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Abstract 

Solid oxide fuel cells (SOFCs) are highly efficient electrochemical energy conversion devices 

that can potentially reduce greenhouse gas emissions and revolutionize our energy 

infrastructures. This research investigates and demonstrates novel and highly efficient 

methods of utilising renewable biomass-derived gases using SOFC technology with 

commercially available anode (ASC) and electrolyte supported (ESC) button cells. The 

utilisation of biohydrogen and biohythane mixtures have been investigated in fuel cell, 

electrolysis and co-electrolysis modes. Cell electrical performance was characterised using 

potentiostatic techniques and fuel processing was characterised using online quadrupole mass 

spectroscopy.  

Biologically produced mixtures of H2 and CO2 (biohydrogen) from processes such as dark 

fermentation or photo-fermentation are versatile feedstocks which can potentially be utilised 

in SOFC devices. In this work, solid oxide electrolysis of biohydrogen has been investigated for 

the first time and is compared directly with fuel cell mode utilisation in both ASC and ESC 

supported cells. The effects of fuel variability on SOC overpotentials and outputs have been 

established and it is shown that cell performance for ESC and ASC is not significantly affected 

provided the fuel composition stays within 40-60 vol% H2. The effects of fuel variability are 

affiliated to the presence of the revere water-gas shift (RWGS) reaction, which takes place 

simultaneously alongside electrochemical processes. The ASC demonstrated better 

performance in fuel cell mode with more power being produced compared to an ESC, although 

ASC was more sensitive to fuel variability. QMS measurements indicated H2O and CO 

production took place in-situ via the RWGS reaction. Electrical power production in fuel cell 

mode was predominantly through H2 oxidation, whilst CO was converted in the WGS reaction 

to regenerate CO2 but did not contribute to electrical power production. In electrolysis mode, 
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CO was produced simultaneously through electrochemical CO2 reduction and the RWGS 

reaction, H2O is electrochemically reduced to regenerate H2. Different operating conditions 

such as temperature have been studied and shown to have an effect on the performance and 

outputs of the cell. 

Co-production of energy and useful chemicals using was demonstrated through investigations 

into the utilisation of biohythane (CH4/CO2/H2 - 60/30/10 vol%) produced from an optimised 

two-stage anaerobic digestion (AD) process. The gain in energy yield from two-stage AD was 

supplemented with additional gains in SOFC efficiency due to the presence of H2 in 

biohythane, giving up to 77% increased electrical energy yields from biomass overall compared 

with utilisation of biogas from single-stage AD in SOFCs. The results revealed that biohythane 

production rather than biogas is a highly advantageous route to energy production from 

biomass. Furthermore, the effects of fuel variability on the electrical performance and fuel 

processing of the cell operating on biohythane mixtures at different operating temperatures 

were studied. When H2/CO2 is blended with CH4 to make biohythane, the SOFC efficiency is 

significantly increased, high SOFC durability is achieved, and there are considerable savings in 

CH4 consumption. Enhanced electrical performance was due to the additional presence of H2 

and promotion of CH4 dry reforming, the reverse Boudouard and reverse water-gas shift 

reactions. These processes alleviated carbon deposition and promoted electrochemical 

oxidation of H2 as the primary power production pathway. Substituting 50 vol% CH4 with 25/75 

vol% H2/CO2 was shown to increase cell power output by 81.6% at 0.8 V compared with pure 

CH4. This corresponded to a 3.4-fold increase in the overall energy conversion efficiency and a 

72% decrease in CH4 consumption. A 260 h durability test demonstrated very high cell 

durability when operating on a typical 60/30/10 vol% CH4/CO2/H2 biohythane mixture under 

high fuel utilisation due to inhibition of carbon deposition. A significant outcome of this work 

suggests that decarbonising gas grids by substituting natural gas with renewably produced 
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H2/CO2 mixtures and utilising in SOFC technology gives considerable gains in energy conversion 

efficiency and carbon emissions savings. 

Co-electrolysis of biohythane using ASCs was investigated and compared with biohydrogen 

and biogas (CH4/CO2 60/40 vol%) mixtures, operated with three different co-oxidants (steam, 

steam/CO2 and CO2). The overall performance and the composition of the output gases have 

been shown to be very sensitive to the co-oxidant used and by adding H2 to biogas feedstocks 

improves the overall performance of the cell compared with H2-free biogas. 
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CO2 + 4H2 ⇌ CH4 + 

2H2O 

-247 

Eq. 16 Reverse water gas 

shift reaction 
H2 + CO2 ⇌ H2O + 

CO 

41 

Eq. 17 Dry reforming of 

CH4 

CH4 + CO2 ⇌ 2H2 + 

2CO 

+247 

Eq. 18 Electrochemical CO 

oxidation 
CO + O2- ⇌ CO2 + 

2e- 

-283 

Eq. 19 Partial oxidation of 
methane 

CH4 + O2- ⇌ 2H2 + 
CO + 2e- 

-35.7 

Eq. 20 Total oxidation of 

methane 
CH4 + 4O2- ⇌ 2H2O 

+ CO2 + 8e- 

-890.3 

Eq. 21 Electrolysis of steam H2O + 2e- ⇌ H2 + O2- 241.8 

Eq. 22 Electrolysis of CO2 CO2 + 6e- ⇌ CO + 

3O2- 

283 
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Chapter 1: Introduction 

1.1. Context of Research  

Due to the increasing trends and consequences of climate change and air pollution, it is essential 

to become more efficient and resourceful in the production and utilisation of energy and 

materials. The world has already warmed by 1 °C above pre-industrial levels and is continuing 

to do so at a concerning rate due to over-dependence on fossil feedstocks, Carnot-limited 

processes and inefficient waste management techniques [1]. Greenhouse gas and air pollutant 

emissions are global public health issues that are affecting the availability of soil, food and 

water supplies [2]. Fossil fuels provide almost 90% of global energy demand and are the main 

source of greenhouse gases and harmful atmospheric pollutants [3]. Most fuels and feedstocks 

are currently utilised in inefficient and dirty combustion technologies and processes.  

Alleviation of these issues will require innovative deployment of efficient and clean energy 

technologies combined with optimal management of waste and renewable resources. Aiming to 

reduce environmental problems, fuel cells have received increased academic and industrial 

attention [4, 5] in recent decades because they can produce electrical energy, heat and useful 

chemicals with considerably greater efficiency compared with conventional combustion 

technologies [6-8]. This research investigates novel and highly efficient methods of utilising 

renewable biomass-derived gas mixtures via conversion into energy and useful chemicals using 

state-of-the-art solid oxide fuel cell (SOFC) technology. 

1.2. Fuel Cell Operating Principles and Technology 

A fuel cell is an electrochemical energy conversion device, which produces electrical power 

directly from a chemical fuel and therefore avoids Carnot limitations [9, 10]. Fig. 1.1 illustrates 

the basic operating principle of a general H2-O2 fuel cell (Eq. 1). A typical fuel cell consist of 

two electrodes (anode and cathode) and an electrolyte, through which ions are conducted [11]. 
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Oxygen is reduced to oxygen ions (Eq. 2) at the cathode, which are transferred through the 

electrolyte to react with the fuel at the triple phase boundary (TPB) where fuel gases (H2) meet 

(Eq. 3). Fuel and air are stored externally and supplied to the fuel cell to produce electricity and 

heat. As long fuel and air are supplied, electricity will be generated; unlike a battery, a fuel cell 

is not consumed when it produces electrical power [12]. 

H2 + O2- ⇌ H2O + 2e-                          (Eq. 1) 

2e- + ½O2 ⇌ O2-                                                                                                                     (Eq. 2) 

H2 + ½O2 → H2O                           (Eq. 3) 

 

 

 

Figure 1.1: Schematic diagram showing the operating principle of a general H2-O2 fuel cell. 

 

Fuel cells are known for highly efficient electrical power production [11] and most fuel cells are 

able to utilise a wide range of fuels and feedstocks including complex gas mixtures [7, 13]. The 

high electrical efficiency of these devices potentially enables fossil fuel and energy consumption 

to be decreased, as well as reductions in greenhouse gas and harmful air pollutant emissions 

[14]. Fuel cells have no moving parts and therefore operate quietly and do not suffer mechanical 
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reliability issues. They have a modular and scalable design, which enables power and capacity 

to be scaled independently. Because fuel cells require a fuel for operation, they have better 

energy densities than batteries and can reduce demand on electricity grids. Although fuel cells 

are expensive to manufacture and the fuel mixtures containing hydrogen are highly flammable 

and difficult to store.  

The high operating temperature enables deployment of systems in combined heat and power 

(CHP) applications [15-17]. Fuel cells are frequently used because of higher electrical 

efficiency for CHP applications and grid connections ranging from 10 kW to 100 MW with 

efficiencies exceeding 80% and reducing CO2 emissions by more than 60% [18, 19]. These 

systems are used in residential sites for electricity and heating, for auxiliary power, data 

processing centres, hospitals and industrial units [20-22]. Fuel cells can be used in the 

transportation sector to eventually replace diesel engines as hydrogen fuel cells offer lower 

carbon and lower pollution emissions [23, 24] but fuel economy and system efficiency must be 

further studied and developed to be compatible with internal combustion engines (ICE)  [25-

27]. Fuel cells can be used for portable applications for portable power generators and in 

electronic devices usually in the range between 5 – 500 W [28-31]. 

Fuel cells can be characterised by the type of electrolyte material used, which determines a 

range of characteristics including the operating temperature range, component chemistry, fuel 

flexibility and performance [32, 33] in (see Table 1.1). Although PAFCs, AFCs and MCFCs 

have been commercially deployed [34-38], they each have specific disadvantages, which 

significantly limit their applicability and therefore commercial potential. Most fuel cell research 

and development focusses on PEMFCs and SOFCs, which are perceived as having much greater 

performance and commercial potential in future [39-42]. 
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Table 1.1: Description of major fuel cell types  

 PEMFC PAFC AFC MCFC SOFC 

Electrolyte 
Polymer 

Membrane 

Liquid 

H3PO4 

Liquid 

KOH 

Molten 

Carbonate 
Ceramic 

Electrodes Carbon based 
Carbon 

based 

Carbon 

based 

Stainless 

steel based 
Ceramic based 

Charge 

Carrier 
H+ H+ OH- CO3

2- O2- 

Operating 

Temperature  
80 °C 200 °C 60 – 220 °C 

650 - 1500 

°C 
500 – 1000 °C 

Catalyst Platinum Platinum Platinum Nickel 
Perovskites 
and Nickel 

(ceramic) 

Fuel 

Compatibility 
H2 H2 H2 H2, CH4 

H2, CH4, CO, 
NH3 

Major 

Contaminants  

CO, NH3 and 

sulphides 

CO, 

siloxane 

and 
sulphides  

CO2 
Sulphides 

and halides 
Sulphides 

Applications 

Transportation,  

stationary and 
portable 

applications  

Stationary 
applications 

Portable 
applications  

Stationary 
applications 

Transportation, 

stationary and 
portable 

applications 

    

Polymer Electrolyte Membrane Fuel Cells (PEMFCs) use a hydrated organic polymer-based 

membrane as the electrolyte. Both electrodes are composed of a carbon-based gas-diffusion 

layer with a platinum electrocatalyst. The operating temperature is relatively low (< 100 °C), 

and therefore expensive precious metal-based electrodes are essential.  PEMFCs require very 

pure H2 as the fuel and air as the oxidant, with extensive fuel processing required to ensure the 

hydrogen is very pure (99.9999 vol%). This is because Pt is easily poisoned by trace levels of 

carbon monoxide, gaseous sulfur and halogens. PEMFCs have the highest power density of any 

fuel cell type, have quick start-up times due to the low temperatures and a compact design. They 

are therefore suited to a wide range of applications including transportation, portable and 

stationary applications such as the balancing of intermittent renewable energy resources. The 

disadvantages of PEMFC include very high costs (mainly due to platinum), the low 

temperatures which make water and thermal management challenging, expensive fuel purity 
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requirements, lack of fuel flexibility and platinum catalyst poisoning [43, 44]. They are not 

suitable for CHP applications, the utilisation of complex fuel mixtures or those composed of 

hydrocarbons or ammonia. 

1.3. Operating Principles of Solid Oxide Fuel Cells 

SOFCs are a type of high temperature (>750 °C) fuel cell made with a ceramic electrolyte 

material which conducts oxygen ions (O2-) between the electrodes. The operating principle of an 

SOFC is shown in Fig. 1.2. Fuel (H2) is delivered to the anode where it is electrochemically 

oxidised to H2O through reaction with oxygen ions coming from the electrolyte. This process 

releases electrons which are conducted externally around the electrolyte to the cathode. A 

reduction reaction takes place at the cathode (Eq. 2) where oxygen is delivered to the cathode 

(usually in the form of air) and reduced to oxygen ions through combination with the incoming 

electrons. The oxygen ions are conducted through the electrolyte to the anode where they react 

again with H2 completing the process [6, 45]. 

 

Figure 1.2: Schematic diagram showing solid oxide fuel cell operation 
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There are three types of SOFC based on their operating temperature, high temperature SOFCs 

(HT-SOFCs), which operate approximately > 750 °C and have the best performance, can 

tolerate small quantities of impurities in the fuel but have significant materials issues and 

therefore the poorest durability [46-49] due to materials issues. Hence, there is interest in 

intermediate temperature SOFCs (IT-SOFCs), which operate in the region ~ 500-750 °C and 

low temperature SOFCs (LT-SOFCs), which operate at less than 500 °C. The lower operating 

temperature helps to reduce materials degradation, increasing durability but at the expense of 

performance [50-54]. This research is focussed on the characterisation of HT-SOFCs. 

HT-SOFCs have electrical efficiencies of up to 60% and combined electrical and thermal 

efficiencies of up to 90% [11]. They are relatively compact and scalable compared with other 

high temperature fuel cells, can be sized between 1 kW and 1 MW and can be deployed in CHP 

applications [15, 16]. Due to the high operating temperatures and oxidation of the fuel with 

oxygen ions, they are able to utilise a wide range of fuels and feedstocks, including complex gas 

mixtures and those composed of carbon monoxide [55-57], hydrocarbons [58-61] and ammonia 

[62-65] . SOFCs have also demonstrated to operate on natural gas [66-68], biogas [69-73], 

hythane [74-78] and biohydrogen [79-81]. SOFCs have high efficiency when operating on pure 

H2 due to the small size and simplicity of the hydrogen molecule, which is more readily 

electrochemically oxidised. Most commercially available SOFCs are designed to operate on 

CH4-based fuels so that they can be connected to natural gas grids, thereby increasing their 

commercialisation prospects [66, 82]. They are equipped with a dedicated fuel processing unit 

in which hydrocarbons are catalytically converted into synthesis gas (H2/CO) via steam 

reforming (Eq. 4) prior to delivery onto the fuel electrodes [83, 84].  

CH4 + H2O ⇌ CO + H2                     (Eq. 4) 

The reforming reactions take place directly on the anode (internally) in SOFCs or externally 

using catalytic pre-reformer. It is a key requirement of the fuel processing unit to remove 

sulphur from gas streams, because sulphur poisons the anode by converting Ni to Ni-sulphide 
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(Eq. 5) that forms dense metal sulphide particles on the anode surface [85, 86] causing a 

reduction in TPBs and cell degradation.   

Ni + H2S ↔ Ni–S + H2
                     (Eq. 5) 

Steam reforming assists with stack cooling since steam reforming is highly endothermic, and 

alleviates issues caused by hydrocarbon cracking and carbon deposition [87, 88]. Carbon 

deposition is a very significant problem because it reduces the performance and durability and 

generate local thermal stress leading to cell cracks and delamination. Carbon deposition largely 

occurs due to methane cracking (Eq. 6), reduction of CO (Eq. 7) alternatively the addition of 

steam can remove carbon deposition (Eq. 8).  

CH4 ⇌ 2H2 + C                       (Eq. 6) 

2CO ⇌ CO2 + C                       (Eq. 7) 

H2O + C ⇌ CO + H2                      (Eq. 8) 

1.3.1. Electrolysis Mode 

Like all fuel cells, solid oxide cells are able to operate in reverse to perform electrolysis. Solid 

oxide electrolysis cells (SOECs) consume water, heat and electrical power to yield separate pure 

hydrogen and oxygen gas streams [89-92]. The operating principles of solid oxide electrolysis 

are the reverse of SOFCs. Steam and carbon dioxide can be supplied to the anode where the 

electrochemical reductions of H2O (Eq. 9) and CO2 (Eq. 10) take place at the TPB.  

H2O + 2e- → H2 + O2-
                         (Eq. 9) 

CO2 + 2e- → CO + O2-                          (Eq. 10) 

At the oxygen electrode, the oxygen ions travel through the electrolyte to the fuel electrode 

releasing electrons forming oxygen molecules (Eq. 11). 

2O2- → O2 + 4e-                       (Eq. 11) 
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 In steam electrolysis, a small amount of H2 (5-10%) needs to be added in order to prevent 

oxidation of the anode. Steam and carbon dioxide can be electrolysed separately or they can be 

co-electrolysed where both H2O and CO2 are supplied to the cell simultaneously and directly 

converted to H2, CO and O2. In addition to the above overall reactions (Eqs. 9-11) the water gas-

shift reaction (WGS) (Eq. 12), methanation reaction (Eq. 13) and the reverse steam reforming 

reaction (Eqs. 14 and 15) can occur at the fuel electrode [93-96].     

CO + H2O ⇌ H2 + CO2                     (Eq. 12) 

CO + 3H2 ⇌ CH4 + H2O                     (Eq. 13)  

2CO + 2H2 ⇌ CH4 + CO2                    (Eq. 14) 

CO2 + 4H2 ⇌ CH4 + 2H2O                    (Eq. 15) 

Hence SOECs can utilise CO2 to yield CO [97-100]. It is also possible for SOECs to utilise 

mixtures of H2O and CO2 to yield synthesis gas (H2 + CO), which is known as co-electrolysis 

[101-105]. The cell resistance for CO2 electrolysis is higher compared to H2O electrolysis 

therefore the performance of SOEC is worse when CO2 is utilised [97, 99, 101, 105, 106]. This 

potentially creates opportunities for disposal and conversion of industrial waste gas mixtures 

containing H2O and CO2. Synthesis gas (syngas) mixtures are already produced on a large scale 

for the manufacture of important commodity chemicals include methanol, ammonia, acetic acid 

and liquid fuels through Fischer-Tropch (F-T) processes. SOECs offer an alternative route 

towards CO2 emissions reduction because they are fuel flexible and suitable for integration with 

many industrial resources in a variety of scenarios [107-112].  

1.3.1.1. Utilisation of fuels in SOECs 

The need to decrease CO2 emissions and the rapid increase of interest for suitable synthetic fuels 

led to SOEC investigations. A lot of research is focused on co-electrolysis pathways where is 

suggested that the performance of H2O electrolysis and H2O/CO2 co-electrolysis are similar 

[113, 114]. On the other hand, results from Graves et al. and Shi et al. show that H2O 

electrolysis and CO2 electrolysis both occurred in co-electrolysis due to the RWGS reaction and 



 
19 

 

CO2 electrolysis producing CO [101, 115]. Conversion of pure CO2 is kinetically slower due to 

slower conversion kinetics compared to electrolysis of pure H2O and co-electrolysis of 

H2O/CO2. Also, pure CO2 electrolysis can result to nickel oxidation on the Ni/YSZ fuel 

electrode causing degradation of the cell performance [116, 117]. Therefore, co-electrolysis of 

H2O/CO2 for CO2 conversion to useful chemicals is more efficient [118]. The requirement of the 

RWGS reaction is not needed in co-electrolysis because CO2 reduction takes place during co-

electrolysis to form CO therefore the RWGS reaction is attributing to the CO production [105, 

119]. Based on literature there are different synthetic routes that can take place for syngas 

production, where CO is produced by the RWGS reaction and H2 is mostly produced by steam 

electrolysis [95]. 

Co-electrolysis with SOFC technology has previously been shown as an effective method to 

convert carbon dioxide, steam and mixtures thereof into syngas (H2 + CO), which can be 

processed further to produce higher hydrocarbon fuels via F-T synthesis [120]. This type of 

process avoids the use of carbon capture and storage, which is proving to be a highly complex 

and expensive technology [121, 122]. Co-electrolysis also enables storage of electrical energy in 

the form of chemical energy, which can be readily used for power production. In addition, co-

electrolysis can be integrated with various renewable and industrial waste resources [123-125] 

and can therefore contribute simultaneously to CO2 reduction pathways, mitigation of industrial 

carbon emissions and energy storage.  

Alternatively, it is possible to co-electrolyse renewable feedstocks using H2O and CO2 in SOCs 

for syngas production. Many studies have shown that fuel-assisted SOECs can reduce the 

operating potential and the electrical power consumption, increasing the efficiency of the cell 

[126, 127]. It has been demonstrated that addition of hydrogen to H2O/CO2 mixtures 

significantly improves the performance of SOECs by preventing oxidation of the Ni/YSZ anode 

[128].  Martinez-Frias et al. showed that natural-gas assisted cells displayed a voltage reduction 

when compared to conventional steam electrolysers and also improved the efficiency [129]. 

Another study by Wang et al. showed that the electrochemical potential required for co-
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electrolysis ca be decreased by the addition of reducing gases such as CH4 and CO in the anode 

[130, 131]. In addition, methane can assist co-electrolysis because it creates a reducing 

atmosphere at the anode, which decreases the oxygen partial pressure between the electrodes. 

However, methane assisted co-electrolysis is a very complex process because methane 

conversion is a slow process and there are many catalytic and electrochemical reactions that can 

take place [128]. Another concern is carbon deposition, which is well-known to take place 

easily when CH4 is present due to cracking. Carbon deposition is strongly affected by the 

operating temperature and steam-to-carbon ratio [74-77]. Studies have shown that carbon 

deposition could be suppressed and even eliminated in the methane fuelled SOECs by 

decreasing the operating temperatures, increasing current densities and by the presence of steam 

[71]. 

1.4. Fuel Cell Characterisation 

In a chemical reaction, the Gibbs free energy changes with temperature, with the reactant 

pressure and concentration. When a change is applied to the amount of chemical species (such 

as the concentration) in a fuel cell, there is also a change in the free energy of the system, which 

leads to changes of the voltage of a fuel cell. Therefore, Gibbs free energy of a reaction can be 

stated as: 

ΔG = ΔG0 + RT ln (aproducts / areactants) 

where, 

ΔG = Gibbs free energy of the reaction in equilibrium state 

ΔG0 = Gibbs free energy of the at standard conditions 

R = ideal gas constant 

T = temperature 

a = activity of reactants or product species  

 

Due to the electrochemical reactions taking place in a fuel cell and electrons being transferred 

during the reaction the Gibbs free energy can be stated as: 
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ΔG = -nFE0 

To calculate the voltage with different reactant/product variations the theoretical reversible 

potential (Erev) of a fuel cell can be calculated by using the Nernst equation: 

Erev =  Eo - (RT / nF) ln (Πavi products / Πavi reactants) 

where, 

Eo = Ideal potential 

R = universal gas constant  

T = temperature (K) 

n = number of electrons transferred in the cell reaction  

F = Faraday’s constant 

Π = activity of species 

vi = stoichiometric coefficient  

The activity of each species must be raised by its corresponding stoichiometric coefficient. For 

example, if a reaction involves 2H, the activity of hydrogen must be raised to the power of 2. 

Relevantly, only chemical species that are in fact participating as reactants or products in the 

electrochemical reaction appear in the Nernst equation and the activities or partial pressures of 

unreactive, inert, or diluent species (such as He) are not included. The Nernst plots calculations 

have been included (see appendix A) going through the calculations in detail. 

The actual voltage of a fuel cell is lower than the theoretical Nernst value due to activation 

(ηact), ohmic (ηohmic) and concentration (ηconc) losses. The actual voltage of a fuel cell can be 

calculated by subtracting the various losses: 

V = Erev – ηact – ηohmic – ηconc 

Fuel cell performance is characterised by measuring the open circuit potential (OCP), the 

current-voltage (I-V) curve and the electrochemical impedance spectra (EIS). I-V curves shows 

the relationship between the voltage and current output of a cell (Fig 1.3). The size of the cell 

determines the amount of electrical current produced, voltage is plotted against current density, 

which is the amount of electrical current produced per unit of electrochemically active area. 

This enables the performance of different sized fuel cells to be compared. Temperature and fuel 
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composition can affect the performance of a fuel cell resulting in changes of the I-V curve from 

three main irreversibilities: (1) activation losses: caused by the slowness of the reactions taking 

place on the surface of the electrodes. Energy is required to carry out the electrochemical 

reactions, reduction of oxygen at the cathode and oxidation of the fuel gases at the anode 

causing reduced electrochemical potential. Therefore a fraction of the voltage produced is lost in 

driving the chemical reaction that transports the electrons to or from the electrode [132]. 

Activation losses can be minimised by increasing the reaction surface area and the operating 

temperature [133-135]. (2) Ohmic losses: caused by the resistance to the flow of electrons 

through the materials of the electrodes and interconnections and the resistance to the flow of 

ions through the electrolyte [132]. Ohmic losses can be minimised using high conductivity 

electrodes and by making the electrolyte thinner [136-138]. (3) Concentration losses: caused by 

the change in concentration of the reactants at the surface of the electrodes as the fuel is used. 

The decline of concentration is due to the failure to transport enough reactants caused by slow 

diffusion to the electrode surface which is also called ‘mass transport losses’ [132].  

A power density curve can be produced (from the data of an i-V curve) by multiplying the 

voltage at each point on the i-V curve by the corresponding current density. Fig. 1.3 shows 

combined i-V and power density curves. The current supplied by the fuel cell is directly 

proportional to the amount of fuel consumed [6].   
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Figure 1.3: Fuel cell i-V curve and thermodynamically predicted fuel cell voltage.  The corresponding 

fuel cell power curve is plotted on the secondary axis. 

 

EIS is another technique for distinguishing the different losses, by measuring the ability of a 

system to impede the flow of electrical current. Impedance (Z) is the ratio between time 

dependent voltage (V(t)) and a time depended current (i(t)): 

Z = V(t) / i(t)  

The impedance data plots are known as Nyquist plots where the real (Zreal) and imaginary (-

Zimag) components are plotted (Fig. 1.4). Nyquist plots are made by many different frequencies 

and describe the impedance performance of a system over various orders of magnitude of 

frequency [6]. The Nyquist plot (Fig. 1.4) shows two arcs, where the size of each arc can be 

attributed to fuel cell losses. The first x-axis intercept denoted by ZΩ corresponds to ohmic 

losses, the second x-axis intercept (first arc) denoted by ZfA corresponds to anode activation 

losses and the third x-axis intercept (second arc) denoted by ZfC corresponds to cathode 

activation losses. The size of each arc corresponds to the relative losses in a fuel cell. 
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Figure 1.4: Electrochemical impedance spectra of a fuel cell   

To examine further the losses taking place in a fuel cell impedance spectrum, an equivalent 

circuit model was designed. The model was designed with an inductance (L), a resistor (R) and 

capacitor (C) describing the behaviour of ohmic conduction processes and electrochemical 

reaction kinetics.  

For ohmic losses the equivalent circuit representation is a resistor where, 

ZΩ = Ro 

Fig. 1.5 shows a Nyquist plot with two semicircles. The real-axis intercept corresponds to the 

ohmic resistance of the fuel cell model (Ro). The diameter of the high frequency arc (R1) 

corresponds to the anode activation kinetics and the diameter of the low frequency arc (R2) 

corresponds to the cathode activation kinetics. From the R1 and R2 values the kinetics of the 

anode and cathode can be calculated (C1 and C2) from the maximum point of each semicircle in 

the Nyquist plot. At the centre of each semicircle the value of ‘ω’ can be determined and by 

using the following equation (C1 and C2) can be determined: 

ω = 1 / R1C1 

Therefore, by identifying the values of R and ω the capacitance value (C) can be calculated 

using the above equation.  
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Figure 1.5: Circuit diagram and Nyquist plot for a fuel cell impedance model. The equivalent circuit 

for this fuel cell consists of an ohmic resistor to simulate the ohmic losses and two parallel RC 

elements to model the anode and cathode activation kinetics. 

 

The spectrum can be well fitted with a more detailed equivalent circuit consisting of four RC 

parallel couples in series. Four processes are identified for the cell in the form of RC units and 

correspond to cathode polarization losses (RC-unit 1), RC-unit 2 is used to describe the 

electrochemical anode polarization losses and two RC-units (3 and 4) are used to describe gas 

diffusion and conversion at the anode. The circuit used to analyse the impedance spectra 

contains four units plus a serial contribution and an inductance contribution that mainly comes 

from current leads. To gain quantitative insights into the EIS data, the equivalent circuit in Fig. 

1.6 was adopted for data fitting in ZView software (Scribner) [139]. One set of fitting results 

with percentage errors is shown alongside impedance spectra. Further work needs to be done to 

produce a more accurate model that reflects and describes the losses in greater detail. 

 

Figure 1.6: Detailed circuit diagram for a fuel cell impedance model. The equivalent circuit for this 

fuel cell consists an inductor (L1), of an ohmic resistor to simulate the ohmic losses (Ro), and four 

parallel RC elements to model the anode and cathode activation kinetics. 
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1.5. SOFC Materials 

SOFC have great potential to reach the future demand for efficient and clean energy but 

development of SOFC technology into commercial products is challenging. SOFC materials 

should be widely available, cost effective, and easy to manufacture. Materials should be 

environmentally benign to produce, handle and dispose. Materials should also have a long 

operating lifetime (high durability). 

1.5.1. Electrolyte Materials  

The electrolyte is responsible for the transport of oxygen ions between the cathode and the 

anode. The ideal properties of an electrolyte are: (1) high oxygen ion conductivity to minimise 

ohmic losses, (2) negligible porosity to prevent fuel and oxidant gases from mixing (gas 

crossover) and therefore ensure that the fuel cell reactions (Eqs. 2 and 3) occur separately [140], 

(3) low electronic conductivity to prevent loss of current, (4) good mechanical strength, (5) high 

stability in both oxidizing and reducing environments, (6) excellent thermal and chemical 

stability at high temperatures, (7) similar thermal expansion coefficients to other components to 

prevent cracking/delamination of components and (8) chemical compatibility with other 

components.  

The most widely used electrolyte material for high temperature (> 750 °C) SOFCs is yttria-

stabilized zirconia (YSZ) [141], the structure of which is depicted in Fig. 1.7. Doping zirconia 

(ZrO2) with yttria (Y2O3) stabilises the crystal structure into the cubic fluorite phase across all 

temperatures up to the melting point of 2,680 °C. The oxidation state of zirconium is 4+, whilst 

yttrium has an oxidation state of 3+. Therefore, doping zirconia with yttria creates a charge 

imbalance, which is compensated for by the creation of oxide ion vacancies.  Oxide ions are 

conducted through the YSZ lattice by moving from one oxide ion vacancy to another. 

Increasing the number of oxide ion vacancies and stabilisation of the crystal structure into the 

cubic fluorite phase enhances oxygen ion conductivity, since oxygen ions are relatively big and 

the extra space made available reduces the activation energy associated with oxide ion hopping 

between vacancies. Increasing the quantity of yttria in YSZ to 8 mol% increases the number of 
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oxygen ion vacancies present, increasing the oxide ion conductivity of the material. However, 

when more than 8 mol% yttria is added, the yttrium ions themselves fill the oxide ion vacancies, 

causing the oxygen ion conductivity to decrease. In addition, the material starts to become very 

brittle, decreasing mechanical strength and ease of handling. Optimum oxide ion conduction is 

achieved at 8 mol% yttria (8-YSZ), which is the most widely used electrolyte material for high 

temperature SOFCs.  YSZ is the most widely used material because whilst not perfect it meets 

many of the requirements, but the biggest challenge is reducing the high operating temperatures 

whilst keeping the high ionic conductivity of YSZ [142-144].  

 

Figure 1.7: The crystal structure of cubic fluorite YSZ adopted from [145]. 

 

Alternative electrolyte materials have been investigated that can provide better conductivity 

than YSZ with interest also aiming in lowering the operating temperature because YSZ only 

works at high temperatures. Alternative electrolytes are being considered such as scandium 

doped zirconia which is more conductive than YSZ allowing fuel cell operation at lower 

temperatures [146-148]. Scandia-stabilised zirconia (Sc2O3ZrO2) is another potential 
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replacement because it possesses highest ionic conductivity compared to YSZ allowing lower 

operating temperatures [149] and also it has higher mechanical strength compared to YSZ, 

therefore it can be manufactured as a much thinner electrolyte than YSZ, decreasing ohmic 

losses. These advantages have led many groups to study SSZ [150-153].    

Doped ceria is another potential candidate material that has significantly higher oxygen ion 

conductivity than YSZ and is the most suited and the main material used to intermediate 

temperature (550-650 °C) SOFCs. At temperatures more than 600 °C, CGO is partially reduced 

and the formation of Ce3+ ions produce electron holes, which make ceria electronically 

conductive. Ionic conductivity is reliant on the type and concentration of the dopant ions with 

samaria (Sm) SDC and gadolinia (Gd) GDC giving the highest values of conductivity [154-

156]. GDC offers higher conductivity at lower temperatures compared to YSZ but has 

disadvantages relating to electrical conductivity and mechanical instability [157].  

Doped-perovskite materials are also used as electrolyte materials with the generic formula 

(ABO3) where A and B are metal atoms such as zirconium, cerium or barium. Due to the two 

different metal cation sites accessible for substitutions lanthanum gallate (LaGaO3) has emerged 

as the most promising candidate due to it high oxygen ionic conductivity by substituting some 

of the lanthanum with strontium, calcium or barium. By substituting, some of the gallium with 

Mg2+ (LSGM) can increase the conductivity even further [158, 159].  LSGM have higher ionic 

conductivity than YSZ but not as high as GDC. LaGaO3 materials are generally more expensive 

and more difficult to fabricate [160, 161]. 

1.5.2. Anode Materials 

SOFC anodes must be stable under reducing conditions and have high catalytic activity towards 

electrochemical fuel oxidation. An anode material must have high ionic conductivity, high 

porosity and high electronic conductivity to enable enhanced interaction between oxide ions, 

free electrons and gaseous fuel. In addition, electronic conductivity is required to transport the 

electrons generated from the electrode reaction to the external circuit. Materials used for SOFC 

anodes must be refractory to tolerate high temperatures over long operation times. In addition, 
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chemical and physical stability are required also must have similar thermal expansion 

coefficient and be chemically compatible with other components [162].         

The most widely used anode material is Ni-YSZ, which is composed of a porous YSZ structure 

on which particles of nickel have been dispersed. The metallic nickel has high catalytically 

activity towards the electrochemical reactions and has excellent electronic conductivity. The 

YSZ creates a structural framework which enhances the number of TPB sites. It also enables 

oxygen ion conductivity and helps to match the thermal expansion coefficient of the anode with 

that of the electrolyte, whilst acting as an inhibitor for the coarsening (at high temperatures 

nickel particles can experience sintering in which they agglomerate to form bigger particles, 

causing a loss of TPB area [163-165]) of the Ni-phase [6]. Even at high temperatures, Ni-YSZ 

anodes are chemically stable under reducing atmospheres and the thermal expansion coefficient 

is similar to that of an YSZ electrolyte avoiding tensions that could lead in delamination or in 

cracking. The performance of the anode is impacted significantly by the Ni/YSZ ratio, which 

must be above 30 wt% Ni in order to ensure sufficient electrical conductivity. In general, many 

Ni/YSZ anodes have a Ni content of ~ 60 wt% in order to achieve a balance of desirable 

properties. Like all nickel catalysts, Ni/YSZ is also extremely active towards catalytic 

hydrocarbon conversion, enabling SOFCs to run on carbon-based fuels (section 1.3). 

Although Ni-YSZ anodes are widely used, they have several disadvantages such as low 

tolerance to sulphur impurities because H2S can strongly be absorbed (section 1.3) on Ni-active 

sites causing a significant drop in the rate of electrochemical reaction occurring at TPBs [166, 

167]. In addition, Ni-YSZ anodes have a tendency when operated with hydrocarbons fuels to 

form carbon deposits on the Ni particles blocking the electrochemical reactions causing 

deterioration in cell performance. To avoid carbon deposition steam can be supplied in the fuel 

stream to suppressing carbon formation. Another disadvantage is the oxidation reduction 

intolerance. Ni-YSZ anodes must be reduced to from NiO to Ni but if the anode is exposed to 

air at high temperatures can result the Ni to re-oxidise causing the anode’s structure and strength 

to minimise. Therefore, anodes must be kept at reducing conditions during operation.  
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Ceria-based materials are being investigated as suitable candidates for SOFC anodes due to their 

ability to supress carbon deposition which enables the direct use of hydrocarbons fuels [168-

170]. Doped-ceria is good electrocatalyst (like Ni) for methane oxidation [171] and is less 

susceptible to carbon deposition [172] because doped-ceria is a good electron conductor which 

extends the active area that the electrochemical reaction can occur and good oxygen ion 

conductor in reducing environments [173]. The higher the dopant concentrations for ceria 

anodes the better (Ce0.6Gd0.4O1.8, GDC40). The performance of ceria based anodes can be 

considerably enhanced by the addition of Ni, Co, Pt, Rh, Pd or Ru [174-176]. Another approach 

to enhance the electrochemical performance is by using nanoparticles which increase 

considerably the density of reaction sites [177, 178].    

Perovskite oxides are another potential candidate for SOFC anodes due to their ability to 

supress carbon deposition. LSCV (La0.8Sr0.2Cr0.9V0.03O3) is a perovskite material typically mixed 

with YSZ providing improved stability and thermal expansion. LSCV-YSZ anodes showed 

electrochemical performance similar to Ni/YSZ but with greater resistance to carbon deposition 

but don’t provide improved catalytic activity for methane reforming.      

1.5.3. Cathode Materials  

Cathodes must provide high electrical and ionic conductivity, good stability under oxidising 

conditions, high activity towards the electrochemical reduction of oxygen and good chemical 

and thermal compatibility with other cell components. Generally, cathodes used in SOFCs are 

ceramic-based because metallic electron conductors are not stable in high temperature oxidising 

environments. Lanthanum strontium manganite (La0.5Sr0.5MnO3 - LSM) is the most widely used 

material in high temperature SOFCs. It is usually applied as a composite with YSZ (50/50 wt% 

LSM/YSZ) in order to improve compatibility with the electrolyte and enhance the TPB area.  

LSM can reduce oxygen due to the divalent Sr2+ dopant at the B-site, which it shares with the 

La3+ cation. Doping with Sr2+ makes LSM a p-type semiconductor, allowing Mn3+ to access the 

Mn4+ oxidation state. Under oxidising conditions, the Mn3+ cations are oxidised to Mn4+ 

resulting in the production of O2- ions and electrons coming from the anode reduce the Mn4+ 
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back to Mn3+ and the cycle repeats again. Despite having suitable electronic and ionic 

conductivity and been studied and used frequently in SOFC cathodes LSM is inadequate for 

operating in lower temperatures. Therefore, there is interest in lanthanum strontium cobalt 

ferrite (LSCF) which is been investigated as an alternative because it can operate in lower 

temperatures (700 – 800 °C). 

1.6. SOFC Membrane Electrode Assembly  

The Membrane Electrode Assembly (MEA) is the assembly of the anode, cathode and electrode, 

which are the three key components of a fuel cell. The MEA can be manufactured in three 

different designs: Electrolyte-Supported Cell (ESC), Cathode-Supported Cell (CSC) and 

Anode-Supported Cell (ASC). The differences between these designs are illustrated in Fig. 1.8.  

ESCs have a thicker electrolyte layer than ASC and CSC. The electrolyte provides mechanical 

strength to the cell, making ESCs the most robust MEA design. However, the thicker electrolyte 

layer means that ESCs have the poorest electrical performance and generally operate at a higher 

temperature to ensure good conduction of oxide ions. ESCs generally have increased ohmic 

losses compared with other MEA designs. The anode layer is also much thinner which limits 

ESCs to operation on H2 only. Their performance on CH4 and other carbon-based fuels is low 

and therefore the fuel flexibility of ESCs is limited, however, due to the thick and strong 

electrolyte layer, ESCs can be made using less expensive materials and manufacturing 

techniques.  

CSCs and ASCs have a thicker cathode and anode layer respectively, which provide the 

mechanical support. Both designs have a thinner electrolyte which allows the cell to operate at 

lower temperatures and generally gives much higher electrical performance. The thinner 

electrolyte layer reduces the resistance towards oxide ion conduction and therefore significantly 

decreases the ohmic losses. The mechanical robustness of CSCs and ASCs are not as good as 

ESCs, with cracking or delamination much more likely. ASCs are widely used due to the thick 

anode layer, which enables much more efficient conversion of a wide range of fuels including 

methane and other hydrocarbon-based fuels as well as ammonia. Due to the thin structure of the 
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electrolyte, ASCs and CSCs are not as mechanically robust as ESCs and they are also much 

more expensive (£0.022 per square centimetre for an ESC and £0.035 per square centimetre for 

an ASC [23]). However, ASCs generally have the highest performance and fuel flexibility of all 

MEAs. The thickness of SOFC MEA is shown in Fig. 1.8. In order to maintain mechanical 

stability, a thick anode is used as support for the thin electrolyte. ASCs use the same electrode 

and electrolyte materials as the ESCs. Compared with ESCs, ASCs can deliver higher power 

outputs and can be operated at lower temperatures due to the use of a thick anode and the cell 

stability can be enhanced 

 

 

Figure 1.8: SOFC MEA thickness: (a) electrolyte supported cell, (b) cathode supported cell and (c) 

anode supported cell (adopted from [6]).   

 

1.7. Aims of the PhD 

The first objective of the project was to design and construct a SOFC testing system. The aim of 

the research was to investigate the performance of SOFC with biomass-derived fuels. 

Aims of research: 

1. Investigate the utilisation of biohydrogen and biohythane in SOFC technology and 

explore the implications for decarbonisation of natural gas grids 
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2. Characterise the use of electrolyte-supported cells and anode-supported cells in fuel cell 

mode and electrolysis modes of operation including co-electrolysis with H2O and CO2 

3. Establish the effects of fuel variability and operating temperature on SOFC performance 

and outputs 

4. Characterise fuel conversion mechanisms and SOFC outputs using combined 

electrochemical techniques and online mass spectrometry 

1.8. Overview of Thesis 

Chapter-2 includes a literature review on utilisation of biomass-derived fuels in SOFCs. This 

chapter reviews how biomass is utilized in different ways to enable production of useful 

feedstocks from organic waste focusing on different fuel mixtures yielded from biomass and 

how they can be upgraded and cleaned for injection into the natural gas grid and 

decarbonisation. The chapter also analyses the utilisation of biogas, biohydrogen, biohythane 

and other biomass-derived fuels in SOFC.   

Chapter-3 includes material specifications for the electrolyte and anode supported SOFC used in 

this work. Experimental methods are included explaining how the cell was mounted, how 

electrical connections were made and how fuel delivery and output gas recovery was achieved. 

In addition, the cell heating and conditioning is described. Lastly, electrochemical 

measurements and anode output gas analysis via a quadrupole mass spectrum (QMS) are 

explained.    

Chapter-4 shows how biologically produced mixtures of H2 and CO2 can potentially be utilised 

in an electrolyte and an anode supported cell. This chapter investigates solid oxide electrolysis 

of biohydrogen for the first time and is compared directly with fuel cell mode utilisation. The 

performance and fuel processing of SOFCs utilising biohydrogen have been characterised at 

different operating temperatures and the effects of fuel variability on SOFC overpotentials and 

outputs have been established. A direct comparison of an ESC and an ASC operating on 

biohydrogen both in fuel cell and electrolysis mode was also investigated. 
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Chapter-5 describes a novel and highly efficient method of utilising renewable and industrial 

waste gases with co-production of energy and useful chemicals using SOFCs. This chapter 

shows, the gain in energy yield from two-stage AD to be supplemented with additional gains in 

SOFC efficiency, resulting in an increased electrical energy yield from biomass overall 

compared with utilisation of biogas from single-stage AD in SOFCs. In addition, this chapter 

investigates the effects of biohythane fuel variability on the performance and fuel processing of 

the cell. A long term biohythane durability test was also carried out.  

Chapter-6 explores the co-electrolysis of biohythane with various co-oxidants H2O (steam), 

H2/CO2 (50/50 vol%) and CO2 using an ASC for high quality syngas production. In addition, 

biohythane was compared with other-biomass derived fuels to investigate fuel processing and 

syngas production. Furthermore, biohythane fuel variability was examined and SOEC 

overpotentials and outputs have been established. 

Chapter-7 includes a summary of the thesis, implications of research, future work and closing 

remarks. 
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Chapter 2: Literature Review 

2.1. Overview of biomass-derived fuels 

The need to increase the share of power production from renewable and low-carbon resources 

has led to increased use of biomass [179-184]. Biomass can be utilised in different ways, with 

anaerobic digestion (AD) being one of the most widely used and efficient technologies [185-

187]. AD is an established and widely deployed technology that enables the production of 

useful feedstocks from food and organic wastes [188].The process involves bacterial digestion 

of organic substrates in the absence of oxygen [189], yielding a nutrient-rich digestate and a 

biogas mixture and trace levels of contaminant gases [190]. The digestate can potentially be 

utilised as fertiliser, whilst the biogas can be used as a fuel which, provided the initial waste is 

sourced and managed sustainably, is a renewable and low-carbon resource [191].  

AD takes place in four steps: (1) hydrolysis, (2) acidogenesis, (3) acetogenesis, and (4) 

methanogenesis [192]. In the first two steps, the waste substrate is converted into H2 and CO2 

(biohydrogen) and a liquid phase rich in short-chain C1-C5 carboxylic acids and alcohols [123]. 

In step three, the H2 and CO2 are converted into carboxylic acids, which are converted in step 

four by CH4-producing bacteria into CH4/CO2 (biogas) and a nutrient-rich digestate [193]. AD 

is a complex process where each step requires different populations of bacteria [186]. 

Conventionally, AD is carried out as a single stage process, where all four steps are conducted 

within a single reactor vessel.  

Biogas can be upgraded and cleaned to yield biomethane for injection into natural gas grids [3, 

194], thereby helping to achieve decarbonisation. Decarbonising natural gas grids is of great 

importance since they provide significant amounts of energy for heating, electricity production 

and manufacturing all over the world [195, 196]. The greenhouse gas emissions resulting from 

natural gas consumption are considerable due to fugitive CH4 emissions and the CO2 emitted 
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upon oxidation [197, 198]. Decarbonisation of natural gas grids is urgently required due to the 

lack of progress in heat decarbonisation and the increasing demand on electricity grids.  

However, gas upgrading has been well studied for biogas to biomethane processes [199-202] 

and a comparison of established gas upgrading technologies is shown in Table 2.1. Each of 

these technologies requires electrical energy and in some cases heat energy, whilst most also 

have a consumables demand and do not operate effectively under partial load. The use of a gas 

upgrading technology represents a capital and operational cost to the consumer. Furthermore, 

there is an inevitable loss of fuel, which decreases the net energy gain and causes fugitive fuel 

emissions.  

Table 2.1: Comparison of biogas upgrading technologies. Information and values applicable for 

production of biomethane from biogas [199-202]. 

Parameter Water 

scrubbing 

Organic 

physical 

scrubbing 

Amine 

scrubbing 

Pressure 

swing 

absorption 

Membrane 

separation 

Electrical energy 

demand / kWh m-3 

0.40-0.50 0.45-0.70 0.25-0.35 0.40-0.50 0.25-0.45 

Operating 

temperature / °C 

- 70-80 120-160 - - 

Consumables 

demand 

Antifouling 

and drying 

agents 

Organic 

solvents 

Amine-

based 

solvents 

Activated 

carbon 

- 

Partial load range 50-100% 50-100% 50-100% 85-100% 50-100% 

Typical capital 

costs / €(m3 h-1)-1 

3.5-10.0 3.5-9.5 3.-9.5 3.7-10.0 3.5-7.6 

Typical operational 

costs / € m-3 

0.09-0.14 0.09-0.14 0.11-0.14 0.09-0.13 0.07-0.16 

Methane recovery 98% 96% >99% 98% 80-99.5% 
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SOFCs have been shown to operate with a high efficiency on biogas and related fuels without 

the need to remove CO2. Previously published work is reviewed in the following sections. Their 

ability to operate on fuel mixtures composed of CH4, CO2 and H2 makes SOFCs compatible 

with efforts to decarbonise natural gas grids via addition of pure H2, biomass-derived gas 

mixtures as well as biomethane [78]. 

2.1.1. Biogas 

Biogas mainly consists with CH4 (50-80 vol%) and CO2 (30-50 vol%) and depending on the 

biomass source, biogas also contains variable levels of impurities such as H2S, NH3, siloxanes 

and tars [203-205]. The increasing usage and production of biogas has led to a significant 

amount of previous research into biogas utilisation in SOFCs [206-209]. The utilisation of 

biogas mixtures [3, 69, 87, 88, 194, 210-212] have shown that carbon deposition [213-215] 

caused by excessive methane decomposition and sulphur poisoning [216-218] are the main 

degradation issues with this fuel mixture making the utilisation of biogas in SOCs challenging 

[219-223].  

To address carbon deposition when operating on pure CH4 the addition of steam or CO2 is 

usually required [224]. Many studies indicate therefore that it is not necessary to remove CO2 

from biogas and that SOFC performance is considerably improved by keeping CO2 present 

[225-227]. Further studies from Lanzini et al. [228] and Johnson et al. [229] suggested the 

addition of more CO2 in the biogas mixture had a beneficial effect on carbon formation, 

decreasing the cell degradation.  

Laycock et al. [230] indicated that direct electrochemical conversion of CH4 not contributing 

significantly to electrical power production, with fuel utilisation proceeding via CO2 reforming 

of CH4 and subsequent electrochemical oxidation of H2 and CO, further demonstrating the 

benefit of keeping CO2 present. The presence of CO2 also inhibits carbon formation, prolonging 

cell degradation processes [84]. In addition, CO2 reforming of CH4 is highly endothermic and 
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therefore assists with stack cooling. Studies indicate the optimum CH4 content of biogas to be in 

the range 30-45 vol% [84, 231]. Biogas mixtures containing 45 vol% CH4 have yielded the 

highest SOFC performance, although 30 vol% CH4 ensures complete prevention of carbon 

deposition.  

2.1.2. Biohydrogen  

Mixtures of H2 and CO2 can be produced from numerous processes including dark fermentation, 

photo-fermentation, indirect biophotolysis and bioelectrochemical techniques [232-235]. These 

techniques limit AD to steps 1 and 2 only (see section 2.1). H2/CO2 mixtures produced from 

these types of processes are widely known as ‘biohydrogen’ and typically have a 50/50 vol% 

H2/CO2 content (see Table 2.2). Like biogas, they are variable mixtures and contain trace levels 

of sulfur, nitrogen-, and carbon-based contaminants [80, 236]. Crucially, they avoid the need to 

handle methane, which is a very potent greenhouse gas.  

Table 2.2: Typical composition of gases from biohydrogen production processes [80]. 

Component Biohydrogen  

Hydrogen 35-50 vol% 

Carbon dioxide 50-55 vol% 

Nitrogen 3-8 vol% 

Carbon Monoxide <0.001 vol% 

Methane <0.01 vol% 

Sulfur-containing 

compounds 

<200 ppm 

FigOther impurities <2 vol% 

 

Biohydrogen mixtures can potentially be utilised in various technologies including internal 

combustion devices and fuel cell technology [79-81, 199, 200, 236-239]. Combustion engines 
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and low temperature fuel cells require prior removal of CO2 due to the very strict fuel 

composition requirements of these devices. Utilisation of biohydrogen in SOFC technology 

removes the need to upgrade the fuel mixture because SOFC devices are fuel flexible and have 

no strict requirements for CO2 removal. Desulfurisation of biohydrogen would still be necessary 

but would not require an energy intensive or complex gas upgrading system. In fact, the 

significant presence of H2 in biohydrogen is likely to increase the sulfur tolerance of SOFCs in 

comparison with operation on a carbon-based fuel such as natural gas or biogas [80, 81, 240]. 

The absence of methane in biohydrogen has been shown to make SOFCs less prone towards 

carbon deposition, which is a significant problem for operation on methane-based fuel mixtures 

[69-72, 80, 212, 241-243].  

Utilisation of biohydrogen in SOFCs has been demonstrated in fuel cell mode with comparable 

performance to that observed when operating on pure H2 [238]. Biohydrogen is more versatile 

than biogas and can also potentially be very efficiently electrolysed in SOFCs to yield useful 

mixtures of synthesis gas (H2 + CO). Conversion of biohydrogen in a reversible SOFC device 

therefore also gives energy production and storage flexibility, since electrical power or synthesis 

gas can be produced as required using a single SOFC device with combined efficiencies over 

90% [16, 244], reducing investment costs and payback times. However, significant 

technological development is required in order to reduce the capital costs of SOFC devices [89, 

91, 100, 101, 116, 140, 245-248].  

Previous work into the utilisation of biohydrogen in SOFC devices has focussed on fuel cell 

mode operation to yield electrical power and heat [79-81, 236-238]. Leone et al. [80, 81] have 

shown that conversion of biohydrogen is closely related to the Reverse Water Gas Shift 

(RWGS) reaction (Eq. 16): 

H2 + CO2 ⇌ H2O + CO                    (Eq. 16)  

A computational study by Razbani et al. [237] illustrated the importance of the RWGS reaction 

to the performance and cooling requirements of SOFCs running on biohydrogen. The RWGS 

reaction is kinetically fast and thermodynamically favourable over nickel catalysts at SOFC 
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operating temperatures [249-252]. It causes the presence of H2 to decrease and CO to increase, 

and therefore has a negative effect on the open circuit potential (OCP) of SOFCs. The RWGS 

reaction is mildly endothermic (ΔH = +41 kJ mol-1) and therefore reduces stack cooling 

requirements in comparison with pure H2 or H2/ N2 mixtures; however, stack cooling 

requirements are increased in comparison with biogas utilisation in SOFCs, where fuel 

conversion proceeds simultaneously with the highly endothermic CO2 (ΔH = +247 kJ mol-1) or 

steam reforming (ΔH = + 205 kJ mol-1) reactions [69-72, 212, 241-243, 248]. Nevertheless, the 

overall performance and durability of SOFCs is better for biohydrogen due to the absence of 

methane, which causes significant problems relating to carbon deposition for SOFCs running on 

biogas mixtures [236]. 

A separate study by Razbani et al. [79] investigated the effects of various SOFC operating 

parameters on biohydrogen utilisation. It was shown that increasing the operating temperature 

increases the overall cell performance due to increased activation and ohmic efficiencies, as 

well as a shift in the RWGS equilibrium. In addition, investigations into fuel variability show 

that cell performance is generally increased with increasing H2 content of the fuel due to 

decreased activation losses, better heat distribution across the cell from the fuel cell reactions 

and the reduced cooling effects of the RWGS reaction at high temperatures.  

2.1.3. Biohythane 

AD processes where all four stages are carried out in one reactor is referred to as single-stage 

fermentation [253]. However, it is possible to achieve further energetic gains from biomass by 

carrying out steps one and two in a separate reactor to stages three and four [124, 125, 254-257].  

This is two-stage fermentation and enables each of the stages to be optimised separately to give 

an energy yield that is up to 46% greater compared with single-stage AD [232]. The first reactor 

yields biohydrogen (H2/CO2) and the second reactor gives biogas (CH4/CO2) these are then 

combined to produce a gaseous mixture typically composed of 60/30/10 vol% CH4/CO2/H2 

referred to as biohythane [124]. Two-stage fermentation therefore yields a gaseous feedstock 

which contains an additional presence of H2 with a higher calorific value, gives lower 
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greenhouse gas emissions. Furthermore, the additional presence of H2 makes biohythane easier 

and more beneficial to utilize than conventional methane-rich biogas [258] [256, 259].   

There has been very little previous research undertaken into the utilisation of biohythane or 

CH4/CO2/H2 mixtures in SOFCs. The main body of work has been carried out by Chen et al. 

[77], who studied these mixtures in the context of recirculating anode exhaust gases as a means 

of improving the fuel utilisation efficiency of methane-fuelled SOFCs. The study established the 

effects of fuel variability and investigated the performance of SOFCs operating on 30/60/10 

vol% and 15/60/25 vol% CH4/CO2/H2 mixtures. As such, this study investigated CH4/CO2/H2 

mixtures with higher CO2 and lower CH4 contents than are typically found in biohythane 

mixtures. It was found that fuel utilisation partly proceeds via CO2 reforming of CH4 (Eq. 17) 

and the RWGS reaction (Eq. 16). 

CH4 + CO2 ⇌ 2H2 + 2CO                                                                                                  (Eq. 17) 

The high content of CO2 limited carbon formation reactions and carbon deposition was not 

reported to be a significant problem for the mixtures studied. However, thermodynamic 

calculations indicated that for higher CH4 contents like biohythane, carbon deposition is likely 

to be a problem.  

The substitution of natural gas with H2 as a potential way to decarbonise natural gas grids, 

although they mainly focus on the addition of H2 to CH4 for the purposes of suppressing carbon 

deposition caused by methane cracking. Nikooyeh et al. [74] studied carbon deposition on 

Ni/YSZ composite powders exposed to various CH4/H2 mixtures with H2/CH4 ratios in the 

range 0-1.5. Temperature programmed oxidation measurements clearly indicated that carbon 

deposition was suppressed significantly as the H2 content of the mixture was increased. In 

addition, carbon deposition under CH4/H2 mixtures was found to be less damaging to the 

microstructure of the cell compared with pure CH4.  

Escudero et al. [75] studied the effect of changing the CH4/H2 ratio on the performance and 

stability of an SOFC with a bimetallic Mo-Ni/CeO2 anode material. It was found that increasing 
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the CH4 presence decreased the current output of the cell and destabilised the OCP. Impedance 

spectra and I-V curves indicated the current output decreased due to the increased robustness 

and size of the CH4 molecule, whilst the OCP instability suggested the occurrence of carbon 

deposition on the anode. Avoidance of carbon deposition could be achieved by using high 

current densities and it was noted by the authors that according to thermodynamic predictions, 

increasing the current density initially partially oxidises the carbon to CO at low and 

intermediate current densities before totally oxidising to CO2 at high current densities, resulting 

in stable operation. The effect of increasing the operating temperature on the OCP was also 

established in this study, revealing that under high H2 contents (≤ 20 vol% CH4), increasing the 

temperature caused the OCP to decrease, in accordance with Nernst predictions. Under higher 

CH4 contents however, increasing the temperature slightly increased the OCP due to the 

presence of partial oxidation of CH4. 

Almutairi et al. [76] investigated a 100 W SOFC system operating on H2 containing up to  

20 vol% CH4. In agreement with previous research, increasing the CH4 content increased the 

OCP and the activation overpotentials, overall resulting in better cell performance. However, 

the performance degraded during long-term tests as a result of carbon deposition, which 

accumulated within the pores of the anode, preventing electrochemical conversion and fuel 

diffusion. Removal of carbon was found to be difficult and complex. 

2.1.4.  Other related fuel mixtures 

Other mixtures containing CH4, H2 and CO2 include gasifier exhaust gas mixtures, which have a 

typical (but variable) composition of 50/15/20/12/3 vol% N2-H2-CO-CO2-CH4 [44]. Under some 

conditions, CO is an important electrochemical reactant which makes a significant contribution 

to electrical power production and in some cases gives better performance than H2. CO2 

decreased the OCP of the cell but not the overall cell performance and under some conditions 

increased the power density of the cell due to the RWGS reaction. Finally, CH4 does not 

negatively impact on the performance of the cell, although due to being present in very low 
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concentrations, it is not clear whether CH4 makes a contribution to electrical power production 

directly, indirectly or at all.  
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Chapter 3: Materials and Experimental Methods 

3.1. Button Solid Oxide Fuel Cells 

Measurements with electrolyte-supported cells were acquired using FCM NextCell-2.0 (SKU: 

213205) cells. These cells were composed of a 150 μm thick scandium-stabilised zirconia 

electrolyte, a 50 μm NiO-GDC/NiO-YSZ (yttria-stabilized zirconia) anode and a 50 μm 

LSM/LSM-GDC cathode (where LSM is Lanthanum Strontium Manganite and GDC is 

Gadolinia-doped Ceria).  

 

Figure 3.1: Specifications of the electrolyte-supported fuel cell adopted from [260] . 

 

Measurements with anode-supported cells were acquired using two commercially available 

cells. The first cell was the FCM ASC-2.0 (SKU: 213308) which was composed of a 3 μm 8-

yttria-stablised zirconia (8-YSZ) electrolyte layer, a 3 μm GDC barrier layer, a 400 μm NiO-

YSZ anode and a 12 μm lanthanum strontium chromite (LSC) cathode. The diameter of the 

anode and electrolyte layers was 20 mm and the diameter of the cathode was 12.5 mm. The 

second one was the Fiaxell 2R-CellTM button cell which was composed of a NiO anode 

(thickness 0.2-1.0 mm), an yttria-stabilised zirconia (8-YSZ) electrolyte (thickness 5-20 μm) 
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and a 60/40 vol% LSCF/GDC (Lanthanum Strontium Cobalt Ferrite, Gadolinia-doped Ceria) 

composite cathode (thickness 2.5 μm). 

 

Figure 3.2: Specifications of the anode-supported fuel cell adopted from [260]. 

 

3.2. Cell Mounting and Connections 

Cells were tested using a Fiaxell Open Flanges SOFC test set-up [261] (see Fig. 3.3). This 

system enabled testing of planar cells of any shape and size up to 5 × 5 cm and involved 

pressing the cell in between two Inconel steel flanges (made with Inconel 600 and 601), were 

fuel and oxidant gases supplied separately. Fuel was supplied via the diffuser (see Fig. 3.4) 

which was firstly inserted into the fuel inlet tube of the anode flange. The diffuser also had a 

nickel rod attached to make electrical connection to the cell. This was insulated from the 

cathode-side components by being positioned within a ceramic tube. Fuel was supplied to the 

anode of the cell to the centre of the cell from the two and the output gases were recovered via 

the two peripheral tubes as shown in Fig. 3.3.  
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Figure 3.3: Cell mounting schematic setup displaying gas tight seals and insulation between the 

flanges of the setup. 

 

To mount the cell, a piece of nickel foam (0.5 mm width) was secured with silica-free glue on 

the diffuser with the dimension of the cell (see Fig. 3.3, no. 8). A piece of deformable mica (0.5 

mm width see Fig. 3.3 no. 7) with a hole-punched in the middle the size of the nickel foam was 

centred around the nickel foam. Then the mica was placed on the diffuser such that the nickel 

foam was in the hole punch of the mica. The cell was then placed on top of the nickel foam with 

the anode in contact with the nickel foam and was held in place with a small piece of silica free 

scotch tape. A sheet of alumina-silica felt (5 x 5 cm Fig. 3.3 no. 5) with a hole in the centre of 

the felt to allow contact between the gold mesh and cathode of the cell was placed on top of the 

cell. Then the gold mesh with gold wires was placed on top of the cathode of the cell (Fig. 3.3 

no. 4) and on top of that the remaining alumina silicate felt (Fig. 3.3 no. 3) followed by a second 
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sheet of alumina-silicate felt was placed over the top of everything, covering and electrically 

insulating the gold mesh and wires (Fig. 3.3 no. 2).  

 

Figure 3.4: Gas diffuser used in fuel cell testing with fuel inlet and outlet ports    

 

The flanges were tightened using four external springs and screws, which applied pressure to 

the flanges uniformly. The springs were compressed to 26-27 mm (measured with calipers), 

generating a pressure of 18 kg/turn1 needed to create a gas tight seal. The precise temperature of 

the cell was measured using a type-K thermocouple, which was positioned in a dedicated tube 

near to the cell on top of the alumina felt. The thermocouple was connected to a temperature 

display and used to monitor the precise temperature at the cell. The flanges were then spring 

loaded, completing the cell mounting procedure.  

 
1For one turn of wingnut: 0.8mm * 2.8 kg/mm = 2.24 kg per spring. With 4 springs the total pressure per 
turn is: 2.24 *4 ≈ 9 kg/turn  
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Figure 3.5: (a) Schematic and (b) open flanges head with fuel diffuser and thermocouple holder: (a) 

air feeding tube, (b) thermocouple, (c) spring loaded rod, (d) feed through bush, (e) Inconel upper 

flange, (f) gold mesh, (g) fuel cell electrolyte, (h) fuel cell cathode, (i) fuel cell anode, (j) Inconel 

bottom flange, (k) spring loaded steel tube, (l) 4 bores insulator ceramic tube, (m) fuel feeding tube and 

(n) ceramic insulation plates    
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Once mounted, the underside of the test set-up (containing the flanges) was placed inside a 

chamber furnace (Toploader Squadro SQ11 equipped with a Bentrup TC505 temperature 

controller), which was used to heat the cell to the required temperature. Silicone tubes were 

connected for the air inlet and stainless-steel tubes for the fuel outlet gases. For the fuel inlet, 

connections were achieved using 14 mm Swagelok fittings. Two 8 mm Swagelok fittings were 

used for the outlet gases. The current collection and voltage sensing wires were connected to a 

potentiostat (Ivium Technologies IviumStat.h), enabling electrochemical measurements to be 

carried out. The anode potential was measured by fixing the wire from the terminal plug to the 3 

mm nickel rod using a crocodile clip. The anodic current flowed in the diffuser rod and was 

collected from a metallic clip. The cathodic current flowed through the two gold wires that were 

connected to the gold mesh and the current was collected using two terminal plugs.     

3.3. Fuel delivery and output gas recovery 

Fuel and air were delivered to the cell using the system shown in Fig. 3.6. Gases were handled 

using Nylon (RS PRO air hose NLF series/415-0389) tubing 6 mm × 8 mm (ID × OD). Air (Air 

Liquide, 99.99%) was supplied to the cathode connection using a rotameter. Fuel gas mixtures 

were supplied to the anode using a Bronkhorst Flow-SMS digital mass flow controller system, 

which enabled laminar flow delivery of gaseous mixtures containing H2 (Air Liquide, 99.99%), 

CO2 (Air Liquide, 99.99%), He (Air Liquide, 99.99%) CH4 (Air Liquide, 99.99%), N2 (Air 

Liquide, 99.99%) and Air (Air Liquide, 99.99 %). For details on how the mass flow controllers 

were laminated, see Appendix B. Product gases from the anode were collected continuously and 

fed into the QMS (Cyionics Ltd. and MKS Cirrus 2) fitted with a residual gas analyser, enabling 

continuous measurement of the product gas composition. It was necessary to remove H2O 

present in the output gases using a silica gel desiccant in order to prevent flooding of the QMS 

capillary inlet line. The presence of H2O in the output gases was therefore not measured. For 

details on how the QMS sensitivities were calculated and used for data correction, see Appendix 

C. 
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Figure 3.6: (a) SOFC test set-up, (1) fuel lines, (2) air rotameter, (3) mass-flow controllers, (4) fuel/air 

delivery and recovery system, (5) SOFC furnace, (6) furnace temperature controller, (7) Iviumstat for 

electrical measurements, (8) peristaltic pump, (9) QMS, (10) computer and (b) schematic 

representation     

 

For co-electrolysis measurements, the fuel mixtures were mixed with steam using an integrated 

ceramic cartridge containing alumina fibers (99.9 % Al2O3 cartridge in a 4 mm Ø 99.9 % Al2O3 
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tube) that provided a constant steam flow rate directly in the fuel feeding inlet. Deionized water 

was delivered through the cartridge using a peristaltic pump (Lead fluid BT101L intelligent 

peristaltic pump) at the required flow rate. The cartridge was resistively heated from the 

chamber furnace, enabling a constant steam flux to be delivered to the anode as required.  

3.4. Cell heating and conditioning 

When starting an experiment, the fuel delivery lines were firstly purged with 30 cm3 min-1 of an 

inert gas (helium or nitrogen) for 30 minutes in order to displace oxygen. The chamber furnace 

was then set to heat at 120 °C h-1 up to 400 °C, followed by a second heating ramp of 200 °C h-1 

up to the desired temperature. This heating programme was in accordance with manufacturer 

recommendations and ensured good sealing between the cell and components. During heating, 

air was supplied at 100 cm3 min-1 to the cathode to burn off the tape and adhesive used during 

cell mounting. When the cell reached the required temperature, the spring-loaded pressure of the 

flanges was checked and corrected as required. This was necessary because heating caused 

slight compression of the sheets and felts. 

After reaching the desired temperature, 5 vol% H2 was introduced into the fuel inlet mixture in 

order to reduce the anode. Reduction was monitored by observing the OCP of the cell. When 

the OCP had stabilised, the H2 content was increased to 10 vol% until the OCP had re-stabilised. 

This procedure was repeated until the gas stream consisted of 100 vol% H2. The OCP observed 

under pure H2 was typically 1.10 – 1.14 V depending on the temperature, indicating negligible 

gas crossover and current loss. Finally, a voltage of 0.8 V was applied to the cell for a few hours 

in order to condition the electrolyte. 

3.5. Electrochemical measurements 

When collecting electrochemical measurements, the fuel mixtures were supplied to the anode at 

a flow rate of 30 cm3 min-1, and air was supplied to the cathode at 50 cm3 min-1. When changing 

the cell conditions such as temperature or fuel composition, the OCP of the cell was left to 

stabilise for 10-20 minutes before taking any measurements. For fuel mixtures containing CH4, 
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air was added at a CH4/air ratio of 5:1 by volume in order to prevent any interference to data 

caused by intolerable carbon deposition. In order to ensure the total flow rate of gases remained 

constant for different fuel compositions, an appropriate flow of He was added to the mixture to 

give a total flow rate of 36 cm3 min-1.  

I-V curves were measured over the range OCP - 0.1 V in fuel cell mode, and in electrolysis and 

co-electrolysis mode were measured in the range OCP – 2.0 V. All I-V curves were measured 

potentiostatically at a scan rate of 500 mV s-1. Electrochemical impedance spectroscopy (EIS) 

measurements were taken potentiostatically over the frequency range of 0.1 kHz - 100 MHz 

using a voltage amplitude of 10 mV. EIS measurements were carried out at the OCP, in fuel cell 

mode at 0.1 V below the OCP, and in electrolysis mode at 0.1 V above the OCP. 

3.6. Anode output gas analysis using QMS 

The composition of the output gases leaving the anode was measured using a MKS Cirrus 2 

QMS. The spectrometer was primarily set to measure the intensities of m/z = 2 (H2), 4 (He), 15 

(CH4), 28 (CO), 32 (O2) and 44 (CO2). The sensitivity of the spectrometer towards each of the 

gases was measured and used for data correction (see Appendix D), so that the data presented in 

this work represents the relative partial pressures of the output gases leaving the cell. Helium 

(m/z = 4) was used as the carrier gas. When taking QMS measurements, fuel gases were 

delivered at a total flow rate of 8 cm3 min-1. Air was added into the mixture at a CH4/air ratio of 

5:1 to prevent any carbon deposition at the anode. The gases were then diluted in an appropriate 

flow rate of helium to give a total gas flow rate to the cell of 20 cm3 min-1.  
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Chapter 4: Utilisation of H2/CO2 mixture in SOFC 

technology 

4.1. Introduction  

Whilst previous studies into biohydrogen utilisation in SOCs have focussed on fuel cell mode 

characterisation running on biohydrogen predominantly using computational and 

electrochemical techniques, the following experimental investigations characterise biohydrogen 

utilisation in SOCs using a combination of electrochemical techniques (see Chapter 2) and 

QMS, which have enabled the performance and fuel processing to be investigated in 

significantly greater detail than has been achieved previously. In addition, solid oxide 

electrolysis of biohydrogen has been investigated for the first time and is compared directly 

with fuel cell mode performance and products. Finally, the effects of fuel variability on SOC 

performance and products have been established. 

4.2. Utilisation of biohydrogen in electrolyte supported cells  

4.2.1. Effect of fuel composition on OCP 

The effect of H2/CO2 composition on the OCP of the cell is shown in Fig. 4.1a alongside the 

theoretical Nernst potential which decreased linearly as the H2/CO2 composition was varied 

from 100/0 – 10/90 vol%. Under pure H2, the experimentally measured OCP agreed closely 

with the Nernst potential, indicating the cell was well sealed with minimal gas crossover and 

current loss. Adding CO2 to the fuel mixture immediately caused the OCP to deviate sharply 

away from the Nernst potential in a manner consistent with previously reported theoretical and 

experimental trends [79-81, 236-238]. The OCP decreased non-linearly as the CO2 content was 

increased to approx. 20 vol%. From 20-60 vol% CO2, the OCP decreased almost linearly and in 

parallel with the Nernst potential before again decreasing non-linearly as the CO2 content was 

increased above 60 vol%.  
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The deviation of the OCP away from the theoretical Nernst potential is explained by the 

presence of the RWGS reaction (3.1), which was observed by analysis of the product gases 

leaving the anode as shown in Fig. 4.1b. At 75/25 vol% H2/CO2, the levels of H2 and CO2 

leaving the anode were less than 0.75 au and 0.25 au respectively, and CO was detected. The 

signal intensities of masses 15 and 31 were measured to check for the presence of CH4 and 

CH3OH respectively but none were found, suggesting the presence of other reactions such as 

methanation were not significant and implying the presence of the RWGS reaction. Fig. 4.1b 

shows the presence of CO did not change significantly as the CO2 content of the input gases was 

increased from 25 - 60 vol%, indicating the H2/CO2 composition did not have a significant 

effect on the equilibrium of the RWGS reaction over this range. This explains the linear 

decrease of OCP observed over this range in Fig. 4.1a; the equilibrium of the RWGS reaction 

was not changed and therefore the OCP varied linearly and in parallel with the theoretical 

Nernst potential due to a proportional dilution of the gases in CO2. The sharp deviation of the 

OCP away from the Nernst potential at 0 - 25 vol% CO2 indicates that the equilibrium of the 

RWGS reaction was strongly influenced by the H2/CO2 composition over this range. Adding 

CO2 did not therefore cause a simple dilution of H2 in CO2; some of the H2 was also converted 

in the RWGS reaction, significantly affecting the OCP of the cell. The effect of changing 

composition as a function of temperature have been calculated with H2 and CO2 being converted 

into product gases (H2, CO, H2O and CO2) to predict the product gas composition at different 

and CO2/H2 mixtures at different temperatures (Appendix E).  
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Figure 4.1: The effect of H2/CO2 fuel composition on: (a) the OCP of the ESC, and (b) the composition 

of the output gases leaving the anode at OCP. The temperature of the ESC was 800 °C. 

 

The non-linear decrease of OCP at ≥ 60 vol% CO2 is explained by both the increased dilution of 

gases in CO2 and the shifting equilibrium of the RWGS reaction. Fig. 4.1b shows the CO 

presence decreased significantly above 60 vol% CO2, indicating a decreased presence of the 

RWGS reaction. The decreased presence of H2, CO and H2O, coupled with increased dilution in 
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CO2, caused the OCP to decrease non-linearly and to further deviate away from the Nernst 

potential under high CO2 concentrations.  

4.2.2. Utilisation of 50/50 vol% H2/CO2 

Fig. 4.2 shows the effect of decreasing the operating voltage on the products of the ESC when 

running on 50/50 vol% H2/CO2 in fuel cell mode. In agreement with Fig. 4.1, some of the initial 

H2 and CO2 were converted in the RWGS reaction to give an OCP of 0.92 V. Across all 

operating voltages, there was CO present in the output gases which was not present in the input 

gases, indicating that the RWGS reaction took place simultaneously with electrochemical 

processes on the anode. As the cell voltage was progressively decreased, the electrical current 

produced increased, with a maximum current of approx. 1235 mA cm-2 produced at 0.1 V. 

 

Figure 4.2:  The effect of operating voltage on the gaseous and current outputs of the ESC running on 

50/50 vol% H2/CO2 in fuel cell mode at 800 °C. The figure plots the output gases on the primary 

vertical axis, and the corresponding current density on the secondary vertical axis. 

 

It has previously been reported that provided the ratio of H2 to CO is greater than 1, the 

electrochemical oxidation of H2 on Ni-based SOC anodes is predominant and the rate of 

electrochemical CO oxidation is negligible [262-267]. Since the condition H2/CO > 1 is satisfied 
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across all the cell potentials studied in Fig. 4.2, the conversion of CO and subsequent CO2 re-

generation through the direct electrochemical oxidation of CO was not likely to be significant. 

The current generated by the cell was therefore more likely to be produced mainly from the 

electrochemical oxidation of H2. 

The observed conversion of CO and subsequent regeneration of CO2 was more likely due to a 

shift in equilibrium of the RWGS reaction imposed by the electrochemical oxidation of H2 (Eq. 

1), which caused the partial pressure of H2 to decrease and the partial pressure of H2O to 

increase: 

H2 + O2- ⇌ H2O + 2e-                                                                                                      (Eq. 1) 

As the potential of the cell was decreased therefore, the rate of electrochemical H2 oxidation 

increased and the equilibrium of the RWGS reaction was shifted increasingly towards the WGS 

reaction (Eq. 12): 

H2O + CO ⇌ H2 + CO2                                                                                                 (Eq. 12) 

The main pathway of CO2 regeneration was therefore likely to be through the electrochemical 

oxidation of H2 (Eq. 1) followed by the WGS reaction (Eq. 12). 

Fig. 4.2 also illustrates that the electrical and gaseous products of SOFCs running on H2/CO2 

mixtures varied significantly depending on the operating potential of the cell. The presence of 

CO in the output gases underlines the importance of ensuring high fuel utilisation efficiencies 

when running SOCs on H2/CO2 mixtures. Fig. 4.2 therefore indicates that due to the presence of 

the RWGS reaction, poor fuel utilisation efficiencies will lead to emissions of CO.  

Fig. 4.3 shows the effect of operating potential on the products of the ESC running on  

50/50 vol% H2/CO2 in electrolysis mode. As the operating potential was increased, the partial 

pressure of CO2 decreased, and the H2 and CO increased. The synthesis gas production rate 

increased from approx. 12 cm3 min-1 cm-2 at the OCP, to approx. 21 cm3 min-1 cm-2 at 1.8 V. At 

the OCP, H2-rich synthesis gas mixtures with a H2/CO ratio of approximately 2.3 by volume 
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were produced, whilst at the highest voltage studied (1.8 V) the H2/CO ratio decreased to 

approx. 1.2 by volume.  

 

Figure 4.3: The effect of operating voltage on the gaseous products of the ESC running on 50/50 vol% 

H2/CO2 in electrolysis mode at 800 °C. The figure plots the output gases from the anode on the primary 

vertical axis, and the corresponding total synthesis gas production (H2 + CO) on the secondary vertical 

axis. 

 

The observed decrease of the H2/CO ratio is significant, because it indicates the rate of CO 

production increased relative to H2 production as the cell voltage was increased. It is widely 

accepted that the rate of CO production through electrochemical CO2 reduction (Eq. 10) is much 

slower than H2 production through electrochemical H2O reduction (Eq. 9) [89, 91, 100, 101, 

116, 140, 245-248, 262-267] : 

H2O + 2e- ⇌ H2 + O2-                                                                                    (Eq. 9) 

CO2 + 2e- ⇌ CO + O2-                                                                                                  (Eq. 10) 

It is therefore unlikely that such a significant decrease of the H2/CO ratio can be explained by an 

increase in the rate of electrochemical CO2 reduction alone, and it is probable that CO 

production also took place through electrochemical reduction of H2O followed by the RWGS 
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reaction. Electrochemical reduction of H2O causes the presence of H2O to decrease and the H2 

to increase, and is likely therefore to have shifted the equilibrium of the RWGS reaction 

towards the production of CO. This is the reverse effect to that observed in fuel cell mode, 

where electrochemical oxidation of H2 (which decreased the presence of H2 and increased the 

presence of H2O) shifted the RWGS equilibrium towards the conversion of CO. The presence of 

H2O at the OCP was likely to be the same as that of CO (they have a 1:1 stoichiometry in the 

RWGS reaction), with a corrected signal intensity of approximately 0.15 au. Taking into 

account the stoichiometries of electrochemical H2O reduction and the RWGS reaction, the 

maximum possible CO production through this reaction pathway would give a corrected signal 

intensity for CO of 0.30 au. At the highest voltage studied (1.8 V), the corrected signal intensity 

of CO was approximately 0.38 au and therefore it can be inferred that CO production must have 

taken place through the RWGS reaction and electrochemical reduction of CO2 simultaneously. 

This work shows that the RWGS reaction significantly influences the OCP of SOC devices 

running on H2/CO2 mixtures and results in the in-situ production of CO and H2O on the anode. 

The equilibrium of the RWGS reaction is dependent on the operating voltage of the cell; at 

lower voltages, the equilibrium is shifted towards the WGS direction, whilst at higher voltages 

the equilibrium is shifted towards the RWGS reaction. 

4.2.3. Effects of fuel variability in fuel cell mode 

The I-V and power curves in Fig. 4.4 show that the current and power produced in fuel cell 

mode were very sensitive to changes in the fuel composition, with significantly more current 

and power produced as the H2 content of the fuel was increased. All I-V curves decreased non-

linearly at high voltages, indicating the presence of activation losses. The I-V curves were 

almost parallel across the fuel composition range 100 - 40 vol% H2, suggesting similar 

activation losses for each fuel composition. Concentration losses were clearly observed for 

mixtures containing 20 vol% H2 or less, where a non-linear decrease of voltage was observed 

below 0.5 V. However, the I-V curves clearly indicate that the efficiencies and electrical power 



 
60 

 

output are not significantly affected by fuel variability provided the biohydrogen composition 

stays within the range 40-60 vol% H2, particularly at high operating voltages. 

 

Figure 4.4: The effect of H2/CO2 composition on the I-V curve of the ESC running in fuel cell mode 

and electrolysis mode at 800 °C. The corresponding fuel cell power curves are plotted on the secondary 

axis. 

 

The electrochemical impedance spectra shown in Fig. 4.5, which were collected with the cell 

running on different H2/CO2 mixtures, were composed of two polarisation arcs. Zhan et al. have 

previously assigned the low frequency arc to gas diffusion losses and the high frequency arc to 

charge transfer and surface diffusion losses [268]. The widths of the arcs were measured and are 

shown in Table 4.1. In fuel cell mode, the width of the high frequency arc did not respond 

significantly to changes in the fuel composition across the entire fuel composition range studied, 

indicating that charge transfer and surface diffusion losses, whilst being relatively significant 

(approx. 0.52 Ω cm2), were not sensitive to the composition of the fuel. This is also further 

evidence that electrical power production was through electrochemical oxidation of H2 only. 

The electrochemical oxidation of CO has previously been reported to cause a much higher 

activation overpotential compared with H2 oxidation [262-267] .  
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Figure 4.5: The effect of H2/CO2 composition on the electrochemical impedance spectra of the ESC at 

800 °C. Measurements were taken at 0.1-100000 Hz: (a) OCP - 0.1 V (fuel cell mode), and (b) OCP + 

0.1 V (electrolysis mode). 

Table 4.1: Widths of the high and low frequency arcs in the electrochemical impedance spectra 

presented in Fig. 4.5. 

H2/CO2 vol% OCP-0.1 V (Fuel cell mode) OCP+0.1 V (Electrolysis Mode) 

High Frequency 

Arc Width / Ω 

cm2 

Low Frequency 

Arc Width / Ω 

cm2 

High Frequency 

Arc Width / Ω 

cm2 

Low Frequency 

Arc Width / Ω 

cm2 

90/10 0.5179 0.1316 0.7105 0.5290 

80/20 0.5248 0.1245 0.5880 0.3039 

60/40 0.5217 0.1214 0.5887 0.1444 

50/50 0.5269 0.1240 0.5514 0.1460 

40/60 0.5276 0.1530 0.5392 0.1415 

20/80 0.5121 0.2255 0.5276 0.1530 

 

Fig. 4.6a shows the experimental data set and the fitting results plotted together for H2/CO2 

80/20 vol% mixture and Fig. 4.6b show the equivalent circuit model which provides the fitting 

values for each component and the errors associated. Although, to be brief, only one set of 

fitting results are shown here, all the other fittings are to the same level of precision. An obvious 

mismatch between the two curves can be found at the high frequency end. The experimental 

curve deviated from the fitting curve by titling slightly further towards the imaginary axis and 
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this is attributed to the imperfections of the working electrode surface. Although an analogous 

performance can be seen between the two curves at the low frequency end. 

 

Figure 4.6: (a) Equivalent Circuit fitting to experiment data 80/20 vol% H2/CO2 and (b) equivalent 

circuit model and fitting results. 

 

Fig. 4.7 indicates that in fuel cell mode, the presence of CO varied significantly across different 

fuel mixtures due to the shifting equilibrium of the RWGS reaction. Therefore, if the cell was 
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utilising CO for power production, greater variation in the activation overpotential with fuel 

composition would be expected. The activation overpotentials were comparable across all 

compositions, indicating electrical current production by the cell was predominantly through the 

electrochemical oxidation of H2.  

 

Figure 4.7:  Comparison of CO partial pressure in the anode output gases of the ESC when running 

on different fuel mixtures at 800 °C. Data are shown for the ESC when at OCP and when operating in 

fuel cell and electrolysis mode. The operating voltages are indicated on the figure. 

 

The low frequency arc width also did not vary significantly in fuel cell mode for fuel mixtures 

in the range 50-90 vol% H2, indicating that gas diffusion losses were not sensitive to the fuel 

composition in this range. For mixtures containing 50-90 vol% H2 therefore, it was only the 

OCP losses that were sensitive to fuel variability as shown in Fig. 4.1. Decreasing the H2 

content from 50-20 vol% increased the low frequency arc width more significantly from 

0.1240-0.2255 Ω cm2 respectively, indicating that losses due to diffusion of H2 through the 

anode were more important and sensitive to the fuel composition as the H2 content was 

decreased below 50 vol%. 
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4.2.4.  Effects of fuel variability in electrolysis mode 

The I-V curves collected in electrolysis mode (see Fig. 4.4) show that activation losses were 

present in electrolysis mode, with a non-linear increase of voltage observed at 0.9 – 1.2 V that 

was more pronounced than the activation losses observed in fuel cell mode. In addition, there 

was no non-linear behaviour observed at high voltages, indicating that unlike fuel cell mode, 

concentration losses were not observed to be significant in electrolysis mode. As was the case in 

fuel cell mode, the I-V curve was not affected by fuel variability provided the biohydrogen 

composition stayed within the range 40-60 vol% H2. 

The electrochemical impedance spectra collected in electrolysis mode (see Fig. 4.5b) generally 

have wider polarisation arcs than fuel cell mode, indicating that the ESC had poorer kinetic 

performance in electrolysis mode. Table 4.1 shows the high frequency arc widths were 

generally greater than in fuel cell mode, indicating increased charge transfer and surface 

diffusion losses. In addition, the width of the high frequency polarisation arc was sensitive to 

the fuel composition and decreased from 0.7105 - 0.5276 Ω cm2 as the CO2 content was 

increased. This contrasts with fuel cell mode, where activation overpotentials were not sensitive 

to fuel variability. 

The low frequency polarisation arc widths were greater in electrolysis mode. CO2 and H2O are 

bigger in size than H2 and CO and therefore caused greater gas diffusion overpotentials. The 

width of the low frequency arc and therefore the gas diffusion losses remained approximately 

constant across the range 40-80 vol% CO2. When the CO2 content was decreased below 40 

vol% however, the arc width increased from 0.1444 - 0.5290 Ω cm2, indicating that gas 

diffusion losses were very sensitive to fuel variability in this range. 

Fig. 4.7 shows that CO production increased in electrolysis mode as the CO2 content of the fuel 

was increased from 25 - 60 vol%. This was due to the activation and gas diffusion losses, which 

both decreased over this fuel range, as indicated by the decreasing widths of the high 

(activation) and low (diffusion) frequency arc widths of the impedance spectra (see Table 4.1). 

Fig. 4.7 shows the increase of CO production was particularly prevalent as the fuel mixture was 
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changed from 75/25 - 60/40 vol% H2/CO2. The impedance data in Table 4.1 show the high 

frequency arc widths for 80/20 vol% and 60/40 vol% H2/CO2 mixtures were very similar (~ 

0.588 Ω cm2), whilst the low frequency arc width decreased significantly from 0.3039 Ω cm2 to 

0.1444 Ω cm2. This indicates that the large increase of CO production observed from 75/25 - 

60/40 vol% H2/CO2 was mainly due to improved diffusion of CO2. 

The behaviour of CO production in Fig. 4.7 and the impedance data in Table 4.1 are also further 

evidence that CO production occurred simultaneously through the RWGS reaction and 

electrochemical reduction of CO2. Table 4.1 indicates that the activation and gas diffusion 

potentials continued to decrease (the arc widths decrease) as the CO2 content was increased to 

80 vol%, suggesting that CO production should have continued to increase as the CO2 content 

was increased. This was not the case above 60 vol% CO2 where a clear decrease in CO 

production was observed. The CO production at OCP shown in Fig. 4.7 (which was entirely due 

to the RWGS reaction) decreased when the CO2 content was greater than 60 vol% due to a shift 

in the equilibrium of the RWGS reaction. The observed decrease of CO above 60 vol% CO2 in 

electrolysis mode therefore indicates that CO production could not entirely have been due to 

electrochemical reduction of CO2, and that the RWGS reaction was also a significant reaction 

pathway of CO production. 

Fig. 4.8 shows the variation in the quantity and composition of the synthesis gas produced as the 

fuel composition was changed. It is clear that fuel variability significantly influenced the 

composition and quantity of syngas produced by the cell in electrolysis mode. Increasing the 

CO2 content from 25 - 75 vol% decreased the total production of synthesis gas from 20 - 9 cm3 

min-1 cm-2. The H2/CO ratio of the synthesis gas also decreased significantly from 

approximately 7.9 - 0.7, although the variation was less over the range 40 - 60 vol% CO2. The 

sharp decrease of H2/CO ratio observed as the fuel mixture was changed from 25 - 40 vol% CO2 

was due to the decrease of CO2 gas diffusion overpotential (see Table 4.1) as described earlier. 

The H2/CO ratio continued to decrease from 40-60 vol% CO2 due to a mixture of increased CO 

production and direct displacement of H2 with CO2 in the initial fuel mixture. Despite a loss of 
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CO production above 60 vol% CO2 (see Fig. 4.7), the H2/CO ratio again decreased due to direct 

displacement of H2 with CO2. 

 

Figure 4.8: The effect of H2/CO2 composition on the products of the ESC running in electrolysis mode 

at 800 °C. The operating voltage of the cell was 1.3 V. The figure shows the synthesis gas production 

(H2 + CO) on the primary vertical axis and the composition of the synthesis gas (H2/CO ratio) on the 

secondary vertical axis. 

 

Since synthesis gas is composed of CO and H2, the decrease of H2/CO production rate as the 

CO2 content increased was partly due to direct displacement of H2 with CO2 in the initial fuel 

mixture. Even though the CO production increased as the CO2 content was increased up to 60 

vol% (see Fig. 4.7) therefore, CO was not produced at a fast enough rate to give an overall 

increase of H2/CO production rate. The drop in H2/CO production was more pronounced as the 

CO2 content was increased from 60 – 75 vol%, which was likely due to the loss of CO produced 

from the RWGS reaction (see Fig. 4.7) as described earlier. Therefore, even though the OCP 

and the activation and gas diffusion overpotentials were improved as the CO2 partial pressure 

was increased, the displacement of H2 with CO2 in the initial fuel mixture and the loss of the 

RWGS reaction caused the overall synthesis gas production rate to decrease, highlighting the 

importance of the RWGS reaction in the production of CO. 
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4.2.5.  The influence of SOFC operating temperature on biohydrogen fuel variability 

effects 

In order to determine the effect of operating temperature on the utilisation of biohydrogen in 

SOFCs, the measurements described in earlier sections were repeated at 850 °C.  Fig. 4.9a 

shows the effect of fuel composition on the output gases of the OCP at 850 °C and largely 

indicates similar behaviour to 800 °C in Fig. 4.1b. The H2 decreased and the presence of CO did 

not change significantly as the CO2 content of the input gases was increased from 25 - 60 vol%.  

Fig. 4.9b shows the behaviour of the OCP at 850 °C. At all fuel compositions, the OCP was 

lower compared with 800 °C, in agreement with Nernst behaviour. The key difference at 850 °C 

was the conversion of H2 and CO2 at all fuel compositions was higher and faster compared with 

800 °C. This was particularly true for CO2, of which up to 15 vol% greater conversion was 

observed across all fuel compositions studied (see Fig. 4.9c). Increasing the temperature 

promoted the RWGS reaction, which is endothermic and would also take place at a faster rate 

due to the greater thermal energy available. It is clear that increasing the temperature increased 

the production of CO across all fuel compositions studied. This was particularly the case at 

25/75 vol% H2/CO2, where the conversion of H2 and CO2 was much higher compared with that 

observed at 800 °C. 
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Figure 4.9: The effect of temperature on: (a) the composition of the output gases leaving the anode at 

OCP at 850 °C (b) the OCP and (c) on the fuel percentage conversion at 800 °C and 850 °C. 
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Fig. 4.10a shows the effect of fuel variability on the I-V and power curves of the cell in fuel cell 

and electrolysis mode. The shapes of the curves in fuel cell and electrolysis mode were very 

sensitive to changes in the fuel composition. In general, the behaviour was largely consistent 

with that observed at 800 °C. In fuel cell mode, significantly more current and power were 

produced as the H2 content of the fuel was increased. Compared with 800 °C, the activation 

losses were lower due to the faster kinetics of fuel conversion and the ohmic losses were lower 

due to more efficient oxygen ion conduction through the electrolyte. The concentration losses 

were greater due to the more efficient fuel conversion but overall, the performance of the cell 

was improved greatly at 850 °C. 

In electrolysis mode, for fuel compositions with H2 content (90 - 80 vol%) the I-V curves 

increased non-linearly between 1.0-1.4 V, indicating the presence of activation losses. The I-V 

curves were almost parallel across the fuel composition range 60 - 10 vol% H2, suggesting that 

for these fuel compositions the activation losses decrease. The I-V curves indicate that for fuel 

composition in the range 60-10 vol% H2 the efficiencies and the performance are not 

significantly affected by fuel variability. At high current densities, there is a point of inflexion in 

the I-V curve indicating the resistance decreased. This is attributed to local heating effects under 

high current densities. 

Fig. 4.10b shows the effect of temperature on the I-V and power curves of the cell when 

utilising a 50/50 vol% H2/CO2 mixture. In fuel cell mode, the I-V curve at 850 °C decreased 

linearly at high voltages compared with a non-linear decrease observed at 800 °C 1.0 – 0.7 V, 

indicating the activation losses were much lower at 850 °C. It is also apparent that the linear 

decrease in the mid-voltage range has a shallower gradient at 850 °C, indicating the increased 

temperature also improved the ohmic losses. There were no concentration losses apparent in the 

I-V curves. As a result, increasing the temperature increased the power across all operating 

voltages. The I-V curves in electrolysis mode show much the same behaviour as fuel cell mode. 

Activation losses were significantly decreased at 850 °C compared with 800 °C, and the linear 

decrease in the mid-current region had a shallower gradient, indicating decreased ohmic losses.  



 
70 

 

 

 

Figure 4.10: The effect of: (a) fuel variability on the I-V and power curves of the ESC and (b) on 50/50 

vol% H2/CO2 composition on the I-V curve of the ESC running in fuel cell mode and electrolysis mode. 

The corresponding fuel cell power curves are plotted on the secondary axis. 

 

The electrochemical impedance spectra shown in Fig. 4.11, which present the effect of fuel 

variability of H2/CO2 mixtures at 850 °C. The widths of the arcs were measured and are shown 
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in Table 4.2. Fig. 4.11 shows the width of the high and low frequency arcs that followed an 

identical pattern as the high and low frequency arcs at 800 °C. 

Figure 4.11: The effect of H2/CO2 composition on the electrochemical impedance spectra of the ESC at 

850 °C. Measurements were taken at 0.1-100000 Hz: (a) OCP - 0.1 V (fuel cell mode), and (b) OCP + 

0.1 V (electrolysis mode).  

Table 4.2: Widths of the high and low frequency arcs in the electrochemical impedance spectra 

presented in Fig. 4.11.  

H2/CO2 vol% OCP-0.1 V (Fuel cell mode) OCP+0.1 V (Electrolysis Mode) 

High Frequency 

Arc Width / Ω 

cm2 

Low Frequency 

Arc Width / Ω 

cm2 

High Frequency 

Arc Width / Ω 

cm2 

Low Frequency 

Arc Width / Ω 

cm2 

90/10 0.1879 0.1454 0.3895 0.3449 

80/20 0.1903 0.1264 0.2531 0.3601 

60/40 0.1910 0.1001 0.1990 0.1833 

50/50 0.1918 0.1144 0.2027 0.1331 

40/60 0.1978 0.1131 0.1922 0.1396 

20/80 0.1990 0.1519 0.2001 0.1460 

10/90 0.1996 0.2372 0.2023 0.1828 
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Fig. 4.12 shows the effect of temperature on the EIS of the cell when utilising a 50/50 vol% 

H2/CO2 mixture. The impedance data show that the activation, concentration and ohmic losses 

improved as the temperature was increased (see Table 4.3).  

Fig.4.12a shows the width of the high frequency arc in fuel cell mode decreased significantly 

(approx. 0.33 Ω cm2) indicating the activation losses were substantially decreased at higher 

temperature, in agreement with the I-V curves. Therefore, the decrease of the high frequency arc 

at higher temperature signified that charge transfer and surface diffusion losses are sensitive to 

temperature. The low frequency arc width was also decreased but to a much lesser extent at 

higher temperature in fuel cell mode (approx. 0.01 Ω cm2) indicating that gas diffusion losses 

had a much smaller effect on the diffusion of reactants through the anode. The ohmic losses 

were also significantly decreased (approx. 0.13 Ω cm2), as indicated by the high frequency arc 

horizontal axis intercept at higher temperature indicating more efficient oxygen ion conduction 

through the electrolyte. 

Fig. 4.12b and Table.4.3 shows the width of high and low frequency arcs in electrolysis mode. 

The high frequency arc decreased (approx. 0.35 Ω cm2), the low frequency arc decreased 

(approx. 0.01 Ω cm2) and the ohmic losses decreased (approx. 0.13 Ω cm2) at higher 

temperature indicating that the activation, concentration and ohmic losses improved as the 

temperature was increased.  

The impedance data shows that the fundamental kinetic performance of the cell was similar in 

both fuel cell and electrolysis mode.  
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Figure 4.12: The effect of temperature on 50/50 vol% H2/CO2 composition on the electrochemical 

impedance spectra. Measurements were taken at 0.1-100000 Hz: (a) OCP - 0.1 V (fuel cell mode), and 

(b) OCP + 0.1 V (electrolysis mode). 

Table 4.3: Widths of the ohmic losses, high and low frequency arcs in the electrochemical impedance 

spectra presented in Fig. 4.12. 

Temperature OCP-0.1 V (Fuel cell mode) OCP+0.1 V (Electrolysis Mode) 

Ohmic 

Losses 

High 

Frequency 

Arc Width / 

Ω cm2 

Low 

Frequency 

Arc Width / 

Ω cm2 

Ohmic 

Losses 

High 

Frequency 

Arc Width / 

Ω cm2 

Low 

Frequency 

Arc 

Width / Ω 

cm2 

800 °C 0.3819 0.5217 0.1214 0.3716 0.5514 0.1460 

850 °C 0.2523 0.1918 0.1144 0.2464 0.2027 0.1331 

 

Fig. 4.13a shows the experimental data set and the fitting results plotted together for H2/CO2 

50/50 vol% mixture at 800 °C and Fig. 4.13b show the equivalent circuit model which provides 

the fitting values for each component and the errors associated. Although, to be brief, only one 

set of fitting results are shown here, all the other fittings are to the same level of precision. An 

obvious mismatch between the two curves can be found at the high frequency end. The 

experimental curve deviated from the fitting curve by titling slightly further towards the 

imaginary axis and this is attributed to the imperfections of the working electrode surface. 

Although an analogous performance can be seen between the two curves at the low frequency 

end. 
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Figure 4.13: (a) Equivalent Circuit fitting to experiment data 80/20 vol% H2/CO2 and (b) equivalent 

circuit model and fitting results. 

 

4.3. Utilisation of Biohydrogen in an Anode Supported Cell 

The following section describes experiments that were undertaken to investigate how fuel 

variability and temperature influenced the utilisation of biohydrogen in an anode supported cell 

(ASC). As described in Chapter 1, ASCs have greater performance than ESCs because they 
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have a much thinner electrolyte (giving reduced ohmic losses) and a much thicker anode layer, 

which generally decreases activation losses significantly, and makes lower temperature 

operation and the utilisation of carbon-based fuels like CH4 feasible. 

4.3.1. OCP Measurements  

The effect of H2/CO2 composition on the OCP of an ASC is shown in Fig. 4.14 alongside the 

theoretical Nernst potential. Under pure H2, the experimentally measured OCP (1.14 V) agreed 

closely with the Nernst potential, indicating the cell was well sealed with minimal gas crossover 

and current loss. Adding CO2 to the fuel mixture immediately caused the OCP to deviate 

sharply away from the Nernst potential in a manner consistent with previous results. The OCP 

decreased non-linearly as the CO2 content was increased to approx. 20 vol%. From 20-60 vol% 

CO2, the OCP decreased almost linearly and in parallel with the Nernst potential before again 

decreasing non-linearly as the CO2 content was increased above 60 vol%. The behaviour of the 

ASC was generally very similar but with higher OCP values to the behaviour observed for the 

ESC. 

The deviation of the OCP away from the theoretical Nernst potential is explained by the 

presence of the RWGS reaction (4.1), which was observed by analysis of the product gases 

leaving the anode as shown in Fig. 4.14b. At 75/25 vol% H2/CO2, the levels of H2 and CO2 

leaving the anode were less than 0.75 au and 0.25 au respectively, and CO was detected. Fig. 

4.14b shows the presence of CO did not change significantly as the CO2 content of the input 

gases was increased from 25 - 60 vol%, indicating the H2/CO2 composition did not have a 

significant effect on the equilibrium of the RWGS reaction over this range. This explains the 

linear decrease of OCP observed over this range in Fig. 4.14a; the equilibrium of the RWGS 

reaction was not changed and therefore the OCP varied linearly and in parallel with the 

theoretical Nernst potential due to a proportional dilution of the gases in CO2. The sharp 

deviation of the OCP away from the Nernst potential at 0 - 25 vol% CO2 indicates that the 

equilibrium of the RWGS reaction was strongly influenced by the H2/CO2 composition over this 

range. Adding CO2 did not therefore cause a simple dilution of H2 in CO2; some of the H2 was 
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also converted in the RWGS reaction, significantly affecting the OCP of the cell. The non-linear 

decrease of OCP at ≥ 60 vol% CO2 is explained by both the increased dilution of gases in CO2 

and the shifting equilibrium of the RWGS reaction. Fig. 4.14b shows the CO presence 

decreased significantly above 60 vol% CO2, indicating a decreased presence of the RWGS 

reaction. The decreased presence of H2, CO and H2O, coupled with increased dilution in CO2, 

caused the OCP to decrease non-linearly and to further deviate away from the Nernst potential 

under high CO2 concentrations.  
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Figure 4.14: The effect of H2/CO2 fuel composition on: (a) the OCP of the ASC, and (b) the 

composition of the output gases leaving the anode at OCP. The temperature of the ASC was 750 °C. 

 

Fig. 4.15 shows the effect of H2/CO2 composition on the OCP of the ASC at different 

temperatures over the range 750-850 °C. Across most fuel compositions, as the temperature was 

increased from 750 °C to 850 °C the OCP decreased by approx. 0.02-0.03 V, in agreement with 
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Nernst predictions. The addition of CO2 to the fuel mixture caused the OCP to deviate in a 

similar manner for all temperatures. Therefore, increasing the temperature did not appear to 

have a significant effect on the equilibrium of the RWGS reaction, particularly when the 

hydrogen content was high. A small effect was observed under higher CO2 content mixtures, 

where increasing the temperature caused the OCP to decrease to a larger extent. Over this fuel 

range, increasing the temperature caused more H2 to convert in the RWGS reaction, decreasing 

the presence of H2 in the anode causing the OCP to decrease more prevalently. Therefore, in the 

case of the ASC the performance is significantly decreased as the temperature is increasing. 

When pure H2 was used the OCP decreased by 0.020 V as the temperature increased from 800 

°C to 850 °C for the ASC and in the case of ESC the OCP decreased by 0.015 V as the 

temperature increased. For the ASC at 50/50 vol% H2/CO2 the OCP decreased by 0.026 V when 

the temperature increased from 800 °C to 850 °C whereas in the ESC the OCP decreased by 

0.009 V. The OCP decreased more for the ASC (0.037 V) as the H2 content decreased to 10/90 

vol% H2/CO2 whereas for the ESC (0.016 V). This pattern was observed for all fuel compositions 

where the ASC performance is significantly decreased more that ESC at higher operating 

temperatures. This can be explained by the decrease of the oxidation reaction or carbon 

deposition for the ASC. At lower temperatures, the ASC demonstrates better performance 

than the ESC but as the temperature increases, the performance of the ASC is decreasing more 

than the ESC under this fuel composition.        
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Figure 4.15: The effect of temperature on the OCP of the ASC at 750 °C – 850 °C. 

4.3.2.  Utilisation of 50/50 vol% H2/CO2 

Fig. 4.16 shows the effect of temperature on the I-V and power curves of the cell when utilising 

50/50 vol% H2/CO2 mixtures. The I-V curve at 750 °C decreased non-linearly in fuel cell mode 

between 1.0 V – 0.7 V indicating the presence of activation losses. However, as the temperature 

increased, the activation losses were alleviated due to the increased rate of the reaction taking 

place on the surface of the electrodes. The ohmic losses are higher at the lowest temperature 750 

°C and are alleviated as the temperature increase showing the least ohmic losses at 850 °C. At 

low voltages, greater concentration losses were observed as the temperature increased. The 

maximum power output at 750 °C was 403 mW cm-2 and as the temperature was increased to 

850 °C, the maximum power increased to 1031 mW cm-2. This was expected since for 

biohydrogen mixtures, the main source of power production was electrochemical H2 oxidation, 

which is faster at higher temperatures. Comparing the effect of temperature between ASC and 

ESC in fuel cell mode its apparent that increasing the temperature had a bigger effect on ASC 

were the activation, ohmic and concentration losses decreased as the temperature increased. The 

performance of the cell and the power produced by the ASC was considerably better as the 

temperature increased compared to the ESC.     
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The I-V curves in electrolysis mode show that activation losses were present in electrolysis 

mode, with a non-linear increase between 1.0 V – 1.2 V but as the temperature increased to 850 

°C the activation losses decreased. There is also a linear increase in the mid-voltage range (1.2 

V- 1.6V) has a shallower gradient at 750 °C, indicating the increased temperature increased the 

ohmic losses. This is also seen at high voltages (1.8 V) were the concentration losses increased 

with increasing temperature. Increasing the temperature in electrolysis mode did not improve 

the performance of the cell. In contrast this is not seen in electrolysis mode in the ESC were 

increasing the temperature improved the performance of the cell.  

 

Figure 4.16: The effect of temperature on 50/50 vol% H2/CO2 composition on the I-V curves of the 

ASC running in fuel cell mode and electrolysis mode. The corresponding fuel cell power curves are 

plotted on the secondary axis. 

 

4.3.2.1. Comparison of ESC and ASC performance when operating on 50/50 vol% 

H2/CO2 mixture  

The I-V and power curves in Fig. 4.17 show that the current and power produced in fuel cell 

mode were very sensitive to changes in the MEA, with significantly more current and power 

produced with the ASC. The maximum power density for the ASC reached 400 mW cm-2, 
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which was almost twice compared to the ESC 230 mW cm-2. This can be explained by a 

decreased thickness of the electrolyte and reduced anode overpotential. Both I-V curves 

decreased non-linearly at high voltages, in fuel cell mode in the range of 1.0 – 0.6 V indicating 

the presence of activation losses. Concentration losses were observed for both cells where a 

non-linear decrease of voltage was observed below 0.5 V. 

In electrolysis mode the activation losses were present, with a non-linear increase of voltage 

observed at 0.9 – 1.2 V. In addition, there was no non-linear behaviour observed at voltages 

between 1.0 – 1.2 V. Therefore, the I-V curves clearly indicate that the efficiencies, losses and 

electrical power output are affected by MEA. 

 

Figure 4.17: Comparison of the effect of 50/50 vol% H2/CO2 composition on the I-V curve of the ESC 

and ASC running in fuel cell mode and electrolysis mode at 800 °C. The corresponding fuel cell power 

curves are plotted on the secondary axis. 

 

Fig. 4.18 shows the effect of temperature on the EIS of the cell when utilising a 50/50 vol% 

H2/CO2 mixture. The impedance data show that the activation, concentration and ohmic losses 
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improved as the temperature was increased (see Table 4.4). The impedance data show that there 

was a significant difference in performance between fuel cell and electrolysis mode as the high 

frequency arc in electrolysis mode is considerably wider compared to fuel cell mode. 

Fig.4.18a shows the width of the high frequency arc in fuel cell mode at 750 °C decreased 

significantly (approx. 0.31 Ω cm2) as the temperatures increased to 850 °C indicating the lower 

activation losses as temperature increase signifying less charge transfer and surface diffusion 

losses. The low frequency arc width was also decreased (0.05 Ω cm2) when temperature 

increased from 750 °C to 850 °C indicating that gas diffusion losses had a much smaller effect 

on the diffusion of reactants through the anode. The ohmic losses were decreased (0.06 Ω cm2), 

as the temperature increased. 

Fig. 4.18b and Table.4.4 shows the width of high and low frequency arcs in electrolysis mode. 

The high frequency arc decreased (0.63 Ω cm2) as the temperature increased from 750 °C to 850 

°C indicating that charge transfer and surface diffusion losses in electrolysis mode are much 

larger than fuel cell mode. The low frequency arc decreased (0.16 Ω cm2) and the ohmic losses 

decreased (0.07 Ω cm2) as the temperature increased indicating that the concentration and ohmic 

losses improved as the temperature was increased. This confirms that CO2 conversion kinetics 

in electrolysis mode are improved much better with increasing temperature compared to the H2 

conversion kinetics in fuel cell mode.  

The temperature influenced the performance of the ASC but not as much as it influenced the 

performance of the ESC. For the ASC when the temperature increased from 800 °C to 850 °C 

during fuel cell operation the high frequency arc decreased by 0.6 Ω cm2 whereas for the ESC 

the high frequency arc decreased significantly by 0.33 Ω cm2. The low frequency arc decreased 

as the temperature increased for the ASC by 0.01 Ω cm2 but increased for the ESC by 0.07 Ω 

cm2. The ohmic losses also decreased for both ASC and ESC by 0.02 Ω cm2 and 0.13 Ω cm2 

respectively as the temperature increased. The increase of temperature effect the ESC much 

more compared to the ASC in fuel cell operation. 
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When the cell was operated in electrolysis mode as the temperature was increased from 800 °C 

to 850 °C, the high frequency arc decreased for both ASC and ESC by 0.28 Ω cm2and 0.35 Ω 

cm2 respectively. The low frequency arc decreased by 0.05 Ω cm2 for the ASC and 0.01 Ω cm2 

for the ESC. The ohmic losses also decreased by 0.2 Ω cm2 for the ASC and 0.13 Ω cm2 for the 

ESC. The increase of temperature effect the high frequency and the ohmic losses of ESC 

substantial compared to the ASC in electrolysis mode. 

 

Figure 4.18: The effect of temperature on 50/50 vol% H2/CO2 composition on the electrochemical 

impedance spectra. Measurements were taken at 0.1-100000 Hz: (a) OCP - 0.1 V (fuel cell mode), and 

(b) OCP + 0.1 V (electrolysis mode). 

Table 4.4: Widths of the ohmic losses, high and low frequency arcs in the electrochemical impedance 

spectra presented in Fig. 4.18. 

Temperature OCP-0.1 V (Fuel cell mode) OCP+0.1 V (Electrolysis Mode) 

Ohmic 

Losses/ Ω 

cm2 

High 

Frequency 

Arc Width / 

Ω cm2 

Low 

Frequency 

Arc Width / 

Ω cm2 

Ohmic 

Losses/ Ω 

cm2 

High 

Frequency 

Arc Width / 

Ω cm2 

Low 

Frequency 

Arc Width / 

Ω cm2 

750 °C 0.1144 0.3656 0.1214 0.1183 0.9687 0.2230 

775 °C 0.0756 0.1806 0.1134 0.0895 0.7462 0.1603 

800 °C 0.0696 0.1217 0.0805 0.0694 0.6182 0.1112 

825 °C 0.0602 0.0974 0.0773 0.0601 0.4945 0.0830 

850 °C 0.0502 0.0579 0.0698 0.0525 0.3377 0.0617 
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Fig. 4.19a shows the experimental data set and the fitting results plotted together for H2/CO2 

50/50 vol% mixture at 750 °C of an ASC and Fig. 4.13b show the equivalent circuit model 

which provides the fitting values for each component and the errors associated. Although, to be 

brief, only one set of fitting results are shown here, all the other fittings are to the same level of 

precision. A very similar performance can be seen between the two curves at both frequencies. 
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Figure 4.19: (a) Equivalent Circuit fitting to experiment data 50/50 vol% H2/CO2 at 750 °C for an ASC 

and (b) equivalent circuit model and fitting results. 

4.3.3. Fuel variability effects 

Fig. 4.20 shows the effect of decreasing the operating voltage on the products of the ASC when 

running on 50/50 vol% H2/CO2 in fuel cell mode. Some of the initial H2 and CO2 were 

converted in the RWGS reaction to give an OCP of 0.94 V. Across all operating voltages, there 

was CO present in the output gases indicating that the RWGS reaction took place 
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simultaneously with electrochemical processes on the anode. As the cell voltage was 

progressively decreased, the electrical current produced increased, with a maximum current of 

1278 mA cm-2 produced at 0.2 V. The current generated by the cell up to 0.7 V is mainly being 

produced from the electrochemical oxidation of H2. When the applied voltage reached 0.7 V the 

H2/CO ratio was lower than 1 and this suggests that the electrochemical oxidation of H2 was not 

the predominant reaction and the reaction of electrochemical CO oxidation was also taking 

place (Eq. 18). Therefore, since the H2/CO < 1 from 0.7 V – 0.2 V, the conversion of CO2 

through the direct electrochemical oxidation of CO is also taking place. As the voltage 

decreases (below 0.7 V) the cell reach high fuel utilisation values and the CO value in the 

downstream of the fuel shifts the reaction in a CO-rich direction resulting an increase in the 

polarization resistance (Fig 4.20a). Therefore, the concentration of H2O produced by the 

electrochemical oxidation of H2 should also increase to prevent the increase of CO if the RWGS 

reaction proceeds at a sufficient rate.  

CO + O2- ⇌ CO2 + 2e-                                                                              (Eq. 18) 

As the potential of the cell decreased from 0.7 V – 0.2 V the rate of electrochemical H2 

oxidation (Eq. 1) increased to prevent the increase of CO oxidation shifting the equilibrium of 

the reaction to the WGS reaction.  
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Figure 4.20: (a) The effect of operating voltage on the gaseous and current outputs of the ASC 

running on 50/50 vol% H2/CO2 in fuel cell mode at 750 °C. The figure plots the output gases on the 

primary vertical axis, and the corresponding current output on the secondary vertical axis.  

 

Fig. 4.21 shows the effect of operating potential on the products of the ASC running on  

50/50 vol% H2/CO2 in electrolysis mode. As the operating potential was increased, the partial 

pressure of CO2 decreased, and the H2 and CO increased. The synthesis gas production rate 

increased from approx. 12 cm3 min-1 cm-2 at the OCP, to approx. 19 cm3 min-1 cm-2 at 1.8 V. At 

the OCP, H2-rich synthesis gas mixtures with a H2/CO ratio of approximately 2.3 by volume 

were produced, whilst at the highest voltage studied (1.8 V) the H2/CO ratio increased to 

approx. 2.5 by volume. The observed increase of the H2/CO ratio which indicates the rate of CO 

production increased relative to H2 production as the cell voltage was increased.  

Electrochemical reduction of H2O causes the presence of H2O to decrease and the H2 to 

increase, and is likely therefore to have shifted the equilibrium of the RWGS reaction towards 

the production of CO. The presence of H2O at the OCP was likely to be the same as that of CO 

(they have a 1:1 stoichiometry in the RWGS reaction), with a corrected signal intensity of 

approximately 0.15 au. Taking into account the stoichiometries of electrochemical H2O 

reduction and the RWGS reaction, the maximum possible CO production through this reaction 
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pathway would give a corrected signal intensity for CO of 0.30 au. At the highest voltage 

studied (1.8 V), the corrected signal intensity of CO was approximately 0.38 au and therefore it 

can be inferred that CO production must have taken place through the RWGS reaction and 

electrochemical reduction of CO2 simultaneously. 

This work shows that the RWGS reaction significantly influences the OCP of SOFC devices 

running on H2/CO2 mixtures and results in the in-situ production of CO and H2O on the anode. 

The equilibrium of the RWGS reaction is dependent on the operating voltage of the cell; at 

lower voltages, the equilibrium is shifted towards the WGS direction, whilst at higher voltages 

the equilibrium is shifted towards the RWGS reaction. 

 

Figure 4.21: The effect of operating voltage on the gaseous products of the ASC running on 50/50 

vol% H2/CO2 in electrolysis mode at 750 °C. The figure plots the output gases from the anode on the 

primary vertical axis, and the corresponding total synthesis gas production (H2 + CO) on the secondary 

vertical axis. 

 

Fig. 4.22 shows the variation in the quantity and composition of the synthesis gas produced as 

the voltage was changed. It is clear that voltage variability considerably influenced the 

composition and quantity of syngas produced by the cell in electrolysis mode. Increasing the 

voltage to 1.6 V increased the total production of synthesis gas from 12 cm3 min-1 cm-2 to 20 
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cm3 min-1 cm-2. Increasing the voltage further to 1.7 V and 1.8 V caused the total production of 

synthesis gas to decrease marginally to 19 cm3 min-1 cm-2. The H2/CO ratio of the synthesis gas 

increased from approximately 2.3 to 2.5 at 1.8 V. The H2/CO ratio did not change significantly, 

as the voltage was changed from OCP to 1.8 V. The H2/CO ratio continued to increase slightly 

due to a mixture of increased H2 and CO production.  

 

Figure 4.22: The effect of voltage on the products of the ASC running in electrolysis mode at 750 °C. 

The gas composition was H2/CO 50/50 vol%. The figure shows the composition of the synthesis gas 

(H2/CO ratio) on the primary vertical axis and the synthesis gas production (H2 + CO) on the 

secondary vertical axis.   

 

Fig. 4.23 shows a comparison of ESC and ASC in the quantity and composition of the synthesis 

gas produced in electrolysis mode at 800 °C. It is clear that MEA significantly influenced the 

composition and quantity of syngas produced by the cell in electrolysis mode. Fig. 4.23a shows 

the H2/CO ratio of the synthesis gas decreased when operated with an ESC but increased when 

operated with an ASC. A sharp decrease of H2/CO ratio from 2.33 to 1.25 observed in the ESC 

as the voltage was increased and an increase of H2/CO ratio from 2.08 to 2.27 observed in the 

ASC as the voltage was increased. Fig. 4.23b shows the H2/CO production rate as the voltage 

increases. For both ESC and ASC the syngas production rate increases as the voltage increases.  
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Figure 4.23: Comparison of the ESC and ASC on H2/CO2 50/50 vol% composition operating in 

electrolysis mode at 800 °C. The figure shows: (a) the composition of the synthesis gas (H2/CO ratio) 

and (b) synthesis gas production (H2 + CO). 

 

4.3.4. Effects of fuel variability in fuel cell mode 

The I-V and power curves in Fig. 4.24 show that the current and power produced in fuel cell 

mode were sensitive to changes in the fuel composition, with significantly more current and 

power produced as the H2 content of the fuel was increased. All I-V curves decreased non-
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linearly at high voltages, indicating the presence of activation losses and ohmic losses. The I-V 

curves were almost parallel across the fuel composition range 100 - 40 vol% H2, suggesting 

similar activation losses and ohmic for each fuel composition whereas I-V curves with the fuel 

composition 20 – 10 vol% H2 show higher activation losses and ohmic losses. The performance 

of the ASC is better compared to ESC, due to less activation and ohmic losses. Concentration 

losses were clearly observed for all mixtures and especially mixtures containing 60 vol% H2 or 

less, where a non-linear decrease of voltage was observed below 0.6 V. This was not the case 

for the ESC where concentration losses were less and only observed for mixtures containing 20 

– 10 vol% H2. The power produced for the ASC was three times higher compared to the power 

produced from the ESC.  

 

Figure 4.24: The effect of H2/CO2 composition on the I-V curve of the ASC running in fuel cell mode 

and electrolysis mode at 800 °C. The corresponding fuel cell power curves are plotted on the secondary 

axis. 

 

The electrochemical impedance spectra shown in Fig. 4.25, which were collected with the cell 

running on different H2/CO2 mixtures, were composed of two polarisation arcs in fuel cell 

mode. The widths of the arcs were measured and are shown in Table 4.5. In fuel cell mode, the 

width of the high frequency arc from 90 vol% to 40 vol% of H2 did not respond significantly to 



 
92 

 

changes in the fuel composition, indicating low charge transfer and surface diffusion losses. 

Although in fuel composition with 20 – 10 vol% H2 present the high frequency arc increased 

signifying that charge transfer and surface diffusion losses are more apparent with at 

compositions with low level of H2. This was not the case for ESC where the high frequency arc 

was (approx. 0.19 Ω cm2) for all fuel compositions and was not sensitive to different fuel 

compositions whereas in ASC the high frequency arc is lower for H2 compositions 90 vol% – 40 

vol% (approx. 0.12 Ω cm2) but at lower H2 compositions the high frequency arc increases. 

The low frequency arc width had similar behaviour with the ESC, where the arc increased 

significantly 0.05 Ω cm2 for fuel mixtures containing 20 vol% H2 and 0.10 Ω cm2 for 10 vol%, 

indicating that gas diffusion losses were very sensitive to the fuel composition with low H2 

content. The low frequency arc for fuel compositions in the range 90 vol% - 40 vol% was much 

smaller (approx. 0.07 Ω cm2) compared to (approx. 0.11 Ω cm2) of the ESC. 

 

Figure 4.25: The effect of H2/CO2 composition on the electrochemical impedance spectra of the ASC at 

800 °C. Measurements were taken at 0.1-100000 Hz: (a) OCP - 0.1 V (fuel cell mode), and (b) OCP + 

0.1 V (electrolysis mode). 
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Table 4.5: Widths of the high and low frequency arcs in the electrochemical impedance spectra 

presented in Fig. 4.25.  

H2/CO2 OCP-0.1 V (Fuel cell mode) OCP+0.1 V (Electrolysis Mode) 

Ohmic / Ω 

cm2 

High 

Frequency 

Arc Width / 

Ω cm2 

Low 

Frequency 

Arc Width / 

Ω cm2 

Ohmic / Ω 

cm2 

High 

Frequency 

Arc Width / 

Ω cm2 

Low 

Frequency 

Arc Width / 

Ω cm2 

90/10 0.0678 0.1324 0.0849 0.0679 0.6748 0.0967 

80/20 0.0678 0.1287 0.0770 0.0679 0.6813 0.0844 

60/40 0.0678 0.1253 0.0646 0.0679 0.6770 0.0572 

50/50 0.0678 0.1217 0.0805 0.0679 0.6494 0.0795 

40/60 0.0678 0.1219 0.0905 0.0679 0.6289 0.0772 

20/80 0.0678 0.1713 0.1418 0.0679 0.6419 0.0749 

10/90 0.0678 0.2629 0.2460 0.0679 0.6630 0.0950 

 

4.3.4.1. Effect of fuel variability in electrolysis mode 

The I-V curves collected in electrolysis mode (see Fig. 4.24) for the ASC show that activation 

losses were negligible in electrolysis mode following the same pattern of the ESC electrolysis 

curves.  There is a non-linear increase of voltage observed between 1.2 - 1.6 V for H2-poor (10 

vol% - 20 vol%) mixtures showing ohmic losses for both ASC and ESC. The same behaviour 

was observed at high voltages for H2-poor mixtures indicating that concentration losses were 

significant in electrolysis mode to H2-poor mixtures for both ASC and ESC.  

The electrochemical impedance spectra collected in electrolysis mode (see Fig. 4.25b) have a 

very wide high frequency arc, indicating that the ASC operated less efficiently in electrolysis 

mode. Table 4.5 shows frequency arc widths were generally greater than in fuel cell mode, 

indicating increased charge transfer and surface diffusion losses. In addition, the width of the 

frequency high frequency arc was sensitive to the fuel composition and decreased by approx. 

0.05 Ω cm2 as the H2 content decreased from 90 vol% to 40 vol% whereas in the ESC the high 

frequency arc decreased significantly by 0.20 Ω cm2 showing that the ESC is more sensitive to 

fuel composition. The high frequency arc increased by 0.01 Ω cm2 for 20 vol% H2 and by 0.02 
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Ω cm2 for 10 vol% H2 compositions for the ASC whereas the increase for the ESC was much 

less approx. 0.007 Ω cm2 for 20 vol% H2 and by 0.002 Ω cm2 for 10 vol% H2 compositions. 

4.4. Conclusion 

Fuel variability is an issue that is applicable to many gaseous renewable and waste feedstocks 

and this chapter has shown that the performance, fuel processing and outputs of an electrolyte 

and anode supported cells are very sensitive to fuel variation in the composition of feedstocks 

derived from biohydrogen production processes. For H2/CO2 mixtures, fuel variability has 

significantly less influence when the feedstock composition is within the range 40:60 – 60:40 

vol% H2/CO2. The effects of fuel variability are closely related to the presence of the RWGS 

reaction, which was shown to take place simultaneously alongside electrochemical processes. 

The RWGS reaction significantly affects the OCP and results in the production of CO and H2O. 

The equilibrium of the RWGS reaction is dependent on the operating voltage of the cell; at 

lower voltages the equilibrium is shifted towards the WGS direction, at higher voltages the 

equilibrium is shifted towards the RWGS reaction. 

Electrolysis of H2/CO2 mixtures to yield synthesis gas was studied showing CO2 production to 

take place through electrochemical CO2 reduction and the RWGS reaction simultaneously. The 

H2 consumed in the RWGS reaction is regenerated by subsequent electrochemical reduction of 

steam. Increasing the CO2 content of the feedstock decreases activation and gas diffusion 

overpotentials, but results in lower synthesis gas production rates and H2/CO ratios due to an 

increasing absence of the RWGS reaction. In fuel cell mode, electrical power is generated 

predominantly from the electrochemical oxidation of hydrogen, with minimal contribution from 

the electrochemical oxidation of carbon monoxide. Instead, carbon monoxide is converted 

through the electrochemical oxidation of hydrogen followed by the WGS reaction to 

subsequently regenerate the CO2.  

Operating conditions such as temperature have shown to have an effect on the performance and 

outputs of the cell. Increased temperature caused the OCP to decrease due to the RWGS 

reaction but increased the reaction rate. At high (90 vol%) and low (10-20 vol%) CO2 
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compositions the activation and concentrations were increased. When the CO2 composition was 

in the range of 40-60 vol% the losses were minimised and the cell performance was enhanced. 

The ASC have much better performance in fuel cell mode with more power being produced 

compared to an ESC, although ASC was more sensitive to fuel variability. The performance of 

the ASC was very similar to the ESC in electrolysis mode but the ASC increased the syngas 

ratio as the operating voltage increased whereas the ESC decreased the syngas ratio. Comparing 

the effect of temperature between ASC and ESC in fuel cell mode showed that increasing the 

temperature had a greater effect on ASC. The performance and the power produced by the ASC 

was considerably better as the temperature increased compared to the ESC. However, increasing 

the temperature in electrolysis mode did not improve the performance of the ASC, whereas in 

an ESC during electrolysis mode increasing the temperature improved the performance of the 

cell. Therefore, the ASC is a better candidate in fuel cell mode due to better performance but in 

electrolysis mode, the increase in performance is not as significant and it is less sensitive to fuel 

variability.  
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Chapter 5: Utilisation of Biohythane mixtures in 

SOC technology 

5.1. Introduction 

This chapter explores the utilisation of biohythane in an anode-supported SOFC. The 

performance and overall energy yield of biohythane utilisation is studied and compared with 

conventional biogas utilisation in SOFCs. The performance of the cell is characterised using I-V 

curves and electrochemical impedance spectroscopy. Fuel variability effects and the optimum 

biohythane fuel composition for utilisation in SOFCs are established. The output gases from the 

anode are also characterised using QMS, giving detailed comprehensions into the fuel 

processing and transient behaviour of fuel conversion. The effects of fuel variability on the 

output gases from the anode have also been characterised and the fuel conversion pathways at 

the anode have been determined. In addition, the durability of an SOFC operating on a typical 

biohythane mixture (60/30/10 vol% CH4/CO2/H2) over a 288-hour period is reported, 

demonstrating the potential to operate SOFCs on biohythane over more long-term periods. 

Finally, by investigating the effects of CH4, CO2 and H2 variability, this work is relevant to the 

concept of natural gas grid decarbonisation via substitution with H2/CO2 mixtures 

(biohydrogen) and subsequent utilisation in SOFCs. The effect of changing composition as a 

function of temperature have been calculated with CH4 and CO2 being converted into product 

gases (H2, CO, H2O, CH4 and CO2) to predict the product gas composition at different 

CH4/CO2/H2 and CO2/H2 mixtures at different temperatures (Appendix E).  

5.2. Comparison of biohythane utilisation with other fuels 

The OCP of the ASC was measured for each of the fuels and the electrochemical performance 

of the cell was studied in fuel cell mode when running on the fuel mixtures shown in Table 5.1. 

Pure H2 gave the highest OCP of 1.126 V, indicating the sealing of the cell was very good with 

no gas crossover taking place. In agreement with previous work [269] into biohydrogen 
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utilisation in an ESC, switching to 50/50 vol% H2/CO2 (biohydrogen) decreased the OCP 

significantly to 0.982 V. This decrease was due to the lower volume of H2 present at the anode 

due to dilution in CO2 and the RWGS reaction, which catalytically consumed H2 to produce 

CO. Switching to biogas improved the OCP to 1.034 V because of Nernst behaviour [84] and an 

increased presence of H2 due to catalytic dry reforming of CH4. Upon switching to biohythane, 

adding 10 vol% H2 increased the OCP further to 1.049 V, again as expected from Nernst 

predictions and due to a further increase of H2 present at the anode. Increasing the H2 content to 

20 vol% and 40 vol% H2 increased the OCP to 1.052 V and 1.062 V, demonstrating the 

beneficial effect of blending biogas with biohydrogen on the OCP of the cell.  

Table 5.1: Composition and OCP of fuel mixtures studied in this work. 

Fuel OCP CH4 / vol% CO2 / vol% H2 / vol% 

Pure H2 1.126 V 0 0 100 

Biohydrogen 

(H2/CO2) 
0.982 V 0 50 50 

Biogas (CH4/CO2) 1.034 V 60 40 0 

Biohythane 

(CH4/CO2/H2) 
1.049 V 60 30 10 

Biohythane (20 

vol% H2) 
1.052 V 53 27 20 

Biohythane (40 

vol% H2) 
1.062 V 40 20 40 

 

The I-V curves in Fig. 5.1 show that H2 gave the least kinetic losses overall, with very low OCP, 

activation and concentration losses observed. Biohydrogen (50/50 vol% H2/CO2) gave a poorer 

performance to that shown under pure H2, with the I-V curve lower due to the OCP losses 

shown in Table 5.1. Biogas (60/40 vol% CH4/CO2) gave poorer performance overall than the 

H2-based fuels due to the presence of CH4 which significantly increased activation and 

concentration losses. Biohythane gave an increased kinetic performance compared with biogas 

due to improved activation losses. Concentration losses were observed but these were also less 

significant compared with biogas. Table 5.2 shows values from these I-V and power curves 
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which indicate that between 0.6-0.9 V, biohythane gave between 10-21% better kinetic 

performance than biogas, depending on the operating voltage of the cell. This clearly shows that 

it is advantageous to utilise biohythane rather than biogas in terms of cell efficiency. In addition, 

taking into consideration the increased energy yield of up to 46% for two-stage AD compared 

with single-stage AD, the utilisation of biohythane in SOFCs potentially gives a 61-77% 

increase in overall energy yield. 

 

Figure 5.1: I-V curves (solid lines) and power curves (dashed lines) of an ASC operating on 100 vol% 

H2, 50/50 vol% H2/CO2 (biohydrogen), 60/40 vol% CH4/CO2 (biogas) and 60/30/10 vol% (biohythane). 

Table 5.2: Comparison of power density of ASC when running on biogas and biohythane over the 

voltage range 0.9-0.6 V. Values taken from I-V and power curves in Fig. 5.1. 

Voltage / V Biogas / mW cm-2 Biohythane / mW 

cm-2 
Percentage Increase 

0.9 29.1 35.3 21.3% 

0.8 41.4 48.4 16.9% 

0.7 71.0 79.7 12.3% 

0.6 102.4 112.3 9.7% 
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5.3. Fuel processing of biohythane 

The output gases of the fuel electrode when running on biohythane (60/30/10 vol% 

CH4/CO2/H2) were measured using quadrupole mass spectrometry and are shown for biohythane 

in Fig. 5.2. It is clearly observed that as the voltage was decreased, the cell produced electrical 

power and syngas simultaneously with almost complete conversion of CH4 achieved at 0.7 V. 

Decreasing the voltage further increased electrical power production at the expense of syngas 

production, with the syngas becoming richer in H2 as the voltage was decreased. The figure 

suggests that the balance of electrical power and syngas production could be controlled by 

adjustment of the cell voltage. 

 

Figure 5.2: The effect of decreasing the operating voltage on the output gases and electrical power of 

an ASC operating on biohythane (CH4/CO2/H2 60/30/10 vol%). 

 

At the OCP, CH4 and CO2 were converted via catalytic dry reforming of CH4 (Eq. 17) to yield 

syngas with a composition of H2/CO = 1.08. As the voltage was decreased to 0.8 V, CH4 

conversion and the presence of H2 increased, indicating that power and syngas were produced 

simultaneously via partial electrochemical oxidation (Pox) of CH4 (Eq. 19): 



 
100 

 

CH4 + CO2 ⇌ 2H2 + 2CO                                                                                                   (Eq. 17) 

CH4 + O2- ⇌ 2H2 + CO + 2e-                                                                                              (Eq. 19) 

This reaction was favourable because the flux of incoming O2- ions from the electrolyte at high 

voltages was relatively low and not sufficient for total electrochemical oxidation of CH4, which 

is kinetically slow [84]. Decreasing the voltage increased the flux of incoming O2- ions from the 

electrolyte, thereby promoting total electrochemical oxidation (TOx) of CH4 (Eq. 20) instead of 

POx to yield power: 

CH4 + 4O2- ⇌ 2H2O + CO2 + 8e-                                                                                         (Eq. 20) 

This switch from POx to TOx resulted in more electrical power and less syngas production as 

the voltage was decreased and was caused by the increasing concentration of O2- ions at the 

anode. In addition, there was additional H2 present in the initial fuel mixture and since 

electrochemical H2 oxidation is fast, it is likely that electrochemical conversion of H2 also made 

a contribution to power production. It has been previously reported that electrochemical CO 

conversion is very slow when the presence of H2 is greater than CO [263, 265], and therefore 

since it is the case that H2 > CO across all the conditions studied, electrochemical CO oxidation 

was not likely to have contributed significantly to power production. The observed conversion 

of CO to yield CO2 was caused purely by changes in the mechanism of CH4 conversion.  

5.4. Effect of increasing the H2 content of biohythane 

Fig. 5.3 shows the performance of the cell was improved by increasing the H2 content from 10-

40 vol% (the CH4/CO2 ratio was kept the same). The I-V curves were increased in the high 

voltage region as the H2 was increased, indicating decreased activation losses. Increasing the H2 

also improved the concentration losses as shown by the non-linear curves at low voltages, which 

started at a lower voltage of 0.3 V for 40/20/40 vol% CH4/CO2/H2 compared to 0.5 V for 

60/30/10 vol% CH4/CO2/H2. This is supported by the impedance spectra, which are composed 

of two polarisation arcs: the width of the high frequency polarisation arc describes the 

magnitude of the surface diffusion and charge transfer losses (essentially the activation losses), 
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and the low frequency arc describes the gas phase diffusion losses (the concentration losses). 

The widths of these arcs were measured and are shown in Table 5.3. Increasing the H2 content 

decreased the high frequency arc width, indicating reduced activation losses. Increasing the H2 

content had a lesser but clear effect on the low frequency arc width and therefore the 

concentration losses, both of which decreased. 

 

Figure 5.3: (a) I-V curves (solid lines) and power curves (dashed lines) and (b) impedance spectra at 

0.1-100000 Hz: ASC operating on biohythane: 60/30/10 vol%, 53/27/20 vol% and 40/20/40 vol% 

CH4/CO2/H2. 
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Table 5.3: Widths of the high and low frequency arcs in the electrochemical impedance spectra 

presented in Fig. 5.3. 

 

 

 

 

 

Fig. 5.4 shows the overall behaviours of fuel processing and power production were similar 

when the H2 content was increased to 20 vol% and 40 vol% H2, with subtle differences. With 20 

vol% H2, there was an initial increase of H2 observed at 0.8-0.7 V due to POx, although this 

effect was not as pronounced as that observed with 10 vol% H2. This effect was not observed at 

all with 40 vol% H2 present, where the H2 remained approximately constant across the higher 

voltages before decreasing at voltages of 0.7 V and below. The decrease of this effect was due 

to the increased presence of H2, which shifted POx in the reverse direction (Eq. 19), thereby 

promoting and making TOx (Eq. 20) a more favourable CH4 conversion mechanism. Increasing 

the H2 content also increased the power production of the cell, consistent with the I-V curves 

and impedance spectra shown in Fig. 5.3. 

Biohythane 

composition 

High Frequency 

Arc Width / Ω cm2 

Low Frequency 

Arc Width / Ω cm2 

60/30/10 vol% 

CH4/CO2/H2  
0.5740 0.1672 

53/27/20 vol% 

CH4/CO2/H2 
0.4435 0.1375 

40/20/40 vol% 

CH4/CO2/H2 
0.4047 0.1083 
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Figure 5.4: The effect of increasing the H2 content of biohythane on output gases and electrical power 

of an ASC: (a) CH4/CO2/H2 53/27/20 vol%, (b) CH4/CO2/H2 40/20/40 vol%. 

 

Fig. 5.5 shows the variation of H2/CO ratio (Fig. 5.5a), total syngas production and electrical 

power production (Fig. 5.5b) for each mixture and voltage studied. Depending on the fuel 

composition, H2/CO ratios in the range 1.1-4.0 were observed which, for each of the mixtures, 
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were dependent on the operating voltage of the cell. Fig. 5.5b also indicates that over the 

voltage range 0.7-0.8 V, significant quantities of both electrical power and syngas could be 

produced simultaneously for each of the three mixtures.  

Decreasing the voltage increased the H2/CO ratio due to the mechanism of CH4 conversion 

which, upon switching from POx to TOx, caused CO production to decrease. As this effect was 

more pronounced for 10 vol% H2 biohythane, the H2/CO ratio increased the most dramatically 

for this mixture, with a H2/CO ratio of 4 observed at 0.4 V, which was much higher at this 

voltage for this fuel mixture compared with the other fuel mixtures. 

Between the OCP and 0.8 V, increasing the H2 content of the biohythane had the expected effect 

of increasing the H2/CO ratio. However, because higher H2 contents also promoted total 

oxidation of CH4, the switch from partial to total oxidation of CH4 and therefore the increase of 

H2/CO ratio, was less pronounced. The range of H2/CO ratios observed became narrower as the 

H2 content was increased, with H2/CO ratios of 1.2-3.1 and 1.3-3.2 observed for 20 vol% H2 and 

40 vol% H2 biohythane respectively. 

In terms of total syngas production, there was very little variation between the three biohythane 

mixtures at higher voltages. Each fuel mixture showed slightly different behaviour for each fuel 

mixture, particularly between 0.6 V and 0.9 V. Over this voltage range, decreasing the voltage 

initially caused the total syngas production rate to increase for 10 vol% H2 biohythane due to 

POx (Eq. 19). However, increasing the H2 content decreased the presence of partial CH4 

oxidation and therefore the increase in total syngas production was less pronounced for 20 vol% 

H2 biohythane, and not observed at all for 40 vol% H2 biohythane, where partial CH4 oxidation 

was absent. 
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Figure 5.5: Electrical and gaseous outputs of an ASC across the voltage range 0.1-1.1 V running on 

various compositions of biohythane (60/30/10, 53/27/20 and 40/20/40 vol% CH4/CO2/H2). (a) H2/CO 

ratio as a function of voltage. (b) Total syngas production (solid lines) and electrical power production 

(dashed lines) as a function of voltage. 

  

Following the initial increase, syngas production decreased and electrical power production 

increased due to the electrochemical reactions. Below 0.6 V, the increased volume of H2 



 
106 

 

increased both the total syngas production and electrical current production of the cell at each 

voltage. The total syngas production increased due to poorer fuel utilisation of the cell; 

increasing the H2 content of the fuel meant in effect that the cell was increasingly supplied with 

excess fuel. The power production also increased, with this due to improved kinetic 

performance of the cell, as shown by the I-V curves and impedance spectra in Fig. 5.3. Overall, 

therefore, increasing the H2 content of the fuel mixture significantly improved both the kinetic 

performance of the cell and the quality and productivity of the gaseous products of the cell. 

5.5. The effect of fuel variability on biohythane utilisation in SOFCs 

The effect of increasing the H2/CO2 present in the gas mixture was investigated in order to 

understand the effects of biohythane fuel variability and to investigate the addition of H2/CO2 to 

CH4 as a means to decarbonise the natural gas grid. The effects of substituting CH4 with 25/75 

vol% H2/CO2 on the I-V curve and electrochemical impedance spectrum of the cell are shown in 

Figs. 5.6 and 5.7 respectively, with the polarisation arc widths of the impedance spectra given in 

Table 5.4. The spectra are composed of two polarisation arcs: the high frequency arc described 

the charge transfer and surface diffusion losses, and the low frequency arc described the gas 

diffusion losses [268]. The effects of fuel composition on the OCP and the output gas 

composition from the anode at the OCP as measured by quadrupole mass spectrometry (QMS) 

are shown in Fig. 5.82.  

 

 

 

 

 
2 Air and He were added to each fuel mixture in order to prevent high levels of carbon deposition 

and to ensure the total fuel rate was consistent in between mixtures. Please see the 
experimental section (3.6) for details on the effects and significance of air and He additions, 
which the authors consider to be minimal. 
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Table 5.4: Composition of the gas mixtures studied. 

CH4/CO2/H2 

composition / vol% 

CH4 / cm3 

min-1 

CO2 /  

cm3 min-1 

H2 /  

cm3 min-1 

Air /  

cm3 min-1 

He /  

cm3 min-1 

100 / 0 / 0 30 0.00 0.00 6.0 0.0 

80 / 15 / 5  24 4.50 1.50 4.8 1.2 

70 / 22.5 / 7.5 21 6.75 2.25 4.2 1.8 

60 / 30 / 10 18 9.00 3.00 3.6 2.4 

50 / 37.5 / 12.5 15 11.25 3.75 3.0 3.0 

40 / 45 / 15  12 13.50 4.50 2.4 3.6 

30 / 52.5 / 17.5  9 15.75 5.25 1.8 4.2 

20 / 60 / 20  6 18.00 6.00 1.2 4.8 

0 / 75 / 25 0 22.5 7.50 0.0 6.0 
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Figure 5.6: The effect of adding H2/CO2 to CH4 on the I-V curve (solid line) and power curve (dashed 

line) of the cell at 750 °C: (a) 0-60 vol% H2/CO2 addition, and (b) 60-100 vol% H2/CO2 addition. 
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Figure 5.7: The effect of adding 20-80 vol% H2/CO2 to CH4 on the electrochemical impedance spectra 

of the cell at 750 °C. 

Table 5.5: High and low frequency polarisation arc widths of the electrochemical impedance spectra 

shown in Fig. 5.7. 

CH4 vol% H2/CO2 vol% 

High 

Frequency Arc 

Width / Ω cm2 

Low 

Frequency Arc 

Width / Ω cm2 

80 20 0.5376 0.3402 

70 30 0.5121 0.2939 

60 40 0.4709 0.2733 

50 50 0.4316 0.2623 

40 60 0.3677 0.2622 

30 70 0.3343 0.2135 

20 80 0.3342 0.1774 

 

Fig. 5.8a shows the experimental data set and the fitting results plotted together for 80/15/5 

vol% CH4/CO2/H2 mixture at 750 °C and Fig. 5.8 b show the equivalent circuit model which 

provides the fitting values for each component and the errors associated. Only one set of fitting 

results are shown here, all the other fittings are to the same level of precision. A very similar 
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performance can be seen between the two curves at both frequencies. 

 

Figure 5.8: (a) Equivalent Circuit fitting to experiment data of 80/15/5 vol% CH4/CO2/H2 mixture at 

750 °C and (b) equivalent circuit model and fitting results. 
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Figure 5.9: The effect of substituting 0-100 vol% CH4 with H2/CO2 on: (a) the OCP, and (b) the 

composition of the anode output gases at OCP at 750 °C. 

 

Under pure CH4, the pronounced curves observed in the high voltage and low voltage regions of 

the I-V curve in Fig. 5.9a indicate there were significant activation and concentration losses 

respectively. This was expected since electrochemical conversion and gaseous diffusion of CH4 

are relatively slow processes [270-272] and there was no oxidant present to enable CH4 
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reforming to take place [230, 273, 274]. The anode output gases at OCP for this mixture show a 

very high volume of H2 was present, with much lower levels of CH4 detected than expected. 

This indicates the presence of CH4 cracking (Eq. 6) and therefore that carbon deposition was 

likely formed on the anode and probably also at the fuel electrode inlet. The carbon formed is 

likely to have contributed to the activation and concentration losses observed in the I-V curve 

and affected the production of power by electrochemical oxidation of the H2 or CH4 present 

[215, 275]. 

CH4 ⇌ C + 2H2                       (Eq. 6) 

The I-V curves in Fig. 5.6a show that more current and power were produced by the cell as the 

amount of H2/CO2 was increased to 60 vol%. Fig. 5.9a shows the OCP was ~ 1.07 V under pure 

CH4 and that this decreased slightly to ~ 1.05 V at 60 vol%. In the electrochemical impedance 

spectra, the overall widths of the polarisation arcs decreased by more than 25 % over this fuel 

composition range. Both polarisation arcs decreased as the H2/CO2 increased, indicating that the 

efficiencies of charge transfer, surface diffusion and gas diffusion processes were improved by 

addition of H2/CO2. Overall, it is clear the electrical performance of the cell was improved with 

substitution of up to 60 vol% CH4 with H2/CO2. 

Analysis of the output gases from the anode at OCP in Fig. 5.9 show that addition of H2/CO2 

increased catalytic CH4 conversion, with complete conversion of CH4 observed at 40 vol% 

H2/CO2 addition. The production of CO increased as the H2/CO2 content was increased to  

40 vol%. These observations indicate the presence of CO2 reforming of CH4 (Eq. 17). It is also 

probable that the presence of CO2 promoted the reverse Boudouard reaction (Eq. 7), thereby 

helping to remove carbon from within the Ni/YSZ anode and fuel inlet [276-278]. 

CH4 + CO2 ⇌ 2H2 + 2CO                      (Eq. 17) 

CO2 + C ⇌ 2CO                          (Eq. 7) 

These results therefore show that the increase in electrical performance of the cell was most 

likely due to increased catalytic conversion of CH4 via dry reforming and through alleviation of 



 
113 

 

carbon deposition due to inhibition of CH4 cracking and promotion of the reverse Boudouard 

reaction. These effects decreased the activation and concentration losses as observed in the I-V 

curves and promoted electrochemical oxidation of H2 as the primary power production pathway, 

thereby decreasing the charge transfer, surface diffusion and gas diffusion as observed in the 

impedance spectra. It is also possible that carbon deposition was alleviated due to the promotion 

of electrochemical H2 oxidation, which would have increased the presence of H2O at the anode. 

There is previous work that suggests the H2O subsequently reacts with carbon deposition on the 

anode, increasing the durability and performance of the cell. This is discussed further in the 

durability work in section 5.6. 

It was expected that addition of H2/CO2 would also increase the amount of H2 present in the 

anode output gases at the OCP due to: (1) the increased volume of H2 in the fuel input gases, 

and (2) the promotion of dry reforming. However, the volume of H2 in the anode output gases 

remained constant with up to 40 vol% H2/CO2 addition, suggesting that H2 was partly consumed 

via reaction with CO2 in the reverse water-gas shift reaction. 

Fig. 5.9b shows that when the H2/CO2 content was increased above 40 vol%, the H2 present in 

the output gases decreased much more considerably. This is attributed to the decrease of CH4 

present in the initial fuel mixture and increasing conversion of H2 in the RWGS reaction [269]. 

Between 40-60 vol% H2/CO2, the output gases show there was an increasing presence of CO2, 

which further promoted the RWGS and reverse Boudouard reactions, thereby continuing to 

enhance the overall electrical performance of the cell up to 60 vol% H2/CO2 addition.  

The I-V curves in Fig. 5.6b show that as the H2/CO2 content was increased above 60 vol%, the 

current and power produced by the cell decreased. Fig. 5.9a indicates this was largely due to the 

OCP, which decreased much more significantly from ~ 1.05 V at 60 vol% H2/CO2 to  

~ 0.93 V under 100 vol% H2/CO2. The anode output gases shown in Fig. 5.9b show that the H2 

continued to decrease over this fuel composition range and became more and more diluted in 

CO2 and CO. Under 100 vol% H2/CO2, all of the H2 was converted in the RWGS reaction 

yielding a dried mixture consisting of CO2 and CO. The RWGS reaction became the 
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predominant catalytic process for high H2/CO2 content fuel mixtures. With such a low presence 

of H2, the OCP decreased according to Nernst predictions, affecting the overall electrical 

performance of the cell. 

Despite the very low concentration of H2 present above 60 vol% H2/CO2, the activation losses in 

the I-V curves did not appear to be affected. In addition, the overall widths of the polarisation 

arcs in the impedance spectra continued to decrease above 60 vol% H2/CO2. In order to 

understand this, a separate experiment was conducted in which the effect of adding CO2 to pure 

H2 on the impedance spectra was investigated and compared with adding N2 and He to pure H2. 

These spectra are shown in Fig. 5.10 with the corresponding polarisation arc widths shown in 

Table 5.6. It was observed that adding CO2 (Fig. 5.10a) decreased the widths of the polarisation 

arcs, whereas adding N2 (Fig. 5.10b) and He (Fig. 5.10c) increased the arc widths. In particular, 

the low frequency arc width decreased by up to 50 % with addition of CO2, showing the 

diffusion losses were considerably reduced. It is tentatively suggested that the relatively high 

density of CO2 (1.98 g dm-3) compared with other gases (0.0899 g dm-3 for H2, 1.14 g dm-3 for 

CO) enabled more efficient diffusion of the fuel gases through the porous structure of the anode, 

thereby decreasing concentration losses. In addition, the presence of the RWGS reaction 

provided a more balanced ratio of educt and product gases, which Ebbesen et al. [279] have 

previously shown decreases the concentration arc of an impedance measurement significantly. 

When N2 and He were added, the diffusion resistance was increased [280, 281] and the RWGS 

reaction could not take place, causing the arc widths to increase. Therefore, whilst the 

overriding effect of CO2 in high concentrations was to decrease the electrical performance of the 

cell due to large OCP losses, CO2 also decreased the charge transfer, surface diffusion and gas 

diffusion losses associated with electrochemical H2 oxidation. The results suggest this beneficial 

effect of CO2 was likely taking place across all biohythane compositions studied. 
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Figure 5.10: The effect of adding: (a) CO2, (b) N2, and (c) He to pure H2 on the electrochemical 

impedance spectra of the cell at 800 °C. 
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Table 5.6: High frequency (HF) and low frequency (LF) polarisation arc widths of the impedance 

spectra in Fig. 5.10. 

 CO2 He N2 

H2:balance 

/ vol% 

HF Arc 
Width /  

Ω cm2 

LF Arc 
Width /  

Ω cm2 

HF Arc 
Width /  

Ω cm2 

LF Arc 
Width /  

Ω cm2 

HF Arc 
Width /  

Ω cm2 

LF Arc 
Width /  

Ω cm2 

20:0  0.1519 0.1266 0.1519 0.1266 0.1519 0.1266 

20:5  0.1258 0.0730 0.1719 0.1282 0.1669 0.1428 

20:10  0.1119 0.0648 0.1651 0.1349 0.1829 0.1450 

20:15  0.1076 0.0662 0.1789 0.1384 0.2085 0.1503 

20:20  0.1118 0.0631 0.1892 0.1418 0.2258 0.1706 

20:30  0.1116 0.0601 0.2035 0.1559 0.2465 0.1758 

 

Fig. 5.11a shows the experimental data set and the fitting results plotted together for H2/CO2 

20/30 vol% mixture at 800 °C and Fig. 5.11b show the equivalent circuit model which provides 

the fitting values for each component and the errors associated. Only one set of fitting results 

are shown here, all the other fittings are to the same level of precision. A very similar 

performance can be seen between the two curves at both frequencies. 
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Figure 5.11: (a) Equivalent Circuit fitting to experiment data of  20/30 vol% H2CO2 mixture at 800 °C 

and (b) equivalent circuit model and fitting results. 

5.6. The durability of SOFCs operating on biohythane 

The durability of SOFC technology operating at 750 °C on a typical biohythane mixture of 

60/30/10 vol% CH4/CO2/H2 mixture was investigated over a 288 h period (12 days) at an 
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operating voltage of 0.8 V. The current density and exhaust gases from the cell over this time 

are shown in Fig. 5.12. Fuel was supplied at 9 cm3 min-1 (high fuel utilisation) for the first 260 h 

and 12 cm3 min-1 (low fuel utilisation) for the remaining 28 h. The cell stabilised during the first 

35 hours, where the current density increased from 165 to 180 mA cm-2. During this time, the 

CO decreased slightly before stabilising. After this initial conditioning period, the output gases 

and current density remained very stable, with 175±5 mA cm-2 produced for 260 hours and only 

very minor changes to the composition of the output gases observed. The dried output gases 

were mainly composed of CO2 with trace levels of H2, CO and CH4 detected. 

The catalytic processes observed in Fig. 5.9b are likely to have been influenced by the H2O 

produced from electrochemical H2 oxidation [282, 283]. Steam reforming of CH4 (Eq. 4) was 

likely to be present in addition to CO2 reforming (Eq. 17), the presence of H2O would also 

likely promote the water-gas shift reaction and finally, the additional presence of H2O may have 

further prevented the formation of carbon via reaction to produce synthesis gas (Eq. 16). Each 

of these processes are known to have a beneficial effect on the durability of the cell since they 

limit carbon deposition and promote power production via electrochemical H2 oxidation, which 

were identified in 5.5 as being key to achieving good electrical performance from the cell [264, 

284, 285]. This work suggests that SOFCs could operate on biohythane for long periods with 

good electrical performance without deactivation due to carbon deposition. Further work is 

needed to determine the extent of fuel conversion due to CO2 and that due to the H2O produced 

from electrochemical H2 oxidation. However, it is clear from section 5.5 that the presence of 

CO2 makes a significant contribution to fuel conversion and power production. In particular, it 

is suggested the additional presence of CO2 and H2 enable SOFCs to operate with decreased fuel 

processing and steam consumption from an external reforming fuel cell subsystem. 
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Figure 5.12: Current density and output gases of the cell operating for 288 h on a 60/30/10 vol% 

CH4/CO2/H2 biohythane mixture at 750 °C with an operating voltage of 0.8 V. Fuel was supplied at 9 

cm3 min-1 for the first 260 h and 12 cm3 min-1 for the final 28 h. 

 

In order to accelerate and determine any mechanisms of deactivation, after 260 h of continuous 

operation the flow rate of fuel was increased by 33 % to 12 cm3 min-1. Initially, the volume of 

output gases increased, indicating there was excess fuel that the cell was unable to convert. The 

current and power produced by the cell instantly began to decline and after 28 hours, the current 

density had decreased by 17 % to 150 mA cm-2.  

Fig. 5.13 shows I-V curves and impedance spectra of the ASC taken at 750 °C before and after 

the 288 h test. The I-V curve taken before the test indicated the presence of activation (high 

voltage region) and concentration (low voltage region) losses, which the I-V curve analysis 

given in section 5.5 shows were due to the high presence of CH4 in the fuel inlet and carbon 

deposition on the anode. The I-V curve taken after the test had a more prevalent curve in the 

high voltage region showing the activation losses had increased. The impedance spectra show 

that the high frequency arc width had increased considerably, indicating increased charge 

transfer and surface diffusion losses. No concentration losses were observed in the I-V curve 
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following the long-term test because the cell was unable to convert all of the fuel available. 

However, the impedance data show that the low frequency arc width had increased, showing 

diffusion of reactants through the anode had become less efficient.  

All of these observations are consistent with carbon deposition on the anode and probably also 

at the fuel inlet. The carbon inhibited electrochemical oxidation processes and increased the 

diffusion resistance of the anode. In addition, the impedance data show that the high frequency 

arc intersected the real axis at an increased value of 0.2 Ω cm2, showing the ohmic losses were 

increased. It is likely these losses had been caused by mechanical stress induced by deposits of 

carbon. The carbon deposition was likely due to CH4 cracking caused by the increased presence 

of CH4 and because the CH4 and CO2 were present in a 2:1 ratio. It is unlikely the carbon 

deposition was caused by the Boudouard reaction which is an exothermic process and also 

would be reversed by the presence of CO2. This illustrates that complete catalytic CH4 

conversion without CH4 cracking is key to SOFC stability and durability. 
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Figure 5.13. (a) I-V curves and (b) electrochemical impedance spectra of the ASC collected before and 

after the 288 h long-term electrical performance test at 750 °C. 

 

Fig. 5.14a shows the experimental data set and the fitting results plotted together for 

CH4/CO2/H2 60/30/10 vol% mixture after long term testing and Fig. 5.14b show the equivalent 

circuit model which provides the fitting values for each component and the errors associated. 

A very similar performance can be seen between the two curves at both frequencies. 
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Figure 5.14: (a) Equivalent Circuit fitting to experiment data of CH4/CO2/H2 60/30/10 vol% mixture 

after long term testing at 750 °C and (b) equivalent circuit model and fitting results. 

 

5.7. Implications for natural gas grid decarbonisation  

This work is focussed on the effects of fuel variability for SOFCs operating on biohythane but is 

also relevant to the decarbonisation of natural gas grids. H2/CO2 mixtures (biohydrogen) can be 
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produced very efficiently through various biomass fermentation processes and provided it is 

produced from renewable and low carbon biomass feedstocks, biohydrogen could potentially be 

blended with natural gas as a means of decarbonising natural gas grids. As this work has shown, 

SOFCs are not only able to utilise CH4/CO2/H2 mixtures, but also have very high electrical 

performance when operating on biohythane compared with pure CH4. Whilst the utilisation of 

CH4 blended with H2 in SOFCs has previously been studied as a means of grid decarbonisation, 

CH4/H2 (hythane) mixtures are known to have considerable issues relating to carbon deposition, 

particularly when more than 20 vol% H2 is added [75, 76]. Commercially available H2 is also an 

expensive commodity that is produced mainly via steam reforming of natural gas and therefore 

offers little improvement in terms of environmental impact [286, 287]. By substituting natural 

gas with renewable biohydrogen mixtures, the global warming potential (GWP) of the fuel is 

considerably reduced (H2/CO2 mixtures have a GWP of less than 1) and carbon emissions are 

decreased because fossil CH4 is directly displaced with a low carbon resource. 

However, in addition to displacing and therefore reducing the consumption of CH4, a key 

outcome of this work is that CH4/CO2/H2 mixtures give fundamentally better electrical 

performance compared with pure CH4. It has also been shown in a previous research that 

biohythane gives better performance than biogas [258]. The increase in electrical performance is 

depicted in Fig. 5.15a, which shows the percentage increase in power output as more H2/CO2 

was added to the fuel. The power output increased steadily as the H2/CO2 content was increased 

to 40 vol%, which is the composition of a typical biohythane mixture (60/30/10 vol% 

CH4/CO2/H2), with a 22.9 % increase in power observed. Increasing the H2/CO2 content to 50-

60 vol% gave a much more considerable increase in the power output of the cell with a 64-66 % 

power increased observed. Increasing the H2/CO2 content above 60 vol% caused the electrical 

performance gain of the cell to decrease. However, it was only under pure H2/CO2 where a 

worse electrical performance was observed than pure CH4. Up to 80 vol% H2/CO2 addition, 

gains of up to 66 % in the fundamental electrical performance of the cell were observed 

compared with pure CH4. 
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Figure 5.15: The effect of adding 0-100 vol% H2/CO2 to CH4 on: (a) the gain in power from the cell 

and the lower heating value (LHV) of the fuel; and (b) the percentage CH4 consumption and overall 

efficiency gain. The data are derived from the I-V curves in Fig. 5.6 at an operating voltage of 0.7 V 

and are measured relative to pure CH4. 

 

Fig. 5.15a also shows the effect of H2/CO2 addition on the lower heating value (LHV) of the 

fuel mixture, which decreased from 35.8 MJ m-3 (for pure CH4) to 2.7 MJ m-3 (for 25/75 vol% 

H2/CO2). The gains in fundamental power output of the cell observed by addition of H2/CO2 to 
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CH4 shown in Fig. 5.15a were achieved by utilisation of a fuel mixture that had a lower energy 

content compared with pure CH4. The overall gain in efficiency can be described by: 

Efficiency gain = Percentage cell power increase / LHV percentage of pure CH4     

This has been calculated for each of the fuel mixtures and is shown in Fig. 5.15b. Substitution 

of 60 vol% CH4 with H2/CO2 decreased the LHV was 15.9 MJ m-3, which is 45 % of the LHV 

of pure CH4. When taking this into account, the percentage power increase of 66.4 % observed 

for this mixture is equivalent to an overall efficiency gain of 3.703 times that achieved under 

pure CH4. Fig. 5.15b shows that adding H2/CO2 to CH4 in any ratio increased the overall 

efficiency relative to pure CH4. Even with pure H2/CO2, which gave a lower power output than 

pure CH4, the overall efficiency was markedly improved compared with pure CH4 because the 

LHV of the H2/CO2 mixture was only 8 % of pure CH4. Therefore, addition of H2/CO2 to CH4 in 

any quantity will always increase the overall efficiency compared with utilisation of pure CH4 in 

SOFCs. 

Addition of H2/CO2 also significantly decreased the overall CH4 consumption. As well as direct 

displacement of CH4 with H2/CO2, CH4 consumption is also decreased further due to the overall 

efficiency gain. The overall percentage CH4 consumption decrease can be calculated by: 

Percentage CH4 Consumption = CH4 vol% / Power Increase  

For a typical biohythane mixture of 60/30/10 vol% CH4/CO2/H2, an CH4 consumption of  

24 %4 that of pure CH4 was observed, corresponding to a 76 % decrease in CH4 consumption. 

Fig. 5.15b shows that addition of H2/CO2 to CH4 in any ratio significantly decreased CH4 

consumption.  

This work shows there are considerable advantages of substituting CH4 with H2/CO2 mixtures in 

terms of SOFC electrical performance, overall efficiency and CH4 consumption. Whilst the 

optimum electrical performance of SOFCs was observed at a 60 vol% substitution of CH4 with 

 
3 Overall Efficiency Gain = Power Increase / LHV percentage of pure CH4 = 1.664 / 0.45 = 3.7. 
4 Percentage CH4 Consumption = CH4 vol% / Power Increase = 40 / 1.664 = 24 %.  
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H2/CO2, in terms of overall efficiency and CH4 consumption it is more beneficial to increase the 

H2/CO2 content of the fuel as much as possible. This work has shown that addition of H2/CO2 is 

beneficial since the H2 and CO2 present promote catalytic conversion of CH4, the reverse 

Boudouard reaction and the RWGS reaction. In turn, these processes promote power production 

via electrochemical oxidation of H2 and minimise carbon deposition, thereby increasing the 

electrical performance and the durability of SOFCs. These are processes that cannot take place 

with CH4/H2 blends, which unlike biohythane and biohydrogen, cannot easily be produced from 

non-fossil, renewable or low carbon feedstocks. In addition, the promotion of CO2 reforming 

decreases the requirement to reform fuels with an external steam reforming subsystem prior to 

delivery into the anode, potentially decreasing the complexity and requirements of SOFC 

systems. 

5.8. Effect of temperature on the performance of the cell 

Fig. 5.9a shows the behaviour of the OCP when H2/CO2 was added to CH4 from 750-800 °C. 

When there was less than 60 vol% H2, increasing the temperature caused the OCP to increase 

because of the presence of dry reforming of CH4 and CH4 cracking, which are both endothermic 

processes. Increasing the temperature therefore promoted these reactions thermodynamically as 

well as kinetically, increasing the CH4 conversion, the volume of H2 present, and hence the 

OCP. For mixtures with more than 80 vol% H2/CO2, increasing the temperature had the 

opposite effect due to the dominance of the RWGS reaction, which is also endothermic but 

consumes H2 to produce CO. Increasing the temperature over this fuel range therefore decreased 

the presence of H2, causing the OCP to also decrease. Between 60-80 vol% H2/CO2, changing 

the temperature had little effect on the value of the OCP due to the effects of dry reforming and 

CH4 cracking being cancelled by the RWGS reaction under these fuel compositions. 

Fig. 5.16a shows the effect of temperature on the I-V curve when operating on 60vol% CH4 and 

40 vol% H2/CO2. The current output increases with temperature due an alleviation of OCP, 

activation, ohmic and concentration losses. In particular, the activation losses are strongly 

alleviated, which is further evidence that CH4 conversion is the key limiting factor for the CH4-
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rich fuel mixtures. Increasing the temperature assisted with catalytic CH4 conversion 

thermodynamically and kinetically, accelerating electrochemical CH4 oxidation and promoting 

electrochemical H2 oxidation as the main power production pathways. Fig. 5.16b shows 

increasing the temperature to 800 °C therefore gave a substantial increase in current output of 

145-195% between 0.6-0.9 V. 

 

Figure 5.16: The effect of temperature on the I-V curve (left column) and percentage gain in current 

output (right column) at 750-800 °C with the cell operating on: (a-b) 60 vol% CH4 and 40 vol% 

H2/CO2, (c-d) 40 vol% CH4 and 60 vol% H2/CO2 and (e-f) 20 vol% CH4 and 80 vol% H2/CO2. 
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Similar behaviour was observed for 40vol% CH4 and 60 vol% H2/CO2, where the I-V curves 

(Fig. 5.16c) indicate that increasing the temperature improved cell performance due to a 

decrease of activation, ohmic and concentration losses. The OCP losses were unaffected by 

changes in temperature for this fuel mixture as has already been described in Fig. 5.9a. A large 

increase in current output of 75-90% was observed between 0.6-0.9 V when increasing the 

temperature to 775 °C. This was mainly due to an increase in electrochemical H2 oxidation 

kinetics, and an increase in CH4 conversion kinetics, with the QMS data in Fig. 5.9b indicating 

the presence of some unconverted CH4 at 750 °C. Increasing to 800 °C gave a more marginal 

increase in current output of up to 100-110% compared with 750 °C, indicating that there was 

little unconverted CH4 at 775 °C and therefore alleviation of losses was due mainly due to 

improved activation kinetics. 

Finally, under 20 vol% CH4 and 80 vol% H2/CO2, Fig. 5.16f shows that increasing the 

temperature to 800 °C increased the current output by 130-145% between 0.6-0.9 V. The I-V 

curves in Fig. 5.16e show the improvement in performance was due to an alleviation of 

activation, ohmic and concentration losses. The QMS data at 750 °C (Fig. 5.9b) shows that the 

RWGS reaction was the dominant catalytic fuel conversion process for this fuel mixture which 

was mainly composed of H2 and CO2. Increasing the temperature is therefore highly likely to 

have decreased the losses by increasing the rates of electrochemical H2 and CO oxidation. The 

overall gain in performance was not as marked as that observed for 60 vol% CH4 and 40vol% 

H2/CO2. 

      5.10. Conclusion 

The utilisation of biohythane (60/30/10 vol% CH4/CO2/H2) in solid oxide fuel cell technology 

has been investigated and shown to give better kinetic performance than biogas (CH4/CO2). A 

high performance method of utilising complex renewable and industrial waste gases has been 

demonstrated that it is possible to yield electrical power and syngas (H2/CO) simultaneously 

with almost complete conversion of CH4. Depending on the operating conditions, the balance of 

electrical power and syngas production, as well as the composition of syngas, were easily 
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controlled through adjustment of the cell voltage. H2/CO ratios in the range 1.1-4.0 were 

obtained in this work. The chemistry of fuel processing at the anode was characterised by 

quadrupole mass spectrometry, revealing that electrical power production occurred through H2 

electrochemical oxidation and a mixture of partial (high voltages) and total (low voltages) 

electrochemical oxidation of CH4. Electrochemical CO oxidation did not contribute to power 

production. Catalytic dry reforming of methane also contributed to fuel conversion. 

The switch in fuel conversion mechanism from partial (POx) to total (TOx) electrochemical 

oxidation of CH4 had complex implications for the quantity and composition of cell outputs. 

High voltages promoted POx and gave less electrical power, faster syngas production rates and 

lower H2/CO ratios, with the reverse observed at lower voltages. Increasing the H2 content of 

biohythane improved the kinetic performance of the cell to give more electrical power and, 

depending on the voltage, either more syngas with a lower H2/CO ratio (at low voltages), or 

slightly less syngas with a higher H2/CO ratio (at high voltages).  

The effects of fuel variability on biohythane utilisation were investigated and showed that 

addition of 25/75 vol% H2/CO2 to pure CH4 increased SOFC electrical performance due to the 

additional presence of H2 and promotion of CO2 reforming, the reverse Boudouard and RWGS 

reactions, each of which alleviated carbon deposition and promoted electrochemical H2 

oxidation as the primary power production pathway. In terms of electrical performance, 

substitution of 60 vol% CH4 with H2/CO2 was found to be the optimum composition, giving an 

electrical power output that was 66.4 % higher than that produced from pure CH4 at an 

operating voltage of 0.7 V. A 260 h durability test was conducted which demonstrated a very 

high stability when operating on typical 60/30/10 vol% CH4/CO2/H2 biohythane mixture under 

high fuel utilisation, where high CH4 conversion was achieved whilst preventing CH4 cracking. 

By substituting 60 vol% CH4 with H2/CO2 increased the overall efficiency of energy conversion 

by a factor of 3.7 and decreased CH4 consumption by 76 %. However, the overall efficiency and 

savings in CH4 consumption were shown to be increased by addition of H2/CO2 to CH4 in any 

amount. Overall, this work suggests that decarbonising gas grids by substituting natural gas with 
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renewably produced H2/CO2 mixtures (rather than pure H2 derived from fossil fuels) and 

utilising in SOFC technology, gives considerable gains in energy conversion efficiency and 

carbon emissions savings. 

In addition, the current output can be increased by another 100-110% by increasing the 

operating temperature to 800 °C, which further improved catalytic CH4 conversion and 

accelerated electrochemical H2 conversion. Long-test durability testing demonstrated good 

SOFC stability when operating on 60/30/10 vol% CH4/CO2/H2 under high fuel utilisation, which 

ensured high CH4 conversion whilst preventing CH4 cracking.  
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Chapter 6: Co-electrolysis of biohythane 

6.1. Introduction  

This chapter reports investigations into the co-electrolysis of simulated biohydrogen, biogas and 

biohythane gas mixtures using an anode supported solid oxide fuel cell (SOFC). For the 

biohythane mixtures, the effect of co-electrolysing with H2O, CO2 and H2O/CO2 oxidant 

mixtures was also investigated. In addition, the effects of fuel variability on co-electrolysis were 

investigated for biohythane. The kinetic performance of the cell was characterised using I-V 

curves and electrochemical impedance spectroscopy. The performance of the cell was compared 

with H2 as well as biohydrogen and biogas. The output gases from the anode were characterized 

in real-time using quadrupole mass spectrometry (QMS), showing the gaseous products, 

reaction pathways and transient behavior of fuel conversion in a high level of detail. 

6.2. Co-electrolysis of fuels with steam 

6.2.1.  Behaviour at OCP 

Firstly, the cell was studied at the OCP with H2 and 50 vol% added steam Table 6.1 reporting 

the OCP for H2/H2O at 0.948 V. The output gases of the cell at the OCP were measured and 

characterized by QMS and are shown in Fig. 6.1. Switching to biohydrogen (still mixed with 50 

vol% steam) decreased the OCP slightly to 0.925 V due to CO2 dilution effects and the presence 

of the RWGS reaction, which as shown in Chapter 4, further decreases the presence of H2 and 

generates CO at the anode. This decrease of OCP (0.02 V) was not as significant as that 

observed in fuel cell mode in Chapter 4 (0.12 V), indicating the additional presence of H2O 

shifts the equilibrium of the RWGS alleviating the conversion of hydrogen slightly and 

therefore causing the OCP to decrease less. The H2/CO ratio was 0.60 and the output gases were 

composed of 54.76 vol% syngas production (see Table 6.2).  

 



 
132 

 

 

Table 6.1: OCP of ASC operating on various fuels mixed with 50 vol% H2O. 

Fuel Mixture OCP 

Hydrogen (H2) 0.948 V 

Biohydrogen (50/50 vol% H2/CO2) 0.925 V 

Biogas (60/40 vol% CH4/CO2) 1.016 V 

Biohythane (60/30/10 vol% 

CH4/CO2/H2) 

1.106 V 

 

Table 6.2: Composition and characteristics of output gases shown in Fig. 6.1. The percentage CH4 

conversion is also provided. 

Fuel Composition H2 CO CH4 CO2 
Syngas 

(vol%) 

H2/CO 

Ratio 

CH4 

Conv. 

H2 (100 vol%) 

98.59% 0.00% 0.00% 1.41% - - - 

CO2/H2  

(50/50 vol%) 
20.52% 34.24% 0.00% 45.24% 

54.76 

vol% 0.60 - 

CH4/CO2        

(60/40 vol%) 
54.10% 22.75% 3.08% 20.07% 

76.86 

vol% 2.38 80.78 % 

CH4/CO2/H2  

(60/30/10 vol%) 
60.22% 21.61% 2.89% 15.28% 

81.83 
vol% 2.79 81.97 % 

 

Switching the fuel to biogas increased the OCP to 1.016 V and the output gases show a 

significant increase of the H2 signal, whilst the CO signal increased slightly. This indicates the 

presence of steam (Eq. 4) and dry reforming of CH4 (Eq. 17), which gave a higher H2/CO ratio 

of 2.38 and a syngas content of the output gas mixture of 76.86 vol%. The level of unconverted 

CH4 (19.22 vol%) was measured resulting to the remaining 80.78 vol% CH4 being converted via 

steam, dry reforming of CH4 and methane cracking. Due to the presence of CO2 in biogas, it is 

likely that some CH4 was also converted via dry reforming (Eq. 17), although the considerable 

presence of CO2 detected and the high H2/CO ratio suggests dry reforming was much less 

prevalent than steam reforming (Eq. 4). This agrees with previous literature where it is widely 
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established that H2O reforming (Eq. 4) has faster kinetics than CO2 reforming (Eq. 17) [288]. 

However, the overall the presence of dry reforming is likely to be quite significant, the steam 

reforming stoichiometry of the H2/CO ratio it is 2:1, suggesting that some CH4 was converted 

via dry reforming which has a H2/CO ratio of 1:1. It is also likely that CO2 promoted the RWGS 

reaction (Eq. 16), further decreasing the H2/CO ratio. If only steam reforming was taking place, 

then the H2/CO ratio would be at least 3, and probably higher due to promotion of WGS. 

Switching to biohythane increased the OCP to 1.106 V. The additional H2 in biohythane 

increased the OCP suggesting that the presence of H2 suppressed catalytic reforming reactions 

at the anode. The amount of H2 in the output gases was increased by 6.12 % compared with 

biogas, giving an increased syngas ratio and syngas production of 2.79 and 81.83 vol% 

respectively. Steam and dry reforming of CH4 were likely to be present as was the case for 

biogas, with a slightly higher percentage CH4 conversion of 81.97 % was achieved with 

biohythane. This indicate that the decreased presence of CO2 decreased the dry reforming of 

methane reaction (Eq. 17) and steam reforming is the prenominal reaction (Eq. 4) taking place 

due to the H2/CO ratio being 3:1. Therefore switching to biohythane resulted in more CH4 to be 

converted (1.19 % more compared with biogas) due to the increased presence of steam 

reforming of methane resulting in higher syngas production (4.97 vol% compared with biogas). 
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Figure 6.1: The effect of fuel composition on the output gases of an ASC operating at OCP at 750 °C. 

The fuels studied were hydrogen (H2 100 vol%), biohydrogen (CO2/H2 50/50 vol%), biogas (CH4/CO2 

60/40 vol%) and biohythane (CH4/CO2/H2 60/30/10 vol) mixed with 50 vol% H2O. 

 

6.2.2.  Co-electrolysis mode 

Fig. 6.2a shows the effect of fuel composition on the I-V curve of the cell in electrolysis mode. 

With pure H2, the I-V curve was very linear up to approximately 1.2 V, indicating the activation 

and concentration losses were very low. For biohydrogen, the I-V curve was very similar to that 

measured for pure H2, showing the presence of CO2 had very little effect on the activation and 

concentration losses of the cell under these conditions. Switching to biogas caused the cell 

performance to decrease markedly. The OCP increased in agreement with previous work, and 

this was due to the presence of steam (Eq. 4) and dry reforming of CH4 (Eq. 17), which 

increased the volume of H2 at the anode. In addition, the overall kinetic performance decreased 

due to a considerable increase in the activation losses as indicated by the pronounced non-linear 

curve across the full voltage range. These losses were alleviated slightly by switching to 

biohythane, which gave a similar I-V curve but with decreased activation losses compared with 

biogas, showing that even adding only 10 vol% H2 to the fuel mixture improved the kinetic 



 
135 

 

performance of the cell considerably. For example, a voltage of approximately 17% lower was 

required to achieve 400 mA cm-2. The enhanced performance overall compared with biogas was 

most likely due to improved reduction of the anode surface and suppression of methane 

cracking  [84, 230, 231].  

The corresponding impedance spectra are shown in Fig. 6.2b, with the widths of the polarisation 

arcs given in Table 6.3. The fuel mixture did not have an effect on ohmic losses but both high 

and low frequency arcs responded to changes in fuel mixtures indicating that fuel mixtures 

influenced activation and diffusion losses. In electrolysis mode, H2 and H2/CO2 mixtures had the 

lowest arc widths indicating the fewer activation and diffusion losses in agreement with the I-V 

curves. Switching the mixture to biogas increased considerably the low frequency arc width 

indicating increased diffusion losses. The high frequency arc width also increased displaying 

greater surface diffusion and charge transfer losses for biogas. Switching to biohythane mixture 

decreased the high (≈ 0.01 Ω cm2) and low (≈ 0.55 Ω cm2) frequency arc widths. This indicate 

that biohythane had a better performance with lower losses compared with biogas with diffusion 

losses decreasing considerably compared with biogas. 
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Figure 6.2: The effect of fuel composition on (a) the I-V curves and (b) the impedance of an ASC 

operating in electrolysis mode at 0.1-100000 Hz. The fuels studied were hydrogen (H2 100 vol%), 

biohydrogen (CO2/H2 50/50 vol%), biogas (CH4/CO2 60/40 vol%) and biohythane (CH4/CO2/H2 

60/30/10 vol%. In each case, the fuels are mixed with 50 vol% H2O. 

Table 6.3: Widths of the high and low frequency arcs in the electrochemical impedance spectra 

presented in Fig. 6.2b.  

Fuel Mixture + Steam 

50/50 vol%  

Ohmic / Ω cm2 High Frequency Arc 

Width / Ω cm2 

Low Frequency Arc 

Width / Ω cm2 

H2 0.2028 1.2642 0.2140 

H2/CO2 0.2009 1.1410 0.2530 

CH4/CO2 0.2082 1.2478 0.3990 

CH4/CO2/H2 0.2081 1.2390 0.3440 
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The output gases of the cell were measured during under electrolysis mode with a voltage of 1.4 

V applied to the cell, as shown in Fig. 6.3 and Table 6.4. Initially, with H2 and 50 vol% steam 

(as a dried gases) the measurements show that 98.60 % H2 (with the rest being CO2 impurities) 

was produced and the production of H2 was mainly through electrolysis of steam (Eq. 21):  

H2O + 2e-  ⇌ H2 + O2-                                                                                                          (Eq. 21) 

 

Figure 6.3: The effect of fuel composition on the output gases of an ASC operating in electrolysis 

mode (1.4 V) at 750 °C. The fuels studied were hydrogen (H2 100 vol%), biohydrogen (CO2/H2 50/50 

vol%), biogas (CH4/CO2 60/40 vol%) and biohythane (CH4/CO2/H2 60/30/10 vol) mixed with 50 vol% 

H2O. 

Table 6.4: Composition and characteristics of output gases shown in Fig. 6.3. The percentage CH4 

conversion is also provided. 

Fuel Composition H2 CO CH4 CO2 
Syngas 

(Vol%) 

H2/CO 

Ratio 

CH4 

Conv. 

H2 (100 vol%) 

98.60% 0.00% 0.00% 1.40% - - - 

CO2/H2  

(50/50 vol%) 
28.26 % 36.52% 0.00% 35.22% 

64.78 

vol% 0.77 - 

CH4/CO2        

(60/40 vol%) 
52.81% 30.26% 1.29% 15.64% 

83.07 
vol% 1.75 91.93% 

CH4/CO2/H2  

(60/30/10 vol%) 
57.73% 27.33% 1.25% 13.68% 

85.06 

vol% 2.11 92.16% 
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Upon switching to the biohydrogen mixture, the H2 decreased to 28.26 vol%. A gas composition 

of 64.78 % syngas was produced with a H2/CO ratio of 0.77, which is higher compared to the 

H2/CO ratio at OCP. The increased presence of CO (2.28 %) indicates electrochemical 

reduction of CO2 (Eq. 22) and H2O (Eq. 21) representing the presence of the RWGS reaction. 

Therefore, the product gases increased when the cell was operated under 1.4 V compared to 

OCP. Overall, applying a voltage to the cell increased the syngas produced by ≈10 vol% 

compared with OCP due to a combination of electrochemical H2O (Eq. 21) and CO2 reduction 

reactions (Eq. 22)    

CO2 + 6e- ⇌ CO + 3O2-                                                                                       (Eq. 22) 

When the fuel was switched to biogas, the presence of H2 and CO increased to produce output 

gases composed of 83.07 vol% syngas with the H2/CO ratio decreased to 1.75. The fact that the 

presence of CO2 in the output gases decreased to 15.64 % confirm the existence of the methane 

reforming reactions (Eqs. 4 and 17) and the RWGS reaction (Eq. 16). Applying a voltage 

increased the syngas produced compared with OCP by ≈6 %, also the methane conversion was 

increased by ≈11 % compared with OCP operation. Applying a voltage has an increase in the 

flow rate of H2 and CO produced due to electrochemical reduction of H2O (Eq. 21) and CO2 

(Eq. 22) due to the increased presence steam and dry reforming reactions.    

When switching to biohythane, the initial presence of H2 resulted in higher levels of H2 present 

in the output gases, with the H2/CO ratio increased to 2.11. The CO decreased slightly due to the 

decreased presence of CO2 in the initial mixture but syngas presence in the output gases overall 

increased to 85.06 %. The CH4 conversion increased to 92.16% and it is suggested this was due 

to enhanced reduction of the nickel anode through the additional presence of hydrogen and 

decreased presence of carbon dioxide, improving the catalytic activity towards reforming. The 

methane conversion increased by ≈10 % when a voltage was applied compared to OCP due to 

the increased presence of CH4 electrochemical and dry reforming reactions. 

 



 
139 

 

 

6.3. Effect of the oxidant composition on co-electrolysis of biohythane 

A significant advantage of co-electrolysis is the flexibility of adjusting the outlet syngas 

composition by varying the operating conditions, including the inlet gas composition and 

applied operating voltage. In this work, the effect of the oxidant composition on the 

electrochemical performance and outputs of the cell were investigated when operating on 

biohythane. 

Fig. 6.4 shows the output gases of the cell operating on biohythane with H2O, H2/CO2 and CO2 

as the oxidant mixtures. With pure H2O as the oxidant, the H2 production was highest due to the 

electrolysis of H2O. A H2/CO ratio of 1.99 (see Table 6.5) with 88.14 vol% of syngas produced 

due to increased electrochemical conversion of H2O. The CH4 conversion was the highest 93.25 

%, suggesting that catalytic H2O reforming was also enhanced by with the increased presence of 

H2O.  

 

Figure 6.4: The effect of oxidant composition on the output gases of an ASC operating on biohythane 

(CH4/CO2/H2 60/30/10 vol%) in electrolysis mode. In each case, biohythane was mixed with 50 vol% of 

oxidant. The oxidants studied were steam (H2O), carbon dioxide (CO2) and a 50/50 vol% H2O/CO2 

mixture. 
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Table 6.5: Composition and characteristics of output gases shown in Fig. 6.4. The percentage CH4 

conversion is also provided. 

Oxidant 

Composition 
H2 CO CH4 CO2 

Syngas 

(vol%) 

H2/CO 

Ratio 

CH4 

Conv. 

H2O 

(100 vol%) 

58.70% 29.44% 0.81% 11.05% 88.14 

vol% 

1.99 93.25 % 

H2O/CO2 

(50/50 vol%) 

46.65% 37.41% 1.06% 14.89% 84.05 

vol% 

1.25 91.17 % 

CO2 

(100 vol%) 

30.87% 48.37% 1.30% 19.46% 79.24 

vol% 

0.64 89.16 % 

 

Switching the oxidant to 50/50 vol% H2O/CO2 decreased the H2 content (by ≈ 11 %) and H2/CO 

ratio of the mixture to 1.25. This was due to increased electrochemical CO2 reduction (Eq. 22) 

and decreased electrochemical H2O reduction (Eq. 21). The CO volume increased slightly but 

the total volume of syngas decreased to 84.05%, which is an indication of slower CO production 

due to slower electrochemical CO2 reduction kinetics. The CH4 conversion decreased by ≈ 2 % 

compared with H2O (100 vol% as an oxidant), demonstrating slower kinetics of CO2 reforming 

compared with steam reforming.  

These effects were observed more strongly when using CO2 (100 vol%) as a co-oxidant, which 

produced only 79.24% syngas and a H2/CO ratio below 1. In addition, CH4 conversion was 

decreased by ≈4 % with H2O (100 vol%) and ≈ 2 % with H2O/CO2 (50/50 vol%) as oxidants. 

This is due to the kinetics of CO2 conversion catalytically via dry and steam reforming and 

electrochemical CO2 reduction are much slower than H2O conversion [288]. 

I-V curves and electrochemical impedance spectra were measured to investigate the effect of the 

oxidant mixtures studied on the performance of the cell. These are shown in Fig. 6.5 along with 

the impedance spectra. For each of the oxidant mixtures, the high frequency arc was 3-5 times 

larger, indicating the surface diffusion and charge transfer losses dominated. The low frequency 

arc stayed approximately constant as the co-oxidant was changed, suggesting gas diffusion 

losses were not greatly influenced by the co-oxidant. The width of the high frequency increased 

as follows: H2O < H2O/CO2 < CO2, showing that with increasing CO2 as a co-oxidant increased 

the charge transfer and surface diffusion losses. The OCP also increased in this order. The data 
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show the performance of the cell was highest when the co-oxidant was H2O: the OCP was the 

lowest (0.990 V) and the I-V curve was linear and the impedance arc widths were the narrowest, 

indicating low activation losses for H2O. In addition to enhancing catalytic conversion of CH4, 

H2O increased the electrochemical conversion of reactants, since electrochemical conversion 

and diffusion of H2O is faster compared with CO2. This increased H2 production and therefore 

led to increased syngas production which was subsequently more H2-rich. Increasing the use of 

CO2 as co-oxidant increased activation losses because CO2 is more stable and slower to convert 

than H2O. Upon switching to H2O/CO2 and CO2, CO2 did not appear to have a pronounced 

effect on the gas diffusion losses, but did increase the OCP and the activation losses, reducing 

the overall kinetic performance of the cell. As well as reducing the H2/CO ratio and catalytic 

conversion of CH4 therefore, using more CO2 as co-oxidant decreased the overall yield of 

syngas through electrochemical processes. 

 

Figure 6.5: The effect of oxidant composition on the: (a) I-V curve, and (b) electrochemical impedance 

spectrum at 0.1-100000 Hz, of an ASC operating on biohythane in electrolysis mode. 
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6.4. The effect of fuel composition on the co-electrolysis of biohythane with steam 

Fig. 6.6a shows the effect of substituting CH4 with H2/CO2 on the performance of the cell using 

H2O (100 vol%) as the co-oxidant. Under 80 vol% of CH4, the I-V curve have the highest OCP 

(approx. 1.00 V) but the cell displayed increased activation losses due to the high presence CH4. 

It is also possible that there was increased carbon deposition as the methane content was 

increased. As the H2-content was increased to 7.5 vol% and the CH4 was decreased to 70 vol%, 

the OCP and the activation losses decreased, showing a better overall kinetic performance. As 

the CH4 was substituted further with H2/CO2 the OCP decreased further due to fuel dilution 

effects. There was a much larger decrease in the activation losses and the OCP (0.930 V), with a 

more linear I-V curve observed at 20 vol% H2 indicating enhanced performance of the cell 

when the H2-content was increased. The activation losses decreased due to the greater presence 

of CO2 and increasing the concentration of the reactants increased the kinetics of a chemical 

conversion process. As the CH4 content was decreased, there was likely to be less carbon 

deposition, which would improve the activation and concentration kinetics. 

The EIS spectra Fig. 6.6b show the widths of the polarisation arcs (see Table 6.6) showing that 

both arcs responded to changes in the fuel composition. As the H2/CO2 content of biohythane 

was increased from 5 vol% - 20 vol% both the high and low frequency arc widths decreased 

indicating that surface diffusion, charge transfer and gas diffusion decrease as the CH4 content 

of biohythane was substituted with H2/CO2.  
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Figure 6.6: The effect of fuel composition on the: (a) I-V curve, and (b) electrochemical impedance 

spectrum at 0.1-100000 Hz. 

Table 6.6: High frequency and low frequency polarisation arc widths of the impedance spectra in Fig. 

6.6b. 

H2 Composition 

(Vol %) 

EIS High Frequency 

Arc Width / Ω cm2 

EIS Low Frequency 

Arc Width / Ω cm2 

5 0.6307 0.4705 

7.5 0.5377 0.4700 

10 0.5272 0.4537 

12.5 0.4900 0.4147 

15 0.4230 0.3965 

17.5 0.4079 0.3960 

20 0.3465 0.3912 

 

6.5. Conclusion 

This chapter examined the co-electrolysis of simulated biohydrogen, biogas and biohythane gas 

mixtures using an anode supported SOFC. For the biohythane mixtures, the effect of co-
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electrolysing with H2O, CO2 and H2O/CO2 oxidant mixtures and the effects of fuel variability 

were investigated. The kinetic performance of the cell was characterised using I-V curves and 

electrochemical impedance spectroscopy. The experimental work has shown that addition of 10 

vol% H2 to CH4/CO2 feedstocks markedly improves the overall performance of the cell in co-

electrolysis mode. Co-electrolyzing biohythane with H2O gave the highest performance with the 

highest syngas yield and highest H2/CO ratio whereas co-electrolysis with CO2 decreased the 

catalytic and electrochemical conversion of reactants, giving lower performance, lower syngas 

yields and lower H2/CO ratios. Syngas production with high conversation rate of CH4 and CO2 

and in addition desired H2/CO molar ratio can be achieved by adjusting the operating conditions 

with H2O enhancing the performance of the cell due to a mixture of increased catalytic and 

electrochemical conversion of reactants. Using H2O gave the highest performance, highest 

syngas yield and highest H2/CO ratio of all the oxidants. The performance decreased in the 

order H2O > H2O/CO2 > CO2. Increasing the CO2 decreased both catalytic and electrochemical 

conversion of reactants and therefore gave lower performance, lower syngas yields and lower 

H2/CO ratios. 
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Chapter 7: Conclusions 

7.1. Summary of work 

The aims of the research to investigate the performance of SOFC with biomass-derived fuels 

were successfully achieved. The research indicates that the performance of SOFC technology 

operating on biomass derived fuels can be markedly enhanced and used to decarbonise the 

natural gas grids by substituting CH4 with H2/CO2. A successful investigation for the utilisation 

of biohydrogen and biohythane in SOFC has been investigated using ESC and ASC technology, 

with fuel conversion mechanisms being studied, the implications for gas grid decarbonisation 

have been explored and the effect of fuel variability and temperature in fuel cell mode and 

electrolysis mode have been investigated. Consequently, the aims outlined in 1.8 have been 

achieved.  

7.2. Utilisation of biohydrogen in SOFCs  

7.2.1.  Fuel variability and conversion mechanisms 

The performance, fuel processing, electrical power production and output gas composition of 

SOFC devices running on H2/CO2 mixtures are very sensitive to variation in the inlet feedstock 

composition, demonstrating the need for SOFC anode materials and designs that minimise the 

effects of fuel variability on SOC performance and stability. However, the cell performance of 

the cell is not significantly affected by fuel variability when the biohydrogen composition stays 

within the range 40-60 vol% H2. Solid oxide electrolysis of H2/CO2 mixtures to yield synthesis 

gas was demonstrated. Syngas production rates and composition are dependent on the initial 

fuel composition and cell operating voltage. H2O and CO production takes place in-situ on the 

anode via the reverse water-gas shift (RWGS) reaction and had a significant effect on the 

mechanism of reactant conversion and the OCP of the cell.  In fuel cell mode, electrical power 

is produced predominantly via the electrochemical oxidation of H2. CO does not contribute to 

power production and is instead converted via the WGS reaction to regenerate CO2. In 
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electrolysis mode, CO production takes place through electrochemical CO2 reduction and the 

RWGS reaction simultaneously. H2 is regenerated through electrochemical reduction of H2O. 

Increasing the H2 content of the inlet fuel composition generally decreases the overpotentials 

when running in fuel cell mode, giving increased power production. The electrical power output 

of the cell is not significantly affected by fuel variability provided the biohydrogen composition 

stays within the range 40-60 vol% H2. In electrolysis mode, overpotentials are decreased by 

increasing the CO2 of the fuel; however, this does not necessarily yield increased synthesis gas 

production rates or a consistent H2/CO ratio, since CO is produced through the RWGS reaction 

as well as electrochemical CO2 reduction. Increasing the temperature have a major effect on the 

performance and outputs of the cell. Increased temperature caused the OCP to decrease due to 

the RWGS reaction but increased the reaction rate. At high (90 vol%) and low (10-20 vol%) 

CO2 compositions the activation and concentrations were increased. When the CO2 composition 

was in the range of 40-60 vol% the losses were minimised and the cell performance was 

enhanced. 

7.2.2.  ESC and ASC comparison 

Both ESC Both ESC and ASC were able to utilise successfully biomass derived fuels in fuel 

cell and in electrolysis mode. ESCs were more durable and not affected as greatly by changes in 

fuel variability as ASCs. According to the results, ESCs are more suitable for utilizing 

hydrogen-based mixtures. ASC had overall a better performance and produced a significantly 

higher power density, making this type of cells more suitable to utilize more complex fuels 

(methane-based fuels) despite their higher cost compared to ESC.  

7.3. Utilisation of biohythane in SOFCs 

A novel and highly efficient method of utilising renewable and industrial waste gases using 

SOFCs for coproduction of energy and useful chemicals was demonstrated 

experimentally through investigations into the utilisation of biohythane produced from an 

optimised two-stage AD process. The gain in energy yield from two-stage AD is shown to be 
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supplemented with additional gains in SOFC efficiency due to the presence of H2 in biohythane, 

giving up to 77% increased electrical energy yields from biomass overall compared with 

utilisation of biogas from single-stage AD in SOFCs. The results therefore show that biohythane 

production rather than biogas is a highly advantageous route to energy production from 

biomass. 

The effects of fuel variability on biohythane utilisation were investigated and showed that the 

addition of H2/CO2 to pure CH4 increased SOFC electrical performance. The results 

demonstrated that dry reforming of CH4 and the RWGS reaction had key roles in fuel 

conversion at the anode, with electrical power production occurring primarily through H2 

electrochemical oxidation and a mixture of partial and total electrochemical oxidation of CH4. 

Addition of 25/75 vol% H2/CO2 to pure CH4 increased SOFC electrical performance due to the 

additional presence of H2 and promotion of CO2 reforming, the reverse Boudouard and RWGS 

reactions, each of which alleviated carbon deposition and promoted electrochemical H2 

oxidation as the primary power production pathway. Substitution of 60 vol% CH4 with H2/CO2 

was found to be the optimum composition, which increased the overall efficiency of energy 

conversion by a factor of 3.7 and decreased CH4 consumption by 76 %. Increased performance 

was due to the presence of H2, greater catalytic conversion of CH4 via dry reforming, and the 

presence of CO2, which was shown to promote the activation and diffusion of H2 through the 

anode. Also increasing the H2/CO2 suppressed CH4 cracking and promoted the reverse water-

gas shift reaction. Blending H2/CO2 with CH4 is a potential way to decarbonise the natural gas 

grid. Substituting between 50-60 vol% CH4 with bio-H2 substantially improves SOFC current 

output by 56-90% compared with pure CH4, depending on the operating voltage of the cell. The 

increase was due to greater catalytic conversion of CH4 via dry reforming and a switch to 

electrochemical H2 oxidation as the primary power production pathway. Substituting anywhere 

between 20-80 vol% CH4 with H2/CO2 improved SOFC performance to some degree compared 

with pure CH4; only under pure H2/CO2 was the performance worse due to the very low 

calorific value of the fuel. 
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This work has also shown that addition of CO2 considerably decreases the activation and 

concentration losses associated with electrochemical H2 oxidation, although SOFC performance 

is affected overall due to deterioration of the OCP. 

7.4. Gas grid decarbonisation  

SOFCs present a great potential for efficient and clean energy production, especially for CHP 

applications. Their capability to work directly on a large range of fuels and exploiting the heat 

by-product, offering high system efficiencies and their tolerance to impurities in the fuel, signify 

important advantages of the SOFC in the future. SOFCs are likely to become a commercial 

reality with the intriguing possibility to utilise renewable fuels, generated from biomass and 

directly fed in SOFCs. Future challenges involve the development of more advanced, robust and 

cheaper materials for SOFCs and fuel cell systems. A safe and efficient infrastructure for 

hydrogen-based fuels delivery and distribution for the transition to a hydrogen based economy 

from carbon based energy system, implicates many scientific and technological barriers for 

decarbonisation of gas grids and use fuel cells as a clean energy technology. 

Alleviation of greenhouse gas emissions and air pollutants will require innovative deployment 

of efficient and clean energy technologies combined with optimal management of waste and 

renewable resources. Biohythane production rather than biogas is a highly advantageous route 

to energy production from biomass. This work has shown the utilisation of biohythane for 

coproduction of electrical power and synthesis gas in SOFCs. The effects of fuel variability on 

biohythane utilisation were investigated showing that the addition of H2/CO2 to pure CH4 

increased SOFC electrical performance showing an alternative and effective way of 

decarbonising gas grids. Overall, this work suggests that decarbonising gas grids by substituting 

natural gas with renewably produced H2/CO2 mixtures (rather than pure H2 derived from fossil 

fuels) and utilising in SOFC technology, gives considerable gains in energy conversion 

efficiency and carbon emissions savings. 

 



 
149 

 

7.5. Future work 

Future work to extend this research can include utilisation of real gas mixtures from bio-reactors 

establishing the effects of impurities in biohydrogen and biohythane mixtures including H2S, 

NH3 and hydrocarbons and how to effectively eliminate impurities. In addition, trials with 5x5 

stacks of ASCs can be conducted to learn more about cell efficiency and deactivation 

mechanisms with both simulated and real gas mixtures in fuel cell and electrolysis modes. 

Many novel materials have been studied and displayed improved cell performance [289, 290] 

therefore; further testing with cells made with novel materials can be studied. Anodes with 

nickel based materials suffer from carbon deposition and can be modified with Al2O3 [291, 292] 

which increases the electrical conductivity and chemical stability, Ag [293] which decreases the 

carbon deposition. For cathodes, LSM materials can enhance cell performance by the addition 

of GDC [294-296]. 

Long-term testing of biohydrogen and biohythane mixtures can be examined further to 

investigate cell durability in detail.  
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  Appendices 

 

A. Nernst plot calculations 

For H2-based mixtures: 

ΔG of H2 = -157.582 kJ/mol 

ΔG of O2 = -238.584 kJ/mol 

ΔG of steam = -465.44 kJ/mol 

Fuel composition (CO2:H2 0:100 vol% = 1 H2 coefficient)  

ΔG of H2-O2 = -465.44 - (-157.582) - (0.5* -238.584) = -188.565 kJ/mol 

Ideal Potential (Eo) = Δgrxn / nF = (-188.565*1000) / (2*96485) = 0.977 V 

Nernst Potential (Erev) = Eo - (RT / nF) ln (Πaviproducts / Πavireactants) 

Erev = 0.977 - (((8.314*1073.15) / (2*96485)) ln (0.025/(1*0.21^0.5))) = 1.112 V 

Fuel composition (CO2:H2 10:90 vol% = 0.9 H2 coefficient)  

Erev = 0.977 - (((8.314*1073.15) / (2*96485)) *ln ((0.025^(0.9)) / ((1^(0.9)) * (0.21^0.5)))) = 

1.095 V 

Fuel composition (CO2:H2 20:80 vol% = 0.8 H2 coefficient)  

Erev = 0.977 - (((8.314*1073.15) / (2*96485)) *ln ((0.025^(0.8)) / ((1^(0.8)) * (0.21^0.5)))) = 

1.078 V 

Fuel composition (CO2:H2 30:70 vol% = 0.7 H2 coefficient)  

Erev = 0.977 - (((8.314*1073.15) / (2*96485)) *ln ((0.025^(0.7)) / ((1^(0.7)) * (0.21^0.5)))) = 

1.060 V 
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Fuel composition (CO2:H2 40:60 vol% = 0.6 H2 coefficient)  

Erev = 0.977 - (((8.314*1073.15) / (2*96485)) *ln ((0.025^(0.6)) / ((1^(0.6)) * (0.21^0.5)))) = 

1.043 V 

Fuel composition (CO2:H2 50:50 vol% = 0.5 H2 coefficient)  

Erev = 0.977 - (((8.314*1073.15) / (2*96485)) *ln ((0.025^(0.5)) / ((1^(0.5)) * (0.21^0.5)))) = 

1.026 V 

Fuel composition (CO2:H2 60:40 vol% = 0.4 H2 coefficient)  

Erev = 0.977 - (((8.314*1073.15) / (2*96485)) *ln ((0.025^(0.4)) / ((1^(0.4)) * (0.21^0.5)))) = 

1.009 V 

Fuel composition (CO2:H2 70:30 vol% = 0.3 H2 coefficient)  

Erev = 0.977 - (((8.314*1073.15) / (2*96485)) *ln ((0.025^(0.3)) / ((1^(0.3)) * (0.21^0.5)))) = 

0.992 V 

Fuel composition (CO2:H2 80:20 vol% = 0.2 H2 coefficient)  

Erev = 0.977 - (((8.314*1073.15) / (2*96485)) *ln ((0.025^(0.2)) / ((1^(0.2)) * (0.21^0.5)))) = 

0.975 V 

Fuel composition (CO2:H2 90:10 vol% = 0.1 H2 coefficient)  

Erev = 0.977 - (((8.314*1073.15) / (2*96485)) *ln ((0.025^(0.1)) / ((1^(0.1)) * (0.21^0.5)))) = 

0.958 V 

For CH4-based mixtures: 

ΔG of O2 = -238.584 kJ/mol 

ΔG of steam = -465.44 kJ/mol 

ΔG of CO2 = -648.868 kJ/mol 

ΔG of CH4 = -301.961 kJ/mol 
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Fuel composition (CO2:CH4 0:100 vol% = 1 CH4 coefficient)  

ΔG of CH4-O2 = (-648.868 + (2*-465.44)) – (-301.961 + (2*-238.584)) = -800.619 

Ideal Potential (Eo) = Δgrxn / nF = (-800.6195*1000) / (8*96485) = 1.038 V 

Nernst Potential (Erev) = Eo - (RT / nF) ln (Πaviproducts / Πavireactants) 

Erev = 1.038 - (((8.314*1073.15) / (8*96485)) *ln (((0.025^2)*1) / (1*0.21^2))) = 1.038 V 

Fuel composition (CO2:CH4 10:90 vol% = 0.9 CH4 coefficient)  

Erev = 1.038 - (((8.314*1073.15) / (8*96485)) *ln (((0.2^ (2*0.9)) * (1^(0.9+1))) / ((1^(0.9)) * 

(0.21^2)))) = 1.035 V 

Fuel composition (CO2:CH4 20:80 vol% = 0.8 CH4 coefficient)  

Erev = 1.038 - (((8.314*1073.15) / (8*96485)) *ln (((0.2^ (2*0.8)) * (1^(0.8+1))) / ((1^(0.8)) * 

(0.21^2)))) = 1.031 V 

Fuel composition (CO2:CH4 30:70 vol% = 0.7 CH4 coefficient)  

Erev = 1.038 - (((8.314*1073.15) / (8*96485)) *ln (((0.2^ (2*0.7)) * (1^(0.7+1))) / ((1^(0.7)) * 

(0.21^2)))) = 1.027 V 

Fuel composition (CO2:CH4 40:40 vol% = 0.6 CH4 coefficient)  

Erev = 1.038 - (((8.314*1073.15) / (8*96485)) *ln (((0.2^ (2*0.6)) * (1^(0.6+1))) / ((1^(0.6)) * 

(0.21^2)))) = 1.023 V 

Fuel composition (CO2:CH4 50:50 vol% = 0.5 CH4 coefficient)  

Erev = 1.038 - (((8.314*1073.15) / (8*96485)) *ln (((0.2^ (2*0.5)) * (1^(0.5+1))) / ((1^(0.5)) * 

(0.21^2)))) = 1.020 V 

Fuel composition (CO2:CH4 60:40 vol% = 0.4 CH4 coefficient)  

Erev = 1.038 - (((8.314*1073.15) / (8*96485)) *ln (((0.2^ (2*0.4)) * (1^(0.4+1))) / ((1^(0.4)) * 

(0.21^2)))) = 1.016 V 
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Fuel composition (CO2:CH4 70:30 vol% = 0.3 CH4 coefficient)  

Erev = 1.038 - (((8.314*1073.15) / (8*96485)) *ln (((0.2^ (2*0.3)) * (1^(0.3+1))) / ((1^(0.3)) * 

(0.21^2)))) = 1.012 V 

Fuel composition (CO2:CH4 80:20 vol% = 0.2 CH4 coefficient)  

Erev = 1.038 - (((8.314*1073.15) / (8*96485)) *ln (((0.2^ (2*0.2)) * (1^(0.2+1))) / ((1^(0.2)) * 

(0.21^2)))) = 1.009 V 

Fuel composition (CO2:CH4 90:10 vol% = 0.1 CH4 coefficient)  

Erev = 1.038 - (((8.314*1073.15) / (8*96485)) *ln (((0.2^ (2*0.1)) * (1^(0.1+1))) / ((1^(0.1)) * 

(0.21^2)))) = 1.005 V 
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B. Mass flow controllers operation and calibration 

Bronkhorst EL-Flow mass flow controllers connected in series and controlled through the 

computer.  

 

Figure B1: 6-channel Flow-Mass System 

The mass flow controllers were calibrated by the manufacturer under different conditions 

(ambient temperature and pressure) to those under which they were used in the laboratory. 

Therefore, it was necessary to calibrate the mass flow controller set-point against the actual flow 

of gas the mass flow controllers produced. For each gas, the mass flow controllers were set to 

the following set-points: (5, 10, 15, 20 and 30). The actual flow rate was then measured using a 

bubble-flow meter by measuring the time taken for bubbles to travel through a volume of 25 

mL.  These measurements were repeated, averaged and used to calculate the actual flow rate at 

each set-point measured.  

For example: if a bubble takes 50 seconds to travel 25 mL, the flow rate is: 

 
25 𝑚𝑖𝑙𝑙𝑖𝑙𝑖𝑡𝑒𝑟𝑠 𝑡𝑟𝑎𝑣𝑒𝑟𝑠𝑒𝑑 

50 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 𝑡𝑟𝑎𝑣𝑒𝑙 𝑡𝑖𝑚𝑒
 x 

60 𝑠𝑒𝑐.

 
   = 30 ml min-1 

This calibration procedure was repeated every year.  A linear relationship was observed between 

flow rate and set-point and this was used to calculate the set-point required to generate the 

desired flow rate of gas. Example measurements are shown in Table A1. 
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Table B1: Example mass flow calibration of flow rate against set-point for gases used in 

this work. 

Flow Rate H2 CH4 CO2 N2 He Air 

1 0.93 0.90 0.90 0.90 0.91 0.91 

2 1.86 1.79 1.81 1.81 1.82 1.82 

3 2.79 2.69 2.72 2.71 2.73 2.73 

4 3.72 3.58 3.61 3.61 3.64 3.64 

5 4.65 4.48 4.53 4.51 4.55 4.55 

6 5.58 5.38 5.43 5.42 5.46 5.46 

7 6.51 6.27 6.34 6.32 6.37 6.37 

8 7.44 7.17 7.25 7.22 7.28 7.29 

9 8.37 8.06 8.15 8.12 8.19 8.20 

10 9.30 8.96 9.06 9.03 9.10 9.11 

11 10.23 9.86 9.96 9.93 10.01 10.02 

12 11.16 10.75 10.87 10.83 10.92 10.93 

13 12.09 11.65 11.77 11.73 11.83 11.84 

14 13.02 12.54 12.68 12.64 12.74 12.75 

15 13.95 13.44 13.59 13.54 13.65 13.66 

16 14.88 14.34 14.49 14.44 14.56 14.57 

17 15.81 15.23 15.40 15.34 15.47 15.48 

18 16.74 16.13 16.30 16.25 16.38 16.39 
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19 17.67 17.03 17.21 17.15 17.29 17.30 

20 18.60 17.92 18.11 18.05 18.20 18.21 

21 19.53 18.82 19.02 18.95 19.10 19.12 

22 20.46 19.71 19.93 19.86 20.01 20.03 

23 21.39 20.61 20.83 20.76 20.92 20.95 

24 22.32 21.51 21.74 21.66 21.83 21.86 

25 23.25 22.40 22.64 22.57 22.74 22.77 

26 24.18 23.30 23.55 23.47 23.65 23.68 

27 25.11 24.19 24.45 24.37 24.56 24.59 

28 26.04 25.09 25.36 25.27 25.47 25.50 

29 26.97 25.99 26.27 26.18 26.38 26.41 

30 27.90 26.88 27.17 27.08 27.29 27.32 

31 28.83 27.78 28.08 27.98 28.20 28.23 

32 29.76 28.67 28.98 28.88 29.11 29.14 

33 30.69 29.57 29.89 29.79 30.02 30.05 

34 31.62 30.47 30.79 30.69 30.93 30.96 

35 32.55 31.36 31.70 31.59 31.84 31.87 

36 33.48 32.26 32.61 32.49 32.75 32.78 

37 34.41 33.15 33.51 33.40 33.66 33.69 

38 35.34 34.05 34.42 34.30 34.57 34.61 

39 36.27 34.95 35.32 35.20 35.48 35.52 
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40 37.20 35.84 36.23 36.10 36.39 36.43 

41 38.13 36.74 37.13 37.01 37.30 37.34 

42 39.06 37.63 38.04 37.91 38.21 38.25 

43 39.99 38.53 38.95 38.81 39.12 39.16 

44 40.92 39.43 39.85 39.71 40.03 40.07 

45 41.85 40.32 40.76 40.62 40.94 40.98 

46 42.78 41.22 41.66 41.52 41.85 41.89 

47 43.71 42.11 42.57 42.42 42.76 42.80 

48 44.64 43.01 43.47 43.33 43.67 43.71 

49 45.57 43.91 44.38 44.23 44.58 44.62 

50 46.50 44.80 45.29 45.13 45.49 45.53 
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C. QMS gas sensitivity corrections 

The sensitivity of the QMS towards each of the gases was measured and used for data 

correction so that the data presented represent the relative partial pressures of the output gases 

leaving the cell. CO2 was used as a baseline to normalise the peak intensities and was assigned a 

sensitivity of 1.00. Each gas (H2, CH4, N2 and He) sensitivity factor was calculated against CO2. 

To determine the sensitivity value of each gas, mixtures of 5/5 vol%, 7.5/7.5 vol%, 5/15 vol% 

and 10/20 vol% of CO2/gas (gas: H2, CH4, N2 and He) were fed directly to the QMS via the 

bypass line. The signal intensity of each gas and CO2 were measured and averaged. The 

sensitivity was measured as follows: 

Sensitivity of gas = 
𝑃𝑒𝑎𝑘 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑔𝑎𝑠

𝑃𝑒𝑎𝑘 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐶𝑎𝑟𝑏𝑜𝑛 𝐷𝑖𝑜𝑥𝑖𝑑𝑒
 

For example, the sensitivity of H2 was calculated: 

Sensitivity of H2 = 
426.02

33.09
 = 12.87 

For best results, each mixture sensitivity was repeated four times at different ratios. Table B1 

shows the calculated signal sensitivities for each gas. Before plotting the QMS data, the 

sensitivity of each gas was normalized by dividing the peak intensity of each gas with the 

corresponding sensitivity value of the gas.  

Table C1: Example calculated gas sensitivities used in this work. 

Gases Sensitivity  

CO2 1.00 

H2 12.87 

CH4 1.07 

He 1.04 

CO 20.89 
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D. Generation of laminar steam flows 

To create laminar flows of steam, deionized water was delivered through a cartridge using a 

peristaltic pump at the required flow rate. The cartridge was resistively heated from the chamber 

furnace, enabling a constant steam flux to be delivered to the anode as required. Because the 

pump controlled the flow rate of water in the liquid phase, it was necessary to calculate the 

corresponding flow rate of steam that was generated. To calculate the conversion of water to 

steam the ideal gas equation was used: 

 Pv = nRT  

where,  

P = pressure = 101325 Pa 

V = volume of flow per minute in m3 

n = number of moles = 0.000179 mol 

R = gas constant = 8.31441 J K-1 mol-1 

T = temperature = 1023.15 K 

 

Re-arranging the equation to: V = nRT / P  
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E. Thermodynamic equilibrium at different compositions 

The effect of changing composition as a function of temperature have been calculated with CH4 

and CO2 being converted into product gases (H2, CO, H2O, CH4 and CO2). A chemical 

equilibrium model was used (Aspen Plus) to predict the product gas composition at different 

CH4/CO2/H2 and CO2/H2 mixtures at different temperatures.  

Fig. E1 show the predicted equilibrium results for mixtures containing 90/10 vol%, 60/40 vol%, 

50/50 vol%, 40/60 vol% and 10/90 vol% H2/CO2. Fig. E1a. shows 90/10 vol% H2/CO2 mixture 

and the product gases at equilibrium 750 °C and above contain 80 vol% H2, 9 vol% H2O, 9 

vol% CO and 1 vol% CO2. Switching the fuel mixture to 60/40 vol% H2/CO2 (Fig. E1b) the 

product gases at equilibrium contain 36 vol% H2, 23 vol% H2O, 23 vol% CO and 17 vol% CO2. 

Switching the fuel mixture to 50/50 vol% H2/CO2 (Fig. E1c) the product gases at equilibrium 

contain 26 vol% H2, 24 vol% H2O, 24 vol% CO and 26 vol% CO2. Switching the fuel mixture 

to 40/60 vol% H2/CO2 (Fig. E1d) the product gases at equilibrium contain 17 vol% H2, 23 vol% 

H2O, 23 vol% CO and 37 vol% CO2. Switching the fuel mixture to 10/90 vol% H2/CO2 (Fig. 

E1e) the product gases reach equilibrium at 750 °C and contain 1 vol% H2, 9 vol% H2O, 9 vol% 

CO and 81 vol% CO2. Therefore, the calculated thermodynamic equilibrium doesn’t impact the 

conclusions made for how the cell is utilising the gases. The fuel conversion mechanisms 

suggested will be the same. 
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Figure E1: Predicted thermodynamic equilibrium using Aspen plus for H2/CO2 compositions: 

(a) 90/10 vol%, (b) 60/40 vol%, (c) 50/50 vol%, (d) 40/60 vol% and (e) 10/90 vol%. 

 

Fig.E2 show the predicted equilibrium results for mixtures containing 60/30/10, 53:27:20 and 

40/20/40 vol% CH4/CO2/H2. Equilibrium is achieved for all mixtures from 750 °C. Fig. E2a 

shows the 60/30/10 vol% CH4/CO2/H2 mixture with the product gases at equilibrium containing 

69 vol% H2, 59 vol% CO and 30 vol% CH4. Switching the fuel mixture to 53:27:20 vol% of 

CH4/CO2/H2 (Fig. E2b) the equilibrium is reached at 750°C and the product gases at equilibrium 

contain 73 vol% H2, 53 vol% CO and 26 vol% CH4. Switching the fuel mixture to 40:20:40 



 
181 

 

vol% of CH4/CO2/H2 (Fig. E2c) the equilibrium is reached at 750°C and the product gases at 

equilibrium contain 79 vol% H2, 40 vol% CO and 20 vol% CH4. 
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Figure E2: Predicted thermodynamic equilibrium using Aspen plus for CH4/CO2/H2 

compositions: (a) 60/30/10 vol%, (b) 53/27/20 vol% and (c) 40/20/40 vol%. 

 


