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The  objective  of this  work  is to optimize  the  arrangement  of  Phase  Change  Material  (PCM)  packets in  a
cooling  vest  by targeting  torso  segments  that  can  trigger  comfort  when  cooled.  An  integrated  fabric-PCM
and bio-heat  simulation  model  is  used  in the optimization  to  predict  human  segmental  core and  skin
temperatures  to determine  overall  human  thermal  comfort  during  moderate  activity  in hot  environment
over  a specified  working  period.  The  variables  of  the  optimization  were  the  number  of PCM  packets  on  the
upper and  lower  front  and  back  torso  segments.  The  constraints  to be  met  were:  a  core  temperature  not  to
exceed  38 ◦C, a comfort  level  not  to be  less  than  −1.4 on a comfort  scale  varying  from  very  uncomfortable
at  −4 to  very  comfortable  at +4  and  a PCM  melted  mass  fraction  between  0.85  and  1.0.

◦ ◦ ◦

hase change material
ptimization
verall sensation and comfort

Three  environmental  conditions  were  considered  at 28 C,  35 C and  45 C  for  optimization  and  the
results  showed  that  8, 18  and  20  PCM  packets  were  needed  to  provide  cooling  for  the  outdoor  worker  at
acceptable  comfort  level,  respectively.  At the  very  high  ambient  temperature  of  45 ◦C  and  when  increasing
the  PCM  packets  number  to  32  packets,  it was  shown  that the  working  duration  can  be  extended  from
45 min  recommended  by  labor  standards  to two  hours  similar  to duration  permitted  at  28 ◦C and  35 ◦C.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Workers performing tasks in hot environmental conditions are
ubjected to high heat stress that limits the duration for continuous
ork and affect the productivity of the worker [1]. To avoid any risk

o the worker’s health, many standards and safety protocols have
ecommended combinations of work and rest periods at different
nvironmental conditions. At the very hot environmental condi-
ions, a reduced working duration is recommended which means
ess economic productivity during heat exposure. At the long run,
he individual, local, national and regional economic productivity
ill be affected [2–4].

A widely used indicator for the presence of heat stress is the

ore temperature of the human body and the level it rises to [5]. For
xample, based on the wet bulb globe temperature (WBGT) index,
he maximum allowable core temperature over an 8-h shift is 38 ◦C
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378-7788/© 2017 Elsevier B.V. All rights reserved.
as adopted by ISO standard 7243 [6]. Another heat stress index
for continuous safe working durations is the Thermal Work Limit
(TWL), which takes into consideration the dry bulb temperature,
wet bulb temperature, wind speed, radiation as well as the type of
clothing and acclimatization state of the worker [7,8]. The ISO 5151
[9] sets test conditions for rating the performance of non-ducted air
conditioners and heat pumps, which include the cool (27 ◦C), mod-
erate (35 ◦C) and hot (46 ◦C) climate. At relatively cool and moderate
ambient conditions of 28 ◦C and 35 ◦C, prevailing in the Mediter-
ranean countries, with a WBGT index around 28 ◦C, a 2-h working
duration is recommended followed by a recovery period of 15 min
[10,11]. Performing outdoor work at moderate intensity in such a
WBGT index of 28 ◦C might result in low levels of thermal comfort
when working continuously for two  hours. At the very hot ambi-
ent temperature of 45 ◦C, in the Gulf Cooperation Council countries
(Kingdom Saudi Arabia, Kuwait, Qatar, United Arab Emirates etc.)
for example, a working duration of 45 min  is recommended fol-
lowed by a recovery period of 15 min  based on the TWL  thermal

stress index [7,8]. Thus, there exists a need to use cooling systems
and to optimize them in a way that would enable extending the
working duration in the hot environmental conditions to be com-

dx.doi.org/10.1016/j.enbuild.2017.01.036
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Nomenclature

C Specific heat (J/kg ◦C)
Cbody Body specific heat (J/kg ◦C)
CR Cooling rate (W)
F Objective function
hsf Latent heat of fusion (J/kg)
LF Lower front torso segment
m Mass (kg)
mbody Body mass (kg)
MET  Metabolic equivalent for task
PCM Phase change material
S  Change in body heat storage (W)
t Time (s)
T Temperature (◦C)
TM Melting temperature (◦C)
TWL  Thermal Work Limit (W/m2)
UF Upper front torso segment
WBGT Wet  bulb globe temperature (◦C)
X1 Number of PCM packets on UF segment
X2 Number of PCM packets on LF segment
X3 Number of PCM packets on back segment

Subscripts
avg Average
b Body
cr Core
PCM Phase change material
rest At the end of resting period
sk Skin layer
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work At the end of working period

arable to that in the moderate environmental conditions and to
mprove the thermal comfort at cool and moderate environmental
onditions.

Previous experiments done on human subjects in the study of
ao et al. [12] and House et al. [13] showed relatively high core tem-
eratures of 38.40 ◦C and 38.25 ◦C when performing activity while
earing a firefighting ensemble of 2.78 clo for 0.4 h at 55 ◦C and

or 0.75 h at 40 ◦C, respectively. It can be deduced from the results
f the core temperature that as the environmental conditions get
otter, the core temperature reaches relatively high values faster
nd during shorter working periods. Therefore, in order to combat
he heat stress, local cooling and passive personal cooling systems
ave been used [14,15]. The phase change material (PCM) cool-

ng vest is a personal cooling system [16,17] that can be worn by
orkers while performing their tasks outdoors. One type of a PCM

ooling vest comprises of packets of phase change material of cer-
ain weight and surface area that can be placed inside pockets on
he inner layer of the vest [18,19]. The PCM packets adjacent to the
uman skin absorb the heat released by the torso in hot environ-
ents and thus maintain a lower skin temperature closer to the

CM melting point [20].
The PCM cooling vests used in previous studies came in different

esigns and the PCM packets had different properties to meet the
ody cooling requirements. The major properties that were consid-
red by researchers to affect the performance of the cooling vest
ere the PCM melting temperature and the PCM weight in the

est [13,21]. Modeling methods that do not involve comprehen-
ive human physiology have been used for comparing PCM cooling

est performances and were based on simple energy balances like
nding the change in the body heat storage, S, after wearing the
ooling vest, where S depended on obtaining the mean skin and
ore temperatures at the end of the work period and the change in
ings 139 (2017) 417–425

the mean body temperature from the start of the work period till
its end [5,13]. In addition, previous studies have considered opti-
mizing and assessing the cooling performance of the PCM vest via
experiments done on human subjects [12,22]. However, literature
is lacking simulation tools with comprehensive modeling that can
be used for optimization purposes and hence limit the number of
experiments to be conducted on human subjects to achieve opti-
mal  design. Recently, Itani et al. [23] developed a more complex
model for predicting transient human thermal response during
active periods while wearing the PCM vest in hot environment.
Their model was  integrated with a robust bio-heat model with a
fabric-PCM model to predict human thermal response during activ-
ity and while wearing PCM vest. They validated their model with
experiments on thermal manikin and with published experimen-
tal data. Moreover, unlike other models, the model of Itani et al.
[23] considered the arrangement of PCM packets over the differ-
ent torso segments to maximize comfort of active workers in hot
environment.

Thermal comfort and sensation have been previously recorded
for subjects performing work at different activity levels and sub-
jected to different environmental conditions. For example, McNall
et al. [24] performed experiments on subjects at three activity lev-
els (1.7, 2.3 and 2.9 Mets) and environmental conditions ranging
between 15.6 ◦C and 25.6 ◦C, then recorded their thermal sensa-
tion votes after three hours of activity. Gao et al. [25] performed
experiments on human subjects in order to investigate if a PCM
cooling vest can improve thermal comfort and sensation while the
subjects performed office work at an ambient temperature of 34 ◦C.
The results showed that after wearing the vest, the overall thermal
sensation and that of the torso improved while the thermal comfort
improved slightly at the given activity level and ambient conditions.
The results also indicate that personal cooling is an interesting field
of research due to the ability of controlling a human’s local environ-
ment in an office space to save energy and improve comfort. In the
study of Holopainen [26], it was reported that Zhang’s thermal sen-
sation and comfort model [27] which was  originally developed for
sedentary activities predicted well the thermal sensation and com-
fort at high activity levels (at about 3 Mets). It is known that cooling
different parts of the human body results in different thermal com-
fort and sensation levels [27,28], thus placing the PCM packets on
the back and upper and lower front segments of the torso can result
in different comfort levels.

Taking advantage of the human local thermal comfort response
of torso to cooling, an optimization of the PCM vest design can be
achieved if torso sensitive areas to cooling are targeted for place-
ment of the PCM to maintain comfort at an acceptable level for
a fixed work duration. Prolonged PCM cooling durations can be
attained through the addition of more PCM packets to the vest;
however, this results in additional weight that should be carried by
the outdoor worker affecting adversely the ease of movement dur-
ing working and increasing the metabolic rate [29,30]. Thus, there
is a need to find an optimal PCM weight in the vest that will enable
the worker to safely finish the assigned tasks for the specified work-
ing duration. The integrated model developed by Itani et al. [23],
which considers the effect of the additional weight of the vest, can
be used for optimization in this study. Since their model predicts
occurrence of condensation, it can also be used to select appropriate
vest evaporative and dry thermal resistances for given environmen-
tal conditions to prevent condensation from happening in the vest
due to the relatively low PCM temperature [23,25,31,32].

Therefore, the objective of this study is to utilize the validated
integrated fabric-PCM and bio-heat model of Itani et al. [23] to

improve the comfort level at cool (28 ◦C) and moderate (35 ◦C) cli-
mates and extend the work period at hot (45 ◦C) climates while
minimizing the weight of the PCM and targeting torso regions
that can trigger comfort when subjected to a cooling stimulus. An
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cceptable level of thermal comfort is to be maintained for moder-
te human activity and different ambient conditions for a specific
orking duration, while ensuring no condensation is present in the

est. The number of PCM packets on the three segments of the torso
s a design variable to be considered in the optimization.

. Methodology

The objectives of optimizing the PCM cooling vest are to 1) mini-
ize the weight of the PCM in the vest and 2) to attain an acceptable

evel of thermal comfort for a given working duration at moder-
te activity level of 3 Mets for different environmental conditions.
hus the number of the PCM packets need to be minimized to just
eet the cooling needs during the work period. Further addition

f PCM packets can improve comfort if needed. A schematic of the
CM cooling vest that will be considered in this study is shown in
ig. 1. Up to 4 typical PCM packets can be arranged on the upper
ront (UF) torso segment and up to 6 PCM packets can be arranged
n the lower front (LF) torso segment (Fig. 1a) and up to 10 PCM
ackets can be arranged on the back torso segment (Fig. 1b).

.1. Optimization formulation

Three different environmental conditions will be considered for
ptimization at which a human subject will be working contin-
ously at 3 Mets for a certain working period while wearing a
CM cooling vest, and then resting for a certain period of time at

 Met, where no PCM vest will be worn. The three environmental
onditions; cool, moderate and hot [9], and work/rest periods are
ummarized as follows:

Environment A (cool climate) at 28 ◦C and 60% relative humidity,
where the human subject will work continuously for a period of
2 h followed by a rest recovery period of 0.25 h [10,11].
Environment B (moderate climate) at 35 ◦C and 50% relative
humidity, where the human subject similar to environment A
will work continuously for 2 h followed by a rest recovery period
of 0.25 h.
Environment C (hot climate) at 45 ◦C and 30% relative humidity,
where the human subject will work continuously for a period of
0.75 h followed by a rest recovery period of 0.25 h [7,8].

Before the start of work, the human would have been sedentary
n a transition space at 28 ◦C and 50% relative humidity.

At the very hot environment C, working beyond the 0.75 h is not
ecommended as the core temperature increases beyond the 38 ◦C
imit for safety work before heat stress occurs [8,11–13]. Thus, there
s a need for using a PCM cooling vest that will enable the worker to
afely perform activity for 0.75 h and furthermore to find the PCM
eight that would enable the worker to conduct a work period

f two hours, which is recommended under cool and moderate
nvironmental conditions (28 ◦C and 35 ◦C).

The PCM packets that will be used for optimization are of typical
ommercially available size and are assumed identical with fixed
imensions of 118 mm × 68 mm × 8.75 mm and weight of 87 g, sim-

lar to the packets used in the study of Itani et al. [23]. The focus is
n the number of PCM packets and their arrangement in the vest
ockets. The PCM packets have a melting temperature of 28 ◦C, a
ensity of 1239 kg/m3, and latent heat of fusion of 159 kJ/kg, simi-

ar to the PCM packets used in the study of Gao et al. [21]. The total
eight of the 20 PCM packets (typical number in commercial vests)
n the vest is 1.74 kg with a total coverage area of about 0.16 m2,
here the packets are of the same size and weight [12]. It should

e emphasized that the 1.74 kg is an upper weight constraint to the
aximum 20 PCM packets in the vest. Different packet sizes were
ings 139 (2017) 417–425 419

not considered, because commercially available ones provided by
the supplier were used having a uniform thickness through the
packet wrapping. The thickness was also measured during solid
phase using a caliper. Note that bigger packets might hinder the
ease of movement of the worker. Moreover, more flexibility is pro-
vided in having a cooling vest that can hold up to 20 packets that
can be distributed to various positions on the three torso segments
as desired. The cooling vest, made of polyester and holding PCM
at melting temperature of 28 ◦C, has evaporative and dry thermal
resistances of 0.035 kPa m2/W and 0.79 clo, respectively, with a per-
meability index of 0.21 [23]. The vest properties (evaporative and
dry thermal resistances) are such that moisture is allowed to escape
and condensation is prevented from happening in the vest at the
given PCM melting temperature and ambient conditions. The cool-
ing vest also ensures good contact between the microclimate air
and the PCM packets due to Velcro fasteners present in the vest
for tightening. Good contact is needed to ensure that heat is well
transferred to the PCM packets for effective cooling [33]. The PCM
packets are held inside net fabric pockets to minimize heat transfer
resistance to the microclimate air, which are present on the inner
side of the vest near the torso skin. Regeneration of the PCM packets
through solidification for re-use can be done by placing the packets
in an environment at a temperature lower than their melting tem-
perature such as an air conditioned indoor space, without the need
for a cooling system. Moreover, workers can change the melted
packets or vests during their resting periods.

Minimizing the number of PCM packets results in minimizing
the weight of the vest while ensuring an acceptable comfort level
throughout the working duration. In order to ensure effective use of
the PCM packets so that no excess weight is carried by the worker
and no additional metabolic generation is produced [5], the melt-
ing fraction of the PCM packets should be between 85% and 100%.
The thermal comfort is evaluated based on Zhang et al. [34] ther-
mal  sensation and comfort models that divide the torso into three
segments (UF, LF and back) and the time-averaged values of com-
fort are considered in the optimization formulation. The minimum
level of acceptable thermal comfort is set at the level of slightly
uncomfortable and taken to be about −1.4, in reference to Zhang
comfort scale [27] that varies from very uncomfortable at −4 to very
comfortable at +4, while keeping in mind that people tend to have
physiological and thermal adaptation to the environment they are
continuously subjected to, where repeated exposure to a stimulus
reduces the magnitude of the evoked response [35,36]. After find-
ing the optimal solutions corresponding to each ambient condition,
the maximum ambient relative humidity that the vests can be used
in without the risk of condensation are provided for each ambient
temperature.

The objective function F, which represents the total number of
PCM packets in the cooling vest, can then be defined as follows:

F = X1 + X2 + X3 (1)

Where X1, X2 and X3 are the number of PCM packets on the UF,
LF and back segments of the torso. The design of the vest will be
considered as such that it can hold up to 10 packets on the back
segment of the torso and 10 packets on the front torso segments
(4 on the UF segment and 6 on the LF segment). Thus the three
variables are bounded as follows:

0 ≤ X1 ≤ 4

0 ≤ X2 ≤ 6 (2)
0 ≤ X3 ≤ 10

The constraints that need to be met  by the optimization formu-
lation are given by:
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F pper front torso segment and 6 PCM packets arranged on the lower front torso segment
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ig. 1. Schematic of the PCM cooling vest with (a) 4 PCM packets arranged on the u
nd  (b) 10 PCM packets arranged on the back torso segment.

The core temperature should not exceed 38 ◦C
The comfort should be at the level of slightly uncomfortable and
taken to be about −1.4, in reference to Zhang comfort scale [27]
that varies from very uncomfortable at −4 to very comfortable at
+4
The variable X1 can be 0, 2 and 4, X2 can be 0, 2,4 and 6 and X3
can be 0, 2, 4, 6, 8 and 10
The melted fraction of the PCM packets need to be more than 0.85
and less than 1
The weight of PCM in the vest should not exceed 1.74 kg
No condensation should be present in the vest

.2. Solution methodology

Optimization of the PCM cooling vest was done by utilizing an
ntegrated fabric-PCM and bio-heat model [23] developed for better
rediction of human thermal responses in hot ambient conditions
s well as under the effect of the vest weight on the metabolism of
he human. The model was  validated with published experimental
ata on human subjects exercising in extremely hot environmental
onditions [12,23].

The optimization procedure followed a uniform exhaustive
earch method, which can be applied to one variable at a time;
1 followed by X2 and then by X3 [37,38]. This method is suitable

or applications where the design variables have discrete values.
hus, there exist a finite number of possible combinations gener-
ted by changing these variables. It entails dividing the range or
he domain for the variable X1, for example, by uniformly placed
umber of points, N, over its domain. The objective function, F, can
hen be evaluated at each of the N points by performing simula-
ion using the integrated model. The optimal solution is found by
liminating points that do not meet the constraints of the problem
nd that results in the minimum objective function, F. The accuracy
f finding the optimal solution is high since searching for the opti-
al  solution is guided and done along constraints that need to be

atisfied to find the minimum objective function.
The flowchart shown in Fig. 2 represents the optimization pro-

edure performed using the integrated model. After setting the

orking duration, the environmental conditions, the activity level,

he clothing type and the different properties of the PCM packets
uch as the dimensions and melting temperature in the integrated
odel, the variables (X1, X2 and X3) are selected to start the opti-
Fig. 2. Flowchart showing the optimization procedure.
mization procedure. The variables, which are the number of PCM
packets on the UF, LF and back segments, are selected from a min-
imum of zero to a maximum of 4, 6 and 10, on the UF, LF and back
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Table  1
PCM packets distributed on UF, LF and back segments for the simulation cases at
environments A, B, and C.

Simulation Cases PCM on UF PCM on LF PCM on Back Total in vest

A1 0 0 0 0
A2  2 2 4 8
B1  0 0 0 0
B2  2 6 10 18
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Fig. 3. Plots showing simulation results of (a) core temperature during work and rest
C1  0 0 0 0
C2  4 6 10 20

egments respectively, and in such a way as to keep an even num-
er of the packets in the vest to ensure symmetry between right
nd left side segments of the torso and assess the thermal com-
ort and sensation as was done in the study of Zhang [38]. Having
symmetry could cause discomfort due to uneven distribution of
he weight between right and left side segments. Then, the ther-

al  comfort and sensation, body mean skin and core temperatures
nd PCM melted fraction during the working duration at moder-
te activity level are estimated by the integrated model. After that,
he core temperature, PCM melted fraction and thermal comfort
btained under the selected variables are checked if they meet the
onstraints. In addition, condensation is prevented by ensuring that
he PCM temperature is greater than the micro and macro climate
ir temperatures in the vest [23]. Once the constraints are met, the
ptimal vest design will be that with the minimum weight or num-
er of PCM packets that would provide with the acceptable level
f thermal comfort. After finding the optimal solution, the maxi-
um  ambient relative humidity, that the optimal vest can be used

n without having condensation, is found.
The above optimization procedure is performed for three dif-

erent environmental conditions (environment A, B, and C) to
heck the weight of PCM needed to improve thermal comfort and
ensation under these ambient conditions. Thus the number of sim-
lations that need to be performed to select the optimal solution
rom the different possible PCM arrangements on the torso seg-

ents come up to 72 simulations at each environmental condition.
t is noted that as the environmental conditions get hotter, the
umber PCM packets needed would increase allowing for a lower
umber of simulations to find the optimal solution.

. Results and discussion

After performing optimization for the case study under the three
elected environmental conditions (A, B, and C), the number of PCM
ackets distributed on the UF, LF and back segments for the optimal
olution is presented and designated with case number in Table 1.
he simulated cases when no PCM vest is worn are also designated
nd numbered in the same table for the three environments. Note
hat total number of PCM packets for the optimal solution increases
ith increase of climate temperature.

For each environmental condition, analysis starts with a per-
ormance comparison of human thermal response during the
ork-rest period between the case when no PCM vest is worn

nd the optimal case with minimal PCM weight. Local skin tem-
eratures of the UF, LF and back segments, average torso skin
emperatures, body mean skin and core temperatures, fraction of

elted PCM and sweat rates are found. The time-averaged over-
ll thermal comfort and sensation of the body are also determined
uring the period when the PCM temperature is increasing from

ts initial temperature of 24 ◦C to its melting temperature of 28 ◦C
transient period) and during the melting period of the PCM when

ts temperature is constant.

In order to benchmark current results with literature, the cool-
ng performance of the vest is found through the change in the body
eat storage, S, as was done in the study of House et al. [13]. After
periods at 28 ◦C ambient temperature for cases A1 (no vest) and A2 (optimal) (b) local
skin  temperatures of UF, LF, back segments and torso average skin temperature and
(c) optimal solution showing the arrangement of PCM packets with major results.

finding the final mean skin and core temperatures at the end of the
work period, the mean body temperature, Tb, can be calculated as
given in the following equation [13,39]:

Tb = 0.8Tcr + 0.2Tsk,avg (3)

From the changes in the mean body temperature from the start
of the work period till the end of it, �Tb, the change in the body
heat storage (S) can be found according to the following equation
[13,40]:

S = �Tb × mbody × Cbody

t
(4)

where mbody is the mass of the human body and Cbody is the body
specific heat and is equivalent to 3470 J/kg ◦C [41].

Finally, a sensitivity analysis is performed for the optimal cases
to check for the maximum ambient relative humidity at which the
cooling vests can be used without having condensation in the vest.
The presence of condensation causes heat to be released in the
microclimate of the PCM packets and thus counteracts the cooling
effect of the PCM packets.

3.1. Results under environment A

The optimal solution under environment A (cool climate at
28 ◦C) was  case A2 with a total of 8 PCM packets in the vest dis-

tributed on the torso such that 2, 2 and 4 packets cover the UF, LF
and back segments, respectively.

Fig. 3a shows the simulation results of the core temperature
during work and rest periods for cases A1 (no vest is worn) and A2
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Fig. 4. Plot showing simulation results for the back segment skin temperature and
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were found to be 1.09 and −1.12, respectively as shown in Table 2.
he  torso average skin temperature during work and rest periods at 28 ◦C ambient
emperature for case A2.

optimal). Focusing on the transient performance during the work
eriod when no PCM vest was worn (case A1), the core temperature

ncreased from its initial value of 36.93 ◦C to reach its maximum at
he end of the work period at 37.51 ◦C. During recovery, the core
emperatures decreased from their final values at the end of the
orking period to allow the worker to safely resume his work. On

he other hand, when wearing the PCM vest (case A2), the core tem-
erature increased from its initial value to reach its maximum at the
nset of the PCM melting period but it was lower than that of case
1 and then remained constant till the end of the working period at
7.06 ◦C. Thus the core temperature was reduced by 0.45 ◦C at the
nd of the working period from case A1.  In Fig. 3b, the model results
or local skin temperatures of UF, LF, back segments and torso aver-
ge skin temperature for cases A1 and A2 are presented, with the
ptimal solution showing the arrangement of the PCM packets in
ig. 3c. The time-averaged local UF, LF, back and torso skin tem-
eratures of case A2 were 36.41 ◦C, 37.13 ◦C, 36.76 ◦C and 36.77 ◦C,
espectively. A plot showing the back and torso skin temperatures
uring work and rest periods is also shown in Fig. 4. Regarding the
verage skin temperature, a similar trend to that of the core tem-
erature was found throughout the working and recovery periods
ith lower average skin temperatures in case A2 than case A1.  The

orso skin temperature increased from its initial value of 36.44 ◦C
o reach its maximum at the end of the working period at 36.8 ◦C.
uring recovery, the torso temperatures decreased to reach a value
f 36.44 ◦C. Cooling provided by the PCM vest of case A2 was  able
o reduce the torso average skin temperature by 0.64 ◦C.

Moreover, the time-averaged comfort level reached after work-
ng for two hours in case A1 (no vest) was unacceptable and
ncomfortable. On the other hand, wearing the PCM vest in case
2 satisfied the constraint set by the optimization procedure, which
tates that the comfort should be at the level of slightly uncomfort-
ble (−1.4), in reference to Zhang comfort scale [27]. In addition,
lacing 4 PCM packets on the back to improve thermal sensa-
ion agrees with the findings of Reinertsen et al. [22] where they
eported improved thermal sensation votes when PCM packets
ere placed on the back, and agreed also with the findings of Cotter

t al. [42], where local thermo-sensitivities were examined for dif-
erent body parts including the face, torso (the chest, the abdomen
nd the lower back) and upper and lower limbs. Cotter et al. [42]
ound that the torso, following the face, is relatively more sensitive
o cooling and has higher thermo-sensitivity for sudomotor con-
rol than other parts of the body. From Table 2, the results of the
imulation cases for the time-average thermal sensation and com-

ort during transient and melting period of PCM can be inferred.
uring the transient period of the PCM, the overall time-averaged

hermal sensation and comfort of case A2 were found to be 1.06
ings 139 (2017) 417–425

and −1.10, respectively. During the melting period of the PCM, the
overall time-averaged thermal sensation and comfort were found
to be 1.13 and −1.16, respectively.

Table 3 presents the mean body skin and core temperatures,
melted fraction of PCM and sweat rate at the end of the work
period, core temperature at the end of resting period and S values
for the selected cases at the three environmental conditions. The
mean body skin and core temperatures, melted fraction of PCM and
sweat rate at the end of the work period for case A2 were 35.84 ◦C,
37.06 ◦C, 0.88 and 2.08 kg/s m2, respectively. The core temperature
at the end of the resting period reached 36.95 ◦C. Thus, the PCM vest
of case A2 was  able to reduce the sweat rate by about 65% and to
improve the overall thermal comfort by about 51%. The PCM pack-
ets were 88% melted, meaning that the weight of the packets was
adequate for cooling the worker to an acceptable comfort level.

The value of S found for cases A1 (no PCM vest) and A2 (optimal)
was 30.40 W and 4.39 W,  respectively. Thus, the cooling provided
by the PCM vest in case A2 was 26.01 W,  which is similar to the
finding of House et al. [13] that recorded 29 W cooling provided by
a cooling vest with PCM that melts at 30 ◦C. The optimal solution
showing the arrangement of the PCM packets at environment A is
shown in Fig. 3c. Since the presence of condensation causes heat to
be released in the microclimate of the PCM packets and thus coun-
teracts the cooling effect of the PCM packets, condensation should
be avoided and eliminated. Thus, there exists an upper limit of the
ambient relative humidity at which the cooling vest can be used.
The maximum ambient relative humidity for the optimal solution
at environments A is 80%.

3.2. Results under environment B

The optimal solution under environment B (moderate climate
at 35 ◦C) was  case B2 with a total of 18 PCM packets in the vest
distributed on the torso such that 2, 6 and 10 packets cover the UF,
LF and back segments, respectively. Fig. 5a shows the simulation
results of the core temperature during work and rest periods for
cases B1 (no vest) and B2 (optimal). The variation of the core tem-
perature over time for cases B1 and B2 has a similar trend to that
of cases A1 and A2,  respectively. However, higher core tempera-
tures were reached in environment B since moderate work is being
performed at a higher ambient temperature than that of environ-
ment A. During recovery, the core temperature in case B2 decreased
from its final value at the end of the working period and reached
36.93 ◦C at the end of the rest period. It can be deduced from Fig. 5a
that the PCM vest of case B2 was  able to reduce the core tempera-
ture by 0.54 ◦C at the end of the working period from case B1 when
no vest was worn. From Fig. 5b, the model results for the time-
averaged local UF, LF, back and torso skin temperatures of case B2
were 36.49 ◦C, 37.07 ◦C, 36.73 ◦C and 36.76 ◦C, respectively, with
the optimal solution showing the arrangement of the PCM packets
in Fig. 5c. The back and torso skin temperatures during work and
rest periods are shown in Fig. 6, were the torso skin temperature
increased from its initial value of 36.44 ◦C to reach its maximum
at the end of the working period at 36.81 ◦C. During recovery, the
torso temperatures decreased to reach a value of 36.44 ◦C. Cooling
provided by the PCM vest of case B2 was  able to reduce the torso
average skin temperature by 1.03 ◦C from case B1 (no PCM vest).

During the transient period of the PCM, the overall time-
averaged thermal sensation and comfort for case B2 were found
to be 1.04 and −1.08, respectively. During the melting period of
the PCM, the overall time-averaged thermal sensation and comfort
The placement of 10 packets on the back also improved the thermal
sensation and comfort to satisfy the constraints of the problem. The
PCM vest of case B2 was able to reduce the sweat rate by about 65%
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Table  2
Results of the simulation cases for time-average thermal sensation and comfort during transient and melting period of PCM at environments A, B, and C.

Case Time-Averaged
sensation in transient
period

Time-Averaged
sensation in melting
period

Time-Averaged
Comfort in transient
Period

Time-Averaged
Comfort in melting
Period

A1 2.19 – −2.25 –
A2  1.06 1.13 −1.10 −1.16
B1  2.42 – −2.34 –
B2  1.04 1.09 −1.08 −1.12
C1  2.54 – −2.49 –
C2  1.18 1.26 −1.22 −1.37

Table 3
Results of the simulation cases for whole body skin and core temperatures, sweat rate and fraction of melted PCM at the end of the working period, core temperature at the
end  of resting period and S values at environments A, B, and C.

Case Body Tsk,avg (◦C) Tcr,work (◦C) Tcr,rest (◦C) Sweat Rate × 105 (kg/s m2) Fraction of melted PCM S [13] (W)

A1 37.77 37.51 37.15 5.91 – 30.40
A2  35.84 37.06 36.95 2.08 0.88 4.39
B1  37.90 37.95 37.32 8.12 – 43.58
B2  36.12 37.41 37.10 3.03 0.92 16.66
C1  39.35 38.27 37.52 14.11 – 166.96
C2  36.35 37.53 37.17 5.34 0.98 56.15

Fig. 5. Plots showing simulation results of (a) core temperature during work and rest
periods at 35 ◦C ambient temperature for cases B1 (no vest) and B2 (optimal) (b) local
s
(
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p

w
b
i

ing a firefighting ensemble of 2.78 clo and for 0.75 h at 40 C while
kin temperatures of UF, LF, back segments and torso average skin temperature and
c)  optimal solution showing the arrangement of PCM packets with major results.

nd to improve the overall thermal comfort by about 54%. The PCM
ackets were 92% melted as shown in Table 3.

The value of S found for cases B1 (no PCM vest) and B2 (optimal)

as 43.58 W and 16.66 W,  respectively. Thus, the cooling provided

y the PCM vest in case B2 was 26.92 W.  The optimal solution show-
ng the arrangement of the PCM packets at environment B is shown
Fig. 6. Plot showing simulation results for the back segment skin temperature and
the  torso average skin temperature during work and rest periods at 35 ◦C ambient
temperature for case B2.

in Fig. 5c. The maximum ambient relative humidity at which the
cooling vest can be used for the optimal solution at environments
B is found to be 53%.

3.3. Results under environment C

The optimal solution under environment C (hot climate at 45 ◦C)
was case C2 with a total of 20 PCM packets in the vest distributed on
the torso such that 4, 6 and 10 packets cover the UF, LF and back seg-
ments, respectively. The simulation results of the core temperature
during work and rest periods for cases C1 (no vest) and C2 (optimal)
are shown in Fig. 7a. The variation of the core temperature over time
for cases C1 and C2 has a similar trend to that of cases B1 and B2,
respectively. However, higher core temperatures were reached in
environment C since moderate work is being performed at a higher
ambient temperature than that of environment B. The core temper-
ature in case C1 reached values higher than 38 ◦C after working for
45 min. Similar results were found in previous experiments done
on human subjects by Gao et al. [12] and House et al. [13], where
relatively high core temperatures of 38.40 ◦C and 38.25 ◦C were
reached when performing activity for 0.4 h at 55 ◦C while wear-

◦

also wearing a firefighting ensemble, respectively. The PCM vest of
case C2 was  able to reduce the core temperature by 0.74 ◦C at the
end of the working period from case C1 when no vest was worn.
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Fig. 7. Plots showing simulation results of (a) core temperature during work and rest
periods at 45 ◦C ambient temperature for cases C1 (no vest) and C2 (optimal) (b) local
skin temperatures of UF, LF, back segments and torso average skin temperature and
(c) optimal solution showing the arrangement of PCM packets with major results.

Fig. 8. Plot showing simulation results for the back segment skin temperature and
t
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acceptable level of thermal comfort at the ambient temperature
he  torso average skin temperature during work and rest periods at 45 ◦C ambient
emperature for case C2.

uring recovery, the core temperature in case C2 decreased from
ts final value at the end of the working period and reached 37.17 ◦C
t the end of the rest period. From Fig. 7b, the model results for the
ime-averaged local UF, LF, back and torso skin temperatures of case
2 were 36.92 ◦C, 37.77 ◦C, 37.76 ◦C and 37.48 ◦C, respectively, with
he optimal solution showing the arrangement of the PCM packets
n Fig. 7c. The back and torso skin temperatures during work and
est periods are shown in Fig. 8, were the torso skin temperature

ncreased from its initial value of 36.44 ◦C to reach its maximum
t the end of the working period at 37.7 ◦C. During recovery, the
orso temperatures decreased to reach a value of 36.44 ◦C. Cooling
ings 139 (2017) 417–425

provided by the PCM vest of case C2 was  able to reduce the torso
average skin temperature by 1.62 ◦C from case C1 (no PCM vest).

The overall time-averaged thermal sensation and comfort of
case C2 were found to be 1.18 and −1.22, respectively, during the
transient period of the PCM. During the melting period of the PCM,
the overall time-averaged thermal sensation and comfort were
found to be 1.26 and −1.37, respectively as shown in Table 2. The
PCM vest of case C2 was able to reduce the sweat rate by about 62%
and to improve the overall thermal comfort by about 51%. The PCM
packets were 98% melted as shown in Table 3.

The value of S found for cases C1 (no PCM vest) and C2 (optimal)
was 166.96 W and 56.15 W,  respectively. Thus, the cooling provided
by the PCM vest in case C2 was 110.81 W.  The optimal solution
showing the arrangement of the PCM packets at environment C is
shown in Fig. 7c. The maximum ambient relative humidity at which
the cooling vest can be used for the optimal solution at environment
C is found to be 31%. It is noted that as the ambient temperature
increases from environment A at 28 ◦C to environment C at 45 ◦C,
the maximum allowable relative humidity for using the optimal
cooling vest decreases. A solution for that can be by increasing the
melting temperature of the PCM packets.

In addition to finding the optimal PCM vest, it would be interest-
ing to determine if the working duration at the very hot condition of
45 ◦C can be extended to the recommended 2-h working duration of
cool and moderate ambient conditions (28 ◦C and 35 ◦C) and with-
out risking the safety of the worker [10,11]. In order to accomplish
that, the mass of the PCM packets in the vest can be increased by
increasing the packets number beyond the maximum of 20 packets
used in the optimization formulation while keeping the same PCM
melting temperature. Using the integrated fabric-PCM and bio-heat
model [23], the number of PCM packets necessary for the worker to
finish a 2-h working duration at the ambient condition of 45 ◦C was
found to be 32 packets. The UF, LF and back torso segments would
be covered with 6, 10, and 16 PCM packets, respectively. Thus, the
total weight of PCM packets in the vest would be about 2.78 kg. The
resulting core temperature at the end of the 2-h working duration
with the 32 packets was  37.61 ◦C, with a mean skin temperature of
36.70 ◦C. Regarding the overall time-averaged thermal comfort, it
was found to be −1.24 and −1.39 during the melting and transient
periods of the PCM, respectively, thus satisfying the minimum level
of thermal comfort set by the optimization procedure.

4. Conclusion

A validated integrated mathematical model that predicts well
the human thermal responses and PCM cooling vest performances
while considering the effect of the weight on the metabolic rate of
the human, was  used in this study. The model also incorporates the
effect of condensation if it happens in the vest. Optimization was
done to find the optimal arrangement of the PCM packets in the vest
while keeping their weight minimal and resulting with an accept-
able thermal comfort level for safely completing a certain working
duration at moderate activity level. The procedure also aims at tar-
geting torso segments that can trigger comfort when subjected to
a cooling stimulus. Three ambient conditions were considered for
finding the optimal vest solution (28 ◦C, 35 ◦C and 45 ◦C). The results
of optimal cases for the core, local skin and mean skin temperatures,
overall comfort and sensation, fraction of melted PCM, cooling rate
of PCM vest and sweat rates were found and discussed.

Results of the optimization indicated that 8 PCM packets are
needed to provide cooling for the worker while maintaining an
of 28 ◦C. On the other hand, 18 packets were needed at 35 ◦C ambi-
ent condition and 20 packets at 45 ◦C. An interesting result was
found that in order to allow the worker to extend the working
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