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Abstract 

The primary objective of this research is to analyze the effects of different fuels on the various 

performance characteristics of solid oxide fuel cell – gas turbine (SOFC – GT) hybrid systems and to 

optimize said component parameters based on relevant thermodynamic models. The hybrid system 

presented is that of a pressurized configuration containing a high temperature SOFC as well as a 

recuperator. For comparison, methane (CH4), carbon monoxide (CO) and hydrogen (H2) are used to 

power SOFC – GT systems respectively, and when the system is fueled by CH4 or CO, a reformer is also 

included in the system configuration. Results highlight the influence of different fuels and content on 

achievable operating range of SOFC and reformer temperature as well as on operating pressures; the 

system performance is also studied and compared in terms of potentials, electricity output, energy 

and exergy efficiency, etc. within the allowable range of parameters. It has been observed that the 

hybrid system reaches an optimized electric efficiency of 56.1%, 54.3% and 60.7% when fueled by 

CH4, CO and H2 (96 vol.%) respectively based on this basic configuration proposed. 

 

Keywords: SOFC – GT, hybrid system, fuel sensitivity, thermodynamic optimization, operating range 

 

1. Introduction 

According to statistical information provided by the International Energy Agency (IEA), electrical 

energy consumption is likely to see a 30%–35% increase from the current levels by 2050 [1]. To meet 

this demand without substantially degrading the environment, power producers are devoted to 

developing renewable energy sources, as well as novel energy conversion technologies. Solid oxide 

fuel cells (SOFCs), which transform chemical energy in fuels directly into electrical energy through 

electrochemical oxidization-reduction reactions, are not subjected to the Carnot efficiency limitations 

and are of low emissions [2, 3]. Due to their high operating temperatures, SOFCs can be integrated 
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with other bottoming cycles, such as a recuperative gas turbine (GT) cycle, to achieve even higher 

efficiency [4]. Although few industrial entities will produce SOFC – GT hybrid systems capable of 

producing hundreds of megawatts before cost, reliability and control issues are well addressed, micro 

gas turbine (mGT) technology can provide a promising intermediate solution to this type of 

hybridization [5, 6]. Consistency of operation parameters between SOFCs and mGTs implies much 

simplification of system configurations and auxiliary equipment integration [7]. In addition, the SOFC 

– GT coupling technology possesses great flexibility in terms of system size and fuel selection. Such 

considerations further provide the background for the much attention received by such hybrid systems.  

 

In recent years, great efforts have been made to achieve better designs of SOFC – GT hybrid systems. 

Modelling approaches of different complexity and assumptions have been adopted according to 

different objectives for these studies. Pirkandi et al. [8, 9] established thermo-economic models to 

study the electricity generation prices, emission levels and efficiencies of natural gas fueled hybrid 

systems of different configurations, comprising one or two SOFC stacks. Zhao et al. [10] carried out a 

parametric optimization for a syngas-fueled hybrid system, and observed sensitivity of system 

performance to various operational parameters. In the research of Choudhary and Sanjay [3], the air-

film cooling technique of blades has been given serious consideration to achieve a more practical 

evaluation of the syngas-powered system. Results showed that the blade cooling technology can 

significantly influence the performance of the SOFC – GT system, and a maximum efficiency of 73.46% 

has been achieved for a turbine inlet temperature of 1600 K and a compression ratio of 20. Facchinetti 

et al. [11] have performed energetic and exergetic analyses of SOFC – GT hybrid systems powered by 

hydrothermally gasified waste biomass, and found that the wet waste biomass can be converted into 

electricity at an optimized first law efficiency of 63% when an integrated configuration for fuel 

processing was adopted. Tarroja et al. [12] have conducted an extensive parametric analysis, in which 

a full suite of constraints resulting from modern material and operating limits were considered, to 

determine a more realistic design space for a hydrogen-fed SOFC – GT system. 

 

In the studies mentioned above, different fuels have been selected to power their proposed hybrid 

systems respectively, while there are additional studies in the literature focusing on the impact of fuel 

changes on the performance of a given system. Yi et al. [13] investigated the use of NFCRC pipeline 

natural gas, diesel reformate, syngas derived from biogas and coal in the same integrated SOFC 

reformer system, and found that good operation on various fuels may not be achieved without 

significant changes in design and/or operational conditions. In the study of Li and Weng [14], a 

significant decrease in net power output and efficiency was observed when a methane-based SOFC – 

GT hybrid system operated with “non-ideal” fuels, viz. hydrogen and ethanol. The net power output 

of hydrogen-fueled system could be improved to 94% of the methane-designed value, at the expense 

of a lower net efficiency of 45%. Krummrein et al. [15] discussed the operating range and SOFC-off-

gas combustor requirements of a SOFC – mGT hybrid system fed with biogas containing various 

concentrations of methane. Harun et al. [16] explored dynamic response characteristics of SOFC when 

the hybrid system with a constant turbine speed experienced a drastic fuel composition change from 

coal-derived syngas to humidified methane.  

 

Motivated by the desire for sustainable energy utilization, fuels from different sources and containing 

various components and concentrations will be continuously tested for SOFC – GT hybrid systems. 



Hence, it is absolutely necessary to develop a basic thermochemical fuel sensitivity methodology that 

allows for prediction of the particular system performance potential and any needed performance 

boosting technologies as influenced by composition and physicochemical properties of fuels. Based 

on the literature review, it can be seen that although some work has examined the effects of fuel 

composition changes (non-optimum fuels) on a given system for both transient and steady state 

performance, much work still remains to be done to compare the performance potential and necessary 

enhancement technologies of hybrid systems, highlighting fuel sensitivity issues in the light of 

accepted efficiency and exergetic considerations. 

 

In the current work, methane (CH4), carbon monoxide (CO) and hydrogen (H2) are employed to power 

a SOFC – GT hybrid system respectively, since they are the most common components in common 

fuels and syngas derived from different sources. The assessment of using these species is an essential 

first step to develop the methodology for performance prediction. Thermodynamic evaluation 

comprising established energy and exergy comparative framework has been carried out to investigate 

the sensitivity of core component and plant performance for these three fuels (common-species) and 

operational parameters. Achievable operating ranges based on proposed system configuration are 

analyzed with regard to available thermal energy for recovery. Performance improvement technologies, 

such as blade cooling and anode exhaust cycling, though not included in the present calculations, are 

discussed due to their potential incorporation in the system under different operating conditions. 

Optimized efficiencies of the SOFC – GT systems when fed with the three selected fuels are given 

based on parametric studies within their respective operating ranges. The effects of CH4 / CO / H2 

content in initial fuel on operating ranges and optimized performance are also investigated. Additional 

fuel species (such as carboxyl and alcoholic groups) and their possible combinations will be tested in 

future work according to the results of current research. 

 

2. The proposed hybrid system 

Fig. 1 shows the pressurized configuration of SOFC – GT hybrid systems considered in this work. 

Thermo-economic modelling studies from Pirkandi et al. [9] have found that such hybrid systems 

containing one pressurized SOFC is better than those with one atmospheric fuel cell or with two stack 

fuel cells when economic issues, such as purchase, installation and startup costs are major concerns. 

Although SOFCs have the potential to operate with different fuels, standard commercial SOFCs 

perform much more efficiently when fueled with H2 due to kinetic reasons [17]. Therefore, a reformer 

is located upstream of the SOFC anodic side to produce hydrogen-rich gases when CH4 or CO is 

employed to power the hybrid system. 

 

On the cathodic end, atmospheric air is drawn into the compressor and gets pressurized. After 

compression, air flows through a recuperator, where it is pre-heated by the turbine exhaust gas. Then 

it is introduced to the cathode of the SOFC and reacts electrochemically with the hydrogen on the 

anodic side, converting chemical energy into electricity, as well as producing a substantial amount of 

thermal energy. The residual heat from SOFCs can be used to support the endothermic fuel processing 

reactions in the reformer [7, 18] and to heat up the compressed air and fuel. Exhausts from the SOFC 

are then diverted to an auxiliary combustor, in which further additional and unreacted fuel are burned 

to substantially increase the temperature of the turbine stream. High temperature exhaust gas from the 



combustor subsequently enters the turbine and expands to provide additional mechanical work. Part of 

the mechanical work is used to drive the compressors and the rest is converted into electric power 

through a generator. Exhaust gas from the turbine is routed through the hot side of recuperator, where 

the waste heat in the stream is recovered by transferring thermal energy to the air flow on the cold side, 

thereby improving the overall system efficiency. 

 

 
Fig. 1.  Configuration of the SOFC–GT hybrid system  

 

3. Assumptions 

A mathematical model has been built in this study to evaluate the performance of proposed hybrid 

system. Thermal energy required for the fuel reforming reactions has been supplied directly from the 

SOFC generated heat. Hence, indirect internal reforming (IIR) SOFC configuration has been applied 

here, though the reformer is placed outside the SOFC in Fig. 1 and fuel treatment is analyzed separately 

from electrochemical reactions in the SOFC. The main simplifications and assumptions in this 

modelling study are listed as follows: 

1. Mass leakage from the system has been disregarded. 

2. Each component has been considered adiabatic. 

3. The simulation has been conducted under steady state conditions. 

4. Chemical reactions of fuel conversion in the reformer have reached equilibrium. 

5. The temperature/pressure at anode and cathode outlets is equal to the cell temperature/pressure [18]. 

6. Exhaust gas from the reformer is assumed to be of the same temperature as inside the reformer. 

7. Hydrogen is the only type of fuel taking part in electrochemical reactions in the SOFC. 

8. Gases behave ideally in all components, meaning that the specific heat is a function of temperature 

and unaffected by pressure. 

 

4. Governing equations 

 

Table 1 Nomenclature 

𝑟𝑆/𝐶 Steam to carbon ratio 

A, B, C, D Volumetric (molar) fractions of each component of fuel-steam mixture at reformer inlet 

T Temperature (K) 



p Pressure (bar) 

∆𝐺𝑇
∅ Gibbs free energy change of the electrochemical reaction at T and 1 bar  

𝑔𝑖(𝑇, 𝑝∅) Gibbs free energy of species i at temperature T and standard pressure 

j Current density (A/cm2) 

𝑉𝑐𝑜𝑛𝑐,𝑎, 𝑉𝑐𝑜𝑛𝑐,𝑐 Concentration overpotentials of SOFC anode and cathode (V) 

𝑗𝐿,𝑎, 𝑗𝐿,𝑐 Limiting current density of anode and cathode, 0.9 A/cm2 

𝐼 Electric current (A) 

𝑃𝑆𝑂𝐹𝐶 Power produced by SOFC (kW) 

�̇�𝑖 Molar flow rate of species i (kmol/s) 

𝑀𝑖 Relative molecular mass of species i (kg/kmol) 

combin, combout Inlet/outlet of the combustor 

h Molar specific enthalpy (kJ/kmol) 

𝜂𝑡, 𝜂𝑐 Adiabatic efficiency of the turbine, compressor 

�̇�𝑡, �̇�𝑎𝑖𝑟 Total mass flow rate of through the turbine (kg/s), compressor (kg/s) 

𝐶𝑝
̅̅ ̅ Average isobaric heat capacity of gaseous mixture (kJ/(kg·K)) 

𝛾𝑡, 𝛾𝑐 Polytropic index of mixed gases at turbine inlet; air at compressor inlet, 1.4 

comp|in, comp|out Inlet/outlet of the compressor 

hot|in, hot|out Recuperator hot side inlet and outlet  

cold|in, cold|out Recuperator cold side inlet and outlet  

F Faraday‘s constant, 96485 kC/kmol 

R General gas constant, 8.3145 kJ/(kmol·K) 

LHV Lower heating value of fuel (kJ/kmol) 

 

4.1 Reformer 

For the methane-fueled hybrid SOFC – GT system, the two main reactions taking place in the reformer 

are steam reforming (Eq. 1) and water-gas shift (Eq. 2). Unless otherwise specified, fuel stream 

consists of 96% methane (CH4), 2% carbon dioxide (CO2) and 2% nitrogen (N2) by volume. 

𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2                        (Eq. 1) 

𝐶𝑂 + 𝐻2𝑂  → 𝐶𝑂2 + 𝐻2                        (Eq. 2) 

If the volume fraction of converted CH4 is x and that of reacted CO is y, the equilibrium constants of 

the two reactions can be expressed with partial pressures or corresponding molar fractions of the 

relevant components at equilibrium state (shown by Eq. 3 and Eq. 4). On the other hand, equilibrium 

constants can always be evaluated if the reaction temperature is known. Previous studies [19] have 

provided polynomial correlations to compute equilibrium constants for the two reactions taking place 

in the reformer (Eq. 5). 

𝐾𝑝𝑟 =
𝑃𝐻2

3𝑃𝐶𝑂

𝑃𝐻2𝑂𝑃𝐶𝐻4

=
(3𝑥+𝑦)3(𝑥−𝑦)

(𝐴𝐶𝐻4−𝑥)(𝐶𝐻2𝑂−𝑥−𝑦)
(

𝑃𝑟𝑒𝑓𝑜𝑟𝑚𝑒𝑟

1+2𝑥
)

2
              (Eq. 3) 

𝐾𝑝𝑠 =
𝑃𝐻2𝑃𝐶𝑂2

𝑃𝐶𝑂𝑃𝐻2𝑂
=

(3𝑥+𝑦)(𝐵𝐶𝑂2+𝑦)

(𝑥−𝑦)(𝐶𝐻2𝑂−𝑥−𝑦)
                       (Eq. 4) 

𝑙𝑜𝑔𝐾𝑝 = 𝑎1𝑇4 + 𝑎2𝑇3 + 𝑎3𝑇2 + 𝑎4𝑇 + 𝑎5                 (Eq. 5) 

The values of constants (a1, a2, a3, a4, a5) in Eq. 5 for steam reforming and water-gas shift reactions are 



listed in Table 2 respectively. With equilibrium constants Kpr and Kps obtained, the volume percentage 

of reacted CH4 and CO (x and y in Eq. 3 and Eq. 4) can be calculated, after which the volumetric 

composition of hydrogen-rich syngas at the outlet of the reformer (inlet of the SOFC anodic side) can 

be determined. Combining molar flow rate of initial fuel �̇� (Table 5), steam to carbon ratio rS/C and 

changes in total molar number of gas caused by steaming reforming reaction (Eq. 1), the molar flow 

rate of each component at the SOFC anode inlet (�̇�𝑖|𝑆𝑂𝐹𝐶𝑖𝑛) can be further calculated. 

 

Table 2 Values of polynomial coefficients in equilibrium constant calculation [19] 

Polynomial Coefficient Steam Reforming Water-gas Shifting 

a1 −2.63121 × 10−11 5.47301 × 10−12 

a2 1.24065 × 10−7 −2.57479 × 10−8 

a3 −2.25232 × 10−4 4.63742 × 10−5 

a4 0.195028 −0.03915 

a5 −66.1395 13.2097 

 

When carbon monoxide (CO) is used as fuel, the most important reaction happening in the reformer is 

water-gas shift (Eq. 2). The volumetric composition of the original fuel is 96% CO, 2% CO2 and 2% 

N2 if not otherwise specified. Given that the reactions in the reformer have reached equilibrium, Kps 

can be expressed as Eq. 6, where y represents the volume fraction of converted carbon monoxide. 

𝐾𝑝𝑠 =
𝑃𝐻2𝑃𝐶𝑂2

𝑃𝐶𝑂𝑃𝐻2𝑂
=

(𝐵𝐶𝑂2+𝑦)𝑦

(𝐴𝐶𝑂−𝑦)(𝐶𝐻2𝑂−𝑦)
                      (Eq. 6) 

4.2 Nernst potential of SOFC 

Nernst potential is the open circuit voltage at specified temperature and pressure if the SOFC is 

assumed to operate reversibly, and can be computed according to Eq. 7, in which the three terms on 

the right-hand side are temperature, composition and pressure dependent respectively. 

𝐸 = 𝐸0 +
𝑅𝑇

2𝐹
𝑙𝑛 (

𝛼𝛽1/2

𝛾
) +

𝑅𝑇

4𝐹
𝑙𝑛𝑝𝑆𝑂𝐹𝐶                     (Eq. 7) 

E0 is the ideal open circuit voltage if the SOFC works at standard pressure (1 bar), and can be calculated 

using Eq. 8 and Eq. 9, according to the reaction in the SOFC (Eq. 10). 

𝐸0 = −
∆𝐺𝑇

∅

2𝐹
                                (Eq. 8) 

∆𝐺𝑇
∅ = 𝑔𝐻2𝑂(𝑇, 𝑝∅) − 𝑔𝐻2

(𝑇, 𝑝∅) −
1

2
𝑔𝑂2

(𝑇, 𝑝∅)              (Eq. 9) 

𝐻2 +
1

2
𝑂2  →  𝐻2𝑂                           (Eq. 10) 

The second composition-dependent term contains volume fractions of hydrogen (H2), oxygen (O2) and 

steam (H2O), as shown by Eq. 11. Therefore, values of 𝛼 and 𝛾 can be determined by the volumetric 

composition of syngas at SOFC anode inlet. In the current work, air introduced into the compressor is 

assumed to consist of 79% N2 and 21% O2 by volume. 

𝑃𝐻2
= 𝛼𝑃𝑎𝑛𝑜𝑑𝑒 = 𝛼𝑃𝑐𝑒𝑙𝑙 

𝑃𝑂2
= 𝛽𝑃𝑐𝑎𝑡ℎ𝑜𝑑𝑒 = 𝛽𝑃𝑐𝑒𝑙𝑙 



𝑃𝐻2𝑂 = 𝛾𝑃𝑎𝑛𝑜𝑑𝑒 = 𝛾𝑃𝑐𝑒𝑙𝑙                        (Eq.11) 

For the hydrogen-powered SOFC – GT hybrid system, the original fuel flow is assumed to be 

volumetrically composed of 96% H2, 2% CO2 and 2% N2, to make results more comparable. 

4.3 Voltage losses of SOFC 

Various operational losses one has to consider in the performance analysis of SOFC systems are 

incorporated in the model as per the recommendations of Turan et al. [7] with expressions signifying 

activation, ohmic and concentration considerations as standard. The actual operating voltage of the 

SOFC (Vop) is considerably less than the ideal Nernst voltage due to various irreversible factors within 

the device, as shown below: 

𝑉𝑜𝑝 = 𝐸 − 𝑉𝑙𝑜𝑠𝑠                            (Eq. 12) 

𝑉𝑙𝑜𝑠𝑠 = 𝑉𝑎𝑐𝑡 + 𝑉𝑜ℎ𝑚𝑖𝑐 + 𝑉𝑐𝑜𝑛𝑐                      (Eq. 13) 

Activation-related losses (Vact) 

Activation-related losses are mainly caused by the activation energy required for the reaction to take 

place. It has been proved that current density has little influence on this type of losses, while they are 

more dependent on reactant activities, electrocatalyst materials as well as the microstructure [7]. 

Considering the relationship between activation energy and temperature (Arrhenius equation) and the 

fact that activation-related losses decrease with SOFC temperature increase, Eq. 14 is employed to 

evaluate this type of losses. Constants A and B are determined according to the work of K. Tanaka et 

al. [20] that provided activation-related losses values at 1073K and 1273K. 

𝑉𝑎𝑐𝑡 = Aexp(
𝐵

𝑇
)                            (Eq. 14) 

Ohmic losses (Vohmic) 

Ohmic losses arise mainly due to the ionic resistance of electrolyte, the electronic resistance of 

interconnectors as well as the ionic and electronic resistance of electrodes. These losses grow linearly 

with current density, and are determined mainly by the material, structure and operating temperature 

of SOFCs [7]. The direction of electric current (positive charge) is shown in Fig. 2.

 

Table 3 Constants for resistivity calculation [21]  

j 𝑨𝒋 (Ω·cm) 𝑩𝒋 (K) 

Electrolyte 0.00294 10350 

Interconnector 0.12 4690 

Anode 0.00298 -1392 

Cathode 0.00811 600 

 

 

 

Fig. 2. Electric current in the SOFC 

Combining Ohm’s law and definitions of current density and resistivity, Eq. 15 can be derived to 

calculate ohmic voltage losses [20], in which ρele, ρic, ρano and ρcat are resistivity of electrolyte, 

interconnector, anode and cathode respectively. 

𝑉𝑜ℎ𝑚𝑖𝑐 = 𝑗𝜌𝑒𝑙𝑒𝑡𝑒𝑙𝑒 + 𝑗𝜋𝐷𝑐𝑒𝑙𝑙
𝜌𝑖𝑐𝑡𝑖𝑐

𝑤𝑖𝑐
+ 𝑗𝐷𝑐𝑒𝑙𝑙

𝜋

2
(

𝜌𝑎𝑛𝑜

𝑡𝑎𝑛𝑜
+

𝜌𝑐𝑎𝑡

𝑡𝑐𝑎𝑡
)

1

2
𝐷𝑐𝑒𝑙𝑙

𝜋

2
        (Eq. 15) 



𝜌𝑗 = 𝐴𝑗exp (
𝐵𝑗

𝑇
)                          (Eq. 16) 

These resistivities can be computed from Eq. 16 [22], in which the constants 𝐴𝑗 and 𝐵𝑗 can be read 

from Table 3 for each element. The meaning and values of other parameters are listed in Table 4. 

 

Table 4 Parameters for calculation of SOFC ohmic losses [20]  

 Electrolyte Anode Cathode Interconnector 

Thickness (cm) 𝑡𝑒𝑙𝑒 0.002 𝑡𝑎𝑛𝑜 0.01 𝑡𝑐𝑎𝑡 0.02 𝑡𝑖𝑐 0.002 

Cell diameter (cm) 1.6  Width, 𝑤𝑖𝑐 (cm) 0.5 

 

Mass-transport-related losses (Vconc) 

The non-ideal nature of SOFCs and the finite speed of reactants and products diffusion in these devices 

lead to concentration overpotentials. Normally, this mass-transport-related loss increases with current 

density growing, and can be evaluated according to Eq. 17 [10]. 

𝑉𝑐𝑜𝑛𝑐 = 𝑉𝑐𝑜𝑛𝑐,𝑎 + 𝑉𝑐𝑜𝑛𝑐,𝑐 = −
𝑅𝑇

2𝐹
ln [(1 −

𝑗

𝑗𝐿,𝑎
)(1 −

𝑗

𝑗𝐿,𝑐
)]           (Eq. 17) 

4.4 Electric power output of SOFC 

Eq. 18 and 19 express the electrochemical reaction taking place at the anodic and cathodic side of the 

SOFC respectively. Hence, electric current can be calculated according to Eq. 20, based on which the 

electric power produced by the SOFC (𝑃𝑆𝑂𝐹𝐶) is determined. Eq. 22 expresses the energy balance of 

the SOFC, and the term 𝑄𝑟𝑒𝑠 represents the residual heat that can be used to support fuel reforming. 

𝐻2 − 2𝑒− + 𝑂2−  →  𝐻2𝑂                       (Eq. 18) 

1

2
𝑂2 + 2𝑒−  →  𝑂2−                         (Eq. 19) 

𝐼 = �̇�𝐻2,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 × 2 × 𝐹 × 1000 = �̇�𝑂2,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 × 4 × 𝐹 × 1000       (Eq. 20) 

𝑃𝑆𝑂𝐹𝐶 = 𝑉𝑜𝑝 × 𝐼/1000                        (Eq. 21) 

�̇�𝑆𝑂𝐹𝐶𝑜𝑢𝑡 = �̇�𝑆𝑂𝐹𝐶𝑖𝑛 − (𝑃𝑆𝑂𝐹𝐶 + 𝑄𝑟𝑒𝑠)                   (Eq. 22) 

The supply of the original fuel in this study is set at �̇�=15 kmol/h. Then the total molar flow rate at 

SOFC anode inlet can be determined with considerations of the steam supplied and the volume change 

due to steam-reforming reaction if necessary. Combined with the molar composition of syngas at 

reformer outlet (SOFC inlet), the amount of reacted hydrogen can be obtained from Eq. 23. 

�̇�𝐻2,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 = 𝑈𝑓 ∙ �̇�𝐻2|𝑆𝑂𝐹𝐶𝑖𝑛                        (Eq. 23) 

4.5 Air supply Calculation 

According to Eq. 18 and Eq. 19, the amount of reacted oxygen should be half of that of hydrogen. 

However, due to the incomplete reactions of oxygen, it is usually supplied excessively (Eq. 24). 

Therefore, air introduced into the system can be determined using Eq. 25 and Eq. 26 respectively. 

�̇�𝑂2,𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 = �̇�𝑂2,𝑟𝑒𝑎𝑐𝑡𝑒𝑑/𝑈𝐴                     (Eq. 24) 

�̇�𝑎𝑖𝑟,𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 = �̇�𝑂2,𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑/0.21                    (Eq. 25) 



�̇�𝑎𝑖𝑟 = �̇�𝑎𝑖𝑟,𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 × (0.21 × 𝑀𝑂2
+ 0.79 × 𝑀𝑁2

)          (Eq. 26) 

After the electrochemical reaction in SOFC and mixing of exhausts from anodic and cathodic sides, 

the molar flow rate of each component of stream at SOFC outlet (combustor inlet) can be determined 

with �̇�𝐻2|𝑐𝑜𝑚𝑏𝑖𝑛 = �̇�𝐻2|𝑆𝑂𝐹𝐶𝑖𝑛 − �̇�𝐻2,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 , �̇�𝑂2|𝑐𝑜𝑚𝑏𝑖𝑛 = �̇�𝑂2,𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 − �̇�𝑂2,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 , �̇�𝐻2𝑂|𝑐𝑜𝑚𝑏𝑖𝑛 =

�̇�𝐻2𝑂|𝑆𝑂𝐹𝐶𝑖𝑛 + �̇�𝐻2,𝑟𝑒𝑎𝑐𝑡𝑒𝑑 , �̇�𝑁2|𝑐𝑜𝑚𝑏𝑖𝑛 = �̇�𝑁2|𝑆𝑂𝐹𝐶𝑖𝑛 + 0.79�̇�𝑎𝑖𝑟,𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑  and �̇�𝑖|𝑐𝑜𝑚𝑏𝑖𝑛 = �̇�𝑖|𝑆𝑂𝐹𝐶𝑖𝑛  (for any 

other components). 

4.6 Combustor 

Remaining combustible components (CH4, CO and H2 for methane-fueled hybrid system, CO and H2 

for carbon monoxide-fueled one and H2 for hydrogen-fueled one) are burned completely in the 

combustor. Based on the corresponding combustion reactions (Eq. 27 – 29) and the mass conservation 

law, molar flow rates of each component at the outlet of combustor �̇�𝑖|𝑐𝑜𝑚𝑏𝑜𝑢𝑡 can be determined. 

𝐶𝐻4 + 2𝑂2  →  𝐶𝑂2 + 2𝐻2𝑂                     (Eq. 27) 

𝐶𝑂 +
1

2
𝑂2  →  𝐶𝑂2                         (Eq. 28) 

𝐻2 +
1

2
𝑂2  →  𝐻2𝑂                         (Eq. 29) 

The temperature of combustor exhaust (Tcombout) can be determined with an iterative algorithm. 

Assuming the combustion is adiabatic with efficiency of 100%, the enthalpy before and after 

combustion remains the same (Eq. 30). According to mass conservation of chemical reactions, the total 

mass flow rate through the SOFC, combustor and turbine (�̇�𝑡) are equal, although the gas flow is of 

different molecular compositions at different locations, leading to several computational expressions 

of the mass flow rate (Eq. 31). 

∑ �̇�𝑖|𝑐𝑜𝑚𝑏𝑖𝑛ℎ𝑖(𝑇𝑐𝑜𝑚𝑏𝑖𝑛) = ∑ �̇�𝑗|𝑐𝑜𝑚𝑏𝑜𝑢𝑡ℎ𝑗(𝑇𝑐𝑜𝑚𝑏𝑜𝑢𝑡)𝑗𝑖             (Eq. 30) 

�̇�𝑡 = ∑ �̇�𝑖|𝑐𝑜𝑚𝑏𝑖𝑛𝑀𝑖𝑖 = ∑ �̇�𝑗|𝑐𝑜𝑚𝑏𝑜𝑢𝑡𝑀𝑗𝑗 = �̇�𝑎𝑖𝑟 + ∑ �̇�𝑘|𝑆𝑂𝐹𝐶𝑖𝑛𝑀𝑘𝑘        (Eq. 31) 

4.7 Turbine 

Total mechanical work produced by the turbine (Wt) can be calculated according to Eq. 32, in which 

Ttur|in and ptur|in represent the temperature and pressure of flow at turbine inlet and can be determined 

from combustor model. Pressure at the turbine outlet (ptur|out) should be the sum of ambient pressure 

(1 bar) and the pressure loss of recuperator. The temperature at turbine outlet is determined by Eq. 33. 

𝑊𝑡 = �̇�𝑡 ∙ 𝐶𝑝|𝑡
̅̅ ̅̅ ̅ ∙ 𝜂𝑡 ∙ 𝑇𝑡𝑢𝑟|𝑖𝑛 [1 − (

𝑝𝑡𝑢𝑟|𝑜𝑢𝑡

𝑝𝑡𝑢𝑟|𝑖𝑛
)

𝛾𝑡−1

𝛾𝑡
]              (Eq. 32) 

𝑇𝑡𝑢𝑟|𝑜𝑢𝑡 = 𝑇𝑡𝑢𝑟|𝑖𝑛 − 𝑊𝑡/(�̇�𝑡𝐶𝑝|𝑡
̅̅ ̅̅ ̅)                    (Eq. 33) 

4.8 Compressor 

The work required by the air compression process is calculated according to Eq. 34, where the pressure 

at the outlet of the compressor (pcomp|out) should be the sum of SOFC pressure (PCell) and the pressure 

loss of recuperator. The temperature at the outlet of the compressor is determined by Eq. 35. The 

compression process of fuel can be calculated in similar way. 



𝑊𝑐 = �̇�𝑎𝑖𝑟 ∙ 𝐶𝑝|𝑎𝑖𝑟
̅̅ ̅̅ ̅̅ ̅ ∙

𝑇𝑐𝑜𝑚𝑝|𝑖𝑛

𝜂𝑐
∙ [(

𝑝𝑐𝑜𝑚𝑝|𝑜𝑢𝑡

𝑝𝑐𝑜𝑚𝑝|𝑖𝑛
)

𝛾𝑐−1

𝛾𝑐
− 1]              (Eq. 34) 

𝑇𝑐𝑜𝑚𝑝|𝑜𝑢𝑡 = 𝑇𝑐𝑜𝑚𝑝|𝑖𝑛 + 𝑊𝑐/(�̇�𝑎𝑖𝑟𝐶𝑝|𝑎𝑖𝑟
̅̅ ̅̅ ̅̅ ̅)                  (Eq. 35) 

4.9 Recuperator 

Recuperator is a heat exchange device recovering the residual heat of the turbine exhausts and pre-

heating pressurized air simultaneously. The effectiveness of recuperator (ε) is defined as Eq. 36. The 

stream temperature at hot side outlet (Thot|out) is computed according to energy conservation (Eq. 37). 

ϵ =
𝑇𝑐𝑜𝑙𝑑|𝑜𝑢𝑡−𝑇𝑐𝑜𝑙𝑑|𝑖𝑛

𝑇ℎ𝑜𝑡|𝑖𝑛−𝑇𝑐𝑜𝑙𝑑|𝑖𝑛
                           (Eq. 36) 

�̇�𝑎𝑖𝑟𝐶𝑝,𝑐𝑜𝑙𝑑
̅̅ ̅̅ ̅̅ ̅̅ (𝑇𝑐𝑜𝑙𝑑|𝑜𝑢𝑡 − 𝑇𝑐𝑜𝑙𝑑|𝑖𝑛) = �̇�𝑡𝐶𝑝,ℎ𝑜𝑡

̅̅ ̅̅ ̅̅ ̅(𝑇ℎ𝑜𝑡|𝑖𝑛 − 𝑇ℎ𝑜𝑡|𝑜𝑢𝑡)       (Eq. 37) 

4.10 Specific work and electric efficiency 

The net mechanical work (Wnet) produced by SOFC-GT hybrid systems is calculated according to Eq. 

38, and the electric efficiency (𝜂𝑒𝑙𝑒) is evaluated using Eq. 39. Specific electric work is obtained by 

dividing net electric power with total mass flow rate through turbine (mt). 

�̇�𝑛𝑒𝑡 = �̇�𝑡 − �̇�𝑐                           (Eq. 38) 

𝜂𝑒𝑙𝑒 =
𝑃𝑆𝑂𝐹𝐶+�̇�𝑛𝑒𝑡𝜂𝑔𝑒

�̇�

3600
×96%×𝐿𝐻𝑉

                        (Eq. 39) 

4.11 Exergy efficiency of individual components 

The exergy efficiency of the SOFC and SOFC-reformer integrated system are calculated according to 

Eq. 40 – 41. 

𝜂𝑒𝑥|𝑆𝑂𝐹𝐶 =
𝑃𝑆𝑂𝐹𝐶

�̇�𝑎𝑛𝑜+�̇�𝑐𝑎𝑡−�̇�𝑆𝑂𝐹𝐶|𝑜𝑢𝑡
                    (Eq. 40) 

𝜂𝑒𝑥|𝑆𝑂𝐹𝐶−𝑟𝑒𝑓 =
𝑃𝑆𝑂𝐹𝐶

�̇�𝑟𝑒𝑓𝑖𝑛+�̇�𝑐𝑎𝑡−�̇�𝑆𝑂𝐹𝐶|𝑜𝑢𝑡
                  (Eq. 41) 

 

5. Validation 

Based on governing equations for individual components discussed above a MATLAB code has been 

develop to evaluate specific performance of SOFC – GT hybrid systems powered by methane, carbon 

monoxide and hydrogen respectively. The constant parameters and default values (if not otherwise 

specified) for some variable parameters are listed in Table 5. To validate the established model, the 

system proposed in Nien’s work [7, 23] has been calculated using the written code with parameter 

values set the same. The results obtained from the developed code have been compared with their 

calculation (Table 6), and they show close agreement. The reason for the difference in voltage is that 

Nien et al. had used a correlation equation at temperature of 1273 K while in the present research a 

temperature-related equation (Eq. 17) [10] has been used to estimate the concentration overpotentials. 

 

Table 5 Assumed parameter values of hybrid systems 

Molar flow rate of fuel, �̇� (kmol/h) 15 Adiabatic efficiency of turbine 0.85 



Pressure loss of SOFC 0.03 Current density, j (A·cm)  0.3 

Pressure loss of combustor 0.05 Adiabatic efficiency of compressor 0.75 

Pressure loss of recuperator 0.02 Adiabatic efficiency of fuel compressor 0.75 

Fuel utilization 𝑈𝑓 0.8 Efficiency of generator 0.95 

Air utilization 𝑈𝐴 0.3 Recuperator effectiveness 0.6 

 

Table 6 Comparison of results from developed code and Nien’s [23] calculation 

Compared parameters Results from 

Nien [20] 

Results obtained from 

written code 

Operational voltage 0.65 V 0.58 V 

Air flow rate 1.8148 kg/s 1.7000 kg/s 

Total electric power 1.463 MW 1.3847 MW 

System efficiency 60.56% 60.15% 

 

6. Results and discussions 

6.1 Effects of steam to carbon ratio 

Effects on syngas compositions 

Fig. 3 shows how the volumetric composition of processed fuel changes with steam to carbon ratio 

(rS/C). In methane (CH4) fueled hybrid system, the volumetric proportion of hydrogen (H2) is around 

55%. Although the molar fraction of H2 does not change much, considering more steam enters the 

reformer, the absolute yield of H2 actually increases substantially. In the carbon monoxide (CO) fueled 

system, there is a similar but more obvious trend in the volume fraction of H2, increasing from 33% to 

46% as rS/C grows from 0.5 to 1.0, and then decreasing to 39%. This is because more steam entering 

the reformer firstly promotes the production of hydrogen, and then dilutes the concentration of 

hydrogen because of excessive steam. 

 

  

(a) Methane fueled (b) Carbon monoxide fueled 

Fig. 3. Effects of steam to carbon ratio on syngas compositions 



 

Effects on SOFC-reformer exergy efficiency and overall efficiency 

Fig. 4a presents the effect of steam to carbon ratio on the exergy efficiency of SOFC-reformer 

integrated systems, which are quite different for hybrid systems powered by different fuels. For the 

CH4 fueled system, the exergy efficiency sees a sharp increase from 59.0% to 75.7% as rS/C varied 

from 0.75 to 2.00, after which it continues to grow but more moderately to 79.4%. This is because in 

the selected range of steam to carbon ratio, a higher rS/C corresponds to a higher conversion rate of 

CH4, as shown in Fig. 3a, therefore leading to a larger amount of reacted H2 and SOFC electric power 

output. When powered with CO, SOFC-reformer exergy efficiency is firstly improved from 65.7% to 

72.7% when rS/C increases from 0.50 to 0.75, and then drops to around 65%. Carbon monoxide is 

almost completely converted when rS/C reaches 1.00 (Fig. 3b). The further increase in rS/C causes a 

significant decrease in the voltage (Fig. 5a), while no more H2 is reacted, leading to the decline in 

SOFC-reformer exergy efficiency. Slight increase in exergy efficiency is observed again when rS/C gets 

higher than 2.00 due to the exothermic characteristics of water-gas shift and electrochemical reactions, 

as more thermal energy is recovered by heating up excessive steam to the temperature of SOFC. 

  

(a) SOFC-reformer exergy efficiency (b) Hybrid system electric efficiency 

Fig. 4. Effects of steam to carbon ratio on SOFC-reformer exergy efficiency & overall efficiency 

 

The electric efficiency of the overall hybrid system shows a very similar trend, as shown in Fig. 4b, 

because electric power produced by SOFCs comprises a large proportion of the total electric power 

output. When rS/C grows, more original fuel is converted into H2 and reacted electrochemically in the 

SOFC, instead of being burned in the combustor, which is beneficial to overall electric efficiency 

improvement. With rS/C increasing further, the electric efficiency of CO-powered hybrid system does 

not decline as much as exergy efficiency, because the total mechanical work produced by the turbine 

increases as the total mass flow rate becomes larger. 

 

Effects on Nernst potential and specific electric work 

Fig. 5 shows that both Nernst potential and specific electric work drop with an increasing steam to 

carbon ratio, though these performance indicators are more sensitive to rS/C when the hybrid system is 

powered by CO, especially in the rS/C range of 0.50 ~ 1.50. The reason for such declines is that rS/C 

changes the volume fractions of H2 and H2O in the flow entering the SOFC anodic side (Fig. 3). 



Considering the second term on the right-hand side of Eq. 7, which describes concentration impacts, 

Nernst potential declines with lower content of H2 and higher content of H2O. Specific electric work 

decreases mainly because the rise in total electric work (from the SOFC and the generator) cannot 

compensate for the influence caused by the increase in total gas amount. When CH4 is used as the 

original fuel the specific electric work is considerably larger, meaning more electricity can be produced 

with the same system scales. 

  

(a) Nernst voltage of SOFCs (b) Specific electric work 

Fig. 5. Effects of steam to carbon ratio on Nernst voltage and specific electric work 

 

Based on comprehensive consideration, rS/C = 2.00 and rS/C = 1.00 is selected for CH4 powered system 

and CO powered system respectively to achieve acceptable efficiencies and conversion rates of the 

original fuel without too much potential and specific work drops.  

6.2 Operating temperatures of SOFCs and reformers 

Due to different characteristics of fuel conversion reactions, the operating range and selection of SOFC 

and reformer temperature are very different when hybrid systems are powered by various original fuels. 

In this section, achievable operating temperature range based on proposed system configuration, and 

the influence of SOFC and reformer temperature are discussed for methane, carbon monoxide and 

hydrogen fueled hybrid systems respectively. 

 

Methane-fueled hybrid system 

The overall effect of steam reforming (Eq. 1) and water-gas shifting (Eq. 2) reactions is usually heat 

consuming [17] so higher reformer temperatures can promote the conversion of CH4 and the generation 

of H2. Thermal energy required for heating up pressurized fuel to reformer temperature and for 

endothermic methane conversion reactions, namely heat needed by the reformer, is from SOFC heat 

release based on proposed system (Fig. 1). SOFC residual heat in this work refers to the part that can 

be used to support the reformer, which means the heat required for heating anodic and cathodic inlet 

streams to SOFC temperature has been subtracted.  

 

The operating range of reformer temperature depends on the relationship between SOFC residual heat 

and heat required by the reformer, as shown in Fig. 6. A larger amount of thermal energy is required 

when the reformer operates at higher temperature because both preheating of compressed fuel and 



higher CH4 conversion consume more heat. The residual heat from SOFC declines with SOFC 

temperature rising as more thermal energy is consumed to heat streams from the recuperator and the 

reformer. The reformer has a corresponding maximum operating temperature, at which SOFC residual 

heat just supports the reformer, for different operating temperatures of the SOFC. 

 

 
Fig. 6. Thermal energy released and required (𝑝𝑆𝑂𝐹𝐶=4bar) 

 

Fig. 7 presents how exergy efficiency changes within the achievable reformer temperature range when 

the SOFC operates at different temperatures. It can be seen that exergy efficiencies of both SOFC and 

SOFC-reformer integrated system increase with higher reformer temperature, and the integrated 

system shows higher exergy efficiency than separate SOFC component. This indicates that full 

utilization of residual heat from SOFC, or other components, is very important for system performance. 

 

 
Fig. 7. Exergy efficiency of SOFC and SOFC-reformer integrated system (𝑝𝑆𝑂𝐹𝐶=4bar) 

 

Although the whole hybrid system can achieve better electric efficiency with higher SOFC temperature 

when the reformer temperature is kept constant, relatively lower SOFC temperature gives wider 

operating range of reformer temperature, and the highest hybrid system electric efficiency of 53.0% is 

achieved at SOFC temperature of 1073 K and reformer temperature of 1055 K (Fig. 8). 



 
Fig. 8. Effects of reformer temperatures on hybrid system electric efficiency (𝑝𝑆𝑂𝐹𝐶=4bar) 

 

Carbon monoxide/hydrogen fueled hybrid system 

The water-gas shifting reaction (Eq. 2) is exothermic so high reformer temperatures can lead to low 

CO conversion. Hence, the reformer operates at the temperature equal to that of pressurized fuel when 

the hybrid system is fueled with CO, and the thermal energy released by CO conversion and 

electrochemical reactions can be used to heat SOFC inlet streams to the operating temperature of SOFC. 

Similarly, in H2 powered system the heat generated by electrochemical reactions can be used to 

increase the temperature of compressed fuel and air flows. Fig. 9 shows residual heat of SOFC-

reformer integrated system for CO-fueled system and that of SOFC for H2-fueled system. 

 

  

(a) Carbon monoxide fueled (b) Hydrogen fueled 

Fig. 9. Residual heat of SOFC-reformer at different temperatures and pressures 

 

There is a corresponding maximum operating temperature of SOFC for different compression ratios, 

based on the proposed system configuration. It is worth noting that the achievable maximum SOFC 

temperature increases with higher SOFC pressures in CO-fueled system, while larger compression 

ratios correspond to lower operating ranges of SOFC temperature in hybrid system powered with H2. 

As compression ratios increase, the enthalpy of fuel stream at the reformer (or SOFC when H2 is used) 

inlet rises. For CO fueled system, the electricity output of SOFC decreases with higher pressures (Fig. 

9a), which leads to larger amount of enthalpy at SOFC outlet corresponding to higher SOFC 



temperature. On the contrary, the SOFC electricity output increases with higher pressures and the 

increase is more influential than SOFC inlet enthalpy increase when H2 is used. This leads to lower 

enthalpy at SOFC outlet corresponding to lower temperature operating range of SOFC considering 

energy conservation. 

6.3 Effects of operating pressures 

The operating pressure of the reformer is the same as that of SOFC in this study. This section presents 

information on how operating pressures can affect the temperature operating ranges of reformers and 

SOFCs, as well as the electric efficiency of the whole hybrid systems. 

 

Methane-fueled hybrid system 

The reformer requires less heat energy at higher operating pressures, as shown in Fig. 10a, because 

more compression work done to the fuel stream increases the temperature of reformer inlet flow, and 

methane conversion, which is endothermic, drops at higher pressures. Hence, the achievable operating 

temperature range of reformer extends to higher temperatures (Fig. 10b). The overall electric efficiency 

of hybrid systems at different SOFC temperatures and operating pressures is presented in Fig. 11, when 

the reformer operates at the highest allowable operating temperatures so that the highest electric 

efficiency at a certain 𝑝𝑆𝑂𝐹𝐶 and 𝑇𝑆𝑂𝐹𝐶  can be obtained (Fig. 8).  

 

The optimized SOFC temperature and operating pressure based on proposed system is 1073 K and 7 

bar, giving a hybrid system electric efficiency of 56.1% when the reformer operates at the 

corresponding maximum achievable temperature of 1070 K. In this case, an acceptable CH4 conversion 

of 82.4% and turbine inlet temperature of 1656 K have been achieved. However, anode exhaust cycling 

becomes necessary for methane conversion promotion and turbine inlet temperature (TIT) control 

when SOFC operates at higher temperatures. Blade cooling technology also needs to be considered 

with high SOFC operating temperatures. It is worth noting that the exhaust at recuperator hot-side 

outlet still contains large amounts of thermal energy. Reasonable use of this part of energy will help 

extend the achievable temperature range of reformer, thus bringing improvements in various 

performance indicators. 

  

(a) Heat required by the reformer (b) Maximum reformer temperature 

Fig. 10. Effects of operating pressures on the reformer (CH4-fueled) 



 

 
Fig. 11. The electric efficiency of CH4-fueled hybrid system 

 

Carbon monoxide/hydrogen fueled hybrid system 

The CO-fueled system has slightly higher electric efficiency at lower operating pressures when the 

SOFC temperature keeps the same. However, within the achievable operating range the highest electric 

efficiency of 54.3% is obtained at operating pressure of 7 bar due to the extension of allowable SOFC 

temperature (up to 1205 K) caused by this high pressure. Performance boosting technologies, such as 

blade cooling and anode exhaust cycling are not necessary in this situation, but better arrangements 

for heat recovery of recuperator hot-side exhausts help to further raise the operational temperature of 

SOFC. The optimized pressure for H2-fueled system is also 7 bar, where the highest electric efficiency 

considering the proposed system is achieved (60.7%), though this high pressure leads to a decrease in 

maximum allowable SOFC temperature (1108 K).  

 

  

(a) Carbon monoxide fueled (b) Hydrogen fueled 

Fig. 12. Effects of operating pressures on the overall electric efficiency 

 

6.4 Voltages and electricity output 

Fig. 13 shows how voltages and electricity output of hybrid systems vary within the achievable 

operating range of SOFC temperature at an optimized operating pressure of 7 bar. The reformer fed 

with CH4 operates at the corresponding maximum allowable temperature (Fig. 10b), while for CO 



powered system the reformer operates at the temperature equal to that of pressurized fuel. The SOFC 

has the widest operating temperature range based on proposed system configuration when CH4 is used 

as the original fuel but gives lowest operational voltage of 0.62 V at optimized parameters, compared 

to 0.75 V (H2 fueled) and 0.73 V (CO fueled) under their respective optimized conditions. It should 

also be noted that CH4 fueled hybrid system can give the largest amount of total electricity output (1.8 

MW), around three times the value of CO or H2 fueled systems, as well as the specific electric work. 

 

  

(a) Nernst / operational voltages (b) Total / specific electricity output 

Fig. 13. Voltages and electricity output of hybrid systems powered by different fuels (𝑝𝑆𝑂𝐹𝐶=7bar) 

 

6.5 Effects of turbines / compressors adiabatic efficiency 

The comparison of electric efficiency of hybrid systems powered with different fuels and the effects 

of turbines / compressors adiabatic efficiency are shown in Fig. 14. The electric efficiency of CH4 

powered system is more dependent on the adiabatic efficiency of turbine. This is because the work 

generated by the generator occupies a larger proportion of 43% in the total electricity, compared to 36% 

(CO fueled) and 21% (H2 fueled) for a turbine adiabatic efficiency of 85%, as more steam is added to 

the CH4 powered system and leads to larger total gas amount. Hydrogen powered hybrid system shows 

the highest overall electric efficiency and sensitivity to compressor adiabatic efficiency.  

 

It is also worth noting that the hybrid system electric efficiency is more sensible to the adiabatic 

efficiency of turbine. When the adiabatic efficiency of turbine and compressor both increase by 20%, 

hybrid system electric efficiency rises by 9~10% and 5~7% respectively. This result is consistent with 

the study from Zhao et al. [10], and part of the reason for this is that mass flow rate flowing through 

the turbine is larger than that through the compressor. 

 



  

(a) Turbines adiabatic efficiency (b) Compressors adiabatic efficiency 

Fig. 14. Effects of turbines / compressors adiabatic efficiency 

 

6.6 Effects of initial fuel composition 

Different performance parameters vary widely in the sensitivity toward initial fuel composition 

changes, though under certain composition, these parameters show similar pattern of change, which 

has been discussed above, with varying operating temperatures and pressures of SOFCs and reformers. 

Hence, the following optimized system performance under different initial fuel composition was 

obtained at an operating pressure of 7 bar, and the SOFC operated at 1073 K in the CH4 fueled hybrid 

system. Fig. 15 shows how maximum achievable operating temperature of the reformer (CH4 fueled 

systems) and that of the SOFC (CO / H2 fueled systems) changes with initial CH4 / CO /H2 content.  

 

Table 7 Percentage of decline of performance 

indicators (%) with volumetric fraction of CH4 / CO 

/ H2 decreasing from 0.98 to 0.40 

Performance indicators CH4 CO H2 

Operational Voltage 2.90 8.27 14.2 

SOFC electricity output 65.7 61.4 64.3 

SOFC-reformer  

exergy efficiency 
1.33 5.91 8.35 

Total power output 61.7 61.2 63.0 

Electric efficiency 7.98 6.80 11.3 

Specific electric work 1.76 22.9 27.6 

Power output ratio 

(SOFC / total) 
10.5 0.55 3.34 

 

 
Fig. 15. Effects of CH4 / CO / H2 volumetric fraction 

on achievable operating temperature of reformer / 

SOFC (𝑝𝑆𝑂𝐹𝐶=7bar)   



  

(a) Total and specific electricity output (b) Operational voltage and electric efficiency 

Fig. 16. Effects of CH4 / CO / H2 content on electricity output, voltage and efficiency (𝑝𝑆𝑂𝐹𝐶=7bar) 

 

Total electric power output is very sensitive to initial fuel composition, decreasing by over 60 % when 

the volume fraction of CH4 / CO / H2 drops from 0.98 to 0.40 (Table 7), though the hybrid system 

powered by CH4 sees the largest absolute drop in this performance indicator due to its largest base, as 

shown in Fig. 16a. There is a similar decline (over 60 %) in electric power generated by the SOFC, 

and this leads to a change in electricity generation ratio of internal components, namely SOFCs and 

generators, especially for CH4 fueled hybrid system. However, the system using CH4 as fuel shows 

very high stability in terms of operational voltage, exergy efficiency of SOFC-reformer integrated 

system and specific electric work, with these performance parameters decreasing by only 1~3 % when 

the volume fraction of CH4 in the initial fuel decreases 58%. This benefits from the two-step 

conversion reactions of CH4, of which the intermediate product CO, can either be further converted to 

release H2 (Eq. 2) or be burned in the combustor to generate heat for the downstream gas turbine. Such 

multi-step reactions and multi-stage utilization provide a buffer when CH4 content in the initial fuel 

decreases. In contrast, the performance of H2 powered system sees very significant degradation as 

initial H2 content decreases without similar buffering effects. 

 

7. Conclusions 

Based on thermodynamic assessment of SOFC – GT hybrid systems powered by CH4, CO and H2 

respectively, following conclusions are stated: 

1. Steam to carbon ratio affects the performance of downstream components and the overall system by 

changing the volumetric composition of syngas. Carbon monoxide powered system is more sensible 

to this parameter. 

2. Higher operating pressures is favored by hybrid systems powered with different original fuels, 

though higher pressures give smaller temperature operating range of SOFC in H2 powered system. 

3. The allowable operating temperature range of the reformer and SOFC based on the proposed system 

configuration is very different when CH4, CO and H2 are employed as the original fuel respectively. 

4. For CH4 fueled hybrid system, there is a corresponding maximum achievable reformer temperature 

at which the highest electric efficiency at a certain 𝑝𝑆𝑂𝐹𝐶 and 𝑇𝑆𝑂𝐹𝐶  can be obtained. The optimized 

electric efficiency of 56.1% is achieved with SOFC temperature of 1073 K and reformer temperature 



of 1070 K.  

5. There is a corresponding maximum operating temperature of SOFC for hybrid system powered by 

CO or H2 at different compression ratios, based on the proposed system configuration. The 

optimized electric efficiency of 54.3% (CO fueled) and 60.7% (H2 fueled) is achieved with SOFC 

temperature of 1205 K and 1108 K respectively (j = 0.3 A/cm2, ηt = 0.85, ηc = 0.75, ε=0.60). 

6. Hydrogen fueled hybrid system gives the highest electric efficiency and operational voltages. 

Methane powered system gives considerably larger electricity output and specific electric work, 

though the operational voltage is around 0.1 V lower than that of CO or H2 fueled systems. 

7. The overall electric efficiency is more sensitive to the turbine adiabatic efficiency, especially for 

methane powered system, while H2 fueled hybrid system shows higher sensitivity to compressor 

adiabatic efficiency compared to CO and CH4 fueled ones. 

8. The performance of H2 fueled hybrid system degrades severely with decreasing H2 content in the 

initial fuel, while the system powered by CH4 shows very high stability in several performance 

indicators because the multi-stage conversion and utilization of CH4 along the stream flow provide 

a buffering effect to the decline in initial volume fraction of CH4.  
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