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Abstract

Future electricity production will use fossil-free sources with zero CO2 emission or closed 
carbon cycle technologies based on renewable sources. While hydrogen is considered a key 
energy source, its production at present time relies heavily on fossil fuels. Furthermore, 
distribution and storage are not well established and require substantial investments. This 
is a strong motivation to identify alternative, safe, high power density hydrogen carriers, 
where existing logistics and infrastructure can be utilized. In this contribution, ammonia 
and biogas are considered for high-efficient electricity production in solid oxide fuel cells 
(SOFCs). It is demonstrated that the properties and operating conditions of SOFC allow for 
direct use of these fuels, with fuel pretreatment inside the SOFC anode. The high efficient 
electricity production using pure ammonia or real biogas was successfully proven on state-
of-the-art SOFCs. Even without optimization of operating parameters, electrical 
efficiencies of 40-50% and high and stable power output were demonstrated.  
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Introduction 

Fuel cells convert the chemical energy contained in a fuel into electricity and heat with 
high electrical efficiencies, which are not limited by the Carnot cycle, as conventional 
combustion technologies [1]. Hydrogen is considered an important fuel for the future [2]. 
At present, hydrogen is mainly obtained from fossil fuels through reforming, partial 
oxidation or gasification (see review articles in references therein [2, 3]). Future concepts 
will involve electrolysis of steam using electricity from renewable sources and usage of 
alternative feed stocks such as biomass [2, 3, 4]. The current lack of a wide spread 
hydrogen production based on renewable technologies, of storage and distribution 
infrastructures, the low energy density per weight/volume, and safety concerns are 
motivating factors to investigate usability of alternative hydrogen carriers, both, short-
term and long-term options. 

Among the different existing fuel cell types, solid oxide fuel cells (SOFC) stand out with the 
advantageous feature of fuel flexibility, i.e. they are not limited to a single fuel such as pure 
hydrogen. This ability to utilize for example carbon containing gases or liquids make SOFC 
suitable for a large variety of applications making use of the existing fuel logistics and 

 International Journal of Hydrogen Energy 

Post print 



2 
 

infrastructure, including remote locations. They are an attractive option for the transition 
periods when energy technologies are moving towards renewable energy systems and for 
the future energy systems, which will be based on renewables, solely. 

The European Union has the goal to significantly reduce greenhouse gas emissions by 40% 
in 2030, and by 80% to 95% in 2050, both as compared to 1990 levels [5, 6]. The fuel 
flexibility of SOFC allows for even more reduction of the CO2 footprint of the fuel or for a 
closed carbon cycle. First demonstration and commercial units based on SOFC typically 
use natural gas for stationary applications [7, 8]. Due to the high electrical efficiencies, the 
needed amounts of the fossil fuel natural gas is reduced as well as greenhouse gas 
emissions as compared to combustion of natural gas. The highly efficient usage of natural 
gas is only one step for reducing emission of CO2, but far from sufficient. Fuels with a 
lower CO2 footprint than natural gas, with a closed carbon cycle, or carbon-free fuels need 
to be considered. Biogas and ammonia are two examples for attractive fuels solving such 
challenges. State-of-the-art (SoA) SOFC anodes are composed of a composite between 
nickel and yttria stabilized zirconia (Ni/YSZ cermet), nickel being a catalyst, which can – 
similar to large-scale catalytic reforming processes [9, 10] – reform hydrocarbons with 
steam or CO2 within the SOFC anode [11, 12]. This functionality can also be utilized when 
using biogas [13, 14, 15, 16] as an available fuel in a fossil-free energy scenario. The 
catalytic activity of the SOFC anode is not restricted to the reforming of hydrocarbons. In 
fact, it is also active for the cracking of ammonia, another interesting fuel. Previous 
preliminary studies have shown that ammonia can be used as fuel in SoA SOFCs [17, 18, 19, 
20]. 

The article presents the opportunities of using alternative hydrogen carriers like biogas 
and ammonia as SOFC fuels in the light of physical properties, availability, and achievable 
electrical efficiencies. The applicability of these fuels will be demonstrated through tests at 
SOFC cell level. 

Availability and physical/chemical properties of ammonia and biogas 

Ammonia 

Ammonia is among the top synthetic products worldwide and produced in hundreds of 
millions of tons per year. It is an important intermediate for the production of fertilizers, 
polymers, pharmaceuticals and other chemicals. Millions of tons of ammonia are stored, 
transported, and handled every year with a well-established infra structure, safety 
procedures, and a proven safety history [21, 22, 23]. While at present day, hydrogen for the 
production of ammonia origins from fossil sources, intensive effort is devoted to identify 
routes for fossil-free (hydrogen) ammonia (see for example a recent review [24]), mainly 
based on electrolysis. The electricity may come from renewable sources such as wind or 
solar power.  Ammonia is not corrosive, not explosive nor highly flammable, and it can be 
stored at moderate pressures (typical gas cylinder pressures are 8 bar). Among other 
favourable properties in regard to use as a fuel, the high power density per weight and 
volume can be mentioned (values for conventional fuels and hydrogen see Table 1). The 
potential of ammonia as hydrogen carrier was recently reviewed with the focus on a later 
re-use as hydrogen [25]. In the present context, the potential of direct use as ammonia in 
an SOFC is discussed. 
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Table 1 Energy densities of conventional and potential alternative fuels 

Fuel Energy density Reference 

Ammonia HHV 22.5 MJ/kg [26] 

Ammonia 11.5 MJ/L [26] 

Compressed H2 at 690 

bar and 15°C 

4.5 MJ/L [26] 

Gasoline 46.4 MJ/kg / 34.2 MJ/L [26] 

Diesel 48 MJ/kg/ 35.8 MJ/L [26] 

Natural gas/methane 55.5 MJ/kg(HHV), 50 MJ/kg(LHV) [26] 

Also for use as fuel in an SOFC, ammonia has to be cracked into hydrogen and nitrogen 
(see Equation 1), if hydrogen is the species to be oxidized in the SOFC. The difference to a 
re-use as hydrogen is that such a cracking can occur inside the SOFC (see later discussion). 
From a thermodynamic view, this reaction progresses at the typical operating temperature 
of SOFCs. The commercial software FactSage was used for all thermodynamic calculations 
[27]. Figure 1 shows the equilibrium compositions at temperatures between 200 and 1000 
oC. The decomposition of ammonia into nitrogen and hydrogen increases with increasing 
temperature. Already from 400 oC, this decomposition is nearly complete. When 
approaching typical SOFC operating temperatures of 750 to 850 oC, only ppm levels of 
ammonia are left in the thermodynamic equilibrium (only 100 ppm ammonia at 850 oC 
(see Figure 1). The decomposition is endothermic and can thus be favourably integrated 
with the exothermal electrochemical reaction in the SOFC to boost the overall system 
efficiency. 

Equation 1    H(298K)= 92KJ/mol [28] 
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Figure 1 Thermodynamic equilibrium of the ammonia decomposition, calculated using the 
commercial software FactSage (Equation 1). 

Further, the kinetics of ammonia decomposition has to be considered. The SOFC operating 
temperatures of 750-850 oC are in favour of a fast reaction. SoA SOFC anodes consist of 
Ni/YSZ cermets, which can act as a cracking catalyst. In order to investigate the cracking 
activity of SoA SOFC anodes, the gas composition leaving the SoA SOFC when introducing 
pure ammonia or H2/N2 at the inlet was analysed with a mass spectrometer. The results 
are shown in Figure 2. First, a mixture of hydrogen and nitrogen with a ratio of 3/1 was led 
to the SOFC and the expected signals measured at the outlet. The columns corresponding 
to the mass spectrometer signal of hydrogen and nitrogen have the expected intensities of 
3/1. Afterwards, the inlet gas was changed to pure ammonia and the mass spectrometer 
signal intensities were measured at the outlet. No signal for ammonia was measured, 
which indicates that ammonia indeed was completely cracked at the conditions of 850 oC 
and the used SOFC generation at open circuit voltage (OCV). Under OCV, the anode acts as 
a pure catalyst, i.e. no electricity is produced. This was also confirmed by the mass 
spectrometer signals for hydrogen and nitrogen, which show the expected intensity ratio of 
3/1 (see Figure 2). Analysing the inlet gas composition just before entering the SOFC 
anode compartment, ammonia was still detected, which proves that the cracking happens 
mainly at the catalytic sites inside the SOFC anode and not in the gas pipes leading to the 
SOFC. Furthermore, no formation of NO, NO2, or N2O was observed by following the 
respective mass signals, i.e. no toxic NOx are formed from ammonia under the applied 
conditions – in contrast to conventional combustion. 



5 

Figure 2 Mass spectrometer signal for NH3 (mass number 17), H2 (mass number 2), and N2 
(mass number 28) when leading either a mixture of H2+N2 with a ratio of 3/1 or NH3 to the 
SOFC at 850 oC, analysed at the SOFC outlet. 

The thus formed hydrogen can react in the SOFC to form steam as the only product (see 
Equation 2 and Equation 3 for the overall SOFC reaction). Thus, no CO2 is emitted during 
this process, which can be considered advantageous when aiming at zero emission 
applications. In other words, the SOFC allows for electricity production with no local CO2 
emission with ammonia fuel, in the same way as when using hydrogen. 

Equation 2 

Equation 3 

Biogas 

Biogas is the product of anaerobic digestion of organic matter, for example plants, manure, 
sewage sludge, and organic wastes from industry and households. It is mainly composed of 
methane and CO2 – both are strong greenhouse gases – and is produced at large scale 
throughout Europe and worldwide from different biomass sources. The methane can be 
considered a sustainable energy carrier. In 2016 the total electricity production from 
biogas was significant 62.5 TWh in the European Union [29]. Further increase is projected 
for the future [30]. As the present-day technology is mainly based on combustion, the 
energy content of biogas is not at all used most efficiently. Furthermore, not all available 
biogas can be used for combustion and the energy content is thus wasted, particularly for 
biogas compositions with low heating value. In those cases even the addition of fossil fuels 
like natural oil or gas is employed in a combustion process. 
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Wastewater treatment plants and landfills represent the largest share of biogas sources. 
Biogas from landfills had a share of around 17-21% of the total biogas production of the 
European Union and is thus a significant energy source [29, 31]. It is an attractive biogas 
option because the production does not require investments in treatment plants and the 
running costs, as it is the case for wastewater treatment. Landfills store human leftovers 
that have been stripped for recyclable, usable components (for example for recycling or 
combustion in dedicated power plants). Over time, at the ca. 30 year scale, the waste is 
naturally evolving biogas. In order to protect the environment from emission of gasses or 
liquids into the surrounding environment, these landfill sites are well isolated in European 
countries. The naturally evolving biogas is collected in pipes and can be used in 
combustion engines. Over time, the composition of CO2 and CH4 in this biogas changes; 
the content decreases, which requires frequent substitution of combustion engines tailored 
for the actual composition. Eventually, the heating values becomes too low for direct 
combustion and the energy content in the biogas is wasted or costly fossil fuels have to be 
added. On the other hand, waste deposition sites are a worldwide challenge because they 
are in some regions left open to the air, thereby emitting substantial amounts of 
greenhouse gasses, for example in Asian countries. This poses an environmental threat and 
wastes a significant energy resource. 

The raw biogas contains various impurities at concentration levels that usually need to be 
lowered to increase durability of any equipment that utilizes biogas, for example electrical 
generators. Examples of biogas compositions from different sources are given in Table 2. 
Of all contaminants in biogas, the presence of sulphur, siloxanes and halogenated 
compounds are most harmful to SOFC and other exploitation technologies. 

Table 2 Examples of biogas compositions from different biogas plants [32] 

Composition Biogas 

natural gas waste water food waste animal 
waste 

landfill 

methane (vol%) 80-100 50-60 50-70 45-60 40-55

carbon dioxide (vol%) <3 30-40 25-45 35-60 35-50

nitrogen (vol%) <3 <4 <4 <4 <20 

oxygen (vol%) <0.2 <1 <1 <1 <2 

H2S (ppm)* <0.1 <400 <10000 <300 <200 

non H2S sulphur (ppm) <10 <1 <1000 <30 <30 

halogens (ppm) <0.1 <0.2 <0.2 <0.2 <100 

moisture (%) <0.02 ~3 ~3 ~3 ~3 

* H2S removed during the processing step
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As for all hydrocarbons to be processed at elevated temperatures, the thermodynamically 
favoured formation of carbon has to be considered as function of temperature. In Figure 3, 
the carbon formation is shown as function of carbon/oxygen/hydrogen composition and of 
temperature (lines with different colours). From a thermodynamic point of view, carbon is 
formed in all those compositions of C/O/H, which lie above the lines for a specific 
temperature. This so-called carbon formation window decreases with increasing 
temperature. The two main factors that determine carbon formation of any gas 
composition containing C, O, and H are thus the temperature and the content of oxygen 
and hydrogen. Carbon formation decreases with increasing H and O in the compounds. 
The two symbols in Figure 3 mark two specific cases: methane (natural gas) and a biogas 
composition of CH4 to CO2 of 1:1 as example for a typical biogas. Clearly, carbon formation 
is a risk with the given compositions. This risk is reduced by adding hydrogen/oxygen 
containing reactants such as steam or CO2 – called reforming agents - to natural gas or 
biogas. Furthermore, even though thermodynamic calculations (as shown in Figure 3) 
predict the limit for the carbon formation window, the situation can be different in real 
SOFC cells and stacks, due to local gradients of temperature or gas composition. Therefore, 
excess of reforming agents is always provided, i.e. more oxygen/hydrogen is added than 
theoretically needed according to Figure 3. 

In order to leave the thermodynamic carbon formation window, the reforming agents CO2 
(dry reforming) or H2O (steam reforming) are added as shown in Equation 4 and Equation 
5, respectively. As mentioned, the catalytic properties of SoA SOFC anodes, which contain 
nickel, should allow for these reforming reactions to proceed internally in the SOFC. 

 Equation 4 224 22 HCOCOCH  H(298K)= 247.3 KJ/mol 

 Equation 5 224 3HCOOHCH  H=(298K)=206 KJ/mol 



8 

Figure 3 Thermodynamics of carbon formation at different temperatures including the biogas 
mixture 50% CH4 plus 50% CO2  and natural gas 100% CH4. Calculations were done using the 
program FactSage.  

The CO and H2 mixtures formed through the reforming can react at the SOFC anode 
according to Equation 2 and Equation 6, mainly hydrogen is the actually reacting species, 
while CO mainly reacts through the catalytic water gas shift reaction (Equation 8). This 
gives the overall oxidation reactions shown in Equation 3 and Equation 7. 

Equation 6 

Equation 7 

Equation 8 

Steam reforming (Equation 5) is the currently most used concept in relation of SOFC, 
because it is relevant for use of natural gas, having CH4 as the main constituent, for 
example in combined heat and power (CHP) applications [33]. On the other hand, dry 
reforming (Equation 4) has significant advantages. Biogas inherently contains the 
reforming agent CO2, which will simplify the system layout and thus reduce system costs, 
as steam generation is not needed. Apart from the advantage of already having the 
reforming agent CO2 in the biogas, dry reforming seems also attractive for improving the 
impurity tolerance of SoA SOFC anodes. Catalytic studies on SoA anodes indicated that the 
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presence of CO2 can mitigate the sulphur poisoning effect on the methane reforming 
reaction [34]. This finding was confirmed at SOFC cell level in the presence of sulphur 
impurities and typical biogas compositions [35]. The observed degradation of the power 
output under steam reforming conditions was even stopped when using CO2 as reforming 
agent instead of steam [15]. 

Both reforming reactions are endothermal and can therefore be integrated with the 
exothermal fuel cell reaction. This might be an advantage since it reduces the need of 
excess air for stack cooling, but has to be balanced as local cooling may cause high thermal 
gradients over the cell or stack area, which in turn might cause critical mechanical stresses.  

Figure 4 shows a gas analysis when a fuel mixture of methane and steam was led to the 
SOFC. At the inlet, the mass spectrometer clearly shows the signals for methane (mass 
numbers 16 and 15). At the outlet, on the other hand, only hydrogen and CO were detected 
by the mass spectrometer (mass numbers 2 and 28, respectively). This result clearly 
confirms that methane steam reforming occurs under conditions of SOFC operation in the 
SOFC anode. 

Figure 4 Mass spectrometer analysis of a methane containing fuel mixture before entering (inlet) 
and after leaving (outlet) the fuel cell at 850 oC, from [17] 

Furthermore, also partial oxidation of methane (Equation 9) is considered as an option to 
avoid carbon formation, particularly for applications in the mobile sector, because the 
addition and on board storage of the reactant steam is not needed. 

Equation 9 
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Theoretic electrical efficiencies 

The generally high electrical efficiencies of SOFC are an attractive advantage compared to 
combustion processes which are limited by the Carnot cycle, particularly in more and more 
electrified energy systems. For the alternative fuel examples ammonia and biogas it is thus 
interesting to calculate the maximum achievable electrical efficiencies and to compare 
them to other fuels like hydrogen and to other processes as combustion. 

The maximum Carnot efficiency (Carnot) of heat driven engines is defined as: 

Equation 10  

Where Thot  and Tcold are the operating temperatures of the high and low temperature 
reservoir, respectively. 

The electrical efficiency of a fuel cell (FC) is the electrical work (Gibbs free energy, G) 

divided by the energy content (enthalpy H) of the specific fuel: 

Equation 11 

The reaction enthalpy in this case is the heat of combustion. It can be expressed as higher 
heating value (HHV) – here the products of combustion are transferred to the original pre-
combustion temperature, which can include condensation of gaseous products such as 
water. The lower heating value (LHV) considers all products in the gas phase, for example 
steam. Therefore, the energy required to vaporize liquid water is not released as heat. 

For SOFC, efficiencies are typically related to the lower heating value. The heats of 
combustions are given by the specific fuel. The Gibbs free energy, on the other hand, is 
related to the actual electrochemical reaction species in the SOFC, which produce the 
electricity. As mentioned in the previous section, ammonia is decomposed to hydrogen and 
nitrogen and therefore, the actual SOFC reaction is Equation 3 and the related steam 

formation G should be used for efficiency calculations.  

The underlying equations and chemical reactions for calculating efficiencies are not always 
specified in the literature, which makes a fair comparison difficult if not impossible. In the 
present work, the applied considerations are therefore given in more detail. The change of 
the Gibbs free energy ∆G as related to the electrochemical SOFC reaction can be expressed 
as shown in Equation 12: 

Equation 12  
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∆G0 is the change of the Gibbs free energy under standard conditions, R is the universal 
gas constant, T is the absolute temperature, a is the activity of the corresponding reactant, 
and ν stoichiometry coefficients. As the stoichiometry coefficient is positive for the 
oxidation (ox) and negative for the reduction (red) of the redox reaction, Equation 12 can 
be simplified as shown in Equation 13. Additionally, as the activity of a molecule is quite 
difficult to determine, typically partial pressures pi are used instead as they are 
proportional to the activities. 

 

Equation 13                 
   

    
  

 

∆G0 is determined from the difference between ∆G0 of the product and the reactant of the 
chemical reaction (seeEquation 14). 

 

Equation 14           
        

  

 

The values for         
  were calculated using Equation 15 at the relevant temperature. 

Equation 15          
          

           
  

Assuming ideal gas behavior, ∆Ho and ∆S0 are calculated using Equation 16 and Equation 
17. 

 

Equation 16           
 

  
 

Equation 17       
  

 
  

 

  
 

Where cp is the specific heat capacity at constant pressure. The temperature dependence of 
cp can for example be expressed in terms of a 4th order temperature-dependent polynomial. 
The coefficients of this polynomial are derived by numerical calculations as it is done by 
McBride et al. [36] . 

The underlying reactions for the rection enthalpy of combustion H in Equation 11 are for 
ammonia: 

 

Equation 18      
 

 
   

 

 
   

 

 
    

and for methane: 

 
Equation 19                   
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For hydrogen fuel, Equation 3 is used. 

For the Gibbs free energy G, the actual SOFC electrochemical reactions are important. As 
presented in the previous section, ammonia is decomposed to hydrogen and nitrogen 
(Equation 1) when entering the SOFC anode. Therefore, not ammonia, but hydrogen is the 
species, which is responsible for generating electricity and Equation 3 is used for efficiency 
calculations.  

Fuelling the SOFC with natural gas or biogas, methane is first converted with steam and/or 
CO2 into hydrogen and CO with different possible ratios, which are in turn 
electrochemically oxidized in the SOFC anode. In order to calculate the theoretic possible 

electrical efficiency, methane is used for both (heat of combustion) and G (electrical 
work). However, these efficiencies would only be achieved if methane is directly oxidized at 
the SOFC anode (direct methane fuel cell). This is not the case for SoA SOFC generations 
(as presented above), where hydrogen and CO from methane reforming reactions are 
oxidised, but it represents the limit when using methane containing fuel mixtures. Figure 5 
shows the theoretic thermodynamic efficiencies of combustion engines (Carnot effienency 
calculated according to Equation 10) and SOFC (calculated according to Equation 11) using 
ammonia, natural gas, and hydrogen. As the curve for methane assumes that methane is 
the species which is electrochemically oxidised, the real values for methane containing 
fuels would lie between pure hydrogen and the methane curve. The values demonstrate 
that SOFC achieve higher efficviencies as compared to combustion engines. Furthermore, 
both, ammonia and methane (biogas) are hydrogen carriers which can provide high 
electrical efficiencies. They appear thus attractive over hydrogen fuel. 

 
Figure 5 Theoretic efficiencies for combustion processes (Carnot, assuming 25 oC for the cold 
temperature Tcold in Equation 10) and SOFC using different fuels as function of temperature 
(hydrogen (hydrogen oxidation), ammonia (hydrogen oxidation), and methane (methane 

oxidation)), using lower heating values for H in Equation 11). 
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These values underline the significant potential of SOFC. The practical efficiencies (FC) 
will be lower as consequence of different losses in the SOFC. These losses are accounted for 

by including the voltage efficiency (U) and current efficiency (I) through Equation 20. 
 

Equation 20            

 

The work G that is delivered by a fuel cell under ideal conditions is related to the voltage 
Erev through Equation 21. 

 
Equation 21  

             

Where z is the number of electrons transferred in the fuel cell reaction and F the Faraday 
constant. 

The losses are calculated using Equation 22 for the voltage efficiency and Equation 23 for 
the current efficiency. 

 
Equation 22   

   
   

    
 

With the operating voltage (UFC) and the theoretic voltage (Urev). 

 
Equation 23   

   
 

            
 

With the operating current (I) and the added fuel flow (n). 

The practical electric efficiency of an operating SOFC can then be calculated according to 
Equation 24. This equation was used for calculating the electric efficiencies of the SOFC 
tests, which are presented in the forthcoming sections. 

 

Equation 24     
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SOFC operation with alternative fuels 

Experimental 

Two versions of anode supported, planar SOFCs were used for testing. Version (i) was 
based on a Ni/YSZ (yttria stabilized zirconia) anode support and active anode, a YSZ 
electrolyte, and a LSM/YSZ (lanthanum strontium manganite) cathode and version (ii) had 
the same half cell, a ceria gadolinia (CGO) barrier layer on top of the electrolyte, and a 
lanthanum strontium cobaltite ferrite (LSCF)/CGO cathode [37, 38].  

Two versions of homemade alumina test houses were used as fixture for the cells (house 
version (a) for cell version (i) and house version (b) for cell version (ii), see Figure 6). Tests 
verified that both house versions deliver the same electrochemical performance and 
durability results. The cells with dimensions of 53 x 53 mm2  and an active area of 16 cm2 
were sandwiched between gas distribution and current collection layers. Air was provided 
at the cathode side and the specified fuels at the anode. Sealing was accomplished by glass 
ceramic seals. The test house was equipped with probes for measuring the cell voltage, 
current, temperature, and partial oxygen pressures of the incoming and outgoing fuel. The 
setups were described in detail in refs. [39, 35]. 

 

 

 
Figure 6 Homemade test house version (a) and version (b) 

The test was initiated by sealing and anode reduction in diluted and then pure hydrogen at 
a temperature of 1000 oC (version (i)) or 850 oC (version (ii)). The initial performance was 
characterized using a standardized fingerprint protocol at OCV comprising of iV curves 
and electrochemical impedance spectroscopy (EIS) at different temperatures with 
variation of gas compositions to anode and cathode. More specifically, iV curves and EIS 
were recorded in air (140 l/h) to cathode and hydrogen (10 l/h) to the anode (4% and 25% 
humidification), at 850, 800, and 750 oC. The purpose of this standard test protocol is to 
validate the test in terms of proper tightness of the setup and contacting of the cell and to 
validate the cell in terms of expected performance. Furthermore, it would allow for a 
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detailed determination of resistance contributions from different SOFC components and 
reactions, which was beyond the scope of this study. Afterwards, durability test conditions 
were applied, i.e. the operating temperature was adjusted, the gas flows were regulated 
towards the target compositions, and initial iV curves and EIS were recorded under the 
specific conditions for the durability test (for specification, see the respective result 
sections). 

Test results-Ammonia fuel 

The use of ammonia as SOFC fuel was tested in direct comparison to fuelling a hydrogen to 
nitrogen mixture of 3:1. The initial electrochemical performance was measured by iV 
curves. The results are shown in Figure 7a. The results clearly demonstrate that ammonia 
provides the same power density as if hydrogen and nitrogen with the same ratio (3/1) are 
used. No additional resistances appear and thus the cracking of ammonia progresses as 
expected from Equation 1 and observed at OCV (see Figure 2). 

The SOFC with a 53 x 53 mm2 footprint was tested over 1500 hours at constant operating 
conditions at 850 oC using ammonia fuel in order to assess durability (see Figure 7b). A 
reference test was carried out in a hydrogen/CO2 mixture under otherwise the same 
conditions and on a similar cell version (see Figure 7b). The observed decrease of the 
power output with a larger rate in the first few hundred hours, followed by a levelling off 
towards 1000 h and beyond, is typical for this SOFC generation, both in the trend and the 
magnitude of ca. 2-4%/1000 h [38]. No new, additional degradation as compared to using 
hydrogen containing fuel occurred. More recent SOFC generations are known to show 
better durability and thus more stable operation with ammonia fuel can be expected. 

It has to be noted that the test conditions such as fuel utilisation were not adjusted to 
achieve the highest possible efficiencies, i.e. larger efficiencies than observed in the present 
ammonia tests are obtainable. 
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Figure 7 (a) Current-voltage and power output curves for the use of ammonia or a corresponding 
hydrogen/nitrogen mixture (3/1 ratio) as fuel at 850 oC, recorded after the initial finger print and 
(b) Power output (blue curve) and efficiency (orange curve) calculated from the results according 
to Equation 24, during long-term test with ammonia fuel at 850 oC, 1 A/cm2 current density, data 
from [17], power output of reference test in hydrogen /CO2 mixture (grey curve), SOFC version (i) 

 

Test results-Biogas fuel 

For the short-term biogas tests, representative compositions were selected as SOFC fuel 
and mixed from pure gasses: (i) landfill gas, which contains low amounts of methane and a 
biogas composition from processing of (ii) food waste (large amounts of methane) and (iii) 
from waste water treatment. The compositions are summarized in Table 3. Dependent on 
the amount of CH4 present in the biogas the amount of extra reforming agent – either 
steam or CO2 - was adjusted as to avoid carbon formation (see Figure 3). In addition, a real 
landfill gas was used in one test. 

 
Table 3 Biogas compositions used for the test with SOFC and final applied fuel conditions 

Biogas type Anode flow 
rate (l/h) 

Anode gas composition 

Biogas share (composition) Reforming agent 

Food waste 20 50 vol% (70 vol% CH4, 30 vol% CO2) 50 vol% H2O 

Waste water 20 60 vol% (60 vol% CH4, 40 vol% CO2) 40 vol% H2O 

Landfill gas 
(pre-mixed) 

20 77.5 vol% (33 vol% CH4, 33 vol% CO2, 
32 vol% N2) 

22.5 vol% CO2 

Landfill gas 
(real) 

6 67 vol% (34 vol% CH4, 23 vol% CO2, 1.5 
vol% O2, 41.5 vol% N2 

33 vol% CO2 

After the initial fingerprint to validate a correct test setup and the cell performance, iV 
curves were recorded in the specific fuel compositions of interest in the current study. 

In Figure 8, the measured iV curves and power output curves are shown when using pre-
mixed biogas compositions corresponding to either treatment of food waste (a) or waste 
water treatment (b). Measurements were recorded in biogas plus steam and biogas plus 
CO2. The same results were obtained when CO2 was used instead of steam as the reforming 
agent. The tests showed that such biogas can be successfully used as fuel and that both 
reforming strategies – steam and dry reforming – are possible options to achieve high 
performances while suppressing carbon formation. 
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Figure 8 Current-voltage curves and power output measured on pre-mixed fuel compositions 
corresponding to biogas from food waste (a) or waste water treatment (b) with additional steam, 
53 x 53 mm2 SOFC at 750 oC, SOFC version (ii) 

 

The results when using landfill are shown in Figure 9. Here the example of dry reforming 
(addition of CO2) is shown in Figure 9a, using a pre-mixed biogas composition (see Table 
3). The achievable power output is in a similar range as for the other types of biogas under 
otherwise similar conditions (such as temperature, fuel flow, etc.). A durability test with 
real landfill from the landfill location Odense Renovation using dry reforming is shown in 
Figure 9b. In order to provide controlled fuel conditions, the landfill was cleaned by 
sending it through an active carbon filter to remove any impurities before the SOFC. The 
power output was very constant over the testing time (degradation of only ca. 1%/1000 h) 
demonstrating the good stability of the current SOFC generation. Values of 47% electrical 
efficiency were demonstrated successfully over the full testing period; they are still away 
from the maximum achievable. 
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Figure 9 (a) Current-voltage and power output curves for the use of landfill (pre-mixed) and CO2 
as fuel at 750 oC, and (b) Power output and efficiency calculated from the results according to 
Equation 24, during long-term test with real landfill from Odense Renovation location and CO2 
at 750 oC, 0.5 A/cm2 current density. The landfill was first sent through a cleaning unit 
containing active carbon, SOFC version (ii). 

The results with landfill impressively demonstrate that the achievable performances and 
electrical efficiencies with SOFCs are not hampered by the presence of significant shares of 
nitrogen in the biogas (see Table 3, Figure 9). When the same fuel was to be used in 
combustion engines, such dilution may prevent completely the usability or require 
addition of extra fuel (like natural gas) or expensive engines (such as high pressure 
engines). The addition of the reforming agent CO2 might seem an obstacle at first sight, 
however, CO2 is also formed inside the SOFC during operation. This CO2 can be recycled 
into the SOFC gas inlet and no additional CO2 is required during operation. Such anode 
recycle was successfully demonstrated with real landfill at lab scale and will be presented 
elsewhere in detail. 

Conclusions 

Two alternative hydrogen carriers – ammonia and biogas – were presented. Ammonia has 
a long-term track-record of successful handling and distribution, worldwide. It can be 
directly used as fuel in state-of-the-art SOFCS, where it is cracked into hydrogen and 
nitrogen in the SOFC anode. The hydrogen is converted into steam producing electricity 
and heat. No local emissions of carbon dioxide occur. Toxic NOx are not formed under 
SOFC conditions. The obtainable electrical efficiencies are exceptionally high. The usability 
of ammonia as SOFC fuel was successfully demonstrated at lab scale and over 1500 hours 
of operation. 

Biogas is a promising fuel of future fossil-free energy systems. Particularly, biogas from 
waste can be considered an important energy source. Different realistic biogas 



19 
 

compositions from treatment of waste were used as fuel in an SOFC and shown to deliver 
high power densities and electrical efficiencies. The thermodynamic risk of carbon 
formation can be successfully counteracted by addition of steam or CO2 as reforming 
agents, where the reforming reaction occurs in state-of-the-art SOFC anodes. The biogas 
from landfills is particularly challenging because of its natural dilution with nitrogen, 
which often prevents energetic use in conventional combustion engines. The tests with an 
SOFC verified, that landfill gas is a valuable fuel for SOFCs, which can deliver high 
electrical efficiencies. The concept was demonstrated at lab scale over a period of ca. 130 h 
using real landfill gas.  
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Symbols & Abbreviations 

ai: Activity of a reactant i 

cp: Specific heat capacity at constant pressure [J/K] 

F: Faraday constant [C/mol] 

FC: Fuel cell 

FU: Fuel utilisation 

HHV: Higher heating value of the fuel cell fuel [J/kg] [J/L] [J/mol s-1] 

IFC: Current in the fuel cell [A] 

LHV: Lower heating value of the fuel cell fuel [J/kg] [J/L] [J/mol s-1] 

nfuel: Molar flow of the fuel entering the fuel cell [mol s-1] 

OCV: Open circuit voltage 

pi: Partial pressure of a reactant i 

R: Universal gas constant [J/molK-1] 

T: Temperature [K] 

UFC: Voltage [V] 

 : Efficiency 
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G: Gibbs free energy [J/mol] 

H: Reaction enthalpy of combustion [J/mol] 

νi: Stoichiometry coefficient of component i 

S: Reaction entropy [J/molK-1] 

z: Number of electrons transferred in the fuel cell reaction 
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