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SUMMARY

Here, we present a methodology for the generalized quantification of the carbon (C)-formation risk in hydro-

carbon mixtures based on the normalized chemical activity. An open-source computational thermodynamics 
tool is coupled to a solid oxide fuel cell (SOFC) stack model to apply and validate this approach with literature 
data based on methane-fueled SOFC systems with anode off-gas recirculation. Two- and three-dimensional 
C-formation risk maps valid for all C-H-O mixtures are proposed for a practical, accurate, and meaningful 
assessment of the trade-off between C-deposition risk and SOFC performance. Compared to conventional 
risk evaluation methods such as steam-to-carbon ratio (SCR), oxygen-to-carbon ratio (OCR), or C-H-O 
ternary-phase diagrams, this approach allows a system-agnostic evaluation of different designs operated 
at varying conditions at a constant C-formation risk margin. The generalized formulation allows integration 
into process optimization workflows to obtain high-performance system designs with extended stack oper-

ating windows.

INTRODUCTION

Solid oxide fuel cell (SOFC)-based systems are one promising 

renewable energy technology on the verge of commercial 

viability. They provide electricity and heat from the electrochem-

ical conversion of fuel and O 2 at high temperature, typically 

500 ◦ C–800 ◦ C for the so-called intermediate temperature (IT) 

SOFC technology. 1–3 Fuels of practical relevance include natural 

gas (a mixture of CH 4 , C 2 H 6 , and/or CO 2 
4,5 ), syngas (H 2 and 

CO 6,7 ), and biogas (CH 4 and CO 2 
8 ), all of which consist of the 

components H, C, and O. A supply of steam is required in 

most situations where an SOFC-based system runs on such hy-

drocarbon fuels for re-formation. 9

The highest stand-alone SOFC system efficiencies are usually 

reached near the limits of the SOFC stack operating window, 

e.g., at the highest fuel utilization ratios (increasing electrical ef-

ficiency based on the lower heating value of the fuel at the risk of 

fuel starvation and anode oxidation 10 ) and the lowest steam con-

tent and pre-re-forming fractions (increasing overall efficiency 

from reduced external steam requirements, energy expenses 

for the re-former, and balance of plant at the risk of thermal 

degradation and carbon (C) deposition 11,12 ). Exceeding the 

stack operating window leads to material degradation, reduced 

lifetime, and reduced SOFC performance, which negatively 

affect the system performance and economic viability. 13,14

Therefore, advances in understanding and increasing prediction 

accuracy of safe operating conditions are paramount for 

enhancing the long-term performance of fuel cell systems. 

One of the processes that restrict the operation of the system 

with hydrocarbon fuels is the chemical formation and deposi-

tion of solid carbon in the SOFC stack. 12 The thermodynamic 

and kinetic conditions for the conversion of part of the fuel via 

undesirable chemical side reactions that form solid carbon 

structures may be reached locally. Solid graphite, which con-

sists of weakly bound layers of graphene stacked in a hexago-

nal crystalline structure, is thermodynamically stable in the 

temperature and pressure ranges of IT-SOFC systems (around 

1–3 atm and 650 ◦ C–800 ◦ C) and can be produced by catalytic 

decomposition via the Boudouard reaction or thermal 

cracking. 15 Carbon whiskers or nanotubes are other commonly 

formed solid carbon structures that are produced from interac-

tions between the fuel and a catalyst. Their morphology is a 

specific conformation of graphene layers coupled to a metallic 

catalyst particle, such as nickel. 16–18 These carbon structures 

drastically decrease the density of effective catalytic and elec-

trocatalytic sites by covering the anode-pore interface and may 

lead to structural and morphological changes in the anode ma-

terial. In addition, clogging of the distribution channels limits the 

gas-phase transport and inhibits the electrocatalytic properties 

of the electrode. As a consequence, the cell performance and
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lifetime decrease significantly, as extensively reported in the 

literature. 12,19–21

Recirculation of part of the anode off-gas (AOG) from the fuel 

cell outlet is a possibility to avoid coking and additionally circum-

vents the complexity and costs of steam generation in the sys-

tem by using the steam produced by the electrochemical oxida-

tion of H 2 for fuel re-forming. 22–28 However, high AOG 

recirculation ratios (RRs) have also been found to decrease the 

stack performance in terms of voltage output due to fuel dilution 

depending on the operating conditions (e.g., used fuel, re-form-

ing requirements, and full- or part-load operation). 23,25,29 Current 

understanding of the trade-offs between C-deposition mitiga-

tion, system simplification, changes in fuel composition, and 

flow distribution, among others, remains imprecise. AOG recir-

culation experiments are complex, seldom fully controllable 

(highly interdependent parameters and components 30 ), or even 

unfeasible (limited availability of suitable high-temperature recir-

culation devices off the shelf). In fact, most experimentally re-

ported AOG recirculation tests were determined with a synthetic 

AOG mixture in a single-pass SOFC system. 26,31–33 These limita-

tions lead to uncertainties that can mask the actual trends and 

effects of AOG recirculation on the stack and system perfor-

mance, preventing the establishment of generalized guidelines 

for system design and safe operation.

In current practice, safe operating conditions to avoid coking 

are assessed using metrics such as steam-to-carbon ratio 

(SCR) and oxygen-to-carbon ratio (OCR), with thresholds and 

safety margins based on a priori inspection of C formation iso-

therms in C-H-O ternary-phase diagrams calculated using 

literature data or computational thermodynamics software 

(Calculation of Phase Diagrams—CALPHAD). 34–38 Such prac-

tical approaches allow straightforward estimations of the 

C-deposition risk but have significant limitations.

First, their outcome is not unequivocal, as exceptions to fixed 

threshold rules are not uncommon. For methane-fueled SOFC 

systems, differing safe threshold values against C formation 

have been reported compared to the commonly applied value 

of SCR = OCR = 2 (stochiometric for steam methane re-forming): 

Halinen et al. 32 did not experimentally detect significant C depo-

sition for SCR = 0.53 in the pre-re-former at temperatures of 

646 ◦ C in an SOFC system with AOG recirculation and suggested 

in another publication 39 a minimum OCR = 1.5 for temperatures 

above 650 ◦ as a criterion to avoid C deposition, which is lower 

than the threshold Peters et al. 40 recommended (minimum 

OCR = 2.3 at 500 ◦ C). Then again, Tsai et al. 41 experimentally 

found that C formation occurred even for OCR > 1.5 under 

SOFC internal methane re-forming conditions. This highlights 

that generalized conclusions are difficult using the simplistic 

SCR and OCR metrics, as they do not reflect physical parame-

ters that strongly affect C formation, such as the used fuel, cata-

lyst, operating temperature, residence time, or extent of the ther-

modynamic equilibrium. Fuel-cell-specific parameters have also 

been found to influence C formation, such as the anodic 

polarization. 42

Second, the C-deposition risk can be evaluated only in a bi-

nary way (with C deposits either forming or not) over the position 

of the operating point relative to the thermodynamic C-formation 

boundary. This binary risk assessment skews performance com-

parisons, as the margin to the C-formation threshold (e.g., ex-

pressed by different grades of fuel dilution) is not quantifiable, 

yet it still impacts the SOFC performance. Tanaka et al. 31 con-

ducted CH 4 -fed single-cell tests and compared the SOFC 

operated under single-pass conditions (SCR = 2.5 to avoid C 

deposition) with AOG recirculation conditions (simulated AOG, 

RR = 0.67) at constant FU sys of 0.9. They found that AOG recir-

culation leads to an improved stack performance or cell voltage 

while still avoiding C formation. Under similar operating condi-

tions (constant FU sys = 0.9, CH 4 -fed single cell, simulated 

AOG), Terayama et al. 26 also reported an increase in the cell 

voltage under AOG recirculation conditions (RR = 0.7) compared 

to single-pass operating conditions (SCR = 2–3). Similar obser-

vations have been reported by Wagner et al., 43 who tested an 

SOFC stack with AOG recirculation at constant FU sys = 0.7 

and varying RR and found an increase in the cell voltage for 

RR = 0.474 compared to the single-pass case (SCR = 2.1). How-

ever, none of the authors evaluated whether the single-pass 

operating conditions were excessively diluted from the outset 

given the different safe thresholds or SCR used. More conclusive 

results would have been obtained if the comparisons between 

single-pass and AOG recirculation modes were made at con-

stant safety margins or C-deposition risk levels, which is not 

possible using the conventional risk assessment methods. 

Instead, a better parameter to quantify the risk of solid C for-

mation in SOFC systems during the conceptual design phase 

can be the chemical activity, since it expresses the tendency 

of a species to undergo a chemical reaction or a phase 

change—provided a consistent choice of standard state (usually 

at 1 bar and 298.15K). Further, the chemical activity is a dimen-

sionless and a measurable quantity (via, e.g., mass spectrom-

etry 44 or galvanic cells 45 ), since it directly relates to the chemical 

potential and thus to the Gibbs energy. Therefore, research 

groups have worked on improving C-H-O ternary-phase dia-

grams, such as using approaches from the field of metallurgy 46 

via the integration of iso-activity lines of various carbon allo-

tropes 47 or iso-activity lines as a function of pressure. 48 Others 

have focused on the identification of the effects of different 

SOFC operating parameters (such as temperature, pressure, 

or FU) on activity as an indicator of C formation in the form of 

graphite. 27,49 However, to the best of our knowledge, studies us-

ing carbon activity as a physical parameter to evaluate and 

compare SOFC performance under different operating condi-

tions, e.g., with and without AOG recirculation with a constraint 

of constant safety margin for C deposition, are not available in 

the literature.

In this article, we propose a method to assess and quantify the 

C formation risk based on chemical activity as a physical and 

measurable parameter. For this, the open source computational 

thermodynamics tool OpenCalphad is coupled to an existing 

thermoelectrochemical SOFC stack model for the combined 

assessment of the C-formation risk and the SOFC performance. 

The established SOFC-OpenCalphad model is validated using 

selected literature cases involving methane-fueled SOFC sys-

tems with and without AOG recirculation. Further, the model is 

applied to gain an in-depth and systematic understanding of 

the effect of AOG recirculation on the C-deposition risk and 

cell performance in planar anode-supported SOFC stacks.

Please cite this article in press as: He et al., Chemical activity-based carbon-deposition risk maps for solid oxide fuel cell systems with off-gas recir-
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Generalized and comprehensive guidelines as well as 

C-formation risk maps valid for all C-H-O compositions are es-

tablished that facilitate the exploration of innovative design solu-

tions and the extension of safe operating windows with regard to 

C deposition.

RESULTS

Effect of AOG recirculation on C-deposition risk

To ensure model and results generalizability, the SOFC-

OpenCalphad model has been validated and applied to a selec-

tion of four literature cases that cover different methane-fueled 

IT-SOFC system (planar or tubular) and cell (anode- or cath-

ode-supported) types, AOG recirculation conditions (emulated 

or actual AOG recirculation), evaluation methods (numerical or 

experimental), and C-deposition risk assessment metrics 

(SCR/OCR, C-deposition temperature, or ternary diagrams) 

(see Tables 1 and 2).

The C-deposition risk assessment for the operating conditions 

given in the published data is carried out by determining the 

chemical activities, as introduced in Equation 19, for the compar-

ison of the safe operating ranges given in the literature. The pa-

rameters used for the risk assessment are defined in the 

methods, and the conditions used are taken from the literature 

cases and summarized in Table S1. For all literature cases, the 

C-deposition risks obtained over different RR at constant FU sys 

are shown in Figure 1A.

Case 1

Henke et al. 22 mention that the C-deposition boundary depends 

highly on the operating pressure, temperature, and fuel and that

AOG recirculation reduces the risk of C formation of the SOFC 

system, keeping the effect on performance outside of the dis-

cussion. The C-deposition risk assessment via carbon activity 

of case 1 indicates that, at the inlet operating conditions used 

(see Table 2), a minimum RR of 0.525, 0.38, and 0.36 is required 

for FU sys of 0.6, 0.75, and 0.9, respectively, to avoid solid 

graphite formation (C deposition when dAC norm = 0) (see 

Figures 1A and S1A). At temperatures of 550 ◦ C, the minimum 

RR that is required to avoid C deposition is 0.66 and 0.57 for 

an FU sys of 0.75 and 0.9, while there is no risk of C deposition 

for an FU sys of 0.6 for all RR. Compared to their given safe oper-

ating limit at 550 ◦ C of minimum RR of 0.7 and 0.58 at FU sys = 0.75 

and 0.9 (see Figure 2 of Henke et al. 22 ), these limits suggest 

similar, at most slightly larger, safe operating limits for the inves-

tigated planar anode-supported stack as proposed.

Case 2

Liu et al. 25 suggest an OCR > 2.2 as a safe threshold to prevent C 

deposition and concluded that AOG recirculation decreases the 

C-deposition risk. However, the determined C-deposition risk 

based on chemical activity for OCR of 2.2 using the operating 

conditions of case 2 is dAC norm = 0.87, representing a safety 

margin for the C-formation limit of 87%. This indicates that there 

still is a large buffer to the operational threshold for the investi-

gated tubular cathode-supported stack—even for OCR as low 

as 1.4 (dAC norm > 0), as shown in Figures 1A and 8B.

Case 3

The analysis by Terayama et al. 26 in the light of SCR showed that 

increasing recirculation reduces the C-deposition risk in the re-

former. They proposed an RR of ≥0.6 to avoid C deposition in 

the re-former (which operates between 873K and 973K) at the

Table 1. Selected literature cases for model validation

Case Reference SOFC system Cell support Analysis AOGR method Risk metric

Case 1 Henke et al. 22 planar, stack anode numerical – T Cdep

Case 2 Liu et al. 25 tubular, stack cathode experimental ejector OCR > 2.2

Case 3 Terayama et al. 26 planar, single cell anode experimental single pass, emulated AOG SCR, T Cdep

Case 4 Baba et al. 24 tubular, stack cathode experimental ejector OCR > 2, phase diagram

Table 2. Input conditions used for the SOFC-OpenCalphad model to replicate literature cases

Case Reference Name p in (bar) T air,in (K) T CH4,in (K) FU sys (–) j avg 

( 
A cm − 2 

)
T PEN,max (K) RR (–)

Case 1 Henke et al. 22 FU = 0.6 1.013 973* 973* 0.6 0.4* 1,043* 0.21–0.735

FU = 0.75 1.013 973* 973* 0.75 0.4* 1,043* 0.163–0.87

FU = 0.9 1.013 973* 973* 0.9 0.4* 1,043* 0.151–0.85

Case 2 Liu et al. 25 FU = 0.8 1.013 993 997* 0.8 0.31–0.75* 1,183 0.437–0.754

Case 3 Terayama et al. 26 FU = 0.9 1.013 1,003 a 1,003 a 0.9 0.2* 1,043 a 0.42–0.8

FU = 0.8 1.013 1,003 a 1,003 a 0.8 0.2* 1,043 a 0.4–0.8

FU = 0.7 1.013 1,003 a 1,003 a 0.7 0.2* 1,043 a 0.4–0.8

Case 4 Baba et al. 24 load 100% 1.013 853 993 0.84 0.249* 1,114* 0.667–0.714

load 80% 1.013 853 993 0.84 0.2* 1,157* 0.595–0.68

load 70% 1.013 853 993 0.84 0.174* 1,133* 0.631–0.694

load 62.5% 1.013 853 993 0.84 0.156* 1,121* 0.63–0.677

*Not provided explicitly and thus inferred through inverse modeling to replicate literature plots. 
a Approximated such that average T SOFC = 1,023K, as given in original source.
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FU sys of 0.9. This represents a C-deposition risk of dAC norm = 

0.33 or a safety margin for the C-formation limit (dAC norm = 0) 

of 33%. This means that there still is a potential for the expansion 

of the operating limits. The minimum RR required to avoid C 

deposition in the re-former has been determined to >0.5 for 

FU sys = 0.9 at the temperature of 873K, which represents a devi-

ation by 16.7% from the proposed RR.

Further, according to Terayama et al., 26 the highest anode-

supported single-cell efficiency within the considered FU loc 

range is expected for FU sys of 0.9, at which the C-deposition 

temperature is the lowest. The carbon activities have been 

calculated using the operating conditions of case 3 (see 

Table 2), showing that for FU sys = 0.8 and 0.9, no C deposition 

would occur in the SOFC even for RR as low as 0.4, while for 

FU sys = 0.7, the minimum RR to avoid C deposition should be 

higher than 0.4 (dAC norm = 0) (see Figures 1A and S1B).

Case 4

Baba et al. 24 have shown that, under their tested conditions, 

AOG recirculation without an external water supply for steam 

re-forming did not lead to C deposition. They did not provide 

an RR limit for safe operation but investigated the effect of full-

load and part-load operation in combination with AOG recircula-

tion on the SOFC performance. Using the operating conditions of 

case 4 (see Table 2), the determined C-deposition risks at con-

stant RR for full- and part-load operation have a high degree of 

similarity, signifying that, for the investigated tubular cathode-

supported stack, the C-deposition risk is, in fact, not affected 

by the mode of operation (see Figures 1A and S1C).

Local C-deposition risk

The C-deposition risk can also be assessed locally within the 

stack by taking into account gas composition and temperature 

changes in the flow direction along the gas channel y gaschannel . 

Due to the continuous electrochemical conversion of the fuel 

along the gas channel, the temperature rises (exothermal reac-

tion), while the anode-side gases become increasingly diluted 

with CO 2 and H 2 O—leading to the highest fuel dilution and tem-

peratures at the stack outlet. With this behavior, and following 

Equations 2 and 19, the maximum local C-deposition risk can 

be expected at the stack inlet and the minimum at the stack 

outlet. This has been confirmed for all literature cases using 

the SOFC-OpenCalphad model, where at constant RR, the local 

C-deposition risk decreases in flow direction along the gas chan-

nel y gaschannel (see Figure S2). Notably, varying load conditions at 

constant FU sys and RR do not significantly affect the local 

C-deposition risk distribution in case 4 (some overlap in dAC norm 

in Figure S2D).

All investigated cases and thus SOFC system and cell types 

(see Figures 1A and S2) have in common that, for increasing 

RR, the C-deposition risk decreases (dAC norm → 1), especially 

at the stack inlet, due to the increased fuel dilution from the recir-

culated reaction products CO 2 and H 2 O. Further, at constant RR, 

decreasing the FU sys increases the overall C-deposition risk

within the stack 
( 

dAC norm →0 
̅̅→) 

(lower fuel conversion within

the cell, hence less fuel dilution along the gas channels; see 

Equation 23). Following the trends of dAC norm in Figure 1A, a 

certain amount of RR (or, as an alternative, of H 2 O injection) is 

required to avoid C deposition in all considered cases at their 

respective operating conditions.

Finally, the C-deposition safety limits based on the conven-

tional metrics (SCR, OCR, T Cdep , and C-H-O ternary diagrams) 

proposed in the literature cases for the different SOFC system 

and cell types appear overly conservative, with large margin var-

iations, leaving room to safely extend the operating range 

of SOFC.

Effect of AOG recirculation on SOFC performance

The effects of AOG recirculation on the SOFC performance are 

assessed under the known operating conditions from the litera-

ture, using the Nernst potential (see Equation 24). Since a direct 

comparison with the SOFC performance data from the literature 

cases is limited due to incomplete information on SOFC geome-

try and operating conditions, the SOFC performance is calcu-

lated here on the basis of the planar SOFC geometry used in 

the thermoelectrochemical model and the conditions from 

Table 2 that are used to match the literature results. This allows 

a comparison of the trends and behavior of the SOFC perfor-

mance as a function of the AOG RR in relative terms for 

anode-supported planar cells. As Henke et al. 22 did not discuss 

the SOFC performance in their work (case 1), the focus here is 

placed on cases 2–4.

Case 2

Liu et al. 25 compared the effects of AOG recirculation for a syn-

gas-fueled SOFC system only, where they found that AOG recir-

culation led to a penalty on the SOFC net electrical efficiency as

A B Figure 1. C-deposition risk and SOFC per-

formance over RR in literature cases

Determined at constant p in = 1 atm using the 

SOFC-OpenCalphad model with conditions 

based on Tables 2 and S1.

(A) dAC norm over RR for cases 1–4.

(B) U cell over RR for cases 2–4.
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high as 20% compared to a single-pass system without AOG re-

circulation. For the CH 4 fueled system, they determined a pen-

alty in the SOFC cell voltage at 22.4% with increasing RR from 

0.437 to 0.674 (see Figure 8 in Liu et al. 25 ). This behavior was 

also detected with the SOFC-OpenCalphad model with CH 4 as 

fuel under the conditions of Table 2, where, with increasing RR 

from 0.437 to 0.674, the cell voltage decreases by 14.5% (see 

Figure 1B), owing to the increasing fuel dilution (and, as a side 

note, a lower C-deposition risk) with increasing RR and thus 

lowering the Nernst potential U N (Equation 24).

Case 3

Using the operating conditions from Table 2 and the proposed 

model, a penalty in SOFC performance with increasing RR was 

also found for case 3. With increasing RR from 0.4 to 0.8, the 

cell voltage drops by 4.6% and 3.28%, for FU sys of 0.7 and 

0.8, and by 4.38% for FU sys = 0.9 (RR = 0.42–0.8) (see 

Figure 1B). Interestingly, Terayama et al. 26 reported up to 6.4% 

higher electrochemical performance of the system with AOG re-

circulation (FU sys = FU loc = 0.9, j avg = 0.46 cm 2 , and RR = 0.7) 

compared with the single-pass cases without recirculation 

(FU sys = FU loc = 0.9, j avg = 0.46 cm 2 , RR = 0, and SCR = 2–3), 

despite the gas composition at the anode inlet being more 

diluted for the AOG recirculation case than for the single-pass 

cases (see Table 2 of Terayama et al. 26 ). This behavior seemingly 

contradicts the results of case 2 and those obtained with the 

SOFC-OpenCalphad model. Terayama et al. 26 reason that the 

AOG composition leads to a lower area-specific resistance, 

which compensates for the lower U N from the fuel dilution, 

thus achieving a higher cell voltage than the single-pass cases. 

However, their comparison is flawed, since they did not imple-

ment actual AOG recirculation tests but used externally supplied 

gases to mimic the AOG composition under RR = 0.7 conditions 

at the anode inlet, while keeping the FU loc constant at 0.9. How-

ever, this would in reality lead to a system fuel utilization of 

FU sys = 0.968 (Equation 22), which is significantly higher than 

the FU of the single-pass cases (FU sys = 0.9)—resulting in higher 

SOFC performance despite the fuel dilution from AOG 

recirculation.

For a better comparison, the AOG recirculation and single-

pass cases should be considered at constant FU sys as done in 

the other literature cases. When AOG is recirculated, FU loc has 

therefore to be lowered (see Equation 22) to keep the FU sys con-

stant; here, for RR = 0.7, the local fuel utilization ratio should be 

set to FU loc = 0.73 to achieve constant FU sys = 0.9. Under these 

adjusted operating conditions and using the SOFC-OpenCal-

phad model, it becomes clear that AOG recirculation at RR = 

0.7 leads to a worse SOFC performance when compared with 

single-pass cases of SCR = 2–3—even though the single-pass 

case SCR = 3 is showing a slightly lower C-deposition risk and 

thus a slightly higher grade of fuel dilution (see Table S2). This in-

dicates that the recirculation of CO 2 and H 2 O is more detrimental 

to the cell performance than the single-pass case with varying 

SCR (fuel dilution from H 2 O only).

Case 4

The analysis of Baba et al. 24 suggests that AOG recirculation has 

a detrimental effect on the SOFC performance under full-load 

operation due to fuel dilution. In contrast, the SOFC power 

output remained unaffected during part-load operation between

62.5% and 80% and for the tested RRs between 0.595 and 

0.694, while the C-deposition risk is decreased. However, using 

the SOFC-OpenCalphad model, a penalty on the cell voltage 

was also detected under the part-load operating conditions, 

where, with increasing RR from 0.667 to 0.714, the cell voltage 

dropped by 2.22% (see Figure 1B). One reason for this discrep-

ancy could be the current SOFC model being established for 

planar cells, while Baba et al. 24 were using a tubular cell in their 

investigations.

It becomes clear for the investigated conditions that the SOFC 

performance decreases with increasing AOG RR—the main 

reason being the fuel dilution: The recirculation of AOG, which 

contains both H and C components, leads to a stronger fuel dilu-

tion than in the single-pass cases, where only the H content in-

creases with increasing H 2 O injection—lowering the Nernst po-

tential U N . However, the AOG recirculation effect on the SOFC 

performance depends highly on the cell (e.g., anode or cathode 

supported and geometry) and stack type (e.g., planar or tubular) 

as well as the shares of overpotentials from activation, ohmic, 

and diffusion losses: as Terayama et al. 26 have pointed out, a 

lower overpotential under certain conditions could help to 

compensate for the penalty on the Nernst potential U N . It is to 

be noted that, since the information on the SOFCs used in the 

literature cases is incomplete and the thermoelectrochemical 

SOFC model used has been validated for planar anode-sup-

ported SOFCs, the penalty on the cell voltage from AOG recircu-

lation presented here is representative of commercial anode-

supported planar SOFCs only.

Maps for C-deposition risk and fuel cell performance 

For a generalized comparison of the trade-off between 

C-deposition risk mitigation and SOFC performance, we gener-

ated a 3D map using the SOFC-OpenCalphad model that allows 

a simple and fast quantification of the C-deposition risk (dAC-

norm ) for C-H-O ternary systems at constant pressure and varying 

temperatures: Figure 2 shows iso-dAC norm surfaces (natural 

neighbor interpolation) for dAC norm = 0.1–0.9 at 1 atm across 

the temperature range of 873K–1,273K over the logarithmic 

axes of C and O (H = 1 − C − O). C-H-O compositions where 

dAC norm = 0 or 1 are excluded for better visibility, since they 

do not form iso-dAC norm surfaces but iso-dAC norm volumes. 

For low temperatures, the iso-dAC norm surfaces are spaced 

apart, thus indicating differing C-deposition risks depending on 

the C-H-O composition. As the temperature increases, the iso-

dAC norm surfaces seem to converge into one line, indicating 

that the C-deposition risk assessment tends to a binary classifi-

cation under these conditions. This can be explained by the 

increasing reaction rates with temperature, making the thermo-

dynamic equilibrium more susceptible to slight changes in gas 

composition. Consequently, the proposed 3D C-deposition 

risk map enables effective and systematic comparisons between 

different SOFC operating conditions at constant risk level.

At constant temperatures, the normalized carbon activity 

dAC norm spans a continuous surface for different C-H-O compo-

sitions, as shown exemplarily for T = 973K in Figure S3. For bet-

ter visualization and use, we therefore propose 2D maps for the 

visualization of the iso-dAC norm curves over the C and O axes 

(H = 1 − C − O) for ternary C-H-O systems. These 2D maps allow
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for a better comparison between dAC norm and the conventional 

risk assessment metrics across a range of C-H-O compositions 

and temperatures. In Figure 3, selected iso-OCR lines for the 

lower (873K) and upper operating limits (1,273K) of ambient IT-

SOFC systems are shown, confirming that safety thresholds 

based on fixed, near stoichiometric SCR or OCR values (e.g., 

SCR = OCR = 2 for steam methane reforming [SMR]) are of 

limited reliability: depending on the operating point, they can 

be either overly conservative (dAC norm → 1), e.g., for low C con-

tents and high temperatures, or insufficient (dAC norm → 0), e.g., 

for high C contents and low temperatures—showcasing the 

inconsistent and highly case-specific operational safety recom-

mendations found in the literature. The proposed dAC norm metric 

thus overcomes these limitations and enables generalized safety 

margin quantification, which in turn allows the formulation of sys-

tem-independent operational recommendations.

The 2D iso-dAC norm maps can further allow for a fast assess-

ment of the trade-off between C-deposition mitigation and SOFC 

performance by incorporating iso-U N points (see Figure 4). The 

iso-U N points are determined with the thermoelectrochemical 

model for the SOFC inlet conditions of interest, excluding C-H-

O compositions that lead to C deposition or that do not contain 

enough H components for the internal water gas shift, SMR, or 

electrochemical reactions. The trade-off assessment between 

C-deposition risk mitigation and SOFC performance is illustrated 

with case 1 (FU sys = 0.9, T = 973K, and p = 1 bar, see Table 2): it 

can be observed that, with increasing RR, the operating points of 

case 1 shift toward higher dAC norm values and lower U N . The 

same effect can be seen with increasing SCR or OCR under sin-

gle-pass conditions. However, at constant dAC norm , it can be 

seen that AOG recirculation leads to a higher penalty on the 

SOFC performance than the single-pass case for CH 4 -fueled 

anode-supported planar SOFC stacks.

Notably, the 2D map shows that the C-H-O region leading to 

the highest SOFC performance (maximum U N ) is located close

Figure 2. Three-dimensional iso-dAC norm 

maps for ternary C-H-O systems under 

different operating temperatures at con-

stant p = 1 bar

Log-scale for C and O, with H = 1 − C − O. C 

formation at dAC norm = 0. Contour undulations due 

to natural interpolation across more than 4,800 

discrete C-H-O compositions per temperature 

step are shown.

to the C-formation limit (dAC norm → 0) 

and at low C and O values (bottom left 

corner of the map). With increasing C 

and O content, U N decreases and the 

iso-U N points converge into a single 

value. This indicates that, for gas compo-

sitions with a low C and O content (thus 

high H content), the SOFC performa-

nce is less sensitive toward a change in 

dAC norm and thus less sensitive toward 

fuel dilution. Under these conditions, 

AOG recirculation has therefore little 

impact on the SOFC performance while achieving C-deposition 

mitigation, and the trade-off between the two aspects is small. In 

the case of CH 4 -fueled SOFCs, it is therefore recommended, 

ideally and following intuition, to remove CO 2 from the AOG 

before its recirculation. 

Additional 2D maps with iso-dAC norm curves for different tem-

peratures are shown in Figure 5. No iso-U N points have been 

included there, since they depend on the operating conditions 

and type of fuel cell.

DISCUSSION

The developed SOFC-OpenCalphad model has been validated 

and compared with different literature cases, showing a high re-

sults agreement in the reproduced literature plots. The minor de-

viations from the literature data can be explained by the different 

C-H-O compositions approximated with the thermoelectro-

chemical model, as well as differences in the thermodynamic da-

tabases and computational thermodynamics software.

For the C-deposition risk assessment, the proposed 

iso-dAC norm maps apply to all ternary systems independently 

of the investigated chemical or electrochemical system. The pro-

posed maps have been generated by natural neighbor interpola-

tion 50 across more than 4,800 calculated discrete C-H-O com-

positions per temperature step to achieve a good trade-off 

between accuracy and computational effort, with minor localized 

undulations introduced as a side effect. The accuracy and shape 

of the contour maps could thus be further improved by 

increasing the number of C-H-O compositions at the cost of 

higher runtime.

Further, it is to be noted that this paper treats the risk of C 

deposition as the thermodynamic formation of graphitic carbon. 

The effects of the reaction kinetics, further convoluted by the 

catalyst morphology and structure involved in the formation of 

other carbon allotropes such as carbon whiskers, are not
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considered. Unlike surface-level graphitic carbon, which signifi-

cantly reduces SOFC performance due to blockage of the active 

sites, carbon whiskers or nanotubes were not observed to lead 

to immediate performance loss (porous anode materials) but 

do affect SOFC lifetime due to irreversible morphological dam-

age without possible regeneration of the affected struc-

tures. 15,16,18,21 Literature findings show complex and partly 

inconsistent behavior concerning the formation and spatial 

occurrence of such carbon allotropes, indicating highly case-

specific behavior and current incomplete understanding of the 

involved kinetic effects, catalyst material, and morphology influ-

ences: Bartholomew 51 indicated the formation of carbon whis-

kers under steam re-forming conditions at temperatures above 

450 ◦ C, 150K lower than for graphite (>600 ◦ C). Gozzi et al. 52 

experimentally detected carbon nanotube formation from CH 4 
decomposition at temperatures above 809K, which is only 10K 

below the graphite formation temperature. The same authors 

further found that solid graphite can thermodynamically trans-

form to carbon nanotubes spontaneously at temperatures above 

704K. The same phenomenon was also observed by Wang 

et al., 53 who conducted long-term SOFC stack tests at 750 ◦ C,

where, at increased operating time and severity of graphitic C 

deposition, carbon whiskers formed and destroyed the anode 

microstructure at the SOFC inlet. Lanzini et al. 20 experimentally 

investigated SOFC degradation under direct dry-re-forming con-

ditions (SCR = 1) and detected carbon whisker formation mainly 

at the anode inlet. Subotic et al. 19 also conducted direct dry-re-

forming tests (SCR = 0.5, 800 ◦ C), but found carbon nanofibers 

over the entire anode surface, with the majority of C formation 

at the anode outlet. Based on these findings, a practical re-

commendation is to apply more conservative safety margins 

(dAC norm → 1) than thermodynamically suggested under situa-

tions potentially promoting non-equilibrium conditions (e.g., dur-

ing transient operation), such as via increased AOG RR or 

external steam injection. The safety margin can then be progres-

sively reduced (dAC norm → 0 or dAC norm > 0) with conditions 

approaching equilibrium. The proposed iso-dAC norm maps facil-

itate the quantification of these safety margins and thus can 

guide operational optimization toward higher fuel cell perfor-

mance and lifetime. For full detail safety margin assessments, 

incorporating reaction kinetics and morphological effects is ex-

pected to be necessary on a case-specific basis (depending

Figure 3. Two-dimensional iso-dAC norm -C-

O maps with iso-OCR lines at constant p = 

1 bar for temperatures 873K and 1,273K

Log-scale for C and O, with H = 1 − C − O. 

C-formation region at dAC norm = 0.

Figure 4. Two-dimensional iso-dAC norm -C-

O map at T = 973K, p = 1 bar with iso-U N
points determined for case 1

Log-scale for C and O, with H = 1 − C − O. Iso-U N
points for case 1 at FU sys = 0.9 and j avg = 0.4 A/cm 2 

(see Table 2). C-formation region at dAC norm = 0. 

Points outside of scale are marked with an arrow.

Please cite this article in press as: He et al., Chemical activity-based carbon-deposition risk maps for solid oxide fuel cell systems with off-gas recir-

culation, Cell Reports Physical Science (2026), https://doi.org/10.1016/j.xcrp.2026.103106

Cell Reports Physical Science 7, 103106, February 18, 2026 7

Article

ll
OPEN ACCESS



on catalyst material and morphology, reactor and system, and 

local fluid conditions).

For the SOFC performance assessment, as the literature data 

on the cell performance were not reproducible due to the partial 

information on the SOFCs used and operating conditions, the 

presented iso-U N maps and resulting recommendations in this 

work are based on the most common SOFC system, namely 

the methane-fueled, planar anode-supported IT-SOFC. Further, 

only H 2 conversion is considered for U N here, although in reality 

both CH 4 and CO can be electrochemically converted in SOFCs. 

Including more competing reaction pathways could therefore 

further enhance model accuracy. Gas-phase transport diffusion 

and charge-transfer rates are also expected to affect the SOFC 

performance, but are not reflected in U N . 
54 Based on this, addi-

tional detailed assessments of AOG recirculation effects on the 

SOFC performance are thus recommended, in particular for 

other cell types (e.g., cathode supported or electrolyte sup-

ported) and cell configurations (e.g., tubular), fuels, and oper-

ating conditions.

The results from the literature cases as well as the presented 

2D iso-dAC norm and iso-U N map indicate that, for a wide range 

of operating conditions, AOG recirculation mitigates the 

C-deposition risk while penalizing the SOFC performance. How-

ever, this trade-off is less pronounced under certain circum-

stances, such as for low C and O contents (e.g., by CO 2 removal 

before recirculation) or if the penalty on the Nernst potential from 

AOG recirculation is counteracted by a decreasing overpotential 

from activation, ohmic, or diffusion losses. 26

Overall, with the introduction of the normalized carbon activity 

dAC norm , the C-deposition risk becomes quantifiable and thus 

allows for a generalized assessment of safety margins indepen-

dent of the system and use case as well as a more meaningful 

comparison between different SOFC designs with and without 

AOG recirculation under constant C-deposition risk and FU sys . 

Based on the proposed methodology, risk assessment maps, 

and presented results, we can thus conclude the following.

(1) The investigated literature cases based on conventional 

C-deposition risk assessment methods show largely 

varying conservative safety limits regarding C deposition. 

Hence, there is room to extend the envelope for safe oper-

ation of SOFC systems to achieve higher outputs.

(2) For all investigated literature cases (CH 4 -fueled SOFC 

systems), AOG recirculation mitigates the C-deposition 

risk but is detrimental to the SOFC performance due to 

fuel dilution from the reaction products CO 2 and H 2 O.

(3) For AOG recirculation to have little to no impact on the 

SOFC performance, the SOFC should be operated at

Figure 5. Two-dimensional iso-dAC norm -C-O maps for temperatures from 873K to 1,273K at constant p = 1 bar

Contour undulations due to natural interpolation across more than 4,800 discrete C-H-O compositions per temperature step are shown.
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low C and O contents (e.g., ideally by CO 2 removal before 

recirculation), or the SOFC should be designed such that 

the penalty on the Nernst potential is compensated for 

with lower overpotentials or voltage drops to maintain 

the cell voltage output.

(4) To assess whether implementing AOG recirculation is 

beneficial on the stack, SOFC systems with AOG recircu-

lation should be compared with single-pass SOFC sys-

tems at constant FU sys and dAC norm with the help of the 

provided maps. With this basis of comparison, the results 

indicate that, for C-deposition risk mitigation in CH 4 -fu-

eled, planar anode-supported SOFC stacks, increasing 

the fuel SCR is preferred to the recirculation of AOG.

(5) The presented maps for C-formation risk quantification 

are applicable to all chemical systems sensitive to C de-

posits working with hydrocarbons, such as the co-elec-

trolysis of H 2 O and CO 2 .
55,56

Since the current C-deposition risk assessment takes into ac-

count only solid graphite, future improvements could involve the 

extension of the current database in OpenCalphad with experi-

mentally determined or modeled molar Gibbs energies of the 

different carbon allotropes (e.g., thermodynamics of the trans-

formation of graphite to carbon nanotubes and vice versa, 52,57 

of carbon nanotube formation with Ni catalysts, 58 of multi-walled 

carbon nanotubes, 59 or of carbon allotrope formation during 

catalytic reforming 47,60 ). Finally, the developed model could be 

integrated into process optimization workflows to obtain high-

performance SOFC system designs with extended stack oper-

ating windows that still comply with safety requirements.

METHODS

In this work, a new methodology is proposed for systematic and 

generalized assessments of the risks of C deposition for system, 

stack, and cell design and operation. The starting point is the 

introduction of the chemical activity as a quantity to quantify 

the C-deposition risk, which is then discussed within the frame-

work of the open-source computational thermodynamics soft-

ware OpenCalphad. The approach is then coupled with the ex-

isting solid oxide cell (SOC) model presented in Nakajo 

et al. 61,62 to investigate the details of the effect of AOG recircula-

tion on the C-deposition risk and cell performance within a range 

of selected operating conditions studied in the literature. Using 

this quantitative C-deposition risk assessment method, general 

guidelines for AOG recirculation in SOFC systems are proposed.

The definition of activity

By convention, the activity a i of a species i is dimensionless and 

defined as

a i : = 
f i 
f ∗

(real)

a i : = 
p i 
p ∗

(ideal)

; (Equation 1)

with f* being the fugacity for real gases and p* the pressure for ideal 

gases in the standard state (typically T* = 298.15K and p* = 1 bar). 

Thus, the notion of activity and its numerical value cannot be

dissociated from the standard state. Following Equation 1, pure 

incompressible solids and liquids have an activity of unity. Note 

that a species is defined as a molecular-like aggregate of atoms 

or elements with fixed stoichiometry, such as H 2 O. 63 The usage 

of species is the usual way of representing a phase in literature. 

However, it is also possible to describe a phase through its 

elementary components, as done in OpenCalphad.

The activity is endowed with the meaning of a change in chem-

ical potential related to the evolution of a process away from the 

standard state as follows:

a i = exp 
(μ i − μ∗ 

i

RT

) 
; (Equation 2)

with μ i being the chemical potential of a constituent i in a gas 

phase, R the gas constant, and T the temperature.

The chemical potential μ i of a species i describes its tendency 

to leave its current thermodynamic state physically, chemically, 

or biochemically. 64 It is defined as the molar partial Gibbs energy 

of a system at equilibrium:

μ i =
∂G

∂N i

⃒
⃒
⃒
⃒ 
T;N j∕=i

; (Equation 3)

with G being the Gibbs energy and N i the molar amount of spe-

cies i in the system.

The Gibbs energy was introduced as a criterion of equilibrium 

and to quantify the spontaneous evolution of thermodynamic pro-

cesses at constant pressure and temperature. 65 It is defined as

G : = U + pV − TS

= H − TS

= f(T ;p;N i )
; (Equation 4)

with the thermodynamic system’s internal energy U (J), volume V 

(m 3 ), pressure p (Pa), temperature T (K), entropy S (kJ/kg K), and 

enthalpy H (kJ/kg). In a multi-species system, the Gibbs energy 

is therefore a function of temperature, pressure, and the molar 

amounts N i (mol) of each species i in the system.

For an isothermal and isobaric thermodynamic system with a 

constant amount of all species, the equilibrium is reached when 

its Gibbs energy is at its minimum value and its change is zero:

dG = 0 (equilibrium): (Equation 5)

The equilibrium of a system is thus found by minimizing dG, 

which—applying Equation 3—is defined as

dG = V ⋅ dp − S ⋅ dT + 
∑ 

i

(
∂G 

∂Ni 

⋅ dN i 

) 

= V ⋅ dp − S ⋅ dT + 
∑ 

i

(μ i ⋅ dN i )

; (Equation 6)

with ∂G
∂Ni 

being the partial derivative of the Gibbs energy with 

respect to the molar amount N i of species i and μ i being the 

chemical potential of species i in the system. Equation 5 and 

Equation 6, along with the measurement of temperature, pres-

sure, and composition, enable the determination of the Gibbs 

energy of a system containing different species i at equilibrium.

Based on Equations 2, 3, 4, 5, and 6, the activity a i is hence an 

experimentally measurable quantity for any non-charged com-

pound (see Miki et al. 44 and Fruehan 45 ) and depends on any
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factor that affects the Gibbs energy, i.e., temperature, pressure, 

concentration, or intramolecular interactions. Since C deposition 

in SOFC systems comes in fact from a phase change of the 

gaseous fuel to form solid carbon, the C-deposition risk can 

thus be captured and quantified over the notion of activity.

Computational thermodynamics model

CALPHAD method

The CALPHAD method was originally developed for semi-empir-

ical calculations of phase equilibria in alloys. 66,67 It is, however, 

suitable for determining the phase equilibria of many other sub-

stances as well as other phase-based material properties using 

models for describing the underlying physics (e.g., diffusion ef-

fects, 68 surface tension effects, 69 or thermal expansion 70 ). 

Phase equilibria are calculated by minimization of the Gibbs 

energy of the system under user-specified conditions, using 

techniques like the Lagrangian multiplier method, 71 grid minimi-

zation, 72 or a combination of both. 63 The parameters of the 

different models used to describe the Gibbs energy of individual 

phases are fitted to experimental and computational data from 

existing thermodynamic databases (TDBs) for binary and ternary 

systems, such as the commercial 1991 SGTE (Scientific Group 

Thermodata Europe) database for pure elements and sub-

stances 73 or the 1999 TCRAS (ThermoCenter of the Russian 

Academy of Science, IVTANTHERMO) database. 74 In doing so, 

the CALPHAD method allows the extrapolation from available 

data on binary and ternary systems into higher order systems, 

for which the information is difficult to obtain experimentally or 

not reported in the existing literature. Kattner 75 reviewed the 

CALPHAD method from the standpoint of the required models, 

data, and criteria for data quality assessment.

Numerical procedure of OpenCalphad

OpenCalphad describes a system of phases through its compo-

nents E, which is an alternative to using species or constituents i 

as introduced previously. A constituent i is a species constituting 

a phase, while a component E is defined as an irreducible subset 

of a species, usually an element (e.g., a gas phase consisting of 

the constituents H 2 O, H 2 , and O 2 would thus have H and O as com-

ponents). This allows the representation of different phase compo-

sitions and properties over a mixture of components, e.g., in C-H-

O ternary-phase diagrams. Therefore, the following description 

distinguishes between constituents i and components or elements 

E of a phase α.

OpenCalphad uses the molar Gibbs energy based on the

molar amount of formula units of a phase α, Gα
M (J/mol), so that

G = 
∑

α

( 
ℵ α G αM

) 
; (Equation 7)

with ℵ α being the number of moles of formula units of the phase α 
in moles. Note that a formula unit is generally defined as the 

smallest set of ions to fully describe an ionic lattice or compound. 

The Gibbs energy per mole of formula unit of a phase α is

G αM = 
∑ 

i

( 
y αi;s ⋅ G αM;i

) 
; (Equation 8)

with Gα
M;i being the molar Gibbs function of the constituent i per

mole of formula unit of phase α and yα
i;s being the fraction of con-

stituent i in sublattice s of the phase α.

OpenCalphad takes G αM;i (J/mol) from databases such as

IVTANTHERMO 76 or SGTE 73 : the general form for a gaseous

constituent i in an ideal gas phase α is

Gα
M;i = k 0 + k 1 T + k 2 T ⋅ ln(T) + k 3 T 2

+ k 4 T 
3 + k 5 T 

− 1 + + R ⋅ T ⋅ ln 
( 

p

p ∗

) 

;
(Equation 9)

with k n being the parameters determined by fitting experimental 

data, T and p the temperature and pressure of the system, and p* 

the pressure at standard conditions, here set to 1 bar. For a solid 

species i, the last term at the right-hand side in Equation 9 equa-

tes to zero. These correlations are valid for specific temperature 

ranges and hence have to be updated accordingly during itera-

tive calculations.

The constituent fraction yα
i;s is used as there may be more con-

stituents than components in a phase, leading to internal de-

grees of freedom within the phase, which have to be taken into 

account during the equilibrium calculations. 77

The sum of the fractions of constituents i on sublattice s in the

phase α, yα
i;s, has to be unity:

∑ 

i

yα
i;s = 1: (Equation 10)

The number of moles of a component or element E per formula 

unit of a phase α is then provided by

M αE = 
∑

s

n αs ⋅ 
∑ 

i

( 
b E;i ⋅ yα

i;s

) 
; (Equation 11)

with n αs being the number of sites for a sublattice s in the α phase

and b E,i being the stoichiometric coefficient of element E in con-

stituent i. For example, the stoichiometric coefficient of element 

H in constituent H 2 O is b H;H 2 O = 2.

Note that the notion of sublattice is used to distinguish 

different tendencies of ionization of the constituents 

and thus plays a role only for phases that consist of several 

sublattice structures with different constituents. Gas 

phases have only one sublattice, while for the graphite phase, 

all sublattices have the same structure and contain pure C 

only. 78

The molar fraction of component E in phase α is then

xα
E =

M αE
M α

; (Equation 12)

with M α being the total number of moles of all components in the

α phase.

The total number of moles of an element E over all the phases 

of a system, N E (which is usually known), is then

N E = 
∑

α
ℵ α M αE : (Equation 13)

Lagrangian multiplier method

To determine the chemical potential μ E and thus the activity a E of 

a component E in the system at equilibrium at given conditions, 

the system’s Gibbs energy has to be minimized following 

Equation 5. To do so numerically, the Lagrangian multiplier 

method is applied to Equation 7 with specified constraints and 

conditions. 71
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Equations 10 and 13 form the main constraints; 

another constraint is that the molar amount of metastable 

phases ϕ has to equal zero, as only stable phases exist at 

equilibrium:

ℵ ϕ = 0: (Equation 14)

The Lagrange function L for the conditions of constant compo-

sition, temperature, and pressure is then

L = 
∑

α
ℵ α G αM

( 
T ;p; yα

i;s

) 
+ 
∑ 

E

μ E 

(
∑

α
ℵ α M αE − N E 

)

+ 
∑ 

α 

∑

s

η αs

( 

1 − 
∑ 

i 

yα
i;s

) 

+ 
∑ 

ϕ
γ ϕ ℵ ϕ ;

(Equation 15)

where α denotes all the stable phases and ϕ denotes all meta-

stable phases, with subscripts for element E and sublattice s

of a constituent i in the system. μ E , ηα
s , and γ ϕ are the Lagrangian

multipliers. More constraints and thus Lagrangian multipliers can 

be added, e.g., if the pressure p is not set constant.

The Lagrange function has the same minimum as the Gibbs 

energy function if all constraints are active, so the equilibrium cri-

terion Equation 5 is valid on L. Further, Hillert, in 1981, 71 high-

lighted that the partial derivation of L with respect to the amount 

of each stable phase α at its minimum reveals that the Lagrange 

multiplier μ E is identical to the chemical potential of the compo-

nent E in the system (similar to Equation 3),

∂L

∂ℵ α
= G αM − 

∑ 

E

M αE ⋅ μ E = 0

Gα
M = 

∑ 

E

( 
M αE ⋅ μ E 

)
: (Equation 16)

The equilibrium is found by solving the Lagrange function 

(Equation 15) using linear iterative methods (e.g., the Newton-

Raphson technique), starting with an initial estimate for the sta-

ble phases α and their constitution for the given conditions. 

OpenCalphad uses a grid minimizer for the first estimation of 

the stable phases. As described in Chen, 72 the Gibbs energy 

of each phase is approximated and the set of phases and consti-

tutions with the lowest Gibbs energy for the given conditions are

selected. ℵ α , yα
i;s, μ E , and γ ϕ are then determined from the initial

guess by solving Equation 15 iteratively along with updates of 

the constraints until convergence is reached. As an example 

for constraint updating, for the calculation of the set of stable 

phases, detected metastable phases are removed from the 

calculation (ℵ α < 0 or γ ϕ > 0).

The algorithm for the calculation of a single and global equilib-

rium is detailed by Sundman et al. 63,79

C-deposition risk assessment using OpenCalphad

Based on the above-mentioned numerical procedure, OpenCal-

phad calculates the activity a E from the chemical potential at 

equilibrium μ E based on Equation 2 assuming ideal gas behavior. 

For a given composition, temperature, pressure, and total 

amount of components, the activity can thus be determined for 

all the components E of the system. Since SOFCs consume 

and convert hydrocarbon fuels, C, H, and O are the main compo-

nents in the system, and the existing thermodynamic database 

for C, H, and O components is applied here (CHO-gas.TDB 

from OpenCalphad, based on Dinsdale 73 and Belov et al. 74 ) for 

the calculation of the chemical activity.

In a ternary system at equilibrium containing the components 

C, H, and O, the activity of component C, a C , equals the activity

of graphite, agraphite

C
, when there is C deposition. This is illus-

trated by an ad hoc OpenCalphad calculation for a system con-

sisting of 12 mol C, 15 mol O, and 73 mol H at 1 bar in Figure S4: 

the solid carbon phase (red curve in Figure S4B) is stable 

(x graphite > 0) in the temperature ranges between 300K–413K 

and 719K–958K, which corresponds to ranges where the activ-

ity profile of the example C-H-O system (a C ) matches the activ-

ity of a system consisting of 100% C in the form of

graphite 
(

a graphite 
C

) 
.

Therefore, in this work, the condition for C formation is defined 

as the point at which the activity difference dAC between the C 

components of the fuel a C and of pure graphite a graphite 
C

equals zero:

dAC : = a C − a graphite 
C = 0: (Equation 17)

When a fuel has no C components, the C-deposition risk is natu-

rally at its minimum, leading to the activity difference dAC noC , 

which is defined as follows:

dAC noC : = a C (noC) − a graphite 
C = 0 − a graphite 

C ; 

(Equation 18)

with a C (noC) being the activity of the species C in a system where 

the amount of C is minimal, which equals zero if no C exists. 

Thus, at zero C-deposition risk at a given temperature T, the ac-

tivity difference between the fuel and the graphite is the negative

of the activity of pure graphite: dAC = dAC noC = − a graphite

C .

Since the numerical value of activity or dAC depends highly on 

the chosen standard condition, the C-deposition risk—or, in 

conventional terms, the ‘‘distance’’ of an operating point relative 

to the C-formation boundary (dAC = 0)—can be quantified at a 

given temperature T by normalizing the activity difference be-

tween the fuel and the graphite dAC, with the activity difference 

at zero C-deposition risk dAC noC . Hence, we introduce here the 

quantifiable C-deposition risk, dAC norm , defined as

dAC norm : =
dAC

dAC noC

= 
a C − a graphite 

C

− a graphite 
C

: (Equation 19)

For the sake of completion, apart from the above-introduced 

C-deposition risk parameter dAC norm (Equation 19), the conven-

tional C-deposition risk assessment parameters SCR and OCR 

are mentioned in the following:

SCR = 
y H 2 O

y CH 4 +y CO +y CO 2

OCR = 
y H 2 O +y CO +2⋅y CO 2

y CH 4 +y CO +y CO 2

; (Equation 20)

with y i being the molar fraction of the species i in the fuel at the 

inlet of the SOFC. In practice, stoichiometric SCR or OCR values 

are applied based on the inlet composition to prevent C forma-

tion, e.g., SCR = OCR > 2 for SMR.
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Interface with continuum SOFC model

OpenCalphad calculations were interfaced with a continuum 

model of SOFC and stack with finite-difference discretization 

along the cell thickness and gas flow directions. The implemen-

tation allows for the automated screening of the trade-off be-

tween stack performance and risks of C deposition at each loca-

tion in the discretization of the gas channel and anode substrate, 

during steady-state or dynamic operation conditions, with or 

without AOG recirculation.

The baseline SOFC stack model version used in the present 

study is modular and consists of a single repeating unit (SRU) 

in an assembly of metallic interconnects, gas channels, and 

cell submodels. The two first are discretized along the flow 

path to solve in-plane heat and mass transport with boundary 

conditions representative of the conditions of a stack in an insu-

lation in co- or counter-flow configurations. Each grid point along 

the flow path is coupled to 1D discretizations through the thick-

ness of the cell to solve gas, ions, and electron transport and 

transfer. The dusty-gas model 80,81 is used for the simulation of 

multi-component gas-phase transport in the porous electrodes, 

substrates, and contact layers. It is coupled with heterogeneous 

catalytic reactions and distributed charge transport and transfer, 

with reaction pathways on the anode and cathode sides, de-

pending upon operation regimes and materials (Ni-YSZ anode, 

LSM-YSZ, LSCF, or LSCF-GDC cathode). The material parame-

ters used in the present study correspond to the Ni-YSZ anode, 

LSCF-GDC/LSCF cathode contract layer, and YSZ electrode 

with GDC interlayer characterized in Rinaldi et al., 82 respectively. 

Considered species are H 2 , H 2 O, CH 4 , CO, and CO 2 on the 

anode side and O 2 and N 2 on the cathode side. The anode model 

applies the standard assumption in SOFC modeling that only H 2 
is electrochemically converted at triple-phase boundaries. It 

therefore assumes that CH 4 and CO are consumed by SMR 

and the water-gas shift (WGS) reactions near equilibrium at all lo-

cations within the Ni-YSZ anode. The governing equations of the 

SOFC model for the physics and reaction pathways relevant for 

the IT anode-supported technology are implemented in an equa-

tion-oriented process modeling tool (gPROMS). Detailed de-

scriptions of their implementation and model calibration on 

experimental current-voltage characteristics and distribution of 

relaxation times (DRT) are available in Caliandro et al. 83

The main SOFC parameters of interest in this study are the fuel 

utilization ratio FU of the SOFC, generally defined as the ratio of 

reacted fuel over the fuel input:

FU =
_ N fuel;in − _N fuel;out

_N fuel;in

=
_N fuel;reacted

_N fuel;in

; (Equation 21)

with _N being the molar flow (mol/s) of the fuel at the inlet and

outlet sections of the SOFC. Depending on the boundary (which 

can differ based on whether AOG is recirculated or not, see 

Figure 6), the system fuel utilization FU sys and local fuel utilization 

FU loc can be defined as follows:

FU sys =
_ N fuel;1 − _N fuel;4

_N fuel;1

FU loc =
_ N fuel;2 − _N fuel;3

_N fuel;2

; (Equation 22)

with _N n being the molar flow (mol/s) of the fuel at section n of the

system (n = 1,4, inlet and outlet boundary of the SOFC system, 

including AOG recirculation; n = 2,3, inlet and outlet boundary 

of the SOFC stack). It becomes clear that, for a single-pass sys-

tem without AOG recirculation, FU sys = FU loc . In a system with 

AOG recirculation, the RR relates to the system and local fuel uti-

lization ratios as follows:

RR = 
FU sys − FU loc

FU sys ⋅(1 − FU loc) 
: (Equation 23)

For the present study, the control of the AOG RR is imple-

mented in the SOFC model in the form of user-specified fractions 

of recirculated off-gas species mass flows, assuming no pres-

sure losses in the stack and that the recirculated AOG is of the 

same pressure as at the anode inlet, p AOGR = p in .

As previously stated, since only H 2 is assumed to be electro-

chemically converted in the SOFC model (CH 4 and CO fluxes to-

ward the anode consumed via SMR and WGS reactions), the cell 

performance is assessed over the Nernst potential U N (V) based 

on the gas composition at the anode inlet based on H 2 oxidation 

(H 2 + 0.5O 2 ⇌ H 2 O):

U N = U∗
rev −

1

z e⋅F 
⋅RT ln 

( 
Π prod;ka y kk

Π react;ja 
y j
j

)

=
1

z e⋅F 
⋅ 

[ 

− ΔG ∗ − RT ln 

( 
Π prod;ka y kk

Π react;ja 
y j
j

)] 

(real) 

=
1

2⋅F
⋅ 

[ 

− ΔG ∗ − RT ln 

(
p H 2 O

p H 2 ⋅p0:5 
O 2

)] 

(ideal)

;

(Equation 24)

with U ∗rev (V) being the reversible potential of the reaction at

standard state (25 ◦ C, 1 atm) (for H 2 oxidation: U∗
rev;H 2 

=

1:229 V), ΔG* (J) the Gibbs free reaction energy at standard 

state (for H 2 oxidation: 237.1 kJ/mol), R (J/molK) the universal 

gas constant, z e the number of electrons exchanged within 

the reaction (for H 2 oxidation: z e = 2), F (C/mol) the Faraday 

constant, T (K) the temperature, a j,k the activity of reactant j 

or product k, y i the molar fraction of a species i, and p i (Pa) 

the partial pressure of species i.

Other relevant SOFC parameters are the average current 

density j avg (A cm − 2 ), inlet and outlet temperatures T in (K) and 

T PEN, max (K) (maximum temperature located at the outlet), 

and the inlet and operating pressures p in = p SOFC = 1 atm of 

the stack. Further, dry air (21% O 2 , 79% N 2 ) has been assumed 

at the cathode side.

For the combined assessment of C-deposition risk and SOFC 

performance, the OpenCalphad-gPROMS interface imple-

mented in MATLAB executes automatically and sequentially 

the following tasks: (1) user-specified range of operation condi-

tions as input; (2) batch run of the SOFC model; (3) post-process-

ing of anode-side gas compositions, pressure, and temperature, 

along with cell or stack performance metrics; (4) OpenCalphad 

batch runs for each local condition in the anode channel 

compartment and Ni-YSZ electrode computed by the SOFC 

model in (2); and (5) post-processing of OpenCalphad simulation 

results (see Figure 7). For the visual display of the simulation
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results in a C-H-O ternary diagram, an open-source MATLAB 

package 84 has been modified and applied.

Model assumptions and limitations

The main assumptions and limitations of the developed coupled 

SOFC-OpenCalphad modeling approach are as follows.

(1) The C-formation risk is determined at thermodynamic 

equilibrium, considering graphitic carbon only. No reac-

tion kinetics, catalyst morphology influences, or resulting 

formation of other carbon allotropes such as carbon whis-

kers 15,16,18 were considered here, since these effects are 

highly case specific and currently not well understood.

(2) The chemical activity as an indicator for C deposition is 

limited to ternary (C, H, and O) and higher-order compo-

nent systems in OpenCalphad. For unitary or binary 

component systems (C and H or C and O), the system 

of equations to solve for the chemical activity is underde-

termined; hence, for these cases, the Gibbs energy of the 

graphite phase is a better measure, i.e., G C = 0 is the 

necessary condition for C deposition.

(3) The model results are subjected to the underlying thermo-

dynamic database and database accuracy. Here, the stan-

dard C-H-O thermodynamic database in OpenCalphad, 

which is based on established, commercial databases by 

SGTE 73 and TCRAS, is used. 74 Therefore, the anticipated 

database discrepancies are negligible, especially since 

the C-H-O system has been extensively studied in literature 

and is considered classical.

(4) The current gPROMS SOFC model has been experimen-

tally validated and calibrated for the anode-supported 

planar SOFCs. Therefore, all cell performance assess-

ments and resulting recommendations presented here 

are based on this SOFC type.

(5) The standard assumption of only H 2 being electrochemi-

cally converted at triple-phase boundaries is applied here, 

owing to its significantly higher reaction rate compared 

with the competing CO and CH 4 oxidation pathways, 85 

following the set of elementary processes proposed and 

experimentally validated by Zhu et al. 86

These assumptions and limitations do not compromise results 

validity, as the aim here is to propose a risk assessment frame-

work with high generalizability for the practical safety margin 

quantification in C-H-O ternary systems independent of sys-

tem-specific configurations or use case. Overcoming these lim-

itations represents the next step in the level of detail.

Model validation with literature cases

Four literature cases were selected to validate the developed 

coupled SOFC-OpenCalphad modeling approach to ensure 

generalizability of the results. The cases include combined 

experimental and numerical investigations of the C-deposition 

risk in the form of graphite for different IT-SOFC systems and 

cell types during operation with and without AOG recirculation, 

using conventional C-deposition risk assessment methods (see 

Table 1).

The operating conditions from the literature cases are applied 

in the SOFC-OpenCalphad model for comparison of the results 

and validation of the model. Not all information that is required 

as an input for the SOFC-OpenCalphad model—such as the 

operating conditions of the SOFC (T in , T PEN,max ,j avg , etc.)—could 

be found in the selected literature. However, the missing data 

were inferred through inverse modeling, i.e., by iteratively adjust-

ing them until the model outputs reproduced the published re-

sults, validating the established model in the process. The in-

ferred parameters were subsequently evaluated for physical 

plausibility and have been verified to be consistent with estab-

lished engineering principles and comparable studies. Table 2 

summarizes the operating conditions of the investigated litera-

ture cases used in the SOFC-OpenCalphad model to replicate 

the literature data.

Case 1

Henke et al. 22 investigated the effect of AOG recirculation on C 

formation in a planar IT-SOFC under different operating condi-

tions and fuels. The software package Cantera was used to 

calculate the thermodynamic equilibrium (via Gibbs energy mini-

mization) and thus to determine the C-deposition boundary for 

graphite, or more specifically, the C-formation temperatures 

for different RR and FU loc for natural gas and biogas as fuels. 

However, they did not mention the SOFC operating conditions 

nor the anode inlet fuel composition for different RR and FU, 

nor was information on the amount of external H 2 O used or on 

the re-former given. Hence, the SOFC operating conditions 

such as inlet fuel and air temperatures or current density were 

obtained by replicating the operating point given for natural

Figure 6. SOFC system with AOG recircula-

tion as modeled in the gPROMS SOFC 

model

SMR and WGS reactions before anode-side re-

action (H 2 oxidation), assuming no pressure los-

ses in the stack with p AOGR = p in . Numbered main 

sections and key parameters are in red. The 

dashed line for the external H 2 O input indicates 

that its required amount depends on the amount of 

recirculated H 2 O.

Please cite this article in press as: He et al., Chemical activity-based carbon-deposition risk maps for solid oxide fuel cell systems with off-gas recir-

culation, Cell Reports Physical Science (2026), https://doi.org/10.1016/j.xcrp.2026.103106

Cell Reports Physical Science 7, 103106, February 18, 2026 13

Article

ll
OPEN ACCESS



gas (see Table 2 of Henke et al. 22 ), leading to a well-matching 

anode inlet gas composition (C-H-O = 0.131-0.522-0.347, 

error ≤0.42%). The comparison between their results and the 

present model is presented in Figure 8A as a function of FU loc , 

showing a high level of agreement of the obtained results with 

the literature data for the C-formation temperatures (maximum 

error of 3.3%).

Case 2

Liu et al. 25 applied methods similar to those in case 1 to a 5-kW 

tubular cathode-supported IT-SOFC stack with an ejector-driven 

AOG recirculation. They simulated the effects of fuels (syngas and 

natural gas) and ejector inlet pressure on RR, stack current, and 

cell voltage, as well as the C-formation risk using Factsage. 

Instead of the C-formation temperature, Liu et al. 25 used the 

OCR as an indicator for C-deposition-free operation. With the 

SOFC-OpenCalphad model, the recalculation of the OCR at con-

stant FU sys of 0.8, an inlet temperature of 1,183K, and a varying 

average current density j avg (as in Figure 8 of Liu et al. 25 ) using 

CH 4 as fuel shows very good agreement with the literature data, 

especially for RR up to 0.685 (see Figure 8B). The agreement de-

creases slightly when reaching ejector criticality (maximum error 

of 4.88%). It also becomes clear that, with increasing RR, the 

OCR of the fuel at the SOFC inlet increases as well.

Case 3

Terayama et al. 26 investigated experimentally the operation of a 

CH 4 -fed planar anode-supported single-cell IT-SOFC system un-

der single-pass and AOG recirculation conditions. However, due 

to the complexity and low availability of high-temperature AOG

recycle blowers, they did not carry out real AOG recirculation tests 

but instead used AOG compositions obtained with externally sup-

plied and catalytically converted H 2 , O 2 , and CO 2 to mimic AOG 

recirculation conditions. As a consequence, the indicated FU for 

the AOG recirculation conditions are both local and system fuel 

utilization ratios (see Equation 22). Thus, in the following, only 

the term FU sys is used. The C-deposition risk was analyzed at 

the inlet of the pre-re-former—where the simulated AOG is in-

jected at a temperature lower than the stack—and determined 

over the C formation temperature using the process simulation 

software HSC Chemistry. Terayama et al. 26 determined safe oper-

ating conditions for RR from 0.4 to 0.8 and different FU sys . For the 

same operating conditions, the C-formation temperatures ob-

tained from the SOFC-OpenCalphad model show very high 

agreement (maximum error of 0.994%) (see Figure 8C).

Case 4

Baba et al. 23,24 experimentally investigated a 1-kW tubular CH 4 - 

fed IT-SOFC stack under full-load (3.15 L/min CH 4 flow rate) and 

part-load operation (CH 4 flow rates from 1.96 to 2.51 L/min) un-

der constant FU sys of 0.84. Steam for the re-forming of CH 4 was 

not supplied externally but provided by AOG recirculation via 

ejector-driven recirculation. The C-deposition risk was evaluated 

using a fixed OCR threshold of 2 23 and, further, in a binary way 

over the C-formation boundary in classical C-H-O ternary dia-

grams. 24 Using the same experimental conditions, recalculating 

the C-H-O ternary diagram for the gas composition at the stack 

inlet with the SOFC-OpenCalphad model yields similar results 

(maximum error of 7%) (see Figure 8D).

In light of the high level of agreement between the obtained re-

sults compared to the published data based on the conventional 

C-deposition risk assessment methods (OCR, T Cdep , and C-H-O 

ternary diagram) within the anticipated database discrepancies, 

the proposed SOFC-OpenCalphad model is considered 

validated.
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