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Abstract

Methane and carbon dioxide mixture can be used as the fuel in a proton conducting solid oxide
fuel cell (SOFC) for power/syngas co-generation and greenhouse gas reduction. However,
carbon deposition and low conversion ratio are potential problems for this technology. Apart
from using functional catalytic layer in the SOFC to enhance CH4 dry reforming, adding H>O
into the fuel stream could facilitate the CH4 conversion and enhance the co-generation
performance of the SOFC. In this work, the effects of adding H2O to the CO,-CHj4 fuel on the
performance of a tubular proton conducting SOFC are studied numerically. Results show that
the CHa conversion is improved from 0.830 to 0.898 after adding 20% HO to the anode.
Meanwhile, the current density is increased from 2832 A mto 3064 A m2at 0.7 V. Sensitivity
studies indicate that the H.:CO ratio can be effectively controlled by the amount of H,O

addition and the H> starvation can be alleviated, especially at high current density conditions.

1

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/


mailto:metzhao@ust.hk
mailto:bsmengni@polyu.edu.hk

Keywords:
Steam reforming; Dry methane reforming; Syngas; Modelling; Solid oxide fuel cells; Proton

conducting.



1. Introduction

Syngas, a mixture of mainly CO and Ha, is a clean alternative to fossil fuels and a useful
feedstock for producing other valuable chemical products, such as methanol and dimethyl ether.
Traditionally, syngas is produced through the well-established pathways including gasification
of various carbon sources (biomass, sludge, coal, etc.) [1-3] and steam reforming of
methane/natural gas/biogas. Among those technologies, methane steam reforming (MSR) is
well developed and commercialized. The Hz: CO ratio is 3:1 by the MSR process Eq. 1:
CH, + H,0 & CO+3H, AHYygx = 206.3 kJ mol~? (1)
Notably, the reforming process is accompanied by the reversible water gas shift reaction
(WGSR):
CO + H,0 & CO, + H, AHYgx = 41Kk mol™? (2)
Besides the steam reforming, other methane-to-syngas processes (or the combination of them)
are also available, such as dry methane reforming (DMR) [4], with a H2:CO ratio of 1:1.
CH, 4+ CO, - 2C0 4+ 2H, AH%gx = 247 k] mol~? (3)
The smaller H2:CO ratio of DMR is beneficial to the post processing of syngas for the
production of CH3sOH and CH3COOH with high chemical values [5]. In addition to this, the
dry reforming process is gaining renewed attention also because the CO2 (a greenhouse gas)
can be utilized [6]. In the context of energy sustainability, efficient fuel-to-power devices such
as solid oxide fuel cells are being extensively studied recently, especially in the application of
syngas utilization for power generation [7,8]. Due to the fuel flexibility of SOFC, dry reforming
can be readily incorporated into the SOFC anode when running on natural gas or biogas, of
which CH4 and CO: are the main constitutions. The high operating temperature (600-800 °C)
and Ni based anodic catalysts of SOFC enable the direct reforming of CH4, which can be

converted to syngas in-situ and further oxidized to H.O and CO; in SOFC for electricity



generation. These two features enable SOFC to be a promising technology for power and
syngas co-generation if the consumption of H> and CO by SOFC can be well controlled.
Recently, SOFCs fuelled by CH4:CO, mixture with direct dry reforming of methane in the
anode is widely examined [9-11]. Sameshima et al. developed a Ni and gadolinium doped ceria
based anode for SOFC running on 30%-60% CHs-CO mixture with a maximum power density
of 334 mW cm and the increase of CO; fraction is found to be detrimental to the power density
[10]. Mishina et al. used the CaO addition to effectively improve the anode carbon resistance
and the cell durability for the direct dry methane reforming in the anode [11]. Proton conducting
SOFC (H-SOFC) are also being actively studied since it has the advantages of 1) no steam
dilution problem at the anode which occurs in the conventional oxygen ion conducting SOFC
and 2) suitable for lower working temperature operation. Wan et al. developed a La;NiO4
perovskite layer onto the anode of an H-SOFC to boost the dry reforming of methane for syngas
and electricity co-generation [12]. Hua et al. incorporated a NiosC0o.2-Lao 2Ceo 8019 functional
layer in their H-SOFC, achieving a 91.5% CO> conversion at 700 °C [13]. We also conducted
a thermal-electrochemical modelling study on the dry reforming process in a tubular H-SOFC
with a NiCo-CeO,/ZrO; dry reforming layer, in which effects of operating parameters on the
co-generation performance are investigated, in terms of syngas composition, CH./CO;
conversion rate and power density [14].

However, it is also viewed that the conversion of methane by dry reforming is usually lower
than that of steam reforming due to the thermodynamics limitations and it is not yet well
commercialized [15]. The carbon deposition is another issue in the dry reforming SOFCs,
generally via the methane cracking reaction and CO disproportionation reaction in the
operating temperature of SOFC (500°C~800°C) [16]. The steam reforming reaction over Ni is
less vulnerable to the carbon deposition issue [17]. For H-SOFCs, the addition of H,O is more

important to prevent carbon deposition as steam is electrochemically produced in the cathode,



instead of in the anode. In view of this, the combination of steam reforming and dry reforming
could be more feasible and attractive due to the alleviated carbon deposition and higher
conversion ratios than single reforming mode [18]. There are also research works attempting
to apply proton conducting cermet to the anode of SOFC, which can absorb water in-situ to
facilitate internal reforming of CH4 and reduce the carbon deposition [19,20]. Therefore, it is
advisable to introducing steam to assist the dry methane reforming process to overcome those
issues, thus necessary to investigate the effects of steam on both the reforming and the
electrochemical performance of H-SOFC. Here we numerically studied the combined
reforming process of methane by both CO> and H20 in an H-SOFC that integrates a methane
reforming catalyst layer, serving for the syngas production by internal reforming, and
meanwhile for electrical power co-generation by utilizing part of the syngas. The results
indicate that the introduction of H2O can effectively improve the conversion of CH4 and the
yield of Hz, which further leads to the 8.4% current density improvement. Impacts of H.O
fraction, working voltage and the fuel flow rate on the co-generation performance are also

investigated.

2. Reactor design and model development

The design and specifications of the tubular H-SOFC used in the previous work [14] are
adopted here for consistency, as the focus of this work is on the effects of steam addition in the
fuel gas. Fig. 1 sketches the geometry and layered structure of the tubular SOFC with the dry
reforming layer (DMR) applied on top of the fuel electrode. Detailed geometry specifications
and definition of nomenclatures can be found in [14]. The materials used for each layer are also
shown in Fig. 1. The DMR layer consists of 6 wt % NiCo bimetallic catalyst supported on
porous CeO/ZrO> (80:20 by weight), in which the DMR reaction (Eq. 3) takes place. The
anode-supported SOFC uses the Ni/BaCeosZro3Y0203.5 (BCZY) composite anode as the

support (namely the fuel electrode), with BCZY as the proton conducting electrolyte and



BCZY/SmosSrosCo0s5 (SSC) as the composite air electrode. The chemical reactions
considered in the fuel electrode are represented by Eqg. 1-3. The electrochemical reactions for
the oxidation of hydrogen and reduction of oxygen occur at the porous anode and cathode sides
of the SOFC, respectively:
H, — 2H* + 2e™ 4)

2H* +-0, + 2¢” - H,0 (5)
The multi-physical model is extended from our previously established model [14,21,22], which
includes 4 sub-models briefed below.
2.1 Electrochemical model
The electrochemical model is used to compute various overpotentials associated with
electrochemical reactions and the transport of charges (protons and electrons). The classic
Nernst equation is employed to compute the equilibrium potential of the H. electrochemical
oxidation at standard pressure (1 atm) as shown in Eg. 6. The fundamental Butler-Volmer

equations as shown in Eq. 7-8 are used to correlate the activation 10ss 7,4/ With the current
SOUICE Lsoyrce.a/c Produced by the anodic half-reaction (subscripted by “a”) and cathodic half-

reaction (subscripted by “c”), respectively:

EHz = 1.253 — 0.00024516T (6)
. . 2F Nact.a p —2F Nact.a
isourcea = AV "loq (exp ( ZT ‘ ) - pHHZ ; exp ( RTIT ‘ )) (7)
2.re
. _ s PH,0 2F Nact.c _ bo, —2F Ngct.c
lsourcec = AVe "o (pHZO.Tef exp ( RT ) Poyres exp ( RT )) (8)

The exchange current densities for the cathode (i, ) and the anode (i, ,) are set at 4000 A m™
and 1300 A m™, respectively [23]. The electrochemically active specific surface area of anode
(AV,) is fitted to be 2.33x10° m™ and AV, as 2.46x10° m™* for cathode [21,24]. The electron

conduction in the electron conducting Ni and SSC phases is governed by the Ohm’s law (Eq.



9) to correlate the current distribution and electrical potential distribution by the local effective
conductivity o, .. Similarly, the proton conduction in the BCZY phase is governed by Eq. 10:
is = —05erfV(Ds), Vis = Qs — isource 9)
i1 = =01, V(0), Vi, = Q + isource (10)
The wvalues of effective conductivities (electron conductivity os.rr and proton
conductivity o, .¢¢) are obtained by the Bruggeman correction of their intrinsic conductivities
considering the electrode tortuosity and porosity [25, 26]. In the composite electrode layers,
the local electrical potentials in each phase (@, and @ for proton conducting phase and electron

conducting phase, respectively) at the three boundary phase is assumed to correlate with

various potential losses:

@, — @5 = En, = Nact.a — Nactc ~ Neonc.a — Neonc.c (11)
The operating voltage is applied at the cathode surface as the local @, with the anode surface
being set as the ground (@, = 0).
2.2 Mass transport model
As the dominating chemical reaction in the H-SOFC, the reaction rate of DMR acquires to be
accurately calculated, as the DMR is the main reaction for the production of Hz and CO, which
subsequently influences the electrochemical current in the DMR-SOFC section. The general
Langmuir-Hinshelwood-Hougen-Watson rate expression [27] is adopted here to determine the

reaction rate at varied temperature and pressure:

kik2K1Pcy,Pco -1
Rpur = K, r2 ,(molkg=1s™1) (12)
k1K1Pcu,Pco,tk1PcH,tk2K1Pco,

The coefficient K|, is fitted to be 0.167 by the characterization work of NiCo-CeO2/ZrO; [28].
The volume-based mass loading of the catalyst is 5750 kg m= for the DMR reforming layer.
Therefore, the mass-based rate expression Ry r (Mol kg™ s1) can be implemented in the mass

conversation and species conservation equations in the volume-based unit of mol m3s?:



V- (pU) = TM;R; (13)

V- (—pw; X1 Derrij (Vxj + (x5 —wy) - VP - P71) + pw;U) = R, (14)

, Where the D, ;; is the binary effective diffusion coefficient calculated by the dusty gas
diffusion theory [29] indexed by species i and j. The x; is the molar fraction of species j, while
the w; is the mass fraction. Besides Rpyr, R; also represents the rates of other reactions

involved, which includes Ry, ;sr and Ry sr [29], determined by:

DH,D _3 _
Ryesr = Ksr (szopCO - —H;(pfoz), (molm 3s 1) (15)
_ PCO(PH2)3 -3 -1
Rysr = Ky | Dcn,PHy0 _K—pr ,(molm™>s™7) (16)

To this end, the transport of gas species can be modelled by Eq. 14, assuming that the R,z IS
applied to the DMR layer; Ry ¢sg and Rysz applied to both the DMR layer and fuel electrode,
and the electrochemical consumption rate of H> to the fuel electrode.

2.3 Momentum transport model and heat transport model

Incompressible laminar flow is assumed for the gas flow in channels. The momentum transport

equation in the porous electrodes can be written as:
g((U V) g) =V [-p+L@wU+ @) - LW V)| - p U (17)
The heat transport equation can be written as:
(pcp)efo VT + V(=2 VT) = Qnear (18)
The effectivity thermal conductivity of porous media would be determined based on the
thermal conductivity, porosity and the density of the solid phase and flow phase. Qg IS the

heat source term from reactions (e.g. DMR, WGSR and MSR), as well as electrochemical heat

sources, including the Ohmic heating, activation heating and other irreversible heat dissipation.



2.4 Validation

By coupling the governing equations introduced above, the multi-physical model is developed
on the COMSOL V4.5 platform and solved by the Finite Element Method. The calculation
procedures and the numerical details have been reported in our previous publication and are
thus not included in the paper to avoid duplication. Interested readers can find the details in
ref. [14,21,22]. Firstly, comprehensive validations of this model are carried out by two sets of
comparisons: 1) the dry reforming catalyst Kinetics characterization vs. simulation; 2) the
button SOFC current-voltage curves measurement vs. simulation. Regarding the dry methane
reforming catalytic activity, the kinetics of NiCo-CeO./ZrO, catalyst used in this model are
validated by developing an isothermal model for a cylinder-shaped reactor of dry methane
reforming and comparing the simulated CH4 conversion ratio and CO2 conversion ratio with
the measured values from [28], The reactor is fed by CH4:CO>=1:1 in volume from 550 °C to
800 °C, as shown in Fig. 2a. The comparison in Fig. 2b shows a good agreement with the
experimental results, being less than the maximum values calculated at thermodynamic state.
On the other hand, the validation of the electrochemical and chemical reactions model
(including the two half electrochemical reactions, WGSR and MSR) is realized by comparing
voltage-current curves of a button H-SOFC which is comprehensively characterized [24] as
shown in Fig. 2c. Additionally, the validation of WGSR and MSR rate models on Ni can also
be found in our previous publication (Case | to IV in Table Il of [22]). Based on the two
validations mentioned above, the multi-physical model is considered to be capable of

accurately simulating the co-generation processes in the studied DMR coupled H-SOFC.
3. Operating parameters and boundary conditions
To understand the effects of H.O addition in the fuel, the base case operating conditions (with

vs. without 20% H.0O assisting for CHsand CO2 mixture at 0.7 V) are shown in Table 1. The

boundary conditions are shown in Fig. 1. The applied potential of the cathode external surface



is specified as 0.7 V and the electrical ground is specified at the internal surface of DMR
reforming layer. To eliminate the end effect of flows at inlets of the SOFC that would cause
numerical errors, the inlets are extended for an additional 4 cm region, which are included into
the computation domains and wrapped by thermal-insulated walls.

After the base case simulation, 3 sets of sensitivity studies were carried out to fully understand
the effects of operating conditions, viz., H.O fraction, operating voltage and fuel flow rate.

Table 2 summarizes the ranges of those operating parameters.

4. Results and discussion

4.1 Base case analysis (with vs. without 20% H>O operating)

In the case without H2O, the comparison of the inlet gas composition and outlet composition
is shown in Fig.3a and Fig. 3b. Nearly 7.1% CHas and 7.7% COz still remain at the outlet, which
corresponding to a CHa4 conversion ratio of 0.830. When 20% HO is used (see Fig. 3c), it is
found from Fig. 3d that the fractions of CH4 and CO: at the outlet are reduced to 4.4% and
0.6%, respectively. Beneficially, the molar fraction of Hy is also largely improved (to 27.2%),
which could be ascribed to the enhanced reforming of CH4 by H>O. The content of residual
H>0 is found to be 4.4% that can be easily condensed and removed, thus not degrading the
quality of produced syngas. Details of the SOFC performance are summarized in Table 3. It is
worth noting that the added 20% HO also has a positive effect on the average current density
(improved from 2832 to 3064 A cm), being consistent with the current density distribution
curves along the tubular cell at the mid cutline of the electrolyte layer (Fig. 3e). The insert 2D
plots of current density distribution also reveal that the electrolyte phase current density
(attributed to the transport of protons), gradually decreases along the flow direction, while
quickly decays away from the electrolyte-electrode interface in the vertical direction. The
authors view that the main reason for the current density difference between two cases could

be due to the improved H> fraction, caused by the additional steam reforming of methane that
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only occurs in the H2O assisting case, supported by the H fraction profile (Fig. 4b and Fig.
4d). The SOFC performance is also related to the temperature field. The simulated temperature
profiles are shown in Fig. 3f. Slightly higher average temperature (949.85 K) in the tubular
SOFC without H20O is observed, compared to the 945.28 K of the 20% H,O case as shown in
Table 3. This could be due to the strong endothermic effect of MSR in the case of 20% H>O
case. Considering that higher working temperature usually has a positive effect on current
density, but now the 20% H»O assisting SOFC demonstrates a higher current density with a
lower average temperature, it could be concluded that the origin of current enhancement
observed should not be the temperature, but only the higher H. molar fraction due to steam
reforming of CHa. To further verify the role of H2O in improving H: fraction and further
improving the current density, species fraction distributions are profiled in Fig. 4a and 4b. The
solid red line in Fig. 4a represents the CH4 fraction of the 20% HO assisting case, showing
that the CHj4 fraction is more quickly lowered down, starting from the DMR section compared
to the dashed red line, which represents the No-H>O case. This difference results from the
enhanced MSR rate (Rsg) denoted by the black lines (solid and dash) in Fig. 4d, although the
DMR rate (Rppr) are suppressed in the case of H20 assisting. As these two reforming reactions
are jointly responsible for the H and CO production considering that the magnitudes of their
rates are much higher than that of WGSR (R, ;sr, s shown in Fig. 4c), it can be observed that
the Hz fraction (solid cyan line in Fig. 4b) is improved to a larger extent in the DMR section,
thus facilitating the H2 electrochemical reaction in the DMR-SOFC section. Therefore, the H>
fraction is expected to be consumed at a larger rate. In addition to the lower Rp % in the DMR-
SOFC section of the 20% H-O case, the H. fraction profile consequently decreases at a steeper
descending slope as verified by Fig. 4b. Similarly, the CO fraction of the 20% H2O assisting
case is also higher in the DMR section and lower than the No-H20 case in the DMR-SOFC

section, where the R,z decays to nearly zero due to the depletion of H>O (as shown by the
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solid black line in Fig. 4b). Based on the results discussed above, the enhancement effects of
H20 on 1) the CH4 conversion and 2) syngas/power co-generation of SOFC is clearly presented
by the simulation results of 20% H»O assisting at 0.7 V operating. The enhancement is mainly
explained by the improved methane reforming reaction from the additional steam reforming
(Rysr) In the DMR section. CHa conversion is greatly improved from 0.830 to 0.898; the
current density of SOFC is improved from 2832 A m?2to 3064 A m that leads to a power
generation improvement of 8.4%.

4.2 Sensitivity of H20O fraction

As shown in the base case analysis, the performance of the SOFC is enhanced by the H>O
addition. It is necessary to investigate its sensitivity to the amount of H»O, that could be
practically advisable to the optimization of the SOFC. Fig. 5 shows the simulated results at
varied H20 molar fraction of the inlet fuel gas as prescribed by Case S1 in Table 2 from 0% to
50% with 10% stepping. The opposite trends of CO production rate and Hz production rate are
observed in Fig. 5a that the highest CO production rate is achieved at ca. 1.42 x 107> mol s!
without H,0 assisting, while the highest H, production rate is achieved at ca. 8.09 x 10~° mol
st with 50% H,O assisting, i.e. the input gas is of a stoichiometric composition for steam
reforming: CH4:H>0=1:1, without the participation of CO,. As already explained in the base
case analysis, these opposite trends should be explained by the enhanced R,z and the
suppressed Rp - In this regard of more H, generated, the current density is increased by 22.5%
from 2788.8 A m (0% H.O case) to 3426.5A m (50% H.O case). Fig. 5b provides the CH4
conversionratio and CO2 conversion ratio when increasing the H.O fraction. It should be noted
that there exists an optimal H.O fraction at ca. 20% when the maximum CH4 conversion ratio
can be achieved at ca. 0.898. In terms of CO. conversion ratio, it approaches 1.0 when the inlet

CO- is gradually replaced by the H»O.
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By this study on the sensitivity of H. fraction, the authors recommend to adjust the value of
H>0O fraction to be larger than 20% based on overall considerations of efficient CHs and CO-
conversion and a desirable H2:CO ratio (< 1) of the produced syngas for the synthesis of high
value hydrocarbons.

4.3 Sensitivity of operating voltage

In this section, the effects of operating voltage are compared between the H>O assisting case
and No-HO case. The voltage-current curves in Fig. 6a clearly show that the simulated current
density of the H,O assisting case is higher when the operating voltage is lower than 0.6 V. This
is indicative of the reduced concentration overpotential with H,O assisting, that originates from
the higher fraction of Ha. As verified by in Fig. 6b, the Hz production rate is higher in the H>0O
assisting case (solid cyan line), especially when operating voltage is lower than 0.6 V, so that
the depletion of H> relieved to some extent.

Influenced by the enhanced electrochemical utilization of Hy, the conversion ratios of CO, and
CHjs in Fig. 6¢ are significantly improved as the higher current density would promote the
reforming of CH4 and CO> due to the equilibrium shifting of MSR and DMR to the left hand
side. For example, at 0.5 V, the conversion ratios of both CH4 and CO, are more than 0.97.
Overall, the comparison of conversion ratios between the No-H20O case and 20% H,O case
again confirms the positive effect of H>O assisting not only at the base case (0.7 V) condition,
but also in the whole voltage range from 0.5t0 0.9 V.

Concluding from this sensitivity study, it is more beneficial to introduce H.O to assist the
reforming of methane in the case of the high power output operating (lower voltage and higher
current), because the enhanced H. production can help relieve the starvation of Hz in the SOFC,

thus lowering down overpotentials.
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4.4 Sensitivity of fuel flow rate

The sensitivity of fuel flow rate is investigated in this section. The measured conversion ratios
of CH4 and CO; at three different flow rates: 50, 100 and 200 SCCM according to Case S3. It
can be seen from Fig. 7 that the increase of anode flow can simply increase the current density,
but the conversion ratios of CH4 and CO: are both reduced. This can be explained by the
insufficient catalyst loading for DRM and MSR at the current dimension of SOFC. Therefore,

the excessive fuelling of CH4 and CO: inevitably dilutes the H> and CO produced.

5. Conclusions

In this work, the effects of H2O assisting on CHs reforming and SOFC performance are
investigated. It shows that H>O assisting is beneficial to the syngas and power co-generation in
an H-SOFC by a 2D axisymmetric numerical model. It’s found that 20% H.O assisting can
improve CHa conversion from 0.830 to 0.898 and the current density from 2832 A mto 3064
A m? at 0.7 V that corresponds to a power generation improvement of 8.4%. The analysis of
species distribution and chemical reforming rates from the modelling work attributes the
improvement mainly to the synergies of combining dry methane reforming and methane steam
reforming. Sensitivity studies of operating conditions, including H.O fraction, operating
voltage and fuel flow rate, are carried out. It is found that 1) the produced syngas composition
is greatly influenced by the amount of H>O used for assisting. Specifically, the higher fraction
of H»0 leads to the higher H2:CO ratio in the syngas, as well as the higher current density; 2)
the assisting of H2O can effectively reduce the concentration overpotential at a relative low
voltage (<0.6 V) by relieving the H. starvation; 3) the conversion ratio of CHs and CO is
restricted by the reforming capacity of anode, which can be measured by catalyst loading mass
vs. inlet fuel flow rate. Therefore, the dilution issue of Hz by the inlet flue (CH4/CO./H20) in

such a non-H: fuelled proton SOFC system is more critical when increasing the flow rate.
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Tables

Table 1 Base case operating with vs. without steam cases.

Fuel inlet composition

No-H20 case: 50 SCCM; CH4:C0O,=0.5:0.5

20% H,0 case: 50 SCCM; CH4:C0O2:H,0=0.5:0.3:0.2

Air inlet composition

Air with 3% steam, 40 SCCM

Inlet temperature (K) 973
SOFC operating voltage (V) 0.7
Operating pressure (atm) 1.0
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Table 2 Operating conditions of sensitivity studies (S1-S3).

H,O fraction 0% to 50% with 10% stepping
S2 Operating voltage 0.5Vt 09V
S3 Fuel flow rate 50;100; 200 SCCM
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Table 3 Summarization of the base case operating: with vs. without 20% H.O.

Parameters Without H20 With 20% H20
Average current density, A m2 2832 3064

Electricity output, W 1.54 1.67

CO; conversion 0.825 0.975

CHjy conversion 0.830 0.898

Outlet H,:CO ratio 0.19 0.43

Cell average temperature, K 949.85 945.28
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Figures
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Fig. 1. The schematic of the designed H-SOFC with a dry methane reforming layer, divided

as a DMR section and a DMR-SOFC section.
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Fig. 2. (a) Schematics of the experimental testing; (b) experimental, simulated and
equilibrium values of CH4and CO> conversion ratio; (c) The current-voltage curves of the

button cell [14]. Copyright 2018, Elsevier.
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Fig. 3. Comparison of the fuel compositions at inlet and outlet, in the without H.O case (a, b)
and with 20% H-O case (c, d); (e) the current density distribution along the SOFC flow
direction at the mid line of electrolyte; (f) The temperature along the SOFC flow direction at

the mid line of the fuel channel with the 2D distribution over the whole cell inserted.
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(Rwesr) profile at the mid cut line of the fuel electrode; (d) the methane steam reforming rate

profile (Ry,sz) and dry reforming reaction rate (Rp,,z) profile at the mid cut line of the dry

reforming layer.
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(b) conversion ratios of CH4 and COz.
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Fig. 6. (a) The voltage-current curves of No-H-O case and 20% H-O case of the SOFC; (b)
the production rate of Hz and CO; (c) the outlet conversion ratios of CH4 and CO: at

different operating voltage.
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