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Solar Access Assessment in Semi-Arid Urban Context: An Application Study for 19 

Existing Apartment Buildings Districts in Batna City, (Algeria) 20 

Highlights 21 

• A customize computational workflow is implemented, and a multi-phase evaluation process 22 

is developed for evaluating building solar performance. 23 

• The framework is tested for 10 urban residential configurations in Batna, Algeria. 24 

• Proposed four solar performance indicators to compare the solar performance between urban 25 

forms in semi-arid climate. 26 

• Identified impacts of urban morphological parameters on solar availability. 27 

• Façades are affected by seasonal changes much more than roofs 28 

• Active solar collector is the most effective solar technology in the studied context 29 

• average building height, volume area ratio, plot ratio, and floor area ratio displayed strong 30 

linear correlations with the calculated solar performance indicators. 31 

Abstract 32 

The building sector has become one of the largest energy consumers in developing countries 33 

and should be considered a significant target of implemented energy-saving initiatives. 34 

Employment of solar energy strategies, particularly in the urban residential environment, can 35 

help to reduce consumption levels. This paper analyses the relationship between urban 36 

morphology and solar availability under the semi-arid climate and environmental conditions of 37 

Batna city (Algeria). It proposes a Grasshopper-based automated morphology generation and 38 

simulation system for evaluating solar access. Initially, morphological and solar analyses of 10 39 

residential fabrics were performed to compare and identify better designs through the analyzed 40 

urban forms by measuring their solar performances. Four solar performance indicators have 41 

been assessed (i) Building Integrated Photovoltaic Index (BIPVi), (ii) Active Solar Collector 42 

index (ASCi), (iii) Passive Solar Index for Heating (PSI_heating), and (vi) Passive Solar Index 43 



for Cooling (PSI_cooling). Then, the appropriate solar technology for each studied urban 44 

configuration in this context is defined. Finally, a statistical investigation is employed to 45 

determine which morphological parameter most influences solar availability. Findings suggest 46 

that façades are affected by seasonal changes much more than roofs. Moreover, active solar 47 

collectors appear to be the most effective solar technology in the studied context. The 48 

correlation and regression analysis results suggested that average building height, volume to 49 

area ratio, plot ratio, and floor to area ratio displayed strong linear correlations with the 50 

calculated solar performance indicators. 51 

Keywords: Solar access; Semi-arid climate; Residential buildings; Urban morphology; Solar 52 

performance indicators; Ladybug; Linear regression. 53 

Nomenclature 

BIPVi       Building Integrated Photovoltaic Index 

ASCi        Active Solar Collector index 

PSI heating   Passive Solar Index for Heating 

PSI cooling   Passive Solar Index for Cooling 

APVsolar    Envelope area receiving solar irradiation  

                 threshold value for photovoltaic  

                 technology 

ATHsolar   Envelope area receiving solar irradiation  

                 threshold value for thermal collectors  

                 technology 

APSheating Envelope area receiving solar irradiation  

                 threshold value for passive heating 

APScooling Envelope area receiving solar irradiation  

                 threshold value for passive cooling 

PNDEREE      The national program for the     

                        development of renewable energy and  

                        energy efficiency. 

PNE                The national research program  

SONELGAZ  Algerian Company of Electricity and  

                       Gas 

CES-MED      The Cleaner and Energy Saving  

                        Mediterranean Cities project 

SEAP              Sustainable Energy Action Plan  

PDAU             master plan of architecture and  

                        urbanism  

POS                The land use plan  

DUC               Urbanism and Construction  

                        Department 

AADL             National Agency for the Improvement  

                        and Development of Housing program 

1. Introduction 54 

The future of the world's population is urban, and the process of urbanization is expected to 55 

continue for decades. Urban areas are predicted to absorb nearly all the future growth of the 56 

world’s population (United Nations, 2019). The urban districts of developing countries are 57 

expected to receive 96% of the additional 1.4 billion inhabitants by 2030 (The world bank, n.d.). 58 

Consequently, energy needs will continue growing rapidly, and questions of the availability and 59 

cost of fossil fuels will be problematic in these regions. Currently, energy demands will 60 

continue to rise fast, and the supply and cost of fossil fuels will be a source of concern in these 61 



areas (United Nations, 2018). It is needed more than ever to consider the issue of reducing 62 

emissions and put the city at the forefront of reducing energy consumption (DGALN/PUCA, 63 

2010). One of the effective strategies is to transform cities from energy customers into energy 64 

producers, mostly through the use of solar energy ( Lundgren & Dahlberg, 2018). 65 

In Algeria, 70% of the built stock is urban (APRUE, 2017). Energy consumption has 66 

experienced increased growth, due mainly to better citizens living standards in addition to an 67 

increase in the rate of services and the completion of several public utility infrastructure 68 

projects. According to the national energy balance, final energy consumption reached 519 69 

million MWh, of which 37% are employed by the residential and tertiary sector. Electricity 70 

consumption in the residential sector has been evaluated at 135 Million MWh, and the average 71 

annual energy consumption per dwelling at 3262KWh (APRUE, 2019). Controlling energy 72 

consumption in buildings becomes then essential and constitutes a challenge for the coming 73 

decades. 74 

Inconsistently, Algeria has the largest solar potential in the Mediterranean basin due to its 75 

privileged location and area. The average sunshine duration in Algeria exceeds 2 000 hours per 76 

year, reaching nearly 3 500 hours in the Sahara Desert (Abada & Bouharkat, 2018). The energy 77 

received daily on a horizontal surface is 5 KWh/m2 over most of the national territory, or nearly 78 

1700KWh/m2/y in the North and 2650 KWh/m2/y in the South (Kharchi et al., 2019). Indeed, 79 

exceptional opportunities arise in all the country regions to exploit this enormous amount of 80 

solar energy for passive heating, natural lighting, heat collectors, photovoltaic, and even for air 81 

conditioning. 82 

The national program for the development of renewable energy and energy efficiency by 83 

2030 PNDEREE 2030 and the national research program PNR have been developed as a 84 

country strategic concern to respond effectively to this challenge (DGRSDT, 2021). One of the 85 

main objectives of these programs is to gradually integrate energy efficiency measures and 86 



reduce energy consumption by 9%. Furthermore, it will help to diversify electricity production 87 

channels. The issue of solar performance in existing residential areas must be then addressed, 88 

particularly in Algeria, where there is a lack of adequate climatic guidelines that enable 89 

architects to provide high solar performance in residential buildings. 90 

2. Research objectives 91 

This research where Batna city has been identified as a case study (see Fig. 1) combines three 92 

distinct objectives.  93 

Firstly, it aims to compare and identify better designs through the existing apartment buildings 94 

by measuring their solar performances. Specific solar performance indicators considering semi-95 

arid climate conditions were used. The objective is dual i.e. maximizing solar gains for passive 96 

heating during the cold season and minimizing them to prevent overheating in the hot one. 97 

Moreover, we purpose to maximize energy generation from photovoltaics and solar thermal 98 

collectors.  99 

Secondly, to define the appropriate solar technology for each urban configuration in this 100 

context.  101 

Finally, to determine which parameter most influences solar availability by investigating 102 

statistically the relationship between morphological characteristics of studied residential areas 103 

and solar energy potential. The insights obtained from this research will be used to establish a 104 

planning policy to optimize the solar performance of urban fabrics. 105 

 

 

 

 

 

 

 
Fig. 1. Right, location of Batna city in the map of Algeria; left, studied areas on the map of Batna. 106 



3. Overview on residential urban morphology and solar energy potential 107 

Solar radiation studies on an urban scale extend back to the nineteenth century (Beckers, 2012). 108 

Solar energy can be used not only passively for heating and daylighting (Jakica, 2017; Shareef, 109 

2021; Wang et al., 2017; Yang et al., 2021), but also actively for electricity and domestic hot 110 

water production (Mohammad et al., 2019; Porse et al., 2020; Vulkan et al., 2018; Xu et al., 111 

2019; R. Zhu et al., 2020).  Over the last few decades, there has been a lot of interest in studying 112 

the relationship between urban design and solar performance (Agra et al., 2016; Bahgat et al., 113 

2020; Morganti et al., 2017; Poon, 2020; Shi et al., 2021; Zhang et al., 2019; R. Zhu et al., 114 

2019). Residential district configuration has also been assessed to optimize solar energy use. 115 

However, most of these studies focus on European cities ( IEA, 2018). In the African context, 116 

especially in the semi-arid climate, few studies have assessed the role of the residential built 117 

environment on solar performance (Bensehla et al., 2021; Lau et al., 2017). 118 

The morphology of residential neighborhoods has a considerable influence on building solar 119 

potential and energy consumption (Bellini et al., 2017; Levinson et al., 2009; Xia & Li, 2021). 120 

Choosing the appropriate spatial parameters is determined by the study's objectives, scale, and 121 

climate conditions (Aghamolaei et al., 2018). Both site and design-specific parameters effects 122 

have been investigated through literature (Nault et al., 2015). Some research works have 123 

focused on studying the influence of a single unique characteristic i.e. optimum height of 124 

apartment buildings (Seong et al., 2011), residential block typology (Natanian & Wortmann, 125 

2021; Tian & Xu, 2021; Vartholomaios, 2015; Xia & Li, 2021), orientation (Morrissey et al., 126 

2011), density and compactness (FNAU, 2006; Samuelson et al., 2016), and shape of roofs 127 

(Kaji et al., 2021; Lopez-ruiz et al., 2020; Y. Li & Liu, 2017). Whereas recent approaches 128 

incorporate various characteristics while considering their interactions (Lobaccaro et al., 2017; 129 

Ouria & Sevinc, 2018). 130 



As part of the work carried out by the European Institute For Energy Research (EIFER), 131 

(Gauthier, 2014) studied the effect of 14 morphological parameters on solar energy gains over 132 

12 representative residential neighborhood types in France. He has shown that district solar 133 

gains are depending on two morphological parameters i.e. density and compactness.  134 

Li (D. Li et al., 2015) evaluated the impact of three major design parameters i.e. building aspect 135 

ratio, azimuth, and site coverage on the photovoltaic and solar thermal performance of 136 

residential buildings. The findings showed that increasing building aspect and site coverage 137 

tended to raise solar potential. The study of  Natanian  (Natanian et al., 2019) considered both 138 

building and urban design parameters for residential and office building use. The results 139 

confirmed the outperformance of the courtyard typology in hot climates yet found to be more 140 

distinct in low densities. In high-density residential areas of Shanghai, Zhu (D. Zhu et al., 2020) 141 

investigated seven morphological parameters where two of which are newly proposed (SSU600 142 

and SSU400). Results showed strong correlations between these two parameters and the 143 

corresponding solar performance indicators, surpassing all the other morphological parameters. 144 

Tian (Tian & Xu, 2021) assessed the effects of quantifiable morphological characteristics on 145 

the PV modules’ location and height on residential blocks in Wuhan, China. Authors reported 146 

that the floor area ratio, building density, average building height, and building interval; all 147 

have a substantial influence on the residential block's solar potential. Similarly, Ahmadian 148 

(Ahmadian et al., 2021) examined the relationship between built form and density of four urban 149 

built forms with an energy indicator termed Energy Equity using the city of London as an 150 

example of a temperate climate. Results demonstrated a significant effect of plan depth and the 151 

number of stories on the trend of building energy performance and the high-rise buildings with 152 

greater plan depths achieve higher energy efficiency. 153 

 

 



4. Investigation approach 154 

4.1. Prominent morphological parameters selected 155 

The investigation procedure has been initiated using the most effective parameters defined in 156 

the last section. The list of selected indicators with their definitions are presented in Table.1. 157 

 Morphological indicator definition 

01 urban block typology 
Geometrical characteristics of the basic component 
of urban fabric, that is surrounded by external roads 
(Sanaieian et al., 2014) 

02 Average height 
The total heights of buildings divided by the total 
number of buildings (Tian & Xu, 2021) 

03 Orientation 
Azimuth angle of building’s façades in a neighborhood 
where North=0° 

04 Volume area ratio 
The total building volume in a neighborhood divided by 
total area of a neighborhood (Mohajeri et al., 2016; 
Morganti et al., 2017) 

05 Plot ratio 

The ratio of the total floor area of buildings to the area 
of the building plot in a neighborhood  (Chatzipoulka et 
al., 2016; Ahmadian et al., 2019; Nault et al., 2015; Sun 
et al., 2016; James et al., 2015) 

06 Floor area ratio 
The building’s gross floor area in a neighborhood 
divided by total land area of a neighborhood (Tian & Xu, 
2021) 

07 Site coverage 

The total b(Ahmadian et al., 2021)uilt area in a 
neighborhood divided by its total area (Chatzipoulka et 
al., 2016; Ahmadian et al., 2019; Nault et al., 2015; Sun 
et al., 2016; James et al., 2015) 

08 Building density 

The total number of buildings divided by total area of a 
neighbourhood (Ahmadian et al., 2019, 2021; 
Javanroodi & Nik, 2019; Mohajeri et al., 2016; Wiginton 
et al., 2010) 

09 Distance from city center 
The distance between a center of a neighborhood and 
city center 

Table 1. List of selected morphological parameters for our study and associated definitions. 158 

4.2. Case study, environmental and climatic context 159 

Situated in the northeast of Algeria at an altitude of 1048m, Batna (35°33′21″ North, 6°10′26″ 160 

East) has a cold semi-arid climate (Köppen climatic classification BSk), with hot and dry 161 

summers and cold, wet winters with the possibility of snowfall. July is the driest month, with 162 

18mm of precipitation, while May has the highest rate of 65mm. Meteonorm climate data 163 

(Remund, et al., 2020) describe Batna as a continental climate with an average annual 164 

temperature of 15°C. Average low temperatures vary from 1°C in January to 16°C in July, 165 



while average high temperatures can reach 33°C in July, being the hottest month. According to 166 

World Population Review statistics (Algeria Population 2021 (Demographics, Maps, Graphs), 167 

n.d.), the city has a population of 280798 with a rapid urbanization rate. The insulation time 168 

reaches 3000 hours per year, and the energy received on a horizontal surface gets at 1700 169 

KWh/m²/year (Bouzid et al., 2015) (Fig. 2). 170 

For economic and expediency reasons, collective housing has been designed using conventional 171 

plans that do not always consider climate and site conditions to meet the pressing demand for 172 

housing. The consequences have been drastic on residential buildings quality and energy 173 

consumption. SONELGAZ (Algerian Company of Electricity and Gas) estimates the average 174 

energy consumption in Batna at 12.1 MWh /year/inhabitant equivalent to approximately 7.5 175 

barrels of oil per year per inhabitant. This high level of consumption is due essentially to poor 176 

architectural and engineering design. It is clear from fig. 3 that the residential sector constitutes 177 

the principal consumer of energy, and the primary energy used is gas. This is explained by harsh 178 

winter weather and mild summer. 179 

Batna has participated in an international program to reduce fossil-based energy consumption 180 

and to promote renewable energies. Through the Cleaner and Energy Saving Mediterranean 181 

Cities “CES-MED” project, European Union-funded initiative to support the transition towards 182 

sustainable, low-carbon, and climate-resilient development, It has initiated a Sustainable 183 

Energy Action Plan “SEAP” (The municipality of Batna, 2015) to reduce 30% of energy 184 

consumption and increase energy production from renewable sources to around 30% by 2030. 185 

Fig.2. Annual irradiation in Batna City. 



 

Fig. 3. Energy consumption in Batna city (GWh/year). 186 

5. Methodology  187 

The methodological process comprises five distinct stages schematized in Fig.4. First, 2D data 188 

was used to describe the urban morphology of collective residential neighborhoods in Batna. 189 

Then, the procedure by which samples were selected is defined. The same data was then used 190 

to build 3D digital models, followed by descriptive analysis of morphological parameters of 191 

selected residential areas computed using Rhino3D/Grasshopper (Robert McNeel, 2021). These 192 

models were then used to calculate solar irradiation on building roofs and façades using 193 

Ladybug and Honeybee component groups (Roudsari et al., 2013). A set of solar performance 194 

indicators was then calculated to carry out a comparative study between the selected cases. 195 

Finally, statistical elaboration of the results of the two previous stages was elaborated. The aim 196 

was to explore and measure the impact of each morphological characteristic of studied 197 

neighborhoods on its solar performance. 198 

 199 

Fig.4. Methodological workflow. 200 



5.1. Data collection and selection of representative samples 201 

The whole procedure starts with the selection of typical examples that represent the existing 202 

collective residential building stock in Batna. Data and information in this study were obtained 203 

from three sources: local communities, desktop research, and field observations. Definition and 204 

location of collective residential areas, in addition to 2D information data, were derived from 205 

the master plan of architecture and urbanism (PDAU) and the land use plan (POS) obtained 206 

from the local Urbanism and Construction Department (DUC. Direction de l’Urbanisme et de 207 

la Construction). Missing information from the two plans has been completed using 208 

OpenStreetMap (OpenStreetMap, n.d.) and Google Maps (Google, n.d.). There was a big 209 

challenge to get detailed 3D information of existing buildings in the large studied urban area. 210 

Confronted with the inexistence of a shapefile or any other type of file that contains three-211 

dimensional information. Photos have been used to complete the whole configuration. 212 

The most appropriate urban scale for our study has been settled as a square mesh of 300x300m 213 

to maintain the best homogeneous fabric scheme with an identical building’s shape and 214 

function. However, a larger area of 400x400m has been considered in solar energy calculations 215 

to include all masks of the surrounding buildings. 216 

The division operation has resulted in forty-six cells of collective dwelling buildings. This 217 

selection has then undergone a process of filtration according to two main conditions:  218 

− condition one: the cell must contain at least 90% of apartment buildings. 219 

− Condition two: cells should originate from different neighborhoods. 220 

As a result, ten cells were randomly chosen for the investigation (Fig.1 and Table 4). Section 221 

6.1 describes in detail the spatial parameters of the samples. 222 

5.2. 3D digital modeling 223 

For this research, digital models of ten urban forms are developed to define the relationship of 224 

urban form and solar performance for various cases. The modeling process for each of the 225 



morphology samples was conducted in two stages (i) Landscape topography modeling and (ii) 226 

building's façades and roofs modeling. The landscape model is a complex approximation of 227 

reality, but due to the elevation variations observed in the case studies, these variations are 228 

considered necessary for the models. To perform a credible analysis of the solar potential, 3D 229 

models have been generated at Level of Detail 2. In this level, building-block shape is 230 

reproduced according to real geometry (Gröger et al., 2012). The model included both 231 

landscape and buildings, was imported into the computer-aided design (CAD) program 232 

Rhinoceros and linked to Ladybug plugin through the graphical algorithm editor Grasshopper 233 

to perform solar simulations. 234 

5.2.1. Landscape topography modeling 235 

Ground modeling involves converting a topographical survey with levels and elevations into a 236 

tridimensional contoured or triangular map. It provides a visualization of the ground shape. In 237 

this way, site maps can be viewed to perceive how the terrain is currently located and is helpful 238 

for most exploration projects. Ground modeling is not only interesting for the planning of the 239 

location of structures studies, but its topography also influences solar potential due to cast 240 

shadows and visual obstructions, especially in the urban fabric (Redweik et al., 2013). 241 

In this step, the main objective was to create a typology that considers not only the geometry 242 

but all aspects that may have a significant impact on the utilized solar energy. Thus, the ground 243 

topography was used and modeled to consider all probable influences. The software 244 

Rhinoceros3D was used for modeling. First, geographic data that consists only of latitudes and 245 

longitudes were obtained from Google Earth in KML format. Then, GPS Visualizer's online 246 

application had been employed to instantly add elevation data. The resulting file (GPX format) 247 

was converted into DXF format using tool-online application. This online application allows 248 

converting KML, KMZ, GPX, CSV, to DXF format, permitting modify the coordinate system. 249 

The result was a cloud of points in which each is assigned the location and latitude information. 250 



Finally, based on the point cloud, a mesh taking the shape of the field of each studied case was 251 

created using Rhinoceros. 252 

5.2.2. Building façades and roofs modeling 253 

3D models of buildings are developed from the 2D footprints resulting from the data collection 254 

work described in section 5.1. An algorithm has been created in Grasshopper to construct three-255 

dimensional geometry in a specific way that allows the use of the resulting numerical data in 256 

the morphological analysis process. The whole procedure is described in Figure 5 (c), in the 257 

part named "Building Construction from 2D to 3D». Since the floor height for collective 258 

housing in Algeria is fixed at 3.06m, the number of stories has been used to determine building 259 

height. 260 

Polygons defining building boundaries were organized by the number of floors using the 261 

Rhino’s layers function to facilitate its identification when needed. Facades were extruded by 262 

allocating height to the 2D footprint. Flat roofs were automatically added to the final building 263 

shape. However, all pitched roof shapes were manually traced. Finally, the whole geometry is 264 

then projected on the ground profile. 265 

5.3. Descriptive analysis of morphological parameters 266 

This step aims to establish numerical data of the sample’s morphological parameters, which 267 

will be used for sensitivity analysis to determine which of them has more influence on solar 268 

availability. Five parameters were considered to describe the morphology pattern of the chosen 269 

models:  270 

− urban block typology, 271 

− building height, 272 

− orientation, 273 

− compactness, 274 



Fig.5. 2D (a) and 3D model (b) of the M7 case, and grasshopper workflow (c) used to construct 3D digital models 

and calculate morphological parameters. 

− density including plot ratio, floor to area ratio, site coverage, building density, and 275 

distance from the city center. 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

Values of average building height, footprint area, total floor area, envelope area, and building 290 

volume were obtained from the Grasshopper application (Fig. 5 c). The number of residential 291 

buildings and apartments and the distance from the city center was determined by desktop 292 

research and observations. The remaining parameters were calculated using Excel.  293 

Façade orientation has been one of the conceptual resources for addressing the issue of solar 294 

availability in urban planning. Its influence on the intensity of incoming solar radiation has been 295 

investigated by numerous studies (D. Li et al., 2015; Mohajeri et al., 2016). In the present 296 

research, we measured the azimuth angle of all façades of the case study. The azimuth angle of 297 

each facade is defined and attributed to its surface in Grasshopper, then exported to Excel to 298 

calculate the entropy. The visible geology online application (Visible Geology, 2019) is used 299 

to visualize the results in a rose diagram of 36 directions as shown in tables 4 and 5. 300 

 



5.4. Solar availability analysis 301 

Solar availability is estimated in various manners depending on the climate (Abbasabadi & 302 

Ashayeri, 2019; Costanzo et al., 2018; Kaynak et al., 2018; Xu et al., 2021). Therefore, with 303 

various methodologies utilized relying upon how the buildings are represented, modeling is the 304 

fundamental method to acquire solar irradiation data on an urban scale (Allegrini et al., 2015). 305 

By following this method, Compagnon (Compagnon, 2004)  developed a series of performance 306 

indicators to quantify the global solar irradiation reaching building envelopes and assess their 307 

potential for active (photovoltaic electricity production and solar thermal collectors for heating) 308 

and passive solar heating. The calculation method consists to determine threshold values for 309 

each solar technique. Then, to calculate solar irradiations reaching the building envelope. 310 

Subsequently, extract the surface of the envelope which meets the threshold condition. Finally, 311 

the result is normalized by the total building envelope area. Solar performance indicators using 312 

this method have been calculated for several urban fabrics characterized by cold winters throw 313 

a multitude of research. In general, the main objective of the studies was to maximize solar 314 

gains (HenriKämpf et al., 2010; James et al., 2015; Ka & Robinson, 2010; Mahaya, 2014; 315 

Montavon, 2010; Redweik et al., 2013; Robinson, 2006). However, Chen  (Chen & Norford, 316 

2017) adopted this approach and customized it for the tropical climate aiming to minimize solar 317 

irradiation to prevent overheating. 318 

Due to specific climate conditions of Algeria, we adopted the same approach but with different 319 

objectives. Maximizing solar irradiation for heating in winters and minimizing them to prevent 320 

overheating in summers. It is obvious that the generation of energy from both systems 321 

(photovoltaic and solar thermal collectors) will be optimized. 322 

Using total floor area instead of total building envelope as recommended by (Chen & Norford, 323 

2017) has been the role in the present study. 324 

 



5.4.1. Annual and seasonal solar irradiation 325 

Annual and seasonal solar irradiation in (kWh m-2) that reaches the building’s envelope for each 326 

case are computed using the Ladybug tools plugin for Grasshopper. Ladybug uses a continuous 327 

cumulative sky radiance map distribution method called GenCumulativeSky to calculate the 328 

amount of radiation for different sky patches of the Tregenza Skydome. Weather data for the 329 

case study site obtained from Meteonorm have been incorporated into the calculation 330 

procedure: hourly values of  diffuse horizontal irradiance, beam normal irradiance, air 331 

temperature, humidity, precipitation, wind speed, and direction. A 1 x 1m grid has been used 332 

to evaluate the amount of cumulative solar irradiation available on all the façades and roofs 333 

surfaces including the effects of the geometry and the context. See Table 6. 334 

Parameters setting for annual and seasonal solar energy simulation via Ladybug are 335 

summarized in Table 2. 336 

Parameter Setting 

Location Batna 
Weather data Batna standard weather data (from meteonorm) 
Computing grid 1 x 1 m 

Simulation period 
Annual From January 1st to December 31st 
Summer From June 21st to September 20th 
Winter From December 21st to March 20th 

Hour range 00:00–24:00 
Computing interval 1 h 
Solar radiation model GenCumulative Sky 

Table 2. Parameters setting for solar energy simulation via ladybug. 337 

5.4.2. Solar performance indicators  338 

Solar performance indicators were used to assess the solar utilization potential of the urban sites 339 

to determine the optimal solar strategies for a given urban context and to facilitate the 340 

comparison between urban configurations. Four solar performance indicators have been 341 

calculated: 342 

− Building Integrated Photovoltaic Index (BIPVi) for evaluating photovoltaic techniques. 343 

− Active Solar Collector index (ASCi) for evaluating solar active techniques. 344 



− Passive Solar Index for Heating (PSI heating). for evaluating solar passive techniques 345 

during winter 346 

− Passive Solar Index for Cooling (PSI cooling) for evaluating solar passive techniques 347 

during summer.  348 

Threshold values used for each solar technique are listed in Table 3. The main objective is to 349 

maximize solar performance indicator values. 350 

5.4.2.1. Active solar performance indicators 351 

• Building integrated Photovoltaic index (BIPVi) 352 

The BIPVi is the ratio of the envelope area receiving an annual solar irradiation above a 353 

threshold value to the total floor area of the urban district (Equation (1)). The threshold value 354 

BIPVi_threshold  given in Table 3 is set to 80% of the maximum annual irradiation for a 355 

particular location as recommended by compagnon (Compagnon, 2004).  356 

BIPVi = APVsolar/Afloor, (1) 357 

where APVsolar is the envelope area receiving an annual solar irradiation threshold value. 358 

• Active solar collector index (ASCi) 359 

The ASCi is the ratio of the envelope area receiving an annual solar irradiation above a 360 

threshold value to the total floor area of the urban district (Equation (2)). The threshold value 361 

ASCi _threshold given in table 3 is set to the minimum value of annual solar irradiation required 362 

for a good performance of solar thermal collectors. 363 

ASCi = ATHsolar/Afloor, (2) 364 

where ATHsolar is the envelope area receiving an annual solar irradiation threshold value. 365 

5.4.2.2. Passive solar performance indicators 366 

• Passive solar index for Heating (PSI heating) 367 

The PSI heating is the ratio of the envelope area receiving solar irradiation levels above a threshold 368 

value during the heating season to the total floor area of the urban district (Equation (3)). The 369 



threshold value PSIheating_threshold is defined as the minimum value of irradiation required to 370 

compensate heat losses passing through glazing during the heating season (Details in appendix 371 

A).  372 

PSI heating = APSheating/Afloor, (3) 373 

where APSheating is the envelope area receiving a threshold value of passive solar irradiation for 374 

heating.  375 

• Passive solar index for cooling (PSI cooling) 376 

The PSI cooling is the ratio of the envelope area receiving solar irradiation levels equivalent to or 377 

lower than a threshold value during the cooling season to the total floor area of the urban district 378 

(Equation (4)). 379 

The threshold value PSIcooling_threshold is defined as the maximum permitted value of global 380 

solar irradiation received during the cooling season to avoid overheating (Details in appendix 381 

B). 382 

PSI cooling = APScooling/Afloor, (4) 383 

 where APScooling is the envelope area receiving a threshold value of passive solar irradiation for 384 

cooling. 385 

 386 

 387 

 388 

  389 

Table 3. Summary of the proposed threshold values. 390 

5.5. Statistical analysis 391 

This section analyses the overall data relationships and correlations which have been observed 392 

between each of the morphological variables described in table 5 (as explanatory variables) and 393 

solar irradiation (as the response variable). The regression analysis has been performed to obtain 394 

the dependence of solar performance indicators against morphological parameters data. The 395 

Solar performance indicator Threshold Value 

(KWh/m2) 

BIPVi 1360 (80% of the maximum annual irradiation 

for Batna) 

ASCi  600 (Compagnon, 2004) 

PSI_heating 358 (Details in Appendix A) 

PSI_cooling 103 (Details in Appendix B) 



mathematical identification of this dependence has been expressed as a simple linear regression 396 

using excel statistical package. We also utilized the coefficient of determination (R2) to assess 397 

how well the irradiation can be explained in relation to the indicators. The significance of the 398 

correlations is explained in terms of p-values. It is a measure of the probability that an observed 399 

difference could have occurred just by random chance i.e. the lower the p-value, the greater the 400 

statistical significance of the observed difference. 401 

Given the complexity of the study of the facade’s orientation effects on solar gains, we used 402 

‘entropy’ which is a fundamental concept in statistical physics and information theory for 403 

analyzing the probability distributions of façade’s orientations (Mohajeri et al., 2016). 404 

Formally, we quantify entropy -denoted by S- using Shannon’s entropy equation: 405 

𝑆 = − ∑ 𝑝𝑖 ln 𝑝𝑖

𝑡

𝑖=10

 406 

Where t is the number of classes. In our case, classes refer to 8 groups of orientations (step of 407 

45° for each class). pi is the probability of building orientation. It is calculated by dividing the 408 

number of facades for each class over the total number of facades for each studied case i. 409 

Calculated values of orientation entropy are presented in Table 5. 410 

6. Results and discussion 411 

6.1. Descriptive analysis of morphological parameters 412 

In relation to the steps identified in section 5.3, description, and main characteristics of the ten 413 

case studies are calculated. Table 4 shows, for each case study, information about the residential 414 

buildings (Building typology, number of buildings and their footprint area, total floor area, 415 

volume, roofs area, Facades’ area, orientation, and number of apartments). 416 

The sample chosen for this study can be classified by building typology into four main types: 417 

Tower, slab, open courtyard, and hybrid.  The tower typology (M1 and M8) is composed of 418 

self-rise buildings with a square or rectangle-shaped floor plan, which are arranged at a regular 419 

spacing from each other. In the slab configuration (M3, M9), buildings present continuously 420 

(5) 



aligned pavilions. They are attached and aligned forming parallel strips (bands) of different 421 

lengths with regular spacing from each other. The typology of the open courtyard (M2, M4) is 422 

made up of buildings with a partially closed central courtyard where the surrounding building's 423 

floor plan takes the (U, L, and I) shape, with constant height. The rest of the models (M5, M6, 424 

M7, and M10) are composed of a mixture of regular and/or irregular typologies without a fully 425 

or partially enclosed courtyard, they are classified as hybrid.  426 

The open courtyard and hybrid typologies are specific configurations that are not often found 427 

in previous studies. Two factors are the origin of this specific typology: the first is related to 428 

the architect’s conceptual choice, which is often independent and is not subject to any form 429 

requirements, especially in the absence of urban regulations. The second is the diversity of 430 

collective housing production types in Algeria. Each type is subject to several conditions that 431 

directly affect buildings shape and position. 432 

Table 4 also illustrates the orientation data obtained and presented in orientation roses and 433 

values of azimuth angles. These vary from 0° to 359°, with 0° corresponding to the North 434 

direction and 180° to South direction. The sectors showing the largest areas of façades indicate 435 

the main orientations that will -theoretically- receive maximum values of solar irradiations. 436 

The orientation rose appearance indicates that the sites can be classified into two main 437 

categories: The first one covers models with dominant orientations (M1, M2, M3, M4, M6, M8, 438 

and M9). This category is characterized by the rectangular shape of buildings and their regular 439 

arrangement on the site. Whereas the second includes models with non-dominant orientations 440 

(M5, M7, and M10) where the buildings are arranged on an irregular grid.  441 

In the first category, orientation varies by pair of azimuths from (North-South/East-West North-442 

East - South-West) to (South-East - North -West), with significant differences in the façade 443 

areas. The façades of the M1, M4, M6, and M9 models are North-South oriented and slightly 444 



veering towards the East-West, while those of M2, M3, and M8 models are North-South 445 

oriented and slightly veering towards the West-East.  446 

In the second category, including models (M5, M7, and M10), the amount of dispersion in 447 

façades orientation is substantial. The main orientations represent at most 13% of the facades’ 448 

total area. In such a situation, we expect that the effect of orientation on received solar 449 

irradiations will be minimal. 450 

Results values of density, compactness, distance from the city center, and average building 451 

height are shown in Table 5 and Figure 6. M2 is the farthest model as it is located 4.60 km away 452 

from the city center since it is part of a new urban development of the city. The remaining nine 453 

models which are close to each other are not far away from Batna’s city center, with distances 454 

ranging from 1.77 km to 3.28 km, with model 4 being the closest at 1.66 km. 455 

The maximum building density values are registered for models M5 and M3, they are predicted 456 

to be 0.0014 and 0.0013, respectively. The average height of building apartments in both 457 

previous models is around 28.47 m and 10.59 m, correspondingly. Building density values 458 

displayed their lowest values in both models M8 and M9 situated at 1.77 km and 3.28 km, 459 

respectively. They range from 0.0003 in model 8 attached to a 33.67 m average height to 0.0009 460 

in model 9 attached to a 10.59 m average height. The average height of buildings in the models 461 

treated M7, M6, M10, M4, and M1 is in the range of 13.79 m, 14.50 m, 13.84 m, 13.27 m, and 462 

14.45 m, one-to-one, with building density of 0.0012, 0.0008, 0.00007, 0.0008, and 0.0005 463 

from lands areas. We note that the general logic according to which the density and height of 464 

buildings decrease as one moves away from the city center does not apply to the studied cases. 465 

The convergence of the average building height in the investigated models alludes to housing 466 

programs for apartment buildings, which meet identical requirements. The maximum height of  467 



Table 4. 3D models of the studied urban forms by urban block typology with their associated orientations and 468 
descriptive statistics. 469 

apartment building is standardized at five floors in general and from 10 to 15 floors in certain 470 

programs in the image of the National Agency for the Improvement and Development of 471 

Housing program (AADL). Whereas density of buildings obeys to other conditions than urban 472 

regulations. Land ownership, whether public or private, in addition to land prices, deficiency in 473 

Building 
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Model ID and 3D geometry 

Number 

of 

building
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Building 
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t area 

(m2) 

Total floor 

area (m2) 

Roof’s 

area 

(m2) 

Façade’s 

area (m2) 
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er of 

façad

es 

Entro

py of 

orient

ation 

Main orientations 

Orientation 

rose 

Azimut (°) 

North=0° 

Area 

(%) 

to
w

er
 

M1 

 

46 19031.09 81042.05 19031.09 55543.53 537 1.69 

 

25 20.8 

115 18.8 

205 17.50 

295 19.67 

M8 

 

25 18914.97 182451.05 18914.97 155951.24 1249 1.55 

 

81 24.66 

171 23.38 

261 25.3 

351 25.78 

O
p

en
 c

o
u

rt
ya

rd
 

M2 

 

81 16165.91 80829.58 16165.91 60268.04 831 1.65 

 

73 22.5 

163 23.83 

253 23.1 

343 22.02 

M4 

 

74 17504.20 70121.93 17504.20 54276.04 497 1.67 

 

45 24.55 

135 21.13 

225 23.54 

315 26.36 

Sl
ab

 

M3 

 

89 25094.37 83009.00 25094.37 64191.68 747 1.39 

 

82 19.13 

172 27.31 

262 22.45 

352 23.55 

M9 

 

28 10847.83 60938.43 10847.83 42277.76 711 1.4 

 

26 23.09 

116 26.03 

206 24.19 

296 25.46 

H
yb

ri
d

 

M5 

 

129 17161.42 134817.28 17161.42 82419.10 1052 1.9 

 

64 11.31 

154 12.17 

244 11.13 

334 12.07 

M6 

 

71 16401.01 79401.78 16401.01 67963.27 723 1.45 

 

27,5 24.2 

117,5 25.31 

207,5 24.48 

297,5 22.41 

M7 

 

108 17453.05 72658.82 17453.05 78939.72 1256 2.07 

 

45 10.43 

135 11.07 

225 13.69 

315 11.39 

M10 

 

65 13001.97 62242.76 13001.97 62162.75 1031 2.04 

 

45 7.08 

135 7.57 

225 7.47 

315 6.89 



laws regulating the density of construction within cities, all of these factors influence the density 474 

values of residential buildings in urban areas. 475 

 

Fig 6. Building density, distance from the city center, and average buildings height for different buildings 476 
types in the studied neighborhoods. (Diameter of circles corresponds to average building height). 477 

Table 5. Morphological parameters values. 478 

6.2. Solar analysis 479 

6.2.1. Spatial distribution of solar irradiations and seasonal variation 480 

Based on the assessment of the solar potential for a total of 10 residential housing models, the 481 

cumulative annual solar irradiation for each model is obtained and presented in both digital and 482 

graphic ways. Results will allow us to quantify the energy efficiency of the facades and roofs 483 

of the studied models and estimate the amount of energy available and the appropriate location 484 

for passive and active solar technologies. 485 

Model 
ID Average 

Height (m) 
Floor to 

area ratio 
Plot ratio 

site coverage 
(%) 

Volume to 
area ratio 

Building 
density 

Distance 
from the 

city center 
(Km) 

M1 14.45 0.900 4.258 21.15 2.76 0.0005 2.75 
M2 15.3 0.898 5.000 17.96 2.75 0.0009 4.60 
M3 10.59 0.922 3.307 27.88 2.82 0.0013 2.11 
M4 13.27 0.779 4.006 19.45 2.38 0.0008 1.66 
M5 28.47 1.498 7.855 19.07 4.58 0.0014 2.08 
M6 14.50 0.882 4.841 18.22 2.71 0.0008 2.40 
M7 13.79 0.807 4.163 19.39 2.85 0.0012 2.49 
M8 33.67 2.027 9.645 21.02 7.39 0.0003 1.77 
M9 15.08 0.677 5.617 12.05 2.10 0.0003 3.28 

M10 13.84 0.692 4.787 14.45 2.08 0.0007 2.21 
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Table 6. Annual solar irradiation in kWh m-2 estimated using Ladybug and facade orientations for 10 studied 486 
models in the city of Batna. (For interpretation of the references to colour in this figure legend, the reader is 487 
referred to the web version of this article.) 488 

Table 6 shows that among all the studied surfaces, the roofs receive the maximum values of the 489 

annual solar gains. On roofs of models 7 and 4, an amount of (2207.67 KWh/m2.y) is received. 490 

The roofs of models M1, M2, M3, M5, M6, M8, and M10 were valued at (1945.39 KWh/m2.y). 491 

N 

N 

N 

N 

N 

N 

N 

N 

N 

N 



While the M9 roof has a value of (1907.79 KWh/m2.y). Low values are primarily attributable 492 

to the fact that shorter buildings are shaded by the taller ones as well as the effect of land 493 

topography. 494 

In vertical surfaces, it appears that M8 façades receive the largest quantity of annual solar 495 

irradiation followed by M5 and M7. This is the result of the large area of the models’ facades 496 

induced to the high value of the average building height. M9 façades receive the minimum 497 

quantities although it has the lowest values of building density and floor to area ratio. In addition 498 

to a considerable effect of orientation mostly oriented north. 499 

The rest of the model’s façades receive approximative values of annual solar gains. In general, 500 

vertical surfaces oriented South, South-east, and South-west receive more energy than those 501 

facing North, North-east, and North-west. 502 

At this stage, it is important to highlight that there is no significant relationship between urban 503 

block typology and received cumulative annual solar irradiation. The results presented in Table 504 

7 indicate that models 1 (tower) and 3(slab) present the peak annual solar potential values which 505 

are (930.52 KWh/m2.y) and  (894.90 KWh/m2.y), respectively. The lowest results were 506 

obtained in models M8 (tower) and M10 (hybrid). Whilst, the average annual solar irradiation 507 

levels received on building envelope areas range progressively from M7 (hybrid), M5(hybrid), 508 

M2 (open courtyard), M6 (hybrid), M9 (slab), and M4 (open courtyard) as well as (783.99 509 

KWh/m2.y), (788.63 KWh/m2.y), (818.28 KWh/m2.y), (828.70 KWh/m2.y), (871.16 510 

KWh/m2.y), (884.77  KWh/m2.y) , correspondingly. 511 

The seasonal effect on solar availability is examined separately for façades and roofs. The 512 

attitude towards solar gains in winter is different from that recorded for the whole year. In the 513 

cold season, the highest value of solar irradiation was recorded in Model 9 as its building’s 514 

envelope receive (168,43 KWh/m2.w). The lowest value is recorded in the M8 model which 515 

receives only (130.68 KWh/m2.w). In this season, the effect of density is more noticeable. It 516 



was also found that density and solar gains are inversely related. Facades’ solar irradiation is 517 

predominantly affected by excessive overshadowing due to low solar angles. 518 

As seen in Figure 7, the roofs in all urban forms collect more solar radiation compared to 519 

façades in both Summer and Winter. The roofs received an average of about two times more 520 

irradiation in Summer compared to Winter. Model 9 has a notable maximum value of solar 521 

irradiation received on roofs in Winter and model 5 denotes (294.89 KWh/m2.w). as the lowest 522 

value. It’s clear that in the cold season, irradiation values on façades and roofs increase with 523 

decreasing density. This fact is not true during summer times as model 1 with the lowest density 524 

recorded the maximum value of irradiation (301,86 KWh/m2.s). Furthermore, we noticed a 525 

slight difference between cases in Winter compared to Summer, where the difference between 526 

the minimum and the maximum irradiation values don’t exceed (100 KWh/m2). Therefore, 527 

roofs receive on average about two times more solar irradiation compared to façades in Winter 528 

and about 4 times more in Summer. 529 

It can be argued that the seasonal solar effect is much more noticeable during summer than it is 530 

in winter. Moreover, façades are affected by seasonal changes much more than roofs. South, 531 

South-east and South-west façades are subjected to severe overshadowing in winter and 532 

prolonged solar exposure in summer when the sun's trajectory coincides with higher elevations 533 

in the sky vault. 534 

Fig. 7. seasonal solar irradiation received on façades and roofs (a) in winter and (b) in summer. 535 
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6.2.2. Solar performance indicators 536 

To provide an overall assessment of the solar potential, and for fair comparison between the 537 

studied cases, solar performance indicators of the ten examples are calculated and presented in 538 

Table 7 and Figure 8. Variations registered in results showed that the performance indicators 539 

are sensitive to urban configuration changes.  540 

During winter season, passive solar gains are located mostly on the roofs and the South, South-541 

east, and South-west facades. The essential point to note is that the cumulative irradiation results 542 

in winter season don't really match the PSI_heating results. Therefore, rather than using the winter 543 

irradiation or the façade’s area reaching the threshold, we used the total floor area as a 544 

determining factor to evaluate solar potential. As shown in Figure 8 (a), Model 7 is the most 545 

efficient in terms of passive solar heating technology, with an index value of 0.48, followed by 546 

models 9, 6, and 4 in which the index is identical, with a value of 0.44. Contrariwise, M2 and 547 

M8 are the least efficient models. These are the models that recover less heat loss during the 548 

cold season.  549 

On the contrary, the lowest values of PSI_heating in models (M2 and M8) get the highest values 550 

of PSI_cooling as shown in Figure 8 (b). M7 and M10 show moderate results. The risk of 551 

overheating could occur in models M1 and M5 as they receive the maximum irradiations in 552 

summer times. 553 

 Regarding photovoltaics, M4 appears to be the most appropriate case for this solar technology 554 

as revealed in Figure 8 (c). All the roofs area as well as a major part of the facades' area in this 555 

model can receive photovoltaic solar panels. Yet, M8 with the lowest building density value 556 

seems to be the worst case for this technology. Besides, it consists of towering buildings, which, 557 

in theory, boosts the solar potential of the tall buildings' facades because the facades' area 558 

reaches its maximum value. But, contrary to all expectations, the height of buildings seems to 559 



be the origin of generating masks, and façades are unobstructed by adjacent buildings. 560 

Additionally, most of the PV potential comes from roofs in all the 10 cases. 561 

Table 7. Numerical values of annual and seasonal solar irradiation in kWh m-2 estimated using Ladybug, and 562 
solar performance indicators calculated for the 10 studied models. 563 

 564 

  565 

 566 

 567 

Fig. 8. Distribution models according to solar performance indicators by urban block typology. (a) PSI_heating, 568 
(b) PSI_cooling , (c) BIPV, and (d) ASCi. 569 

From the results in Figure 8 (d), we can see that models 4 and 7 perform better in terms of active 570 

solar collector technology. All roofs’ areas in these cases can receive thermal solar collectors 571 

in addition to most of the vertical surfaces. They collect a good level of solar irradiation because 572 

buildings are well-spaced. This contrasts with M5, where the blocks are mostly close to each 573 

M1M2 M3 M4M5

M6

M7

M8

M9M10

0,2 0,25 0,3 0,35 0,4 0,45 0,5

(a)

M1 M2

M3

M4M5 M6 M7
M8M9

M10

0,15 0,2 0,25 0,3 0,35 0,4 0,45

(b)

M1M2 M3 M4M5 M6 M7M8
M9

M10

0,25 0,3 0,35 0,4 0,45 0,5

(c)

M1M2 M3 M4M5 M6 M7

M8

M9
M10

0,4 0,45 0,5 0,55 0,6 0,65 0,7 0,75 0,8

(d)

Model ID 

Annual solar 

irradiation 

(KWh/m2.year) 

Summer solar 

irradiation 

(KWh/m2 .sum) 

Winter solar 

irradiation 

(KWh/m2..win) 

Passive solar indicators Active solar indicators 

PSI heating PSI cooling BIPVi ASCi 

1 930,52 301,86 163,58 0,43  0,19 0,42 0,54 

2 818,28 259,19 148,53 0,26  0,43 0,30 0,44 

3 894,90 286,98 159,38 0,42  0,43 0,41 0,61 

4 884,77 288,02 154,92 0,44  0,24 0,47 0,74 

5 788,63 246,28 146,72 0,29  0,20 0,27 0,40 

6 828,70 265,14 148,79 0,44  0,26 0,43 0,58 

7 783,99 250,00 141,34 0,48  0,38 0,46 0,64 

8 656,96 194,53 130,68 0,26  0,43 0,25 0,44 

9 871,16 272,22 168,43 0,44  0,26 0,43 0,58 

10 766,94 245,39 137,37 0,40  0,36 0,40 0,61 

Tower 

Slab 

Open 

courtyard 

Hybrid 



other and the solar potential of the building façades is greatly reduced by neighboring apartment 574 

buildings. But this cannot be generalized, as there are many exceptions such as model 8 which, 575 

again, has a low ASCi result for a minimum value of building density. Moreover, we noticed 576 

that the change in building form has no direct influence on ASCi results. 577 

It can be maintained that for active solar technologies, the most performing model is M4 while 578 

M7 shows good results for all solar performance indicators. Concerning passive solar 579 

technologies, M2, M7, and M8 are the cases that can best avoid overheating in summer, and 580 

M7 is the urban form that best recovers heat loss in a cold season. Despite their completely 581 

different urban configuration, M6 and M9 get the same results regarding both active and passive 582 

technologies which confirms that the change in building form has no direct influence on the 583 

solar performance indicators analysis. The average values of the solar performance indicators 584 

calculated for of all cases approve that in a semi-arid region, active solar collectors appear to 585 

be the most effective solar technology. In contrary, the production of electricity by 586 

photovoltaics seems to be inappropriate to this climate, especially if the panels are mounted in 587 

facades.  588 

6.3. Statistical analysis 589 

The findings of regression models in this section are used to explore the strength of the linear 590 

relationship between the passive solar performance indicators obtained for the 10 residential 591 

neighborhoods on the one hand and the examined morphological characteristics specified above 592 

on the other. In other terms, we look to define the urban morphology that is most desirable to 593 

effectively utilize solar energy technologies. 594 

Fig. 9 shows the scatter diagram between 7 morphological parameters with two solar passive 595 

indexes (Psi_heating and PSI_cooling). The correlation (R2) and significance (P value) of each 596 

morphological parameter in the regression relationship are calculated.  597 



Results show that plot ratio, average building height, floor to area ratio, and volume to area 598 

ratio exhibit substantial negative linear correlations with the (PSi_heating) index. As values of 599 

these parameters increase, the (PSi_heating) of the urban fabric decreases. The calculated 600 

coefficient of determination between these morphological metrics and the solar index varies 601 

from 0.40 (volume to area ratio) to 0.59 (plot ratio), and their P values are all less than 0.05. 602 

Consequently, 40 to 59 percent of the variation in the passive heating index in Batna apartment 603 

building districts over the winter may be attributed to changes in these parameters. 604 

The correlation performance of other morphological characteristics is weaker. The R2 values 605 

vary from 0.0004 for Building density to 0.05 for the distance from the city center. 606 

For (PSI_cooling), the morphological parameters show weak linear correlations.  607 

This is hardly unexpected as the whole rooftops area and most of the facade's area is exposed 608 

to solar radiation during the summer. This result can be explained by the few parameters that 609 

would have a direct impact on shading roofs’ area, in theory. Moreover, the low values of 610 

density and compactness represented by the studied cases reduce the shaded facades’ areas.  611 

Therefore, the variation in the passive cooling index of apartment building districts over the 612 

summer cannot be attributed to variation in all studied parameters. 613 
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Fig.9. Correlation analysis between urban parameters and passive solar performance indicators. 



Fig. 10 shows the scatter diagram between 7 morphological parameters with two solar active 620 

indexes (BIPVi and ASCi). For BIPVi, the morphological parameter that has the strongest 621 

linear correlation is Average building height (R2=0.70), followed by floor to area ratio 622 

(R2=0.68), plot ratio (R2=0.66), and volume to area ratio (R2=0.49), respectively. All the 623 

associated p-values are < 0.05. Also, scatter plots reflect that the higher the morphological 624 

parameter of a sample is, the narrower the photovoltaic index may be, and vice versa. Generally, 625 

the samples with a height compact block configuration are not suitable for receiving 626 

photovoltaic panels than samples with low detached configuration because of shading from 627 

neighboring buildings. 628 

Floor to area ratio and average building height are parameters selected in (Tian & Xu, 2021) 629 

for their studied residential blocks in central China. In agreement with our findings, these two 630 

parameters had the largest impact on changing the model result. Building density is also a very 631 

influential parameter in their study, contrary to the results we obtained, where this parameter 632 

presents a value of multiple determination coefficient near to 0. It is interesting to note that the 633 

site coverage, which determines the distance between the buildings, and distance from the city 634 

center have also had weak linear correlations. The reason is partly related to the insignificant 635 

variance in site coverage values calculated for selected samples. In addition, the moderate 636 

variances in density whatever the distance between samples and the city center. 637 

The same observations were made for (ASCi). It is constantly the plot ratio, average building 638 

height, floor to area ratio, and volume to area ratio indicators that revelated significant 639 

correlations with slight changes in the results values. As these indicators increase the (ASCi) 640 

decreases. The coefficients of determination (R2) for these indicators with the active solar 641 

collector index are relatively substantial. It is about 0.45 for the floor-to-area ratio, 0.50 for both 642 

plot ratio and average building height, and 0.55 as a maximum value for the volume-to-area 643 

ratio. Significance levels are 0.03, 0.02, 0.02, and 0.01, respectively. This means that 45 to 55 644 



% of the variation in the active solar collector index can, here, be related to variation in these 645 

four indicators. Furthermore, only 1% to 3% of all the studied samples are not subject to these 646 

results. 647 
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Fig.10. Correlation analysis between urban parameters and active solar performance indicators. 
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6.4. Conclusion  654 

This paper reveals the implications of various urban morphological parameters for solar 655 

technologies of 10 existing building apartment districts in Batna and investigates their solar 656 

potential distribution characteristics, considering seasonal variations. It presents a three-phase 657 

methodology explored in the semi-arid climatic context.  658 

(i) A descriptive analysis to establish numerical data of the sample’s morphological parameters. 659 

Nine parameters were considered to describe the morphology pattern of the chosen models 660 

(Table.1). All numerical data were computed using custom algorithms in the grasshopper 661 

application. They were created specifically for this purpose and can also be utilized in other 662 

urban layouts in the future. 663 

(ii) Solar availability is estimated using hourly simulations of a total of 716 building apartments. 664 

The cumulative annual solar irradiation for each model is obtained and presented in both digital 665 

and graphic ways. Results allowed us to quantify the available energy in the facades and roofs 666 

of the studied models. They demonstrated that roofs receive the maximum values of the annual 667 

solar gains which can attend more than (2200 kWh/m2.y) in some cases. In Façades, the highest 668 

values were obtained for cases with high detached buildings and azimuth orientations from 90° 669 

to 270°. Examination of seasonal effect on solar availability demonstrates different attitudes 670 

towards solar gains in winter and summer from that recorded for the whole year. In the cold 671 

season, the effect of density is remarkable. It is inversely related to solar gains. In contrast, this 672 

rule cannot be applied during the Summer. Therefore, roofs receive two times more solar 673 

irradiation compared to façades in winter and about 4 times more in summer. 674 

Moreover, we have presented a method for evaluating and determining solar potential using 675 

solar performance indicators. Four solar performance indicators PSI_heating, PSI_cooling, 676 

BIPVi, and ASCi were calculated corresponding to the thresholds (358 kWh/m2.w, 103 677 

kWh/m2.s, 1360 kWh/m2.y, and 600 kWh/m2.y) respectively. These were computed by means 678 



of a combination of several designs, simulation, and calculation tools. The calculated average 679 

values of the solar performance indicators approve that in a semi-arid region, the active solar 680 

collector is the most effective solar technology. The calculated mean value of ASCi = 0.56, 681 

while BIPVi, PSI_cooling, PSI_heating shows mean values of 0.38, 0.39, and 0.32 respectively. 682 

Summing up the results of the comparison part, it can be concluded that for active solar 683 

technologies, the most performing model is M4, while M7 shows good results for all solar 684 

performance indicators. Regarding passive solar technologies, M2, M7, and M8 are the cases 685 

that can best avoid overheating in summer, and M7 is the urban form that best recovers heat 686 

loss in a cold season.  687 

(iii) A statistical analysis using Pearson correlations and regression analysis has been carried 688 

out to study the relationship between the morphological parameters and the solar performance 689 

indicators. The data obtained have indicated that plot ratio, average building height, floor to 690 

area ratio, and volume to area ratio display considerable negative linear correlations with the 691 

(Psi_heating), (BIPVi), and (ASCi) indexes, and their P values are all less than 0.05. For passive 692 

strategies, the maximum value computed for the correlation coefficients R2 fit to plot ratio and 693 

reached 0.59. However, this value is raised to over 0.7 for active strategies between average 694 

building height and BIPVi. 695 

In conclusion, the created approach in this study can be used to perform an initial estimation of 696 

the solar irradiation on buildings’ envelope. It can be used as a model for performance-based 697 

urban design and planning in other regions and building types under semi-arid climates. 698 

6.4.1. Limitations and future outlook 699 

Environmental context and climatic conditions in this research were limited to the context of 700 

Batna. In other contexts, we expect to get different results especially regarding the effects of 701 

morphologic parameters. Besides, results of this effect are based on preliminary data related to 702 

only10 real cases. As a result, some of the morphological parameters only have a small variation 703 



and hence the parametric study on these parameters is only based on a limited number of data 704 

points. Adding other real or theoretical cases will certainly enrich the results of the study. We 705 

have also limited our study on apartment buildings which constitutes only one type of collective 706 

housing. Therefore, it is not possible in any way to generalize the results of this study to other 707 

different housing patterns. Therefore, it is not possible in any way to generalize the results of 708 

this study to the various other housing patterns. Individual housing patterns must also be studied 709 

in all its forms in addition to semi-group housing to obtain results that can be converted into 710 

urban legislation and design recommendations. 711 

Based on the promising findings presented in this paper, the next stage will be the optimization 712 

of the urban form in this very particular context, by using a parametric approach of urban form 713 

generation taking into consideration the most influencing parameters. 714 
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 947 

Appendix A 948 

• Threshold of Passive solar index for heating (PSI heating) 949 

The threshold value of passive solar index for heating is calculated by the following formula 950 

(Compagnon, 2004) 951 

PSIheating_threshold = 
24 𝐷𝐷 𝑈

1000 𝑔 η
  (kWh/m2)                       (A1) 952 

Where PSIheating_threshold is the threshold value of Passive solar index for heating in (kWh/m2),  953 

DD is degree-days for the heating season in (Kd), it corresponds to the situation where the 954 

average temperature of the day is lower than the reference temperature. According to the Batna 955 

weather file, DD= 2000 Kd with reference temperature of 18.3 °C. U is Thermal transmittance 956 

value in [Wm-2K-1], 𝑔 is the total solar energy transmittance value. for the case of a single 957 

glazed window, U = 5.6 w/m2K and 𝒈 =0.75. η is an utilization factor reducing the total 958 

seasonal solar gains. It depends on the passive solar technique that is used (e.g. windows, 959 



double-skin wall, translucent insulation…etc.) For this project, no assumption about the applied 960 

technique was made. Therefore, η has been set to 1. 961 

Appendix B 962 

• Threshold of Passive solar index for cooling (PSI cooling) 963 

The threshold value of passive solar index for cooling is derived from the Residential Envelope 964 

Transmittance Value (RETV) (BCA, n.d.), The RETV  takes into consideration three 965 

components of heat gain: i. heat conduction through opaque walls (3.4(1-WWR) Uw), ii. heat 966 

conduction through glass windows (1.3(WWR)Uf), and iii. solar radiation through glass 967 

windows (58.6(WWR)(CF)(SC)).  These three components are averaged over the whole 968 

envelope area of the building to give an RETV that represents the thermal performance of the 969 

whole envelope. The RETV formula is given as follows: 970 

RETV = 3.4(1-WWR) Uw + 1.3(WWR)Uf + 58.6(WWR)(CF)(SC)         (B1) 971 

Where RETV is the residential envelope transmittance value (W/m2), WWR is the window-to-972 

wall ratio (fenestration area/gross area of exterior wall), Uw is the thermal transmittance of 973 

opaque wall (W/m2 K), Uf is the thermal transmittance of fenestration (W/m2 K), CF is a 974 

correction factor for solar heat gain through fenestration, and SC is a shading coefficient of 975 

fenestration. 976 

The average value of WWR calculated in our project is 0.35. for typical exterior wall, Uw = 977 

2.53 W/(m2K) (Cherier et al., 2018).  For the case of a single glazed window, Uf =5.6 w/m2K, 978 

SC of 0.5. To meet the base RTTV of 50W/m2, the amount of solar irradiation falling on the 979 

surface of a building is about 83.7 W/m2, according to Equation (A2) below. 980 

58.6(WWR)(CF)  =
RETV – (3.4(1−WWR) Uw +1.3(WWR)Uf)) 

SC
                           (B2) 981 

Thene, the threshold value of Passive solar index for cooling can be calculated according to the 982 

equation below: 983 

PSIcooling_threshold = (SF(WWR)(CF)(hdaylight))/1000                                 (B3) 984 



where PSIcooling_threshold is the threshold value of Passive solar index for cooling in (kWh/m2), 985 

hdaylight is the daylight hours (h) in the cooling season. According to the Batna weather file, the 986 

daylight hours value in a cooling season is 1233 h. 987 


