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Abstract: A three-dimensional and isothermal anode relative humidity (ARH) model is presented
and used to study the anode inlet humidity effects on the fastest power attenuation single cell in
a vehicle fuel cell stack. The ARH model is based on the phenomenon that the anode is more
sensitive than the cathode to water flooding. The pressure drop is considered in the ARH model,
and saturation pressure is established by a pressure drop. Based on the pressure drop and relative
humidity, simulations and tests are completed. First, the geometric model and computational grids
are established, based on real structure of the proton exchange membrane fuel cell (PEMFC). Second,
single cell distribution in the stack, test schematic and experimental conditions are demonstrated.
Finally, polarization curves with 10 cells are displayed and discussed under these conditions that
working temperature 70 ◦C, and diverse relative humidity (40%, 55%, 70%, 85%, and 100%). The test
results of 34 cm2 fuel cell stack are compared against simulation results. The results show that C10
(the single cell with the farthest distance from the gas inlet) power attenuation is the fastest and that
its performance is the poorest under the experimental conditions. The polarization curves predicted
by the ARH model indicate fairly good coherence with the experimental results, compared against
the Fluent original model. The ARH model calculation deviation is 28% less than the Fluent model at
360 mA·cm−2 for a relative humidity of 85%. The current density distribution is almost uniform, and
membrane water content is negatively affected by high humidity.

Keywords: proton exchange membrane fuel cell; pressure drop; relative humidity; power attenuation

1. Introduction

In recent years, hydrogen as a renewable clean energy is widely used in hydrogen internal
combustion engines and proton exchange membrane fuel cell (PEMFC) vehicles, due to the excessive
consumption of fossil fuels and the emissions of pollutants [1–3]. PEMFC vehicles are considered to
be a feasible alternative to internal combustion engines resulting from their high power density, high
efficiency (85%) and zero pollution [4]. As a future development object of automotive power source,
PEMFC has received extensive attention [5–8]. For the PEMFC stack, as the core component of fuel cell
vehicles, its cost and life are the pivotal factors for fuel cell commercialization [9–12]. The excellent
humidity of the fuel cell has a direct positive effect on single cell power attenuation and the stack
performance, so as to prolong the cell life. However, on the one hand, it can lead to the serious drying,
even cracking, of the proton exchange membrane, when the fuel cell humidification is insufficient [13].
On the other hand, water flooding phenomenon can be caused by excessive humidification, which
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leads to local hot spots due to gas accumulation in the fuel cell, and shortening the fuel cell life. Thus,
it is beneficial to set appropriate humidification of the gas to ensure good conductivity of the proton
exchange membrane and to improve water management system of the fuel cell [14].

At present, the humidification methods applied in experiments include internal
humidification [15], external humidification [16,17] and self-humidification [18,19]. For internal
humidification, liquid water is transferred in the membrane according to the effect of concentration
difference. This method is convenient to operate, but the problems of hysteresis and inaccuracy are
obvious. For external humidification, one commonly used method is liquid water humidification,
which is simple and efficient; however, this method has serious flooding problems, which leads to the
deterioration of PEMFC performance. Another method is bubble humidification, the issue for which
is controlling the temperature and humidity when the gas enters. In addition, self-humidification
is affected by working conditions, and it is only useful for low-power applications. External
humidification is superior to internal humidification and self-humidification, especially under high
power and high temperature conditions [20].

To some extent, relative humidity as an inlet parameter can influence the water management,
thus affecting the PEMFC performance. Many researchers have focused on the relative humidity
effects on the PEMFC performance from experiment and calculation. As a customary research method,
the experimental research is not only intuitive, but it also has a high reliability. Zhang et al. [21]
designed an air humidifier for evaluating the humidification performance under different operation
conditions. Pei et al. [22] revealed the effects of different anode and cathode gas humidity levels to
determine the cause of the flooding. Dilek et al. [23] proposed that the water content, temperature,
and conductivity of the proton exchange membrane could be improved by increasing the relative
humidity and temperature of the cell. R Eckl et al. [24] revealed that gas humidification played a
crucial role in the low power range for high operating temperatures. Also, they explained the physical
and chemical mechanism applications by observing the experimental phenomenon of fuel cell in two
kinds of extreme cases, dry and flooded.

Compared to experimental studies, simulations have a wide range of applications. They can
greatly reduce material and financial resources, but also effectively shorten the test time required.
Jeon et al. [25] evaluated the PEMFC using the system efficiency calculation method at different
working temperatures and inlet relative humidities, and stated that the system efficiency was
improved more availably by changing the relative humidity rather than the operating temperature.
Aleksandra et al. [26] studied the effects of the cathode inlet temperature and relative humidity on
performance, and found that the residual heat in the fuel cell could affect the fuel cell performance,
and that lower temperature and higher relative humidity resulted in better fuel cell performance.
The relative humidity influence on PEMFC vehicle operation has also caused Jeon et al. [27] great
interests. They concluded that low humidity was beneficial in reducing costs and the overall weight of
the humidifier in the external cell cathode, according to serious flooding phenomena.

As mentioned in the above research, the relative humidity significant effects on the PEMFC water
management system and performance has been confirmed. However, with the fast development of
PEMFC, the emerging stack combined by many single fuel cells satisfied the need of high power;
meanwhile, homogeneity problems have arisen. This paper takes into account the pressure drop
about the fastest power attenuation single cell in the stack, and indicates the saturation pressure
by the pressure drop, and comprehensively analyzes the fuel cell performance from two aspects of
calculation and experiment. Firstly, a three-dimensional anode relative humidity (ARH) model is
put forth. Then, the geometric model and grid computing are established, and the ARH model is
coupled into computational fluid dynamics software for calculation. Next, tests are conducted on the
basis of an experimental platform under these conditions: a cell working temperature of 70 ◦C and
an inlet pressure of 0.1 MPa with a relative humidity of 40%, 55%, 70%, 85%, and 100%. Finally, the
experimental results of the Fluent model and the ARH model are compared. The counters of fuel cell
species are displayed and analyzed.
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2. Calculation

2.1. ARH Model Description

The mass conservation equation is applied to the diffusion of the gas mixture, which is listed as:

∂

∂x

(
ρ
→
u
)
= Sm (1)

where ρ represents the density of gas (kg m−3) and u is the velocity vector (m s−1). Sm is the sum of
the hydrogen, oxygen and water source terms, as listed below:

Sm = SH2 + SO2 + SH2O (2)

SH2 = −
MH2

2F
Ra (3)

SO2 = −
MO2

4F
Rc (4)

SH2O =
MH2O

2F
Rc (5)

where Ra represents the hydrogen exchange current densities (A m−3), Rc represents the oxygen
exchange current densities (A m−3). MH2 is the hydrogen molecular weight (kg mol−1), MO2 is the
oxygen molecular weight (kg mol−1), and MH2O is the water molecular weight (kg mol−1). F represents
the Faraday constant.

The momentum conservation equation and the momentum source term are given by:

∂(ερ
→
u )

∂t
+∇ · (ερ

→
u
→
u ) + ε∇P−∇ · (εµ∇→u ) = Su (6)

Su = − µ

K
→
u (7)

where Su is the momentum source term in the catalyst layer and the gas diffusion layer of PEMFC, and
it is 0 in other domains. ε represents the porosity coefficient. P is the pressure (Pa), T is the temperature
(K), and µ indicates the mixture mean viscosity (kg (m s)−1). K is the permeability.

The diffusivity of gas phase species is expressed as:

De = ε1.5Dg (8)

Membrane conductivity and the osmotic drag coefficient are given by (9) and (10). Due to excellent
stability and conductivity, Nafion membrane is used for PEMFC, working as a kind of perfluorinated
sulfonic acid membranes. The diffusion flux is given by (11).

σm = (0.514λ− 0.326)e1268(
1

303
− 1

T
) (9)

nd = 2.5
λ

22
(10)

Jd = − ρm

Mm
MH2OD(λ)∇λ (11)

where De and Dg are diffusivity of the effective gas species and the gas species mass (m2 s−1),
respectively. σm, Mm, and ρm are the conductivity, equivalent weight (kg kmol−1), and density
(kg m−3) of the membrane. λ is the water content.
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Different from the traditional internal combustion engine, the fuel cell stack replaces the
combustion chamber, and its efficiency is not limited by the Kano cycle. In addition to the traditional
internal combustion requirements of the air filter and pressure for the supply system, the fuel cell stack
needs to be humidified [28,29]. In order to effectively prevent the water flooding phenomenon of the
vehicle fuel cell, Pei et al. [30] carried out the relevant research. They found that the reverse osmosis
of the cathode water produced made the anode less resistant to water flooding, so they focused on
anode water flooding. Through a series of theoretical analysis and experimental verification, they
concluded that the pressure drop had significant effects on water flooding and obtained pressure drop
law affected by current and other parameters.

∆Pf =
1.1748× 10−9(Cw + Cd)LeT/275.7T

n(CwCd)
3(PH2 − Ps)PH2

0.0263
(λH2 − 0.5)I (12)

Membrane water diffusivity in ARH model is given by:

D(λ) = f (λ)e2416( 1
303−

1
T ) (13)

λ = 0.043 + 17.18a− 39.85a2 + 36a3 (a < 1)
λ = 14 + 1.4(a− 1) (a > 1)

(14)

a =
Pw

Ps
(15)

The saturation pressure in the above Equation (15) could be obtained by Equation (12), not the
empirical equation in Fluent.

Ps = PH2 −
1.1748× 10−9(Cw + Cd)

2LeT/275.7T

n(CwCd)
3PH2

0.0263∆Pf
(λH2

− 0.5)I (16)

RH =
Pi

Psat
XH2O (17)

where Cw, Cd, L, n, PH2 , Ps, λH2, I, RH, a, XH2O, Pe, and Pw represent the flow channel width (cm),
flow channel depth (cm), flow channel length (cm), the number of flow channels, anode inlet pressure
(kPa), the saturation pressure (kPa), anode gas excess coefficient, current (A), relative humidity (%),
water activity, vapor molar fraction, the local pressure (kPa), and the water vapor pressure (kPa),
respectively.

It is required that all imports are represented as a mass-flow-inlet and exports as a pressure-outlet
for boundary conditions. The mass flow rate is:

MA =

⌊
18XH2O + 2(1− XH2O)

⌋
KH2 · i · A · λH2

2(1− XH2O)
(18)

MC =

⌊
18XH2O + 29(1− XH2O)

⌋
KO2 · i · A · λO2

0.23× 29(1− XH2O)
(19)

where A represents the active area (m2), i represents the current density (A m−2), KH2 is the hydrogen
electrochemical equivalent (kg(A s)−1) and KO2 is the oxygen electrochemical equivalent (kg(A s)−1),
λO2 is the cathode gas excess coefficient.

The pressure drop is considered in the calculation of relative humidity in the ARH model, so
that the relative humidity is obtained by inlet pressure and saturation pressure. In the process of the
calculation, the outlet pressure is adjusted in time. For unknown PEMFC, the coefficients in Equations
(12) and (16) can be obtained by fitting the data. It can also be said that the anode pressure drop can
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be ascertain by the experiment pressure drop data of certain fuel cell temperatures, inlet pressures,
and humidity.

2.2. Simulation Schematic

The fuel cell numerical analysis schematic is shown in Figure 1. First, the fuel cell geometric
model with a serpentine flow field is established, based on the actual experimental cell. The mesh
generation is carried out, and its quality is checked. Next, the PEMFC model is defined in Fluent 15.0,
and the ARH model is coupled into the PEMFC module to calculate; what is more, the fluid grids and
boundary conditions are set. Then, solvers, including the iterative steps and convergence conditions,
are set up. Finally, the pressure and other parameters are adjusted to satisfy the convergence conditions
in time, and then the results are processed and unreasonable solutions are removed.
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2.3. Geometry and Mesh Generation

As shown in Figure 2a, the PEMFC geometry includes the proton exchange membrane, diffusion
layers, catalyst layers, flow channels, and collector plates. The difference is that Falcao et al. [31] the
geometry does not include collector plates, in order to shorten the simulation time. The entire mesh
generation is shown in Figure 2b. The anode and cathode flow channel mesh generation is respectively
listed in Figure 2c,d for better observation. Non-conformal mesh is used at the interface to reduce the
workload, and to improve mesh quality. The number of elements is almost up to 1,600,000. The number
of anode and cathode flow channels elements is 159,653 and 138,246, respectively. The body mesh
generation is non-uniform as Rahimi-Esbo [32] presented, because of the dimensional difference.
Collector plates and channels have the same elements Tet/Hybrid and type TGrid, and other parts use
the same elements Hex and type Map. It is assumed that the gas mixture is ideal and incompressible,
and that the reactions are homogeneous, resulting from low flow rate and low pressure. The model is
isothermal and single-phase. The parameters of geometrical configurations, transport properties, and
electrochemical properties in the ARH model are listed in Table 1.

Table 1. Parameters in the anode relative humidity (ARH) model.

Parameters Value Unit

Active area 0.0034 m2

Thickness of the membrane 0.00005 m
Thickness of the diffusion layer 0.0002 m
Thickness of the catalyst layer 0.00001 m
Length of the flow channel 0.05 m
Width of the flow channel 0.0012 m
Depth of the hydrogen channel 0.0006 m
Depth of the oxygen channel 0.0008 m
Thickness of the collector plate 0.002 m
Number of serpentine turns 5
Length of the single channel turn 0.05 m
Thermal conductivity of the membrane 0.4 W (m K)−1

Thermal conductivity of the gas diffusion layer 1.2 W (m K)−1
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Table 1. Cont.

Parameters Value Unit

Thermal conductivity of the catalyst layer 1.5 W (m K)−1

Thermal conductivity of the current collector 20 W (m K)−1

Electrical conductivity of the gas diffusion layer 2500 (ohm m)−1

Electrical conductivity of the catalyst layer 2500 (ohm m)−1

Electrical conductivity of the current collector 20,000 (ohm m)−1

Porosity of the gas diffusion layer 0.5
Porosity of the catalyst layer 0.28
Membrane equivalent weight 1100 kg kmol−1

Hydrogen reference exchange current density 4000 A m−2

Anode reference concentration 1 kmol m−3

Anode transfer coefficient 0.5
Oxygen reference exchange current density 5.75 A m−2

Cathode reference concentration 1 kmol m−3

Cathode transfer coefficient 0.5
Open circuit voltage 0.95 V
Leakage current 0 A
Electrochemical equivalent of hydrogen 1.05 × 10−8 kg (A s)−1

Electrochemical equivalent of oxygen 8.29 × 10−8 kg (A s)−1

Reference diffusivity of hydrogen 9.15 × 10−5 m2 s−1

Reference diffusivity of oxygen 2.2 × 10−5 m2 s−1

Reference diffusivity of water 2.56 × 10−5 m2 s−1

Anode catalyst layer surface/volume ratio 2 × 106 m−1

Cathode catalyst layer surface/volume ratio 1 × 107 m−1

Operating temperature 70 ◦C
Anode relative humidity 40, 55, 70, 85, 100 %
Cathode relative humidity 100 %
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For the experimental fuel cell stack, if the structure and channels location are unknown, the ARH
model parameters can be estimated by performing the twice test in different parameters. The effective
area of MEA could also be estimated by this method.

3. Experimental Set-Up

3.1. Apparatus and Schematic

Figure 3 shows the fuel cell stack and the schematic of single cell distribution. Figure 3a is the
10 single-cell stack and the test platform. The stack, composed of 10 single cells, uses hydrogen as a
fuel at the anode, and oxygen as the oxidant at the cathode, and the heater band is used to maintain
the temperature. Figure 3b shows the position of the inlet and outlet. The experiment and simulation
focused on the fastest power attenuation single cell in the vehicle fuel cell stack.
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The fuel cell test system was made up of test elements, as shown in the test schematic in Figure 4.
The test system power was up to 10 kW. There were two exit load systems in this experiment. On the
one hand, the H&H ZS electronic load was used for providing load current. It takes advantage
of the programming controls, and its control models are constant current, constant voltage, and
constant power. On the other hand, RXN-3010D was utilized as a constant-current source in the
measurement of membrane electrode parameters. The rotameter, pressure sensor, humidification
sensor, and temperature sensor were used to detect the flow rate, pressure, humidification, and the
temperature of the gas, respectively. Gas was humidified by a bubble humidifier. The fuel cell system
was cooled by water cycle cooling. The pressure was controlled by the back-pressure valve at the
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outlet. In order to prevent flooding and to ensure the inlet temperature, water-gas separators and a
heater band were installed at the inlet. Normally, the temperature of the heater band is usually about
5 ◦C above the inlet temperature, to prevent gas cooling and liquefaction. Moreover, in order to ensure
experimental safety, the alarm valve turns on and test bench is stopped immediately once hydrogen
leakage exceeds the alarm threshold.
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3.2. Experimental Conditions

The ambient temperature of this experiment was 25 ◦C, and the ambient air relative humidity
was 30%. Each parameter was controlled separately and they did not affect each other. Pure hydrogen
and air were supplied and humidified by an external humidifier, and their flow rates were controlled
by the gas flow meters. The excess coefficients of hydrogen and oxygen were respectively 1.4 and
2. The initial flow rates of hydrogen and oxygen were 2 L/min and 5 L/min. The experiment was
performed under these conditions in that the operation temperature was 70 ◦C, the inlet pressure
was 0.1 MPa, and the relative humidity was 40%, 55%, 70%, 85%, and 100% (with respective gas inlet
temperature of 50 ◦C, 57 ◦C, 62 ◦C, 66 ◦C, and 70 ◦C). Polarization curves could then be drawn at the
same operation temperature and at various gas inlet temperatures.

4. Results and Discussion

4.1. Polarization Curves with 10 Single Cells

Figure 5 presents the polarization curves with 10 cells for an operating temperature of 70 ◦C,
a gas inlet pressure of 0.1 MPa and an elevated anode relative humidity of 40%, 55%, 70%, 85%, and
100%. Tables 2–6 show the dynamic performance at different relative humidity about the voltage
drop. It can be found that the voltage was in the range of 0.551 V~0.973 V, while the current density
was 0~360 mA/cm2. Moreover, the maximum voltage appeared on single cells in different locations
in the stack, because of different current densities. Around 0 current density, the maximum voltage
appeared at C4 or C5, which was in the middle of stack. Oppositely, for a maximum current density
of 360 mA/cm2, the maximum voltage almost focused on a single cell of the gas inlet inside, due
to a lower flow rate and the accumulation of gas. Jang et al. [33] also came to similar conclusions.
They revealed that the cell performance on both sides of the stack was slightly better than that of
the center cell. Additionally, the voltage differences between the single cells increased as the current
density increased, because this was related to the increase of the reaction rate. The water flooding
phenomenon did not occur because the experimental maximum current density almost did not reach
the concentration polarization area.
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Table 2. Dynamic performance at different relative humidities (40%).

Current Density (mA/cm2) CV1 CV2 CV3 CV4 CV5 CV6 CV7 CV8 CV9 CV10 Voltage

0.012 0.978 0.982 0.992 0.999 0.987 0.990 0.984 0.992 0.987 0.961 9.840
18.494 0.865 0.869 0.864 0.860 0.867 0.866 0.858 0.867 0.863 0.849 8.613
54.861 0.814 0.822 0.817 0.804 0.822 0.818 0.809 0.820 0.819 0.804 8.109

145.783 0.754 0.760 0.750 0.731 0.761 0.745 0.741 0.755 0.753 0.733 7.459
218.502 0.723 0.724 0.709 0.680 0.717 0.697 0.691 0.710 0.703 0.683 7.010
291.222 0.689 0.687 0.672 0.639 0.674 0.655 0.639 0.666 0.643 0.617 6.561
363.595 0.659 0.654 0.639 0.601 0.652 0.637 0.606 0.631 0.611 0.551 6.158

Voltage drop (V) 0.319 0.328 0.353 0.398 0.335 0.353 0.378 0.361 0.376 0.410 3.683

As shown in Figure 5a and Table 2, the maximum voltage difference was 0.108 V between C1 and
C10 at a current density of 360 mA/cm2. The maximum voltage differences generated in Figure 5b–e
were between two cells, which were C1 and C10, the same as Figure 5a, which respectively were
0.044 V, 0.065 V, 0.056 V, and 0.05 V at a current density of 360 mA/cm2. It was obvious that the voltage
differences between the cells gradually decreased as the relative humidity increased, resulting from
the increase of ionic conductivity and resistance reduction [26]. It also could be observed that C10
voltage was the lowest, and its performance was the poorest for different current densities and relative
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humidity. This may be because the amount of gas reaching C10 was relatively small, and the reaction
rate was low, due to the pressure drop.

Table 3. Dynamic performance at different relative humidities (55%).

Current Density (mA/cm2) CV1 CV2 CV3 CV4 CV5 CV6 CV7 CV8 CV9 CV10 Voltage

0.012 0.988 0.993 0.997 0.992 0.999 0.992 0.984 0.996 0.992 0.969 9.891
18.494 0.858 0.857 0.856 0.851 0.857 0.852 0.853 0.856 0.854 0.838 8.513
54.869 0.802 0.801 0.798 0.792 0.798 0.795 0.797 0.799 0.799 0.780 7.922

145.790 0.738 0.740 0.738 0.728 0.739 0.750 0.733 0.740 0.738 0.715 7.326
218.502 0.708 0.709 0.708 .693 0.708 0.704 0.696 0.708 0.707 0.665 6.973
291.222 0.676 0.676 0.672 0.654 0.671 0.669 0.650 0.672 0.671 0.632 6.614
363.595 0.646 0.644 0.639 0.628 0.650 0.650 0.617 0.636 0.652 0.614 6.264

Voltage drop (V) 0.342 0.349 0.358 0.364 0.349 0.342 0.367 0.360 0.340 0.355 3.628

Table 4. Dynamic performance at different relative humidity (70%).

Current Density (mA/cm2) CV1 CV2 CV3 CV4 CV5 CV6 CV7 CV8 CV9 CV10 Voltage

0.004 0.992 0.999 1.001 1.005 1.000 0.997 0.992 0.997 0.995 0.973 9.941
18.494 0.874 0.875 0.874 0.874 0.878 0.877 0.867 0.877 0.873 0.856 8.712
54.861 0.817 0.819 0.818 0.811 0.817 0.817 0.804 0.821 0.813 0.795 8.105

145.783 0.748 0.748 0.746 0.736 0.765 0.762 0.729 0.753 0.741 0.717 7.393
218.495 0.719 0.714 0.711 0.696 0.711 0.710 0.689 0.716 0.705 0.670 6.985
291.222 0.688 0.681 0.677 0.659 0.672 0.676 0.652 0.682 0.670 0.634 6.649
363.595 0.663 0.652 0.649 0.637 0.651 0.649 0.617 0.650 0.618 0.598 6.335

Voltage drop (V) 0.329 0.347 0.352 0.368 0.349 0.348 0.375 0.347 0.377 0.375 3.606

Table 5. Dynamic performance at different relative humidities (85%).

Current Density (mA/cm2) CV1 CV2 CV3 CV4 CV5 CV6 CV7 CV8 CV9 CV10 Voltage

0.004 0.983 0.992 0.995 0.999 0.995 0.994 0.987 0.995 0.990 0.968 9.888
18.494 0.874 0.877 0.879 0.878 0.878 0.878 0.873 0.878 0.874 0.860 8.736
54.861 0.818 0.823 0.826 0.820 0.824 0.824 0.818 0.825 0.817 0.802 8.175

145.783 0.764 0.762 0.765 0.754 0.763 0.761 0.756 0.768 0.757 0.732 7.564
218.495 0.741 0.736 0.735 0.721 0.732 0.731 0.724 0.736 0.725 0.696 7.241
291.222 0.716 0.709 0.708 0.694 0.701 0.704 0.692 0.709 0.693 0.670 6.946
363.588 0.692 0.685 0.683 0.666 0.671 0.680 0.660 0.681 0.660 0.636 6.677

Voltage drop (V) 0.291 0.307 0.312 0.333 0.324 0.314 0.327 0.314 0.330 0.332 3.211

Table 6. Dynamic performance at different relative humidities (100%).

Current Density (mA/cm2) CV1 CV2 CV3 CV4 CV5 CV6 CV7 CV8 CV9 CV10 Voltage

0.004 0.972 0.983 0.988 0.992 0.992 0.989 0.982 0.989 0.987 0.964 9.828
18.494 0.868 0.871 0.874 0.871 0.872 0.873 0.869 0.873 0.869 0.857 8.687
54.861 0.808 0.815 0.820 0.816 0.820 0.819 0.814 0.822 0.816 0.803 8.139

145.783 0.759 0.758 0.760 0.751 0.758 0.758 0.755 0.765 0.755 0.742 7.546
218.502 0.738 0.731 0.729 0.718 0.726 0.726 0.718 0.733 0.718 0.705 7.187
291.222 0.711 0.704 0.701 0.687 0.692 0.696 0.682 0.703 0.681 0.666 6.876
363.595 0.685 0.679 0.675 0.660 0.661 0.671 0.647 0.686 0.642 0.635 6.577

Voltage drop (V) 0.287 0.304 0.313 0.322 0.331 0.318 0.335 0.303 0.345 0.329 3.251

4.2. The Fastest Power Attenuation Single Cell

Based on the above series of experimental data, an important conclusion is that C10 is a single
cell with the poorest performance in the stack being obtained. The ARH model was applied to the
C10 calculation to compare among the Fluent model results and experiment results, and to prove
its reliability. In order to more clearly express the cell performance, polarization curves, and power
density curves about the ARH model, the Fluent model and experiment are shown in Figure 6 under
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these conditions of working temperature, 70 ◦C, and different anode relative humidities. It could be
found that the voltage and power density changing tendencies had a good agreement. However, there
existed obvious voltage differences and power density differences between the experiment data and
the simulation results for different relative humidities.

The C10 polarization curves and power density curves are shown in Figure 6a under a relative
humidity of 40%. It can be observed that the voltage was in the range of 0.5~1.0 V when the current
density varied from 0 to 400 mA·cm−2. There was a maximum voltage for the experiment data and the
simulation model results when the current density was around 0, because the electrochemical reaction
rate was low, due to a lower gas inlet flow rate. The voltage differences between the experimental
data and the simulation model data increased first, and then they gradually decreased as the current
density increased. The maximum voltage difference appeared at around the current density of 50
mA·cm−2. This is because the activation loss enhancement is related to the proton transfer rate
and voltage reduction. The current density and reaction rate improvement causes an activation loss
enhancement [17]. More specifically, the ARH model results were more reliable because they were
always closer to the experimental results than the Fluent model results. The error between the ARH
model (0.534 V) and the experiment data (0.499 V) was almost 7% at around a current density of 400
mA·cm−2. This is because the ARH model not only takes into account the pressure drop between
the flow channels of the single cells, but it also considers the pressure drop among the single cells
in the stack. Also, water saturation improved with the increase of current density, resulting in the
adsorption rate and throughput rate of the H+ rise on the proton exchange membrane. Compared with
the research of Li [34], we concluded that there are almost no concentration regions from the presented
power density curves, so that there is no flooding phenomenon.

In Figure 6b, the polarization curves and power density curves for a relative humidity of 55% are
shown. Compared against the polarization curves in Figure 6a, the minimum voltage was from 0.499
V up to 0.599 V. This was relevant to the higher ionic conductivity and lower resistance, and this could
be attributed to the higher proton exchange membrane water content and the relative humidity [35].
The Fluent model results, ARH model results, and experiment results had a similar tendency to those
in Figure 6a, and the curves changed more gently as the current density increased. When the current
density was 0, the Fluent model, ARH model, and experiment voltages respectively were 0.972 V, 0.97
V, and 0.969 V and there was no difference, as the gas had not yet begun to react. It can be seen that
there was a sharp drop in voltage when the current density was in the range of 0~50 mA·cm−2. During
this stage, the proton exchange membrane water content depended largely on the gas humidification,
due to the lower electrochemical reaction. Similarly, the maximum differences of voltage and power
density occurred near the current density of 50 mA·cm−2, and the differences of the voltage and power
density between the Fluent model (0.873 V, 43.65 mW·cm−2) and the experiment (0.78 V, 39 mW·cm−2)
were 0.093 V and 4.65 mW·cm−2, which were bigger than those (0.047 V, 2.35 mW·cm−2) between
the ARH model (0.827 V, 41.35 mW·cm−2) and the experiment. It could easily be observed that the
ARH model values were closer to the experiment values, to better predict the cell performance. There
was a softer drop in voltage when the current density was in the range of 50~400 mA·cm−2. The
water content mainly came from the electrochemical reaction, and it was almost not affected by gas
humidification with the increase of the current density. The calculation precision improved for the
ARH model, because it considers the saturation pressure based on the pressure drop of the real PEMFC
structure, and not the conventional equation.

A proper relative humidity is responsible for improved membrane water content and ion
conductivity [36]. As shown in Figure 6c, several representative data for a relative humidity 70% are
expressed in the polarization curves and power density curves. It could be found that simulation data
and experiment data matched well. The voltage and power density differences gradually decreased
when the current density was bigger than 50 mA·cm−2. Especially, the Fluent model data (0.643 V)
was the closest to the experiment data (0.598 V) at the current density of 360 mA·cm−2, and even the
voltage error was reduced to 8%, the same as Takalloo [37] explained. As we expected, the ARH model
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data (0.619 V) was closer to experiment data compared to the Fluent model data at 360 mA·cm−2. The
water contents of the proton exchange membrane were produced by the electrochemical reaction and
gas humidification. Additionally, it was obvious that the voltage and power density differences were
smaller than that in Figure 6a,b. This is because the current density and relative humidity improvement
caused the saturation of proton exchange membrane improvement, thus facilitating ion conductivity
and reducing the resistance.

As shown in Figure 6d, the polarization curves and power density curves under the relative
humidity 85% are displayed. The simulation data and experiment data showed no significant difference
at around the current density of 0. The voltage differences between the simulation data and experiment
data gradually increased from 0 to 50 mA·cm−2, due to the increase of gas humidification and pressure
drop. During the low current density region, gas humidification plays a vital role in the water content
of the proton exchange membrane. The simulation data were consistent with the experiment data, and
their differences were gradually ignored with the increase of the current density (50~400 mA·cm−2). It
can be observed that ARH model result (0.645 V) was closer to experiment data (0.636 V) at around the
current density of 360 mA·cm−2, and even the relative accuracy was increased by 72% compared with
the Fluent model result (0.669 V). Since PEMFC operation temperature was relatively high, the ionic
conductivity influenced by the high relative humidity was considered. In addition to the operating
temperature, saturation pressure in ARH model takes into account the pressure drop, hydrogen inlet
pressure, and the structural parameters of the cell. Thus, the ARH model results are more reliable than
the Fluent model. Jeon et al. [19] also confirmed that cell system efficiency improvement depends on
the relative humidity rather than the operation temperature. Additionally, the fuel cell is likely to be
prone to flooding, due to the high operation temperature and the relative humidity [38].

There are, respectively, three polarization curves and power density curves with a relative
humidity of 100% in Figure 6e. The simulation results and experiment results in Figure 6e were
similar to the Figure 6a–d results. There existed a sharp drop in voltage at a current density of
0~50 mA·cm−2. As a result of a low electrochemical reaction, gas humidification was necessary to
ensure water content on the membrane. When the current density was about 360 mA·cm−2, the Fluent
model voltage (0.692 V) increases by 9% more than the experimental voltage (0.635 V), and the ARH
model voltage (0.649 V) was closer to the experiment value, and it almost increased by 3% compared
to the experiment voltage. The voltage differences decreased as predicted in Figure 6a–c. However,
the voltage differences in Figure 6e rose again compared to that in Figure 6d. This is because the
proton exchange membrane was likely to be flooded under real experiment due to higher relative
humidity, but simulation conditions were affected by pressure drop, whose tendencies were the same
as Figure 6a–d. In addition, Machado et al. [39] found that relative humidity had a stronger influence
on cell performance, especially at a lower voltage range, as the gradient of water activity controlled
the adsorption strength.
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4.3. Contours of Fuel Cell Species Distribution

The contours of the fuel cell species distribution including the current density, membrane water
content, and molar concentrations of hydrogen and oxygen, are represented under the conditions of
relative humidity 85% and 100% in Figure 7. It could be observed that the ARH model voltage value at
a higher relative humidity was closer to real experiment value from the polarization curves, so that the
contours of 85% and 100% relative humidity were chosen, and the operative voltage was 0.6 V.

The current density distribution on the proton exchange membrane surface is shown in Figure 7a,b.
The current density distribution was uniform and similar to Rahimi-Esbo [32] research. Also,
the pressure drop uniformity influenced current density distribution to some extent especially
at the flow channel terminals. It could be found that the current density was in the range of
5.28 × 102~8.95 × 103 at a relative humidity of 85%. The current density was in the range of
3.48 × 102~8.93 × 103 at a relative humidity of 100%. It is obvious that there are bigger differences
during the low current density region, and that the differences gradually narrow with the increase
of current density. Figure 7c,d shows the counters of membrane water content distribution. It can be
observed that membrane water content at a relative humidity of 85% was less than that at a relative
humidity of 100% and that their results were opposite to the current density distribution. Additionally,
the counters of molar concentrations of hydrogen and oxygen were respectively listed in Figure 7e–h.
The variation range of hydrogen molar concentration was not large, and its tendency in anode channels
was different, due to different relative humidities. From the gas inlet to the outlet in the anode channel,
the molar concentration of hydrogen gas gradually decreased and the maximum and minimum
concentrations were 4.31 × 10−2 and 4.22 × 10−2 at a relative humidity of 85%. A similar tendency has
also emerged at a relative humidity of 100%, where the maximum molar concentration of hydrogen
gas was 4.21 × 10−2, and the minimum was 4.15 × 10−2. This may be because the hydrogen flow rate
and the mass fraction are relatively low, so the variation range is small [40]. The pressure drop and
water content generated by a higher humidity have significantly effects on the molar concentration
distribution, so the molar concentration values are smaller at relative humidities of 100%. Similarly, the
oxygen molar concentrations are in the range of 7.47 × 10−3~8.97 × 10−3 and 7.06 × 10−3~8.64 × 10−3

at cathode channels for relative humidities of 85% and 100%, and their variation tendencies show a
good agreement. Purushothama Chippar et al. [41] pointed out that simulation values such as current
density and molar concentration at high relative humidities are smaller than at low relative humidity,
resulting from the reaction rate improvement. As in their investigation, the simulation values at a
relative humidity of 100% in this work were smaller than those at a relative humidity of 85%. This is
because the pressure drop in the stack has a great influence on the relative humidity and cell output
parameters. Water generated by a higher operating temperature of 70 ◦C and a high relative humidity
of 100% promotes the passage of protons.
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5. Conclusions

In this study, the ARH model is applied to computational fluid dynamics to analyze the relative
humidity effects on PEMFC performance. A three-dimensional model for the fastest power attenuation
single cell with five serpentine channels is established in the stack. Experiments corresponding to
simulation are performed. There are some conclusions, listed by polarization curves and counters of
the fuel cell species distribution:

(1) Single cell C10 power attenuation is the fastest, and its performance is the poorest under these
experimental conditions.

(2) The ARH model is valid because C10 experimental results and polarization curves predicted by
the ARH model and the Fluent original model are consistent. ARH model results are closer to the
experiment results, especially because its calculation deviation is almost 28% less than original
model at a current density of 360 mA·cm−2 for a relative humidity of 85%.

Author Contributions: Y.L. proposed the idea of visualization experiment combined with the simulation
experiment. J.G. designed the experiments and performed the experiments. S.Y. analyzed the data. N.W.
and J.G. accomplished the numerical simulation. Y.L. and J.G. wrote the paper.

Funding: This research was funded by the State Key Laboratory of Automotive Safety and Energy (KF1825),
the Fundamental Research Funds for Beijing University of Civil Engineering and Architecture (X18083), the
National Key Research and Development Program (2017YFB0102705 and 2016YFB0101305), National Natural
Science Foundation of China (21676158), the Scientific Research Project of Beijing Educational Committee
(KM201510016011), State Key Laboratory of Engines, Tianjin University (K2017-07), and the BUCEA Post Graduate
Innovation Project (PG2018081). The APC was funded by BUCEA.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Vesselin, K.K.; Giacomo, F.; Elio, J.; Mariagiovanna, M.; Raffaello, C. 3D CFD modeling and experimental
characterization of HT PEM fuel cells at different anode gas compositions. Int. J. Hydrog. Energy 2014, 39,
21663–21672.

2. Liu, Y.; Werner, L.; Holger, J.; Remzi, C.S.; Detlef, S. A review of high-temperature polymer
electrolyte membrane fuel-cell (HT-PEMFC)-based auxiliary power units for diesel-powered road vehicles.
J. Power Sources 2016, 311, 91–102. [CrossRef]

3. Alexandre, D.B. Synthesis on power electronics for large fuel cells: From power conditioning to
potentiodynamic analysis technique. Energy Convers. Manag. 2014, 84, 174–185.

4. Fragiacomo, P.; Astorino, E.; Chippari, G.; Lorenzo, G.D.; Czarnetzki, W.T.; Schneider, W. Dynamic modeling
of a hybrid electric system based on an anion exchange membrane fuel cell. Cogent Eng. 2017, 4. [CrossRef]

http://dx.doi.org/10.1016/j.jpowsour.2016.02.033
http://dx.doi.org/10.1080/23311916.2017.1357891


Appl. Sci. 2018, 8, 2307 19 of 20

5. Lorenzo, G.D.; Andaloro, L.; Sergi, F.; Napoli, G.; Ferraro, M.; Antonucci, V. Numerical simulation model
for the preliminary design of hybrid electric city bus power train with polymer electrolyte fuel cell. Int. J.
Hydrog. Eng. 2014, 39, 12934–12947. [CrossRef]

6. Napoli, G.; Micari, S.; Dispenza, G.; Novo, S.D.; Antonucci, V.; Andaloro, L. Development of a fuel cell
hybrid electric powertrain: A real case study on a Minibus application. Int. J. Hydrog. Energy 2017, 42,
28034–28047. [CrossRef]

7. De Luca, D.; Fragiacomo, P.; De Lorenzo, G.; Czarnetzki, W.T.; Schneider, W. Strategies for dimensioning
two-wheeled fuel cell hybrid electric vehicles using numerical analysis software. Fuel Cells 2016, 16, 628–639.
[CrossRef]

8. Andaloro, L.; Micari, S.; Napolo, G.; Polimeni, A.; Antonucci, V. A hybrid electric fuel cell minibus: Drive
test. World Electr. Veh. J. 2016, 8, 131–138. [CrossRef]

9. Ebranhim, A.; Nasser, B.H. Performance analysis of a membrane humidifier containing porous metal foam
as flow distributor in a PEM fuel cell system. Energy Convers. Manag. 2014, 88, 612–621.

10. Lei, X.; Prodip, K.D.; Song, X.; Mohamed, M.; Keith, S. Numerical analysis of the optimum
membrane/ionomer water content of PEMFCs: The interaction of Nafion ionomer content and cathode
relative humidity. Appl. Energy 2015, 138, 242–257.

11. Saadi, A.; Becherif, M.; Hissel, D.; Ramadan, H.S. Dynamic modeling and experimental analysis of PEMFCs:
A comparative study. Int. J. Hydrog. Energy 2017, 42, 1544–1557. [CrossRef]

12. Allaoua, B.; Asnoune, K.; Mebarki, B. Energy management of pem fuel cell/supercapacitor hybrid power
sources for an electric vehicle. Int. J. Hydrog. Energy 2017, 42, 21158–21161. [CrossRef]

13. Park, S.K.; Choe, S.Y. Modeling and Experimental Analyses of a Two-Cell Polymer Electrolyte Membrane
Fuel Cell Stack Emphasizing Individual Cell Characteristics. J. Fuel Cell. Sci. Tech. 2009, 6, 25–34. [CrossRef]

14. Miller, M.; Bazylak, A. A review of polymer electrolyte membrane fuel cell stack testing. J. Power Source 2011,
196, 601–613. [CrossRef]

15. Hao, Y.; Nakajima, H.; Yoshizumi, H.; Inada, A.; Sasaki, K.; Ito, K. Characterization of an electrochemical
hydrogen pump with internal humidifier and dead-end anode channel. Int. J. Hydrog. Energy 2016, 41,
13879–13887. [CrossRef]

16. Fan, L.; Zhang, G.; Jiao, K. Characteristics of PEMFC operating at high current density with low external
humidification. Energy Convers. Manag. 2017, 150, 763–774. [CrossRef]

17. Vasu, G.; Tangirala, A.K.; Viswanathan, B.; Dhahthathreyan, K.S. Continuous bubble humidification and
control of relative humidity of H for a PEMFC system. Int. J. Hydrog. Energy 2008, 33, 4640–4648. [CrossRef]

18. Kong, I.M.; Jung, A.; Kim, S.M. Investigations on the double gas diffusion backing layer for performance
improvement of self-humidified proton exchange membrane fuel cells. Appl. Energy 2016, 176, 149–156.
[CrossRef]

19. Zhao, X.; Xu, L.; Fang, C.; Jiang, H.; Li, J.; Ouyang, M. Study on voltage clamping and self-humidification
effects of PEM fuel cell system with dual recirculation based on orthogonal test method. Int. J. Hydrog. Energy
2018, 43, 16268–16278. [CrossRef]

20. Sridhar, P.; Ramkumar, P.; Rajalakshmi, N.; Raja, M.; Dhathathreyan, K.S. Humidification studies on polymer
electrolyte membrane fuel cell. J. Power Source 2001, 101, 72–78. [CrossRef]

21. Zhang, H.; Qian, Z.; Yang, D.; Ma, X. Design of an air humidifier for a 5 kW proton exchange membrane fuel
cell stack operated at elevated temperatures. Int. J. Hydrog. Energy 2013, 38, 12353–12362. [CrossRef]

22. Pei, P.; Chen, H. Main factors affecting the lifetime of Proton Exchange Membrane fuel cells in vehicle
applications: A review. Appl. Energy 2014, 125, 60–75. [CrossRef]

23. Dilek, N.O.; Bora, T.; Kemal, A. Effects of operation temperature and reactant gas humidity levels on
performance of PEM fuel cells. Renew. Sustain. Energy Rev. 2016, 59, 1298–1306.

24. Eckl, R.; Zehtner, W.; Leu, C.; Wagner, U. Experimental analysis of water management in a self-humidifying
polymer electrolyte fuel cell stack. J. Power Source 2004, 138, 137–144. [CrossRef]

25. Jeon, S.W.; Cha, D.; Kim, H.S.; Kim, Y. Analysis of the system efficiency of an intermediate temperature
proton exchange membrane fuel cell at elevated temperature and relative humidity conditions. Appl. Energy
2016, 166, 165–173. [CrossRef]

26. Sveshnikova, A.; Abrosimov, K.; Khayrullina, A.; Ustinov, A. Effect of ambient air conditions on PEM fuel
cell performance. J. Renew. Sustain. Energy 2017, 9. [CrossRef]

http://dx.doi.org/10.1016/j.ijhydene.2014.05.135
http://dx.doi.org/10.1016/j.ijhydene.2017.07.239
http://dx.doi.org/10.1002/fuce.201500174
http://dx.doi.org/10.3390/wevj8010131
http://dx.doi.org/10.1016/j.ijhydene.2016.07.180
http://dx.doi.org/10.1016/j.ijhydene.2017.06.209
http://dx.doi.org/10.1115/1.2972165
http://dx.doi.org/10.1016/j.jpowsour.2010.07.072
http://dx.doi.org/10.1016/j.ijhydene.2016.05.160
http://dx.doi.org/10.1016/j.enconman.2017.08.034
http://dx.doi.org/10.1016/j.ijhydene.2008.05.051
http://dx.doi.org/10.1016/j.apenergy.2016.05.057
http://dx.doi.org/10.1016/j.ijhydene.2018.06.172
http://dx.doi.org/10.1016/S0378-7753(01)00625-5
http://dx.doi.org/10.1016/j.ijhydene.2013.07.050
http://dx.doi.org/10.1016/j.apenergy.2014.03.048
http://dx.doi.org/10.1016/j.jpowsour.2004.06.042
http://dx.doi.org/10.1016/j.apenergy.2015.12.123
http://dx.doi.org/10.1063/1.5001138


Appl. Sci. 2018, 8, 2307 20 of 20

27. Jeon, D.H.; Kim, K.N.; Baek, S.M.; Nam, J.H. The effect of relative humidity of the cathode on the performance
and the uniformity of PEM fuel cells. Int. J. Hydrog. Energy 2011, 36, 12499–12511. [CrossRef]

28. Albrto, G.; Abhishek, R.; Agus, P.S.; Tariq, S. Effect of operating parameters on the transient performance of
a polymer electrolyte membrane fuel cell stack with a dead-end anode. Appl. Energy 2014, 130, 692–701.

29. Chen, H.; Zhao, X.; Qu, B.; Zhang, T.; Pei, P.; Li, C. An evaluation method of gas distribution quality in
dynamic process of proton exchange membrane fuel cell. Appl. Energy 2018, 232, 26–35. [CrossRef]

30. Pei, P.; Song, M.; Zeng, X.; Hongsan, Z. Flooding prediction based on characteristics of hydrogen pressure
drop in PEMFC. Trans. Chin. Soc. Agric. Mach. 2014, 45, 341–346.

31. Falcao, D.S.; Gomes, P.J.; Oliveira, V.B.; Pinho, C.; Pinto, A.M.F.R. 1D and 3D numerical simulations in PEM
fuel cells. Int. J. Hydrog. Energy 2011, 36, 12486–12498. [CrossRef]

32. Rahimi-Esbo, M.; Ranjbar, A.A.; Ramiar, A.; Alizadeh, E.; Aghaee, M. Improving PEM fuel cell performance
and effective water removal by using a novel gas flow field. Int. J. Hydrog. Energy 2016, 41, 3023–3037.
[CrossRef]

33. Jang, J.; Chiu, H.; Yan, W.; Sun, W. Effects of operating conditions on the performances of individual cell and
stack of PEM fuel cell. J. Power Sources 2008, 180, 476–483. [CrossRef]

34. Li, W.; Zhang, Q.; Wang, C.; Yan, X.; Shen, S.; Xia, G.; Zhu, F.; Zhang, J. Experimental and numerical analysis
of a three-dimensional flow field for PEMFCs. Appl. Energy 2017, 195, 278–288. [CrossRef]

35. Zhang, Q.; Lin, R.; Techer, L.; Cui, X. Experimental study of variable operating parameters effects on overall
PEMFC performance and spatial performance distribution. Energy 2016, 115, 550–560. [CrossRef]

36. Hartung, I.; Kirsch, S.; Zihrul, P.; Muller, O.; von Unwerth, T. Improved electrochemical in-situ
characterization of polymer electrolyte membrane fuel cell stacks. J. Power Sources 2016, 307, 280–288.
[CrossRef]

37. Takalloo, P.K.; Nia, E.S.; Ghazikhani, M. Numerical and experimental investigation on effects of inlet
humidity and fuel flow rate and oxidant on the performance on polymer fuel cell. Energy Convers. Manag.
2016, 114, 290–302. [CrossRef]

38. Gomez, A.; Sasmito, A.P.; Shamim, T. Investigation of the purging effect on a dead-end anode PEM fuel
cell-powered vehicle during segments of a European driving cycle. Energy Convers. Manag. 2015, 106,
951–957. [CrossRef]

39. Machdo, B.S.; Chakraborty, N.; Das, P.K. Influences of flow direction, temperature and relative humidity on
the performance of a representative anion exchange membrane fuel cell: A computational analysis. Int. J.
Hydrog. Energy 2017, 42, 6310–6323. [CrossRef]

40. Sohn, Y.J.; Choi, J.I.; Kim, K. Numerical analysis on water transport in alkaline anion exchange membrane
fuel cells. Electrochemitry 2015, 83, 80–83. [CrossRef]

41. Chippar, P.; Kang, K.; Lim, Y.; Kim, W.; Ju, H. Effects of inlet relative humidity (RH) on the performance
of a high temperature-proton exchange membrane fuel cell (HT-PEMFC). Int. J. Hydrog. Energy 2014, 39,
2767–2775. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijhydene.2011.06.136
http://dx.doi.org/10.1016/j.apenergy.2018.09.031
http://dx.doi.org/10.1016/j.ijhydene.2011.06.133
http://dx.doi.org/10.1016/j.ijhydene.2015.11.001
http://dx.doi.org/10.1016/j.jpowsour.2008.02.001
http://dx.doi.org/10.1016/j.apenergy.2017.03.008
http://dx.doi.org/10.1016/j.energy.2016.08.086
http://dx.doi.org/10.1016/j.jpowsour.2015.12.070
http://dx.doi.org/10.1016/j.enconman.2016.01.075
http://dx.doi.org/10.1016/j.enconman.2015.10.025
http://dx.doi.org/10.1016/j.ijhydene.2016.12.003
http://dx.doi.org/10.5796/electrochemistry.83.80
http://dx.doi.org/10.1016/j.ijhydene.2013.05.115
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Calculation 
	ARH Model Description 
	Simulation Schematic 
	Geometry and Mesh Generation 

	Experimental Set-Up 
	Apparatus and Schematic 
	Experimental Conditions 

	Results and Discussion 
	Polarization Curves with 10 Single Cells 
	The Fastest Power Attenuation Single Cell 
	Contours of Fuel Cell Species Distribution 

	Conclusions 
	References

