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Driven by the search for the highest theoretical efficiency, in the latest years several studies investigated the integration of high temperature fuel cells in 
natural gas fired power plants, where fuel cells are integrated with simple or modified Brayton cycles and/or with additional bottoming cycles, and CO2 can 
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bridging high efficiency with the possibility of capturing the pro-
duced CO2, as anticipated since the work of Hirschenhofer et al. [2]. 
Additionally, thanks to their modular nature, fuel cells can be 
deployed in both large, centralized, and in small, decentralized, 
power generation units (in the order of 10e100 MWe and 1e1000 
kWe, respectively) [3,4]. Alongside the investigation of long-term 
solutions, as direct [5,6] or indirect [7e13] coal-based plants, mostly 
centered on the concept of Integrated Gasification FC cycles (IGFC) 
with CCS [10e13], part of research on power production from fuel 

cells with and without CO2 capture focuses on the use of natural gas 

(NG) as fuel. The development of NG-based fuel cell power cycles 
has long been investigated, mainly driven by the very high 
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Nomenclature

Ex exergy, [MJ kg�1]
FC fuel cell
GT gas turbine
HHV higher heating value, [MJ kg�1]
HT high temperature
HTS high temperature shift
HRSG heat recovery steam generator
ICR intercooled regenerative
LHV lower heating value, [MJ kg�1]
LT low temperature
m mass flow rate, [kg s�1]
NG natural gas
ORC organic Rankine cycle
P power, [MW]
p total pressure, [bar]

Q mole flow rate, [kg s�1]
S entropy, [kW K�1]
SOFC solid oxide fuel cell
ST steam turbine
T temperature, [�C] or [K]
Ua air utilization factor: Ua ¼ O2,consumed/O2,inlet

Uf Fuel utilization factor
V fuel cell potential, [V]
WGS water gas shift

Subscripts
a air
amb ambient
el electric
in inlet
f fuel
th thermal
availability of this clean fuel. The majority of the proposed 
solutions aim at maximizing the plant efficiency by matching the 
heat bal-ance of the natural gas conversion route with the fuel cell. 
There-fore, they rely on high temperature fuel cells, namely Solid 
Oxide Fuel Cells (SOFC) and Molten Carbonate Fuel Cells (MCFC). 
Addi-tionally, both SOFC and MCFC feature the most reasonable 
possi-bilities of being industrialized up to full commercialization in 
the very next decades. Remarkable R&D results have been achieved 
during the last 10e15 years, with rather successful experimenta-
tions in terms of performance, availability and increasingly low 
performance degradation for both fuel cell technologies. On one 
hand, MCFCs have already reached a significant experience in 
terms of large scale installations (above 200 MW [4]) with over 50%
electrical efficiency in multi-MW plants with ORC bottoming cycle 
and increasingly longer cell life [17]; while in the latest years SOFCs 
have demonstrated the potential to reach 60% þ LHV electrical ef-
ficiency from natural gas even at a few kW scale [18e22]. Moreover 
SOFCs are increasingly applied to electric power generation, with 
more than 150 MW of cumulative power [23,24], showing an 
impressive potential for setting up future ultra-high efficiency po-
wer plants.

Based on this background, several studies have been performed 
in recent years on the integration of power production and CO2 
capture within NG-based SOFC, starting with early works in the 
nineties and around 2000 [2,25e27]. The majority of these studies 
consider hybrid cycles, where high temperature fuel cells are in-
tegrated with a simple or modified Brayton cycle, in some cases 
adding a bottoming cycle (e.g. based on steam or ORC). Despite the 
number of publications available in literature on this topic (see for 
instance the review in Ref. [28] or [29e32]), it is very difficult to 
fairly evaluate and compare the several plant solutions proposed, 
mainly because of the different methodologies and assumptions 
adopted. Moreover, FC performance has considerably evolved in 
the latest years, calling for a revision of the studies about their 
potential application. Accordingly, this two-part paper aims at 
providing an overall picture of the ultimate performance of NG-
fuelled, SOFC-based power cycles with and without CO2 capture by 
predicting and comparing the results on the ground of consistent 
assumptions and common methodology. To reach this goal, this 
part A paper is focused on the methodology and on the analysis of 
the reference configurations without CO2 capture. Firstly, the 
different strategies for CO2 capture from SOFC power cycles are 
discussed. Secondly, the simulation tools are explained and the 

SOFC technology level is
defined by calibrating the results of our tool with one of recent 
state-of-the-art SOFC units, representative of 60% þ efficient SOFCs. 
Finally, two different hybrid cycles without CO2 capture are simu-
lated by coupling the SOFC with (i) a conventional steam-based 
Rankine cycle, where the SOFC works at ambient pressure (SOFC þ 
ST), and (ii) a Brayton cycle, where the SOFC is pressurized (SOFC þ 
GT). The presented analysis is strengthened by combining 
considerations from both first and second law efficiency perspec-
tive. The Part B paper discusses the SOFC-based applications with 
CO2 capture and compares the results with the reference cycles in 
terms of first and second law efficiency; moreover, it carries out a 
sensitivity analysis of the results towards the most important SOFC 
performance parameters.

2. SOFC power cycles

2.1. SOFC technology

Solid oxide fuel cells are nowadays considered among the most 
promising fuel-to-electricity conversion units, at least when the 
primary fuel is a hydrocarbon like natural gas. Indeed, as shown in 
Fig. 1, they are able to outperform competitive power technologies 
in most of the power range of interest. When coupled with gas 
turbine or other thermodynamic cycles in ‘hybrid’ configurations, 
they are expected to reach 70% þ class electric efficiencies, which 
make them suitable for ultra-high efficiency power generation 
from natural gas.

Focusing on the case of natural gas feeding, the process occur-
ring in the SOFC (see Fig. 2) consists in the conversion of hydro-
carbons to a H2 and CO mixture through reforming reactions and 
the oxidation of the fuel in the anode with oxygen ions extracted 
from the air at the cathode side and transported across an oxygen 
ion-conducting ceramic electrolyte (classically based on Yttria-
stabilized ZrO2, or doped Cerium oxides for the lower tempera-ture 
range). Besides the intrinsic efficiency gain induced by the 
electrochemical oxidation, the spent fuel and the exhaust gases are 
not mixed with the depleted air, which makes the gas composition 
particularly suitable for an efficient CO2 removal process. Addi-
tionally, as discussed in Section 2.2, one of the key advantages of 
high temperature fuel cells is the possibility to internally sustain 
the natural gas reforming process, exploiting the fuel cell exhaust 
heat to drive the endothermic reforming reactions.

First SOFC installations at around 100 kW scale were



Fig. 1. General schematization of the attainable electrical efficiency as a function of 
plant size in state-of-the-art, fuel-based, power generation solutions (with special 
attention on the use of natural gas). The area of Hybrid FC cycles reports an expected 
(calculated) efficiency range for FC cycles with gas and/or steam turbines.(PEM ¼ 
polymeric electrolyte fuel cell; PAFC ¼ phosphoric acid fuel cells; MCFC ¼ molten 
carbonate fuel cells; SOFC ¼ solid oxide fuel cell; ORC ¼ Organic Rankine Cycle; ICE ¼ 
internal combustion engines; TPV ¼ thermo-photovoltaic units; GT AD/HD ¼ aero-
derivative or heavy duty gas turbines; ST ¼ conventional steam turbine cycles; USC ¼ 
ultra super-critical steam cycles; NGCC ¼ natural gas combined cycles; IGCC ¼ 
integrated gasification combined cycles). (Adapted from Ref. [33]).
demonstrated by Siemens-Westinghouse in the ‘90s based on 
1000�C-class tubular solid oxide fuel cells [3,14]; few years later, 
small scale hybrid systems with recuperated gas turbine cycles 
were tested demonstrating 55% efficiency, with projected perfor-
mance up to 65e70% [14,34,35]. However, in the last decade R&D 
activity on SOFCs has been concentrated on lowering the fuel cell 
operating temperatures, due to concerns about manufacturing 
costs, high temperature materials and cell reliability issues which 
have proven to be extremely challenging at the original operating 
temperatures. Nowadays, most SOFC manufacturers are concen-
trating their efforts around “Intermediate Temperature” SOFC (IT-
SOFC), i.e. 700e800 �C [4,20,23,36], or even around lower tem-
perature, i.e. 500e600 �C, based on updated material formulations 
and manufacturing processes [37]. Keeping the advantages of an 
integrated natural gas reforming process, they have considerably 
improved performance in terms of power density, efficiency and 
resistance to thermal cycles, increasing their chances for a suc-
cessful industrialization [4,38].
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Fig. 2. Operating principles of a SOFC.
2.2. Configurations of SOFC power cycles with and without CO2 capture

A large number of possible plant configurations is proposed in 
the open literature for large scale SOFC-based power plants. An 
overview of the possible strategies for integrating a solid oxide fuel 
cell in a fossil-fuel power cycle without and with CO2 capture is 
represented in Fig. 3, based on an adaptation of the diagram pro-
posed by Ref. [28]. Each node in the figure represents an alternative 
option, which combined can lead to a wide variety of possible 
configurations.

Focusing on the case of natural gas and depending on the type of 
FC integration with the fuel preparation or processing, two main 
plant solutions can be identified: (i) systems where natural gas is e 
partially or totally e internally reformed in the fuel cell 
[26,30,39,40] and (ii) systems where natural gas is reformed before 
the fuel cell, which is therefore fed with a hydrogen rich syngas 
[29,41]. Since steam reforming is an endothermic reaction (see eq.
(1)), heat must be supplied to drive the reforming process. The 
reaction energy can be recovered from the fuel cell itself or taken 
from an external source (e.g. burning part of the fuel), which adds 
an energy consumption and reduces the efficiency. In the first op-
tion the reaction is carried out “internally” or in close thermal 
integration with the fuel cell stack [25,26,34,42], where most of the 
reforming reactions (see Eq. (1)) are developed. In this way, the fuel 
cell waste heat is usefully turned into chemical energy of the 
reformed fuel stream and hence reused in the fuel cell increasing 
its efficiency for a given fuel utilization factor. In addition, the heat 
taken by steam reforming reaction reduces the air flow rate needed 
for fuel cell cooling, hence reducing the flue gas flow rate at the 
plant stack and the associated heat losses, further contributing to 
improving the overall system efficiency.

CxHy þ xH2O4ðy=2 þ xÞH2 þ xCO

CH4: DH
�
r ¼ þ206:2 kJ mol�1

C2H6: DH
�
r ¼ þ347:3 kJ mol�1

C3H8: DH
�
r ¼ þ497:7 kJ mol�1

(1)

This thermal integration could be in principle obtained by 
transporting heat from the fuel cell to an external reformer [29], for 
instance introducing a heat transfer loop. However, this approach 
makes the plant more complex, requiring to add high temperature 
heat exchangers, and introduces heat and parasitic losses due to 
hot fluid circulation. A recent analysis has shown how this affects 
the expected performance, significantly decreasing the efficiency 
with respect to theoretical estimations [31].

Accordingly, most of the proposed solutions rely on the thermal 
integration between fuel cells and natural gas reforming/shift 
section, either with dedicated stack layers (also known as Indirect 
Internal Reforming, IIR) or with a direct integration at the fuel cell 
anode (Direct Internal Reforming, DIR) [3,43], improving also the 
system compactness. Internal reforming requires a careful man-
agement of the internal temperature profile, which typically shows 
a steep change at anode inlet due to the fast reforming kinetics 
[44,45]. With the aim of limiting the thermal gradients and the 
stack stresses, an adiabatic pre-reforming reactor is generally 
added before the SOFC anode inlet, converting part of the hydro-
carbons (and specifically cracking the higher hydrocarbons) before 
the fuel cell. This solution also allows reducing the risk of carbon 
deposition within the fuel cell stack. Some researchers proposed to 
extend the concept to a complete adiabatic external reforming [42], 
showing high overall efficiency but requiring substantial fuel 
recirculation with blowers to transfer sensible heat to the reactor 
and to allow completing the reforming reactions.
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Fig. 3. Overview of conceptual strategies and alternatives for integrating a solid oxide fuel cell in a fossil-fuel power cycle with CO2 capture (adapted from Ref. [28]).
Steam required for NG reforming (both internal and external 
reforming) can be fed from an external water source (e.g. recov-
ering condensed water and raising steam through heat recovery 
from system exhaust gases) [30] or obtained by recycling part of 
the anode exhaust stream [26]. This second solution also enhances 
the global fuel utilization across the fuel cell for a given single 
passage fuel utilization, which can be relatively low since part of 
the un-converted fuel at the anode outlet is recycled to the SOFC 
inlet. Anode recycle can be obtained by a blower or by an ejector 
driven by higher pressure fuel [47]. Despite the rather low 
thermodynamic efficiency of the ejector-based compression 
process, this may be preferable in case high pressure fuel is 
available as it would allow a high temperature recycle while 
avoiding the blower electric consumption.

An additional WGS reactor can be added before the fuel cell, 
which however increases the plant cost and complexity. This 
option is proposed in literature only for pre-SOFC CO2 capture 
configura-tions, where a H2-based fuel is fed to the fuel cell 
[41,46,48].

In case a solid feedstock as coal or biomass is used, fuel is first 
converted to syngas, then cleaned and finally fed to the SOFC. The 
syngas sweetening consists in a desulphurization process, since the 
content of sulphur species (H2S and COS) in syngas derived from 
solid feedstock gasification is much higher than in natural gas. 
Nevertheless, desulphurization is applied also to natural gas in 
order to cope with the low levels (<0.1 ppm) required by SOFCs 
[3,49]. Similarly to the natural gas case, pre-SOFC WGS and CO2 
separation can be employed. Alternatively, a partial CO2 removal 
and a following methanation stage can be envisaged in order to 
enrich the syngas with methane and take advantage of the benefits 
deriving from internal reforming [50].

Another degree of freedom in the design of a SOFC system is air 
preheating. In order to avoid excessive thermal stresses through 
the fuel cell, gas temperature increase along the stack should be 
limited. To this end, heat can be recovered from the gases leaving 
the fuel cell (or the combustor if adopted) by means of high tem-
perature heat exchangers (600e800 �C) [26,30,51] or by recycling 
and mixing part of the cathode exhaust with fresh air [52,53]. 
While the first option implies the use of expensive material, the 
second requires the adoption of an ejector to sustain the recycle, 

thus increasing the auxiliary electric consumptions (fresh air needs
to be pressurized to serve as primary driving gas in the ejector). As 
the two options affect primarily the CAPEX and the OPEX respec-
tively, the choice is driven by an economic analysis.

A major impact on the plant configuration and performance is 
associated to SOFC operating pressure. Pressurized SOFC entails the 
operations in hybrid configuration with a gas turbine cycle. Both 
configurations with moderate pressure (3e6 bar) [26,30] and high 
pressure (around 20e30 bar) [15,51] SOFCs have been proposed. In 
the first case, current SOFC technology can be adopted, usually in 
combination with gas turbines with moderate turbine inlet tem-
peratures (up to 900e950 �C), not requiring blade cooling. In the 
second case, which is indicated for longer term applications, 
pressurized planar SOFC should be coupled with low firing tem-
perature gas turbine engines [54], preferably of large size to take 
advantage of the higher turbomachinery efficiency. In this case, a 
bottoming heat recovery steam cycle is also adopted, so that the 
combination of a topping SOFC with a high efficiency bottoming 
combined cycle (gas turbine þ steam cycle) can lead to high plant 
efficiencies. However, most of the SOFCs proposed by manufac-
turers operate at atmospheric pressure. On one hand, this leads to 
lower plant costs, since stacks can be enclosed in atmospheric 
pressure vessels. On the other hand, pressurization would 
contribute in increasing SOFC voltage and efficiency, thanks to the 
higher partial pressure of the reactants.

When configurations with CO2 capture are considered, a num-
ber of additional process variables has to be defined. A first option 
is to adopt a pre-anode CO2 capture configuration, entailing a fuel 
treatment section based on steam reforming and water gas shift to 
produce a H2/CO2-based syngas. CO2 and H2 can then be separated 
by conventional gas separation processes (e.g. by absorption, 
adsorption, membranes) thus resulting in a fuel cell fed with a H2-
rich fuel [29,30].

Alternative options involve post-anode CO2 capture, aiming at 
removing the CO2 after the partial fuel oxidation in the SOFC. Such 
configurations may take advantage of the air separation intrinsi-
cally performed by the SOFC, which produces anode exhaust gases 
equivalent to the product of partial oxidation by pure oxygen. One 
option for post-anode CO2 separation is therefore to complete 
oxidation with high purity oxygen by oxy-fuel combustion 
[25,26,55]. This process produces a stream of H2O and CO2, from



 

 
 
 

 
 
 

 
 
 
 

 
 
 
 

 
 

 
 
 

 
 
 
 
 
 
 
 

 

 
 

 
 
 
 
 
 
 

which high purity CO2 can be obtained after water condensation. 
While making CO2 separation simple, pure O2 production by con-
ventional cryogenic processes is highly energy-demanding and 
suffers strong scale effects, so that this system becomes most 
competitive for very large plant sizes [56]. A second option for 
post-anode CO2 separation is to treat the anode exhaust in a WGS 
reactor, converting the residual CO into CO2 and H2. CO2 can then 
be separated and the H2 stream may be partly recycled to the fuel 
cell inlet or burned, for example with the cathode exhaust stream. 
Among the possible CO2 separation processes (e.g.: PSA [57], 
membranes [58]), low temperature CO2 condensation appears 
particularly attractive [59], since CO2 concentration after the post-
anode WGS reactor is high (the higher the fuel utilization factor, 
the higher the final CO2 concentration) and no solvent or other 
chemical processes are needed. A competitive option to low tem-
perature phase change separation is physical absorption [25,26]. 
The last post-anode option for CO2 capture is chemical absorption 
on the flue gases resulting from SOFC exhaust combustion [25,30]. 
While this option would be based on the most consolidated sepa-
ration process, it would operate with the lowest CO2 partial pres-
sure stream available and would lose the intrinsic advantages 
introduced by the SOFC in acting as a partial oxidation reactor with 
pure oxygen.

The relations among all the different process configuration op-
tions discussed above, as well as their main advantages and dis-
advantages, are summarized in Table 1.

2.3. Maximum theoretical efficiency

Before assessing the potential of high-efficiency power cycles 
generating electricity from natural gas with CO2 capture, it is 
interesting to define the theoretical efficiency limit which could in 
principle be achieved by such cycles.

For an ideal mixture of ideal gases, the maximum work which 
can be generated by a series of reversible processes taking a mass 
unit of the mixture from its current condition (assigned as pressure 
and temperature, respectively p and T) to thermodynamic equi-
librium with a reference environment (at p0, T0) is equal to its 
exergy, according to the expression [60]:

Ex ¼ ðh� h0Þ � T0ðs� s0Þ þ RT0
X

xi ln
xi
xi;0

(2)

Where, xi and xi,0 are the molar fraction of the i-th chemical species 
considered in the given mixture and in the reference environment.

The exergy of a fuel can be inferred by applying Equation (2) to a 
mass unit of fuel reacting in proportion with a kg of oxidizer while 
producing (1 þ a) kg of products. In the assumption that fuel and 
oxidizer are at the reference conditions, the following expression 
can be applied:

Exf ;0 ¼
h
hf ;0 þ a$hO;0 � ð1þ aÞ$hp;0

i
� T0

h
sf ;0 þ a$sO;0

� ð1þ aÞ$sp;0
i
þ RT0

X
xi;p ln

xi;p
xi;0

(3)

If the fuel is available at conditions (p, T) different from the
reference ones, the additional contribution given by the first two
terms of Equation (2) has to be accounted for:

Exf ¼ Exf ;0 þ
�
hf � hf ;0

�
� T0

�
sf � sf ;0

�
(4)

Considering the case of the assigned natural gas available at
20 bar and 15 �C, the resulting fuel exergy is 48.193 MJ kg�1.

When CO2 capture and storage are performed, in order to fairly
account for the maximum work of the fuel, the previous exergy
figure has to be corrected for the energy required by the CO2 sep-
aration and compression process. This term equals the exergy of
CO2 at T0 and pressure leaving the plant.

ExCO2 ¼ �
hCO2 � hCO2;0

�� T0
�
sCO2 � sCO2;0

�þ RT0 ln
1

xCO2;0
(5)

Where, xCO2,0 is the concentration of CO2 in the environment
(400 ppm). When the properties of the CO2 are calculated accord-
ing to [61], the exergy of CO2 at p ¼ 150 bar and T ¼ 15 �C calculated
from expression (4) is equal to 632.7 kJ kg�1of CO2. Since the
combustion of 1 kg of natural gas releases 2.649 kg of CO2, the
corrected fuel exergy is 46.517 MJ kg�1

In terms of net efficiency, the maximum theoretical value
achievable by reversibly exploiting the fuel in a plant with CO2

capture is 100.08% and 90.41% when the fuel LHV and HHV are
respectively assumed as reference.

3. Simulation tools and SOFC performance

3.1. Simulation tools

The thermodynamic modelling of the assessed power cycles is
carried out with the modular simulation code “GS”, a tool that has
been developed since early 90’s at the Energy Department of
Politecnico di Milano [62]. It can provide highly accurate results in a
variety of complex plant configurations, including gas turbine cy-
cles, combined cycles [63], coal based power plants [64] and hybrid
cycles [15,65]. The code integrates models for the prediction of gas
and steam turbines and FC performance [30,35] and has been
applied to benchmark CO2 capture power plants within specific EU
projects [66].

The plant scheme is reproduced by assembling in a coherent
network the different components selected in a library containing
over 20 basic modules. Built-in rules allow predicting turbo-
machines (gas and steam turbines, compressors) efficiency as a
function of their operating conditions and size. The SOFCs can be
modelled through a lumped volume or zero-D approach, which
calculates mass and energy balances (for more specific in-
vestigations, 2D finite volume codes, able to delve into voltage
prediction, current density and temperature distribution profiles,
are also developed to run in connection to GS). The model requires
to assign the reactant properties at FC inlet (temperature, pressure,
chemical composition and mass flow rate at anode and cathode
inlet), the fuel utilization factor (Uf) inside the fuel cell and the cell
voltage (Vc); then it calculates the outlet stream compositions,
temperatures and electrical output in order to close the overall
energy balance of the fuel cell. According to the simulation re-
quirements it can also run iteratively to set inlet/outlet tempera-
tures and/or reactant utilization according to other boundary
variables.

Coupled with the GS models, the energy balances of the CO2

separation technology with liquefaction and compression are
simulated with ASPEN Plus™ [67].

3.2. SOFC performance and simulation assumptions

In this work the SOFC is simulated assuming the performance of
latest generation IT-SOFC, featuring 60%-class net electric efficiency
in power generation from natural gas. Different manufacturers have
reported the achievement of such high system efficiency, including
Ceramic Fuel Cell Ltd (CFCL, Australia) [18,19], Fuel Cell Energy Inc.
(USA) [17,20], Solid Power (Italy) [21], Bloom Energy (USA) [23,24],
obtained from high efficiency stacks that are typically able to run at
65e68% DC gross efficiency. In this work, we



Table 1
Main advantages and disadvantages of different plant configuration options and mutual dependencies, for natural gas-fed plants with and without CO2 capture.

Option code Option description Relation with
other options

Advantages and disadvantages

Steam reforming A Adiabatic pre-reforming Excludes option B þ Converts higher hydrocarbons and reduces the
risk of carbon deposition in the fuel cell or in the
downstream reformer.

B Heat exchange pre-reforming by waste
heat recovery

Excludes options A þ Converts higher hydrocarbons and reduces the
risk of carbon deposition in the fuel cell or in the
downstream reformer.
þ Efficient recovery of medium-high temperature
heat by chemical recuperation of sensible heat
þ Limited temperature variations in the fuel cell
thanks to the feeding of the FC with a low-CH4 fuel,
leading to a reduced SOFC internal reforming
e Higher air flow rate in the FC needed to keep a
target FC gas exit temperature
e Higher capital cost than adiabatic pre-reforming

C External reforming by autothermal or
fired tubular reforming

Excludes option D þ Avoids the need of steam reforming catalyst in
the FC
þ Minimal temperature variations in the fuel cell
thanks to the minimal CH4 content in the FC fuel.
eMaximum air flow rate in the FC needed to keep a
target FC gas exit temperature
e Maximum capital cost for fuel processing

D Internal reforming SOFC Excludes option C þ Efficient recovery of high temperature heat
generated in the FC
þ The higher the internal reforming, the lower the
air flow rate to keep a given FC gas exit temperature
thanks to the heat absorbed by reforming reaction.
Lower air flow rates result in higher plant efficiency
(higher combustion temperature of FC off-gases,
lower stack losses)
þ Simpler and more compact overall configuration
because it avoids external heat exchangers and
reactors
e Need of reforming catalyst on anode surface:
higher fuel cell cost
e Lower SOFC power density for given voltage, due
to the kinetics of steam reforming limiting the fuel
conversion process, especially in intermediate-low
temperature SOFC.
e Higher temperature variations in the FC due to
the endothermic nature of the steam reforming
reaction

SOFC fuel WGS E Pre-SOFC WGS Needs option C
Excludes option F

þ Risk of carbon deposition in the FC is minimized
by feeding H2

e Increases plant complexity
F Internal WGS SOFC Excludes option E þ More compact and simpler configuration

SOFC fuel
humidification

G Steam from boiler Excludes options H, I þ Simple and easily controllable system
e Demi-water consumption, eventually emitted to
the atmosphere in case of configuration with no
water recovery

H Anode recycle by blower Excludes options G, I þ No additional water consumption
e Additional electric consumption

I Anode recycle by ejector Excludes options G, H þ No additional water consumption
þ High temperature recycle possible, contributing
to fuel preheating to high temperature
þ No additional power consumption, if primary fuel
is available at sufficiently high pressure and
pressure energy is not recovered by a fuel expander.
e In case primary fuel is available at low pressure
(or a fuel expander is used), this is a dissipative
system, which requires a higher compression power
(or leads to lower power generation from fuel
expander) than a recycle blower.

SOFC air
final preheating

J High temperature heat exchanger Excludes option K þ Efficient system, recovering high temperature
waste heat from the FC.
e Need of high temperature and high cost heat
exchanger

K Ejector driven cathode recycle Excludes option J þ Cheap and compact system, not requiring high
temperature heat exchange surfaces
e Dissipative system, lead to higher electric
consumption for air compression

L Atmospheric pressure SOFC with
bottoming Rankine cycle

Excludes options M, N þ Maximum plant simplicity
e Lower cell performance because of the lower

(continued on next page)



Table 1 (continued )

Option code Option description Relation with
other options

Advantages and disadvantages

SOFC operating
pressure and
bottoming cycle

Nernst potential (for the same inlet composition
and temperature) compared to alternative options.

M Moderate pressure (4e8 bar) SOFC with
low b regenerative gas turbine cycle
(uncooled turbine) and optional
Rankine cycle

Excludes options L, N þ Increased SOFC performance thanks to the
increased Nernst potential
e Increased plant complexity due to the need of
balancing air and fuel channels’ pressure and of
containing vessel for the FC

N High pressure (z20e30 bar) SOFC with
high b and high temperature gas
turbine cycle (cooled turbine) and
Rankine cycle

Excludes options L, M þ Maximum plant efficiency
þ A relevant portion of the total power output is
generated by the gas turbine cycle, which has a
lower specific cost than the FC. This may have a
positive effect on the overall plant Capex.
e Maximum plant complexity

CO2 capture process O Oxycombustion of anode exhaust Excludes options P, Q, R þ Relatively low O2 consumption expected
(reducing for increasing SOFC fuel utilization
factors)
þ A virtually complete CO2 capture efficiency is
possible
e High energy consumption for oxygen production
e High cost of ASU, especially at small size,
negatively affects overall plant Capex

P WGS on anode exhaust and CO2/H2

separation
Excludes options O, Q, R
Needs options S or T

þ No need of further steam dilution, since water
produced in the cell by hydrogen oxidation leads to
high S/C
þ H2 can be recovered and efficiently converted by
partial recycle to the FC or by combustion in the
bottoming cycle (especially in case of a gas turbine
cycle)
e CO2 capture efficiency highly depends on the fuel
utilization in the SOFC

Q Pre-SOFC hydrogen production and H2/
CO2 separation

Needs options C, E, S
Excludes options O, P, R

þ Simple configuration in case pre-SOFC steam
reforming and WGS are selected for optimal
operation of the FC
e Solvent system needed for CO2 absorption due to
the relatively low CO2 concentration
eDoes not exploits the intrinsic capability of N2 free
fuel oxidation of SOFCs

R Post-SOFC chemical absorption on air-
combusted anode gas

Excludes options O, P, Q, S, T þ No effect on the base SOFC plant without CO2

capture: easily retrofittable
e Solvent system needed for CO2 absorption due to
the low CO2 concentration
eDoes not exploits the intrinsic capability of N2 free
fuel oxidation of SOFCs
e Low energy efficiency expected due to the heat
required for solvent regeneration

CO2/H2 separation
process

S Physical/chemical absorption Needs options P or Q
Excludes options O, R, T

þ Do not need high CO2 concentrations for efficient
separation
þ CO2 is released at intrinsically high purity
e Heat required for chemical solvent regeneration
e Lower energy efficiency expected compared to
low temperature phase separation, in case of high
initial CO2 concentrations

T Low temperature phase separation Needs option P
Excludes option O, Q, R, S

þ Efficient system in case of high initial CO2

concentrations
e Needs high fuel utilization factors
take as representative example the unit proposed by CFCL: it is a 
micro-CHP unit (1.5e2 kW range) rated at 60% net LHV efficiency 
(AC) and fed with natural gas, to the author’s knowledge repre-
senting the first unit originally proposed on the market at this ef-
ficiency level. The cell has the ability to work at about 750 �C with 
very high air utilization factor (low excess air) and a limited steam-
to-carbon ratio in the reforming process. The unit model has been 
calibrated against the available energy balances [18], which have 
been experimentally confirmed in several pilot installations 
[68,69].

The system layout is given in Fig. 4, reflecting the plant scheme 
reported in Ref. [18] for the micro-CHP system: the fuel utilization 
is 85% and the temperature of the air stream increases from about 
740 �C to 780 �C in the fuel cell. The stack is composed of 51 cells
operating at 43.7 V, resulting in an average cell voltage of about 
0.86 V. The corresponding energy balances have been reproduced 
with the code GS, yielding the results summarized in Table 1. Inlet 
and outlet temperatures at the air side across the fuel cell (735 �C 
and 774 �C) reproduce with good accuracy the balances reported by 
the manufacturer. On the fuel side, it is assumed a temperature of 
380 �C after the pre-reformer and 500 �C at the cell inlet; the 
steam-to-carbon ratio at anode inlet is assumed equal to 2.16.

The air utilization factor has been set to 30.5%, together with 
assuming an appropriate air dilution after the burner, in order to 
respect a final temperature at heat exchanger inlet (point #9 in Fig. 
5) of 830 �C. The mass flow rates are calibrated to yield a gross SOFC 
power output of 1713 W which corresponds to a net electrical 
efficiency of 61.2% (LHV) starting from a thermal power input of



2452.2 kWth (LHV-based), with 221 W of auxiliaries and inverter 
losses. Calculation are consistent with the power balance reported 
in Ref. [18], where the efficiency is 61.3% at the same gross and net 
power output.
 

Table 2
Flow properties and composition (% mol.) in the most relevant points of the SOFC module with the layout of Fig. 4.

Stream T [�C] P [bar] G [mol s�1] M [kg s�1] Composition [%mol]

Ar CH4 Cþ CO CO2 H2 H2O N2 O2

1 15.0 1.2 3.08E-03 5.30E-05 e 91.2 4.5 e e e e 4.3 e

2 350.0 1.2 1.01E-02 1.74E-04 e 29.2 e 1.4 e 2.9 65.1 1.3 e

3 20.0 1.2 8.35E-02 2.41E-03 0.9 e e e 0.0 e 1.0 77.3 20.7
4 500.0 1.1 1.01E-02 1.74E-04 e 29.2 e 1.4 e 2.9 65.1 1.3 e

5 735.0 1.1 8.35E-02 2.41E-03 0.9 e e e 0.0 e 1.0 77.3 20.7
6 771.9 1.1 1.60E-02 3.40E-04 e e e 2.0 17.3 9.5 70.4 0.8 e

7 771.9 1.1 7.83E-02 2.24E-03 1.0 e e e 0.0 e 1.1 82.4 15.5
8 911.6 1.1 9.33E-02 2.58E-03 0.8 e e e 3.3 e 14.6 69.3 12.0
9 830.0 1.0 1.04E-01 2.89E-03 0.8 e e e 3.0 e 13.2 70.1 12.9
10 125.6 1.0 1.04E-01 2.89E-03 0.8 e e e 3.0 e 13.2 70.1 12.9
11 15.0 1.2 6.72E-03 1.21E-04 e e e e e e 100 e e

12 615.7 1.2 6.72E-03 1.21E-04 e e e e e e 100 e e

13 20.0 1.2 1.08E-02 3.10E-04 0.9 e e e 0.0 e 1.0 77.3 20.7
Comparably similar performance and operating conditions are 
reported also for other 60%-class efficient SOFCs, although they 
may have different plant arrangements. As an example, the authors 
recently applied the same modelling approach to other types of 
SOFCs, according to available literature details, confirming the 
validity of these results [22].

The same kind of fuel  cell e keeping the same reformer
arrangement, overall fuel utilization factor and voltage e has been 
used to simulate the performance of a large scale power plant 
with and without CO2 capture, as discussed in the following 
Section. The idea of keeping the same FC operating features when 
running on a much larger scale must not surprise, since fuel cells 
are inherently a highly modular technology. However, on a larger 
scale some advantages would appear in terms of improved 
auxiliary system efficiency due to scale effects (e.g. blowers and 
fans, DC/AC conversion losses). On the other hand, some diffi-
culties may arise from the necessity of redesigning the system
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Fig. 4. Layout of the IT-SOFC module calibrated against the performance of the SOFC
integration for the connection of a large network of FC stacks with
a centralized gas turbine system, as proposed in this work. System
design would therefore bring about layout-specific losses (e.g.
piping thermal and pressure losses) which are not considered in
the simulations. Losses are in fact calculated as concentrated on 
each main component (heat exchangers, splitters and mixers, 
chemical reactors); it is worth noting that the proposed plant 
configurations take into account the necessity of limiting the 
maximum piping temperatures and pressures to reasonable values 
throughout the cases assessed.

The design point calculation assumptions of the SOFC-based 
power plants, which will be described in Section 4, are reported 
in Table 3.
4. Reference power cycles

This section describes the two natural gas fed SOFC-based po-
wer plants, taken as a reference in this work. In both cases, the fuel 
power input has been fixed to 100 MWth (based on natural gas 
LHV). The first configuration discussed (Section 4.1) exploits the 
integration of an atmospehric SOFC with a steam cycle, whilst the
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 unit assumed as a reference. Mass and energy balances are reported in Table 2.



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 

 
 

second one features a pressurized SOFC with an ICR gas turbine 
engine (Section 4.2).

It is worth nothing that in both cases steam required for NG
reforming is supplied by recirculating part of the anodic product
through an ejector rather than generating steam in a dedicated heat
exchanger. Although this plant modification departs from the SOFC
configuration described in Section 3.2, the cell anodic recycle is a
well-known solution (applied in the past [14,52] as well as today by
several of the quoted manufacturers) which eliminates the need of
steam pipeline and heat exchanger sys-tem, taking steam from the
oxidized products to sustain the reforming process. This
arrangement avoids additional water consumption and the costs
associated to water treatment; an issue of utmost importance for
medium/large scale applications as those studied in this work. The
adoption of anode recirculation brings about another key
difference with respect to the config-uration in Section 3.2, since
the same overall fuel utilization (kept at 85%) is now reached with a
much lower single-pass fuel utilization, set at 67.2%. Reducing the
single-pass fuel utilization allows decreasing the cell temperature,
current density and reactant composition gradients. In addition,
recent studies report a general rise of the fuel cell performance
[71,72] along with the ability of the pre-reforming reactor to reach
chemical equilib-rium [42] when the anode off-gas recirculation is
adopted, compared to that without anodic recycle. The recycle mass
flow is determined in order to ensure a steam-to-carbon ratio (S/C)
at the pre-reformer inlet of 2.0, coherently with the reference case
of Fig. 2. The pre-reforming reactor works adiabatically and is
calculated at equilibrium.

4.1. Atmospheric pressure SOFC þ ST cycle

As already mentioned, the first reference power cycle is based on
the integration of an ambient pressure operating SOFC with a steam
turbine (ST) bottoming cycle (Fig. 5). SOFCs are arranged in a
network of modules, each including a high temperature air pre-
heater, a burner for anode off-gas combustion and an anode recycle
loop based on ejectors, driven by the primary NG feeding.

Prior entering the SOFC module, the natural gas pre-treatment
section consists of a low temperature desulphurization reactor.
Sulphur compounds in natural gas are related to traces of H2S as
well as to odorants (mercaptans, tiophenes). Desulphurization is
carried out to respect the tolerance limit of SOFC catalytic materials,
generally Ni-based, which require to work below 0.1 ppm of total
sulphur content [3]. The desulphurization reactor is a commercially
available technology [49] and consists of a fixed bed, temperature
swing-based, adsorption process. Natural gas is desulphurised
flowing at ambient temperature through the sulphur-selective
adsorbent. When the sulphur compound front reaches the end of
the bed, natural gas is switched to a different column while the
spent bed undergoes the temperature-based regeneration process.
Sorbent is typically regenerated at 300 �C by flowing a purge
stream (e.g. air, nitrogen).

Afterwards, the desulphurised natural gas mixes with the
anodic recycled stream throughout the use of an ejector; the
required recycle rate to ensure an S/C ¼ 2 is approximately 64% of
the total anode outlet stream.

The fuel cell configuration is assumed to reproduce on a larger
scale the performance discussed in Section 3.2. In order to respect
the reference operating conditions, a once-through (i.e. between
point #15 and #16 in Fig. 6) fuel utilization factor has been set to
approximately 67.2%, in order to obtain the expected global Uf
value (85%) (i.e. between point #13 and #17). It is worth noting
that, original cells may have specific flow field arrangements and
multiple-pass flow designs exploited to reach the declared Uf ;
despite these geometrical configurations are not considered in the 
present modelling, the adopted assumptions permit to comply
with overall cell balances and global Uf , which are therefore 
correctly reproduced. The inlet and outlet temperatures of the cell 
stack have been slightly modified with respect to the reference 
case in order to meet the additional plant assumptions and 
constraints.

At the outlet of each SOFC stack, an off-gas combustor is 
employed to complete the oxidation of the non-recycled stream 
leaving the anode. The combustion exploits the oxygen remain-ing 
in the fuel cell cathode outlet stream, which is sufficient to respect 
the assumed limit of the minimum oxygen fraction at combustor 
outlet of 1.5%. In order to meet the constraints on the minimum O2 
molar fraction at the combustor outlet, it was necessary to toggle 
the air inlet temperature, with respect to the reference case 
previously introduced. The temperature level at the cell inlet 
indeed influences the air flow rate required to cool the cell, which 
depends on the imposed fuel utilization factor. Consequently, a 
change in the inlet temperature leads to a change in the air mass 
flow rate and therefore of the O2 molar fraction.

All these components lie within the boundaries of the ‘SOFC 
module’ evidenced by the dashed line in Fig. 5, representing the 
repeated unit that builds up the FC network. In addition, each SOFC 
module includes a cathodic air pre-heater, which operates using 
the hot gases exiting the combustor (point #6) to preheat inlet air 
(from point #3 to point #4); the preheater (which is represented 
for simplicity as a single unit) includes a counter-flow and a co-
flow section, in order to decrease the maximum wall temperatures 
at the hot end, as shown in the lower part of Fig. 5. This set of 
modular heat exchangers located within the ‘SOFC module’ is 
employed mainly to reduce the temperature of the external 
pipeline network which supplies the spent fuel to the centralized 
steam bottoming cycle, allowing the use of less expensive materials 
and reducing heat losses. The same modular arrangement will be 
adopted later for the pressurized configuration, which relies on a 
centralized gas turbine cycle.

Hot gases exiting the modules at around 650 �C (point #7) are 
transported to a centralized steam cycle, producing high pressure 
superheated steam (T ¼ 400 �C, p ¼ 40 bar) in a heat recovery 
boiler, as evidenced by the temperature-heat duty diagram in the 
lower part of Fig. 5.

The SOFC air utilization factor has been considered to attain a 
cell outlet temperature of 800 �C, according to the value pro-posed 
by the manufacturer [18]; the  final air utilization factor is 78.3%. 
The remarkably higher air utilization, with respect to the reference 
case of Fig. 5 (where Uair ¼ 30.5%), reflects (i) a moderately higher 
temperature rise of the air stream (46 �C vs. 35 �C at the cathode), 
however well below critical values; and
(ii) a different mass flow rate proportion of the reactant streams 
entering the fuel cell: while in the first case the great majority of 
heat generated by the cell was transferred to the cathode stream, 
here the adoption of anode recycle brings about a higher (in 
relative terms) anode flow rate (stream #15), featuring a higher 
heat capacity, so that heat is transferred with a more equilibrated 
ratio to the cathode and anode streams. The resulting specific

work of the fuel cell is 1866 kJ kgair�1 and 3919 kJ kgfuel�1 vs.
710.8 kJ kgair�1 and 9844 kJ kgfuel�1 of the first calibration case. On
the other hand, we neglect any effect of the variation of air uti-
lization on the cell voltage, which is kept at the same value of the
first calibration (0.86 V); the minimum oxygen content at
the cathode outlet (stream #5) is anyway above the assumed
limit of 5%.

It is worth noting that the achievement of high voltages with
high reactant utilization, as proposed in this simulation, calls for
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Fig. 5. Atmospheric SOFC þ ST power plant without CCS (above) and related cumulative Temperature-Heat duty diagram (below) for the SOFC module exhaust gases cooling
section.
the adoption of adequate flow distribution geometries; indeed such
voltage could not be obtained with a simple co-flow arrangement
due to limitations on the Nernst voltage at cell outlet. On the other
hand, counter-flow geometries as well as multiple-pass or flow
splitting arrangements allow increasing the reactant utilization
without penalizing the voltage, as discussed by Li et al. for the
analysis of IGFC cycles [73] and introduced by  Selimovic [74]
while avoiding hot spots and too steep thermal gradients within
the cell. Discussion of flow arrangement effects on SOFC
performance requires 1D or multi-dimensional model-ling
approaches [44,73], which will be applied in future work related to
this analysis.
    The bottoming cycle turns out to be a medium-scale steam cy-cle;
its thermodynamic conditions and plant configuration are
consistent with those reported by Consonni et al. [70] for similar 
size waste-to-energy Rankine cycles. The turbine isentropic effi-
ciency has been assumed at 85%, reflecting an optimized design 
[63].

In this layout, the most critical operating conditions are found in 
the high temperature air pre-heater. In order to limit the heat 
exchanger wall temperature, proper arrangement of the streams 
should be considered. For example, the HT air preheater may be 
arranged with the hottest section with co-current flow configu-
ration and the colder section with counter-current flows, allowing 
to achieve the target air temperature while keeping sufficiently low 
wall temperatures. This configuration is considered in the lower 
part of Fig. 5, showing the temperature e heat duty diagram of the 
heat exchanger network. The details about stream



Table 3
Simulation assumptions.

Ambient conditions

Temperature [�C] 15.0
Pressure [bar] 1.013
Relative humidity [%] 60.0

Natural gas chemical properties

Molar composition [%mol] CH4: 89.0, CO2: 2.0, C2H6: 7.0, C3H8: 1.0, N2: 0.89, C4H10: 0.11
LHV [MJ/kg] 46.482
Fuel LHV power input [MWth] 100.0

SOFC

Minimum air inlet temperature [�C] 735.0
Anode and cathode outlet temperature [�C] 800.0
Cell voltage [V] 0.86
Fuel utilization factor (overall) [%] 85.0
Minimum O2 molar fraction at SOFC outlet [%mol] 5.0
Air and fuel channels pressure losses [%] 3.0
Heat loss [% of fuel LHV] 2.0
DC/AC electrical efficiency [%] 97.0

Inter-cooled recuperative gas turbine (IC-RGT)

Inlet air filter pressure loss [%] 1.0
LP compressor pressure ratio [�] 2.068
HP compressor pressure ratio [�] 2.0
HP/LP compressors polytropic efficiency [%] 89.7/88.9
Combustor pressure losses [%] 3.0
Turbine polytropic efficiency [%] 92.3
Mechanical efficiency of compressor/turbine [%] 99.7
Generator electric efficiency [%] 98.0
Maximum TIT [�C] 950.0
GT rotating speed [rpm] 8000

Steam cycle

Evaporation pressure [bar] 40.0
Maximum steam temperature [�C] 400.0
Subcooling DT at evaporator drum inlet [�C] 5.0
Pressure drop at steam turbine inlet [%] 5.0
Pressure drop in steam super-heater 3.5
Pressure drop in evaporator [%] 0.0
Pressure drop in economiser [%] 20.0
Temperature drop in superheater to turbine piping [�C] 2.0
Condensing pressure [bar] 0.048
Turbine isentropic efficiency [%] 85.0 [63]
Feed water pump hydraulic efficiency [%] 85.0
Turbine mechanical efficiency [%] 99.6
Generator electric efficiency [%] 98.5

Pre-reformer

Pre-reformer inlet S/C ratioa [�] 2.0

Low temperature sulphur removal

Operating temperature [�C] 15.0
Fuel pressure loss Dp/pin [%] 3.0

Heat exchangers

Hot and cold side Dp/pin [%] 2.0
LT and HT air regenerators Dp/pin [%] 3.0
Heat losses [% of heat transferred] 0.7
Minimum gas-evaporating water DT (pinch-point) [�C] 10
Minimum DT in gasdwater heat exchangers [�C] 15
Minimum DT in gasdgas heat exchangers [�C] 30

Miscellaneous

Minimum combustor outlet O2 molar fraction [%mol] 1.5
Minimum exhaust temperature at stack [�C] 80.0
Air fan isentropic efficiency [%] 80.0
Air fan mechanical-electrical efficiency [%] 94.0
Electric auxiliaries for heat rejection [% of heat rejected] 0.8

a S/C value has been calculated vs. reactive carbon-based molecules (i.e. total carbon except CO2).
thermodynamic conditions and chemical compositions are re-
ported in Table 4.

Based on SOFC performance discussed at point 2.2 and
optimizing the bottoming cycle parameters, it is possible to achieve
a very high overall cycle electrical efficiency, exceeding 75% LHV, as
reported in the following.



4.2. Pressurized SOFC þ GT cycle

The proposed power cycle is an evolution of the cycle originally
described in Campanari and Chiesa [25,26]. Original results were
very attractive in terms of thermodynamic balances, reaching a
69.3% net electric efficiency with 90% CO2 capture, using an
intercooled gas turbine cycle (pressure ratio close to 4, turbine
inlet temperature 900 �C), without bottoming cycles. The esti-
mated cycle efficiency without CO2 capture was about 72%. The
original configuration of this power cycle was based on fuel cells
operating at around 1000 �C, corresponding to first-generation
SOFCs developed in the ’90s and early 2000. Assuming the cell
voltage at 0.7 V, the SOFC delivered about 74% of the total power
output, the remaining being generated by the syngas expander
and the gas turbine. Thanks to the high SOFC temperature, the GT
cycle operated with a turbine inlet temperature close to 900 �C,
allowing to obtain a significant power production from the gas
turbine cycle.
Fig. 6. Pressurized SOFC þ GT power plant without CO2 capture (above) and related
The configuration we propose in this work is an evolution of 
that power cycle layout, considering the SOFC performance 
discussed in Section 3.2. As shown in Fig. 6, it differs from the 
original one in several points:

� The SOFC works with a very high fraction of internal reforming,
since the low temperature pre-reformer (the equilibrium tem-
perature is 568.1 �C) acts mainly on higher hydrocarbons (i.e.
C2H6, C3H8, C4H10 in our simulations) which are reformed before
entering the fuel cell;

� The lower SOFC operating temperature brings about a redesign
of the heat recovery and air preheating section, now exploiting
high temperature thermal power from anode exhaust cooling
and lower quality heat to pre-heat air in the recuperative heat
exchanger of the gas turbine engine.

� Steam injection in the gas turbine is no longer adopted, aiming
to avoid any external supply of demineralized water.
cumulative Temperature-Heat duty diagram (below) of the air heating section.



Table 4
Thermodynamic conditions and chemical compositions of the main streams of atmospheric SOFC þ ST power plant without CO2 capture.

Stream T [�C] P [bar] G [mol s�1] M [kg s�1] m � LHV Composition [%mol]

[MW] Ar CH4 CO CO2 Cþ H2 H2O N2 O2

1 15.0 1.00 1302.20 37.6 e 0.92 e e 0.03 e e 1.03 77.28 20.73
2 34.3 1.20 1302.20 37.6 e 0.92 e e 0.03 e e 1.03 77.28 20.73
3 131.0 1.19 1302.20 37.6 e 0.92 e e 0.03 e e 1.03 77.28 20.73
4 753.8 1.16 1302.20 37.6 e 0.92 e e 0.03 e e 1.03 77.28 20.73
5 799.9 1.12 1090.80 30.8 e 1.10 e e 0.04 e e 1.24 92.26 5.37
6 1155.8 1.09 1427.20 39.7 e 0.84 e e 9.10 e e 17.98 70.59 1.50
7 679.1 1.05 1427.20 39.7 e 0.84 e e 9.10 e e 17.98 70.59 1.50
8 600.3 1.04 1427.20 39.7 e 0.84 e e 9.10 e e 17.98 70.59 1.50
9 263.5 1.04 1427.20 39.7 e 0.84 e e 9.10 e e 17.98 70.59 1.50
10 166.8 1.02 1427.20 39.7 e 0.84 e e 9.10 e e 17.98 70.59 1.50
11 80.0 1.01 1427.20 39.7 e 0.84 e e 9.10 e e 17.98 70.59 1.50
12 15.0 20.00 119.40 2.2 100.0 e 89.00 e 2.00 8.11 e e 0.89 e

13 15.0 19.40 119.40 2.2 100.0 e 89.00 e 2.00 8.11 e e 0.89 e

14 651.9 1.20 781.09 17.9 133.5 e 13.61 5.07 24.59 1.24 11.81 43.30 0.38 e

15 520.6 1.16 841.04 17.9 137.7 e 11.55 4.45 26.66 e 24.16 32.83 0.35 e

16 799.9 1.13 1035.30 24.7 52.5 e e 5.99 28.67 e 13.94 51.11 0.28 e

17 799.9 1.13 373.59 8.9 18.9 e e 5.99 28.67 e 13.94 51.11 0.28 e

18 799.9 1.13 661.68 15.8 33.5 e e 5.99 28.67 e 13.94 51.11 0.28 e

19 32.3 0.048 482.92 8.7 e e e e e e e 100 e e

20 104.1 5.60 483.48 8.7 e e e e e e e 100 e e

21 139.9 3.60 517.34 9.3 e e e e e e e 100 e e

22 245.4 40.00 517.12 9.3 e e e e e e e 100 e e

23 250.4 40.00 517.12 9.3 e e e e e e e 100 e e

24 398.0 36.67 517.12 9.3 e e e e e e e 100 e e

25 32.2 0.048 403.05 7.3 e e e e e e e 100 e e

26 148.7 3.79 34.14 0.6 e e e e e e e 100 e e

27 108.6 1.37 60.00 1.1 e e e e e e e 100 e e
With respect to the SOFC þ ST case, the HT air preheaters located 
close to the SOFC modules feature a much lower overall thermal 
duty (~4.0 vs. 25.5 MWth) and lower, although still demanding, 
expected wall temperatures due to the lower temperature of the 
gas from the combustor. Aiming to reduce the maximum wall 
temperatures, the HT air preheater work in a co-current configu-
ration. As a partial counterpart, the cycle adopts a large centralized 
gas-air recuperator in the GT cycle, featuring a thermal duty of 
about 38 MWth. The temperature-heat diagram of this plant is 
shown in the lower part of Fig. 6.

The air mass flow rate at compressor inlet is about 58.1 kg s�1,
Table 5
Thermodynamic conditions and chemical compositions of the main streams of pressuriz

Stream T [�C] P [bar] G [mol s�1] M [kg s�1] m � LHV Com

[MW] Ar

1 15.0 1.01 2015.40 58.1 e 0.92
2 89.5 2.07 2015.40 58.1 e 0.92
3 35.0 2.03 2015.40 58.1 e 0.92
4 111.1 4.07 2015.40 58.1 e 0.92
5 656.0 4.07 2015.40 58.1 e 0.92
6 656.0 4.07 1278.60 36.9 e 0.92
7 656.0 4.07 736.79 21.3 e 0.92
8 752.2 3.83 1278.60 36.9 e 0.92
9 799.9 3.72 1067.30 30.1 e 1.10
10 741.2 3.72 1804.10 51.4 e 1.03
11 1002.1 3.60 2140.40 60.3 e 0.87
12 949.9 3.51 2140.40 60.3 e 0.87
13 686.0 1.03 2140.40 60.3 e 0.87
14 200.9 1.01 2140.40 60.3 e 0.87
15 15.0 20.00 119.41 2.2 100.0 e

16 15.0 19.40 119.41 2.2 100.0 e

17 651.9 4.41 781.10 17.9 133.5 e

18 568.1 4.28 822.78 17.9 136.2 e

19 799.9 4.15 1035.30 24.7 52.5 e

20 799.9 4.15 373.60 8.9 18.9 e

21 799.9 4.15 661.70 15.8 33.5 e
similar to a mid-size aero-derivative gas turbine; however, given
the low TIT, necessary to avoid the use of blade cooling, the
power output of the gas turbine cycle is limited to 10.7 MW, with
an electric specific work of 184 kJ kg�1 (vs. typical values of
350e450 kJ kg�1 for state-of-the-art gas turbines). To recover the
flue gas heat at the recuperator outlet and given that no bot-
toming cycles (e.g. organic Rankine cycles-ORC) are used, an
intercooled GT configuration has been chosen despite the limited
pressure ratio. As a matter of fact, an additional bottoming cycle
would have introduced additional plant complications without
giving a remarkable performance benefit; on the other hand, the
ed SOFC + GT power plant without CCS.

position [%mol]

CH4 CO CO2 C+ H2 H2O N2 O2

e e 0.03 e e 1.03 77.28 20.73
e e 0.03 e e 1.03 77.28 20.73
e e 0.03 e e 1.03 77.28 20.73
e e 0.03 e e 1.03 77.28 20.73
e e 0.03 e e 1.03 77.28 20.73
e e 0.03 e e 1.03 77.28 20.73
e e 0.03 e e 1.03 77.28 20.73
e e 0.03 e e 1.03 77.28 20.73
e e 0.04 e e 1.24 92.59 5.03
e e 0.03 e e 1.16 86.34 11.45
e e 6.08 e e 12.33 72.82 7.91
e e 6.08 e e 12.33 72.82 7.91
e e 6.08 e e 12.33 72.82 7.91
e e 6.08 e e 12.33 72.82 7.91
89.00 e 2.00 8.11 e e 0.89 e

89.00 e 2.00 8.11 e e 0.89 e

13.61 5.07 24.59 1.24 11.81 43.30 0.38 e

12.92 4.58 26.12 e 20.23 35.81 0.36 e

e 5.99 28.67 e 13.94 51.11 0.28 e

e 5.99 28.67 e 13.94 51.11 0.28 e

e 5.99 28.67 e 13.94 51.11 0.28 e



Table 6
Overall energy balances of pressurized (SOFC þ GT) and atmospheric (SOFC þ ST) power plants, without CCS.

Plant performance Atmospheric plant (SOFC þ ST) Pressurized plant (SOFC þ GT)

Fuel inlet (LHV) [MW] 100 100
Fuel cell net AC power [MW] 68.06 68.06
GT net electric power [MW] e 10.71
ST electric power [MW] 8.06 e

Auxiliaries electric power [MW] �0.91 �0.03
Net electric power [MW] 75.20 78.74
Net electric efficiency HHV [%] 67.93 71.14
Net electric efficiency LHV [%] 75.20 78.74
CO2 emission [kg s�1] 5.72 5.72
CO2 specific emission [kg MWh�1] 273.59 260.50
chosen design reduces the GT compressor consumption, thus
increasing the gas turbine specific work output, although adding
the costs related to the intercooler.

As already discussed for the atmospheric plant, the air utiliza-
tion is set to achieve a cell outlet temperature of 800 �C, here
reaching 79.7% (the specific work generated by the cell is
1900.3 kJ kgair�1 and 3918 kJ kgfuel�1 ). This allows also keeping a suf-
ficiently high turbine inlet temperature and decreasing the
required air mass flow rate handled by the gas turbine cycle.

It can be noted from Fig. 6 that the arrangement of the SOFC 
module remains unchanged compared to the atmospheric refer-
ence case; the only modification in the plant layout is the presence 
of a by-pass air stream (point #7) required to comply with the 
limitations on the maximum turbine inlet temperature. A minor 
difference comes from the different equilibrium of the pre-
reforming reaction, moving towards the reactants due to pressur-
ization, thus leading to a larger reforming effect within the fuel cell 
channels and lower cooling air requirement.

The cell voltage has been kept for simplicity to the value of 0.86 
V, resulting from the reference SOFC calibration, neglecting both 
the positive effects on the current density due to pressuri-zation 
and the negative effects of the higher air utilization factor and the 
increased electronic leakage current, which generally characterises 
the high pressure operation [38]. However, a sensi-tivity analysis is 
reported in Part B of this work to highlight the effects of different 
fuel cell operating voltages and fuel utilization on plant 
performance. The final results are significantly different from the 
original papers [25,26], but confirm the possibility of reaching very 
high overall efficiencies. Details about composition and 
thermodynamic properties of most relevant streams are shown in 
Table 5.
Table 7
Second law analysis of the considered cycles.

II law losses DhII (%)

Atmosph

I. SOFC Electrochemical Reactions
II. Other SOFC losses
III. Combustor
IV. Air blower/compressor
V. Turbine
VI. Mech., el. and auxiliary
VII. GT Recuperator
VIII. Air HT pre-heater
IX. HRSG
X. Other heat and pressure losses
XI. Stack/Waste heat losses
XII. Pre-reformer
XIII. Steam cycle
Second law efficiency hII

Inlet fuel exergy [MW]
5. Comparison of the power cycles

The power balance of the two plants assessed is shown in Table 
6 and is sustained in both cases primarily by the SOFC, which 
generates 86.4% and 90.5% of the net power output, respectively in 
the pressurized and in the atmospheric case. The gas turbine and 
steam power cycles account for the production of the comple-
mentary power generation. Both power cycles reach an extremely 
high net electrical efficiency, 3.5% higher for the pressurized plant 
(78.74% vs. 75.20%). From a first law analysis, the reported differ-
ence in terms of attained overall efficiencies is mainly related to the 
nature and the amount of energy dissipated to the environment; 
the condenser is the main component for low temperature energy 
dissipation in the SOFC þ ST configuration and accounts for 16.0% 
of efficiency penalty; in addition, the stack losses constitute the 
sec-ond most important dissipation term, 8.73% of the total inlet 
thermal power. Comparing the two losses in the atmospheric and 
in the pressurized cases, the SOFC þ GT results in a lower energy 
dissipation (21.3% vs. 24.7%).
5.1. Second-law analysis

A better thermodynamic understanding of the results can be 
obtained by means of a second law analysis. The second law effi-
ciency is defined as [60]:

hII ¼
Pel

Exf �mf
(6)

while the second law losses are defined as:
Cycle configuration

eric SOFC þ ST Pressurized SOFC þ GT

3.600 3.470
3.354 3.355
4.160 5.141
0.135 0.744
e 0.866

0.045 0.552
e 1.796

4.667 0.568
3.057 e

2.791 2.649
3.297 6.333
0.448 0.293
2.685 e

71.761 74.233

104.97 104.97



Fig. 7. Irreversibility repartition in the a) SOFC þ ST and b) SOFC þ GT power plant configurations.
DhII ¼
TambDS
Exf �mf

(7)

Table 7 gives the various second-law efficiency losses, grouped 
in the following terms:

I Irreversibility occurring in the fuel cell for electrochemical
reactions and internal heat Exchange

II DhII other irreversibility losses occurring in the fuel cell
(including power conditioning, heat losses, pressure drops,
etc.)
III Irreversibility of the combustion
IV Fluid-dynamic losses for air compression
V Turbine expansion fluid-dynamic losses
VI DhII all GT mechanical/electrical losses and cycle auxiliary

losses
VII Heat transfer, heat losses and pressure drops occurring in the

gas turbine recuperator
VIII Heat transfer, heat losses and pressure drops occurring in the

HT air pre-heater
IX Heat transfer, heat losses and pressure drops occurring in the

HRSG



X Heat transfer, heat losses and pressure drops occurring in all
other heat exchangers, filters, ducting and valves

XI Stack/waste heat losses
XII Irreversibility of the pre-reformer reaction
XIII Irreversibility of the steam cycle

Results are expressed graphically in Fig. 7. The second law 
analysis suggests that:

� The atmospheric case is characterised by larger thermal and
heat transfer losses compared to the pressurized plant. This is 
mainly due to high irreversibility in the HT air pre-heater 
(4.667%), which features rather large temperature differences 
and an important heat duty (25 MW, see Fig. 7), in the HRSG 
(2.95%) and the additional losses of various nature related to the 
steam cycle.

� The pressurized case, on the other hand, requires a recuperator
which brings about lower irreversible losses (1.80%) thanks to 
the smaller temperature differences, although featuring a larger 
heat duty (34.2 MW, see Fig. 6).

� As expected, stack losses in the pressurized SOFC þ GT config-
uration are higher than in the SOFC þ ST but less detrimental in
the second law balances compared to their efficiency penalties
computed with the energy balance. On the other hand, the
second law analysis shows that the main exergy dissipations are
associated to the combustion and the electrochemical oxidation
processes. In both proposed cycles the electrochemical losses
and the combustor losses are comparable in magnitude (11.11%
and 11.96%). On the whole, the greater thermodynamic effi-
ciency of the electrochemical devices compared to conventional
fuel oxidation processes is confirmed.

� The total value of SOFC losses is limited and ranges between
6.8% and 7.0%, indicating that further SOFC performance im-
provements would impact on rather small figures. It is note-
worthy that the losses due to the pure electrochemical oxidation
process result comparable to those of the other SOFC processes
(heat and pressure losses, DC/AC conversion).

6. Conclusions

This work presented the thermodynamic analysis of two ultra-
high efficiency SOFC power cycles designed for electricity genera-
tion using natural gas as a fuel. In this Part A of the work, only cases
without CO2 capture were considered. With the aim of having a
well-defined simulation framework, particular attention was
dedicated to highlight the operating conditions and the assump-
tions adopted for each plant component. Following a comprehen-
sive analysis of possible plant configurations with respect to the
main design options, the proposed plants are based on an
integrated-reforming concept where fuel is reformed within the
SOFC, operated at intermediate temperature (about 750 �C). The
fuel cell follows the specifications of a state-of-the-art advanced
unit, representative of 60% þ electrical efficiency SOFCs. Concern-
ing the two plant configurations, the first considers a FC working at
atmospheric pressure, whereas the second is based on a moder-
ately pressurized stack (named SOFC þ SC and SOFC þ GT,
respectively). Accordingly, the excess heat in the cell exhaust is
recovered with a Rankine cycle in the former and with a Brayton
cycle in the latter.

Results show that both the configurations feature a very high
net electrical efficiency: 75.20% and 78.74% (LHV basis) for
SOFC þ SC and SOFC þ GT, respectively. While on one hand the
SOFCþ GT plant shows a higher efficiency, on the other it requires a
pressurized stack system. With the aim of identifying the major
contributions to the degradation from chemical to thermal energy,
the proposed solutions were also investigated from a second-law
perspective. The second law efficiencies confirmed the quality of
the electrochemical processes: overall SOFC losses are limited to
6.8e7.0% despite being the primary power output source. Including
combustion of anode exhaust, the irreversibility for fuel oxidation
globally accounts for about 12% of the input exergy. Considered that
fuel combustion in an advanced gas turbine of a state-of-the-art
combined cycle entails an efficiency loss which is almost twice
larger, it is clear the reason of the efficiency advantage compared to
combined cycles.
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