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Abstract 
 
Carbon formation may occur during CO2 and CO2/H2O electrolysis using solid oxide 
electrolyzer cells due to the Boudouard reaction (2CO  CO2 + C(s)). Formed carbon may 
disintegrate the cell structure and it is therefore of importance to be able to predict when 
carbon is formed, and take actions to prevent its formation.  
For prediction of carbon formation, the gas composition in the electrode must be known. In 
this work, the diffusion of gases in the electrode has been modelled with the dusty gas 
model in 1 and 2 dimensions, and the effect of tortuosity, porosity, temperature, electrode 
thickness, pore diameter, current density, pitch and rib width has been investigated. It is 
shown that diffusion limitations on reactant/product transport may lead to carbon 
formation.  
 
The parameters describing the microstructure and the dimensions of the cathode channels 
and interconnect ribs are found to have a large effect on the carbon formation propensity. 
Given a set of parameters, a simple correlation between the CO mole fraction in the 
channel and under the interconnect rib, and current density during CO2-electrolysis can be 
derived. This correlation makes it possible to efficiently integrate the calculation of carbon 
formation risk in existing electrolyzer cell models. 
 
Keywords: Boudouard reaction, Carbon Formation, Diffusive Mass Transport, 
Electrolysis, Fuel cell, Mathematical Modeling, Solid Oxide Electrolysis Cell. 
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1 Introduction 
Solid oxide electrolyzer cells (SOEC) are electrochemical devices capable of converting 
H2O and CO2 to H2 and CO. The electrolysis of H2O and CO2 is important since it is 
capable of producing H2, CO or syngas directly from electrical energy from e.g. renewable 
energy sources. These compounds can be used to produce synthetic hydrocarbon fuels as 
a solution to reduce oil consumption and carbon dioxide emissions.  
 
However, the formation of carbon has been observed during electrolysis of CO2 and CO2 
and H2 co-electrolysis [1,2]. The carbon can block pores and reaction sites [3], cause the 
Ni structure in the electrode to change [4], and cause local fractures in the cermet [5]. It is 
therefore of great importance to avoid carbon formation. During both CO2 and co-
electrolysis carbon formation has been observed at operating conditions where it should 
be thermodynamically unfavored based on the gas composition in the bulk of the gas 
phase (i.e. in the gas channels of a stack) [2,6]. In the literature it has been presumed that 
this is caused by diffusion limitations within the electrode [2,6]. In this study we investigate 
this presumption by calculating the concentration profiles in the electrode and evaluate the 
risk of carbon formation based on the actual gas composition in the electrode, rather than 
the composition in the gas bulk.  

 
Different models for diffusion in the electrode material have been used in the literature, 
including Fick’s law, Stefan-Maxwell model, dusty gas model, binary friction model, and 
the cylindrical pore interpolation model [7–9]. The most frequently used models are Fick’s 
law and dusty gas model [9]. Suwanwarangkul et al. [10] compared the performance of 
Fick’s law, the Stefan-Maxwell model, and the dusty gas model in predicting the 
experimental measured concentration overpotentials in SOFC anodes for H2-H2O-Ar and 
CO-CO2 systems. The concentration overpotential depends on the gas concentrations in 
both the gas channel and at the interface between the electrode and electrolyte. With the 
diffusion models, the gas composition at the interface can be calculated and thus also the 
concentration overpotential can be calculated and compared to the measured value.  
Using this approach, Suwanwarangkul et al. [10] found that the dusty gas model was 
better at predicting the concentration overpotential. For the CO-CO2 system Fick’s law 
could also be used to model the system with acceptable accuracy (within 15 % of the 
results obtained by the dusty gas model) when the current density was low (0.1 A cm-2) 
and at low (25 %) to intermediate (40%) CO concentrations. At a higher current density 
(0.3 A cm-2) Fick’s law could only be used for intermediate CO concentrations. 
Suwanwarangkul et al. [10] also found that the dusty gas model was the only suitable 
model for the H2-H2O-CO-CO2  system. Vural et al. [8] found that the dusty gas model, 
Stefan-Maxwell model and the binary friction model all gave similar predictions for the 
concentration overpotential for H2-H2O-Ar and CO-CO2 systems up to high current 
densities (1.5 A cm-2) and small pore radius (0.27 µm). Wang et al. [11] compared the 
dusty gas model with the binary friction model and the cylindrical pore interpolation model 
and found that they gave similar results. In this study, the diffusion has been modelled with 
the dusty gas model. This model was chosen because 1) the investigated situations span 
a wide range of current density and CO concentrations, 2) the H2-H2O-CO-CO2 system is 
also investigated.  
 
Ni containing catalysts are used in different industrial processes such as reforming and 
high temperature methanation. The carbon formation on Ni has therefore been thoroughly 
studied [3,12–16]. Carbonaceous gas species might form solid carbon through the 
Boudouard reaction (Reaction 1) and methane decomposition (Reaction 2) [3,17]. The 
carbon can be in the form of graphite [18], pyrolytic carbon, carbides [19,20], and 
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filamentous carbon (also called whisker carbon) [14,21]. At the high temperatures used in 
SOECs, filamentous carbon and graphite will be formed [22,23], see Figure 1.  
 

Boudouard reaction  2CO⇌CO2+C(s)     (1) 
 

Methane decomposition CH4⇌2H2+C(s)     (2) 
 
When both carbon and hydrogen species are present, the water-gas shift reaction and 
methanation reaction will also take place. 
 

Water-gas shift  CO+H2O ⇌ CO2+H2     (3) 
Methanation reactions CO+3H2⇌CH4+H2O     (4) 
 
Carbon deposition on solid oxide cells running in fuel cell mode, with methane [23,24] and 
other hydrocarbons [25] as the carbon source, has been widely studied. However, only a 
few studies have focused on solid oxide cells running in electrolysis mode with either 
H2O+CO2 or CO2 as the process feed [26–29]. In co-electrolysis carbon deposition has 
been observed and is believed to cause delamination of the electrode from the solid 
electrolyte after long-time testing (≤ 700 hr.) [1]. In CO2-electrolysis it has been observed 
that just crossing the equilibrium (forming small amounts of carbon) is a reversible process 
[2]. It is generally accepted that carbon formation is to be expected when there is a nickel 
catalyst present and the gas shows affinity for carbon formation after the establishment of 
methanation and shift equilibria [30]. The affinity for carbon formation, ac, is given as the 
equilibrium constant, divided with the reaction quotient:  
 

𝑎𝑐 = 𝐾1/𝑄1         (5) 

𝑄1 =
𝑋𝐶𝑂2

𝑋CO
2 𝑝𝑡

         (6) 

 
 
K1 is the equilibrium constant for reaction 1, Q1 is the reaction quotient, X is the mole 
fraction of CO2 and CO, respectively, and pt is the total pressure in atm.     
 
When ac > 1, the gas shows affinity for carbon formation. Since the equilibrium constant is 
a function of temperature, the temperature at which the gas mixture starts to show affinity 
to carbon formation via the Boudouard reaction, TB, can be calculated. If the equilibrium 
temperature is less than the actual temperature, the formation of carbon is 
thermodynamically unfavorable and if the equilibrium temperature is above the actual 
temperature, the formation of carbon is thermodynamically favorable. Calculating the 
equilibrium temperature is advantageous since the necessary temperature increase to 
avoid carbon formation can easily be calculated as TB - Tcell.  
 
Some studies have used the thermodynamic data for graphite when calculating the 
equilibrium constant for the Boudouard reaction [1,31,32]. However, there is a significant 
difference between the thermodynamic data for graphite and filamentous carbon 
[13,14,33]. Figure 1 shows the equilibrium curves for carbide (Ni3C), graphite and 
filamentous carbon. It can be seen that for temperatures above 650 °C, the equilibrium 
constant is higher for filamentous carbon than graphite. Thus, the gas mixture will show 
affinity to filamentous carbon, rather than graphite carbon, at a higher temperature. Since 
we want to investigate situations where the gas composition has just crossed the 
equilibrium, we will use the thermodynamic data for filamentous carbon, which are based 
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on experimental studies [3,13,14]. The studies present somewhat different values for the 
equilibrium constant. In this study we have used the thermodynamic data given by 
Rostrup-Nielsen [13], since they are based on experiments up to 700 °C, whereas the 
others are based on temperatures below 575 °C [3] and 627 °C [14], respectively.  
 

 
Figure 1. Equilibrium constant for different forms of carbon formation as function of 
temperature. Based on data from [3]. 
 

2 Models 
Figure 2a and 2b shows a schematic view of the SOEC. Starting from the top on figure 2a, 
gas is entering at the cathode gas channel and flows over the cathode. Gas species are 
diffusing through the porous cathode towards the electrode-electrolyte interface driven by 
a concentration gradient. At the electrode-electrolyte reaction interface the electrochemical 
reduction of CO2 and H2O takes place (reaction 14 and 15, see section 2.4). The thickness 
of this layer, di, is between a few µm and 20 µm [34–36]. In our modelling, we have 
selected a thickness of 10 µm. The specific number does not influence the results 
significantly, since the major part of the diffusion take place in the support layer, which is 
several times thicker than the reaction layer. The products of the electrochemical 
reactions, respectively CO and H2, diffuse back to the channel and are swept out by the 
channel flow. During co-electrolysis, the water-gas shift reaction (reaction 3) as well as the 
methanation reaction (reaction 4) will also take place in the electrode. 
The formed oxygen ions diffuse through the electrolyte and react to oxygen molecules at 
the anode. The formed oxygen molecules are transported out of the cell via the sweep flow 
in the anode channel. Figure 2b shows the cell in the x-z dimension, where the 
interconnect can be seen. The interconnect forms the cathode channels, which help 
distribute the fluid uniformly [37], and the rib, which ensures that there is electrical contact 
between adjacent cells.  
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Figure 2a (left) and 2b (right). Figure 2a is a schematic xy-plane view of the cell and 
2b is the a xz view of the cell. The 1d model is marked on both figures and the 2d 
model is marked on figure 2b. The single letters on figure 2b are used to label the 
boundaries and the double letters are used to label the points, which are referred to 
in the text. 
 
Two models are used in this study: A 1d model and a 2d model (see figure 2a and 2b). 
The 1d model consists of the cathode and electrochemical reaction zone along the line 
shown in figure 2. The 2d model consists of the cathode, electrochemical reaction zone, 
electrolyte and anode (the rectangle shown in figure 2b). In the 2d model, the cathode and 
anode consist of parts with contact to the gas channel and with contact to the interconnect 
rib. In this way, the effect of the interconnect rib on the gas transfer and current density 
distribution is included. The letters in figure 2b are used to label the boundaries and are 
referred to in the following text. The point where “d” and “e” intersect (the point under the 
center of the rib) is labelled “de” in the following text. Likewise, the point where “m” and “e” 
intersect (the point under the center of the channel) is labelled “me”  
 
The governing equations for both models are given in the following. The 1d model only 
considers the changes in the x direction and 2d model only considers the changes in the x 
and z direction. 
 
The following assumptions have been made: 1) the total pressure in the channel is 1 atm, 
2) the system is at steady state, 3) the part of the cell that is modeled is at isothermal 
conditions, 4) the material is isotropic, 5) the surface diffusion and thermal diffusion can be 
neglected. The assumption of isothermal condition is justified since the thickness of the 
cell is relatively thin and the thermal conductivities of the materials are high. Very small 
temperature gradients in the x-direction have previously been calculated [38] and are 
therefore disregarded in this work. The isothermal assumption is furthermore justified by a 
rough evaluation of the difference between the cell temperature and the gas temperature, 
presented in the appendix. 
 
 
2.1 Mass Transport 
The mass balance at steady state is given by  

∇�⃗⃗� 𝑖 = 𝑟𝑖          (7) 

where �⃗⃗� 𝑖 is the flux of species i, and ri is the rate of reaction of species i. 
 

2.2 Diffusion 
In the dusty gas model, the molar flux of compound i is given as an implicit function of the 
other molar fluxes the molar fractions, and the gradients of pressure and molar fractions: 
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∑
𝑋𝑖�⃗⃗� 𝑗−𝑋𝑗�⃗⃗� 𝑖

𝐷
𝑖𝑗
𝑒𝑓𝑓 −

�⃗⃗� 𝑖

𝐷
𝑖,𝑘
𝑒𝑓𝑓 =

p

𝑅𝑇
∇𝑋𝑖 +

𝑋𝑖

𝑅𝑇
(1 +

𝐵𝑝

µ𝑚𝐷
𝑖,𝑘
𝑒𝑓𝑓) ∇𝑝 𝑛

𝑗=1,𝑗≠𝑖     (8) 

where Xi is the molar fraction of species i, 𝐷𝑖,𝑘
𝑒𝑓𝑓

 is the effective Knudsen diffusion coefficient 

of species i, 𝐷𝑖,𝑗
𝑒𝑓𝑓

 is the effective binary diffusion coefficient of species i in j, p is the 

pressure; �⃗⃗� 𝑖   is the flux of species i, B is the permeability and µm is the viscosity of the 
mixture 
  
The binary diffusion coefficient is calculated by the Chapman–Enskog correlation and the 
Knudsen diffusion coefficient is calculated by kinetic theory of gases [39]. 

𝐷𝑖,𝑗
𝑒𝑓𝑓

=
𝜖

𝜏
𝐷𝑖,𝑗 =

𝜖

𝜏
0.001858𝑇1.5 ⋅

(
1

𝑀𝑖
+

1

𝑀𝑗
)

0.5

𝑝𝜎𝑖,𝑗
2 𝛺𝐷

     (9) 

𝐷𝑖,𝐾
𝑒𝑓𝑓

=
𝜖

𝜏
𝐷𝑖,𝐾 =

𝜖

𝜏
⋅
𝑑𝑝

3
√

8𝑅𝑇

𝜋𝑀𝑖
       (10) 

  
where Mi is the molecular weight of component i, σi,j is the average collision diameter 

between component i and j and 𝛺𝐷 is the dimensionless collision integral in the Lennard-
Jones potential model, 𝜖 is electrode porosity, 𝜏 is the tortuosity, dp is the pore diameter. σ 
and ΩD are available in the literature [39,40]. Based on [41] where permeabilities for Ni-

YSZ electrodes are summarized, we have selected a permeability of 𝐵 = 5 ⋅ 10−15 m2. 
 
2.3 Transport of electrons and oxygen ions 
In the 2d model two charged particles are modelled, electrons and oxygen ions. The 
electrodes and electrolyte is assumed to be pure electronic and ionic conductors, 
respectively. Ohms law is used to calculate the current distribution in the 2d model.  
 
∇(𝜎𝑒𝑙∇Φel) = 0          (11) 
∇(𝜎𝑖𝑜∇Φio) = 0          (12) 
 

The electronic conductivity, 𝜎𝑒𝑙, of the electrodes is high compared to the ionic conductivity 

of the electrolyte, 𝜎𝑖𝑜, and is therefore assumed to be temperature independent in the 

investigated temperature regime. The electronic conductivity is  800 S cm−1 for the cathode 

(Ni-8YSZ) and 72 S cm−1 for the anode (LSM) [42–44]. The ionic conductivity for the 
electrolyte is temperature dependent and given as [45]: 
 

𝜎𝑖𝑜 = 466 ⋅ exp (−
9934

𝑇
)         (13) 

 

where T is inserted in K and 𝜎𝑖𝑜 is in Ω−1cm−1. In the 1d model, the current density is 
assumed to be uniform and thus equations 11 and 12 are not used.  
 
  
2.4 Reactions 
Two electrochemical reactions take place at the cathode-electrolyte interface, namely the 
reduction of CO2 to CO and of H2O to H2:   

CO2 + 2e− → CO + O2−       (14) 

H2O + 2e− → H2 + O2−       (15)  
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The rates of reactions 14, and 15 are given as functions of the current density, see Table 
1. During co-electrolysis both reaction 14 and reaction 15 may occur at the interface. In 
this case the current density will consist of the current arising from each of the two 
reactions: 
 
𝑖 = 𝑖 𝐻2𝑂 + 𝑖 𝐶𝑂2

        (16) 

 
 One approach to model co-electrolysis is to assume that only reaction 15 occurs at the 
interface and that subsequently CO2 is converted to CO via the water-gas shift reaction 
[46]. Another approach is to assume that both reactions occur at the interface and include 
a parameter β, that determines the fraction of the interface surface available for H2O 
electrolysis [47–49]. In this approach, the electrical current is divided between the two 
reactions depending on the mole fraction of CO2 and H2O at the interface. 
 

 𝛽 =
𝑋𝐻2𝑂

𝑖𝑛𝑡

𝑋𝐶𝑂2
𝑖𝑛𝑡 +𝑋𝐻2𝑂

𝑖𝑛𝑡         (17) 

 
In this study we will use the latter method, where both reaction 14 and 15 take place at the 
interface.In the water-gas shift reaction occur infinite fast, the two methods should give the 
same. However, since the water-gas shift reaction might not reach equilibrium within the 
reaction zone, the latter method is used.   
 
In the entire electrode three reactions might take place: 1) the water-gas shift reaction, 2) 
methanation reaction, and 3) the Boudouard reaction. Only the water-gas shift reaction is 
included in the model as a reaction with finite rate. The rate expression is given in Table 1. 
The reason for excluding the methanation reactions is that the formation of methane is 
severely limited by thermodynamics at the high temperature and low pressure in the 
electrode (calculated with in-house thermodynamics software). The carbon formation 
reactions are excluded because we only want to identify if carbon formation if 
thermodynamic feasible. It is generally accepted that carbon formation will take place 
when the carbon affinity ac is above 1 [12,50]. Since SOECs are normally operated at 
steady state for long periods of time, any affinity for carbon is likely to cause accumulation 
of carbon, regardless of the reaction rate, and will eventually cause problems for the cell. 
 
The rate expressions for reactions 14, 15 and 3 and the thermodynamic equilibrium 
constants for the Boudouard reaction (reaction 1) are given in Table 1. 
 

Table 1. Reaction rates and equilibrium. 

Reaction Thermodynamic equilibrium or rate expression Source 

14 
𝑟𝐶𝑂2,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 =

𝑖 

2𝐹
⋅ (1 − 𝛽) ⋅

1

𝑑𝑖
 

 

15 𝑟𝐻2𝑂,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 =
𝑖 

2𝐹
⋅ 𝛽 ⋅

1

𝑑𝑖
 

 

3 
𝑟𝑤𝑔𝑠 = 𝑘𝑠𝑓 (𝑃𝐻2𝑂𝑃𝐶𝑂 −

𝑃𝐻2
𝑃𝐶𝑂2

𝐾𝑝𝑠
) 

   𝑘𝑠𝑓 = 0.0171 exp (−
103191

𝑅𝑇
)   mol m−3 Pa−2 s−1 

   𝐾𝑝𝑠 = exp(−0.2935𝑍3 + 0.635𝑍2 + 4.1788𝑍 + 0.3169)  

   𝑍 =
1000

𝑇
− 1 

[38] 
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1 
𝐾𝐵 = exp (

138100 − 144.6𝑇

𝑅𝑇
) ⋅ 1 atm−1  

[13] 

 
 
 In Table 1 F is Faradays constant, pi is the partial pressure of species i, R is the universal 
gas constant and, T is the temperature. 
 
The reaction rate for the four species in the cathode and reaction interface can be written 
as: 
𝑟𝐻2

= 𝑟𝑤𝑔𝑠 + 𝑟𝐻2𝑂,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠        (18) 

𝑟𝐻2𝑂 = −𝑟𝑤𝑔𝑠 − 𝑟𝐻2𝑂,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠       (19) 

𝑟𝐶𝑂 = −𝑟𝑤𝑔𝑠 + 𝑟𝐶𝑂2,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠       (20) 

𝑟𝐶𝑂2
= 𝑟𝑤𝑔𝑠 − 𝑟𝐶𝑂2,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠        (21) 

 
Where 𝑟𝑤𝑔𝑠 is the reaction rate for the water-gas shift reaction. 𝑟𝐻2𝑂,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 and 

𝑟𝐶𝑂2,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 are 0 in the cathode support. 

 
In the 2d model the oxidation of the oxygen ion takes place at the anode-electrolyte 
interface: 
 

2 O−2 → O2 + 4e−        (22) 
 

𝑟𝑂2
=

i 

4𝐹
         (23) 

 
The transfer of the oxygen molecules to the anode channel is calculated with the mass 
transfer equation (eq. 7) and the dusty gas model (eq. 8).  
 
 
2.5 Boundary Conditions and Numerical Solution 
It follows from the assumption of negligible mass transfer between the bulk gas in the 
channel and the sample, that the mole fractions of all species at the boundary between the 
fuel electrode and the bulk gas is identical to the bulk gas. The pressure is also the same.  
Thus, the boundary conditions at x = 0 for the 1d model are: 
 

𝑋𝑖|𝑥=0 = 𝑋(𝑖,𝑐ℎ𝑎𝑛𝑛𝑒𝑙)         (24) 

𝑝|𝑥=0 = 𝑝(𝑡,𝑐ℎ𝑎𝑛𝑛𝑒𝑙)        (25) 

 

Where 𝑋(𝑖,𝑐ℎ𝑎𝑛𝑛𝑒𝑙) is the mole fractions in the channel, and 𝑝(𝑡,𝑐ℎ𝑎𝑛𝑛𝑒𝑙) is the channel 

pressure. 𝑋(𝑖,𝑐ℎ𝑎𝑛𝑛𝑒𝑙) and 𝑝(𝑡,𝑐ℎ𝑎𝑛𝑛𝑒𝑙) must be specified as input to the model. 

 
Similar for the 2d model the boundary conditions at x=0 for the part of the cathode in 
contact with the cathode channel (labelled “a” on figure 2b) is given by equation 24 and 25.  
 
Furthermore, no current is transferred from the electrode to the channel. 

�⃗� ⋅  i |𝑥=0 = 0         (28) 
 

Where �⃗�  is the normal vector to the boundary. 
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For the part of the cathode in contact with the interconnect (labelled “b” on figure 2b), the 

potential, Φ, is specified and the mass flux across the boundary is zero.: 

Φ|𝑥=0 = 0        (29) 

�⃗� ⋅  �⃗⃗� 𝑖|𝑥=0 = 0       (30) 
 
The boundary conditions at the anode, x=dc, in contact with the anode channel (labelled “j” 
on figure 2b) are: 
𝑋𝑖|𝑥=dc

= 𝑋(𝑖,𝑐ℎ𝑎𝑛𝑛𝑒𝑙)       (31) 

𝑝|𝑥=dc
= 𝑝(𝑡,𝑐ℎ𝑎𝑛𝑛𝑒𝑙)       (32) 

�⃗� ⋅  i |𝑥=0 = 0        (33) 
 
 
For the anode in contact with the interconnect (labelled “i” on figure 2b), the current density 
is specified and a zero mass flux.  

�⃗⃗� 𝑖 = 0         (34) 

𝑖 = 𝑖 t ⋅
𝑤𝑝𝑖𝑡𝑐ℎ

𝑤𝑟𝑖𝑏
        (35) 

 

where 𝑖 t is the applied current density with respect to the entire cell cross-section. 
 
For the other boundaries in the 2d model a symmetry/insulation condition is applied: 

�⃗� ⋅  �⃗⃗� 𝑖|𝑥=0 = 0        (36) 

�⃗� ⋅  i |𝑥=0 = 0         (37) 
 
The equations were solved in COMSOL Multiphysics (finite element method) using a 
damped Newton solver. The 1d model was divided into 200 elements. For the 2d model 
the cathode and electrode-electrolyte interface was meshed with a triangular mesh using 
COMSOL’s in-build “finer” mesh setting for fluid dynamics. In the electrode-electrolyte 
interface the mesh was refined in the x-direction by a factor of 10 and in the y-direction by 
a factor of 5. The electrolyte and anode were meshed with a triangular mesh using 
COMSOL’s in-build “extra fine” mesh setting for general physics. The actual number of 
elements varied with wpitch and dc. Further refinement of the mesh (changing the in-build 
settings to “very fine” and “extremely fine“, respectively, showed no difference in the 
obtained results.  
 

 

3 Results and Discussion 
The result and discussion section is divided into four main parts. First the results from the 
1d model are presented. Subsequently the results from the 2d model are presented and 
compared to the 1d model. Afterwards, the 1d model is used to investigate if diffusion 
limitations can explain observed carbon formation in some recent studies and, lastly, it is 
shown that the calculated CO mole fraction from the 2d model can be approximated by a 
simple linear correlation between the mole fraction in the channel and the current density. 
Thus makes it possible to include diffusion in current SOEC models without significant 
increase in calculation time. 
 
3.1 1d model 
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3.1.1  Electrolysis of CO2 
Figure 3a shows the mole fraction of CO and CO2 through the cathode layer and Figure 3b 
shows the corresponding equilibrium temperature for carbon formation, TB, for a channel 
gas composition of 60 % CO and 40 % CO2 and current densities of 0.4 A cm-2 and 0.5 A 
cm-2, respectively. Since there is neither H2 nor H2O in the system, the water-gas shift 
reaction can be ignored. From Figure 3b it can be seen that the change in mole fraction 
through the cathode layer caused by the diffusion limitations, causes the equilibrium 
temperature to rise above the cell temperature (in this case 973 K, marked with a 
horizontal line in Figure 3b) and the Boudouard reaction will therefore be 
thermodynamically favored close to the electrode-electrolyte interface. In order to avoid 
the carbon formation, the temperature should either be increased by at least 10 or 20 K, 
for 0.4 A cm-2 and 0.5 A cm-2, respectively or the current density must be decreased below 
0.4 A cm-2. With the given parameters (T, 𝑖 𝑡, 𝜖, 𝜏, de, dp, XCO2), gas diffusion limitations 
becomes an important phenomenon in relation to carbon formation even at moderate 
current densities. 
 

 
Figure 3. Mole fraction (a) and equilibrium temperature, TB (b) profiles during CO2 

electrolysis for T=973 K, 𝑖 𝑡=0.4 and 0.5 A cm-2, 𝝐 = 0.3, 𝝉 = 3, de = 400 µm and a CO 
mole fraction of 60 %. The depth of the electrode is from the gas channel, i.e. x=0 is 
at the gas channel and x=400 µm is at the electrode-electrolyte interface. The cell 
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temperature, 973 K, is marked with a gray horizontal line to clearly illustrate where 
the Boudouard equilibrium temperature crosses the cell temperature. 
 
 

3.1.2  Electrolysis of CO2 and H2O (co-electrolysis) 
Figure 4a shows the mole fraction of H2 and CO (H2O and CO2 are omitted for clarity) 

through the electrode layer for 𝑖 = 0.5 and 1.0 A cm-2 and an overall conversion of 60 %. It 
is assumed that the SOEC is fed with a 40:60 mixture of H2O and CO2 and that the gas in 
the fuel channel has reached the water-gas shift equilibrium. Thus, the gas composition in 
the gas channel is 33% CO, 27% CO2, 26% H2 and 14% H2O. The Boudouard equilibrium 
temperature, TB is also shown in Figure 4b. Since the equilibrium temperature is below Tcell 
at 0.5 A cm-2, but slightly above at 1.0 A cm-2, carbon formation is thermodynamically 
unfavorable at the low current density, but favorable at the high current density. The 
difference in diffusion coefficients of H2 and CO can clearly be seen in the different slopes 
of the CO and H2 gradients through the electrode.  
 

 
Figure 4. Mole fraction (a) and equilibrium temperature, TB (b) profiles during co-

electrolysis at T=973 K, 𝒊 𝒕=0.5 and 1.0 A cm-2, ε = 0.3, 𝝉 = 3, de = 400 µm and an gas 
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channel composition of 33% CO, 27% CO2 26% H2 and 14% H2O. The temperature of 
the cell (Tcell = 973 K) is marked with a gray horizontal line. 

 
 
3.2 Sensitivity analysis 
The parameters in the model can be divided into operating parameters (temperature, 
conversion and current density) and property parameters (porosity, tortuosity, electrode 
depth, and pore diameter). By changing only one parameter, while holding all others 
constant, the effect of that parameter can be investigated. In Figure 5 the effect of the 
parameters on the CO mole fraction at the electrode-electrolyte interface for CO2 
electrolysis is shown. All parameters, except the one being changed, were held constant at 
the values given in table 2 

Table 2. Parameter values used for the parameter study 

Parameter Value Unit 

Current density, 𝑖 𝑡  0.75  A cm-2 
CO mole fraction, XCO 0.5 - 
Temperature, Tcell 1000 K 
Cathode depth, de 400 µm 
Porosity, ε 0.3 - 
Tortuosity, τ 3 - 
Pore diameter, dp 0.5 µm 

 

The results shows that 1) the effect of changing T is small, 2) changing ε/𝜏 or dp has a 
large effect when the parameter has a low value, but a low effect when they are above 
about 0.2 and 1 µm respectively, i.e. at about the standard values they are assigned 

(common values for the ε/𝜏 fraction is 0.1 to 0.2 [29,38,51–54] and for the pore diameter it 
is 0.13 µm to 1.5 µm [47,51,53–55]), 3) the CO mole fraction is proportional to the CO 
mole fraction in the channel, current density and electrode depth. Thus, in order to 

minimize the CO mole fraction at the electrode-electrolyte interface, ε/𝜏 and dp must be 
above a certain value while de should be small. If this is not the case the CO mole fraction 
in the channel and the current density must be limited.  

The high effect of ε/𝜏 or dp on the mole fraction shows that for an accurate prediction of the 
diffusion limitations, these parameters must be determined with good accuracy. 
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Figure 5. Effect of operating (T, XCO, 𝑖 𝑡) and property (/, de, dp) parameters on the 

mole fraction of CO (lines) and the equilibrium temperature for the Boudouard 
reaction, Tb, (lines with stars) at the electrode-electrolyte interface during CO2-

electrolysis. Standard conditions are listed in table 2. 
 
 
3.3 2d model 

3.3.1 Electrolysis of CO2 
Figure 6 shows the mole fraction of CO for a case with wpitch = 1 mm and wrib = 0.5 mm 
(similar conditions as used in section 3.1.1. for the 1d model). At point “me” the CO mole 
fraction is 0.75 at the electrode-electrolyte interface, which is close to the 1d model (where 
it is 0.72, see figure 3). Moving to the right, the CO mole fraction increase, especially 
under the rib (from z=0.5 mm) and reaches a mole fraction of 0.89 at point “de”. This 
increase corresponds to an increase in the Boudouard equilibrium temperature from 1000 
K to 1071 K. This is a large increase compared to the 995 K calculated with the 1d model 
and shows the importance of including the effect of the rib on gas transfer. The increase in 
Boudouard equilibrium temperature means that the temperature of the cell must be 
increased above 1071 K in order to thermodynamically suppress the formation of carbon. 
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Figure 6. CO mole fraction in the cathode and reaction interface layers. The vertical 
line at z= wrib = 0.5 mm separates the domain under the channel (left of the vertical 

line) and the domain under the rib (right of the line). Conditions: T=973 K, 𝑖 𝑡=0.5 A 
cm-2, 𝝐 = 0.3, 𝝉 = 3, de = 400 µm XCO = 0.6, wpitch = 1 mm and wrib = 0.5 mm. 
 

3.3.2 Electrolysis of CO2 and H2O (co-electrolysis) 
Figure 7 shows the mole fraction and Boudouard equilibrium temperature for a case with 
wpitch = 1 mm and wrib = 0.5 mm with a gas channel composition of 33% CO, 27% CO2 26% 
H2 and 14% H2O at 0.5 A cm-2 (similar to figure 4). At point “me” the CO mole fraction is 
0.425, which is slightly above the 0.40 obtained with the 1d model (see figure 4). At the 
right side the CO mole fraction increases to 0.52 at point “de”. This corresponds to an 
increase in the Boudouard equilibrium temperature from 947 K to 988 K. In the 1d model 
the equilibrium temperature is calculated to be 970 K.  
 
The reason for the lower Boudouard equilibrium temperature for the 2d model at point 
“me” is that the absolute pressure is lower than in the 1d model (not shown). 
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Figure 7. Mole fraction and Boudouard equilibrium temperature in the cathode and 
reaction interface layers. The vertical line at z= wrib = 0.5 mm separates the domain 
under the channel (left of the line) and the domain under the rib (right of the line). 

Conditions: T=973 K, 𝒊 𝒕=0.5, ε = 0.3, 𝝉 = 3, de = 400 µm, gas composition: 33% CO, 
27% CO2 26% H2 and 14% H2O, wpitch = 1 mm and wrib = 0.5 mm. 
 
 

3.3.3 Effect of wpitch and wrib. 
The effect of wpitch and wrib is illustrated on Figure 8 for electrolysis of CO2 in terms the 
difference between the CO concentration under the rib and under the channel. From the 
figure it can be seen that the difference between the mole fraction beneath the rib (point 
“de”) and the mole fraction beneath the channel (point “me”) increase as wpitch and wrib are 
increased. Especially an increase of the mole fraction difference is observed when wrib is 
increased. 
 

 
Figure 8: Difference in CO concentration (as mole fraction) between point “de” and 
“me” at different combinations of wpitch and wrib. The surface is linear interpolated 
based on the data points marked with black x’s. T = 1000 K, ε =0.3, 𝝉 =3, de = 400 µm, 

dp = 0.5 µm, 𝒊 𝒕 = 0.25 A cm-2, XCO = 0.25 
 
3.4 Comparison with Literature 
During an experimental study of carbon formation in CO2-electrolysis, Skafte et al. [2] 
found that carbon was formed at CO/CO2 ratios in the gas channel thermodynamically 
unfavorable for the reaction. In one case, carbon was observed at 1023 K with a current 
density of 0.39 A cm-2 and an outlet mole fraction of 73 % CO (calculated from the article).  
The size of the cell was 53 mm by 53 mm with an active area of 40 mm by 40 mm. We 
have assumed that the current density and flow is uniform across the cell, and thus 
modelled the diffusion with the 1d model (ignoring the effect of ribs from interconnects). 
The physical properties of the cell are not given; however, assuming an electrode 
thickness of 310 µm, a porosity of 30 % and a tortuosity of 3 (based on data on similar 
cells used by the same authors) the equilibrium temperature for the Boudouard reaction is 
calculated to be 5 K above the actual temperature. This indicates that diffusion limitations 
in the electrode can explain why carbon was formed in their study. 
 
In a recent study by Tao et al. [6] carbon formation was observed during co-electrolysis at 
67 % conversion, where the formation should be thermodynamically unfavored up to 
above 99 % conversion. A total of five cells with different current densities and porosities 
were tested (Table 3). The electrode thickness was ~315 µm, the tortuosity was around 3 
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(based on the model fitting in the article) and the temperature was 1123 K at open circuit 
voltage and increased to 1148 K at current densities of 2.0 A cm-2. The size of the cells 
was 50 mm by 50 mm with an active area of 40 mm by 40 mm.  

 
For cell 4 and 5 carbon formation was observed, while no carbon was observed for cell 1-
3. From impedance spectroscopy an increase in both the conversion impedance and 
diffusion impedance was observed for cell 4 and 5. Furthermore the porosity was lower in 
cells 4 and 5. An increase in conversion impedance means a higher mole fraction of either 
CO+H2 or CO2+H2O. The increase in diffusion impedance is caused by a change between 
the bulk gas and the gas composition at the interface. Based on this, the authors suggest 
that the carbon formation is caused by diffusion limitations. This is also in agreement with 
figure 5, where it can be seen that a change in porosity can cause a significant increase in 
the product mole fraction at the interface due to diffusion limitations. 
 

Table 3. Properties of the five cells tested by Tao et al. [1] 

Cell Current density 𝑖 𝑡 / 
A cm-2 

Gas conversion γ / 
% 

Estimated porosity / % Carbon 
observed 

1 1.5 45 30-40 No 
2 2.0 59 30-40 No 
3 2.0 59 30-40 No 
4 2.0 59 20 Yes 
5 2.25 67 25 Yes 

 
The hypothesis that diffusion limitations caused the carbon formation was tested with the 
1d diffusion model. Again, we have assumed that the flow and current is distributed 
uniformly across the cell and have thus used the 1d model (ignoring the effect of ribs from 
interconnects). This was selected due to the small dimensions of the cell. Furthermore, if 
the 1d model predicts risk of carbon formation, the 2d model would certainly also predict 
risk of carbon formation. The gas channel composition was computed by bringing the gas 
to the water-gas shift equilibrium. Figure 9 shows the equilibrium temperature for the 
Boudouard reaction as a function of current density and porosity at the electrode-
electrolyte interface.  
 

 
Figure 9. Equilibrium temperature for the Boudouard reaction at the electrode-
electrolyte interface as function of the current density at different levels of porosity. 
The horizontal line is the temperature of the cell (1148 K) in the test in [[1]]. 
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Conditions: T=1148 K,  = 0.3, de = 315 µm. The gas composition was 0.45(1-γ) H2O, 

0.45(1-γ) CO2, 0.10+0.45(γ) H2, 0.45(γ) CO, where the conversion γ is a function of 𝒊 𝒕 
and interpolated from table 3. 
 
Since the porosity for cell 1-3 was 30-40 %, it can be seen from the blue and yellow curve 
in figure 9 that TB for these cells lie below the temperature of cell at i = 1.5 to 2.0 A cm-2 
(the reaction is thermodynamically unfavored). However, for cell 4 with a porosity of 20 %, 
it can be seen that the corresponding black line in Figure 9 crosses Tcell at a current 
density of 1.9 A cm-2 i.e. below 2.0 A cm-2 used in the experiment. Similarly, for cell 5, the 
red line shows that TB crosses Tcell at a current density below 2.5 A cm-2, thus suggesting 
that carbon formation locally in the cell is thermodynamically favorable. The diffusion 
limitations thus seem to explain the observed carbon formation in cells 4 and 5. 
 
3.5 Implementation of the rib effect in existing models 
Several existing models of SOEC only calculate the gas composition in the gas channel 
[56,57] or neglect the effect of the ribs on the gas concentration within the electrode 
[38,42,51,58]. For such models it would be advantageous if the gas composition under the 
rib could be found directly from the gas composition within the gas channel and 
operational parameters (𝑖 , T), since this will not significantly increase the computational 
time. When the gas composition has been calculated, the carbon affinity can be calculated 
and the risk of carbon formation can be assessed. 
 
For large 3d models of entire stacks, the difference in scale of the involved structures (e.g. 
mm to cm for inlet manifolds and interconnect channels and µm for the electrode) makes 
the detailed modelling of the diffusion under the interconnect ribs infeasible. 
Homogenization techniques are already used in some models to reduce the number of 
degrees of freedom from billions to tens of thousands [59], so including a detailed 
modelling of the diffusion in the electrode in each cell in the stack would be undesirable. 
To investigate if the gas composition beneath the rib could be expressed as a simple 
function of gas composition in the channel and the operational parameters, we used the 2d 
model to calculate the gas composition with the parameters given in Table 4. The 
parameters describing the microstructure and the interconnect structure were fixed. Those 
parameters will not vary significantly across the cell and from cell-to-cell. The temperature 
influence is omitted due to the small influence observed in Figure 5. 
 

Table 4. Parameter values used for figure 10 

Parameter Value Unit 

Current density, 𝑖 𝑡  0.1, 0.25, 0.5, 0.75  A cm-2 

CO mole fraction, XCO 0.13, 0.25, 0.46, 0.63 - 
Temperature, Tcell 1023 K 
Pitch width, wpitch 1 mm 
Rib width, wrib 0.5 mm 
Cathode depth, de 400 µm 
Porosity, ε 0.3 - 
Tortuosity, τ 3 - 
Pore diameter 0.5 µm 

 
Figure 10 shows the difference between the CO mole fraction in the gas channel and point 
“me” (beneath the center of the channel) and point “de” (beneath the center of the rib), 
respectively. The difference between the CO mole fraction in the channel and the average 
CO mole fraction at the boundary labelled “e” in figure 2b is also shown. The average mole 
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fraction is calculated using elementwise integration with numeric quadrature of 4th order 
(standard in COMSOL). 
 
 
 

 
Figure 10 CO mole fractions difference between the channel and the point beneath 
the middle of the channel (point “me”), the point beneath the middle of the rib (point 
“de”), and the average mole fraction on boundary “e”. Conditions are given in table 
4. 
 
The figure shows that the CO mole fraction at the points and at the boundary “e” can be 
calculated directly from the current density and the CO mole fraction in the channel: 
 
𝑋𝐶𝑂|𝑝𝑜𝑖𝑛𝑡 𝑚𝑒 − 𝑋𝐶𝑂|𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 0.055 ⋅ 𝑖 𝑡       (38) 

𝑋𝐶𝑂
̅̅ ̅̅ ̅|𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑒 − 𝑋𝐶𝑂|𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 0.174 ⋅ 𝑖 𝑡       (39) 

𝑋𝐶𝑂|𝑝𝑜𝑖𝑛𝑡 𝑑𝑒 − 𝑋𝐶𝑂|𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 0.315 ⋅ 𝑖 𝑡       (40) 

 
 
The function will change when the parameters relating to the cell (ε, τ, de, dp, wpitch, wrib) are 
changed, or if the temperature is changed significantly. However, it is relatively simple to 
calculate a new correlation based on a 2d simulation with new parameters. 
 
The credibility of the perfect linear fits can be investigated by examine the dusty gas 
model. For a binary gas mixture (CO-CO2 as present in Figure 10) equation (8) reduces to: 
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𝑋𝐶𝑂�⃗⃗� 𝐶𝑂2−𝑋𝐶𝑂2 �⃗⃗� 𝐶𝑂

𝐷𝐶𝑂−𝐶𝑂2

𝑒𝑓𝑓 −
�⃗⃗� 𝐶𝑂

𝐷𝐶𝑂,𝑘
𝑒𝑓𝑓 =

p

𝑅𝑇
∇𝑋𝐶𝑂 +

𝑋𝐶𝑂

𝑅𝑇
(1 +

𝐵𝑝

µ𝑚𝐷𝐶𝑂,𝑘
𝑒𝑓𝑓 ) ∇𝑝   (41) 

Using Graham’s law, �⃗⃗� 𝐶𝑂2
/�⃗⃗� 𝐶𝑂 = √(𝑀𝐶𝑂/𝑀𝐶𝑂2

) and the relationship between the mole 

fractions, 𝑋𝐶𝑂2
= 1 − 𝑋𝐶𝑂, equation (41) reduces further to: 

 

−�⃗⃗� 𝐶𝑂 (
1−𝑏𝑋𝐶𝑂

𝐷𝐶𝑂−𝐶𝑂2

𝑒𝑓𝑓 +
1

𝐷𝐶𝑂,𝑘
𝑒𝑓𝑓 ) =

p

𝑅𝑇
∇𝑋𝐶𝑂 +

𝑋𝐶𝑂

𝑅𝑇
(1 +

𝐵𝑝

µ𝑚𝐷𝐶𝑂,𝑘
𝑒𝑓𝑓 ) ∇𝑝     (42) 

 

where 𝑏 = 1 − √(𝑀𝐶𝑂/𝑀𝐶𝑂2
) 

 

Assuming that diffusion only take place in the x direction, approximating ∇𝑋𝐶𝑂 by ΔXCO/Δ𝑥 
and rearranging leads to: 

Δ𝑋𝐶𝑂 = (−�⃗⃗� 𝐶𝑂 (
1−𝑏𝑋𝐶𝑂

𝐷𝐶𝑂−𝐶𝑂2

𝑒𝑓𝑓 +
1

𝐷𝐶𝑂,𝑘
𝑒𝑓𝑓 ) −

𝑋𝐶𝑂

𝑅𝑇
(1 +

𝐵𝑝

µ𝑚𝐷𝐶𝑂,𝑘
𝑒𝑓𝑓 ) ∇𝑝) ⋅

RT

p
Δx   (43) 

 
The pressure difference can be calculation with [9]: 
 

∇𝑝 =

−𝑅𝑇 ∑
𝑁𝑖

𝐷
𝑖,𝑘
𝑒𝑓𝑓

𝑛
𝑖

1+∑
𝑋𝑖𝐵𝑝

𝜇𝑚𝐷
𝑖,𝑘
𝑒𝑓𝑓

𝑛
𝑖

=

−𝑅𝑇�⃗⃗� 𝐶𝑂(
1

𝐷
𝐶𝑂,𝑘
𝑒𝑓𝑓 +

√𝑀𝐶𝑂 / 𝑀𝐶𝑂2
   

𝐷
𝐶𝑂2,𝑘
𝑒𝑓𝑓 )

1+
𝑋𝐶𝑂𝐵𝑝

𝜇𝑚𝐷
𝐶𝑂,𝑘
𝑒𝑓𝑓 +

(1−𝑋𝐶𝑂)𝐵𝑝

𝜇𝑚𝐷
𝐶𝑂2,𝑘
𝑒𝑓𝑓

     (44) 

 
Equation (43) can thus be rewritten to  
 

Δ𝑋𝐶𝑂 = (−�⃗⃗� 𝐶𝑂𝐶1 − �⃗⃗� 𝐶𝑂𝑋𝐶𝑂C2) ⋅ Δx       (45) 

 
where: 
 

C1 = (
1−𝑏𝑋𝐶𝑂

𝐷𝐶𝑂−𝐶𝑂2

𝑒𝑓𝑓 +
1

𝐷𝐶𝑂,𝑘
𝑒𝑓𝑓 ) ⋅

RT

p
        (46) 

C2 = (1 +
𝐵𝑝

µ𝑚𝐷𝐶𝑂,𝑘
𝑒𝑓𝑓 )

−(
1

𝐷
𝐶𝑂,𝑘
𝑒𝑓𝑓 +

√𝑀𝐶𝑂 / 𝑀𝐶𝑂2
   

𝐷
𝐶𝑂2,𝑘
𝑒𝑓𝑓 )

1+
𝑋𝐶𝑂𝐵𝑝

𝜇𝑚𝐷
𝐶𝑂,𝑘
𝑒𝑓𝑓

+
(1−𝑋𝐶𝑂)𝐵𝑝

𝜇𝑚𝐷
𝐶𝑂2,𝑘
𝑒𝑓𝑓

⋅
RT

p
      (47) 

 

Since b is low (1 − √(𝑀𝐶𝑂/𝑀𝐶𝑂2
) = 0.2) and 𝐷𝐶𝑂−𝐶𝑂2

𝑒𝑓𝑓
 and 𝐷𝐶𝑂,𝑘

𝑒𝑓𝑓
 are the same order of 

magnitude at the operation conditions,  C1 will not vary much when 𝑋𝐶𝑂 is varied. Also, 

since 𝐷𝐶𝑂,𝑘
𝑒𝑓𝑓

 and 𝐷𝐶𝑂2,𝑘
𝑒𝑓𝑓

 are at the same order of magnitude, the denominator of C2, and 

consequently C2, will not vary much with changes in 𝑋𝐶𝑂. Indeed, calculating and 

comparing the two constant at 𝑋𝐶𝑂 = 0 and 𝑋𝐶𝑂 = 1 showed only a difference of 6 % 
compared to values calculated at 𝑋𝐶𝑂 = 0.5.  
From Figure 3 it can be seen that the mole fraction decrease linear from the channel to the 
reaction zone. Thus, it is reasonable to fix XCO as: 
 

𝑋𝐶𝑂 =
𝑋𝐶𝑂|𝑐+(𝑋𝐶𝑂|𝑐+Δ𝑋𝐶𝑂)

2
=

𝑋𝐶𝑂|𝑐

2
+

𝑋𝐶𝑂|𝑐

2
 +

Δ𝑋𝐶𝑂

2
        (47) 
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Inserting into equation 45 and rearranging yields: 

Δ𝑋𝐶𝑂 +
Δ𝑋𝐶𝑂

2
�⃗⃗� 𝐶𝑂𝐶2Δ𝑥 = (−�⃗⃗� 𝐶𝑂𝐶1 − �⃗⃗� 𝐶𝑂𝑋𝐶𝑂|𝑐C2) ⋅ Δx     (48) 

Δ𝑋𝐶𝑂 =
(−�⃗⃗� 𝐶𝑂𝐶1−�⃗⃗� 𝐶𝑂𝑋𝐶𝑂|𝑐C2)⋅Δx

1+0.5�⃗⃗� 𝐶𝑂𝐶2Δ𝑥
        (49) 

 

Since the diffusion flux, �⃗⃗� 𝐶𝑂, and distance, Δ𝑥, are rather small in this study, the term 

0.5�⃗⃗� 𝐶𝑂𝐶2Δx in the denominator of equation (49) will be of the order of magnitude 10-2. This 
means that the mole fraction difference can be expresses as in equation (50) and since 

�⃗⃗� 𝐶𝑂 is directly proportional to the current distribution, the linear relationship observed in 
Figure 10 is reasonable.  
 

Δ𝑋𝐶𝑂 ≈ −�⃗⃗� 𝐶𝑂(𝐶1 + 𝑋𝐶𝑂|𝑐C2) ⋅ Δx       (50) 
 
 
 

4. Conclusion 
In this work, two models for diffusion from the gas channel through the electrode layer 
towards the reaction interface of a solid oxide electrolysis cell have been set up and solved 
using COMSOL Multiphysics. The simulations showed that carbon formation may be an 
operational risk due to diffusion limitations that influence the reactant mole fractions in the 
electrode material. The risk may be severe for CO2-electrolysis, but is also significant for 
co-electrolysis.  
 
When the ε/𝜏 ratio is less than 0.3 or the pore diameter, dp, is less than 1 µm, the 
concentration gradient of CO from the channel to the interface becomes large and care 
must be taken in selecting an appropriately conservative (low) current density and gas 
conversion or a high operating temperature to avoid carbon formation. When including the 
effect of the rib from the interconnect, it is clear that the rib causes an increase in the CO 
mole fraction even at low widths. The effect of the rib on the CO concentration at the 
electrode-electrolyte interface can be approximated by a simple linear function of the 
current density and channel gas composition for CO2-electrolysis. This function needs to 
be updated if the parameters relating to the cell (ε, τ, de, dp, wpitch, wrib) are changed. 
However, once that is done, it allows for an easy and low computational cost inclusion to 
existing cell and stack models.  The perfect observed linear fit was justified by examine the 
dusty gas model. 
 
Simulation of two cases from the literature, where carbon formation was observed, showed 
that the observed carbon formation can be explained by diffusion limitations. 
 
The results show clearly that diffusion limitations on transport of reactants and products in 
electrolyzer cells may lead to significant concentration gradients inside the electrode 
material. This in turn may create conditions favorable for the formation of carbon even 
under operating conditions where carbon formation would not otherwise be expected to 
occur based solely on the channel gas composition. Our work shows that models 
accounting for both reaction and diffusion inside SOEC electrodes are needed - both at the 
design stage and during operation - as means to avert potentially devastating carbon 
formation.  
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List of Symbols 
 
ac  Carbon affinity 
c  Fitting parameter 
cp  Heat capacity / J mol-1 K-1 
C1  Diffusion term used in equation (45) 
C2   Pressure difference term used in equation (45) 
d  Fitting parameter 
danode   Depth of anode / µm 
dc  Cell depth / µm 
de  Depth of cathode / µm 
delectrolyte  Depth of electrolyte / µm 
dp  Pore diameter / µm 

𝐷i,k
eff

  Effective Knudsen diffusion coefficient of species i / m2 s-1 

𝐷i,j
eff

  Effective binary diffusion coefficient of species i and j / m2 s-1 

Eact  Activation energy / kJ mol-1 
F  Faradays constant / 96485 C mol-1 

Δ𝐻  Reaction enthalpy / J mol-1
𝑖   Current density flux / A cm2 

𝑖𝑡⃗⃗    Applied current density at the boundary / A cm2 
K1  Equilibrium constant / atm-1 
k  Thermal conductivity / W m-1 K-1 
M  Molar mass / g m-3 
m   Fitting parameter 

𝑁𝑖
⃗⃗  ⃗  Molar flux of species i/ mol m-2 s-1 
ne  Number of electrons 
p  Pressure / atm 
R  Universal gas constant / 8.31445 J mol-1 K-1 
r  Reaction rate / mol m-3 s-1 
T  Temperature / K 
TB  Equilibrium temperature for the Boudouard reaction / K 
Ucell  Cell voltage / V 
Qeq  Reaction quotient / atm-1 
Q  Heat source / W m-3 
q0  Heat convection / W m-2 
 
Xi  Mole fraction of species i 
wpitch  Halfwidth of the pitch / mm 
wrib  Halfwidth of the rib / mm 
 
 

𝛼  Charge transfer coefficient 
β  Ratio of gas species at reaction interface 

  Porosity  

𝜂  Ovenpotential / V
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  Average collision diameter / m 

el  Electrical conductivity / 𝑆 cm−1 

 io  Ionic conductivity / 𝑆 cm−1 

𝛾  Pre-factor / A m-2 
𝜌  Density / g cm-3

  Tortuosity 
µ  Viscosity / Pa s 
Ω  Dimensionless collision integral 

Φ  Potential / V 
 

4 Appendix 
 
4.1 Evaluation of validity of isothermal assumption 
In order to validate the assumption of isothermal conditions, the modelling domain of the 
1d model was extended to include the electrolyte and anode, and the governing energy 
equation was added.  
 
The steady state governing equation for the energy is given by: 

0 = −𝑘𝑒𝑓𝑓𝛻
2 ⋅ 𝑇 + 𝑄      (51) 

 
Where 𝑘𝑒𝑓𝑓 is the effective conduction, 𝑄 is the heat source. 𝑘𝑒𝑓𝑓 is calculated from the 

conduction of the fluid and solid in the porous media: 
 
𝑘𝑒𝑓𝑓  = 𝜖𝑘𝑓𝑙𝑢𝑖𝑑 + (1 − 𝜖)𝑘𝑠𝑜𝑙𝑖𝑑      (52) 

 
For the electrolyte, the effective conduction coefficient reduces to 𝑘𝑒𝑓𝑓 = 𝑘𝑠𝑜𝑙𝑖𝑑. 

 
The heat source Q, is calculated from the reaction heat from the electrochemical reactions 
(16 and 17), the water-gas shift reaction and the Joule heating: 
 
𝑄 = 𝑄𝐻2𝑂 + 𝑄𝐶𝑂2

+ 𝑄𝑊𝐺𝑆 + 𝑄𝐽      (53) 

𝑄 = (
𝛽

2𝐹
Δ𝐻𝐻2𝑂 +

(1−𝛽)

2𝐹
Δ𝐻𝐶𝑂2

+ 𝑈𝑐𝑒𝑙𝑙) ⋅
𝑖 

𝑑𝑖
 + Δ𝐻𝑊𝐺𝑆𝑅𝑤𝑔𝑠   (54)  

     

Where Δ𝐻𝑖 is the reaction enthalpy for the reaction (calculated from [60]) and 𝑈𝑐𝑒𝑙𝑙 is the 
cell voltage calculated as: 
 

𝑈𝑐𝑒𝑙𝑙 = 𝐸 + 𝜂𝑎𝑐𝑡
𝑎𝑛𝑜𝑑𝑒 + 𝜂𝑎𝑐𝑡

𝑐𝑎𝑡ℎ𝑜𝑑𝑒 + 𝜂𝑜ℎ𝑚𝑖𝑐     (55) 
 

Where 𝐸 is the equilibrium potential (including concentration overpotential) and is 
expressed from the Nernst’s equation [51]: 
 

 𝐸 = 𝐸𝐶𝑂2
= 1.46713 − 0.0004527 ⋅ 𝑇 +

𝑅𝑇

2𝐹
ln (

𝑝𝐶𝑂(𝑝𝑂2)
0.5

 

𝑝𝐶𝑂2

)   (56) 

 

𝜂𝑎𝑐𝑡
𝑎𝑛𝑜𝑑𝑒and 𝜂𝑎𝑐𝑡

𝑐𝑎𝑡ℎ𝑜𝑑𝑒 are the activation potentials calculated with the Butler-Volmer equation 
and using a power law to calculate the exchange current densities [61]: 
 

𝑖 = 𝑖0,𝑎𝑛𝑜𝑑𝑒  (exp (
𝛼𝑎𝑛𝑜𝑑𝑒 𝑛𝑒𝐹𝜂𝑎𝑐𝑡

𝑎𝑛𝑜𝑑𝑒

𝑅𝑇
) − exp (

−(1−𝛼𝑎𝑛𝑜𝑑𝑒)𝑛𝑒𝐹𝜂𝑎𝑐𝑡
𝑎𝑛𝑜𝑑𝑒

𝑅𝑇
))   (57) 
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𝑖 = 𝑖0,𝑐𝑎𝑡ℎ𝑜𝑑𝑒  (exp (
𝛼𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝑛𝑒𝐹𝜂𝑎𝑐𝑡

𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑅𝑇
) − exp (

−(1−𝛼𝑐𝑎𝑡ℎ𝑜𝑑𝑒)𝑛𝑒𝐹𝜂𝑎𝑐𝑡
𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑅𝑇
))   (58) 

 

𝑖0,𝑎𝑛𝑜𝑑𝑒 = 𝛾𝑎𝑛𝑜𝑑𝑒(𝑝𝑂2,𝑎𝑛𝑜𝑑𝑒)
𝑚

exp (
−𝐸𝑎𝑐𝑡,𝑎𝑛𝑜𝑑𝑒

𝑅𝑇
)       (59) 

𝑖0,𝑎𝑛𝑜𝑑𝑒 = 𝛾𝑐𝑎𝑡ℎ𝑜𝑑𝑒(𝑝𝐶𝑂𝑐𝑎𝑡ℎ𝑜𝑑𝑒
)
𝑐
(𝑝𝐶𝑂2,𝑐𝑎𝑡ℎ𝑜𝑑𝑒)

𝑑
exp (

−𝐸𝑎𝑐𝑡,𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑅𝑇
)     (60) 

 

𝜂𝑜ℎ𝑚𝑖𝑐 is the ohmic loss due to resistance:  

𝜂𝑜ℎ𝑚𝑖𝑐 = 𝑅𝑜ℎ𝑚𝑖           (61) 

𝑅𝑜ℎ𝑚 =
𝑑𝑎𝑛𝑜𝑑𝑒

𝜎𝑎𝑛𝑜𝑑𝑒
+

𝑑𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒

𝜎𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
+

𝑑𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝜎𝑐𝑎𝑡ℎ𝑜𝑑𝑒
        (62) 

Where d is the thickness of the layers and 𝜎 is the electrical conductivity. The electrical 
conductivity is given in section 2.3. 
 
All the heat sources, except the reaction enthalpy for the water-gas shit reaction, are 
placed in the electrolyte [62].   
 
As a boundary condition, the heat convection to the channels are calculated using a 
Nusselt number of 3.68 [62] and assuming a rectangular channel with a width of 2 mm and 
a height of 1 mm: 
𝜕𝑘eff 𝑇|𝑥=0

𝜕𝑥
=

𝑁𝑢⋅𝑘𝑓𝑙𝑢𝑖𝑑

𝐷𝐻
⋅ (𝑇 − 𝑇𝑔)        (63) 

𝜕𝑘eff 𝑇|𝑥=dcell

𝜕𝑥
=

𝑁𝑢⋅𝑘𝑓𝑙𝑢𝑖𝑑

𝐷𝐻
⋅ (𝑇 − 𝑇𝑔)        (64) 

At both gas channels the gas temperature, Tg, is 1023 K. In the cathode channel the 
properties of CO2 is used and in the anode channel the properties air is used. Heat 
transfer via radiation is neglected. 
 
Table 5 list the parameters used and table 6 shows the maximum temperature deviation 
between the solid part of the cell and the channel. From table 6 it can be seen that the 
temperature difference is within ±2 K. Since figure 5 showed that small temperature 
differences does not influence the diffusion, the isothermal assumption is fair to make.  
 

Table 5. Parameter values 

Parameter Value Unit Source 

Temperature, T 1023 K  
Pitch width, wpitch 1 mm  
Rib width, wrib 0.5 mm  
Cathode depth, de 400 µm  
Porosity, ε 0.3 -  
Tortuorosity, τ 3 -  
Pore diameter 0.5 µm  
Thickness anode, danode 15 µm  
Thickness electrolyte, delectrolyte 15 µm  
Thermal conductivity, cathode 7.5 W m-1 K-1 [63] 
Thermal conductivity, electrolyte 2.3 W m-1 K-1 [64] 
Thermal conductivity, anode 0.8 W m-1 K-1 [63] 
Thermal conductivity, CO2 0.066 W m-1 K-1 [65] 

Thermal conductivity, air* 0.070 W m-1 K-1 [65] 
Density, cathode 5.5 g cm-3 [63] 
Density, electrolyte 5.8 g cm-3 [64] 
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Density, cathode 6.5 g cm-3 [66] 

Pre-factor anode, 𝛾𝑎𝑛𝑜𝑑𝑒 1.52 ⋅ 108𝑇 A m-2 [61] 

Pre-factor cathode, 𝛾𝑐𝑎𝑡ℎ𝑜𝑑𝑒 4.56 ⋅ 106𝑇 A m-2 [61] 
Activation energy anode, Eact,anode 139.86 kJ mol-1 [61] 
Activation energy cathode, Eact,cathode 118.64 kJ mol-1 [61] 

Charge transfer coefficient anode, 𝛼𝑎𝑛𝑜𝑑𝑒 0.65 - [61] 

Charge transfer coefficient cathode, 𝛼𝑐𝑎𝑡ℎ𝑜𝑑𝑒 0.62 - [61] 
Fitting parameter, c -0.058 - [61] 
Fitting parameter, d 0.25 - [61] 
Fitting parameter, m 0.22 - [61] 
*Calculated as 79 % N2 and 21 % O2 
  

Table 6. Temperature difference at various current densities. 

Current density, 
A cm-2 

Maximum temperature difference, K 

 CO2-electrolysis.  
Channel composition:  
50 % CO, 50 % CO2  

CO-electrolysis.  
Channel composition:  
33% CO, 27% CO2 26% H2 and 14% H2O 

0.25 -1.7 -1.5 
0.5 -1.8 -1.5 
0.75  -0.8 -0.2 
1 +1.2 +2.0 
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