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1. INTRODUCTION  
Humans have certain expected thermal limits for the 
different environments which change according to the 
contexts, time of the day and season (Roaf, 2016). 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. 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”. 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”. 
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 (Nicol and 
Humphreys,2009). Building users have a natural 
tendency to adapt to changing conditions in their 
environment, as expressed in the adaptive approach 
(Nicol and Humphreys, 2002). 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 (de Dear et al., 1997). The users in this 
approach are supposed to have some degree of control 
over their personal thermal environment (Halawa and 
van Hoof, 2012). The adaptive approach had support 
from studies around the world (Han et al., 2007; Nicol 
et al., 1999; Yao et al., 2010; Ye et al., 2006). It was also 
recognised internationally, as ANSI/ASHRAE Standard 
55 uses standards that have incorporated evaluative 
methods based on an adaptive approach (Hoof, 2010), 
followed by the Chinese GB/T standard 18049 (Li et al., 
2014). The thermal response of users is measured by 
expressing a ‘comfort vote’ on a descriptive scale such 
as the ASHRAE or Bedford scale (Nicol and Humphreys, 
2002). There are several contextual variables that 

impact the results of these surveys: climate, the nature 
of the building and its services, and time in a variable 
environment (Nicol and Humphreys, 2002).  
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 (Gethering and Puckett, 2013). In 
addition to the previous parameters, other parameters 
are considered influential coming to comfort like the 
state of health, acclimatization, body shape and gender 
(Szokolay, 2008). The thermal comfort requirements 
change as people grow from children to elderly 
(Parsons, 2014).  When it comes to sick people, thermal 
comfort requirements will depend of the type of 
sickness and the conditions the patient are in during 
recovery (Parsons, 2014). Pregnant women have a 
limited adaptive opportunity due to hormonal changes, 
increase of metabolic rate and the added weight 
(Parsons, 2014). It was found that a group of people 
with physical disabilities have a slightly different 
thermal comfort requirements from the people with no 
physical disability (Webb et al., 2000). 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. 
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 
meets 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 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 



 

(Norford et al., 1994) and studies continued to address 
the issue afterwards (de Wilde, 2014;van Dronkelaar et 
al., 2016; Khoury et al., 2017; Menezes et al., 
2012;Bordass et al., 2001;Fokaides et al., 2011). There 
is a great discrepancy in the size of the gap (Powell et 
al., 2015) which can vary between 6-140% (Johnston et 
al., 2015). The gap was spotted in new and retrofitted 
buildings (Sunikka-Blank et al., 2012; Loucari et al., 
2016). The causes behind not meeting the predicted 
energy during real life performance can go back to 
different stages of the building life (Powell et al., 2015). 
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 (Niu et al., 2015) and 
is usually oversimplified in the building life cycle (Hong 
et al., 2017). 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 increase of energy efficiency 
(Sunikka-Blank et al., 2012) as an application of Jevons 
paradox (Alcott, 2005).  The pre-bound happens when 
energy consumption before retrofitting is over 
estimated (Sunikka-Blank and Galvin, 2012). Designers 
sometimes are encouraged to make significant 
assumption due to insufficient data during the design 
and energy simulation phase (Leong and Essah, 2017; 
Ahn et al., 2016). 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 “comfort gap” (Calì et al., 2016). 
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. 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.  
 
 
 

3.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 on 
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. It is also reflected on the openings design, 
their orientation and the type of glazing which is usually 
reflective to prevent the houses users 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 an environmental 
monitoring (Azizi et al., 2015; Bros-Williamson et al., 
2016) coupled with a “right here right now survey” 
(Zhang et al., 2007) for the period between 2- 16/3 
/2020. Data loggers where set at the three houses in 
the living rooms where the households spends 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 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 (ASHRAE, 2013). 
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 (ASHRAE, 
2013). The level of activity was calculated based on the 
activity scale (ASHRAE, 2013). 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 very 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 temperature for respondent 1 
 
 

 
 

Figure 3 The (PTCS) vs. internal temperature for respondent 2 
 
 



 

 
 

Figure 4 The (PTCS) vs. internal temperature for respondent 3 

 
 

 
 

Figure 5 The (PTCS) vs. internal temperature for respondent 4 

 
 

 
 

Figure 6 The (PTCS) vs. internal temperature for respondent 5 

 

 
 

Figure 7 The (PTCS) vs. internal temperature for respondent 6 

 

 
Figure 8 The (PTCS) vs. internal temperature 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.  In addition, in 
several cases the same internal temperature had 
different votes in different occasions.  This can be due 
to personal reasons such as the mood state and health 
condition (Ibrahim et al.,2019) (Khodakarami and 
Nasrollahi 2012). 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 have an influence on 
the preferred temperature. Finally, the discrepancy can 
be also influenced by the cultural and economic factors 
which determines 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 number of the responses are limited due to the 
reasons will be discussed in the limitations of the study 
later. But, 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 on 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 of 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 changes by 
age and health conditions, the profiles should be 
updated periodically to meet the changing 
requirements of the users.  
The system can be developed by integrating other 
parameters such as the external air temperature. It can 
also be further developed by using an interactive 
automated system that collects the PTSV of the user 
and create and assess frequently so the temperature 
may be set automatically using smart technologies.   

5. Limitations 
Due to the privacy requirement and the political 
instability, it is hard to convince the households in the 
study context to set up data loggers in their houses. The 
households suspect that these devices used to monitor 
them for indecent purposes, thus it was hard to find 
more households in the same neighbourhood who 
agree to participate in this study. 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 be also useful in the light of 
climate change. As the globe will witness extreme 
weather conditions including sever short periods. A 
smart system that meet 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.  
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