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Abstract: Outdoor and semi-outdoor thermal comfort on the university campus is essential for en-
couraging students’ outdoor activities and interactions and reducing energy consumption in occupied
buildings. For this reason, the current study presents on-site measurements and questionnaire sur-
veys on a university campus in Tehran, Iran. It aims to investigate the most applicable thermal indices
in Tehran’s cold and hot seasons. Measurements were conducted over winter and summer days;
in addition, the survey collected 384 responses. The results confirm that the Predicted Mean Vote
(PMYV) and Physiological Equivalent Temperature (PET) indices are better predictors of semi-outdoor
thermal comfort in summer and winter than Universal Thermal Climate Index (UTCI) and New
Standard Effective Temperature (SET*), respectively, highlighting the importance of considering
accurate thermal indices in different seasons. Finally, all analyses were gathered in a predictive
empirical model, knowledge of which may be helpful in the planning and design of outdoor and
semi-outdoor environments in Tehran and similar climates.

Keywords: thermal comfort; adaption; semi-outdoor spaces; PMV; PET

1. Introduction

Qualitative criteria for designing semi-outdoor spaces, which refer to built environ-
ments where natural outdoor elements, such as daylight and fresh air, are purposely
introduced [1], are critical because people spend a significant part of their time in outdoor
spaces and need to be thermally comfortable in this situation. Considering thermal comfort
conditions in outdoor areas can affect the usability of these spaces. For instance, in spaces
like university campuses, this would be highlighted. Air temperature, radiant temperature,
humidity, airflow, clothing, and metabolic rate are six essential variables that affect human
thermal conditions. The various variables and their constant and uncontrollable changes
in these spaces make modeling thermal comfort necessary. Recently, studies on thermal
comfort in outdoor and semi-outdoor spaces are increasing because determining the factors
affecting thermal comfort in such environments can reduce energy consumption in occu-
pied buildings and change these spaces from abandoned spaces to usable areas. Recent
literature shows that the assessment of thermal comfort of outdoor and semi-outdoor spaces
has become a research trend [2-11]. Some surveys were performed on university campuses.
Huang and colleagues provide evidence for planning and design strategies to improve
the thermal environment of outdoor spaces and outdoor thermal comfort and adaptive
behaviors in a university campus in China’s hot summer-cold winter climate region. The
research results showed that shading might significantly affect the thermal sensation vote,
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defining that the higher rate of symptoms belonged to the colder-than-neutral side [12]
in winter and summer. Still, it might not substantially affect the thermal comfort votes
(TCV); Bedford first proposed that thermal comfort and thermal sensation are the same
and classified them into five states subjectively [13], and thermal acceptance votes (TAV),
defined as the widest acceptable temperature range [14], in winter but might significantly
affect that in summer. Gender might not be associated with TSV and TCV, but it might
affect TAV substantially. Furthermore, they mention that one critical adaptive behavior is
the adjustment of clothing. Clothing changes are the opposite of temperature changes [6].
Ghaffarianhoseini and colleagues did on-site measurements and parametric simulations to
evaluate outdoor thermal comfort conditions. They suggested using shading, green areas,
and accelerated wind speed to achieve thermal comfort in mentioned spaces [15]. Both
microclimate and personal variables affect thermal perception and thermal comfort. Fang
and colleagues investigated thermal comfort models by focusing on individual factors
like clothing and metabolic rate. This research emphasizes air temperature as the most
significant factor that affects thermal sensation in outdoor spaces [16]. Yao and colleagues
also found that adaptation influences thermal comfort because residents are more tolerant
of cold seasons in Shanghai, China [17]. Liu and colleagues concluded that there were
gender differences in thermal sensations in the same cold environment. Women were
more sensitive to the cold than men at hand, thigh, lower leg, and foot, and different body
parts showed different levels of thermal adaptation to cold environments [18]. Parsons
and colleagues conducted a survey that showed few gender differences in thermal com-
fort responses for neutral and slightly warm conditions. However, women tended to be
cooler than men in cool conditions. Changes in thermal comfort responses in neutral and
slightly warm environments due to acclimation to heat are small and subjects adjusted their
clothing to maintain comfort [19]. Surveys using indoor indices for thermal assessment
conditions of outdoor and semi-outdoor spaces have shown that they cannot be trusted
for outdoors, and results may be unreliable. That is why researchers focus on new, valid
indices for mentioned spaces, such as SET* (New Standard Effective Temperature) [20],
Universal Thermal Climate Index-UTCI [21], etc. Many researchers believe that thermal
comfort is a dynamic process, and the adaptation approach has been borne through this
opinion. The adaptive approach to comfort is “If there is a change in the environment that
causes dissatisfaction, people show reactions that restore comfort to them.” Our ability to
be comfortable is affected by many factors, such as personal characteristics, health, lifestyle,
age, etc. [22-25].

Limited outdoor thermal comfort studies have been conducted in the context of Iran.
For example, research by Amindeldar and colleagues in 2017 [26] done in one season does
not pay attention to the difference in clothing type; they consider Ta and ignore MRT,
although these factors affect thermal sensations. Hadianpour and colleagues [27] in 2018
compared the performances of three commonly used thermal indices of predicted mean
vote (PMV), Physiological Equivalent Temperature (PET (°C)), and Universal Thermal
Climate Index (UTCI (°C)), using the experimental field surveys and assessing the neutral
temperature and neutral range for this climate. Finally, their research leads to designing
a sustainable and appropriate urban space in this climate; they mentioned that priorities
should be given to Iran’s winter and summer seasons. In Tehran, however, their study
was carried out using the un-binned raw data. They did not analyze New Standard
Effective Temperature (SET* (°C)), which is an essential index for mentioned spaces. They
overlooked the personal factor differences that affect thermal sensation and thermal comfort.
As noted above, thermal sensation studies in outdoor and semi-outdoor areas of Iran were
not enough and had some limits. Nonetheless, there are some reasons for reconsidering
thermal comfort indices in Tehran, Iran. First, due to the effect of the outdoor thermal
environment on the indoors and its effect on energy consumption, there is still a need to
improve the thermal comfort of outdoor environments. Second, few surveys address the
outdoor and semi-outdoor thermal comfort issues in Iran. Third: previous studies did not
take into account both microclimatic and personal variables, which is vital to reach more
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accurate results. Finally, there is a lack of research about gender and age differences in
Iran, which shows the need to design spaces that consider diversity in gender and age
groups in thermal comfort design. Accordingly, to fulfill the above-mentioned deficiencies,
this study aims to investigate how microclimate and personal variables affect human
thermal sensation and thermal comfort, using measurements that were made in Tehran,
the capital city of Iran, on a university campus in summer and winter. The main goals of
this study are to (1) present a better understanding of the thermal impact of microclimatic
and personal variables on thermal perception in Tehran, (2) investigate the relationship
between microclimate parameters and thermal sensation votes, (3) assess adaptation in a
semi-outdoor space, and (4) find the most applicable thermal indices in Tehran.

2. Materials and Methods
2.1. Research Area

Research was conducted in Tehran, Iran (51°38' E, 35°72’ N). Tehran is situated on a
boundary between the Mediterranean (Csa) and cold desert climate (BWk) based on the
Koppen-Geiger climate classification [28]. Tehran meteorological data from 1951 to 2005
shows that the monthly mean Ta is lowest in January (3.3 °C) and highest in July (30.6 °C).
The minimum Ta is lowest in January (—0.4 °C), and the maximum Ta is highest in June
(36.6 °C). The mean relative humidity (RH) is highest in January (64%) and lowest in June
(25%).

2.2. Field Survey

The research method includes field measurement and a questionnaire survey. On-site
measurements were conducted in cold and hot seasons (January 2020-March 2020 and July
2019-September 2019) (Figure 1).

Figure 1. Field survey on the University campus in Tehran; the Delta OHM HD 32.1 data logger was
used to record meteorological variables.

Interviews were carried out between 10:00 and 19:00 in summer and 10:00 to 17:00
in winter. The survey’s fundamental purpose is to assess semi-outdoor thermal comfort
and find the most applicable thermal indices in Tehran. For this purpose, the Delta OHM
HD 32.1 data logger was used on the university campus. The measurement height was
1.8 m; because we needed wind speed at the height of 10 m to calculate the UTCI indeXx, the
wind velocities at the required heights were estimated using the Equation (1) [29]) under a
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sunshade, where WS, is the measured wind speed, H;, is the measurement height, H; is
the desired height, and WS, is the wind speed in the desired height.

Wsl = Wsmeasured'(Hl /I_Imeasured)(lz2 (1)

Visitors, students, and members (who passed by the site) of the university campus
were asked to sit for 13 min to become adapted to the thermal environment. During
each interview, the data logger recorded meteorological variables, including dry-bulb air
temperature (°C), relative humidity (%), wind velocity (v, in ms~ 1), wet bulb temperature
(Tw, °C), pressure (hPa), as well as globe temperature (Tg, °C), at 5 s intervals (the logging
time). The personal information, such as age, gender, type of clothing, etc., and the thermal
sensation are measured by the questionnaire during these 13 min. The questionnaire,
shown in Figure 1, has general personal information (gender, age, weight, height, etc.)
and six question boxes. After 13 min, the interviewers were asked about their thermal
sensation votes (collected based on the ASHRAE 7-point scale [30,31]) and their preferences
(based on the McIntyre 3-point scale), time spent outdoors, what they had done 30 min
before the survey (When questionnaires evaluate the metabolic rate, the inaccuracy is
20%. This implies significant uncertainties in PMV values) and their clothing. Finally,
we determined the relationship between the microclimatic parameters and their effect on
thermal satisfaction. The information about sensor types, accuracies, and measurement
ranges of the instruments used in the present study is specified in Table 1. A standard globe
thermometer (with 0.15 m diameter, made of copper, and painted in matt black) was selected
to measure globe temperature. The results were further analyzed using Microsoft Excel
2016 and IBM SPSS® 25 statistical package. Spearman’s correlation coefficient was used
to measure the strength and direction of the association between the thermal preferences
votes and thermal sensation votes, and the Beta coefficient, a test of the necessity of the
independent variables in the model, was used to obtain the experimental model.

Table 1. Information about sensor types, accuracies, and ranges used in field measurements.

Sensor Type Variable Measurement Range Accuracy
TP3275 (Thin-film Pt100) Ta —30°C-100 °C Class 1/3 DIN
TP3275 (J = 15 cm) with a Pt100 sensor Tg —30°C-120 °C Class 1/3 DIN
HP3201 natural wet bulb probe (Pt100) Tw 4°C-80°C Class A
AP3203 (NTC 10 Kohm) WS 0.05-5 ms~1 (0-80 °C) +0.02 (0.05-1 ms~1)
AP3203-F (NTC 10 Kohm) 0.05-5 ms~1 (=30 to 30 °C) +0.1 (1-5ms 1)
HP3217R (Capacity sensor) RH 5-98% +2.5%

Each interviewee’s clothing and activity values were extracted from the question-
naires (Figure 2), using ISO 8996 and ISO 9920 standards [32,33], and entered into the
logger’s software.

2.3. Acquiring Additional Data about Indices Calculation

In this study, PMV was calculated using the device’s software (DeltaLog10) based on
the measured logs (Ta, MRT, v, RH). For calculating UTCI, ‘UTCI calculator,” which was
taken from UTCI calculator, was [34] used, and finally ‘RayMan’ software [35] was used to
calculate PET and SET*. For calculating PET and SET* in ‘RayMan’ software, environmental
variables like; Ta, WS, RH, and MRT, individual variables such as clothing insulation value
(Icl), metabolic rate (M), weight, height, and age, as well as geographic data longitude,
altitude, and date and time of filling the questionnaires was required. To achieve the highest
accuracy, all mentioned indices were calculated individually for each of the subjects.
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Questionnaire serial number...

Gender: Malen

Time: ...... Birth place: . ...

Femalen

Age: ...

Time of residency: ...

Weight: ...

Kg

Height: ...m

Date: .../..../ ...

1) How do you feel in this place right now?

-1

0

+1

+2

+3

Cool

Slightly cool

Neutral

Slightly warm

Warm

Hot

2) How do you prefer the climate in this place in terms of...

Temperature: Warmerno No changen Coolera

Sun: More sun n No changen Less sun

Humidity: More humidno No changen Less humidn

Wind: More windo No changeo Less windo

3) Time spent outdoors: ... min

4) For the last half hour have you been mainly:

Sleeping o sittingm  Standingn  Walkingo Doing sportst Other(specify)...

5)What are you wearing right now?
Undershirt: ... Under wear: ...
Shirt or T-shirt: normal...button: yesnnon  collar: yes mnom  sleeve: short n longn /thinn normaln thickn

Trousers: number.../cottonn jeanso/freen tighto/ thino normalo thicko

Coat: normalo thicko Mantua: thino normala thicko

Shawl: thino thicko / Headdress: thinothickno / Chador (women's hijab}: thino normalothicko

Pullever: number... /thicko thinea /Jacket or Raincoat: shorto longonormala thickn

Socks: Short Socksn Stockingn

Shoes: Sport shoeo leather shoeo sandalo /Others: Hat /Capn Headbando  Gloveso  Scarfo

6)What is the color of your dress?

Brighto normaln darkn

Thank you.

Figure 2. The questionnaire consists of six different parts, including personal information and their

preferences during the survey.

3. Results
3.1. Micrometeorological Measurement

Three hundred eighty-four interviews, including 192 men (50%) and 192 women (50%)
were used for research. The numbers of the subjects were 114 in the summer and 270 in the
winter. The means, ranges, and standard deviations of measured physical and personal
parameters are presented in Table 2. The mean air temperature in the hot summer and cold
winter was 31.6 °C and 9.3 °C, respectively. The mean radiant temperature in cold and hot
seasons was 8 °C and 34 °C, respectively. (Average radiant temperature was about equal to
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average air temperature because surveys were conducted in a shaded space). In the hot and
cold seasons, the average wind speed and relative humidity were 1.7 m/s and 1.1 m/s, 43.1
and 14.3%, respectively (representing typical values in the mentioned climate). The mean
clothing level for cold and hot seasons was 1.2 clo and 0.7 clo, respectively. The average
clothing value of women is much more than male subjects because of country rules.

Table 2. Means, standard deviation, and ranges of T,, RH, v, MRT, Tg, P, Icl, and M in summer

and winter.
T, (°C) RH (%) v(@m/s) MRT(C) Ty (°O) P (hpa) Icl M (W/m?2)
Mean 93 43.1 1.7 8 9 871.3 1.2 88.2
Cold St. Dev. 52 13.8 0.6 6.9 5.6 74.8 0.1 234
Season
(N = 270) Max. 21.3 65.6 42 26.1 34.2 877.5 14 152.5
Min. 4 243 0.3 0.4 1.7 860.2 0.7 62.5
Mean 31.6 14.3 1.1 34 324 868.8 0.7 70.1
Hot St. Dev. 5.1 43 0.9 7.6 3.6 114.4 0.1 13.6
Season
(N =114) Max. 36.3 222 35 46.6 24.7 871.1 0.8 98.8
Min. 27.7 8.8 0.08 26.3 17.8 866.1 0.5 62.5

3.2. Thermal Comfort during the Survey
3.2.1. Impact of Personal Variables on Thermal Sensation and Thermal Preferences
Thermal Sensation Votes and Gender Differences

The percentage distributions of TSV in summer and winter are shown in Figure 3.
In the hot season, the highest TSV percentage was neutral (38.8%) followed by ‘slightly
warm’ (33.3%), ‘warm’ (21.9%), and ‘hot” (6.1%); in the cold season, the highest TSV
percentage was cool (28.8%) followed by ‘neutral” (17.4%), ‘slightly cool” (25.9%), ‘cool’
(28.8%), “slightly warm’ (0.37%), and “cold” (27.4%).

45%

25%
20%
15%
10%
5%
0% —

Cold Cool Slightly Cool ~ Neutral Slightly Warm Hot
Warm

Percentage of individuals

Thermal sensation votes

M Total Cold season ['otal Hot season

Figure 3. Percentages of thermal sensation votes for all individuals during cold and hot seasons
separately. The highest TSV percentage was neutral (38.8%) in the hot season and the highest TSV
percentage was cool (28.8%) in the cold season.

The percentage distributions of TSV in summer and winter regarding men and women
interviewees are shown in Figure 4. In the hot season, the highest TSV percentage was
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neutral (46.7%), and in the cold season, the highest TSV percentage was cold (40%) for male
interviewees (Figure 4a). The highest TSV percentage in the hot season was slightly warm
(44.2%), and in the cold season, the highest TSV percentage was slightly cool (30%) for
women interviewees (Figure 4b). In winter, women prefer milder temperatures. In summer,
women feel warmer because they wear more clothing.

50% a
. 5%
T 40%
::) 35%
T 30%
B 25%
<5
B 20%
g 15%
&
L 10%

/0

0% —

Cold Cool Slightly Neutral Slightly Warm Hot
Cool Warm

Thermal sensation votes

B Men Cold season Men Hot season

50% b
45%
40%
35%
30%
25%
20%
15%
10%
5%
0%

Percentage of individuals

Cold Cool Slightly Neutral Slightly Warm Hot
Cool Warm

Thermal sensation votes

B Woman Cold season Woman Hot season

Figure 4. Percentages of thermal sensation votes for both men and women during cold and hot
seasons separately. In the hot season, the highest TSV percentage was neutral (46.7%), and in the
cold season, the highest TSV percentage was cold (40%) for male interviewees (a). The highest TSV
percentage in the hot season was slightly warm (44.2%), and in the cold season, the highest TSV
percentage was slightly cool (30%) for women interviewees (b).

The overall percentage of acceptable votes (TSV = £1 defines thermal acceptabil-
ity, and TSV < -2 or TSV > 2 defines unacceptable conditions) in the cold season was
43.2% (54.2% women and 32.3% men), and in the hot season was 72% (73% women and
70.9% men), which shows evidence of thermal adaptation.

Percentages of preferences votes in winter are shown in Figure 5. About ninety-four
percent (96.9% and 95.3%) of men preferred more sun, more temperature, and lesser wind.
75.7%, 77.1%, and 85% of women preferred more sun, more temperature, and lesser wind,
respectively. Seventy percent of men and 64.28% of women voters preferred humidity
as it is. Percentages of preferences votes in winter are shown in Figure 5. 93.8%, 96.9%,
and 95.3% of men preferred more sun, higher temperature, and less wind. 75.7%, 77.1%,
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and 85% of women preferred more sun, higher temperature, and less wind, respectively.
Seventy percent of men and 64.2% of female voters preferred humidity as it is. Percentages
of preferences votes in summer are shown in Figure 6. Seventy-five percent of men and 73%
of women preferred cooler temperatures and more wind, respectively. About sixty percent
and 59.6% of men preferred cooler temperatures and more wind, respectively. Fifty-eight
percent of men and 57.6% of women voters preferred humidity as it is, and finally, 98.3%
of men and 100% of women voters chose the sun as it is. Results show that women feel
uncomfortable on hot days; they need more wind and lower temperatures to reach comfort.

Number of indi
=
S

20
| 0 —_
Less sun No change More sun Cooler No change Warmer

T, - D, 3
Sun Preferences T'emperature Preferences

Men women
& o EOMen Bwomen

Number of individuals

10
Lesser Asitis More Lesser Asitis More
ind Pref . Relative humidity Preferences
Wind Preferences GMen  Owomen

BMen Ewomen

Figure 5. Percentages of preferences votes in winter.

45
40 —
35
30

25
20
15
10

5

Less sun No change More sun 0

z

i Cooler No change =~ Warmer
Sun Preferences

Temperature Preferences

BMen Owomen
E Men Owomen

Figure 6. Cont.
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0
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Wind Preferences Lesser Asitis More

Relative humidity Preferences
BMen Bwomen

BMen Owomen

Figure 6. Percentages of preferences votes in summer.

Age Differences

Table 3 presents the demographic distribution of age and gender between the two
groups (192 females and 192 males). The numbers and percentages of the interviewees
were 114 (29.7%) in the summer and 270 (70.3%) in the winter. Among all the subjects,
young people (<30) had a ratio of 67.7% (183) in the winter and 68.42% (78) in the summer.
In the analyzed sample, according to the Chi-square test, there is no significant relationship
between respondents’ age and gender (p = 0.24, (p > 0.05). Between different age ranges in
both summer and winter, the 25-30 range had the highest neutral status. The most votes
were related to the cold and cool in winter and slightly warm and warm in the summer
(Figure 7).

FFFFETFS |
S |

Wik, i i

Cold Cold Cool Cool Slightly Slightly Neutral Neutral Slightly Slightly Warm Warm  Hot Hot
winter summer winter summer Cool Cool winter summer Warm Warm winter summer winter summer
winter summer winter summer

Thermal sensation votes

B Age <24 @ Age 25-30 Age 30-35 @ Age 35-40 B Age >40

Figure 7. Percentages of thermal sensation votes according to different age groups.
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Table 3. Descriptive analysis of age and gender. The sampling distribution was equal between two
groups of men and women. Chi-square test showed that there is no significant relation between

respondents’ age and gender (p = 0.24, (p > 0.05)).

Gender Age Range
Season Descriptive Analysis
Female Male <24 25-30 31-35 36-40 >40
Frequency (N) 140 130 73 110 22 24 41
Winter
Percentage 51.8% 48.1% 27% 40.7% 8.1% 8.9% 15.2%
Frequency (N) 52 62 26 52 19 11 6
Summer
Percentage 45.6% 54.4% 22.8% 45.6% 16.7% 9.6% 5.3%
Chi-square 21.4 279.4
Sig. level (2-tailed) 0.002 0.6

3.2.2. A Comparison of Thermal Sensations with Thermal Preferences

A comparison of mean thermal sensation votes with an individual’s thermal prefer-
ences is shown in Figure 8. The Spearman’s correlation between TPV and TSV turned
out to be negative (p = —0.3, N = 384, p < 0.0001). According to the results (Figure 8),
their Spearman correlation coefficients were less than zero (i.e., there was a weak negative
correlation between mean thermal sensation votes and thermal preferences in this study).
As the graph shows, preferences were slightly warm in most cases than actual conditions.
For MTSV lower or equal to neutral, MTPV were usually between 0.5 and 1, indicating a

desire for higher air temperature.

1.5

MTPV
S
o

05 . 15 25

MTPV = — 0.06MTSV2— 0.5MTSV + 0.1 ...
R2=0.77

Figure 8. Mean thermal preferences compared with mean thermal sensation votes. For MTSV

lower or equal to neutral, MTPV were usually between 0.5 and 1, indicating a desire for higher

air temperature.
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3.2.3. Evaluated Thermal Indices during Tehran’s Cold and Hot Season

Figure 9 shows the relationship between each index (PMV, PET, SET*, and UTCI) and
actual mean votes (AMYV), where the interviewees rate their thermal sensation. As the
charts demonstrate, correlation coefficients for PMV, PET, SET*, and UTCI are 0.52, 0.56,
0.41, and 0.55 in winter, and 0.61, 0.60, 0.58, and 0.58 in summer, respectively. Therefore,
for predicting thermal comfort in Tehran, the best choices are PET and UTCI during cold
seasons and PMV and PET during hot seasons. Fanger’s consideration of clothing level [36]
is similar to woman'’s clothing in Iran as it considers clothing that covers the hands and body
to wrists and allows some adjustment. This clothing level is different for a woman who
lives in other countries. PET assumes a working metabolism of 80 W of light activity and
clothing of 0.9 clo and focuses on the physiological heat balance model [37]. Considering
personal factors, especially Icl, PET is valid for the two mentioned seasons. The Universal
Thermal Climate Index (UTCI) provides an assessment of the outdoor thermal environment
by considering all climatic factors and considering an adaptive clothing model, which
allows UTCI to be applicable in thermal comfort studies across climates and seasons [21].
As Figure 9 demonstrates, UTCI, like PET, is valid in assessing thermal comfort conditions
in the cold season of Tehran. It may be important to mention that people have the same
Icl in Iran and other countries in the cold season because increasing clothing rate has no
limits, and Icl in this season did not differ from other countries. In other words, thermal
indices, including PMV, PET, and UTCI, do not take an individual’s thermal adaptation
into account. As mentioned before, in cold and cool conditions, thermal adaptation can
occur more easily because people can increase their clothing to reach comfort; however,
adaptation to warm and hot conditions by decreasing clothing cannot occur in Iran because
of cultural limitations.
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Figure 9. Cont.
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Figure 9. The correlation coefficients between PMV, PET, SET*, UTCI, and AMV show that the best
choices for predicting thermal comfort are PET and UTCI during cold seasons and PMV and PET
during hot seasons in Tehran.

3.3. Clothing Adaption and Thermal Comfort

Clothing insulation is the main factor influencing the thermal comfort of the human
body because of the human body’s thermal adaptability [38]. The relation between mean
clothing insulation in summer and winter for men and women was examined. In summer,
the most frequent clothing values for women and men were (0.7-0.9) and (0.5-0.7), respec-
tively (Figure 10). In hot seasons women were limited to reducing their clothing because of
Islamic rules, but the men could reduce their clothing. In winter, the most frequent range
for women and men was the same (1-1.3) (Figure 11) because both genders do not have a
limit about increasing their clothing rate.

— [
(0.3-0.5) (0.5-0.7) (0.7-0.9) (0.9-1.1) (1.1-1.3) (1.3-1.5)

clothing rate

Men B Women

Figure 10. In hot seasons, people adjust their thermal state by various behaviors, such as removing a
layer of clothing.
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Figure 11. In cold seasons clothing range for women and men is the same because both genders do
not have a limit about increasing their clothing rate.

Figure 12 presents the relation between clothing rate and each sampled microcli-
mate factor. The correlation coefficients for air temperature, mean radiant temperature,
wind speed, and relative humidity were 0.7, 0.6, 0.04, and 0.5, respectively, indicating the
strongest relationship between clothing rate and air temperature. Figure 12 suggests that
the increase in the air or mean radiant temperature decreased the clothing rate, while wind
velocity and relative humidity had an opposite effect.
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Figure 12. Influence of each independent environmental variable (TA, WS, MRT, and RH) on the
mean value of clothing’s thermal insulation. This figure suggests that the increase in the air or mean
radiant temperature decreased the clothing rate, while wind velocity and relative humidity had an

opposite effect.
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3.4. The Empirical TSV Model for Tehran

According to the assessment of the p-value, significant variables in winter are air
temperature, mean radiant temperature, wind speed, and interviewee’s age. In summer, air
temperature, mean radiant temperature, wind speed, and relative humidity are significant
variables. The beta method, a test of the necessity of the independent variables in the model,
was used to obtain the experimental model. The empirical model for Tehran in the cold
and hot seasons (Equation (2) for winter and Equation (3) for summer) indicated that the
thermal sensation increased with the increase in the air or mean radiant temperature. Wind
velocity and relative humidity (in summer) had an opposite effect. Seasonal TSV models for
Tehran (Equations (2) and (3)) indicated that air temperature and mean radiant temperature
had a stronger impact on thermal sensation in both summer and winter; relative humidity
is essential in winter and summer, respectively.

TSV=07 x T, +03 x MRT — 1 x v (R?=0.99) @)
TSV =04 x T, + 0.5 x MRT — 1.1 x v — 0.04 x RH (R? = 0.90) 3)

4. Discussion

A comparison of our results with previous studies showed that Iranian clothing is
much more than other countries. In this study, the mean clothing level is 1.2 and 0.7
during the cold and hot seasons, respectively. In 2015 a study based on ASHRAE Research
Project RP-1504 was conducted by Havenith and colleagues [38]. Their survey focuses
on gathering a laboratory database of non-western countries, including Pakistan, India,
Indonesia, Kuwait, Nigeria, and China. Male’s and female’s clothing rates were 0.64 and
0.63, respectively [21]. Al-Ajami and colleagues surveyed investigated thermal insulation
values (Icl) of the Arabian subjects in 2008, which revealed that summer and winter clothing
levels for both males and females were 0.59 and 0.6, respectively [39]. Contrary to the
literature, in hot seasons, women were limited to reducing their clothing because of Islamic
rules, but men could reduce their clothing. In winter, the most frequent clothing range for
women and men was the same because both genders can increase their clothing without
limit. In winter, women prefer milder temperatures, which shows that women in this
survey were more adaptable than men under challenging situations (like winter). It should
be noted that in summer, females’ clothing is 0.7-0.9 clo and males’ clothing is 0.5-0.7 clo,
which has a significant impact on females” thermal sensation. Concerning gender, men
usually wore less clothing than women in the same thermal conditions. However, because
of cultural and social limits, men often wore suits at universities in Iran, which means
their clothing rate is much more than in other countries. It is necessary to design spaces
that consider diversity in gender in thermal comfort design in Iran. In most countries,
women do not have to cover many parts of their bodies. For example, according to Liu’s
research, women’s local skin temperatures on the hand, thigh, lower leg, and foot were
more sensitive to the thermal environment than those of other body parts. In general,
women were more sensitive to the cold than men in these areas [18]. However, in Iran, due
to social norms, the whole body of females is covered (using a hijab).

A series of surveys focus on finding suitable thermal comfort indices for assessing
human thermal sensation and comfort. According to previous studies, PMV [2,40-43],
PET [42,44,45], UTCI [4,25,42,46-50] and SET* [49,51,52] are better predictors of the thermal
comfort of people in outdoor environments. Previous studies in Tehran revealed that PET
in winter [26], PET, and UTCI for the whole year work better to predict people’s thermal
conditions [27]. Haghshenas and colleagues 2021 studied modified scales of thermal indices
and their analysis showed that modified scales of UTCI and PET correlated better with
thermal sensation vote than the original scales [53]. Finally, the current study revealed that
in Tehran, PMV and PET indices are better predictors of semi-outdoor thermal comfort
in summer and winter than UTCI and SET*, respectively. Due to the crisis of energy
consumption, providing thermal comfort outdoors (especially in public, educational spaces,
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etc.) is very important. For designing a better outdoor environment regarding thermal
comfort, the indicators should be accurate, which is the goal of this survey. In other words,
this paper presents an experimental model to predict the thermal comfort conditions in semi-
outdoor environments. The results can be helpful in Tehran and similar climate conditions.

5. Conclusions

The present study investigated the relationship between microclimatic and personal
variables on subject thermal perception to understand thermal conditions better and find
the most applicable thermal indices in an outdoor space in hot and cold seasons in Tehran,
Iran. For this purpose, the data was collected using both on-site measurements and
questionnaire surveys on a university campus. The first finding from the study is that
in summer and winter, 38.8% and 28.8% of subjects voted for neutral and cool thermal
sensation, respectively, which shows thermal adaptation. The second finding from the
survey is that in winter, women prefer milder temperatures, which shows their adaptation
to challenging situations. However, in summer, because of social norms, women's clothing
is much more than male, which leads to their thermal dissatisfaction. Finally, analysis
depicts that PMV and PET are better predictors of outdoor thermal sensation in summer
and winter in this climate. It has to be said that some thermal indices have a specific
definition, such as UTCI and PET. Depending on the calculation procedure, results show
variability. It seems that the application should rely on the definition of the Indices.
For example, this is stated explicitly in Staiger and his colleague’s survey [42]. In the
hot season, Tehran’s experimental model shows that air temperature and mean radiant
temperature are related to the thermal sensation votes with a positive coefficient, and
wind speed and relative humidity with a negative coefficient, while in the cold season, air
temperature and mean radiant temperature have a positive coefficient and wind speed
has a negative coefficient. This predictive model, which includes both meteorological and
personal variables, highlights the importance of considering suitable indices in outdoor
thermal comfort studies in different seasons.

Due to the lack of knowledge on the clothing insulation rates in Iran, it seems necessary
for future studies to investigate this issue and provide a comprehensive assessment of out-
door thermal comfort. Future research could also test the validity of results by researching
in other climates and using a vast number of cases.
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