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Abstract

Similar as temperature, air humidity may affect gdets thermal comfort and
humidity adaptation may happen when people chantfieg living conditions. To
provide evidence on both effect from humidity orople’s thermal comfort and their
humidity adaptation, a comparative study has besdwcted in a controlled climate
chamber. During the experiment, the air temperatuas set as 25 °C and 28 °C
respectively and the relative humidity was chandwegwween 20% and 90%. There
were twenty four participants involved in this expeent, with half living in High
Humidity (HH) regions of China, such as Chonggqifay,over 20 years, and another
half recently moved to Chongging from Low Humid{tyH) regions in northwestern
China. During the experiment, mean skin temperaiae measured as objective an

important parameter and subjective questionnairer® wsed to subjectively collect
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people’s sensations with respect to heat, humilg sweating. The data collected
demonstrated that people living in HH regions shibwaebetter adaptive ability to
humidity changes than those came from LH regiofhisn&le adaptation also reduced
the sensitivity of HH subjects’ thermal respond&$ien air humidity was over 70%,
subjects started to show stronger thermal respoBss®d on these results, an upper
limit of humidity of 17 g/kg has been proposed €hongging, China. The results
from this study will help to broaden the adaptihertmal comfort theory and can

provide important references regarding to humiddmgtrol for buildings.
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Abbreviations

HSCW  Hot summer and cold winter BMI Body mass index

HSWW Hot summer and warm winter  Tsk Skin temperature

PMV Predicted mean vote MTsk Mean skin temperature

LH Low humidity region CLO Clothing insulation

HH High humidity region MTSVs Mean thermal sensation votes

Ta Ambient temperature MHSVs Mean humidity sensation votes

RH Relative humidity Va Air velocity

SET* Standard effective ATSV Variation in thermal sensation vote
temperature, °C with humidity change

1. Introduction

With its vast territory, China has distinctive chtit regions with respect to both
temperature and humidity. Based on humidity, thigores can be classified as humid,
semi-humid, semi-arid, and arid [1]. People fromasth various climates may have

different responses to their surrounding environi@eronditions [1, 2]. For example,



Turpan is one of the hottest cities in China anpeeiences very high temperatures,
but the average relative humidity (RH) is only 3it%4he summer [2, 3]. In contrast,
the relative humidity in Chongqging, which is lochte a hot summer and cold winter
(HSCW) climate zone, often experiences > 70% RH][4Fhus, people who visit
Chongqging from other climate zones may often feetamfortable in this high
humidity environment [8]. These differences in therception of the thermal
environment can be explained by thermal adaptatieory. This theory has resulted
in the formation of an important thermal comfortegiction model, namely, the
adaptive model, which has been included in manyomapt standards such as
ASHRAE (American Society of Heating, Refrigeratingnd Air-Conditioning
Engineers) 55 [9], CIBSE (Chartered Institution Bdilding Services Engineers)
Guide A [10], and EU 15251 [11]. Humidity is one thfe main factors affecting
thermal comfort. However, the effects of humidity adaptive thermal comfort have
not been specified in the standards. In particaarupper humidity limit of 12 g/kg
given in current standards for health considerataibout mold prevention may fail to
satisfy occupants’ adaptive comfort requirementsome areas. Additionally, strict
humidity demands can lead to increases in buildergergy consumption for
dehumidification [12]. Thus, adaptive thermal comfim regard to humidity should
be studied more thoroughly to enrich thermal adaptaheory and to help ensure

that appropriate humidity limits are set for di#fat climatic regions.

Extensive real-world building studies have idestifithe phenomenon of the
“scissors difference” [13-17], which refers to tHd#ference between the predicted
mean vote (PMV) of thermal sensation and the actii@tmal sensation vote in
buildings. Therefore, a large research project,888-was conducted worldwide to
develop a thermal comfort model, as first propdsg@de Dear [18]. Compared to the
PMV model [19], thermal adaptation theory simulgpe®ple’s positive interactions
with their surrounding thermal environment [9, 20]this theory, thermal history has
been suggested as a key factor that affects psopie/ironmental preferences [21]

and is based on data collected from both climatgrobed chambers and field
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surveys, with considerations given to people’s baral adjustments, physiological
acclimatization, and psychological adaptations [EBftensive on-site studies have
been conducted to enrich the adaptive thermal carrfaifferent climatic zones [2,
7, 13, 15, 21-29]. Yan et al. [30] conducted a yeand field investigation in
different climatic regions in eastern China and posed an individual thermal
adaptive model for naturally ventilated environnsei@ome researchers have reported
on seasonal differences in clothing adjustmentangés implemented with respect to
air movement, and other physiological or psychalabivariations as adaptive
mechanisms [4, 6, 31]. With the use of indoor aggpbr heating, some studies [21, 32]
have shown that indoor thermal history can be apomant factor that determines
human thermal sensation. Luo et al. [32] explotexl adaptation process of subjects
that migrated from southern China to northern Chand uncovered physiological
changes regarding their skin temperatures. Thoséiest mainly emphasized the
correlations between outdoor temperatures and psdplermal adaptation. However,
few studies have considered the effects of theestdijhumidity exposure history on

thermal adaptation.

According to Fanger’s thermal comfort model [19f, lumidity is an important
factor for people’s thermal sensation. In real dingjs, however, the humidity level
does not change as significantly as the air tentyperaand people are also not very
sensitive to the humidity change within a certaange, such as 40% to 70% [10].
Therefore, humidity has not received much attentidimen the air temperature, air
speed, and radiation temperature are in a comfertabge, humidity has little effect
on human thermal comfort [12, 33-37]. With an imse in the temperature [38-41]
and metabolic rate [42] of the human body, theceftd high humidity on thermal

comfort becomes more obvious.

One study that investigated 72 combinations of tmampre and humidity
showed that the acceptable air temperature couldntreased by 0.3 °C when
decreasing the relative humidity by 10% [33]. Besidbuilding environments,

dynamic humidity changes are also universal inraftcabins. For example, the RH
4



in aircraft cabins is about 80% at ground level][48d then drops to 20-25% at
cruising altitude [44]. Li et al. [45] used headrisfer analysis to simulate the effects
of an air humidity cycle from 80% to 20% and back80% on aircraft at 20 °C and
28 °C. The results indicated that the humidity ete both human heat storage and
skin temperature due to changes in evaporative leesst In addition, aircraft
passengers may come from different climatic zohegjever, there is scarce literature

that considers their climate adaptation levels.

Furthermore, the role that humidity plays in thegass of adaptation has not
been sufficiently investigated. Until now, theresha@een little confirmative evidence
of the effects of air humidity on people’s therncaimfort. Thus, different humidity
limits exist in the current thermal comfort stardfarFor example, the humidity limit
is 12 g/kg in ASHRAE55-2013, 40-70% RH in CIBSE @GiA [10], and I: 30-50%,
II: 25-60%, Ill: 20—70%, and less than 12 g/kg iIN EEuropean Committee for
Standardization) 15251 [11]. Currently, on-siteveys [3, 5, 46-50] in warm indoor
environments with high humidity, such as those aiZg et al. [5], have shown that
people from warm climates have higher thermal mutsponses than those from
cold climates. Jin et al. [38] suggested that stibjen hot and humid areas would
have stronger adaptation responses to warmth agtd Himidity than subjects in
other climate zones, which highlights the notewpmffect of climate adaptation. A
field study that tracked migrants from cold regidgashot summer and warm winter
regions of China was conducted by Liu et al. [91]e results indicated that migrants
were more thermally sensitive to humid-hot envirents than were the local
residents, particularly in the first two days. Tatel however, the effects of humidity

on adaptation have not been addressed well.

This study was designed to explore the role of litpniadaptations in thermal
comfort through comparative experiments with occipdaving different levels of
climate adaptation (i.e., local residents vs. neigramts). Specifically, their mean
skin temperatures and subjective responses to hiymigre examined. A climate

chamber was used to replicate different humidigle at acceptable air temperatures.
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Objective data and subjective data collected witkstjonnaires were used to study
the influence of climate adaptation on people’sritted comfort with respect to
humidity. Based on the results from the above warkeful humidity limits for

Chongging can be appropriately proposed.

2. Methods

2.1 Experimental Subjects

China covers a large area with widespread levelsumidity. Annual rainfall
data indicate that China can be separated into doems based on humidity levels,
namely, arid, semi-arid, semi-humid, and humid sir@s shown in Fig. 1. Based on
people’s exposure levels to humidity, two subjeciugs were targeted in this study,
one consisting of people from arid and semi-arglaies and the other consisting of
people from Chongging, a well-known humid area. fitydour first-year college
students were ultimately recruited to participadalf of the group had lived in arid
and semi-arid regions for more than 20 years amldnhigrated to Chongging within
one week prior to the study (noted as the migramtg of low humidity, LH), while
the other half came from Chongging, an area in wihey had lived for more than 20
years (noted as the native group of high humidity). The origins of the subjects
have been depicted in Fig. 1 as red dots, and phefiles have been summarized in

Table 1 below.

Table 1

Subjects’ profiles.

Group Rangeof RHin Clothing Gender Number Age Height Weight BMI®

habitat ( % )




ACCEPTED MANUSCRIPT

level (year) (cm) (kg)
LH 31.0-56.8 0.36 Male 6 22.0+1.f 173.5#¢5.2 66.8+10.2 22.1+2.1
0.36 Female 6 22.5+1.0 160.2+3.7 53.6%¢8.0 20.8+2.5
HH 41.6-98.0 0.36 Male 6 23.3+1.5 173.3+6.0 65.2+¢8.6 21.6+2.0
0.36 Female 6 23.24¢0.8 161.7#3.1 51.2#85 19.6%1.3

#Mean value + standard deviation (S.D.).

P BMI = W/(H x H); W-weight, kg; H-height, m.

e China Humid-Dry Areas

Fig. 1. Map of humid—dry areas in China and origins ofghgly participants.



2.2 Experimental Apparatus and Conditions

This study was conducted in a climate chamber éatat Chongging University,
China. All subjects had experienced their locamelie environment throughout the
summer before the study started on 15 September. Z0ie study lasted for one
month. Figure 2 shows the climate chamber with dsians of 4 m (L) x 3 m (W) x
3 m (H). The climate chamber was separated fronexternal environment by walls
that were 100 mm thick; these walls consisted pblurethane filling sandwiched
between steel plates. A uniform indoor thermal emunent was created by an
air-conditioning system, which controlled the temgbere and humidity separately;
the main system inlet was on the ceiling, and thté2bwas located near the floor of a
side wall. The control system was able to maintagindoor air temperature at any
point between 5 °C and 40 °C with an accuracy oB&CC, and the humidity was
maintained at 10% to 90% with an accuracy of +5%e Thanging speed of the RH
was controlled by adjusting the input power of thleeel dehumidifier and steam
humidifier. In addition, there was a preparatioanoadjacent to the climate chamber,
and this was maintained at an air temperature dfC@énd a RH of 60% to prepare
subjects for the study. The sensors (MI6401) wxedfat a height of 1.1 m in the
center of the room close to the subjects (poirgad 2 in Fig. 2)
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Fig. 2. Diagram of the climate chamber.



Two series of experiments were designed in whiehstlibjects were exposed to
a total of four combinations of air temperature a@ydamic RH, as listed in Table 2.
Because of the larger effect of air humidity andoagated human thermal adaptation
to humidity in warmer environments, air temperagurethis study were set at 25 °C
(neutral temperature) and 28 °C (warm) [45]. Assthiudy was focusing on the
effects of humidity in a dynamic environment, wekahe discrepancy during RH
increasing and decreasing periods into accounttadonditions were set to last for
30 min at 20% and 90% RH and for 15 min at othgelke In order to replicate
normal daily humidity levels and ranges, the hutgitbvel was increased (20% to 90%
RH) and decreased (90% to 20% RH), as shown ireTAbThe RH changing speed
was set to 10% every 15 min, with 30 min for siahtion at the beginning. In
addition, the air speed in the chamber was kepége than 0.10 m/s The thermal
environment was controlled by an air-conditioningtuthe wall/floor/ceiling were
heated/cooled equally by air, and there were naooisvsources of heat/cold radiation

indoors.

Table 2

Environmental conditions during the two seriesxgariments.

Series Ta RH-begin RH-end
I 25°C 20% 90%
25°C 90% 20%
Il 28 °C 20% 90%
28 °C 90% 20%

2.3 Subjective and Physiological Measurements

During the experiment, air temperature (Ta), RHg ar velocity (Va) were
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measured by a thermal comfort monitoring device @401, METREL); some

important specifications for this device are lisiedable 3. The sensors were fixed at

a height of 1.1 m in the center of the climate chamand preparation room close to

the subjects. These environmental parameters wererded every 10 s by data

loggers. The subjects’ skin temperatures (Tsk) weeasured at four points, i.e., arm,

chest, thigh, and calf, as recommended by Ramamd##j, by using temperature

sensors (UX120-006M). These data were recorded/e&vesr In accordance with the

work of Ramanathan [51], the mean skin tempera{iMé&sk) was calculated by

Equationl:

MTSk = 0'3TSkCheSt + O.BTSkarm + O'ZTSkthigh + O-ZTSkcalf

Table 3

Instrument specifications.

1)

Parameter Instrument Range Accuracy Image
Air temperature (Ta) MI6401 -20-60 °C 0.2 °C
Relative humidity MI6401 0-100% +3% RH
(RH)
Globe temperature  MI6401 -20-60 °C +0.2 °C
Air velocity (Va) MI6401 0.05-9.99 m/s  +0.05 m/s
+0.2%

Skin temperature HOBO -20-70 °C

(Tsk) U12-006
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(1) Thermal sensation
Cold Cool Slightly cool Neutral Slightly warm Warm  Hot
-3 -2 -1 10 1 02 03
(2) Humid sensation
Verydry Dry  Slightly dry Neutral Slightly humid Humid Very humid
13 0-2 -1 10 1 02 03
(3) Sweating sensation
No Slightly Slightly obvious Very obvious Strong
10 01 02 03 4

Fig. 3. Questionnaire used in the experiments with ragcages.

In this study, subjects’ responses to the changmupor environment were
collected by using a subjective questionnaire dagethermal sensations, humid
sensations, and sweating sensations. Thermal amidsensations were quantified
by using the ASHRAE 7-point scale [9]. A 5-pointakx was designed to evaluate
subjects’ sweating sensations based on the defseeating at the skin surface. The
guestionnaire was initially designed in Chineseoatiog to the Chinese national
standard GB/T 18977 [53] due to the backgroundanfigpants. A version translated
into English is shown in Fig. 3. Before the expem the questionnaire was
thoroughly explained to all subjects to make sheg/ fully understood how to use the

rating scales.

2.4 Experimental Procedure
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Preparation  Stable Ramp Stable

RH 26°C 60"o| 20/90% Everv 15 min increase/decrease 10% I 90/2
_ . A VA A
Time -30: nun 0 15 30 45 60 S 9 105 120 135 150 mun

o Time to fill questionnaires

Fig. 4. Experimental procedure.

Given the unequal effects of increased and deadelagmidity on both thermal
sensation and skin temperature, the 24 subjectdvied in the experiments had no
idea which humidity changes they were assignediting the experiment, in order to
not bias their votes. Each experiment lasted f@ m#n and consisted of 30 min of
preparation and 150 min of data collection, asitlated in Fig. 4. In order to ensure
good physical conditions, all subjects were reqluit® avoid alcohol, other
stimulating drinks, and strenuous exercise at [#2st prior to the experiment. Before
collecting data, subjects were asked to take a BOrast in order to exclude any
effects from their experiences before the testhsas walking to the experimental
venue. Subjects also used this time to put on umifclothing, attach the skin
thermocouples, and familiarize themselves with bdle questionnaire and
experimental procedure. Participants’ clothing laBan during the experiment was
approximately 0.36 clo, and it consisted of a Tsliousers, and a pair of lightweight,

“sneaker’-style shoes.

After the preparation period, subjects enteredctieate chamber and began to
complete their questionnaires. During the experimenvironmental parameters and
subjects’ subjective assessments of thermal peoceptvere recorded every 15 min,
as indicated in Fig. 4. Subjects were sedentarly ait approximate metabolic rate of
1.1 met. During the experiment, they were allowedrdad or talk but could not

discuss anything related to their thermal/humidcsagans.
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2.5 Data Processing and Analysis

This experiment was planned to explore the effetwifferent humidity levels
on thermal comfort, and subjective votes were m®odrevery 15 min. Data
processing adopted the mean value of the thernrmaiffisweating sensation
calculated for the same humidity level during themidity increase and decrease
periods for each of the 24 subjects. As thesestital analyses can be seen in Tables
4 and 5 and indicate that there were no significiiférences in the values during the
humidity increase and decrease periods. To determwhether any significant
differences existed between the LH and HH datareatysis of variance was applied,
with the significance levels set at 0.05 (* symba@present differences at P = 0.05).

These data were imported to SPSS V22 softwarauftndr analysis.

Table 4

Significant differences in different indicators Wween humidity increase and decrease

periods at 25

Conditions at 251  MTsk MTSVs MHSVs Sweating Sensation
20% RH 0.74 0.13 0.46 0.66
30% RH 0.85 0.11 0.88 0.28
40% RH 0.70 0.12 0.71 0.36
50% RH 0.52 0.22 1.00 1.00
60% RH 0.65 0.41 0.30 0.71

70% RH 0.46 0.36 0.24 0.94

13



80% RH 0.53 0.65 0.17 0.81

90% RH 0.11 0.11 0.22 0.72

Table 5

Significant differences in different indicators Wween humidity increase and decrease

periods at 28

Conditions at 28] MTsk MTSVs MHSVs Sweating Sensation
20% RH 0.54 0.38 0.45 0.20

30% RH 0.32 0.14 0.82 0.53

40% RH 0.53 0.12 0.19 0.29

50% RH 0.15 0.48 0.21 0.90

60% RH 0.26 0.62 0.49 0.66

70% RH 0.25 0.21 064 0.65

80% RH 0.48 0.52 0.20 0.13

90% RH 0.27 0.41 0.85 0.10

3. Results

3.1 Climate Chamber Control

The actual changes in both the temperature andnRHki climate chamber over
the entire experimental period are shown in Figh&.changes in humidity at 25°C

and 28°C shared nearly the same trend, as all péeasnincluded in Fig. 5 were
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objective and controlled well by the air-conditiogi system. The results clearly
illustrate that the temperature was kept fairhbkaduring the study, with a standard
deviation of 0.3 °C. The results clearly illustrabat air temperature was kept fairly
stable during the study, with a standard deviatib0.3°C. Globe temperature also was
controlled well (24.96£0.2, 27.98+0.3 at serieqd &, respectively). Therefore, the mean radiant
temperature calculated by Equation 2 [54], was edo$o air temperatureThe changing
interval of humidity was set at 10% during the expent, and the change happened
after the subjects answered their questionnair¢hiicurrent RH level. The results in
Fig. 5 indicate that there was good control of hilityiduring the experiment, which

was essential for this work.

T, =Ty + 244 [V (T, — T,) (2)
40 ; ; ; ; ; 100
-~ 36__""" AR S 80
Qad S~
O 32 -
% 1 60 >
5 30 S
() =
g 1 50 £
9 28" ~
— 1 40 =
< 26 <
24 i | i
5| [ _~humidity mcreasg -
04+———7F—T T T T T T T —T1 110

0 15 30 45 60 75 90 105 120 135 150
Experimental time ( min )

Fig. 5. Air temperature and relative humidity changes diee.
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3.2 Mean Skin Temperature (MTsk)

Figure 6 shows the monitored MTsk of occupants weifanges in humidity
levels at 25 °C and 28 °C. Clearly, when the amgerature increased from 25 °C to
28 °C (air humidity above 70%), the MTsk of HH dud subjects increased by about
1.0 °C and 1.5 °C, respectively. It was found that MTsk increased with increasing
humidity when the air humidity changed from 2098@ RH for both groups, but
no further change was noted at 90% RH. Noticeahl,MTsk of the HH and LH
subjects increased by 0.37 °C and 0.27 °C at anidiity levels ranging from 20% to
80% RH at 25 °C and by 0.40 °C and 0.45 °C at 2&égpectively, as shown in Fig.
6a and 6b. According to Li et al. [39], an increasskin temperature of 0.5 °C could
correspond to an increase in air temperature o€ 2Therefore, the changed skin
temperatures observed in this study could congildiot new strategies to achieve
potential energy savings in buildings. Notably,Fig. 6, at both temperature levels,
the MTsk of all subjects at 80% RH was higher ttraat at 90% RH, which may have
been due to the initiation of sweating, which resiilin evaporative heat transfer at

the skin surface [39].
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Fig. 6.Mean skin temperature in response to humidity caarg 25 °C and 28 °C.

3.3 Subjects’ Thermal Response to Humidity

3.3.1 Mean Thermal Sensation Vote

Figure 7 plots the variation in mean thermal seasavotes for different air
humidity levels at 25 °C and 28 °C. At 25 °C, theasured mean thermal sensation
votes (MTSVs) for both groups almost fell into dw@nfort range, which was between
-0.5 and +0.5 (as indicated by the red and grewslin Fig. 7), although differences
were apparent for the different humidity levels.r &8 °C/20% RH, the thermal
sensation vote started to deviate from the conzonie, and there was a larger slope
in the regression relationship between the MTSM$ BAl at 28 °C than at 25 °C.
These results indicate that the increase in huynidia warm environment may have
greater impacts on MTSVs. There were about 0.7 Za@dscale unit increments for
both the LH and HH participants when the humidéydl changed from 20% to 90%
RH at 25 °C and 28 °C, respectively, as shown g1 Fa and 7b. It was observed that,

17



at 25 °C, the MTSV of the HH subjects was 0.2 saalés higher than that for the LH
subjects, but the differences were not statisgicsithnificant. However, at 28 °C, the
subjects’ MTSVs increased more rapidly with ther@asing air humidity, and the
increments were about 1.5 and 1.0 scale units 26% to 90% for the LH and HH
subjects, respectively. When the RH was over 70%8atC, 0.5 scale units for the
mean thermal sensation votes (MTSVs) of the LHexttbjwere significantly higher
than those of the HH subjects. This phenomenon Inaag been due to the climate
adaptation (i.e., lack of exposure to high humidityg poor thermal adaptation for the
LH group), as the subjects from northwestern Chveae long-term adapted to dry—
hot environments but had little experience in hutmdl environments. As a result, it
seemed to be particularly uncomfortable for the gtdup to adapt to the higher
humidity in a warm environment. Table 6 lists thijects’ P values from the two
groups in regard to the different humidity levéihen the air temperature was 28 °C,
there were significant differences in the thernaisation votes for the HH and LH
subjects between 20% and 70% RH and above. ThuSC2®% was the critical
point for defining a humid and hot environment, @rhiwas consistent with the

recommendations by Nevins et al. [55].
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Fig. 7. Mean thermal sensation vote in response to diffeaiz humidity levels.

Table 6

Significant differences in mean thermal sensatiotes between 20% RH and other humidity

levels.
RH
Group\_P 30% 40% 50% 60% 70% 80% 90%
25/LH 20% 0.686 0.945 0.546 0.216 0.546 0.216 0.000*
25/HH 20% 0.251 0.0252 0.025*  0.0252 0.008*  0.001*  0.0002
28/HH 20% 0.735 0.895 0.772 0.128 0.007*  0.001*  0.0002
28/LH 20% 0.321 0.634 0.192 0.122 0.048*  0.000*  0.000*
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there is a significant difference between the MT@V20% and those at other humidity levels.

3.3.2 Relationship between the Mean Skin Temperaiiod Mean Thermal Sensation

\Votes
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6 D d
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32.0 32.5 33.0 33.5 34.0 345

Mean Skin Temperatures ( °C)

Fig. 8. Relationship between the mean skin temperatureveaah thermal sensation vote.

Previous studies [32, 54] have shown that skin tFatpre is a physiological

indicator of thermal comfort. In this study, at lnstemperature of 32.5 °C, the

thermal sensations of the HH and LH subjects wknest the same, as shown in Fig.

8. However, when the skin temperature increase®4t@ °C, the mean thermal

sensation votes of the LH subjects were higher thase of the HH subjects. The

subjects in this study experienced a warm and highidity environment, as can be

seen in Figs. 6 and 7. At 28 °C, with the incregdinmidity, the MTSVs of the LH
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subjects were higher than those of the HH subjeet®&n at the same skin
temperatures. Therefore, the HH subjects were fooha better adapted to warm and

humid environments than the LH subjects.

3.3.3 Mean Humidity Sensation Votes
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Fig. 9. Mean humidity sensation vote with respect to differes in the air humidity

The variations in subjects’ mean humidity sensatiamtes (MHSVs) under
different humidity levels are shown in Fig. 9. Likke MTSVs, increases in the
MHSVs of the HH and LH subjects were observed whthincreasing air humidity at
both 25 °C and 28 °C. However, no significant ddfeces in MHSVs were observed
between the HH and LH subjects at all levels ofhaimidity and temperature. In

particular, at 25 °C/28 °C (see Fig. 9), the MHSWst showed a steady trend when
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the RH was below 70%, and this was followed bydadrgreases as the RH rose from
this point, especially over 28 °C/70%. The MHSVs tiee HH and LH votes were
observed from 70% to 90% RH with increments of &8 0.7 scale units at 25 °C
and 0.5 and 0.8 scale units at 28°C, respecti&ibtistical test results showed that
there was a significant difference in the MHSVslfét subjects between 70% and 90%
RH, as shown in Fig. 9. Table 7 compares the Pegafar the humidity sensation
votes between 90% RH and the other humidity levélsere was a significant
difference in the humidity sensations of LH sulgelsetween 70% RH and 90% RH
when the air temperature was at 25 °C and 28 @ ithdicating that the effects of
humidity on LH subjects below 70% RH were differtémn those at 90% RH. That is
to say, humidity levels over 70% can be considenglicative of a high humidity

environment.

Table 7

Significant differences in the mean humidity seiosatotes between 90% RH and other humidity

levels.

RH

Group™\.P 80%  70%  60%  50%  40%  30%  20%

25/LH 90% 0.224  0.050 0.003 0.000 0.000 0.000 0.000

25/HH  90% 0.317° 0.444 0.444 0448 0604 0454 0.111°

28/LH 90% 0.520°  0.032 0.018 0.015 0.050 0.024 0.004

28/HH  90% 0.813 05558 0.347 0263 0239 0263 0.166

Note ° there is no significant difference between the MK 90% and those at other humidity

levels.
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3.3.4 Sweating Sensation Votes

25-HH 25-LH
100%
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Air humidity (%)

. 10.Sweating sensation vote with respect to differeitdise air temperature and humidity.

I
Q

The sweating sensation votes of the LH and HH stbp different temperatures
and humidity levels are shown in Fig. 10. At 28 fit® sweating sensation of the two
subject groups increased with increases in humiblitgomparison to LH subjects, HH
subjects experienced lower sweating sensations a&€M0% RH, with a difference of
20% on the vote of slightly . Notably, the sweatsggnsation votes of subjects were
triggered at 28 °C, which can be seen by the iser@athe percentages when the air
humidity was above 70% RH in Fig. 10. This incregsrend was similar to the MTSV
and MHSV results shown in Figs. 7b and 8b. Theef@d% could be considered the
demarcation point between neutral and high humidibych is in line with the findings

of existing literature [35, 56].
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4. Discussion

4.1 Effects of Adaptive and Thermal Responses toidtty

The effects of the humidity exposure history ongadton to humidity has been
discussed by the use aff SV and standard effective temperature (SET*) ia study.
First, existing studies on the effects of humidty thermal sensation votes in warm
environments were reviewed, and the findings atedi in Table 8. Subjects in the
experiment carried out by Jin et al. [38] had weaksponses to increased humidity,
and the MTSV of the subjects at 29 °C only incrdasg 0.48 scale units when the
RH increased by 40%. However, subjects from tentpeciimates showed an
increment of 0.7 scale units as for the same huynidcrease. At 28 °C, subjects
living in HSCW regions for a long time showed sw@nilresponses to increased
humidity, and the MTSV increased by 0.4 [39] ansl @his study) scale units. In this
study, compared to subjects from temperate climatés subjects had stronger
responses to increased air humidity. For exampleglaer increment in the MTSVs
for the LH group was observed, i.e., by about @alesunit, between 60% RH and 80%
RH, even at a lower clo value (by 0.24 clo) anddo®RH (by 20%). This may have
been due to the hot and rainy climate in the summeé&hongqging; thus, local subjects
had more exposure to humidity than subjects froendty-hot—dry zone. Therefore,
these findings show that the long-term humidity esyre levels of the subjects

affected their thermal perception.

Table 8

Previous studies of the impact of humidity in wanvironments.

Year Reference Living climate CLO Air Ta RH ATSV?
zone speed (°C) % (RHhigh-RHiow)
(m/s)
1987 Tanabe and Temperate climate 0.6 0.2 28 80/40 0.7

Kimura [56]
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2018 Lietal. [39] HSCW 0.37 0.1 28
2017 Jinetal. [38] HSWW 06 <01 29
2017 This Long-termlivingin 036 <0.1 28
study-HH HSCW
This Long-termlivingin 0.36 <0.1 28
study-LH dry-hot region

80/60

90/50

80/60

80/60

0.4

0.48

0.5

0.7

 This value is for the TSV of subjects at a higRét minus the TSV of subjects at a lower

RH.

Figure 11 further compares previous studies (HS@We}y on humidity with the

SET* index. Although the intercepts were not thensathe slopes of the linear

regression for the MTSV and SET* models found insexg studies were quite

similar. Because of the higher clo levels (by 0@®),ca slightly higher MTSV was

seen in the experiment carried out by Jin et &] {Ban in those computed by Li et al.

[6] and Tan [57]. As was rather clearly seen, thESW of the LH subjects changed

with the SET* and exceeded the MTSV of the HH scisie Thus, people with a

humid-hot residential history were found to be dretadapted to humid-hot

environments.
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4.2 Impact of the Experience of Humidity on Adaptat

Previous studies have shown that prior thermal mepee can significantly
affect thermal sensations [58, 59] and prefererji66f and occupants in different
climate zones typically show differences in neuteahperatures, such as 26.2 °C [56]
in an HSCW zone and 25.56 °C [2] in Turpan, Chinathe summer without
considering the air humidity. Since a humidity sigexists in the adaptive thermal
comfort [61], there is an adaptive difference ttlahate has on responses to humidity
[38]. Mean skin temperatures of the HH and LH scigigo humidity stimuli are
identified in this study They were found to proviae important evidence for climate
adaptation to high humidity in warm environmenttably, at 25 °C and at air
humidity values above 70%, the MTsk of HH subjeeése about 0.4 °C higher than
that of LH subjects, although the MTSVs of both tHel and LH were close to
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neutral, probably because the HH group was addptddgher skin temperatures as a
result of long-term exposure to humid-hot environtee Yu [62] also obtained
similar results by comparing occupants with différéhermal experiences inside
buildings and showing that subjects without airditioning exposure in summer had
higher mean skin temperatures (about 1 °C) thanplpewvho often stay in

comfortable building environments.

Moreover, HH subjects were recognized for lowenrted sensitivities, as the
MTsk of the HH and LH subjects increased by aboQt°C and 1.5 °C with the air
temperature increasing from 25 °C to 28 °C (air ity above 70%), respectively.
This finding is consistent with those of previowsdses [21, 63, 64], which indicated
that experience of high humidity in warm environmeontributes to a higher neutral
temperature and a lower thermal sensitivity. Threselts provide important reference

data for the design of comfortable building envimants.

4.3 Appropriate Limits for Humidity

Humidity is commonly expressed in terms of the treéa humidity, humidity
ratio, or dew point temperature. Humidity limits mmost versions of the ASHRAE
standards are based on the humidity ratio. Resparfdeoth the HH and LH subjects
over 70% RH tend to be more sensitive to the irsmaa humidity with increasing
temperature in this study. To characterize the MBI8¥subjects with environmental
parameters, further analysis on the relationshiwéen the humidity ratio and
humidity sensation was done, as shown in Fig. A2his study, MHSVs fluctuated
slowly when the humidity ratio fell below 12 g/kigowever, the MHSVs of LH and
HH subjects increased rapidly by 1.1 and 0.7 scalés, respectively, when the
humidity ratio increased from 14 g/kg to 21.8 g/klgus indicating that a higher
humidity ratio was easier to perceive. The ASHRARBndards have proposed a
required maximum humidity ratio of 12 g/kg [9]. Hewver, the humidity sensation of

the HH group was slightly lower when the air huntydvas 12 g/kg, equal to 50%
27



RH at 28 °C. In another study conducted by Li ef@l it was recommended that the
humidity limit be set at 18.8 g/kg with 80% accdgility for the HSCW zone; this

was approximately equal to 0.5 scale units of MH8M#is study.

Most studies have indicated that obvious increasddTSVs could be found
between 70% and 80% RH in warm environments [3h, Béhumidification ( below
70% RH ) was suggested by Tanabe and Kimura [56héonid regions, and the
acceptable temperature limit can be up to 28 °C 58 Therefore, 17 g/kg (about 70%

RH at 28(1) has been considered an appropriate humidity lionirovide comfort in

the HSCW.
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Fig. 12.Humidity sensation vote in relation to the humidiyio.3

Note HH_is the MHSV of the HH subjects at 25 °C and 28 t@wa humidity (below 12g/kg);

LH 08 is the MHSV of the LH subjects at 28 °C at low hdity; LH/»5 is the MHSV of the LH at
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25 °C at low humidity; HH/LHy is the MHSV of the HH/LH at high humidity (over d/Rg).

5. Conclusions

This study has investigated the effect of climatapaation on people’s thermal
responses to humidity in buildings. By comparisdmstween two groups of
participants with significantly different living eerience in terms of humidity,
evidence about humidity adaptation has been prdvidlain conclusions of this study

have been listed as followings:

(1) The HH group was adapted for higher skin tempegatWWhen temperature was set as
25 °C, the mean skin temperature (MTsk) of paréinis from HH regions was 0.4 °C
higher than that of those from LH regions. When gemature was set as 28°C,
however, the MTsk of participants from HH regiongswower than that of those from

LH regions.

(2) Significantly different subjective answers wei@nd between HH and LH

participants when RH was over 70%, at both 25°C28f€ conditions. Participants
from LH regions had much higher mean thermal semnsabtes (MTSVs) than those
of HH regions, demonstrating lower sensitivity atcbnger adaptation to warm and

high humidity conditions.

(3) 70% can be considered as the changing poiatdaset high humidity environment
and low humidity environment, as participants shovws&ronger thermal responses

when the air humidity was over 70%.

(4) 1t has been proposed that the upper limit ehiolity for Chongging could be set at
17 g/kg.
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HIGHLIGHTS

Exploring the effect of people's humidity adaptatam their thermal comfort

People from high humidity areas were easier to bmfartable in humid

conditions

Adaptation alleviated people’s thermal sensitigitidco humid and hot

environments
Relative humidity over 70% was considered as higility

17 g/kg was proposed as upper humidity limit foo@dging



