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► Application of high temperature cooling systems can result in discomfort.
► Actual thermal sensations differ significantly from predicted thermal sensations.
► Females were more uncomfortable and dissatisfied compared to the male subjects.
► Local effects significantly influence female whole body thermal sensation.
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Cooling
Applying high temperature cooling concepts, i.e. high temperature cooling (Tsupply is 16–20 °C) HVAC sys-
tems, in the built environment allows the reduction in the use of (high quality) energy. However, application
of high temperature cooling systems can result in whole body and local discomfort of the occupants.
Non-uniform thermal conditions, which may occur due to application of high temperature cooling systems,
can be responsible for discomfort. Contradictions in literature exist regarding the validity of the often used
predicted mean vote (PMV) index for both genders, and the index is not intended for evaluating the discom-
fort due to non-uniform environmental conditions. In some cases, however, combinations of local and gener-
al discomfort factors, for example draught under warm conditions, may not be uncomfortable.
The objective of this study was to investigate gender differences in thermophysiology, thermal comfort and
productivity in response to thermal non-uniform environmental conditions. Twenty healthy subjects (10
males and 10 females, age 20–29 years) were exposed to two different experimental conditions: a convective
cooling situation (CC) and a radiant cooling situation (RC). During the experiments physiological responses,
thermal comfort and productivity were measured. The results show that under both experimental conditions
the actual mean thermal sensation votes significantly differ from the PMV-index; the subjects are feeling
colder than predicted. Furthermore, the females are more uncomfortable and dissatisfied compared to the
males. For females, the local sensations and skin temperatures of the extremities have a significant influence
on whole body thermal sensation and are therefore important to consider under non-uniform environmental
conditions.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Thermal comfort is an important aspect regarding the satisfaction of
occupants with their environment, and therefore regarded as an impor-
tant building performance indicator. Thermal comfort is a complex phe-
nomenon and it is therefore difficult to satisfy everyone in the same
room when no options are allowed to adapt to the conditions. This is
due to the large differences between persons, both psychological and
+31 40 243 8595.

rights reserved.
physiological. However, during the design phase of a building it is useful
to predict the thermal comfort of the occupants in advance. Fanger [1]
studied the thermal conditions necessary to achieve thermal comfort.
His studies resulted in the PMV (predictedmean vote) index, expressed
as the predicted thermal sensation on the 7-point ASHRAE thermal sen-
sation scale [2], under uniform environmental conditions for a group of
persons. This index is based on environmental parameters, activity level
(metabolic rate) and clothing insulation, and are included in standards
regarding the assessment of thermal comfort [2,3]. These guidelines are
widely used by heating and air-conditioning engineers to prescribe and
design the thermal environment [4]. Although Brager and de Dear [5]
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Table 1
Subject characteristics.

Subject characteristics M (n=10) F (n=10) P value

Age (year) 24.7±2.0 24.0±1.6 N.S.
Height (cm) 181.8±8.34 169.6±8.68⁎ Pb0.03
Mass (kg) 77.3±8.5 64.7±9.2⁎ Pb0.02
BMI (kg/m2) 23.5±3.4 22.5±2.5 N.S.
Whole body fat% (%) 16.3±4.7 18.3±6.3 N.S.

Values are presented as mean±SD.
M males, F females, and BMI body mass index.

⁎ Significant difference between genders (Pb0.05).

Table 2
Case summary, case CC.

Variable M (n=10) F (n=10)

Operative temperature [°C] 25.2±0.2 25.3±0.2
Air temperature [°C] 25.5±0.2 25.5±0.3
Relative humidity [%] 34±1.1 32±0.9
Air velocity [m/s] 0.23±0.03 0.32±0.02
Wall temperature [°C] 25.0±0.1 25.1±0.3
Floor temperature [°C] 24.9±0.1 25.2±0.1
Ceiling temperature [°C] 25.0±0.1 25.1±0.4
Mean radiant temperature [°C] 25.0±0.1 25.1±0.2
PMV [−] 0.3±0.05 0.1±0.07

Values are presented as mean±SD.
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and Humphreys and Nicol [6] showed a good agreement between the
PMV and actual mean votes in mechanical conditioned buildings,
other studies found a discrepancy between the PMV and the actual
thermal sensation [4,7,8]. These studies argue that differences, among
others, are caused by gender and age. According to Fanger [1] females
and males have similar preferred thermal neutral temperatures and
therefore would prefer the same boundary conditions to achieve ther-
mal comfort. Yet, other results show that the thermoneutral zone of
women is shifted upward in comparison to men [9]. Karjalainen [10]
concluded from an extensive literature study that in more than half of
the studies where females andmales have been comparedwith respect
to thermal comfort, females expressed more dissatisfaction than males
for the same thermal environments. Furthermore, he found that fe-
males are more sensitive to fluctuations around the optimum tempera-
ture in comparison to men. Fanger [1] found this as well, but these
differences were considered insignificant. However, Karjalainen [10]
states, based on literature, that we should no longer neglect the differ-
ences in gender while designing indoor environments.

In addition to occupant satisfaction, the energy-use of a building
is an important performance indicator as well since one-third of the
primary energy in developed countries is used for heating, ventilation
and air-conditioning of buildings [11]. The Annex 37 [12] study re-
vealed that an optimal energy use not always results in an increased
comfort level. Non-uniform thermal conditions (e.g. vertical temper-
ature differences), which may occur due to application of low energy
systems, can be responsible for discomfort [13]. In some cases, combi-
nations of local and general discomfort factors, for example draught
under warm conditions, may not be uncomfortable [14]. Under asym-
metrical thermal environments higher levels of thermal comfort
could furthermore be achieved in comparison to uniform environ-
ments [15,16].

It is important to assess thermal comfort adequately in the design
phase, to avoid discomfort when the building is erected and in use. In
general, the combined effects of convective flows and radiant asym-
metries play an important role in the assessment of thermal comfort
and are therefore important to study. Yet, the relations between local
thermal sensation and comfort, and whole body thermal sensation
and comfort, and differences in gender under moderate thermal envi-
ronments remain unclear. More knowledge on the interaction between
the system, indoor climate and human body is indispensable to design
optimal systems in the future. Since cooling is becoming increasingly
important regarding the conditioning of residential, commercial and
public buildings [17], the objective of this research was to study the ef-
fects of different cooling principles (convective, in terms of increased air
velocity, and radiant, in terms of applying a cold radiant panel) on
human local and whole body thermal comfort, physiological responses
and productivity. Furthermore, emphasis is on gender differences since
several studies have shown that thermal perceptions significantly differ
betweenmales and females; whichmay result in different thermal neu-
tral and comfortable conditions for both genders [4,10,18–21].

2. Methods

2.1. Subjects

Twenty young adults (20–29 years; 10 M, 10 F) participated in the
experiment; their characteristics are presented in Table 1. All subjects
were healthy, normotensive, non-obese, non-smokers and not taking
any medication which might alter the cardiovascular or thermoregula-
tory responses. Eight female subjects were taking oral contraceptives
and therefore their hormone level is controlled during the whole men-
strual cycle which resulted in an internal body temperature equal to
that of femaleswithout contraceptives in their luteal phase [22]. Two fe-
male subjects whowere not taking contraceptives were therefore stud-
ied during the luteal phase of their menstrual cycle. Body fat percentage
was determined, according to the Siri equation, by means of skinfold
thickness [23]. Skin folds were measured at four sites: subscapular,
suprailiacal, and at the triceps and biceps [24]. Subjects refrained from
alcoholic beverages in the evening and morning prior to the test, but
were allowed to eat a small breakfast. During the experiments, the sub-
jects wore standardized clothing, consisting of jogging pants, polo shirt,
underpants, socks and low heeled shoes. Clo-values were determined
using EN-ISO 9920 [25] andMcCullough et al. [26,27]. The total thermal
resistance of the clothing ensemble, including desk chair, was calculat-
ed to be 0.6 clo. The subjects continuously performed office tasks; their
metabolic rate was estimated to be approximately 1.2 met [3].

The volunteers were given detailed information regarding the
purpose and the methods used in the study, before written consent
was obtained. However, they were not informed on the actual condi-
tions they were exposed to.

2.2. Experimental conditions

Two different cooling caseswere studied; cooling through convection
(CC) and cooling through radiation (RC). Convective cooling occurred
through an increased air velocity, where the supply temperature equaled
the room temperature. Radiant cooling occurred through applying a cold
radiant panel (ceiling). Both cases were designed to achieve a predicted
neutral thermal sensation (PMV≈0).

2.2.1. CC—cooling through convection
Olesen [14] has shown that an increased air velocity (draught under

warm conditions) is not necessarily uncomfortable and can provide a
comfortable cooling situation. Furthermore, if air-conditioning is not
necessary within certain temperature limits, allowing an increased
air-velocity around the occupant for cooling purposes could reduce
the energy-use. The exposure conditions for the CC situation are given
in Table 2, separated for male and female subjects. Themeasured air ve-
locities during the measurements with females were higher because of
practical limitations regarding the adjustment of the surface area.Males
also joined in another experiment. Therefore the switching of the inlet
surface area differed between males and females.

2.2.2. RC—cooling through radiation by the ceiling
Radiant ceiling panels are considered as an interesting alternative

to active convective cooling (supplying cold air) to improve thermal



Table 3
Case summary, case RC.

Variable M (n=10) F (n=10)

Operative temperature [°C] 24.4±0.1 24.3±0.1
Air temperature [°C] 24.2±0.1 24.1±0.1
Air velocity [m/s] 0.14±0.01 0.13±0.00
Relative humidity [%] 33±1.0 33±0.1
Wall temperature [°C] 23.6±0.0 23.2±0.1
Floor temperature [°C] 28.9±0.1 28.9±0.0
Ceiling temperature [°C] 18.0±0.2 17.9±0.1
Mean radiant temperature [°C] 24.7±0.0 24.5±0.1
Δ Plane radiant temperature (floor–ceiling) [°C] 8.1±0.2 8.3±0.1
Δ Air temperature left (1.1 m–0.1 m) [°C] 0.6±0.0 0.7±0.0
Δ Air temperature right (1.1 m–0.1 m) [°C] 0.4±0.0 1.0±0.0
PMV [−] 0.1±0.02 0.0±0.00⁎

PD vertical air temperature difference [%] Left:
0.1±0.0
Right:
0.2±0.0

Left:
0.1±0.0
Right:
0.2±0.0

PD cool ceiling [%] 0.3±0.0 0.3±0.1

Values are presented as mean±SD.
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comfort and to reduce the energy consumption in buildings [28,29].
Furthermore, they can be used during winter for heating. These
panels impose a non-uniform thermal environment, introduce tem-
perature asymmetries and can cause vertical temperature gradients
[12,29]. The exposure conditions for the RC condition are given in
Table 3. The setup conditions for the RC case were designed to achieve
a PMV-index of 0. As supply air temperature conditions where con-
trolled at the corresponding operative temperature, the floor temper-
ature was raised to compensate for the cooling provided by the
ceiling. The resulting vertical temperature gradient and radiant asym-
metry can cause a percentage of dissatisfied (PD) due to local discom-
fort according to EN-ISO 7730 [3]. As it can be derived from results
shown in Table 3, the vertical air temperature difference and radiant
asymmetry (cold ceiling) where within the PDb10% range.

During both cases fresh air, conditioned by an air-handling unit
(Verhulst Klimaattechniek BV, Drunen, The Netherlands) at a constant
Fig. 1. (a) Test subject in experimental set-up; (b) floor plan where the orange dots indicat
temperature of 24.5 °C and 30% RH, was supplied through mixing ven-
tilation. The case differences between genders are considered small.

2.3. Protocol

Subjects visited the climate chamber (Fig. 1) during winter
(December 2010–March 2011, average outside temperature ranged
from −1.4 to 6.7 °C [30]). The test room is situated at the laboratory
of the unit Building Physics and Services of the department of
the Built Environment at the Eindhoven University of Technology.
The dimensions of the room are similar to a standard office room:
3.6×5.4×2.7 m3 (W×L×H).

For this study, the subjects visited the climate chamber for 4 h
during the morning or afternoon. The male subjects, furthermore, vis-
ited the climate chamber two times more for another related experi-
ment. The order of all cases was randomized. After written consent
was obtained, the subjects swallowed a temperature telemetric pill
and changed clothes. Next, the subjects performed a light exercise of
5 min to obtain skin vasodilatation in order to ensure that all subjects
entered the climate room in an equal thermal state. Vasodilatation
was assessed by the skin temperature difference between forearm
and top of the forefinger [31,32]. Furthermore, the subject characteris-
tics (height, weight, and fat percentage) were determined and the
skin temperature sensors were attached.

After entering the climate room, theexperiment startedwith an accli-
matization period (30 min). During this period they received an instruc-
tion regarding the use of the questionnaires. After completion of the first
case a new acclimatization period of 30 min followed (as preparation for
the second case). During this period the subjects had the opportunity to
visit the rest room. A detailed time line is given in Fig. 2.

2.4. Measurements

2.4.1. Physical and physiological measurements
Skin temperature was measured at 1 min intervals by wireless

iButtons (Thermochron iButton, DS1291H, Maxim, CA, Sunnyvale, USA,
e the measurement stands and the gray hatched surfaces represent the plenum boxes.



Fig. 2. Time line of measurement protocol; q is representing the questionnaire moments.
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accuracy±0.1 °C) at 24 locations to assess possible differences between
the left and right sides of the human body [33]. iButtons were attached
with semi-permeable adhesive tape (Fixomull; BSN medical gmbh,
Hamburg, Germany). Mean skin temperature was calculated according
to the 14-point weighing as proposed by EN-ISO 9886 [34] (Points
1–14, Fig. 3a). Distal skin temperature was calculated as average of
instep, ankle, finger tip, hand, and forehead skin temperatures. To
avoid a disproportional distribution, forehead and instep temperatures
had a weighing factor of 2. Proximal skin temperature was calculated
as an average of the scapula, paravertebral, upper chest, and abdomen
skin temperatures. Core temperature was determined by measuring
the intestinal temperature at a 1 min interval through an ingestible te-
lemetry pill (CorTemp, Ingestible Core Body Temperature Sensor,
HT150002, HQ Inc., Palmetto, FL, USA, accuracy ±0.1 °C).

Air temperature (NTCThermistor, type SC95, accuracy±0.1 °C), rel-
ative humidity (RH) (Humidity Sensors, Honeywell HIH-4000 series),
air velocity (hot sphere anemometer, Dantec, estimated accuracy 15%
[35],) surface temperature (NTC Thermistor, U-type EU-UU-10-PTFE,
accuracy±0.1 °C) carbon dioxide (Carbon Dioxide Transmitter, Vaisala
0–2000 ppm), and illuminance (Lux meter, Hager model E2) were
measured according to EN-ISO 7726 [36]. Air temperature, RH, and air
velocity were measured on two comfort stands at 0.1, 0.6, 1.1 and
1.7 m height. These comfort stands were placed on the left and right
sides of the subject, at a distance of 0.2 m. The average surface temper-
ature at each surface was derived from nine measurement points on
each surface (at a grid of 3×3). The mean radiant temperature was de-
termined according to the surface temperatures and view factors relat-
ed to the position of the subject.
Fig. 3. (a) Measurement sites' skin temperature; (b) schematic representation of body
parts to assess local thermal sensation and comfort.

Fig. 4. Continuous 7-point ASHRAE th
2.4.2. Questionnaires
Every 30 min, starting at t=0 min, the test subjects filled in a ques-

tionnaire. Thermal sensation votes, both global and local for each body
part (Fig. 3b), were asked on a continuous 7-point ASHRAE thermal
sensation interval scale, where each point on the line could be marked
(Fig. 4) [2]. Global and local thermal comfort were asked on a ISO-
defined 4-point thermal comfort scale [37]. Visual analogue scales
(VAS) were used to assess adverse perceptions and the perceived in-
door environment [38]. A question to assess perceived stress was in-
cluded as well.

Productivity was assessed using the Remote Performance Measure-
ment (RPM)method [39]. Within this method, the productivity was es-
timated by two simulated office tasks: text typing and addition. The
questionnaires and simulated office tasks were presented in Dutch to
the subjects through an Internet browser.

2.4.3. Data analysis
For the statistical analyses, physical and physiological responses of

the whole measurement period, except the acclimatization period,
were used (i.e. Case 1: t=30 to t=120 and Case 2: t=150 to t=240;
Fig. 2). The subjective responseswere analyzed from four questionnaires
of each case (i.e. Case 1: q2–q5 and Case 2: q6–q9; Fig. 2). The differ-
ences in physical and physiological measurements were tested using
ANOVA. Differences in subjective responses between the two experi-
mental cases were studied using the non-parametric Wilcoxon signed-
rank test. Spearman-rho tests were used to study the correlations be-
tween local skin temperatures (averaged over 10 min; 5 min prior to
the questionnaire and 5 min during the subjects filled in the question-
naire), local thermal sensations, andwhole-body thermal sensation. Sig-
nificant effects are reported for Pb0.05. The commercially available
software package PASW Statistics 18.0 (SPSS Inc., Chicago, USA) was
used to analyze the data.

3. Results

3.1. Physiological measurements

Mean, distal and proximal skin temperatures of the females were
significantly lower (Pb0.001) than that of males in both cases (CC
and RC; Table 4 and Fig. 5). Besides, mean core temperature of the fe-
males was significantly higher in comparison to that of the males in
both cases (Table 4). Mean, distal and proximal skin temperatures
of the males were significantly lower during RC in comparison to
CC. Mean and distal skin temperatures of the females were signifi-
cantly higher during RC in comparison to CC. Furthermore, female
core temperature was significantly lower during RC in comparison
to CC. The physiological responses of the males are constant during
both cases (Fig. 5). During CC case (Fig. 5a) the mean, distal and prox-
imal skin temperatures for females show a drop after t=80 while no
ermal sensation interval scale [2].
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Table 4
Mean, distal and proximal skin temperatures of males and females during both exper-
imental conditions.

Case CC Case RC

Variable M (n=10) F (n=10) M (n=10) F (n=10)

Mean skin
temperature [°C]

33.1±0.07 32.2±0.44⁎ 32.8±0.05^ 32.5±0.09⁎,^

Core temperature [°C] 37.0±0.05 37.5±0.04⁎ 37.0±0.04^ 37.4±0.04⁎,^

Distal skin
temperature [°C]

32.0±0.17 29.5±0.28⁎ 31.3±0.26^ 30.2±0.56⁎,^

Proximal skin
temperature [°C]

34.1±0.12 33.2±0.50⁎ 33.7±0.13^ 32.3±0.08⁎

Values are presented as mean±SD.
⁎ Pb0.001 versus males.
^ Pb0.001 versus CC case.
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increase in core temperature could be observed. During RC case
(Fig. 5b) the distal skin temperature of the females decreased during
the experiment, which is caused by a decrease in skin temperature of
Fig. 5. Mean, distal and proximal skin temperatures (Tsk) of male (M) and female (F) subje

Fig. 6. Mean difference between forearm and fingertip temperatures (ΔT(forearm–fingertip)) o
body and (b) right side body. q is representing the moment of questionnaire.
the hands (increase in vasoconstriction, Fig. 6). The extent of vaso-
motion, the difference (gradient) between fingertip and forearm tem-
peratures, during both cases for males and females is represented in
Fig. 6. Positive values indicate vasoconstriction (forearm temperature
is higher than finger tip temperature), while negative values indicate
vasodilatation.

The fingertip–underarm gradient for the females reflects continu-
ously vasoconstriction during both cases at both left and right sides of
the body. Furthermore, the right side of the body is significantly more
vasoconstricted in comparison to the left side. For the males this ef-
fect was only observed during the RC case, the fingertip–underarm
gradient at the right side was significantly higher in comparison to
the left side (mean 1.2±0.58 °C vs −0.4±0.58 respectively). The
distribution of mean local skin temperatures during both cases, sepa-
rately for males and females, is represented in Fig. 7. The majority of
the local skin temperatures of the females are significantly lower dur-
ing both cases in comparison to the local skin temperatures of the
males (Pb0.01). The skin temperatures of arms and hands show the
largest differences between males and females.
cts during (a) CC case and (b) RC case. q is representing the moment of questionnaire.

f male (M) and female (F) subjects during both experimental conditions; (a) left side

image of Fig.�5
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Fig. 7. Mean local skin temperatures; (a) males' CC case (b) females' CC case (c) males'
RC case and (d) females' RC case.

Table 5
Predicted mean vote (PMV) and actual mean vote (AMV) of males and females during
both experimental conditions.

Case CC Case RC

Variable M (n=10) F (n=10) M (n=10) F (n=10)

PMV [−] 0.3±0.05 0.1±0.07^ 0.1±0.02# 0.0±0.02^,#

TSV [−] −0.3±0.64⁎ −0.4±0.95⁎,^ −0.3±0.41⁎ −0.6±0.69⁎,^

Values are presented as mean±SD.
⁎ Pb0.001 versus PMV.
^ Pb0.05 versus males.
# Pb0.001 versus CC case (within gender).

Fig. 8. Actual mean thermal sensation votes; (a) CC case and (b) RC case.
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3.2. Subjective responses

The subjective responses were analyzed from four questionnaires
of each case (i.e. Case 1: q2–q5 and Case 2: q6–q9; Fig. 2). With re-
spect to thermal sensation, both the averaged predicted mean vote
(PMV, [1]) and the averaged actual mean thermal sensation vote
(TSV) are presented in Table 5. The PMV is calculated using the mea-
sured physical parameters. The subjective votes were for both genders
and cases significantly lower in comparison to the predicted mean
vote (Pb0.001). In general, the subjects were feeling significantly
colder than predicted. Besides, the females voted significant colder
sensations during both conditions in comparison to the males (Fig. 8).
For the males no clear time effects could be observed. During CC case
a slight decrease in TSV of the females can be observed after t=90,
which is probably caused by a decrease in mean, distal and proximal
skin temperatures (after t=80, Fig. 5a). During RC case the females
seem to cool down and tend to warm up after t=90 due to a significant
(Pb0.01) increased vasoconstrictor tone (Fig. 6, ΔTforearm–fingertip in-
creases up to 6 °C).

Regarding thermal comfort, the females felt significantly (Pb0.05)
more uncomfortable than the males during both cases (Fig. 9). Al-
though the females warmed up after t=90 during RC case and felt
warmer (TSV increased from −1.0±0.76 to −0.7±0.78; see Fig. 8)
they kept feeling slightly uncomfortable (1.4±0.97 on t=90 vs
1.4±0.70 on t=120).

image of Fig.�7
image of Fig.�8


Fig. 9. Mean thermal comfort votes; (a) CC case and (b) RC case.

Fig. 10. Mean local thermal sensations; (a) males' CC case (b) females' CC case (c) males'
RC case and (d) females' RC case.
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Furthermore, a higher percentage of females found the thermal
environment unacceptable (CC: 30%, RC: 25%) compared to the male
subjects (CC: 0%, RC: 5%).

3.2.1. Local effects
The authors assumed that the discrepancy between the PMV and

TSV occurred due to local effects caused by non-uniform environmental
conditions. Therefore, the hypotheses were tested that local thermal
sensation (local TS) and local skin temperature significantly influenced
whole-body thermal sensation (TSV). In Fig. 10mean local thermal sen-
sations are presented, separately for both cases and gender.

The largest F ratios were found for the uncovered extremities (the
hands and forearms both left and right) and the upper arms; i.e. the
experimental manipulation had the largest effect on these body parts.

3.2.1.1. Males. The largest correlation for local TS and TSV of the males
were found for the hands. Although the correlation was significant,
the r was relatively low (around 0.2). The largest correlation for local
TS versus local skin temperature for the males was found for the right
hand (r=0.4).

3.2.1.2. Females. Significant and relatively high correlations were ob-
served between TSV and local TS of right hand (r=0.73), right fore-
arm (r=0.75), right upper arm (r=0.73), left hand (r=0.67), left
forearm (r=0.63), left upper arm (r=0.57), neck (r=0.48) and head
(r=0.60). Furthermore, a significant (relatively high) correlation was
found between local TS and skin temperature of right hand (r=0.53),
right forearm (r=0.53), right upper arm (r=0.62), left hand (r=0.39)
and left upper arm (r=0.44).

3.2.2. Productivity
The results of the simulated office tasks were analyzed both for the

amount of completed additions and correct additions. A priori the re-
sults were normalized; the maximum score of each subject was equal
to 100%, and all other scores of the subject were related to this score.
The results indicate a significant case effect for the average normalized
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Fig. 11. (a) Average normalized completed additions±SD and (b) average normalized
correct additions±SD; ⁎Pb0.05.
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correct additions of the males, their amount of correct additions were
lower during the radiant cooling case in comparison to the convective
cooling case (Pb0.05). No significant case effects were found within
the female group (Fig. 11). Furthermore, no significant effects were
found between the genders.

4. Discussion

In this study the differences in physiological responses, thermal
comfort and productivity between males and females in response to
non-uniform environmental conditions were studied. The subjects
were exposed to two different conditions: a convective cooling situa-
tion (CC case) and a radiant cooling situation (RC case).

The results show that in general the females were more uncom-
fortable in comparison to the males under the same environmental
conditions. Although the mean air velocity during CC case was higher
for the females compared to the males, the same trend in differences
between the genders in physiological and subjective responses were
observed for both CC and RC cases. The distal skin temperatures of
the females were significantly lower compared to the males. For the
females a significant relation was found between the local skin tem-
peratures of the hands, forearms and upper arms and the related
(local) thermal sensations.

For both genders the extent of vasoconstriction was larger at the
right side of the body compared to the left side. This is probably
caused by the positioning of the inlet (at the right side of the subject).
Furthermore, all subjects were right-handed and operated therefore
the computer mouse with their right hand, which may explain why
their right hand was colder compared to their left one [40].

The calculated power, based on the results achieved for RC case,
for the whole-body thermal sensation votes (TSV) is 40% (α=0.05).
In advance, a smaller standard deviation was expected on the results.
Therefore, for future studies it is advisable to include more subjects
per sample to enlarge the power of the results. In case a difference
in TSV between two groups of 0.5 and a maximum standard deviation
of ±0.5 is considered, the minimum amount should be 16 persons
per sample.

However, with respect to the results found in this study, a clear
trend is visible in differences in thermal sensation and comfort be-
tween the two genders.

For females a high correlation was found between the local thermal
sensation of the hands, forearms and upper arms and whole body
thermal sensation (TSV). This is in line with previous studies where
women complained about cold extremities and, in fact, exhibited cooler
distal skin regions than men [18,20,41]. Krauchi et al. [42] found in a
study on cold extremities and difficulties initiating sleep, under 2800
subjects, that women complain 4.5 times more about cold hands and
feet. In this study no significant differences were found for the feet,
which might be explained by the posture of subjects during the exper-
iments. During RC case furthermore the increased floor temperature
could be an explanation.

These studies found no significant differences in local thermal dis-
comfort levels at the same local skin temperature levels between gen-
ders. However, in the presented study significant negative effects of
low (in comparison to proximal skin temperature) local skin temper-
atures were found for the uncovered body parts on local thermal sen-
sation (TS) of these body parts. Yet, at lower local skin temperature
levels of the proximal body parts no significant differences in TS of
these body parts could be observed between males and females (Figs. 7
and 10).

Following the above the significant differences which were found in
TSV (actual mean thermal sensation vote) are caused by local TS of the
distal body parts and distal skin temperatures. This finding is confirmed
by the significant and relatively high correlation between TSV, local TS
and local skin temperatures. Note that this only applies for the female
group. This result is in line with the results found by Krauchi et al.
[42], who found that thermal discomfort of cold hands is correlated
with a cool finger temperature. Contrary, Zhang et al. [16] found that
the most important explaining parameters for TSV are the forehead,
neck and chest. The experiments in that study were performed using
an air-sleevewhichwas attached to one specific body part. Subsequent-
ly, the influence on TSV of cooling or warming this body part was
studied. Afterwards, the developed model was validated against exper-
imental results obtained frommeasurements in vehicles (very inhomo-
geneous environment). In our study, the approach was to expose the
subjects to more realistic conditions with respect to the built environ-
ment. The intention was, however, to impose sufficient differences
between and within the cases to achieve clear results and to draw
conclusions for less critical situations which may occur in practice. The
differences in setup between this study and the study of Zhang et al.
[16] may explain the different conclusions.

The lower female skin temperatures, both distal and proximal can be
explained morphologically [43]. Women have, among others, a larger
peripheral heat sink and greater body insulation when vasoconstricted
(except hands and feet). The latter might explain the significant corre-
lation between skin temperature and local TS of the distal body parts.
Another explanation for the cold extremities could be the increase in
progesterone levels during the luteal phase, which cause an increase
in the internal threshold temperature for vasodilation and sweating.
Consequently, the extremities remain colder [9].

Compared to Fanger [44], the mean skin temperatures, of both
males and females, which were found in our study were slightly, but
significant, lower than the comfortable skin temperatures found in the
reviewed studies. This might indicate that the subjects in the present
study are at the cold side of comfort. However, one could arguewhether
the mean skin temperature is a good predictor for thermal comfort [8].

Previous studies found that women are more dissatisfied with their
thermal environment in comparison tomales [18,45,46], which is found
in this study as well (Fig. 9). For a non-uniform environment, this was
also found by Hashiguchi et al. [13].

In our experiments, subjects in the age between 20 and 29 years
were studied. From literature we know that temperature sensitivity de-
creases with age [47]. Older adults tend to fail sensing a thermal imbal-
ance and/or they are failing in responding to it appropriately [48]. In
addition, Kingma et al. [9] concluded that the thermoneutral zone
(TNZ) is narrower for older adults than for young ones. Furthermore,
the TNZ for females is shifted upward compared to the TNZ of males.
However, the exact range of the TNZ for both groups (females and
older adults) is yet unknown. Consequently, thermal sensation and
comfort are affected by physiological aging and age related behavioral
changes [49]. Schellen et al. [50] found that older male subjects prefer
higher operative temperatures compared to their younger counterparts
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to achieve thermal comfort. Following the above, the differences found
in this study and the effects of local parameters on thermal sensation
and comfort may enlarge when the age increases.

Olesen [14] stated that draught under warm conditions (i.e. con-
vective cooling CC) might be comfortable and therefore could reduce
the energy-use in terms of cooling. In this study no significant differ-
ences in whole body thermal sensation (TSV) were observed between
CC and RC cases for both genders. The predicted mean vote (PMV),
however, did indicate significant case effects (Table 5) where CC case
is assessed aswarmer. Remark that these effects arewithin the accuracy
of PMV (±0.5). For both genders, the TSV was significantly lower than
the PMV. Thus, the subjects were feeling significantly colder than pre-
dicted. Especially, for the females this resulted in a slightly uncomfort-
able situation (Fig. 9). For the females, the results indicate that RC case
is more uncomfortable than CC, but this is not significant.

The experiments were conducted during the winter/early spring
period (December–March), which could have influenced the thermal
perception of the subjects and may explain partly the sensations on
the cold side of neutral. However, the subjects were already 1–1.5 h
in the laboratory prior to the start of the experiment. Furthermore,
the focus in this study was not specifically on the effects of cooling
compared to warming, but on the differences between gender in re-
sponse to a non-uniform environment. Nevertheless, already at rela-
tively low outside temperatures a cooling demand can exist in office
buildings, due to relatively high internal heat loads, well insulated
building envelopes and solar contribution. Therefore it is possible
that occupants of typical office buildings can be exposed to cooling
conditions early in the season and even in the winter.

The differences in set-up conditions of RC case (AC) are considered
as small (ΔPMV=0.2). The difference between males and females in
AMV for case CC is smaller than for case RC, while the opposite is true
for the PMV. Therefore we conclude that the difference in AMV of
both genders is not related to the differences in set-up conditions.

With respect to the prediction of thermal comfort obtained using
PMV-index, the sensitivity of the boundary conditions (i.e. clothing
insulation and activity level) on the results should be taken into ac-
count. For example, Ferraro et al. [51] found a lower (~5–10%) meta-
bolic rate for sedentary females compared to males. Particularly, in
field studies errors were found regarding the estimation of clothing
insulation and activity levels; these errors contribute to the inaccura-
cy of the PMV [4].

From the productivity results no significant conclusions can be
drawn, probably because the sample size is too small with respect to
this. However, the results show consistency in the direction of change
for both genders between the convective cooling and radiant cooling
conditions. More research is needed to further elaborate on this.

The presented data do not allow concluding that draught under
warm conditions is acceptable in terms of thermal comfort.

In terms of cooling, it can be concluded that the set-points for fe-
males need to be increased to improve satisfaction with thermal envi-
ronment, which is in agreement with Choi et al. [45].
5. Conclusion

In this study both males and females were exposed to non-
uniform environmental conditions. Prior to the experiments, the pre-
dicted mean vote (PMV) was calculated. For both experimental condi-
tions the predicted mean vote was approximately neutral (PMV≈0).
The results of this study indicate:

1. Under non-uniform conditions, the actual mean thermal sensation
votes (TSV) significantly differ from the PMV for both genders. The
subjects were feeling significantly colder than predicted.

2. Females aremore uncomfortable anddissatisfied under the same en-
vironmental conditions compared to males. Note that in this study
mean thermal sensationwas colder than predicted. For thermal sen-
sations warmer than predicted, this should be investigated further.

3. For females, local thermal sensation and skin temperature of the
extremities (hands and arms) are of high importance for whole
body thermal sensation TSV. For males, local thermal sensation
and skin temperature of the extremities are less important.

4. In terms of cooling, the operative temperatures for females need to
be increased by ~1.2 K to improve satisfaction with the thermal
environment.
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