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SUMMARY

Thermal management has been considered as one of the most important issues for the operation of proton exchange
membrane fuel cells (PEMFCs). Phase change affects the performance and even the heat balance of the stack during
operation. A 46 single cell PEM stack with anode and cathode humidification is developed to investigate, both theoretically
and experimentally, the effect of phase change on the heat generation and removal characteristics of the stack. The results
show that the heat removed by the coolant water is greater than that generated by the electrochemistry reaction, and heat
released due to the phase change of water vapor cannot be neglected. Heat generated in the stack can be removed
completely by the coolant water, which need to be forced cooling for recycling use when the current density reaches
1000mA·cm�2. The arithmetic product of the specific heat capacity and mass of the stack can be used as a novel criterion
to evaluate the validity of the heat balance in the system. The exothermic reaction is very fast in the stack, which
consequently requires bipolar plates with high heat conductivity coefficient to improve the temperature uniformity at the
elevated operational current density. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

As one of the promising clean energy sources, proton
exchange membrane fuel cell (PEMFC), also known as
polymer electrolyte membrane fuel cell, has attracted
increasing research interest because of its high power
density and wide range of applications including
automotive and stationary area [1–4]. Restricted by the
properties of the electrolyte material, small temperature
variations and an operating temperature below 80 °C
[5,6] are required for the state-of-the-art PEMFC to
improve the efficiency, reliability, and durability of
the membrane electrode assembly (MEA) [7]. During

operation, an amount of waste heat comparable to its
electric power output is produced and the operation
temperature will increase continuously if the waste heat
is not rejected efficiently from the fuel cell [8]. As a
consequence, thermal management is critical in PEMFC,
especially in high temperature PEMFC [9]. Furthermore,
coupled with thermal management another critical require-
ment for PEMFC is to maintain a high water content in the
electrolyte to ensure reasonable ionic conductivity [10].
Wan et al. [11] and Yu et al. [12] have carried out some
research on water management, such as water recovery
and air humidification by exhaust gas and water drainage
aided by gravity. Water molecules must be continuously
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supplied to prevent drying of the membrane which can lead
to a dramatic decrease in ionic conductivity. The most
commonly used technique is to humidify the reaction gases
through humidifiers prior to flowing into the fuel cell. The
water vapor with high enthalpy in the humidified gases
causes a complex condensation process inside the cell. Ac-
cordingly, phase change coupled with water management
will heavily impact both the performance and the heat bal-
ance of the fuel cell.

To accurately model the heat transfer process in PEM
fuel cell, Ramousse et al. [13] discussed heat sources/
sinks distribution in a single cell. They pointed out that
water phase change was governed by both thermal and
water distributions in the gas diffusion layer (GDL),
and it could take place anywhere in the GDL. A fully
coupled heat and mass transfer model is thus needed to
identify the location/region of water condensation and
evaporation. Park et al. [14,15] investigated the charac-
teristics of liquid water removal from the GDL by reac-
tant flow both numerically and experimentally. Unsteady
two-phase simulation results indicated that liquid water
could be effectively removed from the gas diffusion
layer by the reactant flow, and the amount of pressure
drop and contact angle were the key parameters which
determined the initiation of the liquid water transport in
the gas diffusion layer. Measuring unsteady pressure
drop in a cell which had the GDL initially wet with liq-
uid water revealed that the characteristics of liquid water
removal were significantly affected by the thickness of
GDL and reactant flow rate. And the simulation results
were also compared with experimental data showing a
good agreement. Zhou et al. [16] developed a water
and thermal management model with phase change to
simulate the mass and energy transfer in a PEM fuel
cell. Their results showed that the humidification of both
anode and cathode sides was an important factor
influencing the performance of the PEM fuel cell. The
humidification could also directly influence the amount
of phase change and the heat balance in the fuel cell.
Afshari et al. [17,18] proposed a two-dimensional, two-
phase, non-isothermal, single-domain approach using
coupled electrochemical kinetic model to investigate the
heat transfer phenomena and water phase change effects
on the thermal behavior of a PEM fuel cell. They found
that phase change would have a subtle effect on the
maximum temperature that appeared at the cell inlet
when the inlet gas was partially humidified. When using
the two phase model, the cell temperature in all regions
was higher than that with single phase model due to
the phase change occurring at the inlet. In addition, the
amount and location of condensation in the GDL
cathode was directly related to cell temperature, and
the temperature distribution strongly affected the two-
phase water transport. Okazaki et al. [19,20] proposed
a two-phase non-isothermal model to investigate the
spatial distribution of the phase-change rate of the
interfacial mass transfer on the cathode side of a proton
exchange membrane fuel cell (PEMFC). They also

discussed the temporal variation and spatial distribution
of the phase-change rates at the cathode side of PEM
fuel cell. It was found that phase change quickly res-
ponded the temperature and a steady condensation could
be achieved in a short time inside the fuel cell. Yi et al.
[21] developed a two-dimensional, non-isothermal model
of a proton exchange membrane fuel cell, which in-
cluded various modes of heat generation and depletion
by reversible/irreversible heat release, ohmic heating,
and phase change of water, to elucidate heat balance
through the MEA. Ju et al. [22] used a three-dimen-
sional, non-isothermal model to account rigorously for
various heat generation mechanisms. They concluded
that the thermal effect on PEM fuel cells becomes more
critical at higher current density and/or lower gas diffu-
sion layer thermal conductivity. Tang et al. [23] estab-
lished a system-level dynamic model accounting for the
phase change effect for PEMFC. This model could illus-
trate the complex transient behavior of temperature, gas
flow, phase change in the anode and cathode channels,
and membrane humidification. Their results showed that
vapor in the cathode channel was more likely to be in
the superheated state and phase change (condensation
under large load current situation) could occur easily.
On the contrary, phase change was less likely to occur
if the inlet hydrogen was humidified with a high relative
humidity value. Kim [24] investigated the effect of
humidity and stoichiometry on the water saturation of
PEM fuel cells based on the finite element method.
The results showed that, whether the reactant on anode
or cathode was sufficiently humidified, a lower RH of
the left reactant would improve cell performance, and
higher stoichiometry could enhanced the performance at
a constant RHa = 100% and RHc = 100%. Rasheed
et al. [25] used a simple analytical transient model to
consider the effects of boiling phase change in the
cathode catalyst layer and cathode gas diffusion layer
on thermal and water balance during the warm-up pro-
cess of a high temperature of membrane fuel cell. The
energy consumption due to boiling phase change was
found to be negligible compared with external heating
input rate, and boiling phase change would be also
present for a significant period of time under typical op-
erating conditions.

Above mentioned work [13–25] shows that the
understanding of the phase change, water management,
and heat balance plays an important role in the design
of state-of-the-art PEMFC. Previous studies on phase
change were mainly focused on its effect on tempera-
ture or the factor that influences the phase change,
while few articles refer to the specific effect of heat
balance. Although the heat lost in the by-product that
resulted from the electrochemical reactions at the anode
and cathode could be easily calculated [26], heat source
caused by phase change and its effect on heat balance
inside the stack has typically been neglected. In addi-
tion, the aforementioned research focused mainly on a
small single cell or a specific section of fuel cell, such
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as the flow channel or MEA, and there have been few
studies on the effect of the phase change on the heat
balance and the performance in a practical operated
PEMFC stack. In this paper, a model of heat balance
in a 46 single cell PEM stack with both 80% humidified
hydrogen and oxygen gases is developed and the issues,
in particular, the effect of phase change on the heat
generation and removal, are analyzed both theoretically
and experimentally.

2. THEORETICAL ANALYSIS

2.1. Heat generation in the stack

The chemical reaction process in fuel cell is expressed as,

H2 þ 1=2O2 ¼ H2O gð Þ þ Δhf (1)

Equation (1) describes an exothermic reaction, where
Δhf is the change in molar enthalpy of formation. The

value ofΔhf is approximately 242 kJ·mol�1 under the stan-
dard conditions (25 °C, 1 atm) with hydrogen completely
combustion. However, the latent heat needed for the evap-
oration of the liquid water is approximately 42 kJ·mol�1.
Water exists as vapor or liquid phase depending on local
temperature, pressure, and the water content in gas. Water
vapor presented in the electrochemistry reaction is easy to
condense into liquid [27], and the rate of heat generation
with respect to the working current I can be expressed
as [26,28]

Q ¼ nI 1:25� Vcð Þ (2)

where n is the number of cells, Vc is the average voltage
during the operation process. Due to the order of 10�6 s
of the time of electrochemical reaction, water produced in
the exothermic reaction will exist in vapor state with tre-
mendous heat releasing in such a short time. Then 1.25V
is the ideal open circuit voltage, only if the entire heat
energy of combustion is converted to electrical energy,
corresponding to the lower hydrogen heating value with
water vapor generation.

2.2. Heat generated due to phase change

In general, liquid water will be produced in the cell
when the water vapor pressure reaches its saturation
value. The water used to humidify the reacting gas,
which usually exists as vapor state with a high tem-
perature and high enthalpy, will accelerate the con-
densation rate of the water vapor and introduce an
additional heat source to the stack due to the exother-
mic process of phase change during the operation of
the stack. The mass flow rate of water vapor at the inlet
can be written as [11],

Anode

ṁ a;add ¼ nλI
2F

� RH � psat Ta;inlet

� �
pa;inlet � RH � psat Ta;inlet

� �MH2O (3)

Cathode

ṁ c;add ¼ nλI
4F

� RH � psat Tc;inlet

� �
pc;inlet � RH � psat Tc;inlet

� �MH2O (4)

where λ is the stoichiometry,F is the Faraday constant, pa,inlet
and pc,inlet are the inlet pressure at the anode and cathode re-
spectively, Ta,inlet and Tc,inlet are the inlet temperature at the
anode and cathode, respectively, and psat(Ta,inlet) and psat
(Tc,inlet) are the saturation water vapor pressure at the anode
and cathode, respectively. In Eq. (4), RH is the relative hu-
midity and MH2O is the water molecular weight.

The water vapor mass flow rates at the outlets of the
anode and cathode are,

ṁ a;out ¼ λ� 1ð Þ nI
2F

� RH � psat Ta;outlet

� �
pa;outlet � RH � psat Ta;outlet

� �MH2O

(5)

and

ṁ c;out ¼ λ� 1ð Þ nI
4F

� RH � psat Tc;outlet

� �
pc;outlet � RH � psat Tc;outlet

� �MH2O

(6)

where pa,outlet and pc,outlet are the outlet pressure, Ta,outlet
and Tc,outlet are the outlet temperature, and psat(Ta,outlet)
and psat(Tc,outlet) are the saturation water vapor pressures
at the anode and cathode, respectively.

The water vapor generation rate during the operation is,

ṁ gen;H2O ¼ nI

2F
MH2O (7)

The liquid water flow rate due to phase change, includ-
ing the net amount of water molecules transmitted in the
membrane [29], can be expressed as,

ṁ l;H2O ¼ ṁ a;add � ṁ a;out þ ṁ c;add � ṁ c;out þ ṁ gen;H2O

(8)

Heat generated due to phase change can be express as,

Qhg;water ¼ ṁ l;H2OLH2O (9)

where LH2O is the latent heat of water, and the positive
value indicates that the condensation process will heat up
the stack.
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2.3. Heat removal by the coolant water

Heat removal by the coolant water can be expressed as,

Qc ¼ Cl;waterṁ water Tcoolant water;out � Tcoolant water;in

� �
(10)

where Cl,water and ṁ water are the specific heat and mass flow
rate of the coolant water, respectively, and Tcoolant water,in
and Tcoolant water,out are the inlet and outlet temperatures of
the coolant water, respectively.

2.4. Heat balance in the stack

The heat removed by the exhaust stream and the heat loss
from the stack surface to the ambient are negligible due to
their low amount in the total heat removal. To study the
heat balance behavior in the stack, a thermal balance coef-
ficient ε is defined using stack thermal efficiency, which
represents the ratio of heat removed by the coolant water
to the actual heat generated in the stack. The balance coef-
ficient can be written as,

ε ¼ Qc

Qþ Qhg;water

¼ Cl;waterṁ water Twater;out � Twater;in

� �
nI 1:25� Vcð Þ þ ṁ l;H2OLH2O

(11)

ε< 1 means poor cooling capacity of the coolant, while
ε> 1 means excess cooling capacity, and ε= 1 is the
equilibrium state.

3. EXPERIMENT

3.1. Experimental setup

The PEM fuel cells stack applied in this study is com-
posed of 46 single cells using graphite plates as current
collector. A straight-channel flow field similar to that
used in Ref. [30] is applied in the single cell to amelio-
rate the water removal. The dimensions of the PEM fuel
cell stack are listed in Table I. The MEAs consist of
Nafion® 211 membrane in combination with platinum
loadings of 0.4mg·cm�2 per electrode. The performance
tests of the stack were carried out on FCATS G500 pur-
chased from Greenlight Innovation Company, Canada,

which could be programmed precisely to control various
operational parameters, including electronic load, gas
flow rate or stoichiometry, dew point temperature,
inlet/outlet pressure, inlet/outlet temperature, relative
humidity (RH), and cell temperature. The schematic dia-
gram of the test system for the PEM fuel cell stack is
shown in Figure 1.

3.2. Experimental procedure

The whole experiment lasted more than 2 h and a half.
To investigate the effect of the current density on the
heat balance, current density was varied to be
500mA·cm�2, 600mA·cm�2, and 1000mA·cm�2,
respectively during the experiment. To investigate the
thermal characteristics during the temperature increasing
process of the stack, the coolant water flow rate was
maintained at 45 LPM (liter per minute) with a current
density of 500mA·cm�2. The temperature decrease
characteristics were studied by operating the cooling
system at an elevated current density of 1000mA·cm�2.
The effect of the coolant water flux on the heat removal
ability was evaluated by changing the fluxes from 45 to
30 LPM with respect to a current density of
600mA·cm�2. To accurately evaluate the amount of
liquid water produced by phase change during the
experiment, T-type thermocouples and pressure sensors
were placed at the inlet and outlet of the reaction gases

Table I. Dimensions of PEM fuel cell stack.

Single cell area of this stack (m2) 200 × 10�4

Flow field depth (m) 1.0 × 10�3

Flow field width (m) 1.5 × 10�3

Flow field ridge width (m) 1.5 × 10�3

Gas diffusion layer thickness (m) 2.5 × 10�4

PEM thickness (m) 2.5 × 10�5

Catalyst layer thickness (m) 1.2 × 10�5 Figure 1. Schematic diagram of the test and heat removal sys-
tem for PEMFC stack. (a) Test system; (b) heat removal system.
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to monitor the gas temperature and pressure, respectively.
The temperature variation of the coolant water was
quantified by two thermocouples placed at the coolant
water inlet and outlet, respectively. The evolution of
temperature profile within the stack is measured by a
representative thermocouple located at the middle of
cell 23 in the stack showed in the Figure 2[31]. Except
cell 23, cell 1, cell 11, and cell 46 were also similar de-
sign with 9 thermocouples located at. There were 38
thermocouples in all including thermocouples embed-
ding between the GDL surfaces and coolant water inlet
and outlet. The temperature range and accuracy of all
the T-type thermocouples used in the measurement are
�200 °C ~350 °C,and ±0.1 °C, and the pressure range
and accuracy of the pressure sensors are 0–300 kPa
and ±0.1 kPa, respectively. Prior to the performance
evaluation of the stack, the internal and external
leakages of the reaction gases were checked, and the
results were found to be acceptable. The fuel cell stack
was pre-activated by increasing the current on the stack
with 80% humidified H2/O2 for approximately 2 h
before recording the polarization curves, which allowed
us to evaluate the initial performance of the fuel cell
stack. The detailed experimental conditions of the fuel
cell stack are listed in Table II.

4. RESULTS AND DISCUSSION

4.1. Evolution of temperature and pressure
at the inlet and outlet of the stack

The evolution of the inlet/outlet temperature and pres-
sure at different current densities is shown in Figure 3.
The pressure differences of the three tested current den-
sities in the anode are all less than 1 × 103 Pa. In the
cathode they varied from 1.5 × 103 Pa, 3.5 × 103 Pa to
10.5 × 103 Pa corresponding to the current densities
of 500mA·cm�2, 600mA·cm�2, and 1000mA·cm�2,
respectively. The main reason for the dissimilar pres-
sure differences is that the flow resistance of hydrogen
is lower than that of the oxygen in the same flow chan-
nel due to the higher diffusion coefficient of hydrogen
with less stoichiometry set at the anode. The increased
pressure difference in the cathode is caused by the in-
creased flow rate of the oxidant gas. In addition, the av-
erage flow velocities calculated from the inlet gas flow
rate at the cathode were 0.33m·s�1, 0.40m·s�1, and
0.67m·s�1, respectively. The removal of water at such
low velocities in the flow channel is due to both the
gravitational effect and the use of the wider and deeper
flow channel in the designed cell [30]. Compared with
the set temperature of 70 °C, the fluctuation of the inlet
temperature was within ±1 °C. The outlet temperature
increased almost linearly with respect to time at current
densities of 500mA·cm�2 and 600mA·cm�2. The
cooling system was opened to facilitate the temperature
control at the current density 1000mA·cm�2. The aver-
age outlet temperature increase rate at 500mA·cm�2

was 1.22 °C·min�1, which decreased to 0.75 °C·min�1

at 600mA·cm�2 and a coolant water flow rate of 45
LPM. The temperature of the coolant water was approx-
imately 20 °C lower than the dew point of the inlet gas,
which caused a greater temperature increase rate of ap-
proximately 0.80 °C·min�1 when the coolant water flow
rate dropped to 30 LPM at 600mA·cm�2. As a result,
the saturated water vapor with a high enthalpy in the re-
action gases was condensed into liquid water inside the
stack with a release of heat, which subsequently heated
up the stack. The temperature difference between the
stack and the inlet gas decreased with time and reduced
to 2 °C when the coolant water flow rate was 30 LPM
at 600mA·cm�2, indicating that little thermal energy
was introduced into the stack due to phase change. In
general, more heat would be generated during the
electrochemistry reaction at a higher operating current
density, which in turn caused the temperature difference
between the single cell and the coolant water to
increase rapidly [28]. Thus, cooling system was opened
to remove excess heat sufficiently to maintain the
operating temperature of the stack. The rates of increase
and decease were almost equal (approximately 2.41 °
C·min�1 at 1000mA·cm�2), as were the water
condensation and evaporation rate during the cooling
and heating process.

Figure 2. Schematic positions of the thermocouples located at
Cell 23.

Table II. Testing conditions of the experiments.

Gas inlet temperature (K) Anode/cathode = 343/343(70 °C)
Stoichiometry Anode:cathode = 1.17:2.8
Dew point (K) 338 (65 °C)
Ambient temperature (K) 282 (9 °C)
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4.2. Rate of liquid water generation due to
phase change

Although water in the inlet exists mainly in vapor phase, it
moves out of the stack with the state of two phase flow. On
the other hand, water would traverse the membrane under
the coupled effects of electro-osmotic drag (EOD), back
diffusion (BD), pressure driven hydraulic permeation
(PDHE), and thermal-osmotic drag (TOD) [26]. Conse-
quently, these factors made the measuring of the transport
coefficient of water independently and accurately more dif-
ficult. In addition, water vapor may have condensed into
liquid along the channel inside the stack, and liquid water
would also evaporate into vapor in the elevated tempera-
ture section. To evaluate the rate of liquid water generation
caused by phase change in the stack, we neglect the
complextransport and phase change processes while focus-
ing solely on the water vapor flow rate at the inlets and
outlets. The inlet and outlet water vapor mass flow rates
at the anode and cathode are shown in Figure 4(a) and
(b), respectively. All mass flow rates increase with increas-
ing current density. The amount of water at the inlet at the
anode and cathode were almost same whereas water vapor
mass flow rate at the cathode was greater than that at the
outlet of the anode. Based on Eqs. (7) and (8), the water
mass flow rates at the outlets were mainly determined by
the stoichiometry when the pressure and temperature were
almost equal (Figure 3) at the same current density.
Stoichiometry has a significant effect on the phase change

process inside the stack. Figure 4(c) shows the amount of
liquid estimated from Eq. (10). The average liquid water gen-
eration rates were 0.67× 10�3 kg·s�1 and 1.18 × 10�3 kg·s�1

with respect to the current densities of 500mA·cm�2 and
1000mA·cm�2, respectively. Therefore, the difference
in the average liquid water generation rates was
0.51 × 10�3 kg·s�1, significantly higher than the differences
in the water vapor mass flow rate between the inlet and out-
let, which were 0.11 × 10�3 kg·s�1 and 0.09× 10�3 kg·s�1,
respectively at the elevated current density. The mass flow
rate of the liquid water at a current density 1000mA·cm�2

was less than double that at 500mA·cm�2, indicating that
more of the water that was generated during the
electrochemistry reaction was condensed into liquid inside
the stack at 1000mA·cm�2. This is attributed to the
increased temperature difference between the single cell
and the coolant water with the rise of the current density.
As a result, more water vapor was converted into liquid
water because of the elevated sub-cooling, especially at high
current density.

4.3. Heat removed by the coolant water

The heat generated in the stack is removed by the coolant
water. The heat exchange rates of the coolant water at dif-
ferent current densities are shown in Figure 5(a), (b), and
(c). The inlet and outlet temperature of the coolant water
varied almost linearly with increasing or decreasing current
density. The average temperature difference of the coolant

Figure 3. Temperature and pressure evolution in the inlet and outlet. (a) 500mA·cm�2. (b) 600mA·cm�2. (c) 1000mA·cm�2.
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Figure 4. Rate of liquid water generation due to phase change. (a) Water vapor at anode. (b) Water vapor at cathode. (c) Liquid water
generated in the stack.

Figure 5. Heat removed by the coolant water. (a) 500mA·cm�2. (b) 600mA·cm�2. (c) 1000mA·cm�2. (d) Temperature differences.

Effect of humidified water vapor on heat balance management in PEFMCsZ. Liu et al.

510 Int. J. Energy Res. 2015; 39:504–515 © 2014 John Wiley & Sons, Ltd.
DOI: 10.1002/er



water between the outlet and inlet was 1.05 °C at
500mA·cm�2, which increased to 2.22 °C at 1000mA·cm�2

during the heating process. The corresponding heat
transferred by the coolant water was approximately two
times greater at 1000mA·cm�2 than that at 500mA·cm�2

under the same coolant water mass flow rate. Figure 5(d)
shows the temperature differences between the maximum
temperature in the stack and the coolant water increase with
increasing current density. The temperature difference
reached 19 °C during the cooling process at 1000mA·cm�2.
This large difference and non-uniform temperature distribu-
tion would lead to unstable water phase change process
and reduce the heat transfer capability of the coolant water.
Clearly, the temperature difference of the coolant water
fluctuated more during the heating process when the cooling
systemwas closed. On the one hand, some of the liquidwater
that is generated may evaporate into vapor after the cooling
process. On the other hand, part of the water vapor generated
during the electrochemistry reaction can also be condensed
into liquid because of large temperature difference between
the single cell and the coolant water. In addition, as can be
seen in Figure 5(b), although the temperature difference of
the coolant water between the outlet and inlet increased from
1.22 °C to 1.7 °C, the heat removed by the coolant water
decreased from 3900W to 3500W. As a result, the heat
removal ability could be enhanced using the elevated
convective heat transfer coefficient by increasing the coolant
water mass flow rate.

4.4. Heat generation during the
electrochemical reaction

The temporal profile of the mean voltage of the stack is
shown in Figure 6(a). In the first 600 s, the voltage
increased from 0.724V to 0.745V when the current
density was maintained at 500mA·cm�2. The increase in
voltage can be attributed to the dominant effect of catalyst
activity on the cell voltage when the stack was heated [26].
Although the coolant water flow rates varied from 45 LPM
to 30 LPM, the mean voltage of the stack was maintained
at 0.734V with the least standard deviation while the
current density was 600mA·cm�2. During this process, the

PEMFCs operated steadily under high output efficiency.
The mean voltage dropped to approximately 0.664V when
the current density increased to 1000mA·cm�2. The temper-
ature within the cell increased rapidly due to the limited
cooling ability of the coolant water, which also explained
the reason why the cooling system was opened to control
the operation temperature. Although the average voltage
oscillated during the cooling and heating processes, the stack
was still in high uniformity with a standard deviation less
than 0.08.

The heat generation rate during the electrochemical re-
action is displayed in Figure 6(b). The amount of generated
heat increased with an increase of current density. Fortu-
nately, it was always less than that removed by the coolant
water in Figure 5. The difference between the generated
and removed heat increased with the increase in current
density. Moreover, the differences were 1400W and
3000W during the heating and cooling process at
1000mA·cm�2, respectively. Therefore, phase change
played an important role in the heat balance, especially at
high current density.

4.5. Heat balance analysis

As mentioned previously, phase change affects the cell
performance and the heat removal capability of the coolant
water. Figure 7(a) clearly illustrates the effect of phase
change on the total heat removal. Without considering
phase change, the thermal balance coefficients were all
above the equilibrium line, indicating that heat removed
by the coolant water was greater than the amount generated
by the electrochemical reaction. Only 85% of the total heat
was removed during the heating process with a coolant
water flow rate of 45 LPM. A lower percentage would be
caused by insufficient heat exchange with a decreased
coolant water mass flow rate of 30 LPM. In addition, heat
generated because of the phase change was approximately
40% of the heat removed by the coolant water, and the
percentage decreased to approximately 33% when the
stack was in a cooling process at a current density of
1000mA·cm�2.

Figure 6. Heat generated during the electrochemical reaction. (a) Voltage evolution. (b) Electrochemical reaction heat evolution.
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Figure 7(b) shows the excess heat and its effect on
the temperature increase rate in the stack. Nearly 20%
of the heat removed by the coolant water at a coolant
water flow rate of 45 LPM was used to heat the cooling
system shown in Figure 1(b). Although the amount in-
creased to 33% at 600mA·cm�2, when the coolant flow
rate was decreased to 30 LPM, the rate of temperature
increase was lower than that at 45 LPM, suggesting that
less heat was removed by the coolant water at the de-
creased flow rate. During the cooling process at
1000mA·cm�2, that percentage decreased close to zero
and the thermal balance coefficient reached unity, indi-
cating that the heat generated in the stack was equal
to the heat removed by the coolant water, resulting in
heat balance in the stack. During the heating process,
the heat balance could also be also expressed as,

Φ ¼ ∫
τ

0

Qexcessdτ ¼ ∫
τ

0

Qþ Qhg;water � Qc

� �
dτ

¼ Cp;averagemstackΔt (12)

where Φ is the total amount of heat, Qexcess is the
excess heat, τ is the operation time, Δt is the tempera-
ture increase at the heating process, and Cp, average

and mstack are the specific heat capacity and mass of
the stack in the system, respectively. Equation (12)
can be rewritten as

Cp; averagemstack ¼
Qþ Qhg;water � Qc

� �
Δt
τ

¼ Qþ Qhg;water � Qc

� �
ṫ

(13)

where ṫ is the temperature increase rate of the stack sys-
tem. In general, Cp, average and mstack are both physical
properties of the stack itself in the system. In this case,
QþQhg;water�Qcð Þ

ṫ on the right-hand side of Eq. (13) is a
constant during the heating process at different current
densities. The specified values of Cp, averagemstack under
different cases are almost equal to 3.4 × 104 J °C �1 in
Figure 7(c), indicating that the stack system was in
good heat balance and the experimental data were well
validated.

4.6. Error analysis

To calculate the error of the balance coefficient, Eq. (11)
can be rewritten as:

y ¼ 1
ε
¼ Qþ Qhg;water

Qc

¼ nI 1:25� Vcð Þ þ ṁl;H2OLH2O

Cl;water ṁ water Twater;out � Twater;in

� �

(14)

Figure 7. Heat balance in the stack. (a) Thermal balance coefficient. (b) Excess heat and rate of temperature increase in the stack. (c)
Heat balance in the stack. (d) Error analysis.

Effect of humidified water vapor on heat balance management in PEFMCsZ. Liu et al.

512 Int. J. Energy Res. 2015; 39:504–515 © 2014 John Wiley & Sons, Ltd.
DOI: 10.1002/er



where: Ci,water =A, 1:25nI þ ṁl;H2O
LH2O ¼ B; nI=C;θ =

Twater,out�Twater,in. Eq. (14) can be simplified as,

y ¼ 1
ε
¼ Qþ Qhg;water

Qc
¼ B

Aṁθ
� CVc

Aṁθ
(15)

The absolute errors of the parameters are as follows,

Δθ ¼ 0:2; ΔVc ¼ 0:0001; Δṁ¼ 0:00002;

Δy ¼ � B

Aṁθ2
þ CVc

Aṁθ2

� �
� Δθ � C

Aṁθ
� ΔVc

� B

Aṁ2θ
� CVc

Aṁ 2θ

� �
� Δṁ

(16)

When the current density is 1000mA·cm�2,

Δy ¼ � B

Aṁθ2
þ CVc

Aṁθ2

� �
� Δθ � C

Aṁθ
� ΔVc

� B

Aṁ 2θ
� CVc

Aṁ 2θ

� �
� Δṁ ¼ � 0:08

Therefore, the absolute and relative errors of balance
coefficient can be expressed as:

Δε ¼ ± �y�2 � Δy� � ¼ ±0:08 (17)

δε ¼ Δε
ε
�100% ¼ 8% (18)

Furthermore, the relative errors of the parameters can be
expressed as,

Em ¼ Δṁ
ṁ

¼ 0:00002
0:735

¼ 0:03% (19)

Eθ ¼ Δθ
θ

¼ 0:2
2:496

¼ 8% (20)

EVc ¼
ΔVC

VC
¼ 0:0001

0:6652
¼ 0:015% (21)

Figure 7(d) shows the error analysis of balance coeffi-
cient at a current density of 1000mA·cm�2. It is clear that
the heat removed by the coolant water is slightly greater
than that generated in the fuel cell stack. In fact, the phe-
nomenon will not occur according to the first law of ther-
modynamics. The reasons for this may include a
measuring error of the coolant water inlet and outlet tem-
peratures, the neglect of natural convection between the
stack and the environment, and the experimental operating
conditions. The experimental errors at all monitoring
points were within 5%, which is an acceptable accuracy
for experimental data analysis. The error is mainly attrib-
uted to instrumental error, including temperature, mass
flow rate, and voltage measurements. The most serious

factor is the accuracy of the temperature measurements. To
improve the validity of the experiment, higher precision in-
struments should be used for the temperature measurements.

5. CONCLUSIONS

We investigated the phase change and its effect on the heat
balance in a PEM stack both theoretically and experimen-
tally. Conclusions can be drawn as follows:

• The theoretical analysis of phase change and its effect
on the heat balance was successfully validated by its
good agreement with the experimental data. The heat
removed by the coolant water was more than that gen-
erated by the electrochemical reaction irrespective of
the stack being in the heating or cooling process.
The effect of the phase change on heat balance must
be accounted for to yield reliable results.

• During the heating process, the heat removed by the
coolant water was less than the total heat generated
by the electrochemical reaction and phase change.
The amount of heat removed by the coolant water
can be enhanced by improving the convection heat
transfer coefficient at an elevated coolant water
flow rate.

• During the cooling process, all the heat generated in
the stack can be removed by the coolant water and
the thermal balance coefficient can reach 1.0.
However, because of the large temperature difference
between the MEA and the coolant water at high
operating current density, a bipolar plate with high
heat conductivity coefficient is required to improve
temperature uniformity in the stack.

• Besides the thermal balance coefficient, the arithmetic
product of the specific heat capacity and mass of the
stack can be used as a novel criterion for the heat
balance in asystem and the validation of the experi-
mental data.

NOMENCLATURE

Q = Electrochemistry reaction
heat (W)

Qextra = Heat removed by the cooling
system (W)

Δhf = Enthalpy of formation
(kJ·mol�1)

I = Current density (A)
Vc = Average voltage of the

stack (V)
n = Cell number
λ = Stoichiometry
F = Faraday constant (C·mol�1)
RH = Relative humidity (%)
MH2O = Water molecular weight

(kg·mol�1)
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pa,inlet = Inlet pressure at the anode (Pa)
pc,inlet = Inlet pressure at the

cathode (Pa)
Ta,inlet = Inlet temperature at the

anode (°C)
Tc,inlet = Inlet temperature at the

cathode (°C)
psat(Ta,inlet) = Saturated water vapor pressure

at the anode in the inlet (Pa)
psat(Tc,inlet) = Saturated water vapor pressure

at the cathode in the inlet (Pa)
pa,outlet = Outlet pressure at the

anode (Pa)
pc,outlet = Outlet pressure at the

cathode (Pa)
Ta,outlet = Outlet temperature at the

anode (°C)
Tc,outlet = Outlet temperature at the

cathode (°C)
psat(Ta,outlet) = Saturated water vapor pressure

at the anode in the outlet (Pa)
psat(Tc,outlet) = Saturated water vapor pressure

at the cathode in the outlet (Pa)
ma,add = Water vapor mass flow rate at

anode in the inlet (kg·s�1)
mc,add = Water vapor mass flow rate at

cathode in the inlet (kg·s�1)
ma,out = Water vapor mass flow rate at

anode in the outlet (kg·s�1)
mc,out = Water vapor mass flow rate at

cathode in the outlet (kg·s�1)
mgen;H2O = Water mass flow rate in

the electrochemistry
reaction (kg·s�1)

ml;H2O = Liquid water mass flow rate
generated in the stack (kg·s�1)

LH2O = Latent heat of water (J·kg�1)
Qc = Heat removed by the coolant

water (W)
ṁwater = Coolant water mass flow

rate (kg·s�1)
Cl,water = Specific heat of coolant

water (J·kg�1·°C �1)
Tcoolant water, in = Inlet temperature of the coolant

water (°C)
Tcoolant water,out = Outlet temperature of the

coolant water (°C)
Tcoolant water,mean = Mean coolant water

temperature (°C)
ΔTmax� mean = Temperature difference

between the maximum
temperature in the cell and
mean coolant water
temperature (°C)

ΔTcoolant water = Temperature difference
between the inlet and outlet
coolant water (°C)

ε = Thermal balance coefficient

Φ = Heat amount (J)
Qexcess = Excess heat (W)
τ = Time (s)
ṫ = Temperature increasing

rate (°C·s �1)
Δt = Temperature increasing

amount during the heating
process (°C)

Cp, average = Specific heat capacity of the
stack (J·kg�1·°C �1)

mstack = Mass of the stack in the
system (kg)

minlet; H2O gð Þ = Total water vapor mass flow
rate in the inlet (kg·s�1)

moutlet; H2O gð Þ = Total water vapor mass flow
rate in the outlet (kg·s�1)
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