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Abstract

The real-life operation of solid oxide fuel cell (SOFC) system has to deal with fuel contaminants that might reduce even significantly the lifetime of reformer and stack depending on the type and amount of contaminant present in the feed stream.
From a system perspective, detecting and correlating observed stack and reformer performance degradation with fuel contamination is fundamental to implement correctional procedures (e.g., change of clean-up vessels catalysts) and/or trigger alarms to prevent a further contamination of the fuel cell.
In this work, based on own experiments with several fuel contaminants (H2S, HCl, tars, siloxanes), we have developed empirical degradation models that are able to quantitatively correlate the range of degradation rate resulting from known amounts of a certain contaminant type in the fuel stream. Degradation induced by carbon deposition is also assessed using a simulation model.
The techno-economic trade-off of having ultra-stringent purification requirements on the fuel clean-up unit  due to additional operating costs (e.g., for frequent catalysts change) or capital costs (e.g., for vessel over-sizing to accommodate for a larger amount of catalysts and possibly of different types) versus the lifetime of the fuel cell stacks is eventually analyzed. 
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1 Introduction
Dealing with practical fuels in Ni-anode SOFCs introduces the risk of contamination of the fuel cell anode. Especially, biogas from anaerobic digestion and syngas (from biomass and/or coal gasification) contain a wide range of impurities that can be harmful to the SOFC system operation if not properly removed and monitored. In addition to the contaminants that may be present in fuel streams, also carbon-containing species of practical fuels can be potential sources of degradation for SOFCs based on Ni-anode electrodes if the conditions are favorable for the formation of solid carbon from carbon-carrier gasses. This could occur in the cells, but also in the fuel reformer of SOFC systems, in which the typical Nickel-based reforming catalysts are very active towards carbon deposition reactions. 
The segregation of contaminants – including the deposition of carbon – at the three-phase boundary (TPB) can drastically reduce the lifetime of cells and stack. Contaminants can also affect stack components (namely interconnects and sealant). However, the region which is most sensitive to contamination and related degradation is the electrode interface with the electrolyte. Irvine et al. have recently reviewed those key phenomena affecting the dynamic evolution of electrode interfaces and the three-phase, or two-phase, boundary for both air and fuel electrodes of the SOFC [1]. The accumulation of impurities is one of the main sources of degradation, and it can be reversible or irreversible. Impurities that gradually accumulate at the electrode/electrolyte interface reduce, in fact, the electrochemical activity by blocking the reaction sites of the cell. In the case of carbon deposition, the solid deposits in the electrode also reduce the porosity of the structures, thus changing the morphology of the anode and increasing gas transport resistance within the electrode.
In this work, the focus is on the SOFC performance degradation coming from fuel impurities. In particular, we review the effect of sulfur, silicon, chlorine and tar compounds – which are the main contaminants in syngas and biogas fuels – on the performance of Ni-SOFC anodes. In addition to this, also the impact of carbon deposition is assessed. 
Typical contaminants for biogas fuel are reviewed in the work of Papadias et al. [2], while coal syngas contaminants are reviewed in the works of Trembly et al. [3–7] and Haga et al. [8,9]. The issue of tars feeding SOFC has been studied by Aravind et al. [10]. Carbon depositions issues have long been investigated for Ni/YSZ anodes of SOFCs operating with CH4 and other hydrocarbon fuels [11–16]. In fact, Ni has proven to exhibit a very high catalytic activity toward the carbon deposition reactions in the operating temperature range of SOFCs. An overview on solid carbon formation in SOFC anodes by thermochemical reactions is provided in the work of Hanna et al. [17]. Haga et al. [9] have first studied the impact of siloxanes on the Ni-anode, showing fast degradation due to silica deposition. The impact of siloxanes have been recently studied by Madi et al. showing in detail post-mortem characterization of both single cells and a stack tested with D4-siloxane [18,19]. The scientific literature is quite vast on sulfur poisoning on Ni-anodes (Ni-YSZ anodes, especially, but also Ni-ScSZ), which has been the object of experimental and modeling studies since the 1980s [20]. 
Impurities like sulfur, chlorine, siloxanes, and tars will not only interact with the Ni-anode of the SOFC, but also the system performance will be affected by their presence, and in particular the fuel reformer. In fact, the reformer is likely is to act as a trap for contaminants upstream of the SOFC depending on the type of catalyst used (either Ni-based or with noble metal catalysts). Also, the carbon deposition is a well-known issue for the fuel reformer, as the metal catalysts enhance the carbon formation reactions [21,22]. 
In Table 1 a summary of the observed phenomena for each contaminant, or contaminant type, is given.




Although the impact of main contaminants has been already investigated in the literature, and for some of them (i.e., sulfur) exhaustive studies have been presented, a broader picture of the impact of several impurities on the fuel cell performance which also includes an unambiguous definition of degradation for comparing their effects, and how to deal with them from a practical point of view, is still missing to our knowledge. In this work, we attempt to clarify and quantify the impacts of several contaminants that can be found in gaseous fuels of practical interest by comparing them with proper metrics. 
The assessment of degradation induced by sulfur, silicon, chlorine and tar compounds is developed starting from experiments, while the impact of carbon deposition is addressed following a modeling approach. This choice has been made because carbon deposition is not only related to the presence of a specific contaminant (i.e., tars), but it is also induced by particular combinations of physicochemical conditions (i.e., temperature, pressure and composition of gas mixture, but also contact area between gas mixture and Nickel surface, Nickel grains dimension, etc.), which include many variables that an accurate experimental investigation should take into account. An exhaustive experimental study on carbon deposition has never been presented in the literature to our knowledge, and it is out of the scope of this paper. For this reason, a modeling approach has been followed to derive degradation rates induced by carbon deposition that can be compared with that obtained from experimental investigations on contaminants.
After the discussion of degradation induced by contaminants, a case study for the SOFC fed with sewage biogas is presented to show how to deal with the removal of sulfur (H2S) and siloxanes. 

2 Scientific Approach


Methods to directly probe in-situ SOFC degradation at the micro- or even nano-scale during operation are very limited. For instance, El Gabaly et al. [23] performed in operando ambient-pressure X-ray photoelectron spectroscopy (XPS) of a Ni-SOFC electrode to study the different oxidation stages of the Ni phase in an H2/H2O atmosphere. Duboviks et al. [24] analyzed the passivation effects on Ni-CGO electrodes under CO2 electrolysis operation using in operando Raman spectroscopy. 
Hence, we rely mostly on indirect cell/stack performance metrics based on current/voltage measures and impedance analysis to understand degradation. Electrochemical impedance spectroscopy (EIS) and related techniques to analyze the measured spectra is currently the most powerful approach to understanding degradation and identify the underlying physical processes involved in degradation.
This work represents a contribution on the topic of Ni-anode degradation, with a particular focus on the impact of fuel contaminants. We define a metric to calculate degradation that we think is the most sensible way to report on degradation, i.e., the intrinsic degradation rate. 
Gemmen et al. [25] have first discussed on the metrics to use when reporting degradation of SOFC fuel cells and stacks. They report a method to assess consistently degradation rates at the cell/stack level. The benefits and limits of using the area-specific-resistance (ASR) as a performance parameter are discussed. The ASR provides an integral measure of the performance loss. Gemmen et al. highlighted the limitation of using the ASR as a performance metric. In fact, rather than being purely an intrinsic property of the tested cell or stack, it has a dependency from the current.
For long-term experiments (duration tests), the usual way to report degradation is to provide a degradation rate expressed in percentage of voltage reduction with respect to the initial value; everything normalized to 1,000 hours of operation. The mathematical formulation for the overall degradation rate is:
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where the time variables, , are expressed in hours. The main drawback of the above-calculated degradation rate is that of not providing information on the actual current density at which degradation occurred. 
We derive below a formulation that provides instead the intrinsic degradation rate () of the cell or stack. First, it was assumed that degradation can be approximated by an increase over time of the Area-Specific-Resistance () of the cell or stack:
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where the term d denotes the intrinsic degradation rate of the fuel cell, which in general is not a constant, it rather depends on time and/or other variables. The degrading voltage trend over time is thus expressed as:
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The additional assumption here is that a constant OCV is maintained through the experiment (i.e., degradation does not affect the OCV of the cell).
We propose a sound definition of ‘degradation’ that is calculated as the time-derivative of the operating voltage divided by the current density (so instantaneous degradation is the rate of change of voltage adjusted for current density). By taking the first derivative over time of Eq. 3, and dividing by the current density, we get the following expression:
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Hence, the term  attempts to describe consistently intrinsic degradation. To have a positive number for degradation, we can simply take its value with a sign change.
In the following of this work, the observed degradation will be reported – whenever meaningful – in terms of intrinsic degradation. The advantage of intrinsic degradation against overall degradation is that it decouples the effect of current density that is embedded in overall degradation instead. 
It is worth mentioning that intrinsic degradation rate is a sensible way to report degradation only for those processes for which a time-progressive increase of the cell internal resistance occurs. This is the case of contaminants, which deposits foreign particles (e.g., silica in the case of siloxanes) on the Ni surface. Degradation from C-deposition might also be described in this way.
In the case in which the deposition rate of the contaminant species is constant with fixed SOFC operating conditions (i.e., current, temperature, etc.), the degradation rate also assumes a constant value and the ASR evolution (see Equation 2) is linear over time. This is the case of poisoning micro-silica deposits from siloxanes.
When the degradation rate is not a constant, rather it varies over the time, the ASR evolution is not linear. This is the case of carbon deposition; in fact, the rate of formation of carbon deposits progressively reduces over the time due to the coverage of Nickel sites that catalyze the deposition reactions. It is worth noting that in this case the intrinsic degradation rate is a time-dependent indicator and must be intended as a function that describes the trend of the degradation over the time.
For degradation mechanisms that involve a (partially reversible) deactivation of the Ni active area, the meaningful way to report degradation is to provide the observed voltage drop over initial voltage:
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This is the case of contamination from H2S, HCl, and tars, which might be responsible for a sudden voltage drop due to coverage of Ni atoms. The same contaminants, if present in the anode feed for prolonged periods, can produce irreversible degradation that should be reported in terms of intrinsic degradation rate instead.

3 Experiments
A detailed description of experimental test-rigs can be found in our previous works [19,26]. 
Raw experimental data for degradation calculation in the presence of siloxanes were taken from Refs. [19,27]. Data for H2S contamination have been taken from Refs. [27–30]. Data for tars were taken in the framework of the EU project SOFCOM (www.sofcom.eu) and Ref. [31].

4 Results
Results are shown in Fig. 1 for D4 contaminant. The intrinsic degradation rate has been correlated with the total Silicon load reaching the Ni-anode. For instance, the average Silicon content measured in a wastewater treatment plant located in Torino (IT) is about 5 mg tot. Si Nm-3 in the raw biogas (this amount in D4-equivalent corresponds to about 1 ppm(v)). Shall this amount reach the SOFC stack, the expected overall (voltage) degradation at 0.3 A cm-2 would be over 50% per 1,000 hr (at 5 mg tot. Si Nm-3, the intrinsic degradation rate is 1.56 mΩ cm2 hr-1 according to Fig. 1, which corresponds to a voltage degradation of 0.468 V over 1,000 hr; the ΔV is simply calculated by multiplying the intrinsic degradation rate, with units of measurement given below, by the current density). Hence, siloxanes should be fully removed from the raw biogas prior to feeding the fuel cell in order to avoid a fast failure of the SOFC stack. 
Figure 1
A similar impact is also observed on the performance of Ni-catalyst used for steam reforming of biogas. Fast irreversible degradation of the reformer occurs due to silica deposition on the Ni-structure. 
In Fig. 2 results are shown for the observed voltage drop over initial voltage (ΔV/V) for different contaminants for which fast Ni active deactivation occurs. For a given contaminant amount, S-deactivation is the most severe, while Cl-contamination is very modest even at relatively high HCl concentrations. 
Figure 2
Sulfur affects Ni-based fuel cell mainly with an adsorption mechanism that is almost reversible depending on the sulfur concentration and on the time of recovery. The impact on SOFC performance is mild if the concentration of sulfur is 1 ppm. 
The impact of aromatics, naphthalene, and toluene, is high on SOFC performance. Especially, C10H8 yields a fast deactivation (coverage) of the Ni surface. 



5. Carbon deposition study
The metric introduced for describing the degradation induced by contaminants can also be applied to the evaluation of the intrinsic degradation in the presence of carbon deposition. A case study based on simulated data obtained by a simple carbon deposition model is reported in this section.
Before addressing the modeling approach followed, a brief overview on carbon deposition is given in the following lines. 
In general, carbon deposition identifies the phenomenon of formation of solid carbon within SOFC electrodes. The carbon coking leads to two deleterious effects in SOFCs: catalyst covering and pore blocking. The first effect is related to the reduction of the TPB area due to the physical coverage of the catalytic surface of electrodes due to the deposition of a carbon layer on it. The second consists in the progressive accumulation of solid carbon in the porous electrode structure of the anode that increases the transport resistance for gas species diffusing toward the TPB. Both the effects contribute to decreasing the SOFC performance. Moreover, the accumulation of carbon deposits generates mechanical stresses in the cell, which can eventually lead to the formation of fractures in the cell structure. 
Modeling the degradation induced by carbon deposition requires deriving mathematical formulations for these phenomena. Degradation models can be developed at different levels of detail and can include different descriptions of the phenomena depending on their complexity and goals. In particular, the performance degradation due to pore blocking is an effect that can be included only in models that take into account gas diffusion in the electrodes, while Ni covering can be considered in models that include terms related to the electrochemical activity of SOFC anode. In this work, the degradation due to carbon deposition has been evaluated through a 0D model of an SOFC which does not include a gas diffusion mechanism. Thus only the Ni surface coverage has been taken into account.
Several reaction mechanisms have been proposed for the solid carbon formation from carbonaceous gas mixtures in SOFCs [32]. Typical SOFC mixtures contain C atoms in CO, CO2 and CH4 molecules that can be involved in carbon depositions reactions. In particular, CH4 can directly lead to coke formation by methane cracking:
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Carbon monoxide can be converted into carbon and CO2 by the Boudouard disproportionation reaction:
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Another reaction mechanism that can lead to the formation of solid carbon is the reduction of carbon monoxide by hydrogen [33]:
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In the study of Li et al. [34] it was also speculated that deposited carbon could be directly produced or consumed by the following electrochemical reaction at TPB:
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Among the reactions listed above, methane cracking (6) and Boudouard reaction (7) are those identified in the literature as the major pathways for carbon deposition on Ni-based catalysts and SOFC anodes [26,35]. Therefore, only these reactions have been included in the model presented.  
In the SOFC literature, the most common modeling approach followed to describe carbon deposition is based on the thermodynamic equilibrium analysis. This approach provides a measure of the distance from equilibrium of selected reactions by coefficients that are functions of partial pressures of chemical species and equilibrium constants. Examples are given by the studies of Vakouftsi et al. [36] and Wang et al. [37]. Other equilibrium-based analyses are performed on the basis of the Gibbs-free energy minimization [38,39]. These studies consider an element balance of the species, thus including all the possible reactions between the species. All the modeling approaches based on thermodynamic equilibrium are focused on predicting the possibility of carbon deposition, and if applied in multi-dimensional models allow to highlight the areas of the electrode where the risk of carbon deposition is higher. However, very few studies approached the problem of evaluating the amount of carbon deposited in SOFC electrodes when carbon formation occurs and the consequent effects on cell performance. The equilibrium approach is not sufficient for this type of analysis, and the study of the kinetics of carbon formation reactions is needed in order to evaluate the rates of deposition.
The model developed in this work is based on the equilibrium approach for determining the conditions at which carbon forms solid deposits, and on a kinetic approach for calculating the rate of carbon deposition within the anode structure when the carbon formation occurs. 

A zero-dimensional isothermal model of an SOFC operating in direct internal reforming of methane has been implemented in Comsol Multiphysics in order to show a significant case study for degradation from carbon deposition in Ni-anodes SOFCs. 
The input variables of the model are cell temperature, the composition of the fuel entering the SOFC, cell current, and reactant utilization. The model imposes that the fuel gas mixture is in equilibrium conditions at the inlet and outlet of the anode, and that inside the electrode hydrogen is converted to water by electrochemical oxidation. The composition of the fuel stream at the anode inlet is calculated by imposing the equilibrium for steam-reforming, water gas shift, methane cracking and Boudouard reactions, following the approach described in [40]. The composition of the inlet equilibrium mixture is then modified by imposing that a fraction of the hydrogen is converted to water by electrochemical oxidation. The amount of hydrogen converted is calculated using the Faraday’s law. The composition of the fuel stream at the outlet of the anode is finally evaluated by imposing the equilibrium for the four chemical reactions previously considered at the inlet. 
On the basis of the calculated fuel compositions, the carbon activities related to methane cracking and Bouduard reactions at cell inlet and outlet are evaluated using the coefficients defined by Klein et al. [41], which provide a measure of the distance from equilibrium of the carbon deposition reactions:
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where KB and KC are the equilibrium constants of reactions (6) and (7), and the partial pressures are those evaluated at the equilibrium. When α or β is < 1, the related reaction is not yet at equilibrium and proceeds in the direction that brings the coefficient to 1, thus toward the formation of solid carbon. When both the reactions take place simultaneously – as assumed in the model – the definition of α and β is not sufficient to give a prediction on the formation of carbon, as solid carbon is produced by one reaction and consumed by the other. The combined effect of both reactions is taken into account in the model by a coefficient γ given by the product of α and β [41,42]:
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When γ is < 1, the formation of solid carbon is thermodynamically favored, and carbon deposition occurs. 
It is worth noting that in the calculation of the equilibrium constants KB and KC, solid carbon has been considered as graphitic, as in the most of the literature. Very few studies have taken into account different forms of carbon; for example, the work of Cimenti and Hill [43] included amorphous carbon in addition to graphite. In general, the thermodynamic properties of carbon depend on the form in which it is deposited (i.e., graphite, amorphous, filament); thus, a detailed model should also consider the different types of carbon. The study of Lee et al. [44] has shown that using either the properties of graphite or those of catalytically grown carbon fibers for the evaluation of the carbon activity of methane mixtures leads to minimal differences in carbon formation predictions, while in the case of higher hydrocarbons mixtures (e.g. methanol and propane) leads to greater prediction discrepancies. Therefore, the use of graphite thermodynamic properties when evaluating the carbon formation at equilibrium from internal reforming of methane can be considered an acceptable assumption.
Once the possibility of carbon formation at cell inlet/outlet has been evaluated using the γ coefficient, it is necessary to evaluate the rate at which carbon deposits. In the model, a global kinetic approach has been applied, which defines a global carbon deposition rate as:
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where  is the molar concentration of the deposited carbon (mol m-3 s-1), a represents the electro-catalytic activity of Nickel (i.e., value between 0 and 1; 1 if no carbon is deposited and the catalyst is fully active, 0 if the catalyst is inactive because completely covered by carbon) and  (mol m-3 s-1) is the rate of carbon formation of the i-th reaction considered (i.e., methane cracking or Boudouard reaction). In the model, the carbon formation rate of the methane cracking reaction is taken from the work of Zavarkuhin and Kuvshinov [45], while the rate of Boudouard reactions is derived from Snoeck et al. [46]. The normalized parameter a in equation (13) is assumed to be directly proportional to the Nickel surface free from carbon coverage in the TPB of the cell. When carbon deposition occurs, a parameter becomes lower than unity and both the electrochemical and chemical reactions – which are catalyzed by Nickel – decrease their rates due to the reduction of the active surface within SOFC electrode. Also the carbon formation reactions are catalyzed by Nickel, thus their rates decrease with the reduction of the available Nickel surface, and consequently the growth rate of the deposited carbon progressively diminishes with time. In the model, the rate of deactivation of the Nickel surface depends on the carbon deposition rate and concentration of deposited carbon following the relation given by Zavarukhin and Kuvshinov [45]:
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where ka is an attenuation constant experimentally determined. 
The cell polarization is calculated based on the electrochemical fuel cell mathematical model presented in our previous work [47], in which isothermal cell operation is assumed, mean values for the partial pressure of each species are used by averaging the inlet ad outlet compositions previously calculated and the diffusive effects are neglected.  In the polarization model, the linear dependence of the anode exchange current density on the electro-catalytic activity of Nickel has been assumed:
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The activation overpotential of the hydrogen electrochemical oxidation is a function of the exchange current density of the anode (see equation 16). Thus, when carbon accumulates within the electrode, the activation overpotential progressively increases due to the reduction of the electro-catalytic activity of Nickel, and consequently the cell voltage decreases.
	
	
	(16)



In this way, the model is able to evaluate the evolution of the cell voltage with time when carbon deposition occurs. From the trend of the cell voltage, it is possible to extrapolate the intrinsic degradation rate (see Equation 4) of the SOFC and relate it to the imposed conditions of temperature, inlet composition and reactant utilization. 
The model is applied to a case study of carbon deposition in an SOFC operating in internal reforming conditions. Simulations were run for an H2/H2O/CH4 mixture feeding the anode of the cell with a steam-to-carbon ratio fixed to 1 and variable CH4 concentration. The cell (100 cm2) is assumed to operate at 750 °C with fixed current density (0.2 A cm-2) and fuel utilization (70%). No recirculation is performed, and the air is assumed to be the oxidant on the cathode side.
It is worth noting that such a low steam-to-carbon ratio has been considered in order to investigate conditions in which the carbon deposition is thermodynamically favored; however, this is clearly not a realistic operating condition. Water plays a fundamental role in reducing the risk of carbon formation. In fact, steam reacts with CH4 in the steam methane reforming (SMR) reducing the methane concentration and consequently the rate of methane cracking. Moreover, H2O takes part into the water gas shift reaction, which reduces the CO concentration of the mixture, and thus the rate of Boudouard reaction. The most critical conditions for carbon deposition are reached at cell inlet, where there is the minimum water concentration, while at the anode outlet the water fraction is higher due to the electrochemical conversion of H2 to H2O. Simulations confirm that γ is < 1 at cell inlet in the investigated conditions, and it assumed that carbon starts depositing from the anode inlet and progressively covers the surface of the electrode moving toward the cell outlet. Only detailed multi-dimensional models would allow overcoming this assumption and identifying the points of the electrode locally affected by carbon formation. 
The intrinsic degradation rates obtained from simulations at different C/H ratios are shown in Fig. 3. The degradation is correlated with the C/H ratio of the inlet mixture and decreases with time, as the catalyst deactivation rate progressively diminishes with the increase of deposited carbon. The rate of degradation is maximum at the initial time and reaches values higher than 0.5 Ω cm2 h-1 for C/H ratios higher than 0.13. Higher C/H ratios induce faster degradation mainly due to methane cracking reaction, which is favored for high concentrations of CH4 and low concentrations of H2 (i.e., the high partial pressure of reactant and low of the product). 
Figure 3
A mixture with a C/H ratio of 0.16 induces an initial degradation of 0.6 Ω cm2 h-1, which corresponds to a voltage drop of 120 mV/h for a cell operating at 0.2 A/cm2, while for a C/H ratio near to 0.1 the degradation rate is 10 times lower (voltage drop ~ 10 mV/h).
Figure 4 shows the time evolution of the intrinsic degradation rate at different C/H ratios. Also, this figure shows the faster degradation rates for higher C/H mixtures. 
Figure 4
The intrinsic degradation trends depicted in Figure 4 can be described by a family of power curves with equation , where the coefficients m and n can be related to the C/H ratio by fitting the power law to the simulated curves. From the fitting it is possible to identify the equation of the intrinsic degradation:   
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Equations (17), (18a) and (18b) are valid for H2/H2O/CH4 mixtures at 750°C, but different functions must be derived when changing temperature and species composition of the fuel inlet. The black lines of Figure 4 show the fitting curves from which the intrinsic degradation function is obtained; it is possible to see that the function gives a better approximation for higher C/H ratios.
The intrinsic degradation rate functions derived from simulations could be applied to evaluate the effect of off-design conditions on SOFC performance and to estimate its economic cost on plant operation.

6 Case study: sulfur and siloxanes removal in sewage biogas

A case study is reported below for the removal of H2S and siloxanes from sewage biogas. The raw biogas concentrations for the two contaminants are 30 mg H2S Nm-3 and 5.0 mg tot. Si Nm-3, respectively (5.0 mg tot. Si Nm-3 corresponds also to 13.2 mg Nm-3, or 1 ppm(v), of D4). The removal is carried out through adsorption beds based on activated carbons (AC). For siloxanes removal, the overall Silicon amount is modeled through an equivalent amount of D4-compound (in WWTPs, D5 and D4 are the most abundant siloxanes found in biogas).
The clean-up layout is based on two series-connected vessels, each one filled with an adsorbent material (activated carbon) selective for the removal of only one contaminant. 
The adsorption kinetics is modeled through the Langmuir isotherm:
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where  is equilibrium amount of contaminant adsorbed on the solid sorbent material (measured in mg g-1),  is the corresponding saturation value,  is Langmuir kinetic constant (L mg-1) and  is the contaminant concentration in the feed gas (mg m-3). 
For H2S removal, adsorption kinetics data were taken from the work of Xiao et al. [48]. For D4 removal, kinetics data were taken from the work of Ricaurte Ortega and Subrenat [49]. A summary of kinetic data used to model the biogas clean-up unit is given in Table 2. The resulting breakthrough time, tb, is also given in Table 2. The breakthrough time has been calculated for a biogas flow rate of 51 Nm3 hr-1 and a catalyst amount of 250 kg per vessel. (The biogas flow rate is sufficient to feed a 174 kW electric SOFC, assuming a CH4 vol. the fraction of 64%).
In Table 3, economic considerations for the operating cost (OPEX) of the clean-up beds are given. To remove the above-mentioned amounts of H2S and D4, the overall OPEX would be around 35,000 $ yr-1. Taking into account a capacity factor of the SOFC of about 95%, the specific operating cost for the clean-up beds is calculated as 2.4 $cent kWh-1 (electric), which corresponds to 2.1–2.2 €cent kWh-1 (the average euro-dollar conversion in 2015 was ~0.90). For instance, in EU-28 the average electricity price for medium-size industrial users is almost 9 €cent kWh-1 (without taxes). Therefore, integrated biogas-SOFC plants should compete against this value (it is worth noting that some extra revenue results for the SOFC running in CHP mode due to heat recovery from the exhaust stream).  

7 Conclusions

A variety of contaminants must be dealt with when practical fuels alternative to Natural Gas are considered. For instance, H2S and siloxanes are the most abundant contaminants for sewage biogas. In the case of bio-syngas from biomass gasification, tars are relevant. For coal syngas, H2S and HCl are found at very high concentrations. In general, all the carbon-containing fuels can lead to carbon deposition on Ni-anodes in particular conditions. In this work, we review the main degradation mechanisms related to the above-mentioned contaminants and their interaction with the Ni-anode. We also provide a quantification of degradation and/or deactivation for each single contaminant. Except for HCl, the impact of the contaminant on the SOFC performance is always dramatic. Therefore, a deep clean-up of the incoming raw gas feed (biogas, bio-syngas or syngas) and a careful control of carbon formation boundaries in the SOFC and system components (i.e., fuel reformer) must be carried out. We present results for a case study that involves sewage biogas. We provide a preliminary sizing and performance of two series connected adsorption beds for the removal of H2S and D4 (siloxane). The calculated OPEX of the clean-up unit is above 2 $cent kWh-1, which is quite a high penalty in terms of the overall plant profitability. The considered sorbent materials are activated carbons. Better sorbents, especially in terms of sulfur capacity and kinetics of adsorption, are required to yield OPEX below 1 $cent kWh-1. Recently, a target value of 1 $cent kWh-1 has been indicated by some manufacturers for the near term, while OPEX <0.5 $cent kWh-1 would be required in the long term to make integrated biogas SOFC systems highly competitive [50].


List of Symbols
AC, Activated Carbons,
ASR, Area Specific Resistance,
C/H, Carbon to Hydrogen ratio,
CHP, Combined Heat and Power plant,
OPEX, OPerating EXpenditure,
SOFC, Solid Oxide Fuel Cell,
TPB, Three Phase Boundary,
WWTPs, Waste Water Treatment Plants,
XPS, X-ray photoelectron spectroscopy.
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Tables
Table 1. Degradation mechanism(s) and impact of different fuel contaminants

	Contaminant type
	Degradation / deactivation type (time scale)
	Mechanism(s)
	Impact on SOFC performance

	Sulfur (e.g., H2S)
	Adsorption of S on Ni sites (fast); Ni surface reconstruction (slow)
	S-adsorption: almost fully reversible; performance drop depends on equilibrium S-coverage of Ni
	Mild

	Chlorine (HCl)
	Adsorption of Cl on Ni sites (fast); Ni surface reconstruction due enhanced Ni mobility (intermediate)
	Cl-adsorption: reversible and with lower Ni coverage compared to S.
Redistribution of Ni particles that might even enhances TPB rather than reducing it
	Low / Negligible

	Siloxanes – linear and cyclic volatile methyl siloxanes (e.g., D4, D5)
	Silica condensation on Ni-anode and interconnector
	Siloxanes are thermally decomposed to form SiO2 on the anode surface (and the interconnector); irreversible degradation
	Very High

	Tars (toluene, naphthalene)
	Carbon deposition (fast); Ni deactivation due to coverage (fast)
	Carbon growth (whiskers, mostly) plugging and destroying the anode structure; Ni coverage by intermediates produced during the tar reforming is also observed for C10H8 
	High

	Carbon-containing species under particular conditions (i.e. low H2O:CnHm ratio, temperature)  
	Carbon deposition (slow/fast depending on conditions); Ni deactivation due to coverage (slow/fast) and pore blocking (slow).
	Growth of carbon deposits either covering Ni surface (film) or plugging the anode structure (filaments); TPB deactivation (film) and increased gas diffusion losses (filaments).
	Low/High (depending on conditions)

	D4 = C8H24O4Si4; D5= C10H30O5Si5; toluene = C7H8; naphthalene = C10H8.













Table 2. Kinetic data of sorbent materials for H2S and D4 removal; calculation of the breakthrough time
	
	C0 (mg m-3)
	KL (L mg-1)
	qs (mg g-1)
	qe (mg g-1)
	tb (day)

	H2S sorbent
	30.0
	18.0
	9.4
	3.3
	22.4

	D4 sorbent
	13.2
	0.23
	1667.0
	5.1
	78.1











Table 3. Economic considerations for the operating cost (OPEX) of the clean-up beds
	
	tb (day)
	Consumption (kg yr-1)
	Unit Cost ($ kg-1)
	OPEX ($ yr-1)

	H2S sorbent
	22.4
	4,066
	7.5
	30,497

	D4 sorbent
	78.1
	1,169
	3.5
	4,091






Figure captions

Figure 1. The intrinsic degradation rate of Ni-anode fuel cell in the presence of siloxanes (operating temperature = 750 °C).
Figure 2. Ni-anode deactivation in the presence of H2S, HCl, C7H8 and C10H8.
Figure 3. Intrinsic degradation rate in the presence of carbon deposition (cell inlet).

Figure 4. Time evolution of intrinsic degradation curves at different C/H ratios.
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