
Citation: Zhang, L.; Liu, Y.; Bi, G.;

Liu, X.; Wang, L.; Wan, Y.; Sun, H.

Modeling and Experimental

Investigation of the Anode Inlet

Relative Humidity Effect on a PEM

Fuel Cell. Energies 2022, 15, 4532.

https://doi.org/10.3390/en15134532

Academic Editor: Felix Barreras

Received: 10 March 2022

Accepted: 14 June 2022

Published: 21 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Modeling and Experimental Investigation of the Anode Inlet
Relative Humidity Effect on a PEM Fuel Cell
Lu Zhang 1, Yongfeng Liu 1,2,*, Guijun Bi 3,*, Xintong Liu 1, Long Wang 1, Yuan Wan 1 and Hua Sun 4

1 School of Mechanical-Electronic and Vehicle Engineering, Beijing University of Civil Engineering and
Architecture, Beijing 100044, China; zhanglu@bucea.edu.cn (L.Z.); lxtxx2019@163.com (X.L.);
longwangbeijing@163.com (L.W.); wanyuan980321@gmail.com (Y.W.)

2 State Key Laboratory of Automotive Safety and Energy, Tsinghua University, Beijing 100084, China
3 Singapore Institute of Manufacturing Technology (SIMTech), 73 Nanyang Drive, Singapore 637662, Singapore
4 School of Humanities, Beijing University of Civil Engineering and Architecture, Beijing 100044, China;

sunhua@bucea.edu.cn
* Correspondence: liuyongfeng@bucea.edu.cn (Y.L.); biguijun@hotmail.com (G.B.)

Abstract: External humidification has been used as a flexible water management strategy for the
proton exchange membrane fuel cell (PEMFC). To study the anode inlet relative humidity (ARH)
effect on the performance of PEMFC, the anode inlet water content (AIWC) model is established,
including condensation rates and water activity. A comparable analysis between the AIWC model,
Fluent model and experiment is conducted at 60 ◦C operating temperature, four different anode
relative humidities (25%, 50%, 75% and 100%), and 100% cathode relative humidity (CRH). The
species distributions of water content and hydrogen concentration are presented and analyzed.
The results show the relative error of the voltage results derived from the AIWC model has been
reduced by 3.2% (the original is 4.6% in the Fluent model) especially at 240 mA·cm−2 for 50% ARH.
An increase in hydrogen humidity can improve the PEMFC output at low ARH (25% and 50%).
Meanwhile, at high ARH (100%), the excess water produced does not play a positive role. At 50%
ARH, the water content and hydrogen distribution are more uniform all over the anode channels.

Keywords: PEMFC; relative humidity; condensation rate; inlet water content; species distribution

1. Introduction

Due to the increasingly serious issues of resource scarcity and climate warming, an
energy revolution has been established by optimizing energy consumption structure and
introducing effective low-carbon technology [1]. Hydrogen fuel, as an alternative energy
with short re-fueling time and broad resource, may potentially revolutionize the energy
supply chain and decarbonize fuel consumption by a certain hydrogen energy conversion
device [2,3]. The proton exchange membrane fuel cell (PEMFC) has been widely used in
carrier vehicles for its high energy conversion efficiency, short start-up time, low operating
temperature, and quick response to load changes [4,5]. In the PEM fuel cells, hydrogen
reacts with oxygen to generate water, heat and electricity. Water management plays an
extremely important role in the normal output of a PEM fuel cell [6–9]. For one thing,
hydration of the membrane is required to ensure the proton delivery in the PEM and
maintain high levels of the fuel cell performance [10,11]. For another, excessive water
generated during the oxygen reduction reaction at cathodes may result in flooding in a fuel
cell, eventually impeding the diffusion and flow of reactant gases and increasing the risk
of performance degradation (i.e., gas starvation) [7,9]. Proper water content and balanced
distribution are important factors to ensure that the PEM fuel cell performs well.

External humidification, a flexible water management strategy, has been adopted
to control the relative humidity (RH) of the inlet reactant gases. Several pieces of re-
search have been conducted to study the effect of RH on fuel cell operation. For example,
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Peng et al. [12] adopted operando µ-Raman spectroscopy to observe the water distribu-
tion through AquivionTM and Nafion® membranes based on an operating fuel cell, and
they found that the water contents of the membranes increased with the RH increase.
Martinez et al. [13] confirmed the dynamic process of water variation inside and outside
the PEM in real time. Pineda-Delgado et al. [14] investigated the influence of RH and
temperature on the performance of an electrochemical hydrogen compressor working as
a PEMFC. They found that low RH and high temperature gave rise to a diminution of
the proton conductivity by dehydrating of membrane, thus enhancing the backdiffusion
toward the anode. Akhtar et al. [15] concluded that the water transport mechanism is a
highly coupled phenomena which interlinks the local distribution of temperature, liquid
saturation and the RH. Owejan et al. [16] elucidated the dominant water discharge mecha-
nism by considering capillary and vapor transport at different channel RH. They measured
water flux for vapor diffusion and capillary pressure-driven transport by ex situ separate
experiments within the MPL and CL. In addition, humidity and local temperature seemed
to cause the degradation of PEMFC in the automotive application. Jo et al. [17] used a com-
prehensive two-phase fuel cell model to investigate the characteristics of low-humidified
reactant inlet conditions that are typical of automotive fuel cell operations to simplify the
fuel cell system, and they mainly focused on analyzing the water content distribution in the
membrane and film formation in the CL. Nandjou et al. [18] conducted the durability tests
and found that elevated RH caused the appearance of membrane microcracks, resulting in
a sudden loss of the fuel cell’s performance. Askaripour et al. [19] researched the effect of
operation conditions on the polarization curves for a PEM fuel cell. They found that the
higher operating temperatures reinforce the water vapor content, which correspondingly
increased the water activity and water content of the membrane, leading to the membrane
conductivity increasing and ohmic loss decreasing. Significantly, RH has an impact on
the distributions of water content in the membrane, thereby possibly impacting the MEA
parameters, e.g., electrochemical surface area (ECSA), hydrogen crossover, short-circuit
resistance and double-layer capacitance. Zhu et al. [20] found that ECSA decreased with
the reduction in water content because of ionomer shrink. Ren et al. [21] evaluated the
MEA parameters by micro-current excitation and found that the RH affected the anodic
hydrogen partial pressure and water content of the membrane, which directly determined
the hydrogen crossover rates that describe the diffusion of the hydrogen from the anode to
the cathode through the membrane due to the hydrogen concentration gradient.

In the last few decades, many researchers have studied the internal reaction of PEM
fuel cells from simulations and experiments. The simulations for the studies of the species
movement and distribution were carried out mainly by establishing one-dimensional (1D)
to three-dimensional (3D) mathematical models. Song et al. [22] developed a 1D non-
isothermal transient model to study the transient behavior of water transport in the GDL.
They found that increasing gas phase pressure, water vapor and oxygen concentration
would increase the water saturation at the interface of the CL and GDL, but these decrease
the time needed for the liquid water saturation to reach steady state. For 2D mathematical
models, He et al. [23] developed a two-phase, multicomponent transport model to inves-
tigate the effects of gas and liquid water hydrodynamics on the PEMFC performance by
considering Darcy’s law and liquid water transport mechanism with the shear force of
gas flow and capillary force included. Wang et al. [24] defined a comprehensive model
for both single-phase analysis at low current densities and two-phase calculation at high
current densities, which can predict PEMFC performance accurately and ensure the smooth
transition from the single-phase to two-phase region automatically. For 3D mathematical
models, Sahraoui et al. [25] established a two-phase flow model to explore the material
transport phenomena of fuel cells. Furthermore, the influences of anode and cathode RH
were taken into consideration in the model. Hao et al. [26] performed 3D computations
and experimental comparisons for a large-scale PEMFC, and they further demonstrated
quantitative comparisons of liquid water distribution in the fuel cell with neutron imaging
measurements. Falcão et al. [27] carried out 1D and 3D numerical simulations to research
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the roles of the water content on a PEM fuel cell performance. They concluded that the
1D model should be established to predict water management impacts on the fuel cell’s
performance, and the calculation speed of the 1D model was much faster than that of the
3D model under optimal operating conditions. Pasaogullari et al. [28] developed a multidi-
mensional two-phase model based on the liquid water transport through the hydrophobic
GDL. By comparing the single-phase predictions of the polarization curves at different inlet
RH, they found that two-phase transport phenomena and water flooding lowered PEMFC
performance, which was mainly because of the reduced gas transport and active catalytic
area. Arama et al. [29] developed a semi-experimental mathematical model of a PEMFC
to evaluate water activity under different operating conditions, and then, they predicted
variations of behavior responding to load demand and water flow rates in fuel cells.

For the relative humidity research, phase transition would be an important issue,
which lies in the determination of operation condition at local places. As we know, the
vaporization and condensation occurs anywhere in the fuel cell, which is influenced
by many variables, such as temperature, pressure and pore structure. Compared with
temperature, the local pressure changes dramatically due to consumption and friction.
In previous CFD simulations, the internal pressure at each point was analyzed for the
meshed grids one by one. Each mesh needed to be calculated and solved using Navier–
Stokes equations [9]. Therefore, a continuous iterative calculation process may increase
the risk of error amplification. Most importantly, the calculated local pressure is hard to
validate. Thus, the calculation of evaporation and condensation are affected greatly. For the
purpose of rapid calculation and relatively accurate determination of the phase transition
to achieve a more accurate model, the local pressure could be determined in terms of
semi-empirical pressure drop formula involving the condition parameters. For example,
Pei et al. [30] performed a frictional pressure loss formula that was related to mixture
viscosity, operating temperature, operating pressure, stoichiometric ratio and current. In
our previous study [31], a water condensation rate model of PEMFC is established based
on the conditions of the water–gas interface, considering the effect of the evaporation
condensation ratio and the pressure drop on water content. We investigated the effect of
local water behaviors on PEMFC performance at different operating pressures.

In this study, experiments and simulations are presented to investigate the anode inlet
relative humidity effect on a PEM fuel cell. A comprehensive 3D mathematical model is
established based on electrochemical, species transport, and conservation equations. The
phase change of evaporation and condensation are considered into the new model, namely
the anode inlet water content (AIWC) model. This model introduces a semi-empirical
two-phase-flow pressure drop formula proposed by Pei et al. [30]; thus, the problems of
calculation error caused by unknown parameters and error magnification can be solved.
Meanwhile, the experiment is conducted at operating temperature of 60 ◦C, 0.1 MPa, and
different relative humidities (25%, 50%, 75% and 100%) for the anode side and full humidity
for the cathode side. The species distribution contours are presented and analyzed. Finally,
the AIWC simulation and experimental results are used to evaluate the effects of water
content on a PEM fuel cell performance.

2. Model Establishment
2.1. Model Computational Domain

A three-dimensional steady-state model of a 3D PEMFC with parallel flow channel
and water-cooled form is considered. Figure 1 displays the messing employed for the
computational domain and the geometry configuration established for a standard PEMFC
with all major components, i.e., a proton exchange membrane (PEM), catalyst layers
(CLs), gas diffusion layers (GDLs), anode/cathode gas channels, and anode/cathode
current collectors.
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Figure 1. Schematic diagram of the meshing employed for computational domain (a) and geometry
configuration (b).

As shown in Table 1, the size of the simulation geometry model is based on the actual
size of the experimental PEM fuel cell. Table 2 lists the number and type of messing
employed for the geometry model. The PEM fuel cell mesh contains 3,307,609 elements,
and the type of element is Hex/Hybrid.

Table 1. The detailed parameters of fuel cell.

Structure Value Units

Active area 2.75× 10−4 m2

Channel width 2.00× 10−4 m
Channel depth 1.00× 10−4 m

Channel number 27.00 –
Thickness of proton exchange membrane 5.00× 10−5 m

Thickness of gas diffusion layer 2.00× 10−5 m
Thickness of catalytic layer 1.00× 10−5 m

Table 2. The number and type of mesh elements.

PEMFC 3D Model Number Type

Anode Collector 806,291 Hybrid
Anode Channel 195,641 Hybrid

Anode Gas Diffusion Layer 260,749 Hex
Anode Catalyst Layer 260,749 Hex

Proton Exchange Membrane 260,749 Hex
Cathode Catalyst Layer 260,749 Hex

Cathode Gas Diffusion Layer 260,749 Hex
Cathode Channel 195,641 Hybrid
Cathode Collector 806,291 Hybrid

2.2. Governing Equations

The main process in a PEMFC is the electrochemical reaction, which is driven by the
presence of surface overpotential. Therefore, two potential energy equations are used to
solve it. Equation (1) represents the process by which hydrogen molecules lose electrons
and oxidize to hydrogen ions. Equation (2) accounts for the progress that oxygen molecules
obtain electrons and react with protons.

Reaction equation of hydrogen in the anode:

H2 → 2H+ + 2e− (1)
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Reaction equation of oxygen in the cathode:

1
2

O2 + 2H+ + 2e− → H2O (2)

Overall electrochemical reaction equation:

H2 +
1
2

O2 → H2O (3)

The PEMFC simulation model is based on the electrochemistry reaction, charge transfer
(i.e., electrons and protons), water formation and transportation equations mentioned above.
Essential conservation laws of mass, momentum, energy and reaction species are included.
Meanwhile, major assumptions employed in this model for the governing equations are
described as below:

(1) The simulation model for a PEMFC is a non-isothermal steady state model.
(2) The flow in parallel flow channel is laminar flow due to the low Reynolds number.
(3) The reactant gas in the fuel cell is regarded as an incompressible ideal gas, which

follows the ideal gas law.
(4) The proton exchange membrane, catalytic layer, micro-porous layer, and gas diffusion

layer are a homogeneous porous structure.

Based on the description of the model, the detailed governing equations and associated
source terms are simply expressed as follows [32,33]:

Mass conservation:
∂(ερ)

∂t
+∇ · (ερ

→
u ) = Sm (4)

ρ = ∑ Yiρi (5)

where ε is the porosity of electrodes, ρ is the density of gas mixture (kg m−3), and
→
u is the

velocity vector (m s−1). Here, Yi and ρi stand for the mass fraction of i species and density
of i species (kg m−3). Sm is the mass source term obtained from Equation (4). In this paper,
the gas species of H2, O2 and H2O are considered.

Sm =

{
San = SH2(anode)
Scat = SO2 + SH2O(cathode)

(6)

Momentum conservation:

∂(ερ
→
u )

∂t
+∇ · (ερ

→
u
→
u ) = ∇(εµ∇→u )− ε∇p + Su (7)

µ = ∑ Yiµi (8)

where p is the pressure (kPa). µ represents the viscosity of the fluid calculated by the mass
averaged value (Pa s) [34], µi stands for the dynamic viscosity of i species (Pa s), and Su is a
momentum source term.

For PEMFC, additional momentum sources are various at different layers. For gas
channels, Su is set to be zero. For backing layers and voids of the CLs, it can be expressed as:

Su = − ε2µ

K
→
u (9)

where K is the permeability of porous media (m2).
Energy conservation:
The general energy conservation equation can be given by:

∂(ερcpT)
∂t

+∇ · (ερcp
→
u T) = ∇ · (keff∇T) + ST (10)
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cp = ∑ Yi(cp)i (11)

where T is the temperature (K), cp is the specific heat capacity of gas mixture (J kg−1 K−1),
(cp)i stands for the heat capacity of i species (Pa s), keff is the effective thermal conductivity
(W m−1 K−1). ST is an energy source term derived from the heat generated by the ohmic
thermal effect and the electrochemical reaction.

Owing to irreversible processes, the released chemical energy cannot transform into
electrical work completely. An additional energy source ST is expressed as below:

ST = I2Rohm + Jan, catηan, cat + Hreact + Hphase (12)

Hreact = (H)H2O − (H)H2
− 0.5(H)O2

(13)

Hphase = Hg(Tsat)− Hl(Tsat) (14)

where I is the surface current density (A m−2), Rohm is the specific resistance (Ω m) con-
sisting of electronic resistance in the electron conducting materials and ionic resistance to
proton transfer in the membrane, Jan,cat is the volumetric exchange current density (A m−3),
and ηan,cat is the overpotential in the anode or cathode triple-phase boundary (V). Hreact
stands for the enthalpy change of the electrochemical reaction (J s−1 m−3). Hphase repre-
sents the enthalpy change due to the phase change of H2O (J s−1 m−3). Hg is the specific
enthalpy of the steam (J s−1 m−3), Hl is the specific enthalpy of the droplet (J s−1 m−3),
and Tsat is the saturation temperature. Jan,cat and ηan, cat are given in equations as follows.

Species conservation:
The transport and conservation of each species is described by:

∂(ερYi)

∂t
+∇ · (ερ

→
uYi) = ∇ · (ρDeff

i ∇Yi) + Si (15)

where Di
eff stands for the effective diffusivity of each species i (m2 s−1). Si is the source

term for species i.
Generally, Si is equal to zero in the membrane, GDLs and gas flow channels. In the

CLs, the volumetric source term of species is, respectively, expressed as follows:

Si =


SH2 = −MH2

2F Jan

SO2 = −MO2
4F Jcat

SH2O =
MH2O

2F Jcat

(16)

where F is the Faraday constant (C kmol−1) and MH2 , MO2 and MH2O are the molecular
weights of H2, O2, and H2O (kg mol−1), respectively.

Charge conservation:
The electrons transport through the CLs, GDLs and current collectors, and protons

transport through the membrane phase. So, the potential equation accounts for the electron
transport through the solid conductive materials (e.g., current collectors and solid grids of
the porous media). The other potential equation stands for the protonic conductive phase
(i.e., the membrane and ionic phase in the CLs).

∇ · (σe∇ϕe) + Se = 0 (17)

∇ · (σion∇ϕion) + Sion = 0 (18)

where σ is the electrical conductivity (S m−1), and ϕ is the electric potential (V). The sub-
script character “e” represents the solid phase for electron conducting, and “ion” represents
the membrane phase for ion conducting, respectively. Se and Sion stand for the charge
generation rate in the electron-conducting phase and proton-conducting phase.
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For the electron-conducting phase, Se is equal to zero in the GDLs and current collec-
tors. In the CLs, Se can be given by:

Se =

{
−Jan(anode)
Jcat(cathode)

(19)

For the proton-conducting phase, Sion is equal to zero in the membrane, as there is no
charge generation in the membrane. In the CLs, Sion can be given by:

Sion =

{
Jan (anode)
−Jcat(cathode)

(20)

Herein, J is the volumetric transfer current density for anode and cathode reactions
(A m−3) [35]. It should be noted that the equation here is a simple Bernardi–Verbrugge
formulation, neglecting the concentration dependence and thermodynamic consistency
of the electrode kinetics, not a standard Butler–Volmer equation. In response to this
issue, Dickinson et al. [36] probed into the PEMFC simulations using various possible
kinetic treatments, providing a critical discussion of the Butler–Volmer equation for PEMFC
electrode kinetics.

Jan = (ςan jref
an )

(
[A]

[A]ref

)γan

(e
αan

anFηan
RT − e

−αan
catFηan

RT ) (21)

Jcat = (ςcat jref
cat)

(
[C]
[C]ref

)γcat

(e
αcat

an Fηcat
RT − e

−αcat
catFηcat

RT ) (22)

where ς is the specific active surface area (1 m−1), jref is the reference exchange current
density per active surface area (A m−2), [A] and [C] are the local species concentrations
(kmol m−3), and [A]ref and [C]ref are the reference molar concentrations (kmol m−3). γ
represents the concentration dependence, αan

an and αan
cat represent anode and cathode transfer

coefficients for the anode electrode, αcat
an and αcat

cat represent anode and cathode transfer
coefficients for the cathode electrode, ηan and ηcat are the anode and cathode overpotentials
(V), which are given in equations as follows.

ηan = ϕe − ϕion (23)

ηcat = ϕe − ϕion −Vo (24)

where Vo is the open-circuit voltage (V).
Source terms:
Sm, Su, ST and Si are source terms for mass, momentum, energy, and species conserva-

tion, which have been explained in the above equations.

2.3. Anode Inlet Water Content (AIWC) Model Development

The relative humidities of anode inlet gas are defined as:

RH(%) =
Pwv

Psat
× 100% (25)

where Pwv is the water vapor partial pressure (kPa) in the anode stream, and Psat is the
saturated water vapor pressure (kPa) at a certain temperature, which can be calculated by:

log10(Psat) = −2.1794 + 0.02953(T − 273.17)− 9.1837
×10−5(T − 273.17)2 + 1.4454× 10−7(T − 273.17)3 (26)

where T is the temperature of the PEMFC (K).
As PEM fuel cells operate at temperatures below 100 degrees Celsius, water vapor

exists in the channel or GDL may transform into the liquid phase, especially at high current
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densities. The formation and transport of water in gas and liquid should be considered
in the model. For better understanding the role of water behavior, the AIWC model was
compared with the default Fluent model based on the ANSYS Fluent® 15.0 PEM Fuel Cell
Module. The corresponding equations and used parameters can be found in the ANSYS
Fluent manual [37] and related literature [27,32,38].

According to the ANSYS Fluent® manual, the Fluent default PEMFC model employs
a saturation model. Details of the implementation and corresponding conservations for
water saturation can be found in [27,32]. Carton et al. [33] compared the Fluent model
and experimental results, and they found that the Fluent default model cannot predict
the polarization curves for PEMFC accurately. One of the reasons would be an improper
consideration of phase transition resulted from the inaccurate estimation of local parameter,
such as pressure, especially at the complicated two-phase-flow scenario.

Based on the fact that the condensation and evaporation of water occurs in the whole
channel, the rates of water condensation and evaporation are related to local conditions
in the channel, such as local pressure, pore structure and water–gas interface. The local
pressure will be determined by a semi-empirical and relatively accurate pressure drop,
which considers the two-phase-flow. Gas species flowing through the flow field experiences
pressure loss, i.e., frictional loss and discrete loss. Pei et al. [30] reported that as liquid
water condensed in the anode channels, the pressure drop of hydrogen increased obviously.
Therefore, pressure drop has an impact on the water content in channels. According to the
experimental verification and theoretical derivation, the pressure drop ∆Pf along the anode
channels can be defined as

∆Pf =
1.1748× 10−9(Cw + Cd)

2Le
T

275.7 T

n(Cw · Cd)
3(Pin − Psat)P0.0263

(
λH2 − 0.5

)
I (313 K ≤ T ≤ 373 K) (27)

where ∆Pf is the pressure drop of the anode (kPa), Cw is the width of the flow channels (m),
Cd is the depth of the flow channels (m), L and n are the length (m) and number of flow
channels, λH2 is the excess coefficient of hydrogen, and I is the total current (A).

The pressure at a local position in the flow channel can be denoted as:

P = Pin − ∆Pf (28)

The water vapor pressure is calculated based upon the vapor molar fraction and the
total pressure:

Pwv = xH2OP (29)

Therefore, a volumetric condensation/evaporation rate at local positions can be rede-
fined as:

Rcond/evap = (Pwv − Psat)hpc (30)

where Rcond/evap is the volumetric water condensation rate in a local position (g s−1 m−3),
and hpc is the condensation/evaporation parameter, which is determined as:

hpc =
kcε(1− s)xH2O

2RT

[
1 +
|Pwv − Psat|
Pwv − Psat

]
+

keεsρH2O

2MH2O

[
1− |Pwv − Psat|

Pwv − Psat

]
(31)

kc and ke are the condensation and evaporation rate coefficients, s is the liquid water
saturation, and ρH2O is the liquid water density (g m−3).

The ion conductivity in the membrane phase is described by [38]:

σion = (0.514λ− 0.326)e1268 ( 1
303−

1
T ) (32)

The osmotic drag coefficient nd is governed by:

nd = 2.5
λ

22
(33)
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The backdiffusion flux Jd and membrane water diffusivity D(λ) (m2 s−1) are given by:

Jd = − ρm

Mm
MH2O D(λ)∇λ (34)

D(λ) = f (λ)e2416( 1
303−

1
T ) (35)

where λ represents the water content and ρm is the density of the membrane (kg m−3). Mm
is the membrane equivalent weight (kg mol−1).

f (λ) =
{

3.10× 10−7λ
(
e0.28λ − 1

)
e−2346/T 0 <λ< 3

4.17× 10−8λ
(
1 + 161e−λ

)
e−2346/T other

(36)

λ =

{
0.043 + 17.18a− 39.85a2+36a3 0 <a< 1
1.4 + 1.4(a− 1) 1 <a< 3

(37)

where a represents the water content, which is defined as:

a =
Pwv

Psat
+ 2s (38)

Liquid water saturation s, i.e., the volume fraction of liquid water-filled pores in this
model, is calculated as [8]:

s =
CH2O − Csat
ρH2O
MH2O

− Csat
(39)

where CH2O is the vapour/liquid water concentrantion (kmol m−3), Csat is the saturation
water concentrantions (kmol m−3) based on saturation pressure of water by ideal gas law.

2.4. Model Parameters and Boundary Conditions

A schematic diagram of the simulation is shown in Figure 2, which requires GAMBIT
software to build the 3D PEM fuel cell geometry. After partitioning the mesh, the quality
of the mesh needs to be detected. Subsequently, the AIWC model is imported into Fluent,
and the operational parameters for the simulation process are imported into the AIWC
model. Finally, CFD files are imported into Fluent to set up the AIWC model, and the
species distribution contours are obtained by postprocessing the simulation results. A
detailed definition of the parameters is provided in Table 3. It is worth noting that the
operation parameters are set identical for the Fluent default model and the AIWC model
simulation that follows, since the main focus is the effect of phase transition behavior and
pressure drop on the performance. The coupling process of components in the 3D PEM
fuel cell is consistent; only the operating parameters (i.e., pressure, etc.) are different along
the channels.

Boundary conditions are defined according to the actual state of fuel cells. At the
inlet zones of the flow channels, the boundary types are specified as “mass-flow inlet”,
and the mass flow rates of air and hydrogen are given according to the conditions of the
reactant gases. At the outlet zones of the flow channels, the boundary types are specified
as “pressure outlet”. The surfaces of the gas channels are specified as “wall”. A no-slip
boundary condition is applied to the cell and manifolds walls. As no protonic leaves the
PEMFC through the external boundary, the proton phase potential ϕion is set as the zero
flux boundary for all outside boundaries. For the electron phase potential, ϕe is set to zero
on the anode external contact boundary, whereas on the cathode end surface, it is set to the
requested cell voltage. The inlet temperature is specified as the internal surface temperature
of the fuel cells. The relative humidity of hydrogen at the anode inlet is set to 25%, 50%,
75% and 100%, assuming no liquid droplets formation in the flow.
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Table 3. Detailed model parameters and operating conditions.

Parameter Value Units

Reference diffusivity of hydrogen (Deff
H2

) 9.15 × 10−5 m2 s−1

Reference diffusivity of oxygen (Deff
O2

) 2.2 × 10−5 m2 s−1

Reference diffusivity of water (Deff
H2O) 2.56 × 10−5 m2 s−1

Thermal conductivity of the membrane (keff
m ) 0.4 W (m K)−1

Thermal conductivity of the GDL (keff
GDL) 1.2 W (m K)−1

Thermal conductivity of the CL (keff
CL) 1.5 W (m K)−1

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

Electrical conductivity of the GDL (σGDL) 2500 S m−1

Electrical conductivity of the CL (σCL) 2500 S m−1

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

Hydrogen reference exchange current density (jref
an ) 4000 A m−2

Oxygen reference exchange current density (jref
cat) 5.75 A m−2

Hydrogen reference concentration ([A]ref) 1.00 Kmol m−3

Oxygen reference concentration ([C]ref) 1.00 Kmol m−3

Concentration dependence at anode (γan) 0.5 –
Concentration dependence at cathode (γcat) 1 –

Anode transfer coefficient for the anode electrode (αan
an) 0.5 –

Cathode transfer coefficient for the anode electrode (αan
cat) 0.5 –

Anode transfer coefficient for the cathode electrode (αcat
an ) 0.5 –

Cathode transfer coefficient for the cathode electrode (αcat
cat) 0.5 –
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Table 3. Cont.

Parameter Value Units

Equivalent weight of membrane (Mm) 1100 Kg kmol−1

Density of the membrane (ρm) 1980 kg m−3

Porosity of the GDL (εGDL) 0.5 –
Porosity of the CL (εCL) 0.28 –

Permeability of the GDL (KGDL) 1.18 × 10−12 m2

Permeability of the CL (KCL) 2.3 × 10−13 m2

Molecular weight of H2 (MH2 ) 2 × 10−3 Kg mol−1

Molecular weight of O2 (MO2 ) 32 × 10−3 Kg mol−1

Molecular weight of H2O (MH2O) 18 × 10−3 Kg mol−1

Faraday constant (F) 9.65 × 107 C kmol−1

Universal gas constant (R) 8.3134 J mol−1 K−1

Open circuit voltage (Vo) 0.95 V
Operating temperature (T) 60 ◦C

Operating pressure (P) 0.1 MPa
Anode inlet gas flow rate (Qan,in) 2 L min−1

Cathode inlet gas flow rate (Qcat,in) 5 L min−1

Anode relative humidity (ARH) 25, 50, 75, 100 %
Cathode relative humidity (CRH) 100 %

3. Experiment
3.1. Apparatus and Schematic

A schematic diagram of the experimental setup is shown in Figure 3, which consists
of fuel cells, the control system, and an auxiliary system. The control system includes
the pressure pickup, electronic flowmeter, temperature sensor, hygrometer, and electrical
valve. Furthermore, the control system adopts the Ethernet connection mode to connect
the computer with all the controlled electronic components. The auxiliary system generally
includes the temperature control system, hydrogen and air supply systems. When the gas
is not humidified, the air is collected by the air pump and subsequently fed into the fuel
cell under the monitoring of various sensors. In the same way, hydrogen is released from
the hydrogen storage tank and then fully reacts with the air under a series of parameter
monitoring. When the gas needs to be humidified or changed the relative humidity, the
valve leading to the humidifier line is opened.

The humidifier ensures that the gas carries sufficient water content by spraying and
bubbling. It is possible to obtain a controllable and easily measurable relative humidity
value by controlling the dew point temperature. In addition, the temperature control
system maintains the temperature of the fuel cell by a water-cooling and heating device.
Furthermore, the water storage device includes a water tank and a water pump to ensure
the continuous operation of the water cycle. To control operation parameters, e.g., the
operating temperature and relative humidity of the inlet gases, the computer is connected
with pressure pickups, temperature sensors, hygrometers and a temperature control system.

3.2. Experimental Conditions

The experimental analysis was carried out on a commercial single-cell PEM FC (WUT
New Energy Co. Ltd., Wuhan, China) with Nafion® 212 membrane in the thickness of
50 µm, and catalyst loadings of 0.1 mg cm−2 and 0.3 mg cm−2 for the anode and cathode
are adopted. Other detailed parameters of the single cell are shown in Table 4.
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Table 4. Parameters of the single fuel cell.

Parameter Fuel Cell

Area of membrane (cm2) 275
Flow field Parallel
Membrane NafionTM 212

GDL Toray 200 µm
Cat. loading 0.1/0.3 mg cm−2

Material of bipolar plate Metal

In this experiment, a 1000 W fuel cell test station (NBT-1000 W, BaiTe Technology,
Ningbo, China) was used to set and record operation parameters. Reaction gases were
supplied by a hydrogen cylinder and air compressor through respective intake devices,
and inlet pressure was controlled at 0.1 MPa. The inlet flow rates for the anode and cathode
were 2 L min−1 and 5 L min−1. The operating temperature of the single cell was maintained
at 60 ◦C. Dew point humidifying was conducted by adjusting the humidified temperature.
For the anode, the stoichiometry of hydrogen was 1.5. For the cathode, fully humidified air
was fed to the cell, and the stoichiometry was 2.0.

The single cell performance was tested by measuring the I-V and I-P curves scanned
with the NBT 1000 W fuel cell test system. In addition, an electronic load (H&H ZS) was
used to consume the output of the single cell and control the load changing processes. The
current controllable range was 0–200 A, and the current density was 0–400 mA cm−2. The
PEM fuel cell voltage changes were observed through current density change, which uses
the current as an input variable.
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4. Results and Discussion
4.1. Polarization Curves

The experiment, AIWC model and Fluent model are compared in Figure 4. The Fluent
model is the default model for simulating fuel cell reactions in Fluent software.
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Figure 4a depicts polarization curves of the AIWC model, Fluent model and experi-
mental data for the PEM fuel cell; the relative humidity of the anode and cathode are set
as 25% and 100%, and the cell operating temperature and pressure are set as 60 ◦C and
0.1 MPa. The trend of the polarization curve can be divided into two stages. Voltage drops
sharply in the activation polarization stage (0–50 mA cm−2), and the voltage drops slowly
in the ohmic polarization stage (50–400 mA cm−2). When the current density ranges from
0 to 50 mA cm−2, the voltages of the experimental data, the AIWC model and the Fluent
model, respectively, drop from 1.01 to 0.76 V, 1.00 to 0.78 V and 1.00 to 0.79 V, respectively.
When the current density ranges from 50 to 400 mA cm−2, the voltages of the experimental
data, the AIWC model and the Fluent model drop from 0.76 to 0.51 V, 0.78 to 0.56 V and
0.79 to 0.58 V, respectively.

At low current density, voltages drop rapidly, but the descent rates decrease gradually.
More importantly, the voltage drop is caused by the activation loss of electrochemical
reactions. In this process, the electrochemical reaction is not violent, and the dehydration
of the PEM leads to low proton conductivity. Furthermore, the minor amount of water
produced by the reactions cannot make the membrane obviously hydrated. In the current
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density range of 50–400 mA cm−2, the voltage drop tends to be steady. It is mainly
affected by the ohmic loss. In this current density range, the influence of the ohmic
polarization increases gradually. When the current density approaches 300 mA cm−2, the
voltages of the experiment, AIWC model and Fluent model are 0.58 V, 0.61 V and 0.62 V,
respectively. Among them, voltage of the AIWC model is closer to the experimental data
than that of the Fluent model, and the relative error of the prediction results of the AIWC
model has been reduced by 5.2% (the original is 7.0% in the Fluent model). When the
current density is 407.70 mA cm−2, the experimental power density reaches a maximum
of 208.04 mW cm−2. Furthermore, the power density increases with increasing current
density, and the slope of the polarization curves decreases gradually because the proton
conductivity of the membrane increases with increasing water content and decreasing
ohmic loss in the membrane.

Figure 4b shows the polarization curves of the AIWC model, Fluent model and
experimental data for the PEM fuel cell; the relative humidity of the anode and cathode
are set as 50% and 100%, and the cell operating temperature and pressure are set as 60 ◦C
and 0.1 MPa. When the current density ranges from 0 to 50 mA cm−2, the voltages of
the experiment, the AIWC model and Fluent model severally drop from 0.99 to 0.77 V,
1.00 to 0.79 V and 1.00 to 0.79 V, respectively. When the current density ranges from 50
to 400 mA cm−2, the voltages of the experiment, the AIWC model and the Fluent model
drop from 0.77 to 0.54 V, 0.79 to 0.57 V and 0.79 to 0.58 V, respectively. The influences of
the concentration polarization increase gradually in the current density range of 300 to
400 mA cm−2. In the condition of 240 mA cm−2, the relative error of the voltage results
derived from the AIWC model has been reduced to 3.2% (the original is 4.6% in the
Fluent model).

Figure 4c depicts the polarization curves of the AIWC model, Fluent model and
experimental data for the PEM fuel cell; the relative humidity of the anode and cathode
are set as 75% and 100%, and the cell operating temperature and pressure are set as 60 ◦C
and 0.1 MPa. When the current density ranges from 0 to 50 mA cm−2, voltages of the
experimental data, AIWC model and the Fluent model, respectively, drop from 1.01 to
0.75 V, 1.00 to 0.76 V and 1.00 to 0.77 V, respectively. When the current density ranges from
50 to 400 mA cm−2, the voltages of the experiment, AIWC model and Fluent model drop
from 0.75 to 0.48 V, 0.76 to 0.52 V and 0.77 to 0.54 V, respectively. As shown in Figure 4c,
the power density value increases with increasing current density, and the slope of the I-P
curves decreases gradually when the current density approaches 407.17 mA cm−2. This
is because the membrane proton conductivity of the membrane increases with increasing
water content, and the ohmic resistance in the membrane decreases.

Figure 4d depicts the polarization curves of the AIWC model, Fluent model and
experimental data for the PEM fuel cell; the relative humidity of the anode and cathode
are set as 100% and 100%, and the cell operating temperature and pressure are set as 60 ◦C
and 0.1 MPa. When the current density ranges from 0 to 50 mA cm−2, the voltages of
the experiment, AIWC model, and Fluent model, respectively, drop from 1.00 to 0.74 V,
1.00 to 0.76 V and 1.00 to 0.76 V, respectively. When the current density ranges from 50
to 300 mA cm−2, the voltages of the experiment, AIWC model, and Fluent model drop
from 0.74 to 0.54 V, 0.76 to 0.57 V and 0.76 to 0.58 V, respectively. When the current density
ranges from 300 to 400 mA cm−2, the voltages of the experiment, the AIWC model and the
Fluent model drop from 0.54 to 0.45 V, 0.57 to 0.52 V and 0.58 to 0.53 V, respectively.

As can be seen in Figure 4, the AIWC model-predicted polarization curves are closer to
the experimental values than Fluent model. The voltage obtained from the Fluent model is
higher than that of the AIWC model and the experiment results at the same current density.
The reason for the numerical difference is that the AIWC model takes the anode channel
pressure drop and phase change into account, which leads to a minimal condensation rate
and liquid water activity. Therefore, the humidifying ability of the humidified hydrogen
on the anode side membrane is less obvious at low ARH. In addition, Sun et al. [39] also
found that the membrane at the fuel cell inlet was still not fully hydrated and resulted in
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a decrease in the local current when the hydrogen was not humidified. All local currents
increased when the humidified temperature of the anode was increased from 50 to 90 ◦C. It
can be concluded that there is an increasing of water content in the fuel cell as the anode
humidification temperature increases.

It is worth noting that the AIWC model matches the experimental data well at low
current densities. However, for the final region, there are qualitative differences between
the experiment and both Fluent and AIWC models. The main reason is the presence of
transport limitations above 300 mA cm−2. At high current densities, large amounts of
water are produced by electrochemical reactions, but they cannot move away from GDL or
CL in time. Therefore, insufficient oxygen reaches the active sites on the catalyst surface
and eventually leads to a difference that affects performance.

Four polarization curves and power density curves with different relative humidities
of 25%, 50%, 75% and 100% are shown in Figure 5. Obviously, the performance of 50%
ARH is greater than ARH 25% and ARH 75%, and the differences of ARH 75% and ARH
100% are very close.
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For low relative humidities of 25% and 50%, the water content in the membrane is
increased with the increase in anode humidity; thereby, protons can transport through the
water-filled ionic channels in the membrane networks more easily, resulting in low ohmic
resistance and high output performance. Choi et al. [40] found a similar trend. In their
study, when the current density was 400 mA cm−2, the voltages of the polarization curve
obtained without humidification and humidification were 0.62 V and 0.65 V, respectively.
At low current density, the small amount of water produced by the reactions cannot make
the membrane hydrated. Therefore, when hydrogen is humidified, the condensed water
promotes the hydration of the membrane, which leads to a high proton conductivity.
Therefore, when the current density ranges from 0 to 400 mA cm−2, the performance of
the PEM fuel cell can be improved with increasing ARH before full humidification of
the membrane.

For high relative humidity, the improvement of anode humidity leads to the opposite
result. With the increase in relative humidity, the water content in the membrane increases
until saturation. Once the membrane is saturated with water, it may cause the clogging
of catalyst pores, an increase in liquid water saturation, and flooding of the anode flow
channel. Compared with the other three conditions, the slope of the voltage curve under
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RH 100% is larger because of the appearance of local flooding. When PEM is completely
humidifying, as the current increases, excess water produced by condensation does not
play a positive role in improving the performance of the PEM fuel cell, and it even reduces
reaction rates by plugging the pores of the diffusion layer.

Some researchers have come to similar conclusions. Kim et al. [41] found that ARH
was an important factor in improving performance at high current densities. The saturation
of liquid water is influenced by the decrease in ARH when the operating voltage is 0.50
to 0.70 V. Their experiments indicated that the reverse diffusion of liquid water from the
cathode to the anode increased with decreasing ARH. In this paper, the chemical reactions
and mass transfer are enhanced due to the increase in water content in the membrane,
which leads to a better performance of the PEM fuel cell with the increased ARH.

4.2. Contours of Fuel Cell Species Distribution

Experimental results can reflect real working conditions, involving more physico-
chemical factors, and whether the simulation takes into account as many relevant factors as
possible is what determines its better match with the experiment. However, the reaction
parameters inside the PEM fuel cell are difficult to obtain through the experiment. The
water transportation phenomenon is unobservable. Simulation can compensate for this
deficiency because the simulation results can display the internal reflection of the PEM fuel
cell directly through postprocessing technology. The results are compared and analyzed by
the polarization curves and the contours of the water and hydrogen molar concentrations.

The contours of water molar concentrations are shown in Figure 6. While the anode is
not saturated humidification, the water content in the gas flow increases to the maximum
and then decreases along the direction of the flow field when the fuel cell humidification
is moderate. When the anode channels are operated at 100% ARH, the water content
inside the anode channels reaches saturation. Therefore, the water content in the contour is
relatively uniform, and the water content is approximately 6.79 × 10−3 kmol m−3 in most
areas. For 100% ARH, liquid water is likely to be generated in the anode channels and
leads to low performance of the PEM fuel cell because the water has filled the pores of the
electrode structure and increased the resistance of the anode gases to the diffusion layer.
However, the proton conductivity increases with increasing water content. Therefore, the
PEM fuel cell should be maintained in good humidification conditions to achieve better
performance. Similarly, Caglayan et al. [42] drew a conclusion that a larger membrane
area caused overestimation of current densities at low voltages where the ohmic losses
became significant.

The hydrogen consumption in the anode channels is analyzed by observing the hy-
drogen molar concentrations in Figure 7. At 50% ARH, the hydrogen distribution is more
uniform all over the anode channels compared with the other three conditions, and the hy-
drogen concentrations are greatest at the left entrance. In addition, the hydrogen molar con-
centrations inside the anode channels can reach the lowest value of 4.20 × 10−2 kmol m−3.
The increase in gaseous water in the anode channels is beneficial to the performance of the
PEM fuel cell, as shown by comparing Figure 5 with Figure 6. When gaseous water in the
anode channels increases, the hydration of the proton exchange membrane is enhanced,
while the hydrogen concentrations are reduced and the conductivities are improved. There-
fore, the ultimate effects are beneficial to the performance of the PEM fuel cell when ARH
rises from 50% to 100%.
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In the contours, the PEM fuel cell can form liquid water, which can improve the
hydrogen proton conductivity. However, when the liquid water content increases to a
certain extent, the PEM fuel cell can lead to concentration polarization and water flooding,
which will block the capillary of the PEM fuel cell diffusion layer. In addition, there
are many technical difficulties in obtaining detailed data in experiments. Therefore, the
contours can be used to display the reaction process of the PEM fuel cell, and the results
obtained from the experiment can be used to verify the simulation results.



Energies 2022, 15, 4532 18 of 20

5. Conclusions

In the present work, the experiments and simulations are presented to investigate the
effect of the anode inlet relative humidity on the PEMFC performance. The AIWC model is
established with the condensation rates and water activity introduced. The experiment is
conducted at 60 ◦C operating temperature, with four different anode relative humidities
(25%, 50%, 75% and 100%) and 100% cathode relative humidity. By analyzing the PEM
fuel cell performance and the contours of water molar concentrations and hydrogen molar
concentrations in the anode channels, the effect of inlet water content on the water transfer
and the performance of the PEMFC is studied. The conclusions are as follows:

1. The AIWC model is more applicable to study the anode inlet relative humidity on the
PEMFC performance than the Fluent model. The relative error of the voltage results
derived from the AIWC model has been reduced to 3.2% (the original is 4.6% in the
Fluent model), especially at 240 mA cm−2 for 50% ARH. At 50% ARH, 100% CRH,
and 60 ◦C, the water content and hydrogen distribution are more uniform all over the
anode channels, and the maximum power density is achieved.

2. At low relative humidity (25% ARH and 50% ARH), an increase in hydrogen humidity
can improve the performance of the PEM fuel cell at low current density. The water
content and hydrogen distribution is more uniform all over the anode channels at
50% ARH. At high relative humidity (100% ARH), the excess water produced by
condensation does not play a positive role in the fuel cell performance.
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