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The Nernst equilibrium potential calculates the theoretical OCV, which estimates the best performance achievable by an electrochemical cell. When multiple semi-reactions (or multiple ionic species) are active in one of the electrodes, the calculation of the theoretical OCV is not straightforward, since different Nernst potentials are associated to each semi-reaction. In this paper, analytical equations for calculation of the theoretical OCV are developed, using the mixed potential theory. The case of H2 and CO co-oxidation (or H2O and CO2 co-reduction) in solid oxide cells is used as a reference case, but similar conclusions can be drawn for other equivalent cases. OCV data from literature are used to calibrate and validate the model. The relative reaction rate of H2 and CO semi-reactions is estimated within the calibration process, and the result is in line with assumptions and suggestions given by other authors. The validation procedure shows predicted OCV values in line with experimental literature data, except for mixtures with relatively large CH4 concentration (e.g., 8%), for which the OCV is significantly underestimated. This is expected when thermochemical reactions, in parallel to electrochemical reactions occur, since the additional H2 produced by internal steam methane reforming is not accounted within the local mixed potential model. A fuel cell polarization model is developed based on the results from the calibration procedure, and it is used to predict the polarization behavior of an SOFC fed with a H2-H2O-CO-CO2 fuel mixture. It is found that either H2 or CO may be reduced rather than oxidized via an equivalent electrochemical water-gas-shift reaction.
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1 INTRODUCTION
Solid Oxide Fuel Cell (SOFC) and Solid Oxide Electrolyzer Cell (SOEC) are innovative technologies used for energy conversion purposes. SOFCs are used to efficiently produce electricity using a fuel such as hydrogen (H2). The high operating temperature of SOFCs (500°C–1,000°C) allows them to operate using a variety of fuels, such as carbon monoxide (CO), methane (CH4), methanol (CH3OH), and ammonia (NH3) (Donazzi et al., 2016; Kishimoto et al., 2020; Fan et al., 2022; Sang et al., 2022). Conversely, SOECs are used to produce fuels like H2 and CO, starting from water (H2O), carbon dioxide (CO2), and an electricity supply. In the framework of energy transition, SOFCs may be used for the design of efficient and fuel-flexible energy systems (Ishak et al., 2012; Campanari et al., 2016; Mastropasqua et al., 2020; Duong et al., 2022), while SOECs could be a key technology for the synthesis of e-fuels, since CO and H2 are precursors for the production of high-value hydrocarbons via the Fischer-Tropsch process (Wang et al., 2017). Therefore, it is necessary to develop SOFC and SOEC models able to predict the performance in presence of different chemical species, interacting with each other through chemical and electrochemical reactions.
The open circuit voltage (OCV) of an electrochemical cell is the voltage established in the electrical circuit at zero current, and it is closely related to its thermodynamic and kinetic performance. The meaning of the OCV measured for an electrochemical cell is twofold. In fuel cell mode, the OCV represents the maximum producible electric power per unit current. Conversely, the OCV represents the minimum electric power required per unit current to perform the electrolysis reaction at a certain temperature, pressure, and composition. When a finite current is flowing through an electrochemical cell, the cell voltage is different from the OCV due to electrochemical losses (i.e., overpotentials or polarization losses). For fuel cell operation the cell voltage is lower compared to the OCV, while the opposite is true for electrolyzers. This concept forms the basis for the development of numerical models, which require the precise theoretical estimation of the OCV. For the above reasons, it is important to correctly estimate the OCV of electrochemical cells. When multiple electrochemical reactions (or multiple ionic species) are active at one electrode, the estimation of the OCV is not a simple task due to the formation of the so-called mixed potential. Therefore, the primary goal of this paper is to develop a model suitable for the estimation of the mixed OCV of electrochemical cells, analyzing the case of H2 and CO half-reactions in solid oxide cells as an example.
Considering the half-reactions in a conventional SOFC, (Eq. 1) and (Eq. 2) are the only active electrochemical reactions at the fuel and air electrode respectively, and reaction (Eq. 3) is the global reaction. The Nernst potential (Eq. 4) is generally used to calculate the theoretical OCV, where [image: image] is the partial pressure of species [image: image] in the gas phase. Note that in this analysis, we do not account for mass transport or gas mixture composition variation along the thickness of the porous fuel electrode. Therefore, one might use the bulk gas composition for the calculation of the Nernst potential.
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The Nernst equation is strictly valid when all steps required for reaction (Eq. 3) to occur are in equilibrium or in partial equilibrium (Kee et al., 2005). Therefore, the presence of chemical reactions like water-gas-shift (WGS) and steam methane reforming (SMR), expressed by reactions (Eq. 5) and (Eq. 6) respectively, could invalidate Eq. 4 since the elementary steps of reaction (Eq. 1) might not be in equilibrium. As an example, the hydrogen adsorption reaction is expected to be non-equilibrated if SMR is active, since the rate of hydrogen desorption from the electrode is larger than the rate of its adsorption. Therefore, the Gibbs free energy variation of the hydrogen adsorption reaction is different from zero, invalidating the demonstration shown in ref. (Kee et al., 2005). Following the demonstrations shown in the reference, it can also be inferred that the larger the reaction rate of the global oxidation reaction (Eq. 3) compared to that of the chemical reactions, the better is the accuracy of the Nernst equation.
Eq. 4 is expected to be particularly accurate when a mixture of H2 and H2O is used at the fuel electrode, since chemical equilibrium is guaranteed at open circuit. However, the Nernst equation has been extensively used to model non-equilibrium cell operation; for instance, when either WGS or SMR are active at the fuel electrode (Campanari and Iora, 2005; Spallina et al., 2015; Corigliano and Fragiacomo, 2020). In this case, it is implicitly assumed that WGS and SMR are relatively slow reactions, they do not prevent reactions (Eq. 1) and (Eq. 2) to reach partial equilibrium, and they do not significantly alter the partial pressures of gases within the porous electrode compared to the ones in the bulk gas mixture.
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Conversely, assuming that WGS and SMR are fast reactions, some authors estimate the OCV by substituting the equilibrium partial pressures in Eq. 4 (Stoots et al., 2009; Lee et al., 2015; Jin et al., 2018; Vágner et al., 2019), calculated assuming that both WGS and SMR go to equilibrium at local temperature and pressure, starting from the bulk gas composition. Therefore, using the equilibrium partial pressures allows to indirectly include species like CO and CH4 in the estimation of the OCV. Moreover, the equilibrium model allows to easily estimate the OCV in presence of several electrochemical semi-reactions occurring at one electrode. For instance, if both half-reactions (Eq. 1) and (Eq. 7) are active at the fuel electrode, a second Nernst voltage could be defined as in Eq. 8.
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If the equilibrium partial pressures are used, [image: image] and [image: image] are equal (Spallina et al., 2015), and there is no ambiguity in the estimation of the OCV. However, if the partial pressures in the non-equilibrated bulk gas mixture are used, [image: image] and [image: image] are different, and the estimation of the OCV should account for the mixed potential that is originated at the fuel electrode.
The first method to estimate the cell OCV in a non-equilibrated mixture considering two active electrochemical semi-reactions at one electrode was introduced by Fleming (Fleming, 1977). Fleming defined an equivalent electric circuit representing the electrochemical cell, with as many parallel branches as the number of covered active sites (see Supplementary Appendix SB), for both H2 and CO (however, Fleming assumed that O2 and CO are electrochemically active at the fuel electrode). Assuming each branch includes both a voltage generator with value equal to either [image: image] or [image: image], and a resistance with a constant value for each branch, the OCV can be computed by applying Norton’s theorem to the equivalent electric circuit. The mixed OCV results to be equal to the average of [image: image] and [image: image], weighted on the surface coverage, as expressed in Eq. 9.
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However, Norton’s theorem is only applicable for linear electric circuits, and the resistances in H2 and CO branches are not equal in general. For instance, the activation overpotentials are generally modeled using a Butler-Volmer relationship which is not linear and it can lead to different activation overpotentials for H2 and CO charge transfer processes (Petruzzi et al., 2003; Suwanwarangkul et al., 2006; Andreassi et al., 2009; Iwai et al., 2011; Ni, 2012; Park et al., 2012; Andersson et al., 2013a; Razbani et al., 2013; De Lorenzo and Fragiacomo, 2015; Bao et al., 2016).
Other authors (Zhu and Kee, 2003; Aloui and Halouani, 2007; Stempien et al., 2012; Andersson et al., 2013b; Stempien et al., 2013; Baldinelli et al., 2015a) attempt to estimate the OCV by assuming a fictitious electrochemical semi-reaction (Eq. 10) occurring at the fuel electrode, which is a function of two parameters [image: image] and [image: image]. It can be demonstrated that the OCV resulting from this assumption is the average between [image: image] or [image: image], weighted on the parameters [image: image] and [image: image], as expressed by Eq. 11 (see Supplementary Appendix SA for demonstration).
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The stoichiometric coefficients [image: image] and [image: image] can be assumed to be equal to unity (Penchini et al., 2013), which corresponds to calculating the arithmetic average of [image: image] or [image: image]. More frequently, [image: image] and [image: image] are replaced by the molar fractions of H2 and CO, respectively (Aloui and Halouani, 2007; Stempien et al., 2012; Andersson et al., 2013b; Stempien et al., 2013; Baldinelli et al., 2015a). However, since the elementary steps of the global H2 semi-reaction (Eq. 2) are relatively fast, this semi-reaction is likely to be close to partial equilibrium, even if the H2 concentration in the fuel is relatively low (Kee et al., 2005). In other words, the OCV is likely to be close to [image: image] even if H2 molar fraction is low.
In Section 2, a simple model is developed to estimate the mixed OCV, where two (or more) electrochemical semi-reaction are considered at one of the electrodes. The relative reaction rate of the semi-reactions, which affects the OCV, is considered using Butler-Volmer equations and exchange current densities. This approach is derived from the theory available for corrosion processes, in which two semi-reactions occur in presence of an electrolyte and an equipotential electrode, to calculate parameters such as the corrosion potential, which is a mixed potential, and the corrosion current (Bockris and Reddy, 2000). The case of H2 and CO co-oxidation in SOFC (or, equivalently, H2O and CO2 co-reduction in SOEC) is considered as an example. In Section 3 the model is calibrated and validated using experimental OCV data from the literature, which allowed to retrieve information regarding the relative reaction rate of H2 and CO semi-reactions. Finally, a simple polarization model is developed in Section 4 using the results from the calibration procedure. The model is used to calculate the polarization curve of an SOFC fed with a H2-H2O-CO-CO2 mixture.
2 MIXED POTENTIAL MODEL
The approach followed hereafter is similar to that followed to develop corrosion theory, due to analogies between a corrosion process, and a fuel electrode at OCV where both reactions (Eq. 1) and (Eq. 7) are active (Bockris and Reddy, 2000). During a corrosion process, two semi-reactions occur in presence of an electrolyte (water) and an equipotential electrode (the corroded metal), as shown in Figure 1 (left).
[image: Figure 1]FIGURE 1 | Analogy between a corrosion process (left) and the fuel electrode in an electrochemical cell at OCV, exposed to a H2-H2O-CO-CO2 mixture (right). In both cases there is an equipotential electrode, either the corroded metal or the porous fuel electrode, an electrolyte, either water or a solid electrolyte, and two competing electrochemical semi-reactions.
In corrosion, a species is oxidized (e.g., a metal), and a species is reduced (e.g., oxygen), and the process is driven by the different equilibrium potential (i.e., equilibrium electric potential difference between electrode and electrolyte) of the two semi-reactions at the specific operating conditions. Similarly, for the electrochemical cell at OCV shown in Figure 1 (right), it is expected that either H2 is oxidized to H2O and CO2 is reduced to CO, or CO is oxidized to CO2 and H2O is reduced to H2. The process is driven by the different equilibrium potentials of semi-reactions (Eq. 1) and (Eq. 7) at the specific operating conditions, which can be identified as the difference between [image: image] and [image: image], since the equilibrium potential of reaction (Eq. 2) is equally accounted for in the calculation of [image: image] and [image: image]. The overall process may be regarded as an electrochemical WGS reaction. Note that it is expected that the electrochemical WGS is not only active at OCV, but also in a condition of mild cell polarization.
The kinetics of the semi-reactions is modeled using Butler-Volmer Eqs 12, 13. The parameters [image: image] and [image: image] are the charge transfer coefficients, [image: image] is the number of electrons involved in the charge transfer process, [image: image] is the exchange current density, and [image: image] is the activation overpotential. The reference area for both [image: image] and [image: image] is the geometrical electrolyte surface.
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Similarly to a corrosion process, it is assumed that the current produced by one of the two semi-reaction is completely absorbed by the other semi-reaction, which for a complete cell is equivalent to assuming a vanishing net current flowing in the external circuit, as expressed by Eq. 14.
[image: image]
Finally, the activation overpotentials can be written as functions of the OCV as in Eqs 15, 16.
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Eqs 12–16 allow calculating [image: image] once the kinetic parameters in the Butler-Volmer equations are known. Note that if Eq 14 is satisfied, then [image: image] and [image: image] have opposite signs, and the same is true for [image: image] and [image: image], which stems from the functional form of Butler-Volmer equations (i.e., [image: image] has the same sign of [image: image]). If [image: image] and [image: image] have opposite signs, it is easy to see from Eqs 15, 16 that the value of [image: image] must be in the range defined by [image: image] and [image: image].
Using the procedure outline above, and introducing Tafel’s approximation (i.e., activation overpotentials are low), it is possible to find a simple analytical solution for [image: image], as expressed in Eq. 17, similar to Eq. 9 proposed by Fleming (Fleming, 1977). Assuming that electric resistances in H2 and CO branches are different and not equal, it is possible to derive Eq. 17 using Fleming’s approach (see Supplementary Appendix SB), which stems from the electric circuit linearity requirement for the application of the Norton’s theorem, and the actual linear relationship between current and voltage provided by Tafel’s approximation. Therefore, Eq. 9 provides a less accurate estimation of the OCV compared to solving Eqs 12–16 by assuming Tafel’s approximation and same kinetics of H2 and CO electrochemical reactions. By assuming that [image: image] is equal to [image: image], the open circuit voltage results to be the average between [image: image] and [image: image], weighted on exchange current densities. This is a sound result, as it is expected that the measured voltage is close to the Nernst voltage of the faster semi-reaction.
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Removing Tafel’s approximation, and assuming that α is equal to β, and [image: image] is equal to [image: image], it is still possible to find an analytical solution for the OCV, as shown in Eq. 18.
[image: image]
The form of this equation is similar to that used to calculate the electrode mixed potential in a corrosion process (Bockris and Reddy, 2000). Note that by collecting either [image: image] or [image: image], it can be seen that [image: image] is only a function of the ratio of current densities, hence it is not necessary to provide exact values for [image: image] and [image: image].
Eq. 18 is slightly modified assuming [image: image] equal to 1 (i.e., single-electron charge transfer process), and [image: image] equal to 0.5. Moreover, assuming that [image: image] and [image: image] are computed using relations (Eq. 19) and (Eq. 20) (Razbani et al., 2013), the OCV can be calculated using Eq. 21, which is used for the numerical calculations shown in the next section.
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Note that the functional form of [image: image] and [image: image] is commonly assumed to be the same, since the rate-determining step of H2 and CO semi-reactions is similar (Suwanwarangkul et al., 2006; Andreassi et al., 2009). However, the pre-exponential factor for H2 exchange current density is usually assumed to be 2–3 times larger than that of CO for Ni-YSZ cermet electrodes, following the work of Matsuzaki and Yasuda (2000).
3 MODEL CALIBRATION AND VALIDATION
Eq. 21 can be used to estimate the OCV, but the reverse process can be useful to predict the ratio of pre-exponential factors of H2 and CO exchange current densities, if OCV experimental data are available. In order to calibrate and validate the model, literature OCV data on H2-H2O-CO-CO2 mixtures are used to estimate the ratio of pre-exponential factors, which is then compared with literature estimations. In principle, one could calibrate more parameters, like the difference between activation energies (here assumed null), or the species activity exponents in Eqs 19, 20. However, the scarce amount of reliable experimental data prevents this.
Ideally, the mixture used to produce experimental OCV data should not contain CH4, since the effective concentrations of H2, H2O, CO, and CO2 may be modified by the onset of the SMR reaction. Note that also the WGS reaction may modify the effective species concentrations, however here it is assumed that this effect is negligible. Moreover, the N2 concentration in the mixture should be minimized since it could lead to an increase in the OCV despite not directly appearing in the Nernst equation (Cinti et al., 2016), which is an effect that cannot be captured by Eq. 21. Finally, electrolytes having significant electronic conduction (e.g., Ceria-based) cannot be accurately modelled, because the estimation of the OCV would also depend on the short-circuit electronic current. To the best of the author’s knowledge, the literature does not provide experimental OCV data that respect all the above experimental operating conditions. However, the OCV data from Baldinelli et al. (2015b) are produced under operating conditions close to those described above, hence it is used as a reference for the model calibration and validation. A Ni-YSZ|8YSZ|LSCF button cell was used to produce experimental results, the oven temperature is 800°C, and the cathode is exposed to air (21% O2 molar fraction is assumed). Note that the adoption of a button cell configuration is preferred for the validation purpose, since the mixture composition may change if the fuel is blown through a channel, mainly due to WGS reaction. The mixture compositions used for calculation are shown in Table 1, and they are named as in reference (Baldinelli et al., 2015b). The measured OCV values are estimated from the figures shown in the reference.
TABLE 1 | Percentage molar composition of the mixtures used for model calibration and validation (Baldinelli et al., 2015b).
[image: Table 1]The mixture F2 is used to calibrate the ratio of pre-exponential factors appearing in Eq. 21, since it is free of N2, and the CH4 concentration is very low. The result is 2.54, which is in line with the range 2–3 suggested for a Ni-YSZ electrode working in a similar temperature range (Stoots et al., 2009; Razbani et al., 2013; Wang et al., 2017; Duong et al., 2022). After calibration, Eq. 21 is used to predict the OCV values for the mixtures in Table 1. The results are also compared to the OCV calculated assuming that the mixtures reach chemical equilibrium before giving rise to the cell potential, following the conventional method discussed in the introduction section. The results of the analysis are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Experimental OCV measured for different mixtures (Baldinelli et al., 2015b), Nernst voltage for H2 and CO, and estimated OCV values based on equilibrium and mixed potential models.
Figure 2 shows the experimental OCV data from (Baldinelli et al., 2015b), [image: image] and [image: image] calculated with Eqs 4, 8 respectively, the OCV calculated assuming that the mixture is at equilibrium, and [image: image] computed with Eq. 21, using the calibrated value for the ratio of pre-exponential factors. In general, it is expected that the experimental and estimated OCVs are located within the range defined by [image: image] and [image: image]. This is true for all the data analyzed, except for the mixture F1, for which the experimental OCV falls below [image: image]. The reason for that is unknown and must be associated to the specific experimental setup of the reported test data. For all other mixtures, either one or both models for OCV estimation are close to the experimental value. For mixtures S4 and S5, which only contain 1% and 0% CH4, Eq. 21 predicts the OCV with very good accuracy. For S4 the accuracy is significantly better compared to the equilibrium OCV model. The equilibrium model gives a good prediction also for F2, which is the mixture used for calibration.
The prediction accuracy of the mixed potential model seems to decrease with increasing CH4 concentration. The model underpredicts the OCV for Mix2, S2, and S3, which have 5%, 8%, and 10% CH4 concentration respectively. This is ascribed to the onset of SMR, which increases the effective H2 and CO partial pressures near the active sites, with a positive effect on both [image: image] and [image: image]. However, in the mixed potential model proposed, the mixture composition near the active sites is assumed equal to that in the bulk gas mixture for simplicity, and the effect of SMR is not accounted for. Therefore, the inaccuracy is more evident for S2 and S3, which contain a larger CH4 concentration compared to Mix2. For Mix1, which contains 2% CH4, the mixed potential model overpredicts the OCV, which suggests that the CH4 concentration is too low to significantly increase the effective H2 and CO partial pressures. For mixtures S2 and S3, which contain a significant amount of CH4, the equilibrium model predicts the OCV more accurately compared to the mixed potential model, which is expected.
Overall, the equilibrium model always provides a reasonable estimation of the cell voltage, if mixture F1 is not considered. The mixed potential model predicts the OCV with either equal or better accuracy for the mixtures containing a relatively low CH4 concentration in the range 0%–5% (S4, S5, F2, Mix1, Mix2), i.e., scenarios without heterogeneous catalytic reactions in parallel to electrochemical reactions. For the mixtures with higher CH4 concentration (S2, S3), the equilibrium model is more accurate, which is expected. These preliminary results indicate that the model developed is suitable to estimate the OCV of an electrochemical cell, or to retrieve data regarding the relative velocity of competing semi-reactions occurring on the same electrode. However, dedicated and detailed experimentation is required to further validate the model developed, following the guidelines outlined above.
4 DEVELOPMENT OF A POLARIZATION MODEL
The calibration process shown in Section 3 is not only useful to predict the OCV of an electrochemical cell, but it can also be used to develop a polarization model. Referring to the example shown in Section 3, the ratio between pre-exponential factors appearing in Eqs 19, 20 can be used to calculate [image: image], if a value for [image: image] is fixed. Therefore, a polarization model may be developed, accounting for both H2 and CO semi-reactions. The numerical model described in this section has already been used by several authors to model the polarization behavior of electrochemical cells (Petruzzi et al., 2003; Suwanwarangkul et al., 2006; Andreassi et al., 2009; Iwai et al., 2011; Ni, 2012; Park et al., 2012; Andersson et al., 2013a; Razbani et al., 2013; De Lorenzo and Fragiacomo, 2015; Bao et al., 2016). However, here the focus of the analysis is the region of mild polarization close to the OCV. The model developed is used to predict the [image: image]-[image: image] relation near the OCV in fuel cell mode, relative to mixture F2 (see Table 1), assuming a uniform temperature equal to 800°C.
The voltage balance equations for both H2 and CO are represented by Eqs 22, 23. Note that concentration losses are neglected in this model for the sake of simplicity, which may be justified by the fact that only the polarization behavior near the OCV is of interest for the purpose of this paper, and concentration losses are usually relatively more important at large values of current density. Moreover, an electrolyte supported configuration is assumed, which is expected to make concentration losses even less important.
[image: image]
[image: image]
Exchange current densities (Eq. 19) and (Eq. 20), and Butler-Volmer Eqs 12, 13 are used for the polarization model developed. A similar Butler-Volmer equation is used to model the reaction rate of O2 semi-reaction. For all Butler-Volmer equations, a single-electron charge transfer, with charge transfer coefficient equal to 0.5 is assumed. The kinetic parameters and the functional form of H2 and O2 exchange current densities are the same as in reference (Campanari and Iora, 2005). As already mentioned, [image: image] is assumed equal to [image: image] divided by 2.54, which stems from the calibration procedure shown in Section 3. The ohmic polarization is calculated with Eq. 24, and it only accounts for the ionic resistance within the electrolyte, whose thickness and conductivity are also assumed equal to the values shown in reference (Campanari and Iora, 2005). This assumption may be justified by the relatively large electrolyte thickness considered (150 µm), which arguably allows to neglect other contributions to the overall ohmic resistance.
[image: image]
The total current density, [image: image] is the sum of H2 and CO current densities, as expressed in Eq. 25. The total current density is also equal to the cathodic current density (i.e., oxygen net reduction).
[image: image]
Figure 3 shows the polarization curve near the OCV predicted by the model developed. Note that the contributions of both [image: image] and [image: image] to the overall current density is also shown.
[image: Figure 3]FIGURE 3 | Polarization curve relative to mixture F2 at 800°C. Both H2 and CO contributions to total current density are shown. The model predicts a negative current density for CO semi-reaction at high voltage, which means that CO is electrochemically produced rather than consumed.
The model predicted OCV is 0.97 V, which is the same value calculated using Eq. 21. This can be explained by noticing that when the overall current equals zero, Eqs 22, 23, 25 become equivalent to Eqs 14-16, respectively. Moreover, the model predicts a negative CO current density when the cell voltage is very close to the OCV, meaning that reaction (Eq. 7) is reversed, and CO2 is reduced to CO. This is also expected since either [image: image] or [image: image] must be negative at OCV to satisfy Eq. 25. This means that CO may be produced rather than consumed for cell voltages slightly lower than the OCV, which is counterintuitive for fuel cell operation, where reduced species are expected to always be electrochemically oxidized. Therefore, the potential difference between [image: image] and [image: image] drives an electrochemical WGS reaction, which is directed towards the establishment of chemical equilibrium in the gas mixture. However, when the cell voltage is below a certain threshold (about 0.9 V in this case), the CO oxidation reaction overcomes CO2 reduction, positively contributing to the overall current density.
5 CONCLUSION
In this work, the mixed potential theory is applied to derive analytical equations for the estimation of the OCV in a fuel cell or electrolyzer, when two electrochemical semi-reactions are active on one of the electrodes. The case of H2 and CO co-oxidation (or H2O and CO2 co-reduction) is used as an example throughout the work. The equation found is calibrated and validated using OCV data from literature. The calibration process was used to estimate the ratio of pre-exponential factors of H2 and CO current densities. The resulting value of 2.54 is in line with values suggested and used by other authors for similar operating conditions. Very good matching between experimental and estimated OCV was obtained during model validation for mixtures with low CH4 content (0%–5%). The prediction accuracy was either comparable or better compared to using the equilibrium mixture composition to estimate the OCV. For mixtures with relatively large CH4 concentration (more than 8%), the mixed potential model significantly underestimates the OCV, due to additional H2 produced by SMR, which is not accounted for by the model developed. Conversely, the equilibrium potential model predicts with reasonable accuracy also the OCV generated by mixtures with relatively large CH4 concentration. The results from the calibration procedure are used to develop a polarization model of an SOFC fed with a H2-H2O-CO-CO2 fuel mixture. It is found that a fuel such as CO or H2 may be electrochemically produced rather than consumed when the cell voltage is close to or equal to the OCV.
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