also their 
surroundings - the impact associated with distances 
to public transport, distance from services, 
infrastructure and other aspects according to the 
ELAS tool [5], [7]. The most advantageous variant in 
terms of energy and environmental aspect, contrary 
to initial expectations, was not the variant with the 
lowest building intensity and the smallest number of 
inhabitants, but the balanced one (fig. 1.).  

The results of third stage of the research included 
energy scenarios. The variant with most favourable 
results was project number 3. The results regarding 
the energy demand of the district and its 
environmental impacts depending on the adopted 
energy demand and the future way of development 
are presented on the figure 1. 
Table 2  
Elements and output parameters included in final 
simulations results according to areas and categories. 

Areas Categories  

To
ta

l e
ne

rg
y 

co
ns

um
pt

io
n 

ac
co

rd
in

g 
to

 a
re

as
 

Space heating, hot 
water supply 

Solar thermal
Heat pump, compact heating
unit for passive houses
Electric heating
District heating (biomass)
District heating (e.g. gas,
waste incineration, fossil oil) 
Natural gas
Heating oil

Electricity heating and hot water
Provided by electrical grid
Domestic Production

Municipal services Wastewater treatment
Road services
Street lighting
Waste collection

Mobility  
(every day) 

Pedestrian 
Bicycle 
Train / commuter train 
Tram / Metro
Bus 
Moped / Motorcycle 
Car 

Mobility 
(leisure/vacation) 

Main 
vacation 

Train /

Short trip 
Train / 
commuter 
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commuter 
train  
Bus 
Car 
Aircraft 
Ship

train  
Bus 
Car 
Aircraft 
Ship 

Building measures Demolition 
Building addition 
New construction 
Renovation

Infrastructure 
expansion 

Road construction
Street lighting
Sewer construction

CO
2 l

ife
cy

cle
 

em
iss

io
ns

 

Space heating, hot water supply 
Electricity 
Municipal services 
Mobility (every day) 
Mobility (leisure/vacation) 
Building measures 
Infrastructure expansion 

Ec
ol

og
ic

al
 F

oo
tp

rin
t (

SP
I) 

Space heating, hot 
water supply 

Infrastructure 
Non-renewable resources 
fossil resources 
Renewable resources 
Emissions to air 
Emissions to water
Emissions to soil

Electricity 
Municipal services 
Mobility (every day) 
Mobility 
(leisure/vacation) 
Building measures 
Infrastructure 
expansion 

Figure 3: Simulation results of total energy consumption, 
carbon dioxide lifecycle emissions and ecological footprint 
for respective scenarios.

The results regarding the energy demand of the 
district and its environmental impact depending on 
the adopted energy demand and the scenario of 
future development are presented in the summary 
[Figures 1 and 3.]. 
Between the commonly used energy standard in 
Poland (with heating demand 95 kWh) in scenario 1 
and passive-house standard in scenario 2, the energy 
demand decreased by 27 percent. Scenario 2 also 

reduced the negative environmental impact of CO2 
lifecycle emissions and ecological footprint of 
respectively 17 and 12 percent. 

Pure energy and environmental improvements are 
sometimes not a satisfying argument when talking 
about subsidized housing, low -income community. 
Therefore, it was also important in stage 5 to 
calculate the financial difference between respective 
scenarios.  

Comparing the annual energy consumption in 
scenarios 3 and 1, the annual energy expenses can be 
expected to be ca. 1.32 million Euro smaller. 

As initially anticipated, the most favourable future 
scenario for the district's development was a 
combination of the passive house standard with 
other ecological optimisations: application of 
renewable sources of energy and more sustainable 
mobility of inhabitants. According to authors 
calculations, it can bring savings of over 1 million Euro 
annually, what is particularly important due to 
subsidized housing and not affluent residents [3] 
predominating in this district.  

In scenario 5, compared to scenario 1, there was a 
significant 33 percent reduction in energy demand 
and a reduction in CO2 lifecycle emissions by 69 
percent, and a reduction in ecological footprint by 75 
percent. At current electricity prices in Poland (in May 
2020) 1kWh costs approximately 0.55 PLN ~ 0.13€. 
The difference in energy consumption between the 
most favourable (scenario 3) and a less favourable 
scenario 1 is over 10 GWh per year. This translates 
into financial difference of ca. ~1.64 million Euro per 
year for the proposed district for 5409 inhabitants. 
The differences in bigger scale districts can be 
imaginably greater.  

The most puzzling were the results of the trend 
scenario (scenario 4) showing the possible future 
needs of the building complex in the perspective of 
2050 with a non-ecological way of future 
development. It proved that even with the use of 
restrictive energy-saving parameters (passive-house 
standard) and several urban scale optimizations, in a 
situation where the residents do not change the 
lifestyle do not reduce the demand for electricity and 
do not turn to renewable energy sources in all sectors 
the results will worsen more than in any other 
variant. In trend scenario, the final ecological 
footprint parameters of the building complex turned 
out to be significantly worse even than those of 
ordinary energy-saving standards in scenario 1 - by 6 
percent. 

4. CONCLUSIONS
Applying the aspects of spatial energy efficiency

and considering not only building parameters in 
environmental calculations, but also taking into 
account aspects of mobility, infrastructure and 
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distance from services allows for a more accurate 
estimation of the real impact of a building complex 
on the environment than traditional approach based 
only on balanced energy characteristic of buildings. 

It is important to continue deepening the 
knowledge about the relationship between the 
impact of a building complex on the environment 
including all urban aspects 

In the future, it is essential to turn to the 
principles of spatial energy efficiency, considering not 
only the scale of individual buildings - but entire 
building complexes and their surroundings, 
infrastructure, transport and other aspects to create 
more sustainable carbon neutral cities and 
communities. 
Based on the research, conclusions can be drawn 
regarding future planning on the project site. 
Adhering to the aspects of spatial energy efficiency 
and respecting not only building parameters in 
environmental calculations, but also considering 
other aspects of spatial energy efficiency such as 
mobility, infrastructure and maintenance allows for a 
more accurate estimation of the real impact of a 
building complex on the environment. 

Contrary to popular beliefs, condensed, extremely 
compact building variants with the highest density 
and intensity of buildings are not always the best 
solution in terms of urban energy efficiency - total 
dwelling energy demand, ecological footprint and 
carbon dioxide lifecycle emissions as it was proved in 
stage three. Therefore, the preliminary simulations 
should always look for a variety of most optimal 
density and intensity of buildings – that not necessary 
is always the most extreme one. 

The results cast a new light on the importance of 
balanced ecological housing development and its 
maintenance in the future. Even with excellent 
energetical parameters at start, the end result 
parameters referring to whole urban complex can be 
worsened because of unecological way of 
development and behavior of inhabitants. These 
results were proved in trend scenario. It showed that 
even with the use of restrictive energy-saving 
parameters such as passive-house standard and many 
other improvements, in a situation with no change in 
the lifestyles of residents and the use of non-
renewable energy sources, the predicted results will 
significantly deteriorate. The results occurred to be 
even less favorable than in standard non-energy-
saving design models.  

This conclusion can be key information, especially 
in communities and neighborhoods where financial 
and environmental aspects play a key role – such as 
Nowy Port. 

Moreover, this conclusion demonstrates the great 
importance of maintenance and raising awareness 

among citizens for shaping healthier and carbon 
neutral cities and communities for the future. 

The research also demonstrates the importance of 
interdisciplinary optimization not limited to energy 
efficiency aspects in the early planning phase. 

The most favorable scenario for the development 
of the housing complex was the combination of the 
passive-house standard with the green scenario of 
district development - high energy efficiency of 
buildings and application of renewable sources of 
energy. It is central to appreciate the importance of 
residents' lifestyles and to include urban energy 
efficiency components in early-stage research, 
planning and calculations. Only such optimization on 
an architectural and urban scale will be the most 
effective. Improving the energy efficiency of buildings 
and renewable energy applications alone may not be 
sufficient - as this study proved. 

ACKNOWLEDGEMENTS 
Special thanks to all contributors and supporters 

of international joint studio, especially to: 
Prof. Dr. Michael Koch – originator and 

substantive leader of the cooperation project of 
HafenCity University Hamburg and Gdansk University 
Technology 

Dr Gabriela Rembarz – substantive leader of 
Gdansk University of Technology 

Prof. Piotr Lorens, Ph.D., D.Sc. Eng. Arch. – 
cooperation promoter 

Dipl.-Eng. M.A. Florentine-Amelie Rost – 
cooperation assistant, project management 

Dipl.-Eng. Architect Alexandra Schmitz – 
cooperation assistant, project management 
REFERENCES  
[1]M. Koch and F.-A. Rost, Atlas 1 Nowy Port Entdecken 

[Discovering Nowy Port]. Hamburg, 2018.
[2]M. Zgoda, D. Bielawska, and K. Szymańska, “Stan 

zanieczyszczenia powietrza atmosferycznego w 
aglomeracji gdańskiej i Tczewie w roku 2016 
[Atmospheric air pollution in the Gdańsk agglomeration
and Tczew in 2016],” Gdansk, 2017.

[3]Edyta Damszel–Turek, E. Pielak, W. Szermer, A. Przyk, 
and B. Zgórska, “Gminny Program Rewitalizacji Miasta
Gdańska na lata 2017-2023 [Municipal Revitalization 
Program of the City of Gdańsk for 2017-2023],” Gdańsk,
2017.

[4]G. Martyniuk-Pęczek, Justyna Rembarz and J.
Kaszubowska, “Building smartslow_slowsmart in Nowy
Port- the mulidisiciplinary educational experiment of joint
design studio,” sgemsocial, vol. 2367–5659, no. 2367–
5659, pp. 53–60, 2018.

[5]I. und S. 2011. T. U. und G. IRUB, “ELAS – Energetische 
Langzeitanalysen für Siedlungsstrukturen.” [Online].
Available: http://www.elas-calculator.eu/.

[6]G. Stoeglehner, G. Neugebauer, S. Erker, and M.
Narodoslawsky, Integrated Spatial and energy planning. 
SpringerBriefs in Applied Sciences and Technology, 2016.

[7]“Energetic Long Term Analysis of Settlement Structures 
FACTSHEET 1. ELAS-Point of Departure.”

Vol.3 | 1791
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


PLEA 2020 A CORUÑA 
Planning Post  Carbon Cit ies

Empowering at Risk Communities:  
A Kit of Parts for Minimally Invasive Climate Responsive Interventions

SHAKARI MCGILL, MARC SCHILER, KYLE KONIS, JOON-HO CHOI 

University of Southern California, Los Angeles, CA USA  

ABSTRACT: Urban heat stress poses great health risk to urban populations, with less affluent populations 
experiencing the greatest impact. To help address this issue, a collection of energy efficient, and economic 
interventions was developed during the course of this study. Many areas exist that are particularly vulnerable, 
but the City of Pomona, CA was identified through the use of CalEPA’s Urban heat island Index (UHII) and 
CalEnviroScreen for this study. Both tools can be utilized for large area exploration, with demographics focusing 
on entire census tracts.  Simulations were conducted in the program HEED (Home Energy Efficient Design) for 
Pomona that featured inputs based on researched construction techniques by decade (1940-1970). This range 
was chosen because it represents the most common construction dates in Pomona. Each simulation aimed to 
lower indoor temperature extremes, lower Energy Use Intensity (EUI), save money on energy, and maintain 
thermal comfort. These interventions were then compiled into a repository, collectively defined as a “Kit of 
Parts.” This repository was placed on a free website for equitable access. The resource was then made available 
to various information hubs in Pomona through flyers. With this resource, individuals in disadvantaged 
communities will be allotted greater agency over their own health. 
KEYWORDS: Heat, Energy Efficiency, Public Health, Kit of Parts, Resource, California, Accessible, Urban heat 
island, Mitigation, Intervention, HEED, CalEnviroScreen, CalEPA, IPCC, Climate change, Web resource 

1. INTRODUCTION
Climate change has created an 

environment warmer than it naturally should be. For 
the past 35 years the earths surface temperature has 
seen an increase of around 1.62 degrees (Fahrenheit). 
This substantial increase was caused by greenhouse 
gasses like carbon dioxide. This human-produced gas 
retains heat and thus has contributed to the 
aforementioned surface temperature increase. Urban 
heat poses various health risks to populations of all 
urban areas, of which, the less affluent are the most 
likely to experience the worst of. This heat can cause 
issues such as difficulty breathing, heat stroke, 
exhaustion, fatigue, and heat cramps (Environmental 
Protection Agency, 2018). The lack of greenery in 
these areas, improper cooling equipment, dilapidated 
conditions, predatory planning practices, 
gentrification, and various other socio-economic 
issues have contributed to this unequitable 
environment.  

Seismic activity also poses risks to human 
health and safety.  Policies and physical interventions 
enacted after major earthquakes demonstrates that 
communities have the capability of addressing 
threats to the built environment from natural 
disasters. The 1994 Quake in Northridge produced 

devastating damage to property and claimed the lives 
of 57 people (History Channel, 2018). This quake 
produced policies to enforce the adherence to safer 
building practices. In a manner similar to seismic 
controls, urban heat island concerns should also be 
part of policy in planning and construction because of 
its threat to human health and safety. Unlike seismic 
controls however, interventions for urban heat 
should come into play BEFORE it contributes to life-
threatening events. Therefore, it is important to offer 
interventions that can allot individuals the ability to 
quell their personal risk to urban heat related health 
issues until policy can catch up. 

2. METHODOLOGY
To replicate the methodology of this 

experiment, one should first observe the Urban Heat 
Island Intensity (UHII) for areas in California (or your 
respective area) that fall under the highest risk 
category (levels of pollution that range from 91-100% 
respectively). An area within this category- Pomona 
was selected and then explored in CalEnviroScreen to 
observe its various socio-economic issues for the 
initial experiment. Following this, a demographic 
study was conducted of the area to identify aspects 
such as most prevalent structure types, average 
median income, population density, ethnic 
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composition, and vintages of home construction. For 
Pomona, the aforementioned were as follows: two-
story single-family homes and five unit plus multi-
family homes were the most prevalent, the median 
income was around $52,000 (which is below the 
average median income of $67,700 for the state of 
California), its ethnic make-up consists of 70% 
Hispanic/Latinx residents, 11.7% White residents, 
9.5% Asian residents, 6% African American residents 
and 1% two or more mixed race residents,  its 
population density a little over 6600 people per 
square mile (well above the average for California), 
and homes built between 1940-1970 had the most 
presence in the housing stock (Pomona Real Estate 
Market Overview, 2018 ).  

From there, popular energy saving 
interventions - specifically ones that allow patrons to 
remain in their homes during installation, should be 
chosen and then listed in a repository. Each one 
requires testing in Home Energy Efficient Design 
(HEED) program UCLA. (n.d.) to assure each 
intervention adheres to thermal comfort thresholds 
during summer and winter (as dictated by ASHRAE 
standard 55), overall energy use intensity (EUI), and 
cost per square foot for both structure types by 
decade from 1940 to 1970. These specific vintages 
were selected to coincide with the vintages of most 
homes in Pomona. Each trial was based on how both 
types of structures were constructed in their 
respective time periods. The simulations that yielded 
the lowest EUI, positive comfort readings for summer 
and winter according to ASHRAE standard 55, and the 
lowest values of dollars per square foot should be 
chosen as the most applicable for Pomona. Below are 
a few examples of the various inputs for multi-family 
and single-family trials:  

Windows -These inputs remained the same for all 
vintages except structure types in the 1970s, which 
have aluminium frames in lieu of fiberglass. 
Intervention wise, these traditional windows 
maintain the frame type of their respective vintage 
but are switched to Clear Double Pane low-e 
insulated fiberglass when the glazing is to be 
updated. 

Figure 1: HEED Glazing inputs

Insulation – Structures prior to 1978 lacked insulation 
primarily in roof, wall and subfloor areas. This was 
simulated for all vintages and their respective 
structure types. This portion remained unchanged for 
each simulation because none of the interventions 
pertained to insulation. 

Walls – As with insulation, inputs for wall metrics 
stayed consistent throughout each simulation. Stucco 
was selected because it was a common cladding for 
structures from 1940s-1970s in California. 

Figure 2: HEED Wall Inputs

Roofing – The standard input for each simulation was 
input as seen below. For the cool roof intervention, a 
cool roof with a naturally ventilated attic of 
lightweight construction was input for both structure 
types; a cool roof with a slope of less the 9.5 degrees 
was chosen for multifamily structures. 

Figure 3: HEED Roof Inputs

HVAC – Simulations for each vintage need to feature 
older A/C units because window units were popular 
from the 1950s-1970s.  
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Figure 4: HEED HVAC Inputs

PV – A 5 kw system was selected to meet code and 
energy needs of each structure in each simulation in 
this work. For simulations outside of the PV specific 
intervention, it is important to select “non solar” for 
roofs and select “no solar water heating” 

Figure 5: PV Inputs

The work done here with Pomona can act as the 
template for how other areas with similar risk factors 
can be researched and tested when developing a “Kit 
of Parts” repository for urban heat mitigating 
interventions of their own use. A website that can 
read/display the repository, provide links to HEED 
and various funding methods was created in Wix to 
easily disseminate this information. Following that, 
testing of Wix (or whichever dissemination medium 
you chose), along with a way to market that medium 
should be conducted and determined respectively. 
When Wix was confirmed to function appropriately 
on various browsers and mobile devices, a flyer was 
then created to make individuals more aware of the 
resources’ existence. This flyer was then distributed 
to an information hub within the Pomona 
community. 

Figure 6: CalEnviroScreen UHII 

Figure 7: Pomona, CA UHII Classification 

Figure 8: CalEnviroScreen Poverty Metrics 

Figure 9: CalEnviroScreen Housing Burden Metrics 

Figure 10 : Methodology process diagram
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2.3 RESULTS 
This study concluded with a 

comprehensive excel chart of various HEED trials for 
various vintages (decades), as seen below in Figure 
11. Acting as the repository for the adaptive “Kit of
Parts.” This chart displays all beneficial options and
allows the user to choose which interventions best
suit their needs. The highlighted interventions had
the greatest benefits after initial tests and was
continually refined to produce more accurate results.

Analysis of the data at the end of the experiment 
resulted in the following: all interventions warrant 
conformation to thermal comfort ranges for both 
seasons, EUIs for single family structures of each 
vintage are all significantly higher than the modern 
national average detailed by the AIA (this is offset by 
their embodied energy) (American Institute of 
Architects, n.d.). Cool roofs and lower window wall 
ratios have the same impact on EUI for all simulations 
- resulting in the same value for both trials in each
respective vintage. Incorporating greenery as an
intervention only provided one of the lowest EUI
measures in the 1950s vintage; in all other vintages
for single-family structures, this value was particularly
high – 66, 66, and 79 for the 1940s, 60s, and 70s
respectively. Additionally, including greenery seemed
to have produced slight improvements in thermal
comfort ranges (for both structure types), but given
that many of these interventions’ values already fall
in the appropriate ranges for winter and summer
seasons, these improvements were negligible.

This is contrary to real world trials where 
additional vegetation significantly decreased air 
temperatures in Australia (Byrne , et al., 2016) and 
the UK (O'Malley, Piroozfarb, Farr, & Gates , 2014). 
The written work “Landscape Design that Save 
Energy” further contradicts these simulation results 
as well. An important HEED limitation to note is the 
program’s incapability of simulating the specific 
shading effects of particular tree types. Trees in HEED 
“retain an oval shape, are 100 percent opaque and 
can only be adjusted for height,” as according to 

Murray Milne - research professor. This creates a 
degree of error for the “additional greenery 
simulation results, because different trees can 
mitigate heat and provide shade in different ways. An 
example would be the Cupaniopsis anacardioides 
(Carrotwood) providing less dense shading than the 
Magnolia grandiflora (Southern Magnolia) because its 
canopy spans a shorter height and is comprised of 
less leaves than the latter. Below is an example of 
different varieties of tree canopies; these diagrams 
where taken from a Lecture by Dr. Denise Buchanan 
at the University of Southern California: 

Figure 12: Tree Canopy Types 

Another aspect, the orientation of a structure, is an 
important factor in energy efficiency and thermal 
comfort. For example, rooms on the southern face of 
a home in will be warmer than rooms on the north 
facing portion of the structure. How long this 
phenomenon lasts and when it happens is dependent 
upon the angle of the sun. In Pomona, the summer 
sun rises high in the to the Northeast (left), while 
winter sun is lower in the sky to the Southwest 
(right). The effect this produces is minimal shading 
during the summer and larger amount of shade on 
neighbouring structures during the winter (as 
demonstrated in the image below in Figure 13). 
Because the kit of parts is largely focused on 
elements that are simple and straightforward to 
apply, orientation was not included in the final 
repository. Window wall ratio was included over this 
because a window can be covered with reflective 
material from the outside 

Figure 13: Structure Sun path Sketch

 The remaining results of the experiment were as 
follows: 
Single family - 1940s  
-PV & Energy star, split system 19.5 SEER/ W Energy
star furnace
90% AFUE

Figure 11: Portion of “Kit of Parts” repository
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Multi-family – 1940s 
- Clear double pane & Energy star, split system 19.5
SEER/ W Energy star furnace
90% AFUE

Single family - 1950s 
-PV & Energy star, split system 19.5 SEER/ W Energy
star furnace
90% AFUE

Multi-family – 1950s 
-Clear double pane & Energy star, split system 19.5
SEER/ W Energy star furnace
90% AFUE

Single family - 1960s 
-Energy star, split system 19.5 SEER/ W Energy star
furnace
90% AFUE & PV

Multi-family – 1960s 
-Clear Double Pane & Energy star
furnace 90% AFUE

Single family - 1970s 
-PV & Energy star, split system 19.5 SEER/ W Energy
star furnace
90% AFUE

Multi-family – 1970s 
- Clear double pane & Energy star, split system 19.5
SEER/ W Energy star furnace
90% AFUE

3. COMMUNICATION/DISPERSAL
Concluding the process, a web resource 

that displays this “Kit of Parts” can be seen here at 
https://smcgill63.wixsite.com/website.Register. This 
educational web resource was first drafted in Adobe 
Dreamweaver and then finalized in Wix for this 
experiment, but other programs can be utilized to 
achieve the same results. To spread the word about 
this resource, flyers like the one below in Figure 14 
were designed in InDesign and distributed to a social 
hub in Pomona, California (The Pomona Church of 
Christ). Social media platforms such as Reddit and 
Facebook were also utilized to increase awareness 
about the resource. 

Figure 14: Interest Flyer

Incorporation of direct feedback from residents is 
the next step for this experiment; it will be conducted 
in a manner similar to a praxis course from students 
at University of Colorado Boulder back in 2016. The 
students in this program worked with a 
neighbourhood in Denver called Westwood to 
develop a green infrastructure plan.  

Town hall meetings were held with a 
community organization consisting of individuals who 
lived in the neighbourhood. These meetings were 
established to get feedback about aspects the 
neighbourhood that inhabitants thought could be 
improved. From there, extensive demographics 
research was conducted. With this information and 
details about the neighbourhood from residents, a 
sustainable Green Infrastructure (GI) plan was 
developed by the students. It was presented to the 
neighbourhood group twice – once for midterm 
critique and twice for finalization (Community 
Engagement, Design and Research Center (CEDaR), 
2016 ). Adapting this approach will allot the kit of 
parts to be more defined, better met the needs of 
those who will ultimately be using it, and streamline 
it for use with other cities in future work.

4. CONCLUSION
For structures of various vintages  to 

produce a kit of parts that may be allocated as  an 
accessible web resource to provide members of a 
disadvantaged community with greater equity in 
thermal comfort and transitive mitigation of heat 
associated health risks?” was proposed at the 
beginning of the study after obtaining the 
aforementioned results, it can be stated that 
hypothesis proved substantially true.  With this 
information, the groundwork for several important 
improvements to older housing stock in 
disadvantaged areas, these include:

1. Providing a broader dissemination of
knowledge for communities that aren’t
always as privy as their wealthy counterparts
(equitable dissemination of knowledge is
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important and impowers residents to change 
their situation of relocate).  

2. Utilizing results that provided improvement
to develop cost effective alternatives such as
specialized reflective roof traps based on the
white roof results. An example of a similar
approach can be seen in “An Overview of
Passive Cooling Techniques in Buildings:
Design Concepts and Architectural
Interventions” by Mohammad Arif Kamal.
utilizing this work as a basis and applying the
concepts from Kamal’s work would allow
research in this realm to get closer to
developing products for retail.

3. Determining which additional elements can
be added to the kit to compensate for
aspects that are as easily executable;
altering a structures orientation is a good
example.
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ABSTRACT: Robotic Manufactured Blocks (RoboBlox) depart from the concept of the “open artwork” as a
continuous structure that seeks to create designs through constrained techniques. Similar to the Frenchmovement
“Oulipo”, the work seeks new structures and patterns that may be used in order to appropriately represent space.
This research interprets the traditional use of breeze blocks in Brisbane, Australia as an ontological database,
oriented by the question of rule based story making. The work is entitled “RoboBlox” and exposes the integration
of Oulipo’s rule based works on two distinct levels. Firstly, it addresses the effects arising from a specific manner
that constrains privileges of the multiple over the one. Secondly, it studies the fact that using robotic fabrication
begins with the problem of customised multiplicity, currently referred to as mass customisation. RoboBlox is
designed through a continuous workflow of digital design to facilitate robotic production by using a computational
tool such as Grasshopper to reinterpret traditional crafts of breeze blocks and test their efficiency in optimising
daylighting performance and glare reductionwithin a space. Providing newmethods of robotic making for creating
mass customised blocks, RoboBlox allows designers to tell unique stories through the design of each space.
KEYWORDS: Robotic Fabrication, Morpholo Game, Daylighting Based Design, Mass Customisation, Hot Wire
Cutter

1. INTRODUCTION
Robotic� Manufactured� Blocks� (RoboBlox)� depart

from� the� concept� of� the� “open� artwork”� as� a�
continuous� structure� that� seeks� to� create� works�
through�constrained�design�techniques.��Similar�to�the�
French�movement�“Oulipo”,�the�work�seeks�out�new�
structures�and�patterns�that�may�be�used�by�designers�
in� order� to� appropriately� represent� the� space.� This�
research�interprets�the�traditional�use�of�breeze�blocks�
in� Brisbane,� Australia� as� an� ontological� database,�
oriented�by�the�question�of�rule�based�story�making.��

The� work,� entitled� “RoboBlox”,� exposes� the�
integration� of� Oulipo’s� rule�based� works� on� two�
distinct� levels.� It� explores� the�effects�of� constraining�
the� privileges� of� the� multiple� over� the� one.�
Additionally,� it�examines� the� impact� that�customised�
multiplicity—otherwise� known� as� mass�
customisation—has�on�robotic�fabrication.�

RoboBlox� is� designed� through� a� continuous�
workflow� of� digital� design� to� robotic� production� by�
using�a�computational�tool�such�as�Grasshopper�[1]�to�
reinterpret� the� traditional� crafting� of� breeze� blocks.�
Providing� new� methods� of� robotic� making� to�
streamline� the� creation� of� mass�customised� blocks,�
RoboBlox�allows�designers�to�tell�unique�stories�about�
each�place.�

The� idea� of� using� an� industrial� robotic� arm� for�
cutting�and�assembling�blocks�has�been�in�the�testing�
process� since� 2009� [2].� Current� research� studies� are�

investigating� different� wall� patterns� made� from� the�
standard�brick�shape,�aiming�to�improve�both�daylight�
and� thermal� performance� [3�5].� However,� most� of�
these�studies�are�focusing�on�the�assembly�of�the�brick�
wall.� In�contrast,�our� research� focuses�on� the�use�of�
the� industrial� robotic� arm� to� digitally� fabricate�
bespoke� patterns� for� each� block� driven� by� aesthetic�
considerations� as� well� as� daylighting� and� glare�
performance,�as�shown�in�Fig.�1.�

Figure 1: Shows the potential designs with RoboBlox
patterns.�

2. AIMS/OBJECTIVES
This�research�aims�to�address�questions�such�as:
��How�can�parametric�design�tools�be�implemented

in� the� context� of�mass�customisation�while� applying�
Industry�4.0�principles�to�the�design?�
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��What�are�the�main�design�parameters�of�the�non�
traditional� customised� blocks� that� have� a� significant�
effect�on�daylight�penetration�and�glare�protection?�

�� How� can� RoboBlox� design� be� used� as� a� glare�
reduction� system� while� maintaining� adequate�
daylighting�performance?��

Figure 2: Shows the effect of light over the pattern.

3. METHODOLOGY
The� research� methodology� is� divided� into� three

phases:� Parametric� pattern� generation,� daylighting�
and�glare�simulations,�and�robotic�fabrication.�

3.1�Parametric�pattern�generation�
The�traditional�breeze�block�is�reinvented�as�a�tool�

to� create� rule�based� storytelling,�which� is� integrated�
into� RoboBlox’s� design.� Using� a� computational�
interactive�web�interface,�designers�adjust�parameters�
and�create�unique�patterns� that� inform�Rhino—a�3D�
modelling� software,� to� design� and� produce�
RoboBlox—�a�wall�that�consists�of�a�block�matrix.�This�
research� paper� is� inspired� by� the� non�traditional�
research� output� (NTRO)� shown� in� Fig.� 1� and� Fig.� 2,�
published� by� [6].� In� this� NTRO,� the� story� of� the�
Brisbane�River,�otherwise�known�as�Maiwar,�has�been�
created�by�representing�its�abstract�positioning�in�the�
landscape.��

Based�on�the�concept�of�Thieri�Foulc�from�Oulipo’s�
2D� rule�based� morphology� game� [7],� RoboBlox�
provides�a�web�platform�for�users�to�design�and�adjust�
patterns� to�create�bespoke�designs.�The� rules�of� the�
morphology� game� are� based� on� the� neighbourhood�
connectivity�of�each�tile.�The�tiles�can�be�placed�next�
to� one� another� if� the� edge� conditions� match;� solid�
must� be� paired�with� solid,�while� void� is� paired�with�
void.�The�designers�are�free�to�implement�any�kind�of�
formal� explorations� within� the� tiles� if� the� edge�
connections� match� the� rule.� This� rule� provides� an�
underlying� concrete� structure� for� the� design� of�
complex�bespoke�patterns.��

The� design� parameters� that� inform� this� creative�
form�finding�process�are�based�on�aesthetic�decisions�
such�as�the�curvilinearity�of�the�forms�and�repetition�
of� the� patterns,� both� of� which� can� be� analysed� for�
measuring� the� daylighting� and� glare� performance.�
Based� on� the� simulation� performance,� the� openings�

and� closings� between� the� blocks� can� be� adjusted� to�
enhance�the�performance.�The�individual�design�of�the�
blocks� informs� the� overall� pattern� of� the�block�wall.�
The�web�interface�allows�the�designer�to�reflect�on�the�
individual�design�decisions�of�each�block,�as�well�as�the�
holistic�outcome�of�their�juxtaposition.��

Once� pleased� with� the� outcome,� users� can� save�
their�design�as�a�.json�file.�This�is�then�communicated�
into�Grasshopper�(GH),�a�parametric�modelling�tool�for�
Rhino.� In�this�platform,�the�2D�patterns�are� lofted�to�
create� 3D� block� patterns.� Due� to� the� computation�
capabilities�of�GH,�the�designers�can�see�the�outcomes�
of�their�designs�within�the�span�of�several�minutes.��

GH’s� platform� also� implements� other� mass�
customisation�capabilities�into�the�design�process.�By�
using� various� plugins� in� GH� such� as� Robots� or�
ClimateStudio,� an� optimised� continuous� design�
process�of�digital�to�fabrication�can�be�achieved.��

3.2�Daylighting�and�glare�simulations�
ClimateStudio�(CS)�[8],�a�new�simulation�plugin�for�

Rhino,� is� used� to� interface� the� radiance� simulation�
engine�within�Grasshopper.�Using�CS�rather�than�DIVA�
for� Rhino� allows� users� to� achieve� extensive� annual�
daylighting�and�glare�analysis�in�a�fraction�of�the�time�
that�DIVA� takes� to� conduct� these� same� analyses.� To�
carry�out�these�simulations,�an�accurate�3d�model�of�
the� room� is� created� in� Rhino,� including� the� external�
obstructions� as� shown� in� Fig.� 3� and� Fig.� 4.� Accurate�
radiance� parameters� for� each� material� are� also�
included,�as�detailed�in�Table�1�using�the�EPW�data�of�
Brisbane,�Australia.�

Figure 3: Shows the highlighted roomwhich is modelled in 3D
Rhino.

Figure 4: Shows the 3D model divided into different layers
form material assignment.

Vol.3 | 1799
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


Table 1: Shows the materials used in the simulation model
and the corresponding radiance parameters supplied by the
CS material library.

Material� Radiance�Parameter�
Asphalt� void�plastic�Asphalt�

0�
0�
5�0.0896�0.0809�0.0683�0.0000�0.0000�

Walls� void�plastic�Offwhite_Plaster_Wall�
0�
0�
5�0.8789�0.8362�0.7305�0.0043�0.0000�

Ceiling� void�plastic�Ceiling_LM83�
0�
0�
5�0.7�0.7�0.7�0�0�

Floor� void�plastic�Grey_nonscratch_floor�
0�
0�
5�0.3819�0.3891�0.3872�0.0112�0.0000�

�RoboBlox�
Foam��

void�plastic�White_styrofoam�
0�
0�
5�0.8402�0.8393�0.8419�0.0054�0.0000�

Metal�
Frames�

void�plastic�galvanized_steel_old�
0�
0�
5�0.2082�0.2262�0.2234�0.0057�0.0000�

Brown�Box� void�plastic�Brown_paper_bag�
0�
0�
5�0.3654�0.2470�0.1392�0.0000�0.0000�

Red�Box� void�plastic�stop_sign_red�
0�
0�
5�0.3469�0.0356�0.0409�0.0214�0.0000�

Table� void�plastic�White_metal_table_frame�
0�
0�
5�0.8562�0.8284�0.7741�0.0148�0.0000�

Table�legs� void�plastic�
Grey_Stainless_Steel_Table_Leg�
0�
0�
5�0.3517�0.3480�0.3313�0.0218�0.0000�

Ceiling� void�plastic�Ceiling_LM83�
0�
0�
5�0.7�0.7�0.7�0�0�

Glass� void�BRTDfunc�Clear_Clear�
10�
rR_clear�rG_clear�rB_clear�
0.7215*tR_clear� 0.7952*tG_clear�
0.7708*tB_clear�
0�0�0�
window.cal�
0�
15�0�0�0�0�0�0�0�0�0�
0.1374�0.1538�0.152�
0.1391�0.1547�0.1535�

CS� interfaces� a� progressive� version� of� radiance,�
providing� a� high�speed� simulation� output� that� can�

inform�the�designs�regarding�the�daylighting�and�glare 
performance.� The� procedure� is� set� to� simulate�
parameters� that� mimic� the� conditions� of� the� room�
before�and�after�installing�the�RoboBlox�screen.�Then,�
the� room� orientation� is� changed� to� evaluate� the�
effectiveness� of� RoboBlox� in� different� orientations.�
Firstly,� annual� daylighting� availability� is� calculated� at�
the�table�height�(1�meter);�next,�annual�Daylight�Glare�
Probability� (DGP)� is� calculated� at� the� standing� eye�
height� (1.5�meters)� in� 8 directions.� Two�well�known�
daylighting� metrics� are� then� used� to� evaluate�
daylighting� performance,� including� Spatial� Daylight�
Autonomy�(sDA)�and�Annual�Sunlight�Exposure� (ASE)�
[9].� After� that,� the� view� direction� simulating� an�
individual� looking� toward� the� computer� screen� is�
rendered� as� an� HDR� image� using� angular� fisheye�
projection�to�map�the�perceived�luminance�in�the�field�
of� view.� All� simulations� are� repeated� for� all�
orientations�and�summarised�in�a�comparison�table. 

3.3�Robotic�fabrication�
After� generating� daylight� simulations,� the� final�

blocks�are�digitally�processed�for�robotic�fabrication�in�
the�GH�environment.�In�order�to�control�the�industrial�
robotic� arm� to� cut� the� blocks� out� of� generic� foam�
blocks,� the�Robots�plugin� for�GH� is�used.�Created�by�
Vicente� Soler� and� Vincent� Huyghe� from� the� Bartlett�
School� of� Architecture,� Robots� is� an� open�source�
plugin� that� can� control� the�movements� of� industrial�
robotic� arms� such� as� ABB,� KUKA,� UR10.� The� plugin�
allows�different�robot�systems�with�custom�made�end�
effectors�to�be�simulated�in�the�GH�environment.�This�
allows� users� to� see� the� movement� of� the� industrial�
robotic� arms� in� relation� to� the� chosen� material�
fabrication� before� sending� the� control� commands�
either�remotely�or�through�a�LAN�connection.��

In�the�case�of�RoboBlox,�the�research�took�place�in�
both�the�Queensland�University�of�Technology�(QUT)�
and�the�University�of�Queensland�(UQ),�which�owned�
different�types�and�brands�of�industrial�robotic�arms.�
Subsequently,� the� Robots� plugin� was� the� adequate�
choice,� as� it� could� control� both� the� KUKA� and�UR10�
industrial� robotic� arms.� The� preliminary� fabrication�
studies�took�place�at�QUT�with�UR10�robots.�As�these�
robots�are�collaborative,�it�is�much�safer�to�be�around�
them,� so� they� served� as� a� better� starting� point� for�
experimenting�and�exploring�new�processes�of�robotic�
fabrication.� Once� the� code� and� fabrication� process�
performed�as�expected,�the�research�was�then�moved�
to�a� larger�and�more�durable�KUKA�Robot�at�UQ� for�
final�fabrication.�

�With� the� Robots� plugin,� the� key� to� control� the�
movement�of�the�industrial�robotic�arm�is�to�define�the�
tool� centre� point� (TCP)� location� of� its� end� effector,�
relative� to� itself.� � In� the� plugin’s� terminology,� the�
tooltip� is�named�as� the�end�effector.�This�allows� the�
robot� to�know�where� the� tip�of� its� tool� is� located� in�
relation�to�its�body.�End�effectors�can�be�custom�made�
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or�tailored� in�relation�to�the�type�of�procedures�that�
would�take�place.�They�are�gateways�that�can�be�used�
to� manipulate� various� materials� and� explore�
numerous� systems� of� thought.� The� possibility� of�
attaching� any� kind� of� a� hand� tool� to� an� industrial�
robotic� arm� creates� immense� opportunities� and�
unique� ways� of� exploring� material� properties� and�
conditions.� Architects� have� thus� far� attached� pens,�
heat� guns,� extruders,� grippers,� hot� wire� cutters,�
grinders,�drills,�chisels,�suction�heads,�welders,�etc.�as�
end�effectors�to�industrial�robotic�arms.��

When�dealing�with�custom�end�effectors,�the�main�
concerns� are� to� be� aware� of� the� tool� centre� point�
(TCP),�which�is�the�gravitational�centre�and�payload�of�
the�proposed�end�effector.�Custom�end�effectors�can�
be�modelled�in�a�3D�modelling�software�with�the�tool�
base�located�at�the�0,�0,�0�point,�as�most�software�uses�
this�as�an�import�point�for�kinematic�model�simulation�
of�industrial�robotic�arms.�The�weight�and�location�of�
the� end� effector� both� affect� the� movement� of� the�
industrial�robotic�arm�by�means�of�vibration,�locating�
the�workspace�and�the�material�that�is�worked�on.�

In� the� case� of� RoboBlox,� we� followed� the�
subtractive�procedure�of� hot�wire� cutting� foam,� and�
decided� to� use� a� custom�made� hot� wire� cutter� to�
transform�a�generic�foam�block�into�a�bespoke�design�
pattern.� Therefore,� we� modelled� our� custom�made�
hot�wire�cutting�tool�to�see�its�behaviour�in�relation�to�
the�location�of�the�actual�material.�

�In�the�GH�code,�the�middle�curve�of�each�designed�
block’s�interior�lofted�surface�was�divided�to�create�a�
continuous�middle�curve.�This�middle�curve�was�then�
split� into�many� points� to� create� planes,�which�were�
aligned�with�the�middle�point�of�the�industrial�robotic�
arm’s� custom�made� hot� wire� cutter� end� effector.� It�
was�essential�to�create�an�entry�and�exit�waypoint�in�
the� material� as� additional� planes,� as� the� hot� wire�
cutter� cooled� down� whilst� moving� through� the�
material.� This� cooling� caused� uneven�melting� in� the�
material,� resulting� in� design.� In� order� to� keep� the�
design�intent�of�the�users,�many�tests�were�conducted,�
and�as�a�solution,�lead�in�and�lead�out�waypoints�were�
introduced.��

Through� this� process,� a� generic� block� was�
transformed�to�match�the�designed�block.�Once�it�was�
cut�by�the�robot,�the�block�was�then�added�to�the�block�
wall.� This� process� showed� that� by� providing� a�
continuous� workflow� from� digital� creation� to�
fabrication,� the�accuracy�of� the�making�and�material�
behaviour� processes� was� able� to� be� controlled.� As�
designers�of� the�system,�we�needed�to� idealise�each�
stage� of� design,� starting� from� aesthetic� and�
performative�decisions� to�programming�the�code� for�
robotic� fabrication� in�an�automated�way� to�enhance�
user�accessibility.�We�wanted� to�ensure� that�anyone�
who�created�a�pattern�using�the�web�interface�could�
communicate�with�the�robot�to�create�the�best�artistic�

intent� that� achieves� good� glare� and� daylighting�
performance.�
4. RESULTS�AND�DISCUSSION

The� simulation� results� are� detailed� in� Table� 2,
where� the� glare� and� daylighting� performance� is�
reported� in� all� orientations.� Regarding� the� existing�
building� orientation—which� is� 26.5� degrees� to� the�
southeast—the�desk�receives�300�or�more�lux�for�86%�
of�the�total�occupied�hours�with�average�illuminance�
of� 583� lux,� and� just� 2� hours� of� direct� sunlight.� This�
because�the�computer�screen�and�other�obstructions�
shade�the�horizontal�illuminance�sensor�on�the�desk.��

For� the� second� sensor� at� the� eye� level,� the� DGP�
percentage� of� the� disturbing� glare� time—where�
intolerable/disturbing�glare�is�greater�than�5%�of�the�
time—is� equal� to� zero.� This� is� due� to� the� room�
orientation,�which�is�almost�south�and�has�no�sunlight�
exposure.� However,� after� installing� the� RoboBlox�
screen,� the� daylight� availability� levels� reduced� from�
86%�to�80%�with�no�contribution�to�glare,�as�it�was�not�
an�issue�for�this�orientation.�

Table 2: Summarises the simulation results before and after
installing the RoboBlox screen over different orientations.

Orientation� sDA�
(%)�

ASE�
(hours)�

Eh�
(lux)�

DGP�
(%)�

Before�installing�the�RoboBlox�screen�
Excising�
Orientation� 86%� 2� 583� 0%�

East� 89%� 78� 951� 25%�
West� 92%� 48� 806� 37.5%�
North� 93%� 91� 1102� 0%�
South� 87%� 0� 535� 0%�

After�installing�the�RoboBlox�screen�
Excising�
Orientation� 80%� 2� 457� 0%�

East� 81%� 26� 641� 0%�
West� 84%� 42� 676� 0%�
North� 90%� 25� 798� 0%�
South� 81%� 0� 434� 0%�

In�order� to� test�and�evaluate� the�daylighting�and�
glare�performance�of�RoboBlox�regarding�different�sun�
positions,��a�series�of�simulations�were�done�over�the�
four� main� orientations� (E,� W,� N,� S).� Similar� to� the�
existing� condition,� the� south�orientated� room� had�
almost� identical�daylight�and�glare� levels�before�and�
after�the�screen�installation.�

On� the� other� hand,� the� east�� and� the� west�
orientated� rooms� showed� significant� glare� reduction�
due�to�RoboBlox�geometry.�Although�the�daylighting�
levels�were�reduced�from�89%�to�81%,�it�succeeded�in�
eliminating�the�disturbing�glare,�taking�it�from�25%�to�
0%.� The� glare� reduction� was� far� better� in� the� west�
orientation,� as� the� RoboBlox� screen� managed� to�
protect� the� sensor� from� the� glare,�which�was� 37.5%�
before�installing�the�screen�as�illustrated�in�Fig.�5,�Fig.�
6,�and�Fig.�7.�
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Most�of�the�glare�situations�occur�due�to�contrast�
glare� found� in� the� significant� contrast� between� the�
dark� interior� surfaces� and� the� bright� outside�
environment.�That� is�why� the�Annual�Solar�Exposure�
(ASE)�values�on�the�horizontal�surface�of�the�desk�do�
not� exhibit� change� before� and� after� installing� the�
screen,� as� the� senor� is� already� shaded� in� both� the�
existing� orientation� and� the� north� orientation.� This�
shows�that�RoboBlox�managed�to�reduce�glare.�

Figure 5: Shows a fisheye projection from the field of view of
a standing occupant with the current conditions (Date:
28/08, Time: 14:30, West).

However,� in�the�other�orientations,�the�RoboBlox�
screen� managed� to� reduce� the� direct� exposure� to�
sunlight�from�91�hours�to�25�hours,�which�is�more�than�
2.6�times�less�solar�exposure�than�the�case�before�the�
installation,� as� found� in� the� north� orientation.� The�
average� luminance� for� all� cases� was� above� the�
minimum�required�lux�levels�for�this�type�of�room,�as�
most�building�design�codes�require�at�least�300�to�500�
lux.�

Figure 6: Shows a fisheye projection from the field of view of
a standing occupant with RoboBlox (Date: 28/08, Time:
14:30, West).

Figure 7: Shows the glare results for the west orientation before and after installing the RoboBlox screen.
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5.�CONCLUSION�
RoboBlox� has� the� potential� to� generate� very�

complex�patterns�that�have�a�positive�effect�on�glare�
reduction,� as� shown� in� Fig.� 8,� while� maintaining�
adequate�daylighting�performance�with�an�sDA�above�
81%�of�the�occupied�hours.�RoboBlox�screens�perform�
better� in� the� east/west� orientations,� effectively�
working�as�vertical�shading�devices.�The�block�design�
with�the�upper�curve�on�the�inside�and�lower�curve�on�
the�outside�exhibited�the�best�performance.�This�is�the�
result�of�the�light�bouncing�from�the�RoboBlox�wall�to�
the�ceiling,�allowing�it�to�reflect�deeper�into�the�space.�

RoboBlox�exemplifies�the�process�of�designing�and�
evaluating� bespoke� blocks� through� a� continuous�
digital� design�workflow.� Such�mass�customisation� of�
blocks�can�only�be�realised�with�the�aid�of�an�industrial�
robotic�arm,�creating�unique�patterns�for�each�block.��

For� future� studies,� we� are� interested� in� using�
sustainable� materials� such� as� clay� in� the� robotic�
fabrication�process.�We�will�be�working�with�clay�and�
wire�cutting�to�answer�questions�like:�

�� How� can� an� industrial� robot� use� traditional�
crafting�tools�like�sculpting�clay?�

��What�are�the�limitations�and�potentials�of�robotic�
clay�wire� cutting� in� terms� of� accuracy� and� achieving�
the�designer’s�intent?�

Our� findings� confirm� that� using� RoboBlox� as� the�
solar� screen� not� only� yields� an� adequate� daylighting�
performance�similar�to�the�conventional�solar�screen�
[10,�11],�but�also�adds�a�beautiful�architectural�quality�
to�the�space.��

Our�future�research�into�using�clay�will�also�help�us�
evaluate�the�potential�of�RoboBlox�as�a�breeze�block,�
referring�to�its�original�inspiration.

Figure 8: Shows the luminance distribution and the predicted glare category before and after installing the screen. 
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ABSTRACT: As a commonly applied indicator to determine the building intervals when planning residential areas, 
sunlight spacing coefficient appeared to be ineffective in the context where sunlight duration time is applied in 
the design regulations to ensure solar access for buildings, especially among high-rise buildings. It remained 
unclear how building form effects the distribution of sunlight duration and consequently the spacing between 
buildings. Using dimensions of building form and the sunlight isochrone as indicators, this research explores how 
building form effects solar access in its surroundings with both individual buildings and buildings in a row. It is 
found that building forms can be classified into three types according to the height-to-length ratio, as each type 
performs differently in sunlight duration accumulation and thus building interval definition. Functions between 
indicators of building form and sunlight-duration-based building intervals are given. Findings in this research 
clarifies the correlation between building form and the sunlight performance, which provides useful reference for 
planning and design practice. 
KEYWORDS: building form, sunlight performance, building interval 

1. INTRODUCTION
Sunlight performance is an important factor in the

planning of residential areas. The layout and spacing 
of buildings are designated to ensure solar access for 
the residences. To estimate the building intervals, the 
sunlight spacing coefficient i.e. the ratio of building 
interval to height of the obstructive building, is widely 
applied in practice for its simplicity and substantivity. 
Also, the cutoff angle, an equivalent indicator for its 
cotangent value equals to the coefficient, is used in 
various research to space buildings [1-2]. 

However, the design codes of China apply sunlight 
duration time to regulate the front interval between 
the residential buildings [3-4]. In this context, sunlight 
spacing coefficient, as well as cutoff angle, are found 
to be effective only for low-rise slab-formed buildings, 
but not for high-rise residential towers. This indicates 
that building form, namely its height-to-length ratio 
(H/L), is a crucial factor determining the distribution 
of sunlight duration and consequently, building layout. 
Yet, the lack of understanding of their correlation has 
made the planning of high-rise residential area into 
an inefficient trial-and-error process, which relies on 
computer simulation for various plans. 

What does regulation of sunlight duration means 
for the design of building form and the definition of 
building intervals? In order to simplify the estimation 
of the required building interval for various building 
forms, a quantitative interpretation of the correlation 
between sunlight performance and building form is 
indispensable. Through investigating the derivation of 
sunlight isochrone with theoretical models of various 
building forms, this research seeks to reveal how 

building form inform the layout through its sunlight 
performance. The findings are expected to provide 
further insight on the correlation between form and 
performance, along with references for the practice 
of design and planning. 

2. METHODOLOGY

2.1 Theoretical models and research conditions 
Theoretical models of typical residential building 

forms in China are applied as cases in this research. 
According to the typo-morphological studies [5], the 
typical numbers of floors for residential buildings are 
6, 9, 11, 18 and 35 in China. Therefore, five cases of 
building forms are proposed, each composed by 72 
living units sized 12m×12m×3m, and with numbers of 
floors roughly corresponding to the typical ones. The 
cases are labeled as Case A to E as H/L increases (Fig. 
1). Volume of the cases are kept constant since H/L is 
taken as the variable. Only the orientation of south 
and a horizontal site is considered in this research. 

Figure 1: Definition of the theoretical models. 

The location of Nanjing (32°04’ N) is applied for 
sunlight assessment. The solar geometry of which is 
shown in Fig. 2. According to the design code [3], at 
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least 2 hours of direct sunlight should be accessed on 
the ground floor during 8:00-16:00 on January 20 in 
Nanjing, which made the 2 hours sunlight isochrone 
an useful tool to determine front interval between 
buildings. The AutoCAD based software TArch, which 
is widely applied both in practice and administration 
in China, is used to generate sunlight isochrones and 
shadows of the cases by given times. The assessment 
of sunlight in this research follows the requirements 
in relative standard of China [6]. 

Figure 2: Sun path diagram of Nanjing (32 04’N). 

2.2 Research approach 
As the forms of shadows are derived directly from 

the forms of the buildings, and the 2 hours sunlight 
isochrones is derived from shadows of different times, 
the correspondence between the isochrone and the 
shadows is taken as the key to clarify the correlation 
between building form and the sunlight performance 
based building intervals. 

Thus, the research is conducted in two parts. 
The first part concerns how individual buildings of 

different H/L values determine the 2 hours sunlight 
isochrone and, consequently, the front interval (IF). 
Isochrones are generated with each of the five cases, 
and compared with the shapes of shadows casted by 
the building. Based on which, the derivation of the 2 
hours sunlight isochrone is investigated geometrically, 
in order to reveal the quantitative relation between 
H/L and IF under a given condition of solar geometry. 

The effect of side interval between buildings (IS) is 
concerned in the second part. A single east-west row 
of three uniform buildings is formed with each case. 
The IF defined by the 2 hours sunlight isochrones are 
measured within the rows with varying IS. The results 
are compared in both terms of various IS and cases of 
different H/L. Geometrical patterns of the results are 
analyzed and explained quantitatively. 

3. INDIVIDUAL BUILDINGS: EFFECT OF H/L RATIO ON
FRONT INTERVAL

3.1 Results 

The 2 hours sunlight isochrones of each of the five 
cases are generated in terms of individual buildings. 
The front interval of each case are measured referring 
to the isochrone (Fig. 3). Values of IF and accordingly 
the sunlight spacing coefficient are shown in charts in 
relation with the H/L ratios of the cases (Fig. 4). 

Figure 3: The 2 hours sunlight isochrones of five cases and 
the front intervals defined by the isochrones. 

Figure 4: Relation of H/L to IF (a) and to the sunlight spacing 
coefficient (b) as shown by the cases. 

It can be found in the results that although the 
volume of the building is kept constant, the varying 
H/L ratios can change the front interval and spacing 
coefficient drastically by changing the distribution of 
sunlight duration. Spacing coefficient and cutoff angle 
are obviously ineffective when dealing with different 
building forms. Therefore, to clarify the pattern how 
H/L ratio of the building defines the 2 hours sunlight 
isochrone and consequently the IF, the isochrone is 
investigated geometrically corresponding to shadows 
casted by the buildings. 

3.2 Analysis 
As sunlight duration time is accumulated through 

the effective period of 8:00-16:00 while the shadow 
of the building swipe through the site, the form of the 
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sunlight isochrone should be related to the forms of 
the shadows. Therefore, shadows of every sharp hour 
during 8:00-16:00 are generated and overlapped with 
the 2 hours sunlight isochrone for each case, in order 
to seek the correspondence. On the other hand, as 
the front interval is defined by the intersection point 
of the building’s mid-perpendicular and the isochrone, 
point O is applied as the reference point to map the 
shading masks of each case, to reveal the pattern of 
the accumulation of the 2 hours sunlight (Fig. 5). 

Figure 5: Correspondence of 2 hours sunlight isochrone to 
the shadows of each hour, and shading masks of each case. 

Clear but different correspondence between the 
shadows and the 2 hours sunlight isochrone is shown 
in the figure. For Case A with the smallest H/L (0.125), 
the reference point O locates on the northern edge of 
the shadows of 11:00 and 13:00. While for Cases C, D 
and E with larger H/L (namely 0.500, 1.125 and 4.500), 
point O coincides with the intersection point of the 
shadows of 9:00 and 15:00. No clear correspondence 
is shown in Case B (H/L=0.281), where point O locates 
between the northern edges of shadows of 12:00 and 
11:00/13:00. 

Differences in terms of the accumulation of the 2 
hours sunlight duration can also be found among the 
cases, according to the shading masks. On January 20, 
the reference point O is sunlit precisely during 11:00-
13:00 in Case A. For Cases C, D and E, the 2 hours of 
sunlight on point O is accumulated in two periods of 
time, namely 8:00-9:00 and 15:00-16:00. Thus, Case B 
appears to be the transitional condition between the 
aforementioned ones, for the accumulation occurs by 
both the two ends of the day and around the noon. 
On the other hand, the shading masks also show that 
the sunlight around noon is accessed from the top of 
the building as found in Case A; while by the two ends 
of the day, it is accessed from the east and west sides 

of the building as found in Cases C, D, and E. For Case 
B, the 2 hours of sunlight on point O is accumulated 
from both the top and the sides of the building. The 
patterns shown here explained the correspondence 
between the shadows and the isochrone. 

Thus, three domains of H/L are found in terms of 
different correspondence between the shadows and 
the 2 hours sunlight isochrone, and different patterns 
of sunlight duration accumulation. According to the 
performance of each case, Case A is classified as Type 
1, Case B as Type 2, and the rest as Type 3. Based on 
the correspondence between the shadows and the 
isochrone, the quantitative relation between H/L and 
IF can be deduced, and the critical values of H/L that 
distinguishes different types can be identified. 

3.3 Correlation between H/L and IF among types 
In order to deduce the functions of H/L and IF by 

applying the specific cases, the relations between H/L 
and the dimensional values of H and L from a façade 
with a given area A (H times L) are: 

H = A1/2 (H/L)1/2    (1) 

L = A1/2 (H/L)-1/2    (2) 

The deduction of the functions between H/L and 
IF is as shown in Fig. 6 (a). Case A is applied here as 
the example of Type 1, in which IF is calculated within 
triangle O’M’A as IF equals the length of O’M’. Case C 
is applied as the example of Type 3, where IF equals 
the length of OM of triangle OMA. 

Figure 6: Deduction of the functions of H/L and IF (a), and 
critical states distinguishing different types (b). 

Thus, IF of Type 1 can be calculated with H/L by 
the following equation: 

IF = A1/2 (H/L)1/2 cotALT13 cosAZI13 (3)
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where ALTi – solar altitude angle at the hour of i; 
AZIi – solar azimuth angle at the hour of i. 

and it is notable that, with this type of building form, 
the sunlight spacing coefficient is a constant, which 
equals to the product of cotALT13 and cotAZI13. 

For Type 3, IF can be calculated by H/L as follows: 

IF = 0.5A1/2 (H/L)-1/2 cotAZI15   (4)

and different patterns of the accumulation of sunlight 
duration can be seen from these equations. As the 2 
hours of sunlight is accessed solely from the top of 
the building in Type 1, IF is a function of the height of 
the building; while in Type 3 the 2 hours of sunlight is 
accessed solely from the sides of the building, IF is a 
function only of the length of the building. 

The front interval cannot be precisely predicted in 
Type 2 for the pattern of accumulation changes with 
H/L. The values of IF would be between the critical 
states that divides Types 1 and 2, and Types 2 and 3. 

As the types of building form are distinguished by 
different domains of the H/L value, critical states that 
distinguishes the different types are shown in Fig. 6 (b) 
to calculate the critical values of H/L. For the critical 
state that divides Types 1 and 2, shadows of 8:00 and 
16:00 intersects on the northern edge of the shadows 
of 11:00/13:00. Thus, the critical value of H/L1 can be 
calculated as follows: 

H/L1 = cotAZI16 / (2cotALT13 cosAZI13)      (5) 

and substitute the value of the solar angles of Nanjing 
on January 20 into the equation, then H/L1 equals to 
0.2517, which is between the H/L values of Cases A 
and B. Therefore, sunlight spacing coefficient can only 
be effective when H/L of the building is no larger than 
the value. The spacing coefficient is thus 1.327 in the 
case of Nanjing, according to Equation (3). 

For the critical state distinguishing Types 2 and 3, 
shadows of 9:00 and 15:00 intersects on the northern 
edge of the shadows of 11:00/13:00. Critical value of 
H/L2 can thus be calculated as follows: 

H/L2 = cotAZI15 / (cotALT13 cotAZI13)      (6) 

and in the case of Nanjing, the value of H/L2 is then 
0.3668. It is also notable that IF reaches its maximal 
value when H/L2 is valued. For the theoretical model 
applied in this research, the maximal IF is 40.93m, 
according to Equation (4). 

According to the equations, the curve of IF to H/L 
is plotted for Nanjing (Fig. 7), and verified by the data 
measured from the cases. The findings can be used to 
estimate front interval, and thus land use efficiency, 
in the design of residential areas. Reference can also 
be provided for choosing building types. 

Figure 7: Relation of IF to H/L according to the equations. 

4. ROWED LAYOUT: EFFECT OF SIDE INTERVAL

4.1 Results 
In the design of urban residential areas, groups of 

buildings may create a more complicated situation of 
sunlight duration distribution, as the shadows casted 
by different buildings interfere each other. The rowed 
layout, as a common way of building arrangement, is 
considered here with a single east-west row of three 
uniform buildings. IF is measured from the one in the 
middle as the side intervals between the buildings (IS) 
varies from 15m to 60m every 5m (Fig. 8), in order to 
reveal the effect of grouping buildings on the sunlight 
duration distribution. The measured data are shown 
in Fig. 9. 

Figure 8: The 2 hours sunlight isochrones and front intervals in rowed layout with varying side intervals. 
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Figure 9: IF in the rowed layouts of each case with varying 
side intervals. 
 

It is shown in Fig. 8 that, with smaller values of IS, 
the 2 hours sunlight isochrones of the three buildings 
are tend to be aligned, bounding a joint unbuildable 
area where sunlight duration is inadequate. The area 
splits as IS increases, and gradually return to the form 
as of individual buildings. However, as shown in Fig. 9, 
IF does not necessarily change along with the formal 
change of the isochrone. Significant difference is only 
shown in Cases C, D and E between the circumstances 
where the 2 hours isochrone is aligned or not, while 
IF is kept constant in Case A. Only slight change of IF 
is shown in Case B. 

This can be explained by the different patterns of 
sunlight duration accumulation among different types. 
For the 2 hours of sunlight is solely accessed from top 
of the building in Case A of Type 1, IS value becomes 
irrelevant for this type. Cases C, D and E of Type 3 are 
contrarily most sensitive to the side interval, for the 2 
hours sunlight is accessed solely from the sides of the 
building. It is also notable that, IF can only be reduced 
to that of the individual buildings when the form of 
the 2 hours isochrone returns to that of the individual 
buildings for Type 3, which is based on the pattern of 
sunlight duration accumulation as well. 

Therefore, for Type 3, the critical state when the 2 
hours sunlight isochrone is not interfered by buildings 
on the side is to be clarified. Quantitative description 
is needed in order to calculate the critical value of IS 
for Type 3 buildings of different H/L values. 
 
4.2 Analysis 

Case D is taken to investigate the critical state for 
Type 3 (Fig. 10), and the critical value of side interval 
is denoted as IS0. For the 2 hours sunlight isochrone 
to maintain its form of an individual building, the area 
bounded by the sunlight isochrone cannot be further 
overshadowed during the period of 8:00-16:00. Thus, 
the upper corner of the trapezoid formed isochrone is 
applied as the reference point, and denoted as point 
P, which coincides with the intersection of shadows 
of 10:00/14:00 and 16:00/18:00. Therefore, taking an 
additional building to the east as the case, the critical 
state is when the edge of the 8:00 shadow casted by 
the additional building crosses P, as in Fig. 10 (a). 

 
Figure 10: Critical state defining the value of IS0 (a) and the 
calculation of IS0 (b). 
 

Therefore, the quantitative relation between IS0 
and dimensions of the building can be deduced based 
on the aforementioned geometrical relations. With 
triangles of PCA, PCB and PC’D as shown in Fig. 10 (b), 
the following equation can be given: 

IS0 = 2L tanAZI16 / (tanAZI16+|tanAZI10|)+D tanAZI16 - L 

(7) 
where D – depth of the building. 

The equation shows that it is the length and depth 
of the building effects IS0, as height is not included in 
the equation. Consequently, IF in a rowed layout of 
buildings is also related to the parameters of L and D. 
In terms of solar geometry, it is also notable that IS0 is 
irrelevant to solar altitude for Type 3, while only solar 
azimuth is included in Equation (7). Again, it is a result 
from the pattern of sunlight duration accumulation of 
this building type. 

By substituting the values in the case of this study 
into the equation and replacing L with H/L basing on 
Equation (2), the curve of IS0 to H/L can be plotted for 
Type 3 (Fig. 11). Thus, Equation (7) is verified by the 
measured data from Fig. 9. On the other hand, as the 
value of IS0 constantly decreases as H/L increases, 
tower formed building might save both front and side 
interval in a single row of buildings. Further research 
on this issue is needed to be conducted with the grid 
layout of buildings as more rows are involved. 

 
Figure 11: Relation between IS0 and H/L of Type 3 buildings. 
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5. CONCLUSION AND DISCUSSION
Concerning the ineffectiveness of sunlight spacing

coefficient and cutoff angle for certain building types, 
this research seeks to clarify the correlation between 
building form, sunlight duration and building intervals, 
to propose a simplified way to estimate the sunlight 
performance based building interval for the planning 
and design of residential areas. Taking Nanjing as the 
case, quantitative interpretation of the correlation is 
given. It is found that building forms can be classified 
into three types in terms of the height-to-length ratio,  
which performs differently in shaping 2 hours sunlight 
isochrone, and consequently, the front interval. Also, 
the side interval in a single row of uniform buildings is 
found to be another factor that effect front interval. 
Relations between the dimensions of the building and 
both front and side intervals are given by equations, 
which can be used to estimate the spacing between 
buildings based on its form. 

Although the equations are deduced in the case of 
Nanjing, they can also be applied for other locations 
which share the same sunlight duration regulation for 
residential buildings, because of the sunlight duration 
time requirement, reference day and effective period 
for sunlight assessment are the same. As the 2 hours 
sunlight isochrone changes with the condition for the 
assessment, further research is needed for the cities 
where different requirement of sunlight duration, or 
reference day and effective period is regulated in the 
design code. Comparisons among the locations can 
also be made, to form a more inclusive understanding 
on the correlation. 

Another issue should be addressed is the rowed 
layout. As buildings are usually arrayed in residential 
areas, and shadows casted by the tower formed ones 
can extend long on the north-south direction, further 
shading on the site can occur between different rows. 

This suggests a more complicated situation effecting 
the distribution of sunlight duration time on the site. 
Therefore, the investigation on rowed layout in this 
research is still insufficient for design practice. Array 
of buildings should be considered in further research, 
in order to provide more specific reference for design 
practice. 

Further research can also take other factors into 
consideration, such as density and land use efficiency, 
daylight performance and solar radiation, to show the 
effect of the current sunlight regulation on them. 

ACKNOWLEDGEMENTS 
This research was financially supported by the 

National Natural Science Foundation of China (Grant 
No. 51538005). 

REFERENCES 
1. Martin, L. and March, L., (1972). Urban space and
structures. Cambridge: Cambridge University Press.
2. Steadman, P., (2014). Density and built form: integrating
‘Spacemate’ with the work of Martin and March.
Environment and Planning B: Planning and Design, 41: p.
341-358.
3. GB 50180-2018, (2018). Standard of urban residential
area planning and design. Beijing: China Architecture and
Building Press. 
4. GB 50096-2011, (2011). Design code for residential
buildings. Beijing: China Architecture and Building Press.
5. Liu, Q. and Ding, W., (2012). Morphological study on
units of fabric that constituted contemporary residential
plot in the Yangtze River Delta, China. In 19th International
Seminar on Urban Form, Delft, The Netherlands, October
16-19.
6. GB/T 50947-2014, (2014). Standard for assessment
parameters of sunlight on building. Beijing: China
Architecture and Building Press. 

Vol.3 | 1809
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


PLEA 2020 A CORUÑA 
P lanning Post  Carbon C it ies

Photobiological Climate-Based Lighting Adaptation 
Scenarios for High-Performance Biophilic Buildings 

MOJTABA PARSAEE1 CLAUDE MH. DEMERS1 MARC HÉBERT2 JEAN-FRANÇOIS LALONDE3 ANDRÉ 
POTVIN1 

1GRAP, School of Architecture, Laval University, Quebec, Canada 
2CERVO Brain Research Centre, Faculty of Medicine, Laval University, Quebec, Canada 
3Electrical and Computer Engineering Department, Laval University, Quebec, Canada 

ABSTRACT: The aim of this research is to develop climate-based lighting adaptation scenarios for proper 
photobiological responses in high-performance biophilic buildings throughout the year. Photobiological 
responses refer to image forming (IF) and non-image forming (NIF) effects of light after reaching human eyes. IF 
effects enable vision. NIF effects regulate circadian clocks, alertness, and mood. A proper intensity and colour 
temperature of lighting must be provided at the proper time of the day in response to hourly IF and NIF 
requirements of building occupants for different activities. This research has conducted a scoping literature 
review to synthesise main factors and criteria for adjusting lighting to IF and NIF needs in different buildings. The 
research, then, developed different patterns for lighting adaptations in office, educational, residential and health 
care buildings based on the synthesised factors and criteria. The proposed lighting scenarios are adapted to the 
local photoperiod of Resolute Bay, in Northern Canada, as a case study. The results are discussed to outline 
major issues for future developments including an annual monitoring and analysis of daylighting intensity and 
colour temperature in sub-Arctic climates to determine the potential daylighting dose available to people at 
different times of the day. 
KEYWORDS: Human-centric lighting, Adaptive architecture, Biophilic design, Climate-responsive envelope, High-
performance building 

1. INTRODUCTION
This study aims at developing lighting adaptation

scenarios adapted to local photoperiods to address 
occupants photobiological needs in high-performance 
biophilic buildings. Lighting adaptation scenarios are 
identified as protocols and profiles to adjust lighting 
parameters of the environment to photobiological 
needs of occupants during the day [1, 2]. 
Photobiological studies and the human-centric 
lighting approach have, recently, drawn attention to 
impacts of lighting and photoperiods, i.e. day/night 
cycles, on building occupants’ wellbeing [3]. 
Photobiological impacts of light are identified as 
image forming (IF) and non-image forming (NIF) 
effects [3-5]. Image forming (IF) effects correspond to 
biological responses of human eyes to the incident 
light at the corneal enabling vision and formation of 
images in the brain. Non-image forming (NIF) effects 
refer to biological processes of light received by 
ipRGCs photoreceptors of eyes which regulate 
circadian clocks, alertness, sleep-wake cycles, 
performance and mood [6-8]. IF and NIF responses of 
occupants depend on the time and duration of 
exposure, intensity, and spectrum of the incident 
light for different activities [6-9]. NIF responses are 
particularly synchronized and reset by the local 
photoperiod [10-12]. Providing sufficient darkness for 
sleeping areas or bedrooms adapted to the human 

body’s biological night is also required to regulate 
sleep-wake cycles [8, 13, 14].  

Developing photobiological climate-based lighting 
adaptation scenarios provide fundamental protocols 
to promote biophilic qualities and overall 
performance of buildings [1-3, 15]. High-performance 
biophilic buildings must enable efficient and positive 
accessibility to daylighting and local photoperiods in 
response to occupants’ IF and NIF requirements for a 
particular activity as well as energy efficiency issues 
[1, 15]. The main characteristic of biophilic buildings 
is immersive connectivity with outdoor natural 
phenomena including daylighting and photoperiods 
[16, 17]. High-performance buildings are focused on 
maximizing the positive use of daylighting and solar 
radiation to reduce artificial lighting uses and energy 
consumption of lighting and thermal systems [18]. 
Developing lighting adaptation scenarios could 
effectively contribute to occupants’ wellbeing and 
buildings’ thermal and lighting performance 
especially in high-latitude Northern regions towards 
the Arctic which offer extreme seasonal variations in 
photoperiods and weather temperatures. 

This research synthesised several recent studies 
and recommendations regarding photobiological and 
human-centric lighting to produce climate-based 
lighting adaptation scenarios for typical office, 
educational, residential and health care buildings in 
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Resolute Bay, Nunavut, Canada (Lat. 74° N, Long. 94° 
W), as a case study. The synthesized literature 
enabled establishing criteria and patterns to adapt 
lighting parameters to occupants’ photobiological 
needs in the specified building uses in response to the 
local daylighting availability. The generated lighting 
adaptation scenarios are presented and discussed to 
outline main issues for future developments. 

2. METHODOLOGY
A scoping literature review was conducted to

synthesise major recommendations and studies 
which are recently published regarding human-
centric and photobiological lighting impacts. The 
studies were categorized and evaluated in terms of 
main factors affecting occupants’ IF and NIF 
responses in relation to the lighting design of 
buildings, biophilia and local photoperiods. 
Recommended parameters, units, patterns, and 
threshold for proper IF and NIF impacts of lighting in 
office, educational, residential and health care 
buildings are synthesized. Lighting scenarios 
encompassing the essential units and thresholds are, 
then, adapted to the local photoperiod and 
daylighting availability published by the typical 
meteorological year [19] and Marsh [20].  

3. RESULTS AND DISCUSSION
3.1 Recommended factors and criteria

The recommendations and studies on 
photobiological lighting were mainly focused on 
intensity of different light spectrums in relation to 
timing and duration of impulses received at 
individuals’ eyes [3-9, 14, 21-37]. Table 1 summarizes 
the parameters and respective metrics, units, and 
target plans for measurements that have most often 
been used to evaluate intensity and spectrum of 
lighting in relation to potential IF and NIF effects. As 
displayed in Table 1, the light intensity affecting IF 
responses are discussed in terms of illuminance in 
lux, or photopic lux, corresponding to the photopic 
spectral luminous efficiency function of human eyes. 
NIF impacts of lighting intensities are mostly 
discussed in terms of the melanopic equivalent 
daylighting (65) illuminance in MED-lux or EM-lux, 
circadian stimulus in CS and corneal illuminance in lux 
[7, 23, 25, 32]. Such metrics have been used in 
different studies. There is, yet, no consensus on a 
single specific metric to discuss NIF effects. The 
melanopic equivalent daylighting (65) illuminance 
corresponds to the melanopic (ipRGC photoreceptors 
of human eyes) action spectra. The (equivalent) 
melanopic unit presents the equivalent melanopic 
quantity produced by the standard daylighting (D65) 
[7, 38]. The melanopic daylight (D65) efficacy ratio is 
identified as the ratio of melanopic efficacy of 
luminous radiation for a source to the melanopic 

efficacy of luminous radiation for daylighting (D65) 
presented in mW/lm [7, 38]. The melanopic efficacy ratio 
is also reported in terms of the ratio of melanopic 
efficacy of luminous radiation to the photopic 
(luminance) efficiency of the luminous radiation in 
mW/lm [7, 38-40]. The ratio could be used to 
calculate melanopic units from photopic units. The 
circadian stimulus corresponds to the spectral 
sensitivity of the human circadian system based on 
the acute melatonin suppression [25, 32]. The corneal 
illuminance unit refers to vertical illuminance 
received at the eye surface. The lighting colour is also 
discussed for potential impacts on visual performance 
(IF effects) and circadian systems and alertness (NIF 
effects). Lighting colour impacts on visual 
performance are mainly discussed for artificial 
lighting sources in terms of colour rendering 
indicators. The colour rendering index (CRI) is most 
often used to represent the ability of a light source to 
reveal the colour of objects identical to an ideal or 
natural light source [6, 8, 9]. Lighting colour 
temperatures correspond to the temperature of a 
blackbody radiator emitting identical colour as the 
light source reported as correlated colour 
temperature (CCT) in kelvin (K) [6, 8, 9]. Lighting 
colour temperatures are mostly discussed in the 
context of NIF effects as cool lighting could generally 
produce higher impacts on circadian systems and 
melatonin sections/suppressions compared to warm 
lighting. Most studies emphasized that colour 
temperature and intensity units for NIF effects of a 
light source or a space must be considered together 
where NIF impacts of a cool lighting with a low 
intensity could be similar to a warmer lighting with a 
higher intensity. For example, 300 lux of a 6000 K 
light source could produce CS of 0.3 similar to 400 lux 
of 4500 K light source [25].  

The timing and duration of exposure to different 
lighting have widely been studied for potential NIF 
effects. NIF impacts of lighting have studied for four 
periods of the day in relation to humans’ circadian 
clocks that include (1) 7h to 9h, (2) 9h to 13h, (3) 13h 
to 17h, (4) 17h to 19h, and (5) biological night from 
19h to 7h. Studies have, generally, recommended 
cool high intensity lighting in the morning until 13h 
followed by warm lighting in the afternoon and warm 
low-intensity lighting in the evening. Occupants must 
not experience darkness during the day [25]. A 
complete darkness must be provided during the 
night. Thresholds for lighting intensities during each 
period depend on the individuals’ activity in the 
space. In general, one to two hours of cool bluish 
lighting, above 6000 K, with an intensity of at least 
0.3 CS or 200-250 EM-Lux are recommended for the 
early morning from 7h to 9h. Whitish lighting with 
around 5000 to 6000 K and around 0.3 CS or 200-250 
EM-lux is proposed for until 13h. warm lighting of 
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around 3500-4500 K with an intensity of 0.2 CS or 
150-200 EM-lux is suggested for the afternoon from
13h to 17h. Warm lighting of lower than 3500 K and
0.15 CS or 150 EM-lux is offered for the evening
around 17h to 19h or two hours before sleeping.

Table 1: Lighting parameters related to IF and NIF effects 
Factor metric unit Target 

surface 
Intensity of 
light for IF 
effects 

Illuminance lux Horizontal 
plan at the 
height of 
the work 
plan 

Intensity of 
light for NIF 
effects 

Melanopic 
equivalent 
illuminance 

MED-lux 
or EM-lux  

Vertical 
plant at the 
height of 
the 
individual’s 
eye 

Melanopic 
daylight (D65) 
efficacy ratio 

mW/lm 

Circadian 
stimulus 

CS 

Corneal 
illuminance 

lux 

Colour of 
light for IF 
effects 

Colour 
rendering 
index (CRI) 

CRI Not 
specified 

Colour of 
light for NIF 
effects 

Correlated 
colour 
temperature 
(CCT) 

K Not 
specified 

3.2. Photobiological climate-based lighting 
adaptation scenarios 

This research synthesized the recommended 
parameters and thresholds to propose lighting 
adaptation scenarios responding to IF and NIF needs 
of occupants in different buildings in Resolute Bay. 
Extreme seasonal variations in the photoperiod of 
Resolute Bay could negatively affect internal body 
clocks of both indigenous and non-indigenous people. 
Fig. 1 shows the Resolute Bay’s seasonal period and 
hourly photopic and equivalent melanopic lux offered 
to people during the year. The photopic illuminance 
was considered as the sum of direct and diffuse 
illuminances offered in the typical meteorological 
year. Equivalent melanopic lux was calculated by 
assuming direct solar illuminances as D65 daylighting 
and diffuse illuminances as D75 overcast skies. The 
equivalent melanopic efficacy ratios of such 
daylighting spectrums were extracted from CIE-S-026 
alpha-opic Toolbox [41]. The total melanopic 
illuminances were derived from the sum of direct 
illuminances multiplied by the D65 efficacy ratio and 
diffuse illuminances multiplied by the D75 efficacy 
ratio. In the Arctic and sub-Arctic regions, 
misalignment of circadian clocks, sleep disorder and 
day/night confusions have most often been reported 
in the summer and winter which are potentially 
related to daylighting conditions , polar days and 

polar nights [13, 14, 42-46]. Therefore, lighting 
adaptation scenarios require addressing human 
needs for darkness during polar days especially in 
sleeping areas such as bedrooms. Fig. 1 shows the 
synthesised daily lighting adaptation scenarios for 
office, educational, residential and health care 
buildings during typical summer and winter days in 
Resolute Bay. Fig. 2 presents the daily patterns for 
lighting intensities and colour temperatures for 
proper IF and NIF responses at the proper time of the 
day. Fig. 3 shows the synthesized seasonal lighting 
adaptation scenarios developed for the specified 
buildings in Resolute Bay. The local photoperiod 
depicts day and night times corresponding to sunrise, 
sunsets, twilight, and night hours throughout the 
year. The period of working, school, or social hours 
are highlighted for each case study. The working 
hours for the office are considered from 7h to 19h. 
The school hours are assigned for 7h to 17h. The 
social hours for the residential building are assumed 
from 7h to 23h. Nurses’ working hours are considered 
for the entire day. The hatched periods show the 
potential hours requiring artificial lighting. Right 
columns represent the proper intensity of lighting at 
the proper time of the day to respond to IF and NIF 
needs in each space. The intensities are presented in 
terms of illuminance at the horizontal work plan and 
melanopic equivalent daylighting (D65) and circadian 
stimulus at vertical plan at the eye level as 
synthesized from the reviewed studies.  

Figure 1: Resolute Bay’s photoperiod and daylighting dose  
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Figure 2: Daily photobiological lighting adaptation scenarios developed for different buildings during typical summer and winter 
days in Resolute Bay, Nunavut, Canada 

Figure 3: Seasonal photobiological lighting adaptation scenarios developed for different building in Resolute Bay, Nunavut, 
Canada 
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The left column presents the potential colour 
temperatures of lighting at the proper time of the day 
in response to IF and NIF requirements in the space. 
Artificial lighting using LED systems must be used 
during polar nights and short days of winters to 
respond to photobiological needs of occupants. The 
proposed lighting adaptation scenarios, also, highlight 
the periods that complete darkness must be provided 
in the space. During such periods, the openings could 
be fully covered, for example, by insulated panels to 
prevent potential heat losses under the extreme cold 
arctic climatic conditions. Thus, building lighting 
systems could be designed and operated based on 
the provided patterns to respond to photobiological 
needs of occupants while improving the overall 
performance. 

4. CONCLUSION
Photobiological climate-based lighting adaptation

scenarios are essential for high-performance biophilic 
buildings, especially in sub-Arctic climates. This paper 
provided the main factors and criteria to develop 
lighting adaptation scenarios for proper IF and NIF 
responses in different buildings. The proposed 
lighting scenarios are adapted to local photoperiods. 
The developed scenarios offer patterns to adapt 
timing and duration of intensities and colour 
temperature of lighting, including natural and 
artificial, for some examples of building uses in 
Northern Canada. Future research must study the 
intensity and colour temperature of local daylighting 
under different sky conditions in terms of parameters 
representing NIF effects in order to identify potential 
doses of lighting exposed to people at different times 
of the day. Lighting adaptation scenarios could be 
further integrated with the thermal and lighting 
smart control systems to increase the overall 
performance of buildings. Adaptive mechanical 
shading panels could use lighting adaptation 
scenarios to adjust indoor daylighting performance of 
buildings for proper IF and NIF requirements. 
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 [The red lines (factor 800 lux) are present in
the exposed areas, the green lines (factor 500 lux) are the openings, 
and blue lines (factor 200 lux) the cooler temperature.] 
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Evaluation of A Ventilation System of An Auditorium in 

England In Terms of Thermal Comfort and Indoor Air 

Quality
PARIN MOHAJERANI, Kent School of Architecture and Planning, University of Kent, Canterbury, England
DR GIRIDHARAN RENGANATHAN, University of Kent, England
DR RICHARD WATKINS, University of Kent, England

The Theatre  

The case study of this research is a mechanically ventilated auditorium with 
a capacity of 1200 seats. The fresh air is delivered at a temperature of 19°C 
through a vertical channel to the right side of the plenum beneath the stalls 
from which air is injected through displacement diffusers that are mounted 
underneath the seats of the auditorium, the return air is extracted at high 
level by four fans.

Figure 1: Vertical supply air duct, Plenum hatches and Plenum.

Methodology

• On-site inspection and interviews with staff and the facilities manager.
• Measurement of the at-seat supply air velocities.
• Measurement of air temperature, relative humidity and carbon dioxide levels 

during a performance.
• Survey of audience members.
• Modelling and CFD simulation

Results

Supply air velocity
• The supply air velocity was highly variable.
• The supply air velocity increased from left to right in the stalls.

Table 1: Supply air velocity increased from left to right. 
Row- Seat number Supply air velocity m/s

M-3 0.06
M-20 0.25
T-13 0.12
T-32 0.23

Air temperature
• Temperature gradient was more than 3K from people’s feet to their heads.
• The   average auditorium’s temperature in the stalls was over the
recommended thermal comfort criterion of 25 °C.

Figure 2: Auditorium’s average temperature reached 26.5°C during part 2 of 
the performance.

Relative Humidity
• The mean relative humidity in the auditorium was within the recommended
thermal comfort criteria.

Carbon dioxide levels
• An unintended recirculation between the main inlet and outlet caused a

gradual increase in the measured CO2 concentration of the supply air in the 
plenum.

Figure 3: Recorded CO2 concentration in the plenum and extract duct.

Computational Fluid Dynamics (CFD)

• As was found from the measurements, the supply air velocity is higher at
the right side of the auditorium.

Figure 4 and 5: Air velocity varies beneath the stalls and it is higher at the 
right side of the Plenum.

Questionnaire survey of the audience
• The seats with a lower supply air velocity were associated with respondents 
describing the air as too warm.
• The seats with a higher supply air velocity were associated with comments
of it being draughty and cool.

Conclusions

• The auditorium might be over-heated if the auditorium were fully occupied
with an audience of 1200.
• Temperature gradient of 4 K to 7 K in the auditorium can cause discomfort.
• There is an external recirculation of the exhausted air into the fresh air
intake due to the location of the main external inlet and outlet which are
placed adjacent to each other.

side only at high velocity and through the Coanda effect causing a distinct
pressure gradient leading to a reduced supply of fresh air to the auditorium
on the supply side.
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Figure 1: The step by step design approach to enable a Net Zero project.

Figure 2: Drawing inspiration from The Grid Climatique by Le Corbusier, a
matrix for the entire country is developed to identify the applicable passive
strategies as/ the climatic zone.

Figure 3: Optimising building
morphology [3].

Figure 4: Envelope heat load
analysis: studying the impact of
orientation, WWR, shading and U
values [4].

Figure 8: Spots measurements to
assess the performance of the
internal courtyards for an office
building In Delhi on a summer day
[7]
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Figure 5: Water and Solar potential
charts to calculate the Net Zero
potential of the site

Figure 6: Local Materials of the
region used for construction.

Figure 7: Capital cost and operative
cost comparative between
Centralised air conditioning and
Hybrid system for a Commercial
project in hot and humid climate [6]
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Fig. 2. Parameters investigated in three groups

Fig. 1. Aero and street view at a Traditional Shophouse Neighbourhood in 
Guangzhou, China

Fig. 3 The correlation between 

pedestrian area in three 
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Contrasting passive cooling effect produced by courtyards 
located in the Tropical and Mediterranean climates
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CARMEN GALÁN MARÍN, Universidad de Sevilla, Spain
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LETICIA MENDES DO AMARANTE, Universidade Federal de Mato Grosso, Brazil
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MARIA LUIZA COSTA NEGREIROS MORAIS, Universidade Federal de Mato Grosso, Brazil
EDUARDO DIZ MELLADO, Universidad de Sevilla, Spain
CARLOS RIVERA GOMEZ, Universidad de Sevilla, Spain

Introduction

This study deals with the potential of the courtyard as a project resource to 
mitigate the effects of climate change and the phenomenon of the Urban Heat 
Island (UHI) in an urban environment. The courtyard is an enclosed space, 
open to the sky and bounded by buildings in its perimeter, an architectural 
element commonly applied to increase daylight inside buildings as well as to 
attenuate the heat gain by shading the external surfaces, offering an internal 

due to its ability for control ventilation and the humidity inside buildings. The 

is located in the southern region of Spain, in the Seville City characterized by 

of air temperatures at the locations studied is indicated in Figure 1.

(Brazil) and Seville (Spain).

It was selected an institutional building constructed in the early 19th century, 

13.7x10x11.8m, and aspect ratio (AR=height/width) of 0.81 and 1.43 (Figure 

courtyards, 13.2x 7.5x 10.7m and AR of 0.84 and 1.18) (Figure 2b). The 
methodology followed the protocol established by López Cabeza et al., with 
two weeks of climates variables monitoring inside the courtyards in both 
surveyed regions

The Ecotect Analysis software was utilized to simulate and obtain a 
quantitative measure of shading and insolation on the surfaces of inner 

pattern was chosen to perform solar incidence on surfaces in each region.

radiation considered for tropical and Mediterranean region.

Results and discussion

The shading index can be visualized in Figure 4a. The Iinsolation peak in 
the courtyard at Tropical and Mediterranean region reaches 153.3Wh/m2 at 
10am and 162.3Wh/m2 at 2pm, respectively. The average daily insolation 
received in the Mediterranean courtyard was 85.5Wh/m2, only 1.7% higher 
than the tropical region (84Wh/m2) (Figure 4b). 

Figure 4: (a) Average total shading on the courtyards’ surfaces, (b) Average 
total isolation on the courtyards’ surfaces. 

During the daytime, it is possible to observe dropping in the air temperature 

passive strategy can moderate the outside air temperature (Figure 5).

Figure 5: Daily course of outdoor and indoor courtyards’ air temperature.

Conclusions 

climate under hot and dry season, but with less cooling effects than those 
deployed on the Mediterranean climate. The study of shading and insolation 
allowed demonstrating that these indicators affect the courtyard thermal 
environment in a different way at each region. Finally, courtyards with different 

Acknowledgements

Technological Development (128291/2019); National Government of 

18/04783).

References

1. Zamani, et al., (2018). Reviewing the thermal and microclimatic function

of the courtyard microclimate as a combined function of aspect ratio and
outdoor temperature, Sustainable Cities and Society, 51:101740.

Vol.3 | 1834
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


Vol.3 | 1835
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


|45° - 45°|45° - L90°|90° - L45°|90° - L90°

Vol.3 | 1836
35th PLEA Conference. Planning Post Carbon Cities.

DOI: https://doi.org/10.17979/spudc.9788497497947

https://doi.org/10.17979/spudc.9788497497947


The thermal performance of compact housing in tall 
buildings: Strategies for façade design in the dense 
urban centre of the subtropical city of São Paulo
MONICA DOS SANTOS DOLCE UZUM, University of São Paulo, São Paulo, Brazil 
JOANA CARLA SOARES GONÇALVES, University of São Paulo, São Paulo, Brazil 

The downtown São Paulo (latitude 23.85°S; longitude 46.64°W; altitude 
792m) has been facing a complex transformation process since the early 
decades of the 20th century, as a consequence of economic growth and urban 

built between 1930s and 1960s. Nowadays, both public and private sectors 
of the city are interested in redeveloping these buildings and open up new 

about the environmental performance of these buildings. For this reason, the 
objective of this research is to quantify the thermal performance of compact 
economic housing in the tall buildings of the urbanely dense city centre 
of humid-subtropical climate (Cfa) city of São Paulo, following up with the 

The method was based on thermodynamic computer simulations, carried 
out with the tool Thermal Analysis Simulation Software, TAS. The base-case 

[2]. 

FLOOR PLAN
0

1

5

10m

Figure 1: Floor plan and façades of a typical residential multi-storey building 

and 3 different heights of the urban canyon, in order to assess the impact of 

and winter periods with the window´s aperture of 50% during occupancy 
hours. A second round of simulations was performed with a higher aperture 
for the warm period and lower apertures for the cooler period. In total, the 
analytical encompassed 480 scenarios. The criteria applied to evaluation of 
the results from the thermal dynamic simulations was the comfort adaptive 
model presented in the BS EN 15251: 2007 standard [3]. 

Figure 2: Digital model for the thermal dynamic simulations developed in 
TAS.

The results for the summer month showed some percentage of hours in 
discomfort in all simulated scenarios, even if reasonably small. In some of the 
best cases, the percentage of hours above the comfort zone varied between 
0.1 and 2.9%. In 41% of the cases simulated with the 50% aperture, the 
amount of overheating hours exceeded 3%, the limit for overheating hours 

The results of the second round of simulations, in which a higher window 

aperture was tested (70% rather than 50%), showed that different scenarios 
of orientation, shading and canyon height required different aperture sizes for 

simulations, in which extra external shading and cross ventilation through the 
building´s naturally ventilated corridor were introduced, showed a sensitive 

January results - 3nd simulation trial
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70% + cross 
ventilation 1.9% 70% + cross 

ventilation 1.8% 70% + cross 
ventilation 1.7% Heat peak in 3 afternoons

External 
obstruction 

+ shading
70% 2.2% 70% 2.2% 70% 2.4% Heat peak in 5 afternoons
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obstruction 50% 2.7% 70% 2.0%

70% + 
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2.4% Heat peak in 5 afternoons

Without 
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ventilation

1.9%

70% + 
external 
shading 
+ cross 

ventilation

1.8%

70% + 
external 
shading 
+ cross 

ventilation

1.7% Heat peak in 3 afternoons

positioned in the southeast orientation, for the summer period, with the addition 
of external shading and cross ventilation.

For the winter period, considering 50% window´s aperture when external 
temperatures are above 20°C, high levels of discomfort were found in most 

cases. The reduction of window´s aperture from 50% to 10% did not show 

2.3% aperture – which were calculated for the minimum fresh-air requirements, 
showed a much better results. 

July results - 2nd simulation trial
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cold in 16 early morning to 

2.3% aperture simulation

Without 
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aperture 6.9% 2.3% 

aperture 6.7% 2.3% 
aperture 7.4% Cold in 11 early morning to 

2.3% aperture simulation

positioned in the Southeast orientation, for the winter period, with the external 
shading and window aperture of 2.3%.

ventilation was obtained with the minimum of 50% window´s aperture. In 
the cases of high solar exposure, cross ventilation is necessary for comfort 
conditions for at least 80% of the time. 
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      Thermal model of a detached 
house, one of the typical UK 
dwelling types[1,2], was to 
simulate  the natural ventilation 
potential. 
     Occupied hours in bedroom 
and the livingroom are setting 
seperately.
 Overheating threshold 
temperatures suggested in the 
CIBSE Guide A [3].

Impact Of Climate Change On The Natural Ventilation 
Potential: A case study in the UK

Yuzhuo Sun, Yanghuan Zeng, Chunde Liu
China-UK Low Carbon College, Shanghai Jiao Tong University, Shanghai, China

 

Figure 3: The reduction (%) in overheating hours in (a) the living room 
and (b) the bedroom due to natural ventilation

Conclusion

   Natural ventilation was an effective thermal adaptation against 
overheating, according to the reduced exposure hours between the 2080s 
and the1990s. 

      Assuming ventilation strategy is not adopted, the nighttime cooling 
demand would increase faster than that during the day.

       Considering the effects of noise and air pollution on the simulation 
will be the future work.
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 Figure 1: Map of UK and Ireland

Research background

As the weather changes 
frequently, the impact of 
climate warming on people's 
daily life has been increasing, 
which has attracted 
widespread attention. The 
purpose of this article is to 
simulate the natural ventilation 
potential of buildings and 
evaluate the cooling demand.

Figure 2: Geometry and floor plan 
for a typical detached house

Methodology

Table 2. Building details of constructions and fenestrations

Results

The effect of natural ventilation 
varied significantly with locations 
and warming climate(Figure 3).
  Natural ventilation could 
decrease overheating hours over 
40% in Plymouth while less than 
10% in  Manchester.
  Natural ventilation could 
eliminate 100% of overheating 
risk in the bedroom in the 1990s 
but little in the 2080s in Glasgow.

          For London, it was significantly longer in 2080s, indicating a higher 
risk of heat-related mortality and morbidity than other cities. 

   In the 1990s, London can reduce 
exposure time by more than 60 hours during 
the day. 

Figure 4:  Hours when the external temperature were higher than the 
internal temperature

Figure 5: The difference in exposure hours between closed and open 
windows for the 1990s and 2080s respectively

From north to south, the selected cities 
are Glasgow, Manchester, London and 
Plymouth( shown in Figure 1 &Table 1). 

Table 1. City location

       Hoff-on=Hoff-Hon                     (1)
(Hon : exposure hour with opened window;
Hoff : exposure hour with closed window)

Source:https://www.ipcc.ch/sr15/graphics/

        The cooling demand in  four cities would all increase over the 1990s 
by the 2080s.
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