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Article info:  

A comprehensive investigation has been conducted into the direct internal 

reforming planar type solid oxide fuel cell (DIR-PSOFC) through numerical 

analysis. The mathematical modeling of DIR-PSOFC is achieved through the 

implementation of conservation equations and a comprehensive 

electrochemical model. The synthesis gas fuel is introduced into the fuel 

channel, where both carbon monoxide (CO) and hydrogen (H2) undergo 

electrochemical oxidation. Gas flows are treated as plug flows with a co-flow 

configuration. Results of the simulation are then compared with and without 

the inclusion of carbon monoxide electrochemical oxidation. This 

comparison encompasses temperature fluctuations along the cell's 

longitudinal axis and the mole fraction variations of all gaseous species along 

the cel length, in addition to the electrical performance of the SOFC. It has 

been demonstrated that CO accounts for only 20% of the total current density. 

The contribution of CO to the generation of electric current at the inlet is 

15%. At the point of maximum current density, the value is 16.17%. The cell 

operating voltage, power density, and fuel efficiency have been demonstrated 

to exhibit an enhancement, with an augmentation observed from 0.68 to 0.75 

V, 3411.396 to 3739.130 W/m2, and 45.83% to 50.23%, respectively, when 

CO is used as a reactant in the anode side TPB. It has been determined that 

the electrochemical reaction of CO results in elevated heat generation within 

the cell, which in turn enhances the operating temperature. Consequently, the 

activation and ohmic losses are diminished, thereby improving the local 

current density and cell operating voltage.  
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1. Introduction 

 

Solid oxide fuel cells (SOFCs) have been 

considered to be the most efficient devices yet 

invented for the direct conversion of chemical 

energy from fuels into electrical power [1]. The 

 
 

primary advantages of SOFCs over conventional 

power generation systems include high 

efficiency, low emissions, modularity, and the 

capacity to be integrated with bottoming cycles. 

Notably, SOFCs have the ability to utilize a 

diverse range of fuels, including natural gas, 
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propane, and syngas, due to their high operating 

temperature [2]. In addition to the 

aforementioned advantages, several 

disadvantages have been identified in SOFCs, 

including carbon deposition, thermal fracture, 

anode oxidation, and high cost. Indeed, the 

poisoning of the anode electrocatalyst by CO 

represents a significant concern in low operating 

temperature fuel cells. 

At elevated operating temperatures, such as the 

typical operating temperature of SOFCs (800–

1000°C), hydrocarbons exhibit a greater 

propensity to react with steam (H₂O) to form H₂ 

and CO than to dissociate into atomic carbon 

(C). Nevertheless, the possibility of carbon 

deposition in SOFCs remains unavoidable [3]. 

On the other hand, at elevated temperatures, CO 

can undergo oxidation with H2O, resulting in the 

formation of carbon dioxide (CO2) and H2 under 

the term "Water-Gas-Shift Reaction" (WGSR). 

Among the various fuels that can be utilized in 

an SOFC, only H2 and CO undergo 

electrochemical oxidation at the anode. The 

remaining species in the gas mixture, including 

methane (CH₄), are subjected to a process of 

reforming, resulting in the production of H₂ 

and/or CO. Subsequently, these reactants 

undergo an electrochemical reaction [4]. While 

the other reactions are proposed for CH4 [5, 6], 

the main reaction is the Methane Steam 

Reforming Reaction (MSRR) for higher reaction 

rates.  

Syngas, an acronym for synthesis gas, is a 

mixture of gases primarily composed of H₂, CO, 

CO₂, H₂O, and nitrogen (N₂). It is produced 

through the process of gasification, which 

involves the conversion of biomass and coal into 

gaseous form [7]. The conversion process of 

solid, renewable materials into combustible gas 

is referred to as biomass gasification. This gas 

can be utilized in a modern conversion device, 

including SOFCs. The elevated operating 

temperature domain of 800–1300°C is a 

prerequisite for the biomass gasification process 

[7], which has prompted considerable interest in 

the incorporation of SOFC with the biomass 

gasification process in recent years [8, 9]. 

Mathematical modeling and simulation have 

historically contributed to the comprehension of 

complex phenomena, particularly in the context 

of technological development. Consequently, in 

addition to some valuable experimental results 

[10-12], a plethora of aspects about the nonlinear 

character of SOFCs have been the subject of 

numerical investigation within the extant 

literature. Zero-dimensional or lumped to three-

dimensional models, typically based on 

computational fluid dynamics (CFD) 

approaches, have been developed to analyze the 

steady-state or dynamic behavior of SOFCs [13-

17]. On the other hand, there are numerous 

studies that have investigated the feasibility of 

integrating SOFCs with other cycles, such as gas 

turbines, gasification, and other advanced cycles 

[9, 18-23]. 

The process of converting the primary fuel into 

a hydrogen-rich gas mixture, which is necessary 

for the electrochemical reaction at the anode 

TPB, can be accomplished through the use of a 

catalytic steam reformer or a partial oxidation 

reactor [24]. The reforming process is carried out 

in the temperature range of 750–900°C [25], 

making it compatible with SOFCs. Different 

strategies have been considered, such as 

external, direct internal, or indirect internal 

reforming processes [4, 24-26]. Abdelkareem et 

al. [27] provided a comprehensive review of the 

processes and mechanisms that contribute to the 

majority of issues encountered in the operation 

of direct internal reforming biogas SOFCs. 

These issues include thermal and oxidation 

cycling, thermal stresses, carbon deposition, and 

poisoning with H2S, siloxanes, and halides. A 

number of strategies have been proposed as a 

means of addressing these issues.  

One of the products of the steam reforming 

reaction is CO, which is then typically converted 

into H2 and CO2 by WGSR [24, 25]. This 

assumption is based on the observation that the 

CO oxidation rates are considerably lower than 

those of H2 and that the WGSR has higher 

reaction rates compared to the electrochemical 

oxidation of CO. However, some authors [5, 28-

30] have investigated both H2 and CO 

electrochemical reactions. Andersson et al. [5] 

have performed a numerical study with different 

fuel compositions. It was determined that a fuel 

comprising a significant proportion of H₂ and 

CO enables an augmented Nernst potential in the 

vicinity of the inlet, thereby enhancing the 

current density in this region. Furthermore, it 

was revealed that the Nernst potential associated 



with the electrochemical reaction of CO is more 

influenced by changes in the operating 

temperature than that of H2. On the other hand, 

studies conducted by this group have 

demonstrated that the H2 electrochemical 

reaction is accompanied by a higher current 

density. Iwai et al.[29] have developed a quasi-

three-dimensional model with a novel approach 

to SOFC, taking into account both CO and H2 

electrochemical reactions. The volume-

averaging method was implemented to analyze 

the fuel and air ducts, under the assumption that 

a porous material was placed in the channels as 

a current collector. It was determined that the 

endothermic steam reforming reaction resulted 

in a decline in the local temperature in the 

proximity of the channel inlet, thereby 

constraining the rate of electrochemical reaction 

within this region [29]. However, the effect of 

the CO electrochemical oxidation has not been 

clearly demonstrated in this research. Minguela 

et al. [30] have carried out an energy and exergy 

analysis of an SOFC fuelled by four different 

biogas compositions derived from diverse 

biomass sources. A three-dimensional CFD 

model was employed, taking into account both 

CO and H2 electrochemical reactions. The 

primary findings of the study pertained to the 

irreversibilities within the SOFC; however, the 

impact of the CO electrochemical reaction 

remained to be elucidated. 

As discussed above, further investigation is 

necessary to adequately examine the impact of 

the CO electrochemical reaction on cell 

performance. A thorough explanation is lacking 

regarding the impact of CO oxidation on the 

electrical performance of the SOFC, the 

temperature field, and the distribution of gas 

constituents along the cell length. The objective 

of this study is to develop a quasi-two-

dimensional model for the DIR-PSOFC, taking 

into account both CO and H2 electrochemical 

reactions. The steam reforming reaction of 

methane and the water-gas shift reaction are also 

considered. The present study investigates the 

effects of the presence of CO in anodic 

electrochemical reactions on several key factors, 

including electrical power, current density, 

overpotentials, temperature distribution, and the 

mole fraction of gas constituents within the cell. 

 

2. Mathematical model 

2.1. Outline of model and assumptions 

 
It is estimated that a standard fuel cell stack 
comprises numerous individual fuel cells 
connected in series and/or parallel to produce a 
useful voltage, as a single cell will barely 
produce enough power for even the smallest 
application. It is desirable to have a stack with 
uniformly performing cells, but the experimental 
results have demonstrated that the cells in a stack 
do not operate uniformly [31]. This reality is 
ignored in current work because of the 
complexity and computational load that will be 
imposed in simulations. In the case analyzed 
here, the focus is on a uniformly repeating single 
cell located in the center of a stack, so that the 
interactions between the favorable cells and their 
neighbors in a stack can be neglected. Fig. 1 
schematically illustrates the configuration of an 
anode-supported, planar, co-flow single cell. 
The cell is composed of two interconnects that 
facilitate the flow of air and fuel and separate the 
cells in a stack. The core of the cell is a PEN 
structure, which contains a thin electrolyte 
sandwiched between a thin cathode and a thick 
anode. Even though the velocity change may be 
substantial within the stream ducts under both 
steady-state and transient conditions, the 
principle of conservation of linear momentum 
has been disregarded by numerous authors [4, 
24-28, 32, 33], while other researchers consider 
this conservation equation in their model [5, 28, 
31, 34, 35].  

 

 
Fig. 1. Schematic representation of a single planar 
cell supported by anode in a co-flow configuration. 

Bhattacharyya et al. [36] examined the effect of 

this assumption. It is important to acknowledge 

that neglecting the momentum conservation 

equation has the advantage of circumventing the 



necessity for calculating the pressure field, 

thereby reducing the complexity of the solution. 

Accordingly, the developed model comprises the 

following components: four energy balances for 

the PEN structure, interconnect, and air and fuel 

channels; the principle of species mass balance 

for the air and fuel ducts; and a complete 

electrochemical model. It is widely accepted that 

the flow field can be modelled in a relatively 

straightforward manner by employing the 

continuity equation in the SOFC. 

Furthermore, the following assumptions are 

considered in the simulation: 
 

1. The fuel cell operates at steady-state. 

2. It is imperative to note that the variation of 

the parameters along the length of the cell is 

the sole factor that is taken into account in 

this model, which is one-dimensional in 

nature. 

3. The phenomenon of pressure drops along 

the channels is disregarded. 

4. The gas flows are modeled as plug flows. 

5. The analysis excludes the consideration of 

stacking effects. 

6. The assumption is made that laminar flow 

is occurring during the process of heat 

transfer. 

7. it is hypothesized that the WGSR is in 

equilibrium.   

8. The radiative heat transfer between the solid 

structure and the gas phase is not 

considered. 

9. Air is mainly composed of 21% oxygen and 

79% nitrogen. 

10. The fuel is a synthesis gas consisting of 

CH4, H2, CO, CO2, and H2O. 

11. It is hypothesized that both the WGSR and 

steam reforming reactions proceed within 

the fuel channel. 

 

2.2. Governing equations 

2.2.1. Electrochemical model 

 

The fuel supplied to the SOFC contains methane, 

which undergoes a process of reforming through 

Eqs. (1 and 2) [4]: 

CH4 + H2O →⃖    3H2 + CO     (MSRR) (1) 

CO + H2O →⃖   H2 + CO2         (WGSR) (2) 

The kinetics of the highly endothermic MSRR 

and the weakly exothermic WGSR are described 

by first-order expressions, as illustrated in Eqs. 

(3 and 4) [25]:  

ṙMSRR = k0PCH4
exp (−

Ea

RT
) (3) 

ṙWGSR = kWGSRPCO [1 −

PCO2
PH2

PCOPH2O
⁄

Keq,S
] (4) 

where  𝑟̇ 𝑀𝑆𝑅𝑅 and 𝑟̇ 𝑊𝐺𝑆𝑅 are the rate of reactions 

MSRR and WGSR, respectively. kWGSR and 

k0 = 4274 𝑚𝑜𝑙/(𝑚2. 𝑠. 𝑏𝑎𝑟) are the pre-

exponential factors [25], Ea = 82 𝐾𝑗/𝑚𝑜𝑙 is the 

activation energy [25], and Keq,S is the 

equilibrium constant for WGSR which is 

expressed by Eq. (5): 

Keq,S = exp (−
∆G0

RT
) (5) 

Electrons have been observed to transfer 

between species within the TPB of both 

electrodes. The area under consideration is 

distinguished by the convergence of ionic 

conductors and electron-conducting materials, in 

addition to the presence of pores within which 

gas constituents are found [5]. Assuming that 

methane is consumed exclusively in the MSRR, 

anodic and cathodic electrochemical processes 

can be described as Eqs. (6, 7 and 8): 

H2 + O2−  →  H2O + 2e− (6) 

CO + O2−  →  CO2 + 2e− (7) 

1

2
O2 + 2e− → O2− (8) 

The overall cell reactions can be expressed as 

follows: 

H2 +
1

2
O2 → H2O (9) 

CO +
1

2
O2 → CO2 (10) 

These two electrochemical reactions are 

exothermic and serve as sources of heat 

generation in an SOFC. It is important to 

acknowledge that the rate of reactions involving 

H₂ and CO oxidation, as well as O₂ reduction, 

can be delineated through the application of 

Faraday's law. This law establishes a correlation 

between the flow rate of reactants and products 

and the electric current [5]: 



ṙelec,H2
= ṙelec,H2O =

JH2

2F
 (11) 

ṙelc,CO = ṙelec,CO2
=

JCO

2F
 (12) 

ṙelec,O2
=

JO2

4F
 (13) 

where F = 96485 C/mol stands for the Faraday 

constant. 𝑟̇𝑒𝑙𝑒𝑐,𝑖 defines the rate at which a 

species is produced or consumed 

electrochemically. 𝑗𝑐𝑜 and 𝑗𝐻2
 determine the 

local current densities produced by CO and H2 

electrochemical reactions. The reversible cell 

voltage, otherwise known as the open-circuit 

potential (OCP), is a local parameter that is 

contingent upon the local temperature and gas 

composition at the anode and cathode [28]. The 

determination is made by calculating the 

difference between the thermodynamic 

potentials of the electrode reactions, as outlined 

in the Nernst equation [29]: 

EH2−O2

rev = EH2−O2

0 −
RT

2F
ln [

PH2O
fc

PH2

fc . (
Po2

ac

100000
)0.5

] (14) 

ECO−O2

rev = ECO−O2

0 −
RT

2F
ln [

PCO2

fc

PCO
fc . (

Po2
ac

100000
)0.5

] (15) 

In these correlations, E0 is defined as the open-

circuit potential at standard temperature and 

pressure, with unity activity. It can be calculated 

using the Gibbs free energy change for 

electrochemical reactions (Eqs. (9 and 10)) [29]: 

EH2−O2

0 = −
∆G0

2F
 

 = −
gH2O

0 − 1
2⁄ gO2

0 − gH2

0

2F
 

(16) 

ECO−O2

0 = −
∆G0

2F
 

= −
gCO2

0 − 1
2⁄ gO2

0 − gCO
0

2F
 

(17) 

In the event of electrical current being derived 

from a fuel cell, a decrease in voltage is observed 

in response to five distinct cell loss mechanisms. 

The mechanisms in question are electrode 

activation and concentration overpotentials and 

internal resistances. In the SOFC, the reactive 

gas species must find a path from the flow ducts 

through a porous material to the anodic and 

cathodic TPB, respectively. Conversely, the H2O 

and CO2 produced must traverse from the anode 

side TPB to the fuel duct through the porous 

media. Due to the diffusive nature of the porosity 

of the electrode, the mole fraction of the reacting 

species at the TPB differs from the bulk 

concentration. The Nernst formula, when written 

using the reactant concentration on the TPBs, 

indicates that the resulting no-load voltage 

would be lower than that obtained from formulae 

(14) and (15). Dalton's law is a fundamental 

principle in electrochemistry that enables the 

calculation of concentration overpotentials for 

both anode and cathode electrodes [29]: 

ηconc,H2
= −

RT

2F
ln [

XH2

TPB. XH2O
fc

XH2

fc . XH2O
TPB

] (18) 

ηconc,CO = −
RT

2F
ln [

XCO
TPB. XCO2

fc

XCO
fc . XCO2

TPB
] (19) 

ηconc,O2
= −

RT

4F
ln [

XO2

TPB

XO2

ac ] (20) 

Xi are species mole fractions, i ∈ {H2, H2O,
CO, CO2, O2, CH4}. The parameters fc and ac 

refer to the fuel and air ducts, respectively. The 

mole fraction of reactant species at the anode and 

cathode TPB can be evaluated by following 

equations [29]: 

XH2

TPB = XH2

fc −
jH2

RTPENtan.

2FPfcDeff,H2

 (21) 

XH2O
TPB = XH2O

fc +
jH2

RTPENtan.

2FPfcDeff,H2O

 (22) 

XCO
TPB = XCO

fc −
jCORTPENtan.

2FPfcDeff,CO

 (23) 

XCO2

TPB = XCO2

fc +
jCORTPENtan.

2FPfcDeff,CO2

 (24) 

XO2

TPB

= 1 + (XO2

ac − 1). exp (
JO2

RTPENtct.

4FPacDeff,O2

) 
(25) 

The effective diffusion coefficient will be 

expressed as described in refs. [25, 35, 37, 38]. 

The activation overpotentials that are 

attributable to the energy barriers necessary to 

initiate a reaction are expressed by the non-linear 

Butler-Volmer equation for cathode and anode 

electrodes [36, 38-40]: 



jO2
= j0,O2

. [exp (
Fηact,O2

RT
)

− exp (−
Fηact,O2

RT
)] 

(26) 

jH2
= j0,H2

. [exp (
2Fηact,H2

RT
)

− exp (−
Fηact,H2

RT
)] 

(27) 

jCO = j0,CO. [exp (
2Fηact,CO

RT
)

− exp (−
Fηact,CO

RT
)] 

(28) 

where j0,i define the exchange current densities 

and have been calculated as follows [25]: 

j0,H2
= (2.1 × 1011)  

RT

F
. (

XH2O

XH2
. Keq,H2

)

0.266

exp (−
120000

RT
) 

(29) 

j0,CO = (0.84 × 1011) 

RT

F
. (

XCO2

XCO. Keq,CO

)

0.266

exp (−
120000

RT
) 

(30) 

j0,O2

= (1.175 × 1011)
RT

F
exp (−

137000

RT
) 

(31) 

The ohmic losses are the same as those described 

in Ref. [37]. To account for the two 

electrochemical reactions of H2 and CO, the 

parallel circuit model shown in Fig. 2 is 

employed [29]. The local single-cell potential is 

obtained by the following two relations: 

 
Fig. 2. Equivalent circuit model for current and 
voltage calculations. 

Ecell = EH2−O2

rev − (ηconc,O2
+ ηact,O2

)

− (ηconc,H2

+ ηact,H2
)−ηOhm 

(32) 

Ecell = ECO−O2

rev − (ηconc,O2
+ ηact,O2

)

− (ηconc,CO

+ ηact,CO)−ηOhm 

(33) 

Finally, the local current density of the cell can 

be determined by: 

jcel = jO2
= jH2

+ jCO (34) 

Jcel is the cell local current density. According to 

the iterative procedure proposed by Iwai et al. 

[29], the ratio of JH2 and JCO is determined so that 

the potentials obtained for the parallel part of 

Fig. 2 match each other. 
 

2.2.2. Species mass balances 
 

The mass conservation of the species, taking into 

account the one-dimensional control volume and 

Fick's law, regarding steady plug flow and 

constant axial velocity for the flow can be 

expressed as follows [25, 40]: 

ux

dρA

dx
= ṁA

′′′ (35) 

 

where ṁA
′′′ defines the net species production 

rate by chemical or electrochemical reaction per 

unit volume. Therefore, in both the anode and 

cathode channels, the following correlations can 

guarantee the preservation of the mass of the 

gaseous species of interest [25, 40]:  

dρO2

dx
= −

1

ua

.
Are. MO2

. ṙelec,O2

Vac

 (36) 

dρN2

dx
= 0   (37) 

𝑑𝜌𝐶𝐻4

𝑑𝑥
= −

1

𝑢𝑓

.
𝐴𝑟𝑒. 𝑀𝐶𝐻4

. 𝑟̇𝑀𝑆𝑅𝑅

𝑉𝑓𝑐

 (38) 

𝑑𝜌𝐻2

𝑑𝑥

=
1

𝑢𝑓

.
𝐴𝑟𝑒 . 𝑀𝐻2

. (3𝑟̇𝑀𝑆𝑅𝑅 + 𝑟̇𝑊𝐺𝑆𝑅 − 𝑟̇𝑒𝑙𝑒𝑐,𝐻2
)

𝑉𝑓𝑐

 
(39) 

𝑑𝜌𝐶𝑂

𝑑𝑥

=
1

𝑢𝑓

.
𝐴𝑟𝑒 . 𝑀𝐶𝑂 . (𝑟̇𝑀𝑆𝑅𝑅 − 𝑟̇𝑊𝐺𝑆𝑅 − 𝑟̇𝑒𝑙𝑒𝑐,𝐶𝑂)

𝑉𝑓𝑐

 
(40) 



𝑑𝜌𝐶𝑂2

𝑑𝑥
=

1

𝑢𝑓

.
𝐴𝑟𝑒. 𝑀𝐶𝑂2

. (𝑟̇𝑊𝐺𝑆𝑅 + 𝑟̇𝑒𝑙𝑒𝑐,𝐶𝑂)

𝑉𝑓𝑐

 (41) 

𝑑𝜌𝐻2𝑂

𝑑𝑥

=
1

𝑢𝑓

.
𝐴𝑟𝑒 . 𝑀𝐻2𝑂. (−𝑟̇𝑀𝑆𝑅𝑅 − 𝑟̇𝑊𝐺𝑆𝑅 + 𝑟̇𝑒𝑙𝑒𝑐,𝐻2

)

𝑉𝑓𝑐

 
(42) 

where Are is the reaction area, and Mi stands for 

the molecular mass of components i ∈ {H2, H2O,
CO, CO2, O2, CH4, N2}.  
 

2.2.3. Energy balances 

A separate analysis has been conducted to 

ascertain the governing energy balance for the 

PEN, interconnect, air, and fuel channels. For the 

solid structures (PEN and interconnect), the 

predominant heat transfer mechanisms are 

convection between the solid structures and the 

gas flows, as well as the conductive heat flux. In 

the gas channels, the convection mechanism in 

the longitudinal axes of the channels has also 

been taken into consideration. Furthermore, 

radiation between the PEN and interconnect, 

attributable to the elevated operating 

temperature of the cell, has been duly 

considered. The enthalpies of MSRR and WGSR 

are delivered in the fuel duct, and the enthalpies 

of electrochemical reactions and electrical 

resistance in the PEN structure serve as heat 

sources. Consequently, the subsequent equations 

have been deduced for the conservation of 

energy in distinct structures [24, 25, 34]: 

 

Air channel: 

𝜌𝑎𝑢𝑎𝐶𝑝,𝑎𝑉𝑎𝑐

𝑑𝑇𝑎𝑐

𝑑𝑥
= ℎ𝑐,𝑃𝐸𝑁−𝑎𝐴𝑃𝐸𝑁,𝑆(𝑇𝑃𝐸𝑁 − 𝑇𝑎𝑐)

+ ℎ𝑐,𝑖𝑛𝑡−𝑎𝐴𝑖𝑛𝑡,𝑆(𝑇𝑖𝑛𝑡 − 𝑇𝑎𝑐) 

(43) 

 

Fuel Channel: 

𝜌𝑓𝑢𝑓𝐶𝑝,𝑓𝑉𝑓𝑐

𝑑𝑇𝑓𝑐

𝑑𝑥
= ℎ𝑐,𝑃𝐸𝑁−𝑓𝐴𝑃𝐸𝑁,𝑆(𝑇𝑃𝐸𝑁 − 𝑇𝑓𝑐)

+ ℎ𝑐,𝑖𝑛𝑡−𝑓𝐴𝑖𝑛𝑡,𝑆(𝑇𝑖𝑛𝑡 − 𝑇𝑓𝑐)

− 𝐴𝑟𝑒(𝑟̇𝑀𝑆𝑅𝑅 . ∆𝐻𝑀𝑆𝑅𝑅

+ 𝑟̇𝑊𝐺𝑆𝑅 . ∆𝐻𝑊𝐺𝑆𝑅) 

(44) 

 

PEN structure: 

0

= 𝑉𝑃𝐸𝑁𝐾𝑃𝐸𝑁

𝑑2𝑇𝑃𝐸𝑁

𝑑𝑥2

− ℎ𝑐,𝑃𝐸𝑁−𝑓𝐴𝑃𝐸𝑁,𝑆(𝑇𝑃𝐸𝑁 − 𝑇𝑓𝑐)

− ℎ𝑐,𝑃𝐸𝑁−𝑎𝐴𝑃𝐸𝑁,𝑆(𝑇𝑃𝐸𝑁 − 𝑇𝑎𝑐)

− 𝐴𝑟𝑒(𝑟̇𝑒𝑙𝑒𝑐,𝐻2
. ∆𝐻𝑒𝑙𝑒𝑐,𝐻2

+ 𝑟̇𝑒𝑙𝑒𝑐,𝐶𝑂 . ∆𝐻𝑒𝑙𝑒𝑐,𝐶𝑂) 

                           − 𝑗𝑐𝑒𝑙𝑙𝐸𝑐𝑒𝑙𝑙𝐴𝑟𝑒

− 𝐸𝑟𝑎𝑑
̇ ′′

. 𝐴𝑟𝑒 

(45) 

Interconnect: 

 

0 = 𝑉𝑖𝑛𝑡𝐾𝑖𝑛𝑡

𝑑2𝑇𝑖𝑛𝑡

𝑑𝑥2

− ℎ𝑐,𝑖𝑛𝑡−𝑓𝐴𝑖𝑛𝑡,𝑆(𝑇𝑖𝑛𝑡

− 𝑇𝑓𝑐)

− ℎ𝑐,𝑖𝑛𝑡−𝑎𝐴𝑖𝑛𝑡,𝑆(𝑇𝑖𝑛𝑡

− 𝑇𝑎𝑐) + 𝐸𝑟𝑎𝑑
̇ ′′

. 𝐴𝑟𝑒 

(46) 

 

2.2.4. Performance factors 

 

Two primary factors must be considered when 

determining the amount of fuel and air necessary 

to generate a specific amount of electricity. The 

aforementioned factors include the fuel 

utilization factor and the air ratio, which can be 

defined using the following equations [24, 25, 

34]: 

𝑈𝑓

=
𝑗𝑎𝑣𝑔𝐿𝑊

(8𝐹𝑋𝐶𝐻4

0 + 2𝐹𝑋𝐻2

0 + 2𝐹𝑋𝐶𝑂
0 )𝑁̇𝑓𝑢𝑒𝑙

0
 (47) 

𝑈𝑎 =
𝑗𝑎𝑣𝑔𝐿𝑊

(4𝐹𝑋𝑂2

0 )𝑁̇𝑎𝑖𝑟
0

 (48) 

Javg is the average current density of the cell. Fuel 

and air utilization factors are the proportions of 

fuel and air used by the cell to produce 

electricity. The air ratio represents the excess air 

relative to the stoichiometrically required air for 

cooling purposes [25] and is mathematically the 

inverse of the air utilization factor: 

𝜆𝑎 =
1

𝑈𝑎

 (49) 

The electric power and fuel efficiency are 

defined as follows [24, 25, 34]: 

𝑃𝑆𝑂𝐹𝐶 = 𝑗𝑎𝑣𝑔𝐸𝑐𝑒𝑙 (50) 



𝜀𝑆𝑂𝐹𝐶

=
𝑗𝑎𝑣𝑔𝐸𝑐𝑒𝑙𝑙𝐿𝑊

(𝑋𝐶𝐻4

0 𝐿𝐻𝑉𝐶𝐻4

0 + 𝑋𝐻2

0 𝐿𝐻𝑉𝐻2

0 + 𝑋𝐶𝑂
0 𝐿𝐻𝑉𝐶𝑂

0 )𝑁̇𝑓𝑢𝑒𝑙
0

 

(51) 

 

The term ‘fuel efficiency’ is understood to 

denote the proportion of the total 

electrochemical energy of the fuel at the inlet 

that is capable of being converted into electricity.  

 

2.3. Procedure for simulation and model 

validation 

 

The simulation is executed using a program code 

that has been internally developed and is written 

in Compaq Visual Fortran 90. The species mass 

conservation and energy conservation equations 

are discretized by the finite difference method 

and then solved iteratively. As demonstrated in 

the literature, there are two approaches to 

distributed modeling of SOFCs: providing the 

operating voltage and providing the cell average 

current density. In this study, the second 

approach is employed, and the corresponding 

algorithm is shown in Fig. 3. In both approaches, 

the fuel cell is considered as a set of parallel 

discrete elements with uniform operating voltage 

and non-uniform local current densities. 

Consequently, two algebraic loops have been 

implemented for the iterative solution of the 

governing equations: one loop for the iteration of 

the cell voltage and the other for the iterative 

solution of the conservation of species mass and 

energy equations with given local current 

density and cell voltage. The computational area 

is segmented into four layers: the PEN structure, 

the fuel flow channel, the air flow channel, and 

the interconnector. The discretization of each 

layer is conducted along the flow direction, with 

the distance between every two grid points in all 

layers being set at 4 millimeters. It is observed 

that the results are less dependent on the grid 

size. For the purpose of accelerating the rate of 

convergence of the computation, this value is 

selected.  

The present model is predicated on certain 

assumptions, including the use of syngas as fuel, 

disparate inlet and outlet temperatures, and the 

electrochemical reaction of both H₂ and CO. 

These assumptions render it difficult to locate 

experimental data from the literature that would 

allow for the validation of the model. 

Consequently, the remaining numerical reports 

are utilized for the purpose of comparison and 

the certification of results. 

 
Fig. 3. Algorithm to calculate the cell voltage and 
local current density. 

The model developed in the present study is 

founded on models proposed by Aguiar et al. 

[25] and Iwai et al. [29]. In the initial phase, the 

validity of the model was confirmed by Aguiar 

et al. [25], who exclusively considered H2 

electrochemical oxidation. The ensuing section 

will present a comparison of the corresponding 

results, including the distribution of the species 

concentration, the temperature in all four layers, 

the local current density, and other electrical 

performance factors along the cell length in two 



models. In the second step of the model 

validation process, both H2 and CO were 

implicated in the electrochemical reaction. The 

outcomes were then compared to those reported 

in the study by Iwai et al. [29]. 
 

3. Simulation results and discussion 

3.1. Input data and computational condition 
 

The fuel cell characteristics follow those of 

Aguiar et al. [25] as summarized in Table 1. 
  
Table 1. Cell dimension and material properties. 

Cell dimension: 

Cell length 0.4 m 

Cell width 0.1 m 

Height of fuel channel 0.001m 

Height of air channel 0.001m 

Anode thickness 500 µm 

Cathode thickness 50 µm 

Electrolyte thickness 20 µm 

Interconnect thickness 500 µm 

Material properties: 

PEN thermal conductivity 2×10-3 kw/mK 

Interconnect thermal conductivity 25×10-3 kw/mK 

PEN emissivity 0.8 

Interconnect emissivity 0.1 

Electrodes porosity 0.3 

Electrode tortuosity 6 

Average pore radius 0.5 µm 

Electrodes porosity 0.3 

The mole flow rates of gas streams can be 

calculated using Eqs. (47 and 49) by means of a 

given air ratio, fuel utilization factor, and 

average cell current density. The composition of 

the fuel supplied is determined from a gas 

mixture with a steam to carbon ratio of 2 and a 

pre-reforming rate of 10% methane. The mole 

fractions of the gas species in such a mixture are 

given in Table 2.  

It has been established that the inlet temperature 

of the gas flows is precisely 1023 K, while the 

pressure is 1 bar. The thermal conductivity of the 

solid components is assumed to be constant, 

unlike Aguiar et al. [25], the temperature-

dependent thermal conductivity of the gas 

mixtures in both air and fuel channels is 

calculated locally [41], and the Nusselt number 

is determined to be 2.97 [32]. The effective 

diffusion coefficients of the porous materials, 

unlike the compared reference, are evaluated as 

explained in ref. [37]. The assumption of the 

temperature dependence of the resistivity of the 

electrodes and the electrolyte is the other detail 

taken into account in this study [37]. All results 

are obtained under the following conditions: a 

fuel utilization factor of 0.75, an air ratio of 8.5, 

and a cell average current density of 5000 A/m2. 

The remaining gas mixture properties (gas flow 

densities and heat capacities), the temperature-

dependent reaction enthalpies, and Gibbs free 

energies are determined by virtue of the Ideal 

Gas Assumption. In addition to the inlet 

temperature and pressure, a uniform axial 

velocity at the channel inlet is assumed. 

Adiabatic conditions are also applied at both 

ends of the PEN and interconnect structures. 
 

3.2. Results considering H2 electrochemical 

reaction 

This section focuses on the validation of the 

model developed in the current study and also 

the generation of basic results for the given 

operating conditions, as outlined in Section 3.1. 
 

Table 2. Inlet fuel composition with 10% pre-

reforming. 
Description Mole fractions 

CH4 0.2812 

H2 0.1206 

CO 0.0043 

CO2 0.0269 

H2O 0.5668 

The subsequent section will address the impact 

of the CO electrochemical oxidation on these 

fundamental outcomes. The characteristic curves 

for power density, cell voltage, and polarization 

versus current density of the cell are depicted in 

Fig. 4 and 5, respectively. It is important to 

acknowledge that the curves depicted in Figs. 4 

and Fig. 5 are derived exclusively through the 

application of the electrochemical model. The 

pre-reforming rate is equivalent to 1, which 

stipulates a state of completely steam-reformed 

methane. The operating temperature and 

pressure are measured at 1073 kelvin and one 

bar, respectively.  

As demonstrated in Fig. 4, the power density 

attains its maximum value when the current 

density is equivalent to 20000 A/m2. The 

corresponding voltage and power density are 

equal to 0.4156 V and 8313.04 W/m2, 

respectively. A comparison with Aguiar et al. 

[25] is presented in Table 3. As illustrated in Fig. 



4 and Table 3, there is a high degree of 

congruence with the reference. At the point of 

maximum power density, as illustrated in Fig. 5, 

the PEN ohmic loss and the activation 

polarizations of the cathode and anode are the 

main sources of loss of the cell’s open circuit 

potential. Conversely, the concentration losses 

are relatively small. As illustrated in Fig. 5, the 

cathode concentration polarization is 

considerably less pronounced in comparison to 

that of the anode. This phenomenon can be 

attributed to the comparatively greater thickness 

of the anode relative to the cathode. The convex 

curvature of the concentration polarization at 

low current density, as previously noted in the 

literature [25, 40], is evident in Fig. 5. The 

concentration overpotential demonstrates a 

concave curvature at elevated current density 

[40]. The curvature of the cell voltage-current 

density curve is associated with the curvature of 

the concentration and activation polarizations at 

low or high current density. However, as 

demonstrated in [25, 40], the observation of 

concave curvature at high current density is 

contingent upon the comparative values of 

ohmic and activation losses. For the selected 

parameters and operating conditions, the cell 

voltage undergoes a decline to zero when the 

current density attains a value of 43812.5 A/m2. 

Consequently, no concave curvature is observed. 

Indeed, the occurrence of this phenomenon can 

be attributed to high ohmic and activation losses 

at high current density. The current density at 

which the cell operating voltage is reduced to 

zero is denoted as the limiting current density. 

Conversely, the activation polarization of the 

cathode exhibits a higher value in comparison to 

that of the anode across the entire range of 

current densities. This phenomenon can be 

attributed to the comparatively lower exchange 

current density of the cathode [40]. 
 

Table 3. Comparison of cell peak power density and 

corresponding cell voltage and current density. 

Description 
Current 

model 
Aguiar [25] 

Difference 

(%) 

Power (W/m2) 8313.04 8600 3.34 

Voltage (V) 0.416 0.415 0.24 

Current density 

(A/m2) 
20400 20700 1.45 

 

 
Fig. 4. The variation of cell power density in relation 
to current density for given operating condition. 

 
Fig. 5. The variation of cell voltage and polarization 
curves in relation to current density for given 
operating condition (current model). 

Given the cell’s normal operating voltage of 0.6-

0.7 V, the best operating range for current 

density is between 8287.85 and 11905.72 A/m2, 

resulting in power densities between 5628.46 

and 6997.29 W/m2. As illustrated in Fig. 6, the 

predicted cell open circuit potential (OCP) and 

the effect of polarizations on the OCP are 

demonstrated. The calculation of the cell's 

operating voltage is contingent upon the 

consideration of these parameters. 

Comparison with Aguiar et al. [25] is also 

presented. A small deviation between the current 

model and Aguiar et al. [25] is caused by some 

details considered in the current model, as 

mentioned in Section 3.1. 

The findings of the concurrent resolution of the 

aforementioned governing equations for four 

layers are depicted in Fig. 7 to Fig. 11 for the 

operating conditions given in Table 1 and Table 
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2.The mole fraction curves of the gas species in 

the fuel flow duct are illustrated in Fig. 7. The 

concurrent occurrence of MSRR, WGSR, and 

electrochemical reaction establishes the sink 

and/or source terms for the alterations in species 

mole fractions. Additionally, the local 

temperature exerts an indirect influence on the 

local composition of the gas mixture through the 

temperature-dependent reaction rates. 

Conversely, the electric performance of the cell, 

that is to say, the cell current density and voltage, 

exerts a comparable effect.  

 
Fig. 6. The effect of various polarizations on cell 
voltage as a function of cell current density. 

 

 
Fig. 7. The longitudinal molar fraction variation of 
gas species in the fuel flow duct. 

Consequently, both the local temperature and the 

electrical performance of the cell are strongly 

influenced by the composition of the gas 

mixture. Upon entry of the fuel into the duct, the 

MSRR is initiated with a high reaction rate, 

attributable to the elevated methane content. 

The decline in methane concentration, as 

illustrated in Fig. 7, substantiates the accelerated 

reaction rate of the MSRR. The primary and 

most significant consequence of this elevated 

reaction rate is the swift consumption of heat by 

the highly endothermic MSRR. On the other 

hand, the low hydrogen content of the fuel is 

responsible for the low local current density at 

the inlet of the fuel duct, and consequently for 

the low heat production in this region. This 

assertion is corroborated by the findings 

depicted in Fig. 7. The process of methane 

consumption results in the generation of 

hydrogen and carbon monoxide, concurrently 

leading to water consumption. It has been 

demonstrated that the vast majority of methane 

is consumed until 
x

Lc
= 0.7, at which point 

hydrogen reaches its peak value at  
x

Lc
= 0.31. At 

this juncture, the electrochemical oxidation 

reaction rate becomes a more rapid process. 

Concurrently, hydrogen consumption and water 

production are accelerated. The decreasing trend 

of the hydrogen mole fraction and increasing 

behavior of the water mole fraction along the cell 

length after this point can be clearly seen in Fig. 

7. The local current density profile illustrated in 

Fig. 8 supports this treatment of the hydrogen 

electrochemical oxidation reaction rate. From 

the other viewpoint, an augmented 

electrochemical reaction rate will invariably 

result in the release of a substantial quantity of 

heat, thereby precipitating an escalation in the 

local temperature of the four layers.  

As the temperature increases, the activation 

polarization and ohmic losses decrease, as 

illustrated in Fig. 9. As demonstrated in Fig. 7, 

there is a minor discrepancy between the 

findings of the current model and those of Aguiar 

et al. [25]. This deviation is attributed to the 

disparate local current densities observed in both 

models, as shown in Fig. 8, and the divergent 

temperature distributions along the cell length, 

as depicted in Fig. 10 and Fig. 11. 

Notwithstanding this minor incongruity, it can 

be concluded that the current model has 

accurately predicted the distribution of gas 

constituent mole fractions along the cell. 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0 10000 20000 30000 40000

V
o

lt
ag

e 
(V

)

Average current density (A/m2)

EOCV (Current model)
E
CAL
CAL&CCL
CAL&CCL&OHL
CAL&CCL&OHL&AAL
EOCV (Aguiar 2004)
E
CAL
CAL&CCL
CAL&CCL&OHL

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.00 0.20 0.40 0.60 0.80 1.00

M
o

le
 f

ra
ct

io
n

s

Dimensionless axial position

CH4 (Aguiar 2004)
H2 (Aguiar 2004)
CO (Aguiar 2004)
CO2 (Aguiar 2004)
H2O (Agiar 2004)
CH4 (Current model)
H2 (Current model)
CO (Curent model)
CO2 (Current model)
H2O (Current model)



 
Fig. 8. The longitudinal variation of local current 
density. 

 
Fig. 9. The longitudinal variation of cell operating 
voltage and distribution of overpotentials. 

 
Fig. 10. The longitudinal variation of air and fuel 
channel temperature. 

 
Fig. 11. The longitudinal variation of interconnect 
and PEN structure temperature. 

As demonstrated in the preceding discussion, the 

non-uniform heat generation within the cell 

constitutes the primary factor contributing to the 

substantial temperature gradient that is observed 

along the cell length. As shown by Aguiar et 

al.[25], a minor decline in the temperature of 

fourfold layers has been observed to be 

concomitant with the process of methane 

reforming. However, as the MSRR rate 

decreases and the hydrogen electrochemical 

reaction becomes predominant, the rate of heat 

generation becomes dominant. Consequently, an 

increase in temperature along the cell length can 

be observed. Although the calculated 

longitudinal variation of temperature of flow 

ducts, the PEN structure, and the interconnect, as 

determined by the current model, are marginally 

higher than those reported by Aguiar et al.[25]. 

The observed deviation is attributed to the 

presence of different Nusselt numbers, 

temperature-dependent thermal conductivity of 

the gas mixture, and different diffusion 

mechanisms. These elements contributed to the 

different electrical performance of the cell.  

The predicted cell current density, cell voltage, 

and the effect of different polarizations are 

shown in Fig. 8 and 9, respectively. According 

to Eq. (14), it can be deduced that the cell open 

circuit potential (OCP) exhibits an increase in 

response to a decrease in water partial pressure, 

concurrent with an increase in hydrogen partial 

pressure. This phenomenon is exemplified in 

Fig. 9. Thereafter, a decreasing trend in the cell 
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OCP is predicted in response to variation in the 

composition of the gas mixture and temperature.  

A decrease in local temperature is accompanied 

by an augmentation in the ionic resistivity of the 

electrolyte and the activation overpotential [29]. 

This treatment is indicated in Fig. 9. The ohmic 

loss and the activation loss increase up to 
x

Lc
=

0.23, where the temperature of the PEN structure 

is around its minimum value. However, these 

terms of overpotentials serve to curtail the local 

temperature increases, thereby enabling the 

current density to increase. It is important to note 

that the concentration polarization increases 

along the cell length. This increase is a result of 

the consumption of the reactant. 
As demonstrated in Fig. 10 and 11, the maximum 

discrepancy between the two models is observed 

to be; 0.89% for the air channel, 1.5% for the fuel 

channel, 0.81% for the PEN structure, and 1.12% 

for the interconnect. The most significant 

temperature gradient is observed in the PEN 

structure, with a magnitude of 150.1 K, spanning 

from a minimum of 987.71 K to a maximum of 

1137.81 K at the outlet of the cell.  

Finally, it should be mentioned that the cell 

operating voltage, power density, and fuel 

efficiency of the case studied here are equal to 

0.65 V, 3247 W/m2, and 45.83 %, respectively. 

The corresponding values obtained by Aguiar et 

al.[25] are 0.66 V, 3320 W/m2, and 46.8%, 

respectively. The current model's performance 

characteristics have been shown to be in 

alignment with those of the compared reference, 

thereby validating the model's capacity for 

predicting SOFC performance. This finding 

paves the way for further investigation into the 

impact of various parameters, including the 

electrochemical oxidation of carbon monoxide.  
 

3.3. Effects of co electrochemical oxidation 
 

As mentioned in the previous section, only H2 

was involved in the electrochemical reaction. 

However, in this section, both CO and H2 are 

considered in the electrochemical reaction on the 

anode side. Prior to the investigation of the effect 

of the electrochemical reaction of the CO on the 

electric performance of the SOFC, the model 

was validated based on some available literature, 

such as Iwai et al.[29]. The simulations were 

performed with the data provided in the Iwai et 

al.[29], and the resulting comparison is 

presented in Table 4. The maximum temperature 

was detected at the cell outlet, and the deviation 

between the two numerical methods was found 

to be approximately 9%. This difference can be 

attributed to the differing approaches of the 

models and also the varying heat transfer 

mechanisms considered in the conservation of 

energy equation. Iwai et al.[29] did not take 

radiative heat transfer into consideration. The 

interconnection between the temperature field 

and the electrochemical model is of particular 

concern, as any deviation in the temperature 

distribution can have a direct impact on the 

electric performance. However, as demonstrated 

by Andersson et al.[5], CO accounts for 15-20% 

of the total current density. At the point of 

maximum local current density, this fraction for 

CO reaches 17%, showing a reliable value.  

The remainder of this section discusses the 

effects of considering the CO as a fuel on the cell 

performance and operating parameters. To this 

end, the whole model described in Section 2.2 is 

solved numerically with the data given in Table 

1.  

Table 4. Comparison of cell performance in current 

model with those of Iwai et al.[29], Javg= 3000 A/m2 

and pre-reforming rate is 0.3. 

Description Current model Iwai [29] Difference (%) 

Power (W/m2) 2310 2234 3.4 

Voltage (V) 0.768 0.745 3.1 

TPEN, max (k) 1058.23 1167.27 9.3 

JH2/JTotal 0.83 0.72 15.3 

JCO/JTotal 0.17 0.28 39.3 

On the other hand, the results of Section 3.2 are 

compared in this section with the incorporation 

of CO on the anode side electrochemical 

reactions. It is important to note that the average 

current density and the pre-reforming rate in this 

section are set equal to 5000 A/m2 and 0.3, 

respectively. 

Fig. 12 shows the mole fraction of the gas 

species of the fuel channel with and without 

considering CO as a reactant at the anode side 

TPB. The trends of the profiles and the 

corresponding interpretations are analogous to 

the previous section, with the focus here being 

on the comparison of two cases; Case 1 refers to 

the H2 electrochemical oxidation only, and Case 

2 refers to the condition where both CO and H2 

react at the anode side TPB reactions. The profile 



of the methane mole fraction along the cell is 

nearly identical in both cases, indicating that the 

presence of CO in the anode electrochemical 

reaction does not affect the consumption rate of 

the methane. However, as demonstrated in Fig. 

12, the deviation of the hydrogen and water mole 

fractions gradually becomes apparent. The 

decrease in the amount of CO involved in the 

WGSR is the primary effect of the CO 

electrochemical reaction. Consequently, the 

rates at which H2 is produced and subsequently 

H2O is consumed by the WGSR are lower than 

in Case 1. On the other hand, the production rate 

of CO2 is accelerated by the electrochemical 

reaction of CO.  

 
Fig. 12. The longitudinal variation of species 
concentration affected by the CO electrochemical 
reaction. 

Finally, all the above-mentioned effects lead to a 

decrease in the mole fractions of H2 and CO, and 

an increase in the mole fractions of H2O and CO2 

in Case 2, as depicted in Fig. 12. The temperature 

profiles along the cell length for the air and fuel 

channels are presented in Fig. 13, while Fig. 14 

shows the similar profiles for the interconnect 

and the PEN structure. As previously discussed, 

the cell contains three distinct heat sources: 

WGSR, the H2 and CO electrochemical 

reactions. Additionally, the methane steam 

reforming reaction functions as a heat sink 

within the cell. The interaction between these 

terms can result in either cooling or heating 

effects within the SOFC. Fig. 12 shows that the 

rate of methane consumption remains constant 

when CO is present in the electrochemical 

reaction.  
 

 
Fig. 13. The Longitudinal variation of fuel 
temperature affected by CO electrochemical reaction. 

. 

 
Fig. 14. The longitudinal variation of PEN and 
interconnect affected by the CO electrochemical 
reaction. 

This indicates that the rate of heat consumption 

remains unchanged in both scenarios. However, 

the concentration of H2 in Case 2 is lower than in 

Case 1, which leads to a decrease in the heat 

generation by the H2 electrochemical reaction. 

On the other hand, the presence of CO in the 

electrochemical reaction results in increased heat 

generation compared to scenarios where CO 

only participates in the WGSR. In summary, it 

can be concluded that the inclusion of CO in the 

anode-side electrochemical reaction, in addition 

to H2, leads to enhanced heat production within 

the cell. Therefore, the temperature of the four 
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layers at each point along the cell length for Case 

2 is marginally higher than that of Case 1, as 

illustrated in Fig. 13 and Fig. 14. 

As illustrated in Fig. 15 and 16,  the electric 

performance of the cell exhibits variation in 

terms of current density, voltage, and 

overpotentials along the cell length. As 

demonstrated in the preceding section, an 

elevation in operating temperature results in a 

reduction of overpotentials, thereby inducing an 

increase in the corresponding current density. 

Accordingly, as demonstrated in Fig. 15, the 

total local current density in Case 2 exceeds that 

of Case 1. Fig. 17 compares the anode and 

cathode activation and concentration 

overpotentials for two cases. The presence of CO 

in the electrochemical reaction has been 

demonstrated to reduce both the anode and 

cathode activation losses, as evidenced by the 

research conducted by Iwai et al.[29] and 

Andersson et al.[5]. 

 
Fig. 15. The longitudinal variation of local current 
density affected by the CO electrochemical reaction. 

At the entrance of the cell, the total local current 

density is 3291.77 A/m2, of which approximately 

15%, equivalent to 494.2 A/m2, is produced by 

CO, and the remainder, 85%, equivalent to 

2803.57 A/m2, is produced by H2. At the point of 

maximum local current density, the ratio of CO 

to H2 is 16.17% and 83.83%, respectively. 

The contribution of CO to the current density is 

within the acceptable range reported by 

Andersson et al.[5]. Furthermore, Eqs. (14 and 

15) indicate that the cell open circuit potential 

depends on both the temperature and the 

composition of the gas mixture.  

 
Fig. 16. The longitudinal variation of the cell 
operating voltage and overpotentials affected by the 
CO electrochemical reaction. 

 
Fig. 17. Comparison of activation and concentration 
losses with or without CO electrochemical reaction. 

At the cell inlet, the composition of the incoming 

gas (fuel) and the inlet temperature are identical 

in two cases. Consequently, the OCP of the cell 

is equivalent in both cases. However, as the 

study progresses, discrepancies emerge in the 

temperature field and the mole fractions of the 

species between the two cases. Consequently, 

the disparity in the cell OCP becomes evident. 

Conversely, a decrease in H2O (or CO2) and an 
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increase in H2 (or CO) will increase in the cell 

OCP, as demonstrated by Eqs. (14 and 15). It has 

been demonstrated that, given the lower 

concentration of H2O in Case 2 relative to the 

corresponding value in Case 1 and the higher 

concentration of H2 in Case 2, the cell OCP in 

Case 2 is lower than that in Case 1 after (
x

Lc
≅

0.1), as illustrated in Fig. 16. Considering the 

effects of polarization losses, as indicated in Fig. 

17 and discussed above, the comparison of the 

cell operating voltage, power density, and fuel 

efficiency for both cases is presented in Table 5. 

It can be concluded that the presence of CO in 

the electrochemical reactions has the potential to 

enhance the electric performance of the cell and 

facilitate the efficient production of electric 

current. Furthermore, it is anticipated that the 

overpotentials will decrease, and the operating 

voltage and power density will increase 

accordingly. 

Finally, a comparison of the open circuit 

potentials corresponding to the CO and H2 

electrochemical reactions is depicted in Fig. 18, 

and a comparison of the corresponding 

activation and concentration polarizations is 

shown in Fig. 19. It is evident that the calculated 

OCPs remain constant along the cell. However, 

the anode activation polarization related to H2 is 

greater than that of CO. Furthermore, the 

concentration polarization of CO, due to its 

lower concentration, is greater than that of H2. 

 
Table 5. Comparison of cell performance in two 

cases; with or without CO electrochemical reaction. 
Description H2 only Both CO and H2 

power (W/m2) 3411.396 3739.130 

Voltage (V) 0.68 0.75 

Fuel efficiency (%) 0.46 0.50 

 

 
Fig. 18. Distribution of cell open circuit potentials 
associated with the CO and H2 electrochemical 
reactions. 

 
Fig. 19. Distribution of activation and concentration 
overpotentials associated with the CO and H2 
electrochemical reactions. 

4. Conclusions 

 

A mathematical model of a quasi-two-

dimensional model for a DIR-PSOFC supported 

by anode has been presented to solve the mass 

and energy conservation equations. The model 

incorporates an electrochemical model that 

evaluates the electric performance of the cell 

using the data obtained from the solution of 

conservation equations. The CO and H2 

electrochemical reactions, as well as the methane 

steam reforming reaction and the water-gas shift 

reaction, have been taken into account. The 

steady-state performance of the cell has been the 

subject of numerical investigation, with 

particular attention paid to the effect of 
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considering CO in the anode side TPB as a 

reactant on the temperature field, the distribution 

of gas constituents in the fuel channel, and the 

electric parameters of the cell. The following 

conclusions have been indicated: 

1. If only H2 is involved in the electrochemical 

reaction at the anode, the maximum power 

density is attained at a current density of 

20400 A/m2. At this point, the cell voltage is 

recorded at 0.416 V, while the power density 

has been measured to be 8313.04 W/m2. It is 

noteworthy that the completely reformed fuel 

mixture was studied at 1073 K.  

2. The cooling effect of the direct internal 

reforming reaction and its role in controlling 

the cell temperature gradient are clearly 

evident. The maximum temperature gradient 

of 146.98 K is observed in the PEN structure 

for a 10% pre-reformed fuel mixture at an 

average current density of 5000 A/m2, 

operating at 1023 K. The fuel utilization and 

air ratio are set to 0.75 and 8.5, respectively, 

considering only the H2 electrochemical 

reaction. The operating voltage was 

determined to be 0.65 V, the power density 

was calculated to be 3247 W/m2, and the fuel 

efficiency was found to be 45.83%.  

3. The findings indicate that CO accounts for no 

more than 20% of the total current density. 

The contribution of CO to the generation of 

electric current at the inlet is 15%, and at the 

point of maximum current density, it is 

16.17%. 

4. It has been demonstrated that incorporating 

CO as a reactant on the anode side TPB 

results in enhanced heat generation within the 

cell and facilitates elevated operating 

temperatures. It has been established that an 

elevated operating temperature will result in 

decreased activation and ohmic losses. This, 

in turn, will enhance both the local current 

density and the cell's operating voltage.  

5. The incorporation of CO in both the 

electrochemical reaction and the WGSR 

results in a decline in the H2 concentration 

and an augmentation in the H2O 

concentration, in comparison to the scenario 

where solely H2 is incorporated in the 

electrochemical reaction. The primary 

outcome of such variation in mole fractions is 

a decline in the (OCP) of the cell.  

6. It has been demonstrated that the activation 

polarizations of the anode and cathode will 

decrease when the electrochemical reaction 

of CO is taken into consideration.  

7. It has been demonstrated that the operating 

cell voltage increases from 0.68 V to 0.75 V 

under the consideration of CO as a reactant at 

the anode TPB. In addition, the power density 

has been shown to increase from 3411.396 

W/m2 to 3739.130 W/m2. Furthermore, the 

fuel efficiency has been found to improve 

from 0.46 to 0.50 for a co-flow SOFC 

operating on a 30% pre-reformed fuel 

mixture at 1023 K, average current density of 

5000 A/m2, and fuel utilization and air ratios 

of 0.75 and 8.5, respectively.  

8. It is found that the activation and 

concentration losses associated with the 

electrochemical oxidation of CO are less than 

those of H2. 
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