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10 Abstract

11 Flow field optimization has an evident effect on the performance improvement of solid oxide
12 electrolysis cells (SOEC). In this study, a novel flow field based on porous material is
13 proposed to improve the electrolysis efficiency of SOEC. The internal reforming reactions,
14 multi-component diffusion process and co-electrolysis of H,O and CO, are numerically
15  studied by establishing a three-dimensional model. The results show that the novel design
16 ~ with porous material instead of conventional rib-channel configuration can lower the
17 electrolysis voltage demand up to 0.062V. To understand the mechanisms for the improved
18  performance of the new flow field design, the multi-physical field distributions and thermal
19  process are investigated. It is found that the new flow field design can ensure more uniform
20  distribution of species concentration and reduce the maximum temperature difference by
21 3.81K at 1.5A cm2. The thermal analysis indicates that the ohmic loss is the most important
22 factor for temperature distribution. In addition, the structure and configuration of porous flow

23 field are further optimized to obtain a better performance.
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Nomenclature

A act

Ne

active area, m?2

specific heat capacity, kJ kg! K-!

gas diffusivity, m? s-!

electrical power consumption, W m
open circuit voltage, V

faraday’s constant, C mol-!

internal reforming heat, J mol-!

current density, A m~

exchange current density, A m= or species j
Knudsen

equilibrium constant of MSR
equilibrium constant of WGSR

forward reaction rate constant for MSR
forward reaction rate constant for WGSR
length, mm

molecular weight, kg mol-!

mole flow rate, mol s

number of electrons transferred per reaction
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P gas pressure, Pa or atm

R universal gas constant, J mol-! K-!

r pore radius, um

S source term, kg m= s°!, mol m-3 s*! or W m-3
T temperature, K

t time, s

Us fuel utilization

Vv special Fuller diffusion volume, cm= mol-!
Vdemand voltage demand for electrolysis, V

w width, mm

X mole fraction

y mass fraction

Greek letters

0 standard state

o transfer coefficient in anode
S transfer coefficient in cathode
0 thickness, m

€ porosity

¢ air stoichiometric ratio

Pele electric potential, V

Pion ionic potential, V

y adjustable parameter



30

Subscripts and superscripts

act

che

eff

ele

ion

irr

ohm

overpotential, V, or electrolysis efficiency
thermal conductivity, W m! K-!
conductivity, S m-!

viscosity, kg m! s°!

velocity, m s-!

density, kg m-3

tortuosity

volume fraction of electron conducting particles

anode

activation

cathode

chemical

effective

electron

gas species

ion

irreversible

reaction order for oxygen
reaction order for hydrogen
reaction order for carbon monoxide

ohmic
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ref

rev

Abbreviations
ACL
ADL
AEC
CCL
CDL
LHV
MSR
PEMFC
PEN
SOCs
SOEC
SOFC
UDF

WGSR

1. Introduction

In recent years, much interest has been focused on the renewable and eco-friendly power

resources due to the increasing energy demand and global environmental concerns [1].

reference state
reversible

momentum

anode catalyst layer

anode diffusion layer

alkaline electrolysis cell

cathode catalyst layer

cathode diffusion layer

lower heat value

methane steam reforming reaction
proton exchange membrane fuel cell
positive electrode-electrolyte-negative electrode
solid oxide cells

solid oxide electrolysis cell

solid oxide fuel cell

user defined functions

water gas shift reaction
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Meanwhile, the meteorological fluctuations of these renewable energies (e.g. solar and wind
energy) and the redundant electricity in power grid provide a promising opportunity for
energy conversion and storage techniques [2]. Among these techniques, the solid oxide
electrolysis cell (SOEC), which is a reversed mode of solid oxide fuel cell (SOFC), has
aroused much attention for its high efficiency and low emission [3,4].

Unlike some other types of electrolysis devices, such as proton exchange membrane
electrolysis cell (PEMEC) and alkaline electrolysis cell (AEC), SOEC operates at high
temperature (typically between 873 and 1073K) and can achieve a lower voltage demand [5].
Besides, this technology can also offer an approach to directly electrolyze CO, [6]. For these
reasons, the co-electrolysis of SOEC provides a promising pathway for energy storage and
transport. As it is expensive and challenging to investigate these complicated processes by
experimental measurements, numerical modeling and simulation become particularly
important as an efficient and low-cost tool.

Numerous numerical simulations have been conducted to investigate the effects of flow field
geometry on the performance of fuel cells [7-10]. Various types of flow fields are designed,
1.e., parallel, serpentine and interdigitated flow fields, and so on [11-13]. One of the key
problems during PEMFC operation is the removal of condensed liquid water, which is also
the purpose of flow field optimization [14]. In contrast, there is no liquid water inside solid
oxide cells (SOCs) because of the high working temperature. But flow field optimization is
still needed for large-scale application due to the highly non-uniform distribution of the
temperature, gas concentration, current density etc. Thereinto, significant research efforts
have been made to improve the flow uniformity to improve the overall cell performance and
durability. Duhn et al. [15] designed a special gas distributor with a flow uniformity index of
0.978. Bi et al. [16] found that the key factor affecting the flow uniformity of SOFC stack is
the ratio of intake manifold width to outlet manifold width. Lin et al. [17] established a three-
dimensional model of SOFC stack, and put forward a quantitative index to evaluate the flow
uniformity. Dong et al. [18] designed a novel manifold for gas distribution in fuel cell stack,
and this structure could achieve a uniformity of 0.99. At the same time, many researchers
further improved the cell thermal distribution by optimizing the flow field structure. Qu et al.
[19] adopted corrugated bipolar plates as channels, and a relatively low temperature
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difference was found. They also found that considering the radiation heat can accomplish
more accurate prediction on temperature field. Wei et al. [20] proposed a new hexagonal
SOFC design for multi-cell stack arrangement to reduce the thermal stress of stack. It should
be noted that they tried to change the cathode channel to porous material, and the modified
cell performed a better output performance.

The root problem for the thermal-fluid-electrical non-uniform distribution lies in the
traditional flow field structure which consists of ribs and channels. Several numerical models
were established to figure out the effects of rib on gas transport and identified the optimal rib
structure [21-25]. But these attempts cannot completely solve the problem. However, the
porous material flow field can overcome this obstacle. For porous material flow field, the ribs
and channels are replaced by a porous component which can be metal foam or porous cermet.
Metal foam has been widely used in PEMFC, and extensive researches are reported that the
metal foam can significantly improve the cell performance [26-29]. But for SOCs, the oxygen
electrode operates in a strongly high-temperature oxidizing atmosphere, and such operating
conditions raise higher requirements for adopting this porous structure. Recently, Zielke et al.
[30] experimentally studied the cell degradation characteristics adopting Cu-Mn foam as
oxygen electrode contact material. The test results show that the Cu-Mn foam is sufficient to
allow the cell to operate for longer than 350 h, and this metal foam presents itself as an
effective structure to enhance the oxygen electrode conductivity of SOCs. This proves that the
porous material flow field is an effective structure to improve cell performance.

But these studies mentioned above are focused on SOFC. Some researchers have reported that
the heat transfer processes of SOEC differ from that of SOFC [31]. For example, unlike
SOFC normally running in exothermic mode, the operation of SOEC can be endothermic,
exothermic or thermoneutral. And the relevant conclusions drawn from SOFC models are not
accurate to predict the performance of SOEC. Although SOEC can be regarded as the reverse
mode of SOFC, the mass and current transport direction are completely different. But to the
best of authors’ knowledge, there is a notable paucity of studies focusing on the flow field
design of SOEC, which can significantly optimize the transmission path of species and
current to reach a better electrolysis efficiency. Considering the significance of thermal-fluid-

electrical distribution on electrolysis performance, flow field design and optimization for
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SOEC will be of great interest.

In this study, a three-dimensional single cell model, considering the co-electrolysis of water
and carbon dioxide, internal reforming reactions and multi-component diffusion, is developed
to predict the cell performance of a cathode-supported planar SOEC. A novel porous material
flow field design is proposed and compared with three traditional multi-channel flow fields
(parallel, serpentine and parallel serpentine) in detail. Moreover, the structure optimization for

porous flow field is performed to obtain the most suitable configuration.

2. Model development

Fig.1 illustrates the schematics of a planar cathode-supported SOEC utilized in this study. The
computational domain mainly constitutes by three parts: anode/cathode interconnects, PEN
(positive electrode-electrolyte-negative electrode) and anode/cathode channels. Among them,
for traditional flow field, the multi-entry channels exist between the anode/cathode
interconnects and the PEN, and the flow configuration is counter-flow by default. The PEN
consists of ACL/CCL (anode/cathode catalyst layer), ADL/CDL (anode/cathode diffusion
layer) and electrolyte. The dense electrolyte is sandwiched between the thin porous anode

electrode and thick porous cathode electrode.

— > Interconnect
o Anode Channel
£ ADL
o ACL
Electrolyte
Sl CCL
DL

" Cathode Channel
Interconnect

Fig. 1 The schematics of a planar cathode-supported SOEC.

As shown in Fig. 1, a mixture of H,O, CO, and H; is supplied to cathode channel, then the
high operating temperature induces internal reforming reactions, which include reversible
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water gas shift reactions (WGSR) and methane steam reforming reactions (MSR). The

reactions can be expressed as follows:

CO+H, 0+ CO,+H, (WGSR) (1)

CH, + H,0 <> CO +3H, (MSR) )

Meanwhile, H,O and CO, diffuse into the CCL where the co-electrolysis reactions occur.
Then the generated oxygen ions are transported to anode side through electrolyte layer. The

electrochemical reaction process can be expressed as follows:

CO, +2¢” = CO+0> (cathode) (3)
H,0+2¢” — H,+0" (cathode) (4)
0 —>1/20, +2¢  (anode) (5)

2.1 Conservation equations

Conservation equations are included in the model to represent the mass and heat transfer
process and electrochemical reaction kinetics inside the electrolysis cell. All the conservation
equations are summarized in Table 1, while the source terms of these conservation equations
are provided in Table 2. It should be mentioned that the porosity (¢) is regarded as 1.0 in

channels.

Table. 1 Conservation equation.

Description  Conservation Equation Computational
domains
Mass Aep) +V-(gov)= 5., Channels,
ot Porous
electrodes
Momentum 0 T Channels,
5(8,0\/)-%- V. (gpvv) =—&Vp+V- [gy(Vv + (Vv) )]+ S, Porous
electrodes
Species 5 i Channels,
a(gloyi)_'_v.[_loinDeff,ijvxj+pvyi]:S1 Porous
s electrodes

Energy All domains

o 7)o )=V (s, V)05,



132
133

Electronic 0=V. (Uslfefv(”ele)Jf S, Interconnects,
charge Porous
electrodes
Ionic 0=V. (O_;fiv 4 ) +S, ACL/CCL,
charge Electrolyte
Table. 2 Source terms.
Source terms Unit
0 Channels kg m st
S =1Scn, +Su, +ScotSu,0 +Sco, porouscathode
So, ACL
3 ol
Sen, = —RyseMy,  cathode electrode kgm™ s
3 ol
(3RMSR + RWGSR )MH2 CDL kg mes
SHZ = J
2;. MH2 + (3RMSR + RWGSR )‘}MH2 CCL
ke m= s
(RMSR - RWGSR )M Cco CDL gmes
Sco =19 J,
F Mco + (RMSR - RWGSR )Mco CCL
3 ol
(_ RMSR - RWGSR )M H,0 CDL kg mes
SHZO = J
- 2;7 MHZO - (RMSR + RWGSR )MHZO CCL
ke m= s
RWGSRM co, CDL gm=s
Scoz = J
- ﬁ-]uco2 + RWGSRMC02 CCL
3 ol
S, =Jim,  ACL kgm=s
2 2F 2
2 o2
0 Channels kgms
S =
Yol- % g’v porous electrodes
-3
5%, = [Vt Wm
eff W m-3

ion __
Sohm - ||v¢i0n

K

ion
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AS.T Wm

anode

C

J AST cathode
2F

W m3

a
J,|m.,| anode

ir T

J. cathode

c
77 act

W m3
Sche = RMSRHMSR + RWGSRHWGSR

W m3
0 Channels

Sonm Interconnects, ADL, Electrolyte
St =48 0m + Sehe CDL
Soe +8" 8+, ACL

ohm ohm
ele ion
Soim T Sopm T80y ¥, +S8,. CCL

ohm ohm

{JC CLC
S =

-J, CLA

_J CLC Am
J  CLA

2.2 Multi-component diffusion process

The gas diffusion in the porous electrodes is mainly by two mechanisms: Knudsen diffusion
and molecular diffusion [32]. The Knudsen diffusion represents the collisions between the gas
molecules and pore walls [33]. Moreover, a variety of gas components is involved in the
chemical and electrochemical reactions, and the molecular diffusion refers to the collisions
among these gas molecules. The expressions for Knudsen diffusion coefficient and binary
diffusion coefficient, Dy and Dj; as well as the effective diffusion coefficient (Degjj) in the

species conservation equation are given in Table 3 [34-36].

Table. 3 Multi-component diffusion coefficients.

Diffusion coefficient Equation

11
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146
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149
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151

Knudsen diffusion coefficient [34] )

8RT
k.ij = r
3\ M
Binary diffusion coefficient [35] 0.01017"7
R A
Effective diffusion coefficient [36] 1—x.
! channels
PO
j#1 D]J
Deff,ij =
& 1
— porous electrodes
T Z i
ji DIJ 1
+
1-x; D,

2.3 Electrochemical model

The source terms of charge conservation equations, which represent the current densities

caused by electrochemical reactions, are derived from Butler-Volmer equations:

F nk
J =" 4 i) exp| a2 —exp| —(1—a)=
c (-]O,C ]O,c Xp RT nact Xp ( )RT nact (6)
nkF nF
J, = Joal €X —— —exp| — 1 - <
. ]o,{ p(ﬁ o maj p( (1-3) o7 UD (7)

where a, f are the charge transfer coefficients, 7,, (V) the activation overpotential, jy, and jo

(A m3) the exchange current density, which can be expressed as:

T "’ E
J(;:[(:ZO — 7/C,HZOIa pHZO exp(_ ac[,cJ (8)
neF pref,HZO RT
RT ’ E
j(gfz _ Y ¢.co; Pco, exp(— act,c) )
neF pref,C02 RT
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k
T E
jO,a = & & exp| — _acta (10)
neF pref,O2 RT

where y, and y. are the adjustable parameters which are used to fit the experiment results. E,
(J mol ") is the activation energy. In addition, the effective electron and ion conductivity in

electronic/ionic charge conservation equations, ¢ (S m!), is determined by following

expressions:
. l-¢
O-elfef = a)( jo-eole (1 1)
T
. l-¢
Ol =(1—w>[ Jafin (12)
T

where w is the volume fraction of electron conducting particles, 7 the tortuosity, and ¢° the

conductivity of the pure electron/ion conducting particles.

2.4 Chemical model

In the porous cathode, the Ni particles not only act as the electron conductors but also
function as catalyst for internal reforming reactions. Several internal reforming reactions
occur in co-electrolysis process of H,O and CO,. The WGSR and MSR are considered in the
present study. The Haberman’s model [37] is widely used to calculate the reaction rates for
the internal reforming reactions, and the relevant expressions are listed in Table 4. The
forward rate constants (k;¢/ksr) and the equilibrium constants (K,,/K,) are correlation functions
of temperature calculated by fitting experiment data, as shown in [36]. The forward MSR is a
strong endothermic reaction while the forward WGSR is an exothermic reaction, and the

reaction heats can be calculated as the expressions shown below.

Table. 4 Internal reforming reactions.

Parameters Mathematical expressions Unit

Reaction rates

MSR Peolpn,)

pr

mol m s
Rysp =k Pcu,Puo —
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181

182

183

WGSR

3 ol
. » PuPeo, mol m> s
wasrR — s¢| Pu,0Pco — K
ps
Reaction heats
-1

MSR [36] H g = —(206205.5+19.5175T) Tmol
WGSR [36 T mol-!

[36] H oy = 45063 —10.287 mo

2.5 Cell electrolysis efficiency

During the co-electrolysis process of H;O and CO,, the electricity input is converted into
chemical energy of products. The cell electrolysis efficiency is normally defined as the ratio

of the total lower heat value (LHV) of products and power consumption [38]:

z ((ni,out - ni,in ) X LHV] )
Msope = i=H,,CO,CH, - (1 3)

input

where n; (mol s!) is the flow flux of specie i. Ejpy the electrical power consumption by co-
electrolysis, which can be simply calculated by multiplying the voltage demand for

electrolysis (Vgemanq) and operating current:

E

input =

Vdemand ’ J (14)

2.6 Boundary conditions

For all cases, the electrolysis cell operates in galvanostatic mode, and the mass flow rates are

implemented in anode and cathode inlets at different operating current densities:

: 4,0

ma — xiMi . act “ACL | é:
(M) = e Fro (15)
d JA O,
— M.). act “CCL
. Z(x' 1) (2FxH20 +2Fxco +2Fxqy, )uf (16)
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184

185 where A, (m?) is the cell active area, dacr and dccr (m) the thickness of ACL and CCL,
186  respectively, ¢ the air stoichiometric ratio, us the gas utilization of cathode. The boundary
187  conditions and settings are listed in Table 5. When there is no physical flux through the
188  surface, the boundary condition is noted as "Insulation" in Table 5. For electronic and ionic
189  potential conservation, it should be mentioned that the operating current density
190  (galvanostatic mode) or total overpotential (constant voltage mode) is specified at anode
191  terminal surface, while a reference electronic potential is set to be 0 V at cathode terminal
192 surface [39]. The total overpotential (7,) can be calculated by extracting the reversible

193 voltage from the voltage demand for co-electrolysis:

ntol = I/demand - Erev (1 7)

1
Erev = (xHZOE'reV,H2 + xC02 Erev,CO ) ( 1 8)
Xp,0 T Xco,

194

195  where E,, is the reversible voltage, which can be calculated by the Nernst equation (Eqn.

196 19,20).
0.5_-0.5
E,. =1.2535-0.0002297727 + RT | Pu,Po. Py .
nk pHZO
0.5_-0.5
E., co =1.466—0.0004476T + RT ) PeoPo, Po (20)

nk Pco,
197 It should be mentioned that the partial pressures used in Eqn. 19 and 20 are derived from the
198  interface of catalyst layer and electrolyte, thus changes of reversible voltage imply the value
199  of the concentration overpotential [36]. The relevant cell parameters of above equations and
200  cell operation conditions are listed in Table 6 [40-43], and the physical properties of solid

201  parts are shown in Table 7 [43,44].

202
203 Table. 5 Boundary conditions or settings for the SOEC model in Fluent.
Boundary/interface Gas flow Mass transport ~ Heat transport Electronic field
Gas inlet Laminar flow Mass flow Operating
temperature

15



204
205

Gas outlet Pressure Convective flux ~ Convective flux
Channel/electrode Continuous Insulation Continuous Insulation
Interconnect/channel No slip Insulation Continuous Insulation
Interconnect/electrode Insulation Insulation Continuous Continuous
Electrolyte/electrode Insulation Insulation Continuous Insulation
Anode terminal surface  Insulation Insulation Adiabatic Electric potential
Cathode terminal surface Insulation Insulation Adiabatic Electric potential
Other external walls Insulation Insulation Adiabatic Insulation
Table. 6 Model parameters and operating conditions.
Parameters Value
Electrochemistry parameters

Transfer coefficient in anode/cathode [40] 0.5/0.5

Activation energy of anode 120,000

(J mol") [41]

Activation energy of cathode 120,000

(J mol") [41]

Porosity 0.36

Tortuosity [24] 3.0

Volume fraction of electron-conducting 0.5

Particles [42]
Adjustable parameters

Ve, H205 Ve,CO25 Ya
Exponent for exchange current density

m, n, k
Anode electric conductivity
(S m) [43]

Cathode electric conductivity
(S m) [43]

Electrolyte ionic conductivity
(Sm)[43]

Operating conditions at base case
Operating pressure (atm)

Operating temperature (K)
Cathode gas utilization

Air stoichiometric ratio
Flow arrangement

Gas composition

16

8.2x10!4 3.28x10'4 2.95x10'4

0.5,0.5,0.25

T

T

T T

33.4x10° exp(

1.0
1073
0.5

2.0
Counter-flow

4.2x10’ (—1200
—¢Xp
9.5%10’ (—1150
—eXp

—-10300




206
207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225
226

Cathode 45 vol% H,0, 45 vol% CO,,

10 vol% H2,

Anode Air (21% O,, 79% N,)
Table. 7 Physical properties of the solid parts.
Parameters Anode Electrolyte  Cathode Interconnect
Thermal conductivity (W 6.0 2.7 11.0 20.0
m'! K1) [44]
Density (kg m3) [43] 3030 5160 3310 3030
Specific heat capacity (J 430 470 450 550

kg! K1) [43]

2.7 Numerical procedures

The numerical simulation for co-electrolysis of SOEC is conducted with the commercial
software Fluent. The internal reforming reactions, multi-component diffusion process and
electrochemical process (electronic and ionic charge conservation) are considered, and the
related equations are implemented with the user defined functions (UDF) in Fluent. In order
to handle the coupling between pressure and velocity, the SIMPLE algorithm is applied in this
model. Besides, the second order upwind scheme is used to calculate the convective terms.
The residual criteria of all equations are set as 1.0 x 107°. When the values of residual curves
are less than the residual criteria and the residual curves level off, the iteration is considered to

reach convergence.

The grid sensitivity analysis was performed by increasing the number of grids in different
directions. The numbers of grids are changing from 5 to 10, 8 to 16, 10 to 20 and 190 to 220
for channel width (W pame), channel height (Hcpanel), PEN layers (d) and cell length (L),
respectively. The voltage and total heat transfer rates of outlet are checked. The changes are
below 0.02%, which can be neglected. The number of final mesh grids is 3,752,100 for Type

A, and the criteria for the final grid density are listed in Table 8.

Table. 8 Cell geometry and grid numbers.

17



Parameters Value Grid numbers

Cell length (L, mm) 50 190
Cell width (W, mm) 50 255
Channel width (W pannel, mm) 1 5
Channel height (H pannel, mm) 1 8
Rib width (W;,, mm) 1 5
Interconnect width (Wjyer, mm) 0.5 5
Interconnect height (Hiyger, mm) 1.5 13
Porous material length (Lorous, mm) 50 190
Porous material width (Wperous, mm) 50 255
Porous material height (Hporous, mm) 1 8
Distribution area width (Wg;s, mm) 2.5 10
ADL thickness (dapr, pm) 30 10
CDL thickness (d¢cpr, wm) 300 10
ACL thickness (dacL, um) 15 10
CCL thickness (dccr, pm) 10 10
Electrolyte thickness (JgLg, pm) 10 10

227

228 2.8 Model verification

229  The model described above has been compared with experimental results carefully in our
230  previous research [45]. And the polarization curves derived by simulation results are fitted
231 while keeping the operating condition and electrode structure consistent with the experiment.
232 Three sets of working parameters (operating temperature, cathode composition and operating

233 pressure) are compared, and the results show a good agreement.

18



234 3. Results and discussion

235 3.1 Effects of flow field designs

236 In this section, four types of flow field designs (shown in Fig. 2a) are compared and evaluated
237  in term of the thermal-fluid-electrical distributions. Three typical traditional flow fields are
238 selected: parallel, serpentine and parallel serpentine (Type A, B and C). The cell dimension is
239 fixed as 50mm both for width and length. Each flow field has five entries. The width of ribs
240  between channels, ribs connected to surroundings and channels are the same for three kinds of
241 flow fields, and the value of these are 1.0, 0.5 and 1.0 mm, respectively. The cell geometry
242 parameters are listed in Table 8. In addition, the rib-channel structure is replaced by porous
243 material to fabricate the porous flow field (Type D). In other words, the areas occupied by
244 channel and rib are all changed to porous material for Type D. The comparison of geometric
245  structure between traditional flow fields and porous material flow field is also shown in Fig.
246 2b.

247

248
249 (a)
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Fig. 2 (a) Geometries of three kinds of traditional flow fields, (b) Comparison of traditional

flow field and porous flow field.

3.1.1 Cell performance

Fig. 3 shows the polarization curves and electrolysis efficiency of four designs. The results
indicate the differences between Type A, Type B and Type C are not significant. The related
curves are nearly equal under various operating current densities for Type A and Type C. For
Type B, the voltage demand only decreases 0.012 V at high current density (2.5 A cm?),
while the electrolysis efficiency increases 0.4%, compared to that of Type A. For rib-channel
structure, with decreasing ratio of rib width to channel width, the gas is much easier to diffuse
into the porous electrode, especially in comparatively thin anode (10-100 um). Meanwhile,
the cell conductivity is decreased with decreasing rib width. In contrast, the larger ratio may
cause the lack of gas in the porous electrode region under the ribs, which will result in
degraded performance. Thus, this ratio has a remarkable impact on species and electron
transport. Ideally, the flow field design needs to improve the capability of gas diffusion and
simultaneously ensure sufficient electronic conductivity. The flow field design requirements
can be satisfied by utilizing porous material. This flow field is easily fabricated, and the
material can be porous cermet or metal foam (e.g. Cu-Mn Foam [29]). The results shown in
Fig. 3 indicate that the porous media flow field (Type D) has a better effect on reducing the
voltage demand and increasing electrolysis efficiency. The voltage demand decreases by
0.026V at 2.5 A cm™2, while the electrolysis efficiency increases by 4.78%. The performance

improvement mainly comes from the increase of conductivity and more uniform species

20



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

distribution. It should be noted that, in Section 3.2, the structure optimization of porous
material flow field is performed, and the comparisons among traditional, initial and optimized

flow fields with respect to species distribution are displayed in related figures.
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Fig. 3 C-V-E curves of the co-electrolysis SOEC with various flow fields.

3.1.2 Pressure and velocity distribution

The main role of the excessive air in anode channel is to realize good thermal management.
Consequently, air flux is generally larger than the stoichiometrically needed amount, which
results in a large anode pressure drop. Fig. 4a depicts the pressure field inside anode channel.
Note that the gauge pressures are adopted in this figure. The highest pressure drop is found in
Type D, followed by Type B and C, and lowest in Type A, for the dominant factor that affects
pressure distributions of traditional flow fields is the single channel length. The SOFC
adopting serpentine flow field can present a better performance at the cost of larger pressure
drop. Thus, for large scale applications, the entries of serpentine flow field should be added in
order to avoid the too large pressure drop and structural stress. In addition, it is noteworthy
that the pressure drop of Type D outclass that of other types of flow fields due to the porous
structure. The existing structure still needs to be improved to reduce the pressure drop, and

the optimized designs are discussed in Section 3.2. Fig. 4b compares the velocity contours of
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Type A and Type D. It can be observed that the maximum velocity is around the corner, and
the maximum velocity of Type A is larger than Type D. Dong et al. [18] adopted a manifold
with multi-stage channel to achieve a good flow uniformity, which indicates that the multi-
channel geometry can effectively make the flow field uniform. Similarly, the multi-channel
parallel flow field of Type A can offer uniform velocity distribution in each different single

channel.
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Fig. 4 (a) Pressure distribution for four kinds of flow fields, (b) Velocity in cathode channel.
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3.1.3 Temperature distribution and thermal analysis

Since the required voltages in the base case (1.5 A cm2) are slightly higher than the thermal
neutral voltages (TNV) for the co-electrolysis, the heat generated in cell exceeds the heat
demand for electrochemical reactions. As shown in Fig. 5, the heat accumulates along the air
flow direction, which increases the cell temperature. Meanwhile, due to the counter-flow
configuration, the highest temperature area appears in the middle of the cell. For traditional
flow fields, although their maximum temperature drops are very close, it can be clearly seen
from the figure that the high-temperature region of Type B is the largest, followed by Type A,
and Type C. The parallel flow fields have a better heat transfer capability due to its short
single channel length and low flow velocity. On the contrary, the single channel length of
serpentine flow field is the longest, which leads to large flow velocity and heat accumulation.
For parallel serpentine flow field, the heat transfer between the adjacent flow channels of
different entries is strong, and it can reduce the temperature of the electrolysis cell to some

extent.

Temperature (K}

1073 1074 1075 1076 1077 1078 1079 1080 1081 1082 1083

Fig. 5 Temperature distribution for four kinds of flow fields.

23



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343
344

345

346

347

348

349

350

351

352

Moreover, for porous media flow field (Type D), the overall temperature and maximum
temperature difference (3.81K) are much lower than that in traditional flow fields (about
9.5K). In order to elucidate the temperature influence factors for porous media flow field, the
thermal analysis is conducted by evaluating the heat source terms of Type A and Type D in
Table 9. The differences of total heat generation between Type D and other types are mainly
in ohmic and irreversible heat. On the one hand, the porous material is fully contact with
interconnect and electrode, which enhances the cell conductivity and reduces the ohmic
resistance. On the other hand, the irreversible heat is related to the activation overpotential.
The lower overall temperature hinders the transport of oxygen ions, and this results in the
increase of activation overpotential. Under the combined action of these two aspects, the total
heat generation of Type D is smaller than other three kinds of flow fields. The maximum
temperature difference will get large with the increasing of current. Besides, conscious choice
of operating mode (exothermic, endothermic or thermal neutral) according to practical needs
has great impact on reaching optimal efficiency for SOEC system [46]. So when SOEC needs
to operate in a high current mode, the novel porous material can effectively reduce the

influence of thermal stress.

Table. 9 Heat source terms (Unit W).

Ohm Rev Rev Irr Che Total
(anode) (cathode)

Type A 6.137  13.000 -26.652 9.685 -1.151 1.019
TypeD 5295  12.933 -26.493 10.246  -1.255  0.726

3.1.4 Chemical reaction distribution

In Fig. 6, the internal reforming reactions rates of Type A and Type D are shown and
compared in three vertical slices of porous cathode layer. Overall, for both WGSR (Fig. 6a)
and MSR (Fig. 6b), the reverse reactions are dominant due to the high operating temperature
and inlet gas components. The reverse WGSR rates decrease along the flow direction for two
types of flow fields. And in the vertical direction, the reverse WGSR rates get lower when

closing to the electrolyte. This is because that H,O is easier to diffuse than CO, in porous
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layer. Unlike WGSR, the MSR rates are close to zero in most areas. And the difference of
reaction rates is not obvious in the vertical direction. As shown in Fig. 6a, the reverse WGSR
rates under channels are significantly larger than that under ribs, and it is mainly caused by
the difference between the relative concentration of CO, and H,O in these regions. For Type
D, there is a saltation of chemical reaction in the downstream region on both sides of the
diagonal line. But in general, the chemical reaction distribution of porous material flow field
is more uniform compared with traditional flow field, which is conductive to the uniform

distribution of species.

Porous cathode

C 1;1) /

Fig. 6 Internal reforming reaction rates distribution (a) WGSR rates, (b) MSR rates.

3.1.5 Electrolysis rates distribution

The electrolysis rates are related to the microstructural parameters, species concentration and
flow field structure. The non-uniform distribution of electrolysis rates will lead to negative
outcomes, such as high ohmic loss, large temperature gradient and poor performance. For co-
electrolysis process inside SOEC, the electrolysis reactions of H,O and CO, occur in parallel
and relatively independent way, thus they are discussed separately in Fig. 7.
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Fig. 7 Electrochemical reaction rates distribution (a) H,O electrolysis rates, (b) CO,

electrolysis rates.

Fig. 7a and Fig. 7b show the electrolysis rates distributions of H,O and CO, at the interface of
catalyst layer and electrolyte, respectively. As can be shown in Fig. 7a, for traditional straight
channel (Type A), the electrolysis rates distribution of H,O manifests a geometrically similar
characteristic. But the counter-flow configuration can result in a checkerboard distribution in
some areas. The electrolysis rates distribution of CO, is mainly affected by WGSR rates. The
reverse WGSR consumes H,O to produce CO,, which supplements the CO, in the catalytic
layer to a large extent. Therefore, the electrolysis rates distribution of CO, is opposite to that
of H,O, and it gradually increases along the gas channel. Compared to Type A, the
electrolysis rates of Type D distribute much evenly due to the uniform porous media structure.
But the low H,O concentration leads to low electrolysis rates in edge areas. As mentioned

above, the non-uniform distribution beside edges is harmful to cell performance, and this
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problem can be resolved by increasing the distribution uniformity of species concentration.
To address the non-uniform species concentration distribution in detail, the porous flow field

is further optimized in following section.

3.2 Porous media flow field optimization

Compared with the traditional flow fields, the porous media flow fields have larger diffusion
resistance, which may cause insufficient downstream gas concentration when the relative flow
distance is long. Therefore, it is very important to reasonably optimize the structures of the
inlet/outlet distribution areas to improve the performance of the electrolysis cell. For this
reason, four kinds of porous media flow fields are designed and shown in the Fig. 8. The
distribution areas are noted in Fig. 8 as the deep grey areas. They are open channels, and the
role of these areas is to distribute the gas, and the gas will go into them first to achieve a
uniform distribution. The difference between them lies in the number of inlets and whether
there are distribution zones for the inlets and outlets. Type D and Type F have one inlet outlet,

when Type E and Type F have two inlets and outlets.

Distribution area
Inlet

Outlet

Fig. 8 The geometries of four types of porous material flow fields.

Fig. 9 shows the polarization curves of four porous media flow fields, and it can be found that

the fourth design has a better performance when the operating current density is larger than
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0.5 Acm? At2.5 A cm?, the voltage demand of Type G is 0.062 V less than that of Type A.
The main reason is that the gas distribution in the cell with multiple inlets and distribution
zones is more uniform, as shown in Fig. 10. By the same token, the uniform gas concentration
contributes to the electrochemical reactions under lower current density (less tan 0.5 A cm™2).
But in this case, the overall co-electrolysis is endothermic, which results in the increase of
voltage demand. It should be noted that the concentration distribution of CO; is not shown

because it is similar to that of H,O.
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Fig. 9 C-V curves of SOEC with four kinds of porous material flow fields.

For one inlet design (Fig. 10a), the H,O concentration is highest at the inlet and decreases
along the diagonal. In the downstream region on both sides of the diagonal line, the low H,O
concentration is due to deviation from the main flow direction and the influence of the reverse
WGSR. Compared with one inlet, the flow field with two inlets has a smaller low gas
concentration area, but the concentration on both sides of the outlet remains low. In order to
further optimize the porous material flow field, the distribution zones are added at the inlet
and outlet sides. By comparing the difference of component distribution, the optimized flow
fields (Type G) can increase the distribution uniformity and significantly improve the lowest
H,O concentration in the downstream area. In addition, the optimum flow field can

completely eliminate the gas lacked area which appears in traditional flow field (Type A), that
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428  is, the restrictions on gas distribution in typical rib-channel structure can be broken with the
429  optimized porous material flow field. Moreover, after optimization, the maximum pressure
430  drops of Type F and Type G are 3740 Pa and 2420 Pa, respectively, which are much lower
431  than that of Type D and Type E.
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434 Fig. 10 H,O concentration distribution at the interface of CDL and CCL.

435

436 3.3 Effects of porous material flow field configurations

437  The simulation results of Wei et al. [20] indicates that it is necessary to design distribution
438  areas for the porous material flow field. In this section, the effects of porous material flow
439  field configurations are investigated by comparing the C-V curves (Fig. 11). The anode
440  configuration means that the porous material flow field is used in anode when the parallel
441  flow field is used in cathode. Conversely, the cathode configuration adopts the parallel
442 channel as anode flow field, and the porous material is used in cathode. Then the polarization
443 curves of these two configurations and Type E are plotted in Fig. 11. As we can see, Type E,
444  which adopts porous material flow field both sides, has the lowest electrolysis voltage
445  demand, followed by anode configuration, and highest in cathode configuration. That is, the
446  performance improvement of porous material flow field is more evident in anode. For typical
447  cathode-supported SOEC, the anode porous layer is generally thin (30-100pum), which is
448  much thinner than cathode support layer. This will cause the long transverse transfer of

449  electrons, because these electrons have to first pass the joint of rib and electrode and then
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transfer to the areas away from rib. And this process will increase the ohmic loss to some

extent, which will decrease the cell performance.
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Fig. 11 C-V curves of SOEC with different porous material flow field configurations.

4. Conclusion

A comprehensive three-dimensional model is developed in this study to evaluate the SOEC
performance when adopting various flow fields. And a novel porous material flow field
design is proposed and compared with three types of traditional flow fields. It is found that
the new type of porous material flow field can effectively improve the cell performance in the
respect of reducing electrolysis voltage demand (0.026V at 2.5 A cm™?) and increasing
electrolysis efficiency (4.78% at 2.5 A cm2). In order to elucidate the mechanisms, the multi-
physical fields are shown and analyzed in detail. The porous material flow field has
advantages over traditional flow fields on species concentration, temperature and
electrochemical reaction distribution. The fully contact structure can greatly enhance the
conductivity and benefit the gas diffusion from channel to porous layer, which contributes to
the decrease of ohmic heat and the uniform gas distribution inside porous layer. Because the
operating voltage is a shade bigger than thermal neutral voltages, the cell operates in a slightly
exothermic condition. The maximum temperature difference of the porous material flow field
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is 3.81K at 1.5A cm2, which is significantly less than other types of flow fields. The thermal
analysis is conducted by analyzing the values of heat source terms. It can be found that the
novel flow field can effectively reduce the ohmic heat. Besides, the results show that the
traditional flow fields are still subjected to the rib-channel structure, which will result in a
nonuniform chemical and electrochemical distributions compared to porous material flow
field. Then the porous material flow field is further optimized, and the gas lacked area
appearing in parallel and unoptimized flow field can be fully eliminated. And the cell
performances with different configurations are compared. The reduction of voltage demand
for optimized flow field is 0.062V compared to traditional straight flow field. The
enhancement of porous material flow field in anode is more evident when adopt this flow

field on both sides of cell.
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