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Abstract: The durability and output performance of a fuel cell is highly influenced by the internal
humidity, while in most developed models of open-cathode proton exchange membrane fuel cells
(OC-PEMEC) the internal water content is viewed as a fixed value. Based on mass and energy
conservation law, mass transport theory and electrochemistry principles, the model of humidity
dynamics for OC-PEMEC is established in Simulink® environment, including the electrochemical
model, mass flow model and thermal model. In the mass flow model, the water retention property
and oxygen transfer characteristics of the gas diffusion layer is modelled. The simulation indicates
that the internal humidity of OC-PEMFC varies with stack temperature and operating conditions,
which has a significant influence on stack efficiency and output performance. In order to maintain
a good internal humidity state during operation, this model can be used to determine the optimal
stack temperature and for the design of a proper control strategy.

Keywords: PEM fuel cell; modelling; dynamic performance

1. Introduction

Due to the advantages of zero emission, low operating temperature, high efficiency
and high energy density, the proton exchange membrane fuel cell (PEMFC) has been
recognized as a promising clean power source [1-3]. The open-cathode PEM fuel cell
(OC-PEMEC) is a type of PEMFC which is characterized by an open cathode flow channel
and air fans at the cathode [4]. The schematic diagram of OC-PEMFC is shown in Figure 1.
Without auxiliary parts such as an air compressor, humidifier, radiator and water pump,
OC-PEMFC consumes less accessory power, which leads to higher operation efficiency [5].
With a simple auxiliary system and low cost, OC-PEMEFC is suitable for applications with
lower power demand, such as unmanned aerial vehicles, small portable devices and
back-up power sources [6-8].

The durability and output performance of the fuel cell is highly influenced by the
internal humidity [9,10]. With lower operation temperature and higher relative humidity;,
channel flooding happens in high current conditions, causing the drop of stack voltage and
efficiency [11]. On the other hand, low membrane water content increases the internal re-
sistance of the membrane, which leads to higher ohmic loss and also reduces efficiency [12].
In addition, membrane dehydration can possibly cause severe damage to the membrane
itself, which reduces significantly the operation lifetime of a fuel cell [13]. Furthermore, at
the cathode of OC-PEMECs, the air fan is the only actuator which regulates stack cooling,
reactant feeding and water management simultaneously. Under a large range of operation
conditions, the humidity dynamics inside the fuel cell is not negligible, which significantly
affects the operation lifetime, output performance and efficiency of the OC-PEMFC [14,15].
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Figure 1. Schematic diagram of OC-PEMFC.

However, the humidity state inside OC-PEMEFC is assumed to be static in several
recent studies on control-oriented modelling of OC-PEMFC. Strahl, S. [16] studied thermal
management and the improvement of stability and efficiency of open-cathode PEMFC
based on a dynamic control-oriented model. However, the internal ohmic resistance of the
model is assumed to be a fixed value. Mahjoubi C. [17] developed a multi-physic model
of OC-PEMEFC and proposed a control strategy which combined the stack temperature
regulation and the reactant feeding adjustment. However, in this model, the internal
humidity dynamics is also ignored. Zhang B. [18] proposed a thermal system model of
OC-PEMEFC and studied the implementation of model predictive control on OC-PEMFC.
However, a good internal humidity state is assumed in the model and the membrane
water content is set to a fixed value. Yan Z. [19] developed a portable PEMFC model
based on the PEM fuel cell thermodynamics and the electrochemical reaction principles.
However, this model ignores the water retention property of the cathode gas diffusion layer,
which is important for describing the internal humidity state of OC-PEMFC. Lu L. [20] and
Sun L. [21] used a data-driven method to obtain the thermal model of OC-PEMFC. However,
these identification models are not proper to study the internal humidity dynamics of
OC-PEMEC.

In this study, in order to analyze the dynamic behavior of the internal humidity in OC-
PEMEFC, a lumped parameter control-oriented model is developed. Firstly, based on mass
and energy conservation law, mass transport theory and electrochemistry principles, the
model is established, including the electrochemical model, mass flow model and thermal
model. Secondly, simulation is carried out in Simulink® environment and simulation
results of output voltage follows the experimental data with acceptable error. According to
simulation results, humidity dynamics of the model under different current conditions and
different stack temperatures are analyzed. Lastly, main conclusions are summarized in the
last section.

2. Modelling

The model used was developed based on mass conservation law, energy conservation
law, mass transport theory and electrochemistry principles, also utilizing the electrochemi-
cal model, mass flow model and thermal model. In Simulink® environment, the model
of OC-PEMEC is established, as shown in Figure 2. In the electrochemical model, the
cell output voltage is determined by the Nernst potential and three major voltage losses
(activation overvoltage, ohmic overvoltage and concentration overvoltage). In the thermal
model, heat generated through electrochemical reaction and dissipation caused by forced
convection is considered. In the mass flow model, the air delivery system, the anode flow
channel, the cathode flow channel, the cathode gas diffusion layer (CGL), the cathode
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catalyst layer and the membrane is modelled. Due to the cathode flow channel being
exposed to atmosphere, the water retention property of CGL is needed to be modelled, in
order to describe the internal humidity state.
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Figure 2. OC-PEMFC model.

2.1. Electrochemical Model

The cell output voltage V., is determined by the Nernst potential Eers¢ and three
major voltage losses (activation overvoltage V., ohmic overvoltage V,;,, and concentration
overvoltage Vo) as follows [14]:

M

Vcell = Euernst — Vaet — Vohm — Veone

The Nernst potential Eyernst [V], also known as the thermodynamic reversible potential,
is expressed as:

Enernst = EO =+ % (11’1(sz) + %ln(pOZ))

=1.229 — 0.85 x 10~3T; + 4.3085 x 10Ty [1n(pH2) + %ln(poz)} @
where Ej is the standard thermodynamic reversible voltage [V], R is the universal gas
constant [8.314 ] mol~! K71, Ty; is the temperature of the stack [K], F is the Faraday
constant [96,485 C mol '], py, is the partial pressure of hydrogen [bar], po; is the partial
pressure of oxygen [bar].

The activation overvoltage V, [V] caused by slow kinetics of the oxygen reduction
reaction is calculated using Equation (3):

®)

where R is the universal gas constant [8.314 ] mol ' K1, a is the charge transfer coefficient,
F is the Faraday constant [96,485 C mol~1], j is the current density [A m2], jo is the
exchange current density [A m~2] expressed by the following equation:

. ref P, 7ex _E i_ 1
Pl per ) PR\ T T Ty

(4)




World Electr. Veh. ]. 2021, 12, 106

40f13

f

where ji” is the reference exchange current density [A m~2] measured at reference stack

temperature T, ¢ [K] and reference reactant pressure P:ef [Pa], P; is the reactant partial
pressure [Pa], 7 is the pressure coefficient [-], which can be set from 0.5 to 1, E¢ is the
activation energy for oxygen reduction on Pt [66,000 ] mol~'].

The ohmic overvoltage V,y,,,, [V] is determined using the following equation:

Vohm = jAact(Relec + Rmem) (5)

where A, is the cell active area [m?], R,,. is the lumped cell electrical resistance [QY], Ryem
is the internal electrical resistance of the membrane [()] which is expressed as:

57116111 (6)

Rmem =
AactOmem

where Jye; is the membrane thickness [m] and oy, is conductivity of the membrane
[Om~1], given by the following empirical equation [19]:

1 1
where Ayep, is the membrane water content that varies between 0 and 14 [-].
In order to describe the concentration overvoltage V;onc [V] more consistently with
the actual situation in practical fuel cells, the empirical equation is used as follows:

Veone = ¢ -exp (c]l) 8)

where ¢ and d are empirical coefficients [-] that can be tuned according to actual polariza-
tion curves.

2.2. Mass Flow Model
2.2.1. Air Delivery System

With air blowers directly attached to the fuel cell stack, air is delivered into the
cathode channel according to the controller signal, affecting the stack temperature T; and
the cathode oxygen stoichiometry Ap,. The pressure change caused by the rotation of air
blowers Ap [Pa] is described by the performance curves of air blowers as follows:

Ap =g(n,Q) ©)

where 7 is the rotate speed of air blowers [rpm], Q is the volumetric flow rate of air [m3s1],
¢(n, Q) is the function relation expressed by the performance curves of air fans.

According to Bernoulli’s equation, when ignoring the effects of gravity, the pres-
sure drop of delivering air into the cathode flow channel Ap [Pa] is expressed by the
following equation:

Ap =7Q? (10)

where  is the empirical parameter of flow resistance [Pa s m~3], which is obtained
experimentally.

By combining the Equations (9) and (10) above, the air flow rate Q [m3s~1] at any
rotational speed # is obtained as follows:

7Q* =g(n,Q) 11)
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According to the Ideal Gas Law, the molar flow rate of air delivered into the cathode
- in

fleg aiy Mol s71] is expressed using the following equation:

e = bt 12)

am
where p,,,; is the ambient pressure [Pa], T, is the ambient temperature [K]. Hence, the
molar flow rate of oxygen 1'122_02 [mol s~!], nitrogen hg_m [mol s~!'] and water vapor

r'zézino [mol s~!] into the cathode flow channel is calculated:

.in o . in amb Pamb P t(Tamb)

Neg_02 = Nea_airXo2 (1 - WPS;TM

in .in amb Pamb Psat (Tymp)

Neq N2 = Mea_air (1 — X0 ) (1 o M;:Tm 13)

7'11” — flm . PambPsat(Tamp)
ca_H20 — "tca_air Damb

where x®" is the ambient molar fraction of oxygen in dry air [-], @4 is the ambient
relative humidity [-], psq¢(T) is the saturation pressure of water vapor [Pa] at temperature
T [K] [22].

2.2.2. Cathode Flow Channel

According to the Ideal Gas Law and Mass Conservation Law, the pressure dynamics
of the cathode flow channel is determined:

dpea_02 _ RTst (.in - out . ca2ecl

(;;; = % (nca_O2 —Neg 02 — nca_O2) (14)
ca
dp N2 RTst 1 .in - out
C;; = Vea (nca_N2 - ncu_NZ) (15)
dP H20 RTst ¢ .in - out - ccl2ca
C’:i_t = % (”ca_HZO —Neg H20 T nca_HZO) (16)
ca

where p.; 02, Pea_n2 and pe, H20 are the oxygen, nitrogen and water vapor partial pressure

in the cathode [Pa], V,, is the volume of the cathode flow channel [m?], r'zg:;foz, n‘c’;‘fm,

- out . : . —
fleg 20 are the molar flow rate of oxygen, nitrogen and water vapor in exit flow [mol s7!],

ningé is the molar flow rate of oxygen from cathode to cathode catalyst layer [mol s~],

nigl}éﬂzo is the molar flow rate of water vapor from the cathode catalyst layer to the cathode

[mol s71].
With the pressure dynamics in the cathode, the pressure of the cathode flow channel
is expressed as follows:
Pea = Pea_02 + Pea_N2 + Pea_H20 (17)

Since the cathode is directly exposed to the atmosphere, the pressure difference
between the cathode flow channel and ambient conditions is significantly small. Hence,
according to the linearized nozzle flow equation, the exit molar flow rate of air is calculated:

. out k
n(c)aufair = NIC‘Z (pCﬂ - Pamb) (18)
ca

where k¢, is the cathode outlet nozzle constant [kg s~1 Pa~!], paup is the ambient pressure
[Pa] and M., is molar mass of the cathode gas mixture [kg mol ], which is obtained using
the following equation:

My = Pea_02 Moy + Pca_N2 My + Pcar;HZO Mo (19)

ca ca ca
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where Moy, M2 and Mjpo are the molar mass of oxygen, nitrogen and water vapor
[kg mol1].
With the outlet molar flow rate of air, cathode pressure and partial pressure of com-
. - out -1 . - out —1
ponent gas, the exit molar flow rate of oxygen 1., o, [mol s™"], nitrogen 7., , [mols™"],

out 19 .
water vapor nzg_mo [mol s~1] is determined:

. out .out  Pea_02
Mea_02 = Mea_air (20)
Pca
. out .out  Pca N2
Nea_N2 = Mea_air 21)
ca
. out _ .out Pca_H20
Neg H20 = Peg air— . (22)

Pca
2.2.3. Anode Flow Channel

In this paper, for the simplification of the model, it’s assumed that enough hydrogen
is supplied into the anode, ensuring the anode works under ideal conditions. Furthermore,
anode hydrogen pressure dynamics is ignored, which means the hydrogen pressure p,;,
in the anode is assumed to be constant. Since the open-cathode PEMFC system is fuelled
by dry pure hydrogen and works in a dead-ended mode, the anode water vapor pres-
sure dynamics is influenced by the electro-osmotic drag phenomenon and back-diffusion
phenomenon as follows:

(23)

dpan_HZO o RTs¢ - back_dif fusion
= — NH20

. EOD
At Vin nan?HZO )

where p,, moo is the water vapor pressure in the anode [Pa], V3, is the volume of the

anode flow channel [m3], izZZCkgggf "SI i the molar flow rate of water flow caused by

back-diffusion phenomenon [mol s~!], 1‘11’328 is the molar flow rate of water flow from
anode to cathode caused by electro-osmotic drag phenomenon [mol s !].

2.2.4. Cathode Gas Diffusion Layer

For self-humidifying open-cathode PEMFC, the water retention and removal proper-
ties of the cathode gas diffusion layer are important to ensure the good internal humidity
conditions of the stack [23,24]. On the other hand, good water retention property means
the gas transfer characteristic is comparatively worse, which significantly affects the output
performance of the fuel cell. Hence, both the oxygen transfer characteristic and water

transfer characteristic are modelled. According to Fick’s first law, the molar flow rate of

oxygen from the cathode to the catalyst layer of the cathode nfjfg"é [mol s~1] is obtained:

. ca2ccl Deff

Cea_02 — Cccl_02
Meg_02 = AgctNst = (24)

cgl_02 ‘5ch

where Dglf 0o is the effective diffusion coefficient of oxygen in the cathode gas diffusion

layer [mZ s~ 1], Ny is the number of fuel cell in stack [-], Ocg1 is the thickness of the cathode
gas diffusion layer [m], c..; oy is the oxygen concentration in the cathode catalyst layer [mol
m~3] and ¢, 0, is the oxygen concentration in the cathode flow channel [mol m~3],which

is determined:
Pea_02 ( 2 5)

Cea_ 02 = RT
s



World Electr. Veh. ]. 2021, 12, 106

7 of 13

eff
cgl_02

depends on stack temperature Ty, cathode pressure p., and geometry of the gas diffusion
layer, which is calculated:

15
eoff _ .t Tst Pref
Digi 0o = € Do n2 (Tref> ( Per ) (26)

The effective diffusion coefficient of oxygen in the cathode gas diffusion layer D

where ¢ is the porosity of gas diffusion layer [-], T is the tortuosity of gas diffusion layer
[-], Doz_n2 is the binary diffusivity of oxygen in nitrogen [m? s~1] measured at reference
temperature T,.f [K] and reference pressure p,, 7 [Pa].

In the same way, the molar flow rate of water vapor from the cathode catalyst layer to

the cathode ﬁi;l_zl?zo [mol s '] is determined:

. ccl2ca eff Cecl_H20 — Cca_H20
Neg H20 = chl_HzoAactht 5 (27)

cgl

where Dg{ o 18 the effective diffusion coefficient of water in the cathode gas diffusion

layer [m2s71], Ceel_H20 is the water concentration in the cathode catalyst layer [mol m~?],
Cea_H20 is the water concentration in the cathode flow channel [mol m 3] obtained by the

following equation:

Cea_H20 = pc]a{_rll:lfio (28)
s

The effective diffusion coefficient of water in the cathode gas diffusion layer D;{{HZO

1.5
T. p
Diﬁino = STDHzO_Nz( = ) <ref) (29)

is determined:

Tre f Pea

where Dypo N7 is the binary diffusivity of water in nitrogen [m? s~1] measured at reference
temperature T,.¢ [K] and reference pressure p,,r [Pa].

2.2.5. Cathode Catalyst Layer

Compared with the gas diffusion layer, the catalyst layer is significantly thin. Hence,
it is assumed that the concentration of oxygen and water is uniform across the cathode
catalyst layer. According to Mass Conservation Law, the concentration dynamics of oxygen
is modelled using the following equation:

(30)

dt Vel

dCccl_OZ . 1 . ca2ccl . reacted
Mea_02 — NO2

where V. is the volume of the cathode catalyst layer, hggc“’"’ is the consumption rate of

oxygen due to the electrochemical reaction [mol s~!], which is calculated:

. reacted NitIs
= 1
oY) iF (31)

where I is the stack current [A].
Similarly, the concentration dynamics of water is obtained as follows:

dCccl_Hzo o 1 - generated | - EOD - back_dif fusion - ccl2ca 5
— 0 = ("o 20 — Mg 120 — Mea_H20 (32)
dt Vel —
- generated . . . 1 .
where n3p,, is the production rate of water due to the reaction [mol s™*], which

is calculated: NI
- generated st st
— 33
M0 °F (33)
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2.2.6. Membrane

In our model, the membrane water content Ay, is represented, because it directly
affects the output performance and durability of the stack. The dynamic model of Ay, is
established as follows:

(34)

dAmem - Mm,dry - back_dif fusion . back_dif fusion
At O dryVinem Mea_H20 ~ Man_H20
m,ary

where Vi is the volume of membrane [m?3], Om,dry is the dry density of the membrane

kg m~?], M,y 4ry is the dry equivalent weight of the membrane [kg mol 1], n?Zi%gg f usmn,

ﬁZﬁCkgggf "1 is the molar flow rate of water flow caused by back-diffusion phenomenon

[mol s~ 1], which is determined:

- back_dif fusion

_ Co,ca—Co,mem
nCﬂ_HZQ . - NStAaCtDw (émfm /2) (35)
hbuckﬁdszuszon — N Ayt D, Cemem—Coan
an_H20 — INstAgctPw (5mem /2)

where cy4n, Co,cq 1S the water concentration at membrane surfaces on the anode and cathode
sides [mol m 3], &,nem is the membrane thickness [m], Dy, is the water diffusion coefficient
in membrane [m? s~ 1], which is calculated [14]:

1 1
Dy = D) exp (2416 <303 — Tt)) (36)
S
10~10 Amem < 2
Dy = 1071001 4+ 2(Aem — 2)) 2< Apem <3 (37)
A 107193 = 1.67(Aem — 3)) 3 < Ayem < 4.5
1.25 x 10~10 Amem > 4.5

where D, is the empirical coefficient which is obtained using Equation (37). The water
concentration in membrane is obtained:

Pm,dry
Mm,dry

Aj (38)

Coi =

where subscript i represents an, ca or mem, Ay, A¢, is the water content at the membrane
surfaces on the anode and cathode sides [-], which is determined as follows [25]:

A= { 0.043 + 17.81a; — 39.85a7 +36.0a 0 <a; <1
;=

14+ 1.4(a; — 1) 1<a;<3 39)

where subscript i represents an, ca, a4, is the water activity of the membrane anode side [-],
acq is the water activity of the membrane cathode side [-].
The water activity of the membrane anode side 4, is defined as:

Pan_H20
" Psat (Tst ) ( )

Similarly, the water activity of the membrane cathode side a, is obtained:

Pect_H20 _ Cecl_H20RTst
Aeg = = = —= 41
“ psat(Tst) psat(Tst) ( )

where p..; 1o is the water partial pressure in cathode catalyst layer [Pa], c.; 20 is the
water concentration in the cathode catalyst layer [mol m~3], which is calculated using
Equation (32).
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Furthermore, the membrane water content affects the water flow across the membrane.
The molar flow rate of water flow caused by electro-osmotic drag phenomenon hfﬁg is
influenced by the electro-osmotic drag coefficient n4 [-] and stack current I as follows:

.EOD I
N0 = Nst”d% (42)

where 1, is calculated using the following empirical equation [26]:

ny = 0.0029A2,,,,, + 0.05A em — 3.4 x 10717 (43)

2.3. Thermal Model

Since the heat dissipates by natural convection and radiation is significantly small,
only the dissipation caused by forced convection is taken into consideration. Hence, in the
thermal model, the stack generates heat through electrochemical reaction and is cooled by
the forced convection caused due to the rotation of fans. The stack temperature dynamics

is described as follows:
dTg 1

dt o MstCst

(Qreact - qun) (44)

where myg; is the mass of the stack [kg], ¢ is the specific heat capacity of the stack

Dkg 1K1, Qf[m is the heat dissipated by the fans [W], Q,., is the heat generated
by the electrochemical reaction [W], which is obtained:

: Ah
Qreact = NstIst (21: - Vcell> (45)

where Al is the molar enthalpy change of the electrochemical reaction. Q fan 1 determined
as follows: 4

. - n

qun = nca_airMaiGC,air(Tst — Tamp) (46)
where M,;, is the molar mass of air [kg mol 1], Cp,air 18 the specific heat capacity of air
Jkg 'K

3. Results and Discussion

In order to verify the established model, experiments have been carried out on a
2kW OC-PEMEFC, as shown in Figure 3. In the experimental system, a thermocouple is
inserted into the fuel cell stack and the temperature signal is transmitted to the controller.
The output power of the fuel cell is consumed by the electronic load. Through serial
communication, experimental data of fuel cell voltage and current in the electronic load
is obtained.

Figure 3. The 2 kW OC-PEMEFC.
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For the comparison between the simulation and experimental data, the calculation of
relative error is introduced, which is shown in Equation (47).

A

e

R x 100 (47)

where R is the relative error between the simulation and experimental data [%], Vs is the
output cell voltage of simulation, V, is the output cell voltage of experiment.

The output performance considering the effect of the internal humidity state and error
analysis is shown in Figure 4. The maximum relative error is less than 3%, which indicates
that the simulation result follows the experimental data with acceptable error. Hence, the
model can be used to predict the output performance of the system, which is helpful for
the determination of the best system operation conditions.

1 T T T T T T T 50
O  Experimental data
0.95 Simulation data 145
I < ative error

cell voltage (V)
relative error (%)

0
0 50 100 150 200 250 300 350 400 450 500 550
Current density (mA/cmZ)

Figure 4. Polarization curve and error analysis.

Humidity dynamics of the model under different current conditions is shown in
Figure 5. Under each current condition, a proper operating temperature has been set
to ensure a good internal humidity state. The following discussions are carried out on
this basis.

The settling time of the internal humidity under such current step tests is shown in
Table 1. As shown in Figure 5, with the current step, there is always a drop of membrane
water content. There are two reasons for this phenomenon.

e  Firstly, this is because the water flow rate caused by electro-osmotic drag suddenly
increases in response to the step of current. Therefore, more water moves from the
anode to cathode, which leads to the decrease of the water content in the anode.
However, the humidity at the cathode catalyst layer is already in saturation state.
Hence, the water content at the membrane cathode side remains nearly unchanged.
According to the dynamic model of membrane, with unchanged water content at
the membrane cathode side and a decreased water content at the anode, a drop of
membrane water content occurs.

e  Secondly, in order to ensure the output performance and efficiency of the stack, the
operation temperature of the stack is higher with the increase of stack current, which
leads to a rise in saturated vapor pressure. Hence, the relative humidity within the
stack is decreased, so that there is a decline in membrane water content. In this respect,
the relationship between temperature and humidity dynamics is illustrated.
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Figure 5. Humidity dynamics under different current conditions.

Table 1. The settling time of the internal humidity under such current step tests.

Current Step Test Settling Time(s)
9Atol5A 22.5
15Ato24 A 39.4
24 Ato30 A 8.5
30Ato4l A 18.9
41 Ato48 A 9.8

After the drop in membrane water content, there is a slight rise. The main reason for
this is that the water diffusion coefficient in the membrane increases with the rise of the
stack temperature. Due to back-diffusion, more water moves from the cathode to the anode,
so that the water content in the anode increases. Due to the saturation state in the cathode
catalyst layer, the humidity state at the cathode catalyst layer remains the same, although
more water moves to the anode. Therefore, the slight rise shown in Figure 5 occurs.

Humidity dynamics at 15 A and 41 A under different temperatures is shown in
Figure 6a,b. As shown from these simulation results, the internal humidity of the OC-
PEMEFC is affected by the operation temperature. In a certain temperature range, a good
internal humidity state is ensured. However, when the stack temperature is too high, the
internal humidity drops, which possibly leads to the dehydration of the proton exchange
membrane. In order to ensure a good internal humidity state, high output voltage and low
accessory powet, an optimal operation temperature of a 2kW OC-PEMEFC is determined by
the model, which is shown in Table 2. In our future work, this model can also be used to
design a proper control strategy for OC-PEMFC.

Table 2. Optimal operation temperature of a 2kW OC-PEMFC determined by the model.

Stack Current (A) Current Density (mA/cm?) Operation Temperature (°C)
9A 96.8 33
15 A 161.3 36
24 A 258.1 44
30 A 322.6 46
41 A 440.9 53

48 A 516.1 57
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References

4. Conclusions

Based on this model, the output performance of OC-PEMFC considering the effect of
the internal humidity state is predicted. The simulation results show the dynamic process
of the membrane humidity state in response to the current step tests. The settling time
of the internal humidity under such current step tests is shown in Table 1. The reasons
for the drop in membrane water content, with the increase of current, is the increase of
electro-osmotic drag and the rise of the stack temperature. The increase of the water
diffusion coefficient in the membrane leads to a slight rise in membrane water content, as
shown in Figure 5. Within a certain range of operation temperature, the stack is in a good
internal humidity state. However, when the stack temperature rises too high, dehydration
of the proton exchange membrane occurs. In order to maintain a good internal humidity
state during operation, this model can be used to determine the optimal stack temperature
and for the design of a proper control strategy.
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