Int. J. Electrochem. Sci., 14 (2019) 11367 — 11378, doi: 10.20964/2019.12.46

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Effect of Electrical Contact Resistance on Performance and
Transport Characteristics of Proton Exchange Membrane Fuel
Cells

Shian Li', Ronggiang Wei?, Yuanxin Qi?, Guogang Yang'”, Qiuwan Shen’”

! Marine Engineering College, Dalian Maritime University, Dalian, China;
2 Department of Energy Sciences, Lund University, Lund, Sweden;
“E-mail:yanggg@dImu.edu.cn and shengiuwan@dImu.edu.cn

Received: 2 August 2019 / Accepted: 25 September 2019 / Published: 29 October 2019

In this study, the effect of electrical contact resistance on cell performance and local transport
characteristics of proton exchange membrane fuel cells (PEMFCs) are numerically investigated by
using a two-dimensional, non-isothermal and two-phase flow fuel cell model. The conservation
equations of species, temperature, charge, liquid water and dissolved water were solved to investigate
the transport processes of heat and mass transfer, electron and proton transports, liquid water formation
and transport, and water transport through the membrane. The mathematical model was validated
against the experimental data reported in the open literature. Results showed that the performance is
significantly affected by the electrical contact resistance, especially at low cell voltages. In addition,
the temperature, liquid water saturation and solid phase potential distribution profiles are greatly
influenced by the existence of electrical contact resistance.
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1. INTRODUCTION

Fuel cells are energy conversion devices where the chemical energy of a fuel is directly
converted to electrical and thermal energy [1-4]. Proton exchange membrane fuel cells (PEMFCs) can
be used as alternative power sources for different applications [5-7]. PEMFCs consist of several
components: the current collectors, the gas diffusion layers (GDLS), the catalyst layers (CLs) and the
membrane. The hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR) take place
simultaneously in the CLs to produce electricity.

The cell performance and lifetime of PEMFCs can be significantly affected by temperature.
The effect of thermal boundary condition (constant temperature and insulated boundary conditions) on
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temperature distributions within PEMFCs were investigated by Shimpalee and Dutta [8]. It was found
that the overall performance and local transport phenomena of PEMFCs were significantly affected by
the thermal boundary conditions applied. A two-phase and non-isothermal model was developed to
examine the liquid water distribution and flooding issues [9]. The temperature distributions inside fuel
cells are also influenced by the design of cooling plates [10-11]. The cell performance of PEMFCs is
also affected by the electron transport. A three-dimensional, single-phase, isothermal numerical model
was adopted to study the effect of electron transport through the GDL. Results showed that the
magnitude and distribution of current density were significantly affected by the electrical conductivity
of the GDL [12]. A three-dimensional, single-phase, non-isothermal model was used to study the
performance of PEMFCs with electrical contact resistance [13]. And a parametric study was also
carried out to investigate the effect of flow channel dimensions on the fuel cell performance.

Experimental measurements have already been carried out to investigate the electrical contact
resistance between the current collector and GDL [14-16]. It was found that the electrical contact
resistance is quickly decreased and then reaches a constant value when the assembly force is gradually
increased. Although there are many studies related to the performance and transport characteristics
within PEMFCs, a comprehensive study taking into account the electrical contact resistance is still
very few. The performance of PEMFCs with electrical contact resistance has already been studied in
ref.[13], but the effect of liquid water was not considered. In this study, a two-dimensional, non-
isothermal and two-phase flow model was employed to investigate the cell performance and local
transport phenomena of PEMFCs with/without the electrical contact resistance.

2. MODEL DESCRIPTION
2.1 Physical model and assumptions

Current collector Anode Current collector
Gas flow channel
T

GDI

Gas flow channel

Current collector 3 Current collector
Cathode

Figure 1. Schematic of proton exchange membrane fuel cells.

In this study, a two-dimensional mathematical model including the electrical contact resistance
was developed for the PEMFCs. As shown in fig. 1, the computational domain consists of several
layers, i.e., the GDLs, CLs and the membrane between the anode and cathode electrodes. Line-1 is
located in the middle of current collector regions, and Line-2 is placed in the gas flow channel regions.
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The geometric parameters and the operating conditions are presented in Table 1. In the fuel cell
mathematical model, ideal gas law is applied for the reactant gases; the CLs are homogeneous and
isotropic; the reactant gases cannot diffuse across the membrane; the generated water in the cathode
CL is in dissolved phase [7, 17].

2.2 Governing equations

Species conservation equation:
V- (puY;) = V- (pDess;VY;) + S; 1)
where Yi is the mass fraction and De,iis effective diffusivity for the i th species. Si is the source
term.
Energy conservation equation:
V- (pcyuT) = V- (kesfVT) + Sy 2)
where cp is the specific heat and ket is the effective thermal conductivity. The irreversible,
reversible and ohmic heat generation are included in the source term.
Charge conservation equation:
V- (0pfrsVeps) +Ss =0 (3)
V- (0esfmVm) + Sm =0 4)
where oeffs and oeitm are the effective electrical conductivity and protonic conductivity,
respectively. ¢s is the electrical potential, and ¢m is the protonic potential. The Butler-Volmer equation
and spherical agglomerate model are employed to describe the HOR and ORR in the CLs, respectively.
Liquid water transport equation:

V- (p0g) = V- (aD,Vs) + 5, 5)

Krgii
where K is the relative permeability of liquid phase and Krg is the relative permeability of gas
phase. Ds is the capillary diffusion coefficient. S is the source term.

Dissolved water transport equation:
n Pm
v (% amV¢m) =v- (ﬂ DyVA) + S (6)
where ng and D, are the electro-osmotic drag coefficient and water diffusivity in the membrane,
respectively. Sq is the corresponding source term.

The corresponding expressions, parameters and source terms mentioned above are summarized
in Tables 2-4. More detailed information can be found in [17].

2.3 Numerical implementation and boundary conditions

The fuel cell model is implemented using the commercial software ANSYS FLUENT. The user
defined functions (UDFs) are used to define the transport equations, source terms and the parameters
in the mathematical model.
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At the gas flow channel and GDL interface, the species mass fractions are prescribed. In
addition, the liquid water saturation is assigned as zero. The operating temperature and a constant
electric potential, ¢s=0, are specified at the anode current collector and GDL interface. At the cathode
terminal, the operating temperature and a constant electric potential, ¢s=Vcen, are applied at the cathode
current collector and GDL interface. And the detailed boundary conditions are found in ref. [18]. The
electrical contact resistance is applied at the anode/cathode current collector and GDL interface, the
detailed information of the implementation of contact resistances can be found in ref. [19]. In this
study, the operating temperature is 353 K, and the operating pressure is 1.0 atm. It is assumed that
hydrogen and air are fully humidified. And then the corresponding mass fraction is calculated.

Table 1. Fuel cell geometric parameters and operating conditions [14].

Parameter Value Unit

Fuel cell width 2 mm

Gas flow channel width 1 mm

Anode/Cathode GDL thickness 0.2 mm

Anode/Cathode CL thickness 0.01 mm

Membrane thickness 0.05 mm

Operating pressure, Pa/Pc 1.0 atm
Operating temperature, Ta/Tc 353 K

Table 2. Complementary expressions [14].

Parameter Value Units
Platinum loading, mpt 0.4 mg cm
Platinum density, ppt 2.145x10* kg m3
Carbon loading, mc 0.6 mg cm
Carbon density, pc 1.8x103 kg m3
Dry membrane density, pm 1.98x103 kg m3
Membrane equivalent weight, Mm 1.1 kg mol*
Porosity of GDL, ecpL 0.6 -
Anode reference exchange current density, i’ 100 Am?
Cathode reference exchange current density, i7" 10(0-037417T-16.96) Am?
Anode transfer coefficient, oa 0.5 -
Cathode transfer coefficient, ac 1 -
Reference hydrogen concentration, c:,‘;f 56.4 mol m
Reference oxygen concentration, cg‘;f 3.39 mol m
Hydrogen Henry’s constant, Hy, 4.56x103 Pa m® mol*
Oxygen Henry’s constant, Hy, 0.101325¢(666/T*14.0)  pa m® mol*t
Thermal conductivity of GDL/CL, kepuicL 1.7/0.3 W mtK?
Thermal conductivity of membrane, km 0.25 W mt K1
Electrical conductivity of GDL/CL, 6s,6DL/cL 5000/2000 Smt

Entropy of hydrogen oxidation, ASa 0.104 Jmol?t K?
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Entropy of oxygen reduction, ASc -326.36 Jmol! K
Latent heat of condensation/evaporation, Ahig 2.36x10° Jkg?
Liquid water viscosity, 3.517x10* Pas
Surface tension, 6 0.0625 N m?
Contact angle of GDL/CL, GcpLicL 110°/95° -
Condensation rate, ycon 100 st
Evaporation rate, yevap 100 st
Dissolved water phase change rate, y 1 st
Permeability of GDL, Kool 5.6x1071? m?
Permeability of CL, KcL 1.0x10 m?
Binary diffusivity, Dy, _p,0 9.15x10° m? st
Binary diffusivity, Do,y 0 2.82x10° m? st
Binary diffusivity, Do, _y, 2.2x10° m? st
Binary diffusivity, Dy, oy, 2.56x10° m? st
Table 3. Complementary equations and definitions [14].
Description Units
Effective mass diffusivity  D,;r; = (1 —s)**¢'°D; m?s
1
Mass diffusivity 1-X; m2s
Dim = s—%7D. :
j=1,j=i %/ Pij
Binary mass diffusivity Py\ /T\'® m2s
Di,j = Di,j (TO' PO) (?) (T_()) 1
Electrochemical kinetics P, 0.5 Am
ja = (1= 9)ig” acss ( et ) |earna/RT ’
Cy, HH2
— e_acFTIa/RT]
Electrochemical kinetics _ Po, < 1 Am
Jjo = 4F 3
Ho, E k(1 —¢gcp)
n T'agg + 6i + 5W 5i
ragg aagg,iDOZ,i
5 _
+ —W)>
aagg,wDOZ,w
Over-potential Na = s — Gy e = G — Gy — Ve \
Open circuit voltage Voo = 1.229 — 8.456 X 10~*4(T — 298.15) \Y
+4.31 x 1075TLn(Py,PY;)
. m -1
Active surface area Goff = 1:—1‘”(227.79f3 — 158.57f2 — 201.53f m
CL
+159.5) X 103
ni 1 1 -1
Proton conductivity o = (05141 — 0.326)e1268(m‘f) Sm
Ocffs — a- gGDL)l'SO-s: Ocff,s — (1—¢q, — Li)l'so-s Smt

Effective conductivity Ooffm = L*%a,,
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Relative permeability Ky = Ks3,K,g = K(1—5s)* m?
Capillary diffusivity _ Ks*dP, m2s’
S tds '
Capillary pressure £0> Pa
priary p P = 0cos (6) (1) (14175 — 21252 +1.2635%)
Saturation pressure log10Psar = —2.1794 4 0.02953(T — 273.15) — Pa
9.1837 x 1075(T — 273.15)2 + 1.4454 x 10~7(T —
273.15)3
Electro-osmotic drag _ o A -
coefficient Mg = 2955
Dissolved water diffusivity D, m?s
. 1. (2051 —-3.25 '
= 10—106[2416(m‘f)] 6.65 — 1.251
2.563 — 0.331 + 0.026412 — 0.0¢
Equilibrium water content 1 — {1.41 +11.3a — 18.8a®> + 16.2a® (a < 1) -
~ 101 +294(a—1) (a=1)
ivi X P -
Water activity g = 2wl o
sat
Oxygen diffusivity in liquid T(WYMy,o)%> m?s
water Do,w =74 X 10712 ———25% !
.UHZoVo2
- - . - 1 1 2 a-
Oxygen diffusivity in Dy, ; = 2.88 x 10~ 10¢[2933G1377) mls
ionomer 2
Table 4. Source terms in the governing equations [14].
Description Units
J kg m3s?
Su, = —#MH2 Anode CL g
jc kg m—3 S—l
So, = _EMOZ Cathode CL
Swyr = —S1 — SyaMy,o Anode and cathode CLs kg m3st
Swy = —S; Anode and cathode GDLs
. TAS, W m3
ST =Jala — Z—FaJa + Geff,mllvq)mllz + aeff,sllvq)sllz
+ §;Ah; Anode CL
) TAS, . ) )
ST =JcNe — F}c + Geff,mllvq)mll + aeff,sllvq)sll
+ §;Ahy; Cathode CL
St = OpprmllVom > membrane
St = OpprslIVdsII? + S;Ahy, Anode and cathode GDLs
Sy = —j, Anode CL Am?3
Ss = +j. Cathode CL
Sm = +j, Anode CL Am?3
Sm = —j. Cathode CL
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S; = Sphase Anode and cathode GDLs and CLs
e(1-15)

Ycond T
s

Yevap EMHZO(PWV - Psat)

Sq = Syq Anode CL

Sq = Syq + S3 Cathode CL

Spad = VICI_m (A1 — 1) Anode and cathode CLs

m

MHZO(PW‘V - Psat)
Sphase =

_Je
S, = oF Cathode CL

11373
kg m3s?t
kg m3st
PWU 2 PSle
PW'U < Psat
mol m3s?

3. RESULTS AND DISCUSSION
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Figure 2. Comparison between the numerical results and experimental data.

As shown in Fig. 2, the polarization curve obtained by experimental measurements was
compared with that predicted by the mathematical model. It can be seen that the numerical results
show a good agreement with the experimental data reported by Yan et al. [20]. The experimental
operating temperature is 353 K, and the operating pressure is 1.0 atm. Air and hydrogen were fully
humidified and fed into the cathode and anode gas flow channels, respectively.



Int. J. Electrochem. Sci., Vol. 14, 2019 11374

1.1 0.6
0+ [——Without ECR -
[ | ——With ECR \_ 405
0.9
N’\
0.8 404 E,
S z
1 0.7 =
5 -4 0.3 'g
g 0.6 _g
= 3
3 0.5 —40.2
o Z
=
0.4
401
0.3
0.2 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 16
Current density (A/cmz)

Figure 3. Cell performance of PEMFCs with/without electrical contact resistance (ECR).
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Figure 4. Temperature distributions of PEMFCs: (a) without electrical contact resistance (ECR) (b)
with electrical contact resistance (ECR).

The electrical contact resistance (ECR) is quickly decreased and then reaches a constant value
when the assembly force is gradually increased. In this study, the ECR of 9 mQ cm? is applied [16].
The cell performance of PEMFCs with/without ECR is presented and compared, as shown in Fig.3. It
is clearly seen that the cell performance predicted by the mathematical model with ECR is lower than
that predicted by the mathematical model without ECR, especially at low cell voltages. At the cell
voltage 0.6 V, the current densities of two cases are 0.656 A/cm? and 0.619 A/cm?, respectively. And
the corresponding power densities are 0.394 W/cm? and 0.372W/cm?, respectively.
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Figure 5. Liquid water saturation at the cathode GDL and CL interface of PEMFCs with/without
electrical contact resistance (ECR).

Similar work was also carried out by Akbari et al [13]. However, the effect of liquid was not
included in the mathematical model. In this study, a two-dimensional, non-isothermal and two-phase
flow model was applied to investigate the effect of ECR on the cell performance and local transport
phenomena of PEMFCs. In the following section, the temperature, liquid water saturation and solid
phase potential of PEMFCs at the operating cell voltage 0.6 V are illustrated. Fig.4 shows the
temperature distributions of two cases. It can be seen that the maximum temperature appears at the
middle region of cathode CL, and minimum temperature appears at the regions close to the current
collectors. And the maximum temperature is also decreased when the effect of ECR is included in the
mathematical model.

The liquid water saturation at the GDL and CL interface of two cases are shown in Fig.5. It is
clear that liquid water saturation at the regions under current collectors is greater than that at the region
under the flow channel. This is mainly attributed to the temperature distributions. It can be seen that
the liquid water saturation is only slightly affected at the regions under current collectors. The liquid
water saturation level of the case without ECR is greater than that of the case with ECR.
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Figure 6. Solid phase potential distributions at the anode GDL of PEMFCs: (a) without electrical
contact resistance (ECR) (b) with electrical contact resistance (ECR).
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Figure 7. Solid phase potential distributions at the cathode GDL of PEMFCs: (a) without electrical
contact resistance (ECR) (b) with electrical contact resistance (ECR).

Electrons generated at the anode CL are transferred to the cathode side through the electric load
attached and then consumed at the cathode CL. The electron transport process is described by the Eq.3.
The solid phase potential distributions at the anode and cathode GDLs are shown in Figs.6-7. It can be
clearly seen that the solid phase potential increase from the bottom to the top at both the anode side
and cathode side. Similar solid phase potential distributions were obtained by Meng and Wang [12]. In
that study, the effect of electron transport through the GDL was systematically investigated. The solid
phase potential profiles of Line-1 and Line-2 for two cases are plotted in Figs. 8-9. As shown in
Fig.10, the solid phase potential of Line-1 is increased from -0.0013 V to 0 V, and that of Line-1 in
increased from -0.0064V to -0.0056 V. As shown in Fig.11, the solid phase potential of Line-1 is
increased from 0.6 V to 0.601 V, and that of Line-1 in increased from 0.605V to 0.605 V. This is
attributed to the increased electrical transfer resistance between the GDLs and current collectors.
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Figure 8. Solid phase potential distributions at the Line-1 and Line-2 of anode GDL.
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Figure 9. Solid phase potential distributions at the Line-1 and Line-2 of cathode GDL.

4. CONCLUSIONS

In this study, a two-dimensional, non-isothermal and two-phase flow model was applied to
investigate the effect of electrical contact resistance on cell performance and transport characteristics
of PEMFCs. The cell performance is significantly decreased when the contact resistance between the
current collector and gas diffusion layer is applied in the mathematical model, especially at low cell
voltages. The maximum temperature is decreased and the liquid water saturation is also slightly
decreased when the electrical contact resistance is taken into account. The solid phase potential
magnitude is also significantly affected by electrical contact resistance. It is strongly recommended
that the effect of electrical contact resistance must be included in the mathematical model simulations.
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