University of

'Sl Kent Academic Repository

Yao, Jing, Wu, Zhen, Wang, Bofei, Yang, Yuchen, Yang, Fusheng, Zhang, Zaoxiao,
Ren, Jianwei and Li, Bo (2024) High-stability dead-end anode proton exchange
membrane fuel cells by purge optimization. Journal of Power Sources, 595

. ISSN 0378-7753.

Downloaded from
https://kar.kent.ac.uk/104635/ The University of Kent's Academic Repository KAR

The version of record is available from
https://doi.org/10.1016/j.jpowsour.2024.234062

This document version
Author's Accepted Manuscript

DOI for this version

Licence for this version
UNSPECIFIED

Additional information

Versions of research works

Versions of Record
If this version is the version of record, it is the same as the published version available on the publisher's web site.
Cite as the published version.

Author Accepted Manuscripts

If this document is identified as the Author Accepted Manuscript it is the version after peer review but before type
setting, copy editing or publisher branding. Cite as Surname, Initial. (Year) ‘Title of article'. To be published in Title
of Journal , Volume and issue numbers [peer-reviewed accepted version]. Available at: DOI or URL (Accessed: date).

Enquiries

If you have questions about this document contact ResearchSupport@kent.ac.uk. Please include the URL of the record
in KAR. If you believe that your, or a third party's rights have been compromised through this document please see

our Take Down policy (available from https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies).



https://kar.kent.ac.uk/104635/
https://doi.org/10.1016/j.jpowsour.2024.234062
mailto:ResearchSupport@kent.ac.uk
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies

Revised Cleaned Manuscript (with no marked changes) Click here to view linked References %

1 High-stability dead-end anode proton exchange membrane fuel
2
3 - - -
. cells by purge optimization
5
6
; Jing Yao?, Zhen Wu®", Bofei Wang?, Yuchen Yang?, Fusheng Yang?, Zaoxiao Zhang®®”, Jianwei Ren¢,
9 id
10 Bo Li
i; & School of Chemical Engineering and Technology, Xi’an Jiaotong University, Xi’an, 710049, PR China
13
14 b State Key Laboratory of Multiphase Flow in Power Engineering, Xi’an Jiaotong University, Xi’an, 710049, PR
15 ;
16 China
g ¢ Department of Mechanical Engineering Science, University of Johannesburg, Johannesburg, 2092, South Africa
;g d School of Engineering, University of Kent, Kent, CT2 7NZ, UK
21
22 * Corresponding author, E-mail address: wuz2015@mail.xjtu.edu.cn (Z. Wu), zhangzx@mail.xjtu.edu.cn (Z Zhang).
23
24
25
26  Abstract
27
gg The crossover of nitrogen and oxygen from cathode to anode aggravates the non-uniformity inside dead-end

30 anode proton exchange membrane fuel cell (DEA-PEMFC), inducing some other effects, such as carbon corrosion,

to cause irreversible damage to catalyst. Therefore, developing a purge strategy according to the non-uniformity is

gg necessary to improve its stability. In this study, the effects of operating parameters on the uneven electrical-thermal-
gg water performance are investigated based on a three-dimensional transient model of DEA-PEMFC. Afterwards, a
gs purge optimization is carried out based on the uneven distribution of field variables. The results show that the
38 calculated standard deviation (STDEV) of overvoltage is reduced first and then increased quickly for all the cases.
28 Therefore, the purge should be started when the STDEV approaches the minimum value, to avoid the irreversible

41 damage to DEA-PEMFC, achieving high-stability output performance meanwhile. On this basis, the purge interval
43 is optimized to 100 s, which is suitable for almost all the discussed cases. The purge duration is reduced to 0.2 s. In
44 this situation, the minimum voltage is decreased by about 0.95% compared with the maximum value, indicating a
46 good voltage stability. This study is beneficial to provide guidance for the efficient and long-term operation of
DEA-PEMFC.

50 Keywords: Proton exchange membrane fuel cell; Dead-end anode; Electrical-thermal-water performance; Multi-

Sl phase model; Purge strategy
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1 Introduction

Fossil fuels are employed as the main energy sources for a long time [1]. However, the drawbacks brought by
fossil fuel combustion are gradually becoming prominent [2]. Therefore, the development of renewable energy is of
great importance. Among all kinds of available renewable energies, hydrogen energy is regarded as one of the most

promising secondary energy sources in the future due to its high heating value and zero-emission [3].

Fuel cell is the key device for the conversion and utilization of hydrogen energy. According to the electrolyte
material, fuel cell could be categorized into five types: polymer electrolyte membrane or proton exchange
membrane fuel cell (PEMFC), alkaline fuel cell, phosphoric acid fuel cell, molten carbonate fuel cell, and solid
oxide fuel cell [4]. PEMFC is considered as the most potential one due to its mild operating conditions, fast start-up,

high stability, and simple structure [5].

To achieve the high utilization of hydrogen gas in practice, two modes are generally used at the anode of
PEMFC: flow-through anode (FTA) mode and dead-end anode (DEA) mode [6]. At the FTA mode, excess
hydrogen gas flows through the anode directly. In the meanwhile, to avoid hydrogen waste, hydrogen recirculation
should be equipped at the anode [7]. This kind of mode is suitable for the PEMFC with large power considering the
complexity of the hydrogen recirculation device. At the DEA mode, the anode outlet of PEMFC is closed with a
valve. Therefore, all the hydrogen entering from the inlet is consumed, thereby the hydrogen utilization achieves
high [8]. DEA mode is generally applied in the air-cooled PEMFC with relatively small power (< 2 kW).
Meanwhile, this mode also helps to reduce the device complexity, thus to improve the energy density of PEMFC
[9]. However, DEA mode could also result in the performance degradation of PEMFC which has been observed in
experiments [10]. Some studies indicated that the accumulation of liquid water and impurities at the anode is the
main reason [11]. The liquid water at the anode would block the pore to prevent the contact between hydrogen gas
and catalyst. Besides, the impurities (N2 and O») transferred from cathode to anode could reduce the hydrogen
concentration for electrochemical reaction. It is also worth noting that, according to Manokaran et al. [12], nitrogen

is the major contributor to performance drop when air is used as oxidant.

To restore the performance of dead-end anode proton exchange membrane fuel cell (DEA-PEMFC), purge is
regarded as an effective method to clear the liquid water and impurities at the anode [13]. The previous studies have
paid much attention to the purge process. Jian et al. [14] experimentally optimized the purge strategy of an air-
cooled DEA-PEMFC, giving attention to both hydrogen utilization and voltage stability. The optimal purge interval
of 14.86 s and purge duration of 0.44 s are obtained. Sasmito et al. [15] employed full factorial approach to develop
a better understanding of the interactions between the purge parameters and the cathode stoichiometry ratio for a
DEA-PEMFC with the rated power of 1500 W. Also, the optimal parameters are obtained: purge interval of 180 s,
purge duration of 4 s, and cathode stoichiometry ratio of 2. Hu et al. [16] performed experiments under different
purge strategies. The results showed that under the optimal purge strategy, DEA-PEMFC is able to achieve the
desired stability and the system efficiency of more than 92%. Besides, it is also found that the purge valve with the
diameter of 3 mm enables to achieve better voltage stability than that with the diameter of 1.6 mm. In addition,

Shen et al. [17] focused on the purge effects on the dynamic performance of dual DEA-PEMFC stacks. They also

2
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proposed a novel gas supply configuration to improve hydrogen utilization during the purge process for dual DEA-
PEMFC stacks [18]. The optimized series configuration prolongs the purge interval from 125 s to 800 s, and thus
increases the hydrogen utilization from 97.51% to 99.21%.

In addition, the investigators have developed plenty of numerical models to study the purge process of DEA-
PEMFC. Wang et al. [19] developed a quasi-two-dimensional transient model to optimize the purge strategy. The
effects of the purge parameters, including purge interval, scavenging velocity, and purge duration, on the DEA-
PEMFC were studied for performance optimization. It’s also worth mentioning that this study discussed both the
voltage-based purge and nitrogen-based purge. Nevertheless, considering the difficulty of the in-situ and real-time
nitrogen fraction measurement, voltage-based purge is recommended for practical application. Chen et al. [20]
developed a three-dimensional model of DEA-PEMFC. The effects of operating conditions on the performance
were investigated. Meanwhile, the corresponding purge strategy was optimized. The results showed that the purge

duration of 10 ms is the optimal value for base case, achieving the hydrogen utilization of 95.47%.

Although these studies aim at the optimization of purge strategy, the motivation for determining the purge
interval mainly comes from the superficial voltage drop, duration, or impurity concentration. In other words, the
internal information of DEA-PEMFC is not used to determine the purge strategy. In fact, relatively large non-
uniformity has been observed in PEMFC due to the uneven distribution of reactants [21, 22]. As for DEA-PEMFC,
the crossover of nitrogen and oxygen would aggravate the non-uniformity of variables [23]. It should be noted that
the non-uniformity is potential to induce some other effects, such as carbon corrosion, which would cause
irreversible damage to DEA-PEMFC [24]. This phenomenon is unbeneficial to the long-term service of DEA-
PEMFC. Therefore, it is reasonable to carry out a purge optimization according to the uneven distribution of field
variables inside DEA-PEMFC, to improve the stability of DEA-PEMFC.

In this study, a three-dimensional transient model of DEA-PEMFC integrated with the crossover of nitrogen
and oxygen is developed to describe the internal species transport behaviors and electrochemical reaction process.
Then, the effects of operating parameters, including current density, operating temperature, and cathode
stoichiometry ratio at the cathode, on the uneven electrical-thermal-water performance are investigated. Finally, a
purge optimization is carried out based on the uneven distribution of field variables to achieve the high stability of
DEA-PEMFC.

2 Methods

The schematic diagram of a DEA-PEMFC is presented in Fig. 1. At the anode, hydrogen diffuses from gas
channel to catalyst layer (CL), passing through gas diffusion layer (GDL). Then, hydrogen is oxidized to proton at
the CL. Afterwards, the generated proton is transferred to cathode through the membrane. Meanwhile, to improve
the utilization of hydrogen, a solenoid valve is installed at the outlet of anode channel to control the outlet state. At
the cathode, oxygen is reduced at the CL, and then combined with the proton to produce water. Due to the low
temperature requirement for DEA-PEMFC, on the one hand, the heat dissipation in the DEA-PEMFC should be

paid much attention to prevent the irreversible structural damage. On the other hand, the liquid water introduced by
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low temperature is proven to affect the electrochemical reaction performance significantly. Therefore, the electrical-
thermal-water performance of a DEA-PEMFC is comprehensively analysed in this study. The non-uniformity of

variables is described with standard deviation (STDEV), as written in Eq. (1).

STDEV =\/(Xl_i)z+(X2_Y)2+...+(Xn_7)2 "
n

Dead-end anode

Hydrogen
—
—|~Anode inlet S Anode outlet |—> j< |——>

Solenoid valve
GDL

CL
Membrane

GDL

4 — T — ~
——>/Cathode inlet % Cathode outlet ————

Flow-through cathode

Fig. 1. The schematic diagram of a DEA-PEMFC.

Due to anode outlet is close for most of the time, the physical field distribution inside DEA-PEMFC varies
over time. Therefore, a transient 3D non-isothermal multi-phase model is developed to describe the heat and mass

transfer behaviours and to obtain the corresponding electrical-thermal-water performance.

2.1 Model assumptions

PEMFC is a complex reaction device, involving multiple components and the coupling of multiple physical

fields. To simplify the calculation, the following assumptions are made:
(1) The effects of gravity on the fluid flow are negligible;
(2) The gas phase is in the laminar flow state due to the low velocity [25];

(3) The gases at the anode and the cathode are treated as ideal gas due to the relatively low pressure and

temperature [26];
(4) The porous media including GDL and CL are considered to be homogenous;
(5) The membrane is impermeable for electrons, while it is permeable for dissolved water and protons;
(6) The liquid water is assumed to be in the mist state [27];

(7) The water generated by the electrochemical reaction at the cathode is assumed to be in the form of

dissolved water [28].
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2.2 Governing equations

The model of DEA-PEMFC mainly includes 12 equations, as seen in Table 1 [29-31].

Table 1. Governing equations for DEA-PEMFC model [29-31].

Equation Expression
Mass conservation  0(&0,) -
equation o +Ve(pyUy) =S,
Momentum  conservation — -

- u u.u ~ _) 2 B
equation (forthree - (20) 4 o280 - _vp 4 v (v, +VE,) -2V 1)+,
directions) ot ¢ £ £ 3

Species transport equation
(for Hz, Oz, and H20)

Energy conservation
equation
Electronic charge

conservation equation

lonic charge conservation
equation

Dissolved water transport
equation

Liquid water
equation

transport

O(&0,W, )
ot

FVA(0,0,0) = V+(0, D, VW) + 5,

0 _

= ((e0,C,, + A=) p,C IT) +Ve(U,0,C, T)=Ve(k; VT)+S;
O = V.(Gelev¢ele) + SeIe

0= V'(O-ionv¢|on) + Si0n

Purem O(WA) J. P
Prwem RO | go(n, Jiony = Pmem oD v 1)+ S
EW ot (n, F) EW (Daarr VA + S

%(gp,s) +Ve(f(5)pd)=V(pDVs)+S,,

In DEA-PEMFC, water exists in the form of three phases: vapor, dissolved water, and liquid water. The phase

change of water is displayed in Fig. S1. In this model, vapor distribution is obtained by solving the corresponding

species transport equation. The effective diffusion coefficient (m?/s) for species transport equation is expressed as

Eq. (2) [32].
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For the dissolved water, its transport equation (as seen in Table 1) is solved in the domain of CL and
membrane. The first term on the left is the unsteady term. The second term on the left denotes the dissolved water
transport by electro-osmotic drag force. Correspondingly, the electro-osmotic drag coefficient is written as Eq. (3)
[33]. The first term on the right is the diffusion term. The diffusivity coefficient (m?/s) is expressed as Eq. (4) [34].

The second term on the right is the source term.

ng=—4~ 3)

3.1x1077 1(exp(0.281) —1)exp(-2346/T) 0<A <3
Dyt = 4.17x10° 1(161exp(—1) +1)exp(-2346/T) 3< A <17 (4)
4.1x107°(1/25)°5(1+tanh((A—2.5)/1.4)) A> 17

Besides, liquid water is presented by liquid water saturation S, which denotes its volume fraction [35]. For

the convection term of liquid water transport equation, the interfacial drag coefficient f (s) is written as Eq. (5).

For the diffusion term, the diffusivity of liquid water saturation D| (m?/s) is expressed as Ed. (6).

kr,I &

()
kr,g ul

f(s)=

where K_, denotes the relative permeability of liquid water; k. denotes the relative permeability of gas.

rg

== kpkr,l chap (6)
w4 ds

where kp is the permeability (m?); P, is the capillary pressure (Pa), expressed as Eq. (7).

ap

0.5
P., =0 cos(HC)[ki] J(s) (7)

p

where o, is the surface tension (N/m); QC is the contact angle (° ); J(s) is the Leverett-J function, expressed

in Eq. (8).

_ _ _ 2 _ 3 o
3(s) = {1.417(1 s)—2.120(1—s)® +1.263(1—s)® 6, <90 @

1.417s—2.120s” +1.263s° 6, >90°
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2.3 Agglomerate model

To finely describe the electrochemical reaction and species transport in the CL, agglomerate model is also
integrated in this model. In the agglomerate model, the CL is considered to be composed of a large number of
agglomerates. Each agglomerate could be viewed as a cluster of carbon particles with catalyst dispersed on the

surface. These agglomerates are coated with a thin ionomer film and connected by ionomer network [36].

The agglomerate model could be used to determine the properties at both the macro level and the micro level

[29]. At the macro level, the sum of the volume fraction of each part in the CL is equal to 1.0, expressed as Eq. (9).
LIonomer + I‘Pt/C + I‘GDL + gCL :1 (9)

where |_Ionomer is the volume fraction of ionomer, written as Eq. (10); Lpt,c is the volume fraction of platinum

dispersed carbon, written as Eg. (11); LGDL is the volume fraction of GDL penetration; &g is the porosity of

the CL.
Llonomer = (1+ ksweﬂ“) I—Ionomer,dry (10)

where kswe is the membrane swelling coefficient; L is the volume fraction of dry ionomer.

lonomer,dry

1(m m
Loye =— [i + _C] (11)
et \ Prt Fc

where My, is the platinum loading (mg/cm?); M is the carbon loading (mg/cm?).
Therefore, the porosity of the CL is given as Eq. (12).

&ct = 1= Lignomer = Lowe — Lent (12)

At the micro level, the agglomerate density (i.e., number of agglomerates per unit volume of CL, 1/m?3) is

written as Eq. (13). Then, the specific area of agglomerate (1/m) could be written as Eq. (14).

N — 3LPTJC (13)
W A(1-gy ) A,
where ... is the agglomerate radius (m).
_ 3mPt'AYea (14)

a =
" 475, N

3
agg ragg

where A, is the reaction area per unit platinum mass (m?/kg), as expressed in Eq. (15) [37].
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A.. =(227.791°-158.57 >~ 201.53 f +159.5)x10° (15)

where f is the platinum mass ratio.

At the same time, the thickness of ionomer film (m) covering the agglomerate is given as Eq. (16). The

thickness of liquid water coating (m) is expressed as Eq. (17) [38].

0, =r

lonomer agg

?J(l_gCL)(l_ECL ~Loo )+ Lucse (1-BM) (16)

LPtJC

where BM denotes the volume fraction of the primary pores occupied by the ionomer in the agglomerate.

3

2 :#(r -i_é‘lonomer)a"_S&‘CL(:L_(S‘CL)ragg —(I‘ + 0,

w,l agg L. agg lonomer
Pt/C

) 17)

2.4 Electrochemical reaction Kinetics

Based on the agglomerate model, the electrochemical reaction kinetic (A/m?) at the cathode is modified, in

order to consider the impact of liquid water and ionomer film on the species transport, expressed as Eq. (18) [39].

-1
oapo| 1 w0 (18)
Ho, | ExgoK .

agg- ‘agg agg

where H02 is the Henry’s constant of oxygen (Pa m?¥mol); E., s the effectiveness factor of the agglomerate;

k.., IS the reaction rate coefficient (1/s), expressed as Eq. (19); 0 is the total thickness of the ionomer and liquid

water film (m); » is the oxygen diffusion rate through the ionomer/liquid water film (1/s).

By | - 1-a,)F
Kpgg =~ ——| exp (—a" i j —exp (=) Fn. (19)
4F Co, et RT RT

where i, . is the reference exchange current density at the cathode (A/m?); c, .. is the reference oxygen

f
concentration (mol/m3); ¢« is the charge transfer coefficient at the cathode; 77, is the cathode overpotential (V),

given as Eq. (20).
n.= ¢e|e - ¢|0n - Eeq,c (20)

is the equilibrium potential of cathode (V).

C

where E,,

At the anode, the electrochemical reaction kinetics (A/mq) is given as Butler-Volmer equation, shown in Eq.
(21).
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05
P 1- F
ia = aaggia ref - eXp ( % ) | EXp ( %17, j (21)
T Ch, er H H, RT RT

where i is the reference exchange current density at the anode (A/m?); c is the reference hydrogen

a,ref H, ref

concentration (mol/m?3); H,, is the Henry’s constant of hydrogen (Pa m3mol); «, is the charge transfer

coefficient at the anode; 77, is the anode overpotential (V), given as Eq. (22).

n, = ¢ele - ¢i0n - Eeq,a (22)

where E_, . is the equilibrium potential of anode (V).

a

2.5 Crossover of nitrogen and oxygen

Considering that the proton exchange membrane is permeable to nitrogen and oxygen, and that the anode
outlet is closed, DEA mode is easy to cause the accumulation of impurities at the anode. Previous studies have
proven that the accumulation of nitrogen and oxygen would reduce the hydrogen concentration participating in the
electrochemical reaction at the anode CL, leading to the significant performance degradation [40]. Therefore, the

crossover of nitrogen and oxygen is added in this model.

The difference of partial pressure between cathode and anode is considered as the driving force for species

transport. Therefore, the nitrogen and oxygen fluxes (mol/m?/s) through the membrane are given as Eqs. (23-24).

PNZ,C - I:)Nz,a
In, Ko, % @3)
_ (Poz,c - POZ,a)
0, " "p.,0, 5mem (24)
where Kon, and Kpo, are the permeability of nitrogen and oxygen (mol/m/s/Pa), respectively.
The permeability of nitrogen and oxygen is written in Eqs. (25-26) [41].
E
Kon, =(0.0295+1.21f, ~1.93f,2)x10™* exp| —= L2 (25)
T R(Ts T

E 1 1
k o =(0.11+1.9f )x10 ™ exp| —2| —-= (26)

POz ( V) p[ R Tref T
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where f, denotes the volume fraction of dissolved water, written as Eq. (27); Ey, is the activation energy of

nitrogen, 24000 J/mol; T

o 1S the reference temperature, 303 K; Eo, is the activation energy of oxygen, 20000

J/mol.

ﬂ’memvwl
f,=— T (27)
Viem + eV,

mem * w,|
where V,,, and V. are the mole volumes of liquid water and dry membrane (m*/mol).

The nitrogen and oxygen fluxes are calculated using variables in different regions, which could be hard to
implement in the numerical model. For simplicity, the fluxes are converted to a mass source term added at the
anode CL in this model. Besides, the decrease of nitrogen and oxygen concentration at the cathode is neglected,
because of the low transfer rate of nitrogen and oxygen through membrane and the relatively large velocity at the

cathode.

2.6 Purge process

As mentioned above, the performance of DEA-PEMFC would decrease over the time. To restore the cell
performance, the anode outlet is open for a short time to clear the internal impurities. This operation is also known
as purge. During the purge process, the PEMFC actually works at the FTA mode. The alternating DEA mode and
FTA mode is executed by a solenoid valve.

In this numerical model, DEA mode is implemented by setting the outlet boundary condition as wall, while
FTA mode is implemented by setting the outlet boundary condition as pressure outlet. To simulate the working
process of the solenoid valve, a journal file is employed to change boundary conditions automatically. The
flowchart is displayed in Fig. S2. This journal file is able to change the boundary conditions according to voltage

drop or duration.

2.7 Boundary conditions

For the steady calculation, mass flow rate boundary condition is applied at both the anode inlet and the

cathode inlet. The mass flow rate is calculated with Eq. (28).

m = /Oaé:a RTiref Aﬁct m = pcéc RTiref Aact

) ., m, (28)
2FPx,, 4FPx,,

where ¢ is the stoichiometry ratio is the reference current density (A/m?), which is set to 1 A/cm?; A, s

; Iref
the effective membrane area (m2).

For the transient calculation, pressure inlet boundary condition is applied at the anode inlet. Besides, the

boundary condition at the anode outlet is controlled by the journal file mentioned above.

10
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The constant temperature boundary condition is set at the anode inlet and the cathode inlet. The mole fraction

of vapor at the anode inlet and the cathode inlet is calculated with Eq. (29).

P

X — sat

H,0,a

where RH denotes the relative humidity.

3 Model validation

3.1 Model implement

RH

sat C (29)

c

The computation domain of DEA-PEMFC is shown in Fig. S3(a). This geometry is divided into nine regions.

Besides, structural grid is employed for spatial discretization in all the regions, as shown in Fig. S3(b). The

corresponding geometry and operating parameters are listed in Table 2 [42].

Table 2. The geometry and operating parameters used in the model [42].

Parameter Value
Length of PEMFC 50 mm
Width of PEMFC 0.95 mm
Height of gas channel 1 mm
Thickness of GDL 0.3mm
Thickness of CL 0.0129 mm
Thickness of membrane 0.06 mm
Stoichiometry ratio of hydrogen and air 33

Inlet pressure at the anode 0.0005 atm

Inlet temperature at the anode and the cathode
Relative humidity at the anode and the cathode

Operating temperature

298.15 K/328.15 K

0/1.0

338.15K

This model is solved by software Fluent (ANSYS Inc., USA). The build-in mass conservation equation,
momentum conservation equation, species transport equation, and energy conservation equation are employed to
present the fluid flow, species transport, and temperature distribution. In the meanwhile, the electronic charge
conservation equation, ionic charge conservation equation, dissolved water transport equation, and liquid water

transport equation are defined by the user-defined scalar. The corresponding terms in these equations are defined by

11
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the user-defined function. At the beginning of each case, the steady model is solved. Then, the steady solution is
served as initial conditions for the transient calculation. This procedure is also beneficial to improve the model

convergence.

3.2 Model validation

The grid number has a significant influence on the simulation results. Herein, the gird independence for the
steady and transient cases is carried out first, as seen in Fig. S4. The used grid number ranges from 60000 to
250000. It is found that when the grid number decreases from 123500 to 65000, the voltage for the steady case
reduces sharply from 0.577 V to 0.566 V. Meanwhile, under the grid number of 65000, the voltage variation for the
transient case is also quite different from that under the grid number of 123500 and 247000, as seen in Fig. S4(b).
Under the grid number of 123500 and 247000, the voltage has a slow reduction first and then a fast reduction,
while that has an approximately linear decrease under the grid number of 65000. Therefore, considering both the

calculation accuracy and the calculation time, the grid number of 123500 is used for the following simulation.

The comparison between simulation results and experiment data is displayed in Fig. 2. For the steady case, the
simulation results agree well with the experiment data [42], as seen in Fig. 2(a). Although only three data points are
provided in the experiment, the three points cover the commonly used operating range. Besides, according to the
comprehensive model validation of PEMFC in our previous work [29], the position of the polarization curve could
be determined well by the three data points. For the transient cases, the simulation results under a low current
density also have a good agreement with the experiment data [42], as seen in Fig. 2(b). Under the high current
density of 8000 A/m?, an error exists between the simulation results and experiment data. This may be attributed to
the model simplification and the errors in the model parameter estimation. Nevertheless, in the practical application,
the selected operating current density are generally smaller than 8000 A/m?, considering other effects. On the other
hand, the purge interval would not be too long, in order to avoid large performance drop. Therefore, the existing

error under the operating current density of 8000 A/m? has a small impact on the analysis conclusions.

(@ 1.0 . . . . . (b) 0.9 . . . . . . .

B Exp.@4000 A/m?

i ® Exp.@6000 A/m?
Exp.@8000 A/m? |

—— Sim.@4000 A/m?

0.7 —— Sim.@6000 A/m? |

Sim.@8000 A/m?

s IS
(] (]
g g0 1
5 i 3
> >
05 1
04t § 0.4 1
0.3 -

1 1 1 1 1 03 1 1 1 1 1 1
0 2000 4000 6000 8000 10000 12000 0 50 100 150 200 250 300 350 400
Current density (A/m?) Time (s)

Fig. 2. The comparison between simulation results and experiment data [42]: (a) the steady cases; (b) the transient
cases.

12
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4 Results and discussion

4.1 Effects of current density

Current density is an important operating parameter for DEA-PEMFC. The steady electrical-thermal-water
performance under different current densities is presented in Fig. 3. The voltage is decreased with the increasing
current density, as seen in Fig. 3(a), because the overvoltage is risen. The maximum temperature also increases with
the increasing current density, as seen in Fig. 3(b). It should be noted that the temperature rise inside PEMFC
maintains at a low value. This is because constant temperature boundary condition is applied in this model, which
represents the strong heat transfer performance. With the increase of current density, the heat taken away by the
fluid in the channel is almost the same, while the heat dissipation through the cathode current collector becomes
more and more significant. As for liquid water, the flow rate of liquid water is quite small, as seen in Fig. 3(c). In
these cases, the mole fraction of vapor is lower than the saturation value (about 24% for the operating temperature
of 338.15 K at the atmospheric pressure). Thus, it could be concluded that nearly all the liquid water evaporates,

leading to the small flow rate of liquid water.
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Fig. 3. (a) The voltage, (b) maximum temperature, and (c) flow rate of liquid water under different current densities;
the distributions of (d) the mole fraction of vapor and (e) water content under different current densities.
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The transient voltage under different current densities is presented in Fig. 4(a). The voltage-time curve could
be divided into three stages according to its trend. At the beginning, the voltage has a small increase, because the
anode outlet is closed during the transient calculation, thus reducing water evaporation from the membrane and
raising the water content in the membrane. Next, the voltage has a slight decrease due to the nitrogen and oxygen
accumulation at the anode. These impurities gradually accumulate at the position close to anode outlet, decreasing
the hydrogen concentration for electrochemical reaction. Nevertheless, electrochemical reaction is not very
sensitive to hydrogen concentration, resulting in the slow decrease rate in this stage. Then, the reduction rate of
voltage becomes large in the third stage. Different from the second stage, the hydrogen concentration at the position
close to anode outlet decreases to very small value in this stage, so that the electrochemical reaction at this position

almost stops. Therefore, the voltage is remarkably affected by the accumulation of nitrogen and oxygen in this

stage.
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Fig. 4. (a) The voltage variation of DEA-PEMFC over time and (b) the distribution of the water content at the
interface between cathode CL and membrane at 100 s under different current densities.

Under a high current density, the duration of the second stage is shorter than that under a low current density.
This phenomenon shows the high crossover rate of nitrogen and oxygen under the high current density. In this
condition, the high electrochemical reaction rate would generate more water, thus increasing the water content in
the membrane and raising the crossover rate, as seen in Fig. 4(b). Correspondingly, it is also found that the voltage
drop rate in the third stage become faster when the operating current density is increased from 4000 A/m? to 6000
A/m?. Nevertheless, when the current density is increased further to 8000 A/m?, the voltage drop rate is fast first

and then slow in this stage.

The distribution variations of the current density and overvoltage inside DEA-PEMFC over time are presented
in Fig. 5. As seen in Fig. 5(a), at the beginning of calculation (20 s), the current density is first increased along the
flow direction, and then decreased till the end of channel. Therefore, the maximum value of current density appears
at the middle of DEA-PEMFC along the flow direction. The current density is mainly dominated by the reactant
concentration and the resistance of membrane. At the position close to inlet, the reactant concentration is large, and
the absolute value of overvoltage is small, as seen in Fig. 5(b). However, at this position, the low water content in

the membrane increases the membrane resistance, resulting in the low current density. By contrast, at the position
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close to outlet, the water content in the membrane is large. However, the reactant concentration is low, and the

absolute value of overvoltage is also relatively large, decreasing the current density.
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Fig. 5. The distribution variations of the current density at the middle of membrane (a, d, g) and the overvoltage at
the cathode CL (b, e, h) over time under different current densities; the variation of the STDEV of overvoltage over
time (c, f, i) under different current densities.

As the time moves forward, the current density at the position close to outlet decreases significantly, as seen in
Fig. 5(a). At 240 s, the current density at the outlet is quite close to zero. This is because of the accumulation of
nitrogen and oxygen at the anode outlet, decreasing the hydrogen concentration. Correspondingly, the absolute
value of overvoltage at this position is also decreased, which increases the risk of local carbon corrosion. Besides, it
is also found that the current density at the position close to inlet is improved. When the time goes from 20 s to 240
s, the maximum current density is risen from 3933 A/m? to 4646 A/m? under the working current density of 4000
A/m?, increased by 18%. On the whole, the crossover of nitrogen and oxygen tends to aggravate the non-uniformity
in DEA-PEMFC with the increase of time. However, in Fig. 5(c), the results show that the STDEV of overvoltage
could have a slight decrease first and then a fast increase. When the DEA-PEMFC is operated at 4000 A/m?, the

minimum value appears at about 140 s.

With the increase of working current density, the low current density region at the same instant significantly

expands. Nevertheless, under different working current densities, the affected area (where current density is lower
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than that in the steady solution) by impurities at the anode is quite close, as shown in Fig. 5. As for the non-
uniformity, the STDEV of overvoltage at a high working current density is higher than that at a low working current
density at the same instant. Meanwhile, the minimum value of STDEV comes early at the high working current

density. Under the working current density of 6000 and 8000 A/m?, the turning point appears at about 100-120 s.

4.2 Effects of operating temperature

The operating temperature affects the electrochemical reaction rate and the phase change of water. The steady
performance under different operating temperatures is displayed in Fig. S5. With the increase of operating
temperature, the corresponding voltage decreases. Although the high operating temperature raises the
electrochemical reaction activity, it also accelerates the evaporation of liquid water, which reduces the water
content in the membrane and increases the resistance, as seen in Fig. S5(d) and (e). The maximum temperature is
still quite close to operating temperature. Hence, the maximum temperature changes linearly with the operating

temperature. Also, the flow rate of liquid water is decreased with the increase of operating temperature.

The transient performance under different operating temperatures is presented in Fig. 6(a). Under a high
operating temperature, the water content in the membrane is low, as seen in Fig. 6(b), which would suppress the
crossover of nitrogen and oxygen. However, according to Eq. (25) and (26), the high temperature could also
increase the crossover rate. Therefore, in these cases, temperature has both positive and negative effects on the
crossover rate. When temperature is increased from 328.15 K to 338.15 K, the crossover rate of nitrogen and
oxygen almost keeps the same. The voltage-time curves under the temperature of 328.15 and 338.15 K are almost
parallel. While increasing temperature to 348.15 K further, faster voltage drop is observed. At about 345 s, the
voltage drop under 348.15 K achieves 0.1V, thus the calculation is stopped.
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Fig. 6. (a) The voltage variation of DEA-PEMFC over time and (b) the distribution of the water content at the
interface between cathode CL and membrane at 100 s under different operating temperatures.
The distribution of current density at the middle of membrane under different operating temperatures is
displayed in Fig. S6. At the beginning of the transient calculation (20 s), in the x-axis direction, the current density
at the position below the current collector is higher than that below the channel. In the z-axis direction, the current

density at the inlet and outlet is quite close. Hence, the maximum current density appears at the middle of DEA-
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PEMFC. At this position, both the water content and reactant concentration maintain at a relatively high level. With
the increase of time, the current density at the outlet becomes lower than that at the inlet gradually. In addition, low
current density region close to outlet expands over time. By contrast, the current density at the inlet is increased.
This is because the crossover of nitrogen and oxygen reduces the electrochemical reaction rate at the outlet, thus
aggravating the non-uniformity inside DEA-PEMFC.

At the low temperature of 328.15 K, the extremely low current density appears in the range of 140-240 s.
Increasing temperature to 348.15 K further, the emergence of extremely low current density becomes earlier
considering the relatively large low current density region at 140 s. Hence, it could be concluded that high
temperature would accelerate the emergence of the low current density region at the position close to outlet.
Meanwhile, the decrease of current density also becomes quicker with the raise of operating temperature. The
affected area by the crossover of nitrogen and oxygen becomes large as the temperature increases. Besides, under
the same working current density (6000 A/m?), it is found that the current density at the position close to inlet

becomes higher with the increase of operating temperature.

4.3 Effects of cathode stoichiometry ratio

DEA mode is generally used for air-cooled PEMFC where the stoichiometry ratio at the cathode is quite large.
In order to approximate the actual working conditions, the effects of cathode stoichiometry ratio on the DEA-

PEMFC performance are discussed in this section.

The steady performance under various stoichiometry ratios is presented in Fig. S7. It is found that the voltage
only has a small reduction with the stoichiometry ratio increasing from 3 to 12 in this study. Correspondingly, the
maximum temperature is also reduced a bit. Under a high cathode stoichiometry ratio, the mole fraction of vapor at
the cathode is decreased, especially at the position close to outlet, as seen in Fig. S7(e). Hence, the water content in
the membrane is reduced, and the resistance of membrane is risen, which would decrease PEMFC performance.
Nevertheless, the high stoichiometry ratio also increases the oxygen concentration at the cathode, as seen in Fig.
S7(d). Thus, performance degradation of PEMFC is alleviated significantly. In addition, the flow rate of liquid

water is still small.

The transient voltage variation under different stoichiometry ratios is presented in Fig. 7. The cathode
stoichiometry ratio has a relatively slight effect on the DEA-PEMFC performance. In the second stage, when DEA-
PEMFC is operated under a low stoichiometry ratio (about 3), the output voltage is raised to a high level (more than
0.58 V). At the meantime, the duration of the second stage under a low stoichiometry ratio is a little shorter than
that under a high stoichiometry ratio. On the other hand, in the third stage, the voltage drop rate under the
stoichiometry ratio of 3 is faster than that under a high stoichiometry ratio. Within 350 s, the output voltage under
the stoichiometry ratio of 3 achieves the lowest value, about 0.5 V. This is attributed to water content variation
under different stoichiometry ratios, as seen in Fig. 7(b). Under the low stoichiometry ratio, the large water content

in the membrane leads to high crossover rate of nitrogen and oxygen. By contrast, under the high stoichiometry
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ratio, more water is taken away by the air at the cathode. In this condition, the water content in the membrane is

hard to increase, and the crossover rate of nitrogen and oxygen is small, resulting in the slow voltage drop rate.
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Fig. 7. (a) The voltage variation over time and (b) the distribution of the water content at the interface between
cathode CL and membrane at 100 s under different cathode stoichiometry ratios.

The distribution of variables along the flow direction under different stoichiometry ratios is displayed in Fig.
S8. The current density at the position close to outlet is reduced over time. Under a high stoichiometry ratio, the
current density has a small reduction rate. At 240 s, the current density at the position close to outlet (Z = 0.005 m)
under a high stoichiometry ratio is larger than that under a low stoichiometry ratio. Correspondingly, the
overvoltage at the position close to outlet is decreased as the stoichiometry ratio increasing. This is because of the
low impurity concentration at the anode under the high stoichiometry ratio. At the position close to inlet, the current
density is increased over time due to the same operating current density. Nevertheless, the current density under the
high stoichiometry ratio has a smaller increase than that under the low stoichiometry ratio at the same instant.
Under the stoichiometry ratio of 12, the increase of the maximum current density from 20 s to 240 s is 16.7%,

while that achieves 20.3% under the stoichiometry ratio of 3.

Besides, the STDEV of overvoltage is also calculated in Fig. S8. Similarly, the STDEV of overvoltage under all
the stoichiometry ratios is reduced first and then increased fast. However, some differences could be also found.
The STDEV of overvoltage under a low stoichiometry ratio is larger than that under a high stoichiometry ratio at the
same instant. Furthermore, the high stoichiometry ratio helps to maintain the STDEV of overvoltage at a low value
for a long time. That’s to say, the high stoichiometry ratio enables to delay the increase of the STDEV of

overvoltage. In these cases, the minimum value of the STDEV of overvoltage appears at about 120 s.

4.4 The purge optimization

Based on the above-mentioned analysis, it could be concluded that the STDEV of overvoltage is reduced first
and then increased fast under all the cases. Furthermore, the decrease mainly appears in the first and second stage.

Hence, to avoid the irreversible damage to PEMFC, the purge interval should be also included in the first and

18



©CO~NOOOTA~AWNPE

second stage. Meanwhile, to improve the utilization of hydrogen, the purge interval should be large. That’s to say,
the start time of purge should be near the end of the second stage.

Herein, the purge strategy is optimized based on the non-uniformity of overvoltage. The purge interval is
determined to 100 s according to the STDEV of overvoltage in these cases. After 100 s, the STDEV of overvoltage
would become large under the operating current density of 8000 A/m?. This purge interval is suitable for almost all
the cases discussed above (working conditions: current density of 4000-8000 A/m?, operating temperature of
328.15-348.15 K, cathode stoichiometry ratio of 3-12, and anode relative humidity of zero).

Based on the optimal purge interval of 100 s, the purge duration is also optimized to achieve stable output
performance. The voltage variation over time under the purge duration of 0.6 and 0.2 s is presented in Fig. 8(a).
Before the purge of each cycle, the voltage is decreased to 0.5802 V. At the beginning of purge, the voltage is first
increased to a high level (0.5893 V), which is the maximum value of the cycle. This is because the fast removal of
impurities increases the performance of DEA-PEMFC. Afterwards, the voltage would decrease till the purge is
completed. During this time period, the hydrogen at the low temperature and humidity reduces the water content in
the membrane further, thus leading to performance deterioration. Besides, during the purge interval, the mole
fraction of nitrogen at the anode achieves about 10%, as seen in Fig. 8(b). It is also found that the mole fraction of

nitrogen changes linearly with time.
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Fig. 8. The variation of (a) voltage and (b) the mole fraction of nitrogen at the anode over time.

Under the purge duration of 0.6 s, the voltage decreases to minimum value (0.5774 V) at the end of purge,
decreasing by 2.02% compared with the maximum value. By comparison, under the purge duration of 0.2 s, the

minimum voltage is decreased by 0.95% compared with the maximum voltage. Hence, the purge duration of 0.2 s
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is beneficial to improve the hydrogen utilization (over 99%) and achieve a stable output performance. On the whole,

this purge optimization could achieve a good voltage stability of DEA-PEMFC.

5 Conclusions

In this paper, a 3D transient model of DEA-PEMFC integrated with the crossover of nitrogen and oxygen is
developed to describe the internal species transport behaviors and electrochemical reaction process. Then, the
effects of operating parameters on the uneven electrical-thermal-water performance are investigated. Finally, a
purge optimization is carried out based on the uneven distribution of field variables to achieve the high stability of

DEA-PEMFC. The conclusions could be drawn as follows:

(1) During the steady process, the voltage of PEMFC is reduced with the raise of working current density,
operating temperature, and cathode stoichiometry ratio. In the scope of this study, the working current density and
operating temperature have more significant effects on the PEMFC voltage than the cathode stoichiometry ratio.
The temperature rise inside PEMFC is small due to the strong heat transfer capacity of current collector. Besides,

the flow rate of liquid water is also small (on the order of 1e-8 kg/s) for these cases.

(2) During the transient process, the voltage-time curve could be divided into three stages according to its
trend. In the second and third stage, the voltage of DEA-PEMFC has a faster reduction over time under the higher
current density or operating temperature. In the meanwhile, the duration of the second stage is shorter under the
higher current density or operating temperature. Besides, it is also found that the current density at the position

close to outlet is reduced, while that at the position close to inlet is raised over the time.

(3) On the whole, the crossover of nitrogen and oxygen would aggravate the non-uniformity of DEA-PEMFC.
It is found that the STDEV of overvoltage is reduced first and then increased fast over time in the scope of this
study. The minimum STDEV of overvoltage appears near the end of the second stage (at 100-140 s). Hence, purge

at this moment is beneficial to avoid the irreversible damage to DEA-PEMFC.

(4) Based on the analysis, the purge strategy is optimized to achieve high stability of DEA-PEFMC. The purge
interval is determined to 100 s, which is suitable for almost all the discussed cases (working conditions: current
density of 4000-8000 A/m?, operating temperature of 328.15-348.15 K, cathode stoichiometry ratio of 3-12, and
anode relative humidity of zero). The purge duration is reduced to 0.2 s. In this condition, the minimum voltage is

reduced by about 0.95% compared with the maximum value, indicating a good voltage stability.
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