
Introduction

Thermal comfort generally means that the majority 
of people in an indoor environment are in a certain 
comfort that maintains both their physical and mental 
activities in terms of indoor air temperature, relative 
humidity, air speed as well as other related parameters 
[1].  Thermal comfort in buildings is important since 
feeling comfortable in indoor environment directly 
impacts occupants’ mood [2]. Eliminating potential 
health hazards is also a very important aspect of 
maintaining ideal thermal comfort. Moreover, thermal 

comfort in office buildings contributes not only to well-
being but also to productivity by enabling occupants 
to think and work better [3-5]. In addition, it is stated 
that thermal comfort in educational buildings affects 
students’ attention, perception and learning levels [6,7].

The Predicted Mean Vote (PMV) and Predicted 
Percentage Dissatisfied (PPD) indices developed by 
Fanger [8], are calculated to estimate whether a closed 
environment is perceived as thermally comfortable by 
a large group of people. Fanger method is adapted by 
the most commonly used thermal comfort standards, 
which are the ISO 7730 [9] - “Ergonomics of the 
thermal environment- Analytical determination and 
interpretation of thermal comfort using calculation of 
the PMV and PPD indices and local thermal comfort 
criteria” used in European countries and the ASHRAE 
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Standard 55 [10] - “Thermal Environmental Conditions 
for Human Occupancy” standards used in the US.

Although the standards recommend operation 
strategies for buildings, occupants might have diverse 
thermal comfort requirements in different types of 
building. Accordingly, several researchers focused on 
identifying thermal comfort perception and preferences 
of occupants in various buildings including office 
buildings, educational buildings, residential buildings, 
shopping centers, hospitals, historical buildings, 
mosques and churches. López-Pérez et al. [11] 
conducted a thermal comfort study in an educational 
building in a hot-humid climate. The results show 
that occupants in educational buildings prefer higher 
comfort temperatures up to 1.0ºC in reference to 
current standards. El-Darwish and El-Gendy [12] 
evaluated occupants’ thermal comfort in higher 
educational buildings located in a hot arid climate. 
The study findings endorse that the operation of indoor 
environments should provide favorable conditions 
which are actually perceived by occupants and are truly 
responsive to their needs. Maykot et al. [13] investigated 
the thermal comfort states of women and men in two 
office buildings which are operated under different air-
conditioning systems. The results show that females 
are thermally comfortable in lower temperatures than 
males in fully air conditioned building whereas males 
are thermally comfortable in lower temperatures than 
females in the mixed mode building. Moreover, Rupp 
and Ghissi [14] compared thermal comfort responses 
of office workers in both fully air-conditioned and 
mixed-mode buildings against both the analytical and 
adaptive models of thermal comfort in the ASHRAE 
55 Standard. The results show that the analytical model 
overestimated the cold sensation of occupants, mainly 
for natural ventilation mode. Moreover, the application 
of the adaptive model is determined to be inappropriate 
for fully air-conditioned buildings.

Yu et al. [15] investigated thermal comfort in 
residential buildings on the Tibetan Plateu, China which 
is located in cold and severe cold zones according 
to the Chinese climatic division. The results show 
that the acceptable thermal comfortable zone for the 
indoor environment of residential buildings in Tibet 
is within the temperature range between 10.18ºC 
and 22.91ºC under a low relative humidity of 30%. 
Galassi and Madlener [16] investigated the preferences 
for practices implemented to adjust thermal comfort 
in residential buildings. The results reveal a mix of 
behaviors affecting thermal comfort, some of which 
may offset energy savings (e.g. tilting the window) 
while others have more benign effects (e.g. wearing 
lighter clothes). Kamar et al. [17] developed a simple 
strategy for improving thermal comfort inside a mosque 
building in Malaysia. The authors suggested installing 
exhaust fans which have a potential of reducing the 
percentage of dissatisfied people by 87-91%. Martinez-
Molina et al. [18] assessed visitors’ thermal comfort 
in historic museum buildings. The results show that  

the PMV model predicts the visitors’ thermal comfort 
to be cooler than actual. 

Prior research has proven the requirement for 
monitoring indoor environmental conditions for 
enhanced thermal comfort conditions for occupants. 
Currently, the studies on thermal comfort of building 
interior spaces are not only numerical analysis based 
on program outcomes, but also experimental studies 
to confirm the results of the analysis. However, the 
most important factor in achieving the correct result in 
experimental analysis is to plan the data, to select the 
technology and to determine the test procedure. In this 
context, this study fills an important gap and provides 
an important source for experimental researchers 
working on thermal comfort. 

This study identifies data acquisition technologies 
for capturing thermal comfort related data and presents 
the technologies that are utilized in the academic 
accomplishments of this domain. The literature 
is reviewed based on criteria including technical 
properties, deployment strategies and time interval 
for monitoring. The following section introduces 
data requirements for thermal comfort, presents data 
utilization for thermal comfort and analyzes data 
acquisition technologies with respect to technical 
properties, deployment strategies and time interval for 
monitoring. Then, conclusions are presented.

Data Requirements for Thermal Comfort

The PMV and PPD indices are suggested by 
standards [9, 10] for determining thermal comfort 
conditions in indoor environments. PMV is the thermal 
sensation index that can be used to express the level 
of thermal comfort in the environment where the heat 
transfer between the human body and the environment 
is assumed to be stable. The PMV and PPD indices are 
calculated by taking into account indoor environmental 
and personal parameters [19]. The indoor environmental 
parameters are indoor air temperature, relative 
humidity, air speed and mean radiant temperature 
whereas the personal parameters are clothing insulation 
and metabolic rate.

Indoor air temperature is one of the most important 
parameters affecting thermal comfort and refers to the 
dry bulb temperature of the air surrounding the body. 
It is expressed in degrees Celsius (ºC) or Fahrenheit 
(ºF). This parameter affects both sensible and latent 
heat transfer from both the skin and the respiratory 
[20]. Accordingly, internal air conditions must be at the 
recommended values in the standards.

Humidity in the air can be expressed in two 
ways: absolute and relative humidity. The absolute 
humidity indicates the amount of water in the air, 
while the relative humidity indicates the percentage 
of absolute humidity in the saturated air at the same 
temperature. Relative humidity in an environment is 
one of the most important parameters affecting thermal 
comfort. The recommended relative humidity values in  
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air-conditioned buildings are between 30%-60% and 
40%-60% according to ISO7730 [9] and ASHRAE 55 
[10], respectively. 

Suitable air speed must be provided to ensure 
thermal comfort as well as to remove gases and dust that 
are harmful to health. In free running environments, 
the internal air speed rate rarely exceeds 0.1 m/s [21]. 
At such low air speed, the movement of the air in the 
environment decreases and an airless environment 
is created for the users in the environment [22]. On  
the other hand, environments with high air speed  
(>0.3-0.5 m/s) cause the occupants to feel the 
environment cool, breezed and uncomfortable [22]. In 
addition, the air speed allows heat transfer between the 
body and the surrounding air. It is known that high air 
speeds greatly increase heat losses and affect thermal 
comfort negatively when the body surface temperature 
is high [23].

The average radiation temperature can be defined 
as the uniform temperature that should be maintained 
on the surrounding black surfaces to replace the same 
amount of heat with the receiving body when the 
surrounding surfaces are considered [24]. The average 
radiation temperature at a point in a closed environment 
varies depending on the proximity of the point to the 
surfaces that irradiate with high or low intensity, and 
is influenced by radiation from the environment, 
users, or equipment [25]. The control of indoor air 
temperature, relative humidity and air speed, especially 
in environments exposed to high solar radiation, will 
not be sufficient to provide thermal comfort for the 
users due to the effects of the high average radiation 
temperature [20]. Hot or cold walls and surfaces in 
the environment will make users feel colder or hotter 
[20]. Therefore, the average radiation temperature is a 
factor that must be taken into account to ensure thermal 
comfort.

The garment clothing and physical characteristics 
of the occupants affect the thermal resistance used in 
the calculation of both heat loss and sensible heat loss 
and the evaporation resistance used in the calculation of 
latent heat loss [20]. Therefore, the thermal resistance 
of the garment significantly affects the thermal comfort 
perception of the occupants. Heat insulation provided 
by clothing is expressed in clo and 1 clo corresponds 
to 0.155 Km2/W. In general, the heat resistance of the 
garment in summer light clothing is between about 
0.5 and 0.6 clo; in winter clothing ranges from 1 to  
1.3 clo [10, 26]. Insulation values of various garments 
are included in the standards [9, 10].

The metabolic rate is the rate of transformation of 
chemical energy into heat and mechanical function by 
metabolic activities in an organism and is generally 
expressed by the unit area of the total body surface 
[10]. It is expressed in terms of met / units and 1 met 
corresponds to 58.2 W/m2 [9, 10]. The heat transfer 
surface area (Dubois surface area) of an average 
adult person is about 1.8 m2 and produces about 
106 W of energy. For this reason, 106 W of energy 

must be disposed as heat loss to the environment in 
order to make the person feel comfortable. While 
the heat thrown into the environment in sleep is the 
minimum, the amount of heat increases as the activity 
level increases [27]. The details of the metabolic rate 
and calculation are included in the ISO 8996 standard 
[28]. Met values corresponding to activities that are 
often performed by occupants are included in the ISO 
7730 [9] and ASHRAE55 [10] standards. In addition, 
met values corresponding to activities are also found in 
various sources [3, 26, 29].

Data Acquisition Technologies 
for Thermal Comfort

Ambient sensors are widely used to gather data about 
indoor environmental conditions. In particular, indoor 
air temperature is measured by temperature sensors [11, 
30-34] and relative humidity is measured by humidity 
sensors [11, 30-34]. In addition, data loggers are used 
for monitoring several parameters (e.g. temperature, 
relative humidity, light intensity etc.) depending on 
their self-contained sensors.  In literature, data loggers 
and temperature/humidity meters are commonly used 
to monitor indoor temperature and relative humidity [6, 
15, 43-48, 35-42].

Globe temperature is usually measured by 150 mm. 
diameter black globe thermometer [15, 31, 33, 38-40, 
44-47]. It can be also measured by sensors [11,32,49], 
heat stress meter [30, 43, 48, 50] and data loggers [36, 
37, 41, 42]. Moreover, external sensors can be used 
for measuring globe temperature [35]. These sensors 
are placed inside the hollow copper sphere of 150 mm 
diameter coated with matt black paint connected to the 
external part of data loggers. 

Mean radiant temperature values are approximated 
from the globe and indoor air temperature by using the 
formula which is recommended by ASHRAE 55 [37, 39, 
50-52];

...where tr is the mean radiant temperature (ºC), tg is the 
globe temperature (ºC), Va is the air velocity (m/s), ta is 
the air temperature (ºC), D is the globe diameter (m) and 
ε is the emissivity.

Air speed is usually measured by 3 different types 
of instruments: (i) air speed probes that are connected 
to anemometers [6,11,46–49,53–55,15,30–33,38,44,45]; 
(ii) ventilation meters [35,37,50] and (iii) data loggers 
[36,40,42]. 

Furthermore, there are several instruments such 
as microclimate stations [13,41,56] and PMV meters 
[51] that are capable of measuring all of the indoor 
environmental parameters related to thermal comfort. 

ISO 7726 [57] and ASHRAE 55 [10] Standards state 
the accuracy requirements for indoor environmental 
measuring instruments (Table 1). 
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It can be seen that instruments have to comply 
with the technical requirements that are indicated 
by the standards. In order to provide a guideline for 
selecting the appropriate instrument, Table 2 presents 
the literature that utilized instruments for monitoring 
indoor environmental conditions. The results of the 
review show that almost all of the instruments are 
compliant with the standards except for the EXTECH 
HT30 Heat Stress Meter [48, 50], which does not meet 
the accuracy requirements of indoor air temperature 
monitoring. 

Deployment Strategies for Data Acquisition

Data acquisition instruments for indoor 
environmental conditions should be placed close to the 
center of the monitored space and away from external 
heat sources, such as laptops, televisions, and monitors, 
as well as solar radiation [13, 31, 35, 40, 41, 49, 51, 
55, 56]. In addition, the location of instruments from 
occupants has to be considered during monitoring. 
Brager and Dear [58] state that instruments have to be 
located within 0.5m from each occupant horizontally 
according to the Class II field investigation standard for 
instrumentation and procedures [50] whereas López-
Pérez et al. [11] indicates that the instruments have 
to run at 10-20 cm away from the occupants during 
measurements. On the other hand, several researchers 
suggest placing the instruments on users’ desks or as 
close to them as possible [34, 36, 47]. 

The area that could be covered by the instruments 
should also be taken into account during monitoring. 
It is indicated that indoor environmental data need  
to be collected at one central point if the indoor  
area is less than 16 m2 [44, 46]. If the indoor area is 
between 16 m2 and 30 m2, data need to be measured 
at two points whereas if the indoor area is between  
30 m2 and 60 m2, data need to be measured at three 
points [44, 46]. 

The height of the measurement points is another 
important part of measuring surveys. There are 
different standards that recommend the height of the 
measurement point. In most of the studies conducted 
in indoor areas where occupants are generally seated 
(i.e. educational buildings, offices), the measurements 
are taken in accordance with ISO 7726, at a height  

Table 1. Accuracy requirements for instruments.

Parameter Accuracy requirements in ISO 
7726 and ASHRAE55

Indoor air temperature Maximum: ±0.5ºC
Ideal: ±0.2ºC

Relative humidity ±5% RH

Globe temperature Maximum: ±2ºC
Ideal: ±0.2ºC

Air speed ±0.05 m/s
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of 1.1 m, which approximately corresponds to a standing 
person’s center of gravity [15, 31-33, 35, 37, 39, 40, 50, 
56]. There are several studies in which the measuring 
instruments were set on a tripod 60 cm above the floor 
which corresponds to the abdomen height for seated 
occupants and is recommended by ISO 7726 [13, 41, 
49, 51]. On the other hand, Singh et al. [45] took all 
measurements at neck height of the sitting occupants 
since the height of occupants as well as the height of 
their chair considerably varied in the environment. In a 
specific case presented by Natarajan et al. [48], all the 
measurements were made at 0.90 m from floor level 
since this height  is recommended by ASHRAE 55 [10] 
in relation to placing the probes above desktop level 
when strong radiant sources (i.e. PCs) are blocked by 
furniture. 

According to ISO 7243 [59], the measurement at 
the height of the head is at 1.1 m if sitting and 1.7 m 
if standing; at the height of waist at 0.6 m if sitting, at  
1.1 m if standing; and at the height of ankle at 0.1 m 
[11]. In [30] and [43] measurements were taken at 0.1, 
0.6 and 1.1 m height from the ground level.  

Time Interval for Data Acquisition

In literature, there is no consensus on the time 
interval of measurements. Most of the studies are 
conducted with 1 min intervals [6, 32, 41, 43, 50, 51, 54]. 
Moreover, 2 min. interval [56], 5 min interval [40, 49] 
as well as 15 min interval [35, 36, 42] are also preferred 
in the studies. Time intervals can be as frequent as  
10 s [33, 37].

Conclusions

Thermal comfort is essential for maintaining 
satisfactory conditions for occupants. Accordingly, 
indoor environmental conditions have to be monitored 
to ensure that the conditions meet the requirements of 
occupants. The studies on thermal comfort of building 
interior spaces are not only numerical analysis based 
on program outcomes, but also experimental studies 
to confirm the results of analysis. However, the most 
important factor in achieving the correct result in 
experimental analysis is to plan the data, to select 
the technology and to determine the test procedure. 
This study aims at providing an important source for 
experimental researchers working on thermal comfort 
by identifying data acquisition technologies that are 
utilized for capturing thermal comfort related data. 
The results show that the instruments need to meet 
the accuracy and range requirements of standards in 
order to be utilized for monitoring thermal comfort 
conditions. Deployment strategy of instruments has to 
be determined according to the monitoring duration 
and the position of people occupying the space. 
Time interval of monitoring can vary between 10 to  
15 mins. The findings of this study will be beneficial 

to practitioners and researchers for selecting the most 
appropriate data acquisition technology to capture 
thermal comfort conditions in buildings. Future 
studies can focus on providing information about 
standardization for utilizing these technologies.
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