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1 Introduction
The rising demand for electrical power and the necessity

to decrease fossil fuel consumption push for development of
new power generation systems, with higher efficiencies, and
reduced environmental impacts. An attractive way to reach a
more rational energy conversion of fossil or biofuels is the
decentralized power generation and cogeneration of heat and
power.

Among major weaknesses of existing small systems at the
building level, consisting mainly of internal combustion or
Stirling engines, are low electrical efficiency, high mainte-
nance costs, together with noise and vibration. The introduc-
tion of mini gas turbines in the range of 40–120 kWel have
reduced the three latter problems, however, at an even lower
efficiency. Moreover they are not available in the smaller
power range typical of many multi-family houses. Molten
carbon fuel cells (MCFC) and solid oxide fuel cells (SOFC) are
emerging as major candidates to alleviate all the above-men-
tioned drawbacks. However, the fuel cannot be entirely con-
verted electrochemically in the fuel cell alone and part of it is

combusted downstream of the fuel cell with a low energy effi-
ciency. Several existing approaches suggest to further
improve the electrical efficiency by combining the fuel cell
with other conventional thermal cycles in a hybrid system.
The most appropriate integration strategy is defined by the
application requirements. Recently Zhang et al. [1] reviewed
the available SOFC-based hybrid systems. Due to the high
operating temperature and to the use of a gas-based working
fluid, the Brayton cycle is a favorable candidate for SOFC
integration.

In the last years the research demonstrated the potential
and limits of this technology. Many studies have assessed the
feasibility and operating conditions of a variety of integrated
high efficiency design options. Those alternatives are usually
classified either in pressurized systems, if the fuel cell is oper-
ating under pressurized conditions, or in atmospheric sys-
tems. So far the studies showed that the pressurized systems
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and power is an attractive way toward a more rational con-
version of fossil or biofuel. In small-scale power production
fuel cell–gas turbine hybrid cycles are an emerging candi-
date to reach higher or comparable efficiency than large-
scale power plants. The present contribution introduces an
innovative concept of hybrid cycle that allows targeting high
efficiency together with carbon dioxide separation and
maintaining the fuel cell operating under atmospheric con-
dition. The system consists in a planar module of solid oxide
fuel cell operating at atmospheric pressure, an oxy-combus-
tion unit, and two separated gas turbine units driven in an

inverted Brayton cycle. A thermodynamic optimization
approach, based on the system energy integration, is used to
analyze several design options. Optimization results demon-
strate that the proposed hybrid system enables higher
energy conversion efficiency with respect to an equivalent
state of the art pressurized hybrid system, whilst avoiding
fuel cell pressurization technical problems, and enabling the
carbon dioxide separation. The potential of designs achiev-
ing 80% First Law efficiency is shown.
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reach the highest efficiencies. Palsson et al. [2] showed the
possibility to reach in a pressurized system, also with a low
pressure ratio, more than 65% of efficiency. Massardo and
Lubelli [3] analyzed pressurized and atmospheric systems
with efficiencies up to 75%. Park and Kim [4] assessed the
higher performance of a pressurized system with respect to a
comparable indirectly heated atmospheric system. Autissier
et al. [5] performed a thermoeconomic analysis demonstrat-
ing the possibility to reach 70% efficiency for an estimated
6,700 $ kW–1 with a 50 kW pressurized system. Tsujikawa
et al. [6,7] proposed an interesting way to fully integrate a gas
turbine driven in an inverted Brayton cycle with a fuel cell
operating under atmospheric conditions. The inverted Bray-
ton cycle, which has been fully detailed by Wilson [8], is char-
acterized by the expansion in the turbine before the compres-
sion.

Given the need to reduce carbon dioxide emissions, sever-
al studies have aimed at assessing the performance of hybrid
systems integrating carbon dioxide separation technologies.
Franzoni et al. [9] compared the thermoeconomic perfor-
mance of the carbon dioxide capture in a pressurized system
via chemical absorption and via oxy-fuel combustion. Park
et al. [10] demonstrated the possibility to achieve system effi-
ciency comparable to an equivalent pressurized system but
enabling carbon dioxide separation via oxy-fuel combustion.

Despite the high potential, so far the experimental applica-
tions of fully integrated highly efficient hybrid systems
remain limited to a small number of cases. The World’s first
demonstration of the SOFC-gas turbine hybrid concept,
including a pressurized tubular SOFC module integrated
with a microgas turbine, was delivered to Southern California
Edison for operation at the Irvine’s National Fuel Cell
Research Center. This system reached 53% electric efficiency
for 220 kW [11]. A few other experimental applications have
been developed, but all are restricted to the bulky tubular
SOFC stacks. SOFCs are available in two different typologies:
tubular geometry and planar geometry. The latter are more
effective, compact, and globally less material intensive than
the tubular geometry based, but even more challenging to

operate under pressurized conditions. Only recently, Lim
et al. [12] operated for a few hours a pressurized hybrid cycle
with a 25 kW microgas turbine and a 5 kW class planar
SOFC, originally designed to work under atmospheric condi-
tions.

So far the fuel cell pressurization remains a major chal-
lenge to overcome and represents a limit to the hybrid cycle
development. The present paper introduces an innovative
concept of atmospheric hybrid cycle combined with oxy-fuel
combustion technology capable of reaching efficiencies high-
er or comparable to the state of the art, whilst avoiding fuel
cell pressurization and enabling the carbon dioxide separa-
tion [13]. The system consists in a planar module of SOFC
operating at atmospheric pressure, an oxy-combustion unit
and two separated gas turbine units driven in an inverted
Brayton cycle. A thermodynamic optimization approach,
coupled with the system energy integration, is used to com-
pare the proposed system with an equivalent state of the art
pressurized hybrid cycle. The optimal system designs are
presented and compared on the basis of First Law and exergy
analyses.

2 System and Model Description

An innovative concept of SOFC-gas turbine hybrid cycle is
introduced, described, and compared with the state of the art
hybrid cycle. The developed system model is detailed under-
neath.

2.1 Innovative Hybrid Cycle

The concept is based on a planar SOFC operating at atmo-
spheric pressure integrated with two gas turbines driven in
an inverted Brayton cycle and including oxy-fuel combustion.
One embodiment of the system is presented in Scheme 1.

The idea is to capitalize on the intrinsic oxygen–nitrogen
separation characteristic of the fuel cell electrolyte by expand-
ing in separate gas turbines the cathodic flow and the anodic

Scheme 1 Innovative hybrid cycle flow-chart.
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flow, the latter being free of nitrogen. The cathodic flow, con-
sisting in air impoverished in oxygen at the fuel cell outlet
temperature, could be additionally heated up before being
expanded in the sub-atmospheric gas turbine. The anodic
flow coming out of the fuel cell contains a part of uncon-
verted fuel depending on the fuel utilization factor of the fuel
cell. This remaining fuel is oxidized in a combustion chamber.
If the oxidizer used is pure oxygen, the anodic flow passing
through the turbine consists of only carbon dioxide and
water. Water can easily be condensed and separated in a cool-
ing heat exchanger positioned between the turbine and the
compressor. The compressor mainly compresses carbon diox-
ide to the atmospheric pressure, whereas, water is pumped
up separately. Carbon dioxide, available at atmospheric pres-
sure, can be stored for other uses or can be further com-
pressed to a compatible state for transportation and seques-
tration. As gas compression is much more demanding in
terms of mechanical power than liquid pumping, the reduced
gas flow leads to savings of power with respect to traditional
systems. To benefit as much as possible from this gain,
supplementary steam can be injected in the fuel processing
unit. As a consequence, the anodic flow steam injection rate is
another degree of freedom and is usually increased in com-
parison with standard hybrid fuel cell-gas turbine systems.

The advantages of carbon dioxide separation and com-
pressor power reduction, although reduced, are maintained
when the post combustion is realized with air instead of pure
oxygen. This is due to the fact that post combustion concerns
only a small part of the total fuel conversion in the system. In
this case carbon dioxide and nitrogen have to be recom-
pressed and separated afterwards if carbon dioxide capture
and storage is required. Analyses have been performed on
both cases, with pure oxygen injection and with air injection.

Since the innovative concept can be applied in any range
of power, the system analysis performed is size independent.

2.2 Model Description

A steady-state model of the new hybrid cycle concept has
been developed. The system model is subdivided into three
sub-systems: fuel processing, fuel cell, and gas turbines. Each
sub-system includes an energy flow model computing the
thermodynamic performance and the energy requirement.
The models have been developed using a commercial process
modeling software, BELSIM-VALI [14].

2.2.1 Fuel Processing

To simplify, the fuel feeding the system is methane, which
is the major component of natural gas or of some biogas. The
fuel processing is based on steam reforming, which can par-
tially be internal. An appropriate excess of steam is guaran-
teed to avoid the formation of soot, which is an important
cause of degradation. A carbon deposition risk model has
been developed and integrated into the energy model. Pres-
sure drops are neglected. The auxiliary devices needed,

including pumps and blowers, are driven by the electrical
power provided by the system.

2.2.2 Fuel Cell

The partially reformed fuel coming from the fuel process-
ing unit feeds the anode of a planar SOFC operating under
atmospheric pressure. Although not necessary in steady-state
operation, a blower, electrically driven by the system, pro-
vides the required airflow to the cathode.

The fuel cell model is based on the model for planar tech-
nology developed by Van herle et al. [15]. Anode supported
cells, composite LSCF cathode, and metallic interconnectors
are assumed. The electrochemical model includes diffusion
losses at the anode and cathode, as well as other polarization
and ohmic losses. Possibility of internal reforming is
included. The cell potential is a function of inlet gases compo-
sition, current density, and fuel utilization. Since the
approach used does not consider any constraints on the fuel
cell size, the current density has been considered fixed to
0.3 A cm–2. The inlet temperature is limited in the range
between 973 and 1,073 K. To avoid cracks, the temperature
difference across the stack is maintained below 100 K by
removing the eventual extra energy through a heat exchan-
ger. Pressure drops are neglected.

The model has been calibrated using experimental results
presented by Wuillemin [16].

2.2.3 Gas Turbines

The anodic flow coming out the SOFC is mixed with an oxidi-
zer in the combustion chamber in order to realize a stoichio-
metric and complete combustion. Post combustion hot gases
have to be cooled down to the turbine inlet temperature (TIT).

Considering the characteristic of the system and the size-
independent aspect of the analysis, the parameters characteriz-
ing the turbomachinery have been chosen so as to cover applica-
tions in different power ranges. The isentropic efficiency is sup-
posed constant and equal to 0.85. Pressure drops are neglected.
The analysis is performed for two different TIT limits: 1,173 and
1,573 K. Considering small-scale applications, in which turbine
cooling systems are not feasible, 1,173 K represents a conserva-
tive TIT limit for metallic turbine, whereas, 1,573 K represents
the TIT limit for ceramic turbine. In large-scale applications,
in which turbine cooling system can be implemented, 1,573 K
represents a conservative TIT limit.

2.3 State of the Art Hybrid Cycle

A flow-chart of a state of the art hybrid cycle, used as ref-
erence, is presented in Scheme 2. The system is based on a
pressurized planar SOFC coupled with a gas turbine. A fuel
processing unit, analog to the one described for the new lay-
out, feeds the anode with partially reformed methane at the
operating pressure. A compressor supplies compressed air at
the cathode. The cathode and the anode flows are combined
downstream of the SOFC. This mixture is sent to the combus-
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tion chamber where the unconsumed fuel is completely oxi-
dized. Following this, the hot gases expand in the turbine and
are ejected as exhaust gases.

The models of each sub-system correspond to the model
descriptions concerning the new system mentioned previously.

3 Thermodynamic Optimization

A thermodynamic optimization approach is used to evaluate
several design options. The methodology consists in two phases:
to model the system defining a set of decision variables and to
optimize their values. This approach, described hereafter, is
integrated into OSMOSE [17], a software platform for design
and optimization of integrated energy systems.

3.1 System Modeling

The aim of the system modeling is to represent the impact
of the design choices on the performances. The system’s state
and performances are expressed by variables divided in two
categories: the decision variables provided as input, and the
dependant variables computed as output. The system model-
ing is organized in three sub-models (Scheme 3): the energy
flow model, the heat and power integration model, and the

performance evaluation model. The energy flow
model has been previously introduced and detailed
in Section 2.2.

The heat and power integration model solves the
heat cascade and the energy balance of the plant
maximizing the combined production of heat and
power. This identifies the minimum energy require-
ment and sets the basis for the heat exchanger net-
work design, based on the exergy losses minimiza-
tion. The heat exchange is assumed with a pinch
temperature difference (DTmin) of 10 K.

The performance evaluation model allows evalu-
ating the system performances taking into account
the energy flow model and the energy integration
results. First Law efficiency and exergy efficiency
are both estimated. The First Law efficiency (1) is

defined as the ratio between the electrical power output and
the transformation energy received by the system as input,
consisting in fuel and, if required, in separated oxygen. The
electrical power output is the sum of the fuel cell power out-
put, �E�FC, and the net power output of the gas turbines (tur-
bines power minus compressor and auxiliaries powers),�

�E�GT. The energy transformation received by the system is
calculated on the basis of the fuel lower heating value and
considering the energetic cost of cryogenic oxygen produc-
tion [18].

e �
�E�FC �

�
�E�GT

�M�F � Dh0
iF � �M�O2

× ecryO2

(1)

According with the general definition and following the
formalism proposed by Borel and Favrat [19] and Favrat et al.
[20], the exergy efficiency is defined as the ratio between the
exergy rate delivered by the system and the exergy rate
received by the system. The exergy rate delivered by the sys-
tem consists in the electrical power output and in the diffu-
sion exergy of the separated carbon dioxide. The exergy rate
received by the system is reduced to the transformation
exergy received (2). The exergetic cost of the oxygen separa-
tion is considered equal to the ideal diffusion work of the
pure component to its partial pressure in the atmosphere,
which is the diffusion exergy [19]. This exergy efficiency defi-
nition represents a coherent thermodynamic indicator of the
upper bound system performance.

g �
�E�FC �

�
�E�GT � �M�CO2

× esCO2

�M�F × Dk0
F � �M�O2

× esO2

(2)

3.2 Optimization

The objective of the optimization is to choose the design
options that maximize the system efficiency. The influence of
the decision variables on the system efficiency can be also
investigated.

Scheme 2 State of the art hybrid cycle flow-chart.

Scheme 3 System model layout.

O
R
IG

IN
A
L

R
ES

EA
R
C
H

P
A
P
ER

4 © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim FUEL CELLS 00, 0000, No. 0, 1–8www.fuelcells.wiley-vch.de



Facchinetti et al.: Innovative Hybrid Cycle Solid Oxide Fuel Cell-Inverted Gas Turbine with CO2 Separation

The optimization is performed using MOO, a multi-objec-
tive optimizer which is described in ref. [21]. Evolutionary
Algorithms are heuristic methods that base the optimization
procedure on the exploration of the search space, thus allow-
ing to optimize within a non-linear and non-continuous space
of solutions. The search space is defined by the decision vari-
ables and their bounds. The MOO solution is a set of points
in the decision variables space that define the possible trade-
off between the objectives. The Pareto frontier expresses this
compromise delimiting the unfeasible domain from the feasi-
ble but sub-optimal one.

4 Results

Three systems are compared in the results: the new system
firstly with pure oxygen as oxidizer in the combustion cham-
ber (HCox), and secondly with air (HCair), and the state of
the art system (HCP). The decision variables and their range
are presented in Table 1.

The relation between First Law efficiency, exergy effi-
ciency, and pressure ratio is presented in the form of Pareto
curves for the case of maximum TIT equal to 1,573 K in
Figure 1. For HCox and HCair the pressure ratio reference is
that of the anodic side. The system efficiency increases with
the pressure ratio, although the increase becomes less im-
portant toward high pressure ratios. At low pressure ratios
the performances of HCP are more sensitive to changes of the
pressure ratio. In terms of First Law efficiency the confi-
gurations HCox and HCair are equivalent and between
1.3 and 1.7% more effective than HCP. The performance

advantage with respect to HCP is due to the reduction in
compression power and the lower exergy losses enabled by
the new hybrid cycle concept. This gain is more important in
HCox than in HCair, since by avoiding the presence of nitro-
gen a higher amount of water can be condensed and pumped
up, and compensates the penalty due to the pure oxygen
separation required by the oxy-combustion characteristic of
HCox.

However, the First Law efficiency does not consider the
carbon dioxide separation value and in general is not an
exhaustive indicator of energy conversion performance. The
exergy efficiency is the most appropriate performance indi-
cator to estimate the thermodynamic quality of an energy
conversion system. In terms of exergy analysis HCox is the
most performing system: the analysis proves that HCox is
about 3.9% more effective than HCair and around 5.2% more
effective than HCP.

Figure 2 illustrates how the system power output is dis-
tributed between the gas turbines and the fuel cell. Since the
fuel cell allows a more efficient energy conversion compared
to the gas turbine the fuel cell fuel utilization is always maxi-
mized to the upper limit of its allowable range and the gas
turbines power output is limited between 25 and 30% of the
total power output. The reduced compression work enables

HCox to have the highest rate of power sup-
plied by the gas turbines.

For all configurations the optimization
leads to a high fuel cell inlet temperature,
which increases the fuel cell performance,
and to a high steam reforming temperature,
which promotes the hydrogen conversion
enabling to keep the steam to carbon ratio in
a lower range, as required by energy integra-
tion constraints. Figure 3 shows the relation
between the steam to carbon ratio and the
pressure ratio. As the risk of carbon deposi-
tion increases with pressure, the optimal
steam to carbon ratio of HCP increases with
the pressure ratio and is larger than for
HCox and HCair. A larger steam to carbon
ratio means more steam passing through the

Table 1 Decision variables.

Variables Range Variables Range

nsc [0.7–3.5] l [0.6–0.8]
Tsr [K] [973–1,073] p [2.5–6]
Tfc [K] [973–1,073] Tic [K] [298–343]
k [2–10] TITmax [K] [1,173 or 1,573]

Efficiency / -

Pr
es

su
re

 R
at

io
 / 

-

Fig. 1 Efficiency vs. pressure ratio with max TIT = 1,573 K.

/ -

/ -

Fig. 2 Pressure ratio vs. gas turbines power output percentage with max
TIT = 1,573 K.
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fuel cell and thus reduced fuel cell cooling requirement.
Indeed, the optimal HCP fuel cell air excess decreases with
the pressure ratio (Figure 4). HCox and HCair are character-
ized by a nearly constant steam to carbon ratio and fuel cell
air excess.

The cathodic turbine pressure ratio remains nearly con-
stant for HCox while decreases slightly for HCair with
respect to the anodic pressure ratio (Figure 5).

Figure 6 displays the relation between the pressure ratio
and the anodic and cathodic compressor inlet temperatures.
Anodic and cathodic compressor inlet temperatures of HCair

are minimized in order to reduce the compression work.
The compressor inlet temperatures of HCox are slightly
higher than the lower limit of the range. This is due to the
low temperature heat load required by the system energy
integration.

Corrected composite curves of optimal solutions, charac-
terized by the same pressure ratio, are compared in
Figures 7–9. The decision variables describing those solutions
are presented in Table 2. The corrected composite curves
represent the relation between corrected temperature
�T±�DT min�2�� and the heat load specific to the power output.

/ -

/ -

Fig. 3 Pressure ratio vs. steam to carbon ratio with max TIT = 1,573 K.

/ -

/ -

Fig. 4 Pressure ratio vs. fuel cell air excess with max TIT = 1,573 K.

/ -

/ -

Fig. 5 Pressure ratio vs. cathodic turbine pressure ratio with max
TIT = 1,573 K.

/ K

Fig. 6 Pressure ratio vs. compressor inlet temperature with max
TIT = 1,573 K.

/ K

Fig. 7 HCox composite curves of optimal solution with p = 3 and max
TIT = 1,573 K.

Table 2 Decision variables for optimal solutions p = 3 and max
TIT = 1,573 K.

Variables HCox HCair HCP

nsc 1.35 1.30 1.65
Tsr [K] 1,065 1,073 1,071
Tfc [K] 1,072 1,073 1,073
k 3.3 2.6 2.6
l 0.8 0.8 0.8
p 3 3 3
pcathode 2.9 3.0 –
Tic cathode [K] 299 298 –
Tic anode [K] 304 298 –
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The cold curve represents the heat requirements of the cool-
ing water utility, the water and the fuel supplied to the fuel
process unit, the air provided to the cathode, and the steam
reforming reactor. The hot curve represents the heat extracted
to limit the TIT, to cool down the fuel cell and the turbine outlets.

Three pinch points are created in HCox and HCair: at low
temperature by the steam production for the fuel processing,
at intermediate temperature by the steam
reforming, and at high temperature by the
additional heating of the cathodic turbine
inlet. HCP has only the pinch point at low
temperature created by the steam produc-
tion.

The heat load of the two atmospheric sys-
tems is higher with respect to that of the
pressurized system. Two elements contri-
bute to explain this difference: the water con-
densation in HCox and HCair and the differ-
ent air excess in the fuel cell. An important
amount of heat is extracted in the low tem-
perature zone of HCox and HCair for the
water condensation in the anodic flow. The
largest part of this heat is evacuated by the
cooling water utility. In HCP the water is
evacuated as steam in the exhaust gases. The

different air excess explains the residual difference of the heat
load: if the air excess is higher more air is heated up in the fuel
processor unit and more heat is recuperated before the cathodic
compressor. The heat exchanged between the incoming cold air
and the outgoing hot air represents the main fraction of the heat
exchanged in the intermediate temperature zone. In this region
HCox and HCair are characterized by lower exergy losses with
respect to HCP. The possibility to differentiate the cathodic and
anodic pressure ratios enables a reduction in exergy losses, espe-
cially in this intermediate temperature zone. On the contrary in
the high temperature zone, HCP has lower exergy losses. The
high air excess characterizing the combustion in HCP maintains
a low temperature at the turbine inlet, thus reducing the exergy
losses. For the same reason the exergy losses are more significant
for HCox than for HCair, in which the nitrogen injected in the
combustor contributes to cool down the flow.

In conclusion, the influence of a lower TIT is investigated.
The Pareto frontiers obtained considering 1,173 K as TIT limit
are shown in Figure 10. The decision variables characterizing
optimal solutions for p = 3 are presented in Table 3. The
expected decrease in efficiency is around 1.4% for HCox,
around 1% for HCair, and around 2.1% for HCP, in the whole
pressure ratio range. The configurations based on the new
concept are less sensitive to the TIT variation.

/ K

Fig. 8 HCair composite curves of optimal solution with p = 3 and max
TIT = 1,573 K.

/ K

Fig. 9 HCP composite curves of optimal solution with p = 3 and max
TIT = 1,573 K.

/ -

/ -

Fig. 10 Efficiency vs. pressure ratio with max TIT = 1,173 K.

Table 3 Decision variables for optimal solutions p = 3 and max
TIT = 1,173 K.

Variables HCox HCair HCP

nsc 1.31 1.31 1.65
Tsr [K] 1,071 1,073 1,072
Tfc [K] 1,072 1,073 1,073
k 4.4 3.6 3.1
l 0.8 0.8 0.8
p 3 3 3
pcathode 2.6 2.6 –
Tic cathode [K] 298 298 –
Tic anode [K] 314 299 –
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5 Conclusion

A new concept of power generation system integrating a
SOFC operating at atmospheric pressure, two gas turbine
units based on an inverted Brayton cycle and oxy-fuel com-
bustion is introduced. A model of the system has been devel-
oped. Process integration techniques have been used to inves-
tigate several design options and estimate the integrated
system performance. A size-independent analysis has been
carried out to compare the new system with an equivalent
state of the art pressurized hybrid cycle.

Despite the more challenging system regulations and heat
exchangers network definition, due to the integration of two
gas turbines, the advantages offered by the innovative hybrid
cycle with respect to the state of the art, are substantial.

The proposed hybrid system enables higher energy con-
version efficiency, whilst avoiding fuel cell pressurization
technical problems since the fuel cell operates at atmospheric
pressure, and enables carbon dioxide separation, as oxy-fuel
combustion is used. The thermodynamic optimization results
demonstrate that the new system can achieve 80% First Law
efficiency operating with a pressure ratio of 5. In terms of
First Law efficiency the gain with respect the state of the art is
about 1.5%. However, the value of carbon dioxide separation
cannot be evaluated by the First Law efficiency. The exergy
analysis proves that the gain in terms of exergy efficiency
with respect to the state of the art is about 5%. Further perfor-
mance improvement could be expected with an intercooled
compressor of the anodic gas turbine.

List of Symbols

Tic Compressor inlet temperature / K
��� Convention positive into the system
��� Convention positive out of the system
ecryO2

Cryogenic oxygen energetic cost / kJ kg–1

�E Exergy of mechanical work/electricity / W
Tfc Fuel cell inlet temperature / K
�M Mass flow / kg s–1

es Specific diffusion exergy / kJ kg–1

Dk0 Specific exergy value / kJ kg–1

Dh0
i Specific lower heating value / kJ kg–1

Tsr Steam reforming temperature / K

Greek Symbols

e First Law efficiency
k Fuel cell air excess
l Fuel cell fuel utilization
g Exergy efficiency
p Pressure ratio
nsc Steam to carbon ratio

Subscripts and Superscripts

F Fuel
FC Fuel cell
GT Gas turbine
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