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A B S T R A C T

This work presents a thermodynamic analysis of the integration of solid oxide fuel cells (SOFCs) with chemical
looping combustion (CLC) in natural gas power plants. The fundamental idea of the proposed process integration
is to use a dual fluidized-bed CLC process to complete the oxidation of the H2-CO-rich anode exhausts from the
SOFC in the CLC fuel reactor while preheating the air stream to the cathode inlet temperature in the CLC air
reactor. Thus, fuel oxidation can be completed in N2-free environment without the high energy and economic
costs associated to O2 production, avoiding at the same time the high temperature and high cost heat exchanger
needed in conventional SOFC plants for air preheating. In the proposed configurations, the CLC plant is operated
at mild conditions (atmospheric pressure and temperature in the range of 700–800 °C), already demonstrated in
several pilot plants. Two different scenarios have been investigated: in the first one, the SOFC is designed for
large-scale power generation (100 MWLHV of heat input), featuring a heat recovery steam cycle and CO2 capture
for subsequent storage. In the second scenario, the system is designed for a small-scale plant, producing 145 kg/h
of pure CO2 for industrial utilization, as a possible early market application.

The main parameters affecting the plant performance, i.e. SOFC voltage (V) and S/C ratio at SOFC inlet, have
been varied in a sensitivity analysis. Three different materials (Ni, Fe and Cu-based) are also compared as oxygen
carriers (OCs) in the CLC unit. The integrated plant shows very high electric efficiency, exceeding 66%LHV at
both small and large scale with a carbon capture ratio (CCR) of nearly 100%. It was found that, except for the cell
voltage, the other operating parameters do not affect significantly the efficiency of the plant. Compared to the
benchmark SOFC-based hybrid cycles using conventional CO2 capture technologies, the SOFC-CLC power plant
showed an electric efficiency ∼2 percentage points higher, without requiring high temperature heat exchangers
and with a simplified process configuration.

1. Introduction

Reduction of greenhouse gas emissions is one of the most important
challenges that the power industry will face in the next decades (IEA,
2014). Solid Oxide Fuel Cells (SOFCs) are electrochemical devices
converting a fuel into electricity, by an intrinsic N2-free oxidation
process which facilitates CO2 capture from the anode exhaust gas. As a
matter of fact, SOFCs act as an air separation device, since O2 migrates
from the cathode to the anode, generating electricity. To avoid the drop
of SOFC voltage and efficiency, fuel cannot be completely oxidized and
some CO and H2 are always present in the anode off-gas which requires
further processing. For this reason, several configurations have been

proposed for anode off-gas oxidation and CO2 separation as discussed in
Campanari et al. (2016a) (e.g. oxyfuel combustion, absorption, ad-
sorption, membranes, low temperature phase change separation). In
recent years, the integration of CO2 capture technologies in SOFC-based
power plants has been assessed using both natural gas and coal as
primary feedstock (Lanzini et al., 2014; Li et al., 2010; Liese, 2010;
Romano et al., 2011b; Spallina et al., 2011). Natural gas fuelled SOFC
plants have been demonstrated to reach more than 60% electric effi-
ciency even at few-kW scale (Campanari et al., 2016a; Gandiglio et al.,
2013; Mastropasqua et al., 2015). When applied in power plants
without CO2 capture, future SOFC hybrid cycles (hundreds-MW plants)
may reach impressive electrical efficiencies over 70% (Adams et al.,
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2012; Campanari et al., 2016b). In case of coal-fed plants, a net electric
efficiency of 52–54% was calculated for integrated gasification fuel
cells (IGFC) cycles, showing a remarkable increase with respect to state-
of-the-art advanced IGCCs (Romano et al., 2011a). When integrated
with CO2 capture processes, an efficiency decay of 3–7% points has
been predicted (Romano et al., 2011a,b; Spallina et al., 2011), which is
much less than the typical 8–12% points of efficiency penalty predicted
for benchmark CO2 capture technologies in conventional NG and coal-
fired power plants (EBTF, 2011; Iyengar et al., 2013). Recently,
Campanari et al. (2016a,b) have presented a study on natural gas hy-
brid cycles using an advanced SOFC operated at 800 °C with a fuel
utilization of 85% and cell voltage of 0.86 V, reflecting the best avail-
able technology (Föger and Rowe, 2009). The predicted overall effi-
ciency for the plant without CO2 capture is 75.2%LHV, with specific
emissions of 273.6 g/kWh when atmospheric pressure SOFC is coupled
with a heat recovery steam cycle. In this case, the anode off-gas and the
O2 depleted air from the cathode are burnt in a combustor, whose ex-
haust gas provides heat for preheating air up to the cathode inlet
temperature (> 730 °C) in a high temperature heat exchanger. For the
plant configuration with CO2 capture, the authors proposed a system in
which the anode off-gas is first sent to a HT-WGS to convert CO into
CO2 and then to a low temperature phase change CO2 separation unit,
where H2 is recovered in the gas stream and liquid CO2 is separated at
high purity (98.8%). This system leads to an efficiency penalty of 3.78
percentage points, a CO2 avoidance of 82.14% and a resulting specific
primary energy consumption for CO2 avoided (SPECCA) of 1.11MJ/
kgCO2. On the small scale, different solutions have been also proposed
for the use of biogas as fuel for the SOFC integrated with a recuperative

cycle (D’Andrea et al., 2017; Kupecki et al., 2017; Van Herle et al.,
2003) and the feasibility of this system has been recently assessed also
for CO2 recovery and utilization (Santarelli et al., 2017). Other studies
based on different strategies to incorporate SOFC in power plants with
CO2 capture are reviewed by Adams et al. (2012), where efficiencies
between 40% and 74% are reported, resulting from the wide variety of
process configurations and range of assumptions proposed in the lit-
erature.

One of the options for CO2 capture in SOFC plants is by completing
the oxidation of the anode exhaust gas by combustion with high purity
oxygen to generate a CO2-H2O-based stream from where high purity
CO2 can be easily obtained after water condensation. High purity
oxygen may be produced in a cryogenic air separation unit (ASU)
(Campanari, 2002) or with high temperature oxygen transport mem-
branes (Inui et al., 2005; Kupecki et al., 2015; Park et al., 2011). A
further option, which is the object of this paper, is the integration with
an oxyfuel-like anode exuast gas oxidation by chemical looping com-
bustion (CLC).

The integration of CLC and SOFC has already been proposed by
Chen et al. (2015) for an integrated coal gasification plant. The authors
suggested to use cleaned syngas from coal gasification at the anode of
the SOFC while compressed air is fed to the cathode. The two streams
leaving the pressurized SOFC are fed to the pressurized CLC unit, where
the anode off-gas is completely oxidized while air is heated up to 950 °C
and then expanded in a gas turbine. The sensitivity analysis shows that
efficiencies in the range of 46–51.2% can be achieved depending on the
pressure (4–20 bar), temperature (800–900 °C) and fuel utilization
(75–90%). This system presents a challenging heat management of the

Nomenclature

Acronyms

AR Air reactor
ASU Air seperation unit
ATR Autothermal reforming
CCA Cost of CO2 avoided
CCR Carbon capture rate
CCS Carbon capture and storage
CCU Carbon capture and utilization
CLC Chemical looping combustion
CLR Chemical looping reforming
FR Fuel reactor
FTR Fired tubular reforming
HRSG Heat recovery steam generator
IGCC Integrated gasification combined cycle
LHV Lower heating value
LP/IP/HP Low/intermediate/high pressure
LT/IT/HTLow/intermediate/high temperature
MDEA Methyl diethanolamine
MEA Monoethanolamine
NG Natural gas
OC Oxygen carrier
ORC Organic Rankine cycle
PSA Pressure swing adsorption
SMR Steam methane reforming
SOFC Solid oxide fuel cell
SPECCA Specific primary energy consumption for CO2 avoided,

MJLHV kgCO2−1

WGS Water gas shift

Symbols

ΔG° Standard Gibbs free energy [kJ mol−1]

ΔH° Standard enthalpy [kJ mol−1]
ΔXOC Oxygen carrier conversion [−]
Δη Overpotential losses [V]
Eact Activation energy [kJ mol−1]
ECO2 CO2 specific emissions, [kgMWh−1]
ECO2,ref CO2 specific emissions of reference technology

[kgMWh−1]
Erev Nernst ideal potential [V]
F Faraday constant 96,485 [Cmol−1]
Gs Solids circulation rate, [kg s−1 m−2]
h Molar enthalpy [Jmol−1]
i Current density [A m−2]
i0 Exchange current density [A m−2]
kan/cat Pre-exponential factor [Ωm−2]
KEQ Equilibrium constant [−]
kr− Forward reaction rate constant [mol m−3 s−1 Pa−n]
kr+ Backward reaction rate constant [mol m−3 s−1 Pa−n]
ṁi Mass flow rate of component i [kg s−1]
ne Number of charges transferred in electrochemical process

[−]
Ṅi Molar flow rate of component i [mol s−1]
p Pressure [Pa, bar]
RTOT Total electric resistance [Ω]
S/C Steam-to-carbon ratio
T Temperature [K, °C]
Ua Air utilization factor [%]
Uf Fuel utilization factor [%]
Vcell Useful cell voltage [V]
xi Molar fraction [%]
α Charge factor, 0.5 [−]
η Electric efficiency [−]
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SOFC because air is fed at the relatively low temperature of 424 °C and
the temperature increase across the cell is 475 °C, which is a critical
temperature increase, compromising the durability of the SOFC.
Moreover, syngas pre-heating up to SOFC inlet temperature (800 °C) is
carried out with high temperature surface heat exchangers.

In this work, the integration of a SOFC with chemical looping
combustion at atmospheric pressure for both large and small-scale ap-
plications is assessed. The assumed operating conditions of the SOFC
and CLC are in line with state-of-the-art technologies, and the proposed
plant configuration avoids high temperature and high cost heat ex-
changers. The SOFC is operated at atmospheric pressure and 800 °C,
with internal reforming. The CLC process is based on interconnected
fluidized bed reactors working at mild conditions (500–800 °C) and
atmospheric pressure. Two different configurations have been assessed
for the natural gas humidification before the SOFC. A sensitivity ana-
lysis is carried out on cell voltage, steam-to-carbon ratio and CLC
oxygen carrier (OC) pairs. A simple iso-thermal one-dimensional SOFC
model is also used to calculate the current density of the SOFC and
assess the effect of the SOFC voltage on the fuel cell size. The results are
finally compared with a benchmark SOFC plant with CO2 capture by
phase change separation.

2. Plant description

The schematic of the proposed integrated SOFC-CLC plant is shown
in Fig. 1.

Prior to entering the SOFC module, natural gas is pre-treated in a
low temperature activated carbon desulphurisation unit to reduce the
total sulphur content to below 0.1 ppm (Alptekin, 2006). The de-
sulfurized natural gas is heated up and sent to an adiabatic pre-re-
former, where higher hydrocarbons are cracked and steam reforming is
initiated, reducing in this way the temperature drop at fuel cell inlet.

Two options for natural gas humidification are assessed: (i) warm re-
circulation (Fig. 1), where part of the exhausts from the fuel reactor
(FR) outlet (stream #13) containing mostly CO2 and H2O are re-
circulated by a fan after cooling to 400 °C; and (ii) hot recirculation
(Fig. 2), where part of the anode exhaust stream (stream #10) is re-
circulated by an ejector. As reference condition, the recirculation rate is
determined to reach a steam-to-carbon ratio (S/C) equal to 2 at pre-

Fig. 1. Schematic of the SOFC power plant integrated with chemical looping combustion (warm recirculation case).

Fig. 2. Schematic of the SOFC-CLC island of the plant with hot recirculation configura-
tion.
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reformer inlet in both cases.
The SOFC thermal management is supported by internal reforming

and therefore steam methane reforming occurs on the catalyst on the
anode side. At the outlet of the SOFC stack, the anode off-gas stream
(#11) is sent to the fuel reactor, where the oxygen carrier (#a) is re-
duced and fuel species are completely oxidized to CO2 and H2O (#12).
The resulting gas is then cooled down in a heat recovery steam gen-
erator, providing heat for the bottoming steam cycle.

At the cathode side, air (#1) is compressed by a blower and heated
up to 450 °C with a low temperature air preheater. In the air reactor
(AR), the OC (#b) is oxidized and O2-depleted air is heated up by the
exothermic reaction to the SOFC inlet temperature, above 730 °C (#3).
With this configuration, because of the OC oxidation in the AR, the O2

content at the SOFC cathode inlet slightly reduces (19.8% of O2 con-
centration, in the base case) with respect to conventional configurations
where air is fed to the cathode. Hot cathode off-gas exiting the SOFC
modules at 800 °C (#4) is sent to a heat recovery steam generator. With
the 100 MWLHV fuel input assumed, the bottoming steam cycle results
to be a medium-scale steam cycle, with size similar to waste-to-energy
steam Rankine cycles. Moderate steam parameters (40 bar, 400 °C) and
a simple plant configuration with no reheater is therefore assumed,
consistently with this class of plants (Consonni and Viganò, 2012).

2.1. Assumptions and methodology

The SOFC-CLC system is calculated with the following main as-
sumptions:

• The air flow rate (and therefore the air utilization Ua, Eq. (2)) is
determined by the SOFC cooling needs and is calculated to reach a
SOFC outlet temperature of 800 °C.

• The fuel utilization (Uf, Eqs. (2) and (3)) is determined so that the
residual heating value of the anode off-gas allows increasing the air
temperature in the CLC air reactor up to 735 °C.

• The temperature of the fuel reactor is determined by the solids
circulation, which is calculated as described further on.

• As for the fuel utilization Uf, it must be noted that its reduction leads
to a higher fuel input to the CLC fuel reactor, resulting in higher
temperatures in the CLC reactors. The assumed air reactor outlet
temperature and SOFC outlet temperature involve a maximum
temperature increase of 65 °C along the cathode, a value assumed
according to SOFC manufacturers specifications (Föger and Rowe,
2009), which ensures proper SOFC durability.

= −Ua
m m

m
˙ ˙

˙
O in O out

O in
2, 2,

2, (1)

=
−

Uf
m m

m

˙ ˙

˙
H eq in H eq out

H eq in

2, , 2, ,

2, , (2)

= × + +m N N N˙ (4 )H CH CO H
· · ·

eq2, 4 2 (3)

The reactions in the CLC reactors are assumed to achieve chemical
equilibrium and the two reactors are considered adiabatic. Three dif-
ferent oxygen carriers have been considered, namely Cu, Fe and Ni
based OCs, which have been experimentally tested with different fuels
and reactor configurations in different lab facilities (Adanez et al.,
2012). Zirconia (ZrO2) has been assumed as support material with a
content of 60%wt. basis (Johansson et al., 2006). In case of Cu-based
material, CuO/Cu2O/Cu are considered as possible species in the FR
(Abad et al., 2012; Adánez-Rubio et al., 2013, 2009; Mattisson et al.,
2009). In case of Fe-based OC, Fe2O3, Fe3O4, FeO and Fe are considered.
However, it can be anticipated that due to the relatively low reactors
temperature and the high CO2 and H2O content in the anode off-gas and
the fuel reactor inlet, only the Fe2O3/Fe3O4 pair will be present in the
system. In case of Ni-based OC, only Ni/NiO species participate to the
redox reactions (Wolf et al., 2005).

Table 1
Assumptions used for the calculation of the SOFC-CLC power plants.

Natural Gas
Molar composition, %vol CH4: 89.0, CO2: 2.0, C2H6: 7.0,

C3H8: 1.0, N2: 0.89, C4H10: 0.11
LHV, MJ/kg 46.482
Fuel power input (large-scale plant), MWLHV 100
Fuel power input (small-scale plant), kWLHV 712
Natural gas initial pressure, bar 20

Low Temperature Sulphur removal
Operating temperature, °C 15
Fuel pressure loss Δp/pin, % 3

SOFC
Minimum air inlet temperature, °C 735
Minimum fuel inlet temperature, °C 600
Anode and cathode outlet temperature, °C 800
Cell voltage, V 0.8a

Minimum O2 molar fraction at SOFC outlet, %vol 5
Air and fuel side pressure drop, % 3
Pressure drop through the air filter, bar 0.01
Heat loss, % of thermal input 2
DC/AC electrical efficiency, % 97
Pre-reformer inlet S/C ratio 2a

Steam Cycle (large-scale plant)
Evaporation pressure, bar 40
Maximum steam temperature, °C 400
Subcooling ΔT at evaporator drum inlet, °C 5
Pressure drop in steam superheater, % 3.5
Pressure drop in economiser, bar 10
Pressure drop at turbine inlet, % 5
Gas pressure drop in heat recovery steam generator,

bar
0.05

Temperature drop in superheater to turbine
piping, °C

2

Condensation pressure, bar 0.048
Turbine isentropic efficiency, % 85
Feed water pump hydraulic efficiency, % 85
Turbine mechanical efficiency, % 99.6
Generator electric efficiency, % 98.5

Heat Exchangers
Pressure drop in gas-water heat exchangers, % 2
Pressure drop in air preheater, % 3
Heat losses, % of heat transferred 0.7
Minimum ΔT in gas – evaporating water heat

exchangers, °C
10

Minimum ΔT in gas – water heat exchangers, °C 15
Minimum ΔT in gas – gas heat exchangers, °C 30
Minimum ΔT in liquid – evaporating/condensing

liquid exchangers, °C
2

Chemical Looping Combustion reactors
Air reactor outlet temperature, °C 735
Solids circulation rate at AR outlet (GS), kg s−1m−2 20
Gas pressure drop in FR and AR, bar 0.15

CO2 compression and storage (large-scale plant)
Final CO2 pressure, bar 110
Maximum pressure ratio per intercooled compressor

stage
2

CO2 pressure at compressor outlet, bar 80
Compressor stage isentropic efficiency, % 82
Compressor stage mechanical efficiency, % 94
Temperature at the outlet of each intercooler, °C 30
Pressure drop in each intercooler, % 2
Pump isentropic efficiency, % 75
Pump mechanical efficiency, % 95

CO2 product stream (small scale plant)
CO2 flow rate, kgCO2/h 145
CO2 pressure, bar 1.01

Other assumptions
Minimum exhaust temperature at stack, °C 80
Air fan isentropic efficiency, % 80
Air fan mechanical-electrical efficiency, % 94
Auxiliaries for heat rejection, % of heat rejected 0.8

a Reference value, modified in the sensitivity analysis.

V. Spallina et al. International Journal of Greenhouse Gas Control 71 (2018) 9–19

12



For the simulation of the interconnected fluidized beds, a bubbling
fluidized bed FR and a circulating fluidized bed AR are assumed. The
AR diameter is calculated assuming a superficial gas velocity at the air
reactor outlet of 4m s−1, while the solids circulation depends on the
assumed circulation rate at AR outlet (Gs) of 20 kg s−1 m−2 (Peltola
et al., 2015; Spinelli et al., 2016). Since the air reactor operates with a
large oxygen excess, the OC is completely oxidized. OC conversion
(ΔXOC) in the fuel reactor is calculated with Eq. (4).

= −
−XΔ OC

m m
m m

˙ ˙
˙ ˙

MeO AR Me FR

MeO Me

, ,
(4)

Two SOFC-CLC plant sizes have been considered in this work,
namely: (i) a large-scale 100MWLHV plant with CO2 capture for carbon
capture and storage (CCS), designed with assumptions consistent with
existing literature (Campanari et al., 2016a,b), and (ii) a small-scale
plant for CO2 production and utilization, with a 712 kWLHV heat input,
determined to produce 145 kg/h of CO2, constintently with the in-
dustrial practice of CO2 production plants (Union Engineering a/s,
2017).

The full list of calculation assumptions is reported in Table 1.
The key performance indicators used for the comparison of the

different plants are the net electric efficiency (Eq. (5)), the specific CO2

emission (Eq. (6)) and the specific primary energy consumption for CO2

avoided (SPECCA, Eq. (7)).

= =∙
+ −

∙ηnet
P

m LHV
P P P

m LHV˙ ˙
net

NG NG
SOFC SC AUX

NG NG (5)

=E ·3600m
PCO
˙

net2
CO2

(6)

=
⎜ ⎟
⎛

⎝
− ⎞

⎠
−SPECCA ·3600E E( )

ηnet ηnet ref

CO ref CO

1 1

,

2, 2 (7)

2.2. SOFC model

A simplified iso-thermal 1D model has been developed for a pre-
liminary sizing of the SOFC, which is assumed to have co-flow config-
uration.

The kinetics of the reactions are calculated using the model of
Numaguchi and Kikuchi, (1988). The electrochemical model assumes
that only H2 oxidation occurs on the anode side, according to
Suwanwarangkul et al. (2006). This calculation approach was con-
firmed in a more recent work by Spallina et al. (2015), where it is
calculated that in natural gas fuelled SOFCs, the WGS reaction quickly
reaches the thermodynamic equilibrium along the fuel cell and H2

oxidation is much faster than CO oxidation, whose contribution can
therefore be neglected. Other main assumptions for the electrochemical
model used in this work are: i) concentration overpotentials are ne-
glected, i.e. negligible diffusion resistance has been considered from the
bulk phase to the three phase boundary (TPB), as also demonstrated in
Campanari and Iora, (2005), Aguiar et al. (2004); Spallina et al. (2015);
ii) the ohmic losses are caused by the resistance to the conduction of
ions and electrons through the cell components (air channel inter-
connection, solid structure composed by anode, cathode and electrolyte
layers and fuel channel interconnection); iii) the activation over-
potential losses are related to the current density throughout the Butler-
Volmer equation, as reported in Suwanwarangkul et al. (2006) and
Andersson et al. (2010); iv) the cell is considered isothermal. The main
equations used in the SOFC model are listed in Table 2.

The results of the SOFC model have been compared with experi-
mental results available in literature showing a difference in the range
of ≈20% in the current density with respect to (Föger and Rowe, 2009;
Mastropasqua et al. (2017a,b)) when the SOFC is operated with the
same voltage. Such deviation from experimental results and from more
accurate SOFC models is due to the simpler modelling approach
(mainly related to the simple co-flow configuration and the isothermal

cell assumption). Such simplified approach and the consequent calcu-
lation accuracy is considered sufficiently good for the scope of this
paper, which is to interpret the relative changes of the SOFC surface
area when specific plant operating conditions are varied.

Despite its relative simplicity, this model is helpful for a first esti-
mation of the size of the SOFC, which will likely be the highest cost
component of the plant.

3. Results

The streams properties resulting from the base case simulation (Cu-
based OC and warm gas recirculation, Fig. 1) are reported in Table 3.
The cell voltage has been fixed to 0.8 V, leading to Uf and Ua of 81% and
38% respectively, to close the energy balance of the SOFC-CLC system.
In the CLC unit, a small amount of O2 is required in the AR (7.8% of the
inlet O2 is consumed by OC oxidation) while about 45% of the O2

permeates from the cathode to the anode side of the SOFC. The anode
off-gas has a low content of H2 and CO (nearly 12.2%, stream #11),
which is completely converted in the fuel reactor to H2O and CO2

(#12). From this point of view, the system produces a stream with a
composition similar to an oxy-fuel combustion plant, but with higher
purity because of the lack of excess oxygen and of the residual N2 and
Ar in the high purity oxygen from cryogenic ASU. Thus, 99% pure (dry
basis) CO2 is obtained, which is compressed to the final storage pressure
after water removal. Most of the HP steam (> 81%) for the steam
turbine is generated in the air HRSG which cools the O2-depleted air
from the SOFC cathode. The remaining steam flow rate is produced
from the heat from the FR off-gas (stream #14). Because of the high
availability of high temperature heat compared to the low temperature
heat, the deaerator is operated as a feed water heater and therefore
about 6% of the H2O in the steam turbine is bled at 4 bar (#23).

Table 2
Kinetics and electrochemical model used for the SOFC simulation.

Kinetic model (from Numaguchi and Kikuchi (1988))

SMR = =+ − −( ) ( )k k exp (2.62·10 )expr o
Ea

RT RT
2 106900 (8)

= +−( )K exp 22.82eq
SMR

T
20009 (9)

= ⎡
⎣

⎤
⎦

=

+ −
+

( )
R ρ·r

dN
dt

mol
kr p p

kr
KeqSMR p p

p cat
˙CH4

m3s

( CH4· H2O) CO· H2
3

H2O1.596

(10)

WGS =+ −( )k (2.45·10 )expw RT
2 54500 (11)

= −( )K exp 4.036eq
WGS

T
4400 (12)

= ⎡
⎣

⎤
⎦

=

+ −
+

R ρ·w
dN

dt
mol
m s

kw p p
kw

KeqWGS p p

p cat
˙CO

3

( CO· H2O) ( CO2· H2)

H2O

(13)
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In the CLC unit, the solids circulation is much higher than needed
for fuel oxidation in the FR, resulting in an OC conversion ΔXOC of only
4%. As a result of the CLC heat balance, the FR operates at 757.7 °C,
about 23 °C more than the AR. In the case with hot anode gas re-
circulation (Table 4 and Fig. 2), natural gas is pre-heated up to 670 °C
by mixing with the large amount of hot off-gas recirculated from the
anode outlet. With respect to the warm recirculation case, where CO2-
H2O from the FR is recycled, a higher flow rate is required to achieve
the assumed S/C of 2 due to the lower content of H2O in the recycled
gas. As a result, the gas flow rate at anode inlet is more than 60% higher
than in the base case with warm recirculation. On the other hand, the
air flowrate at the cathode inlet, needed to cool the fuel cell, is slightly
lower because of the different advancement of the WGS reaction re-
sulting from the different anode gas composition. About 8.4% O2 is
consumed at the air reactor in this case, while in the fuel cell Ua of
39.5% results from the energy balance. It is also interesting to note that
in this case, gas is recycled before it enters the CLC unit and therefore
the gas flow rate at the fuel reactor inlet (#11) is much lower (−55%)
compared to the warm recycle case, leading to a proportionally smaller
FR cross section.

In Fig. 3, the heat transfer curves are shown. For the warm-re-
circulation case (Fig. 3a), the CO2-H2O stream from the FR is cooled by
pre-heating the NG and H2O up to the SOFC inlet temperature. The
remaining heat is used to produce steam for the steam cycle. The
change of slope of the CO2+H2O stream curve at 400 °C corresponds
to the point where part of the gas is recirculated. In the hot recircula-
tion case (Fig. 3b), the heat available from the FR off-gas is entirely
provided to the steam cycle, since mixing with the hot recycled anode
off-gas also preheats the NG to a sufficiently high temperature to di-
rectly feed the SOFC. At the cathode side (Fig. 3c), the high temperature
heat is used in the HRSG and the remaining heat is used to pre-heat the
air up to 450 °C before it is fed to the AR. It has to be remarked again
that in conventional SOFC-based plants, such as those assessed by
Campanari et al. (2016a), air pre-heating occurs entirely in a high
temperature gas–gas heat exchanger, using the SOFC exhausts as heat
source and manufactured with high cost material. In the proposed plant
configuration, such high temperature and high cost heat exchanger is

not required, because air is preheated in the CLC air reactor by direct
contact with the OC.

The results of the SOFC model are presented in Figs. 4 and 5 for the
warm recirculation case. CH4 is almost immediately converted by steam
reforming due to the large amount of H2O in the feed and to the as-
sumed iso-thermal profile, which leads to faster kinetics compared to a
more realistic case with temperature drop at the anode inlet because of
the endothermic CH4 reforming reaction. CH4 reforming initially in-
creases the H2 and CO concentrations, which are then consumed along
the cell by the O2 permeating from the cathode side and by the WGS
reaction. The current density profile shows that the H2 formation in the
first part of the SOFC brings about an increase of current density up to
about 5,000 A/m2, because of the increase of the Nernst potential. On
the other hand, toward the outlet zone of the SOFC, the current density
decreases to around 1,000 A/m2. Based on the electro-chemical model
used, most of the voltage losses occur at the cathode electrode side, due
to the activation potential for O2 reduction. When the SOFC is operated
at the potential of 0.8 V, the resulting average current density in the
warm recirculation plant is 2,929 A/m2. In the hot recirculation case,
the average H2 concentration along the SOFC anode is higher, leading
to a higher Nernst potential and a higher average current density of
3,566 A/m2 with the same SOFC potential. As a result, the warm re-
circulation configuration will require an active area of 26,650m2 vs.
21,580m2 (−19%) of the hot-recirculation plant.

In Table 5, the detailed energy balances of the different cases as-
sessed are reported for SOFC potential of 0.8 and 0.86 V and including
the benchmark cases without and with CO2 capture. The reference case
without CO2 capture (third column), calculated according to the flow-
sheet and assumptions in (Campanari et al., 2016a), shows a net electric
efficiency of 69%. Nearly 60MW, corresponding to more than 85% of
the gross electricity output, are produced by the SOFC, while about
10MW are produced by the steam turbine. The consumptions of aux-
iliaries (pumps and air blower) is about 2.7MW. The specific CO2

emissions are 298.4 kgCO2/MWhel. At cell voltage of 0.86 V, the net
electric efficiency of the benchmark plant without CO2 capture (5th
column) increases up to 75.2% and CO2 emissions reduce by 8%
(Campanari et al., 2016a). In the benchmark case with SOFC voltage of

Table 3
Temperature, pressure, flow rate and chemical compositions of the main streams of the base case plant with warm gas recirculation shown in Fig. 1.

T P N m molar composition

# °C bar kmol/s kg/s CH4 C2+ CO2 H2O N2 O2 H2 CO Ar

1 15.0 1.01 2.79 80.51 1.0 77.3 20.7 0.9
2 450.0 1.28 2.79 80.51 1.0 77.3 20.7 0.9
3 734.6 1.12 2.74 79.02 1.0 78.6 19.4 0.9
4 800.0 1.09 2.54 72.56 1.1 84.8 13.0 1.0
5 525.6 1.04 2.54 72.56 1.1 84.8 13.0 1.0
6 80.0 1.02 2.54 72.56 1.1 84.8 13.0 1.0
7 15.0 19.4 0.12 2.15 89.0 8.1 2.0 0.0 0.9
8 323.0 1.15 0.12 2.15 20.8 1.8 27.0 49.8 0.4
9 600.0 1.14 0.51 12.72 20.8 1.8 27.0 49.8 0.4
10 442.3 1.13 0.56 12.72 18.4 27.8 38.1 0.4 14.1 1.2
11 800.0 1.11 0.76 19.18 30.6 56.9 0.3 8.2 4.0
12 757.7 1.10 0.76 20.68 34.7 65.1 0.3 < 0.1
13 563.6 1.07 0.76 20.68 34.7 65.1 0.3 < 0.1
14 400.0 1.06 0.37 10.11 34.7 65.1 0.3 < 0.1
15 87.9 1.05 0.37 10.11 34.7 65.1 0.3
16 30.0 1.02 0.13 5.73 99.2 0.04 0.76
17 37.6 1.01 0.13 5.73 99.2 0.04 0.76
18 140.6 50.0 0.65 11.65 100.0
19 201.2 50.0 0.52 9.44 100.0
20 398.5 36.7 0.52 9.44 100.0
21 398.5 36.7 0.12 2.20 100.0
22 32.2 0.05 0.61 10.97 100.0
23 152.2 3.79 0.04 0.68 100.0
a 734.6 9.56 966.1 CuO 50.9%+ZrO2 49.1%
b 757.7 9.47 964.5 CuO 49.3%+Cu2O 1.1%+ ZrO2 49.6%
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0.86 V and CO2 capture (6th column of Table 5), the SOFC is integrated
with a conventional CO2 capture technology based on WGS reactor and
low temperature phase change CO2 separation (Campanari et al.,
2016a), where the efficiency reduces to 71.5%. The loss of efficiency in
this plant is primarily due to the electric consumption in the CO2

compression and purification section, where H2 is recovered from the
CO2-rich stream and then burned for providing heat to the steam cycle.

In the integrated SOFC-CLC case with the SOFC operating at 0.86 V
(4th column), the penalization for CO2 capture is limited to 1.7 per-
centage points and it is only associated to the consumption for CO2

Table 4
Temperature, pressure, flow rate and chemical compositions of the main streams of the plant with hot gas recirculation shown in Fig. 2.

T P N m molar composition

# °C bar kmol/s kg/s CH4 C2+ CO2 H2O N2 O2 H2 CO Ar

2 450.0 1.28 2.70 77.84 0.0 1.0 77.3 20.7 0.9
3 735.6 1.12 2.65 76.34 0.0 1.0 78.6 19.3 0.9
4 800.0 1.09 2.44 69.88 0.0 1.1 85.1 12.7 1.0
8 35.0 20.0 0.12 2.15 89.0 8.1 2.0 0.0 0.9
9 669.0 1.14 0.92 20.62 11.6 1.1 23.2 42.1 0.3 14.5 7.2
10 800.0 1.11 1.17 27.07 26.4 48.4 0.3 16.7 8.3
11 800.0 1.11 0.37 8.61 26.4 48.4 0.3 16.7 8.3
12 756.7 1.10 0.37 10.11 34.7 65.1 0.3 < 0.1
a 735.6 9.56 966.0 CuO 50.8%+ZrO2 49.2%
b 756.7 9.47 964.5 CuO 49.3%+Cu2O 0.9%+ ZrO2 49.68%

Fig. 3. Heat transfer curves for the heat recovery sections of: a) FR exhaust cooling of the warm recirculation case; b) FR exhaust cooling of the hot recirculation case; c) cathode exhaust
cooling of the warm recirculation case.
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compression. The high purity of the CO2 stream from the CLC unit leads
to reduced compression consumptions compared to the benchmark
plant.

In terms of carbon capture rate (CCR), the CLC-based process can in

principle capture 100% of the CO2 produced, with a purity higher than
99%. This result offers a significant advantage with respect to the
benchmark case with phase change separation, where the CCR is lim-
ited to 82%, due to the partial loss of CO and CO2 in the H2-rich off-gas

Fig. 4. Gas species concentration profiles along the SOFC anode (warm recirculation case).

Fig. 5. Overpotential losses and current density profiles along the SOFC (warm recirculation case).

Table 5
Energy balance of the assessed systems and comparison with benchmark technologies.

Plant Performance Cell Voltage 0.8 V Cell voltage 0.86 V

CO2 capture CLC-warm
recycle

CLC-hot
recycle

w/o captureb CLC-warm
recycle

w/o capturea Benchmark phase change
separationa

Natural Gas, inlet MWLHV 100 100 100 100 100 100
cell voltage V 0.8 0.8 0.8 0.86 0.86 0.86
Fuel utilization 81% 81% 81% 85% 85% 85%
Air utilization 38% 40% 37% 59% 22% 20%
SOFC, AC power MW 60.46 60.47 60.39 68.04 68.06 68.06
Steam Turbine MW 10.93 10.79 10.30 8.56 8.06 7.68
Auxiliaries Air blower MW −2.29 −2.22 −1.43 −1.68 −0.91 −4.24

water pumps MW −0.33 −0.33 −0.25 −0.21
CO2 compressors MW −1.88 −1.88 −1.85
CO2/H2O – rec blower MW −0.24 −0.24

Gross electricity power output MW 71.39 71.26 70.69 76.60 76.12 75.74
SOFC power share % 84.7% 84.9% 85.4% 88.8% 89.4% 89.9%
Net electric power output MW 66.65 66.83 69.01 72.62 75.21 71.50
Net electric efficiency % 66.6% 66.8% 69.0% 72.6% 75.2% 71.5%
CO2 specific emissions kg/MWh 0 0 298.40 0.00 273.59 48.86
CCR % 100% 100% – 100% – 82%
SPECCA MJLHV/kgCO2 0.62 0.57 – 0.63 – 1.11

a Taken from Campanari et al. (2016a).
b Calculated according to Campanari et al. (2016a).
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from the CO2 purification unit. In terms of SPECCA, the combination of
SOFC and CLC in the same plants allows achieving values as low as
0.57MJLHV/kgCO2, vs. 1.11MJ/kgCO2 of the benchmark plant.

Comparing the hot and warm recirculation SOFC-CLC configura-
tions, the overall energy balances are very similar. Despite the two
configurations are different and require different components (heat
exchanger & H2O+CO2 blower in the warm recirculation case vs.
ejector in the hot case) such differences have a small impact on the
overall plant power balance.

3.1. Effect of the SOFC voltage

The cell voltage plays an important role on the overall plant perfor-
mance, due to the high power share associated with the SOFC. By in-
creasing the cell voltage, the fraction of fuel heating value that is converted
into electricity in the SOFC increases with respect to the fraction converted
into heat. Therefore, a lower air flow rate on the cathode side is required to
keep the SOFC at the operating temperature of 800 °C. Consequently, lower
fuel input is needed in the CLC to heat up the air flow rate, resulting in
higher fuel utilization in the SOFC (Fig. 6a). The simulations executed with
the SOFC model show the effect of higher cell voltage on the SOFC current
density and area, as shown in Fig. 6b for the warm recirculation case. By
increasing the cell voltage from 0.7 to 0.86V, the current density decreases
from 7250 to 676A/m2, leading to a SOFC size almost 13 times bigger
(from 9360m2 to 119950m2). The drop in the current density is due to the
fact that at high fuel utilization (>80%), and in co-current flow, the
minimum Nernst voltage is slightly higher than 0.86V, and therefore the
overpotential losses must be very small. It has to be noted that this effect is
amplified by the assumed co-flow configuration, which causes a drop of the
Nernst potential at the SOFC outlet where the reactants concentration on
both the cathode and the anode side is low. Counter-flow or cross-flow
design would reduce this effect. On the other hand, the increase of the

voltage from 0.7 to 0.86V leads to an increase of the net electric efficiency
by about 20% points (from 56.7% to 73.9%). The selection of the optimum
cell voltage will therefore result from an economic trade-off between the
plant CAPEX and OPEX.

3.2. Effect of the steam-to-carbon ratio (S/C)

In the integrated SOFC-CLC plant, the natural gas humidification is
carried out by recirculating part of the off-gas from the SOFC (hot re-
circulation) or from the partially cooled FR exhausts (warm recircula-
tion). Therefore, the increase in the S/C does not directly affect the
performance of the steam cycle since no steam is taken from the steam
turbine.

In the warm recirculation configuration, an increase of the S/C from
2 to 3 leads to an increase of the net electric efficiency from 66.7% to
68.07%. The mass balance of the plant changes because higher S/C
yields a higher anodic gas flow rate, with higher heat capacity.
Therefore, a lower cooling air flow rate is required to keep the SOFC at
the target temperature (Ua increases from 38.5% to 43.2% when S/C is
increased from 2 to 3 and the SOFC voltage is 0.8 V) and less residual
fuel is needed in the CLC unit for air heating. This leads to higher fuel
utilization in the SOFC (at 0.8 V, Uf increases from 81% to 83.4% when
the S/C increases from 2 to 3) and therefore to an efficiency gain.
However, the overall energy balance of the plant is only slightly af-
fected, since the increase of SOFC power output (+1.6MW at S/C 3) is
partly balanced by higher electrical consumption of CO2-H2O recycle
blower (+20%).

In the case of the hot-recirculation, fuel humidification is carried out
by recirculating part of the anode off-gas, without interacting with
other parts of the plant. Recirculation is sustained by a NG-driven
ejector, where the assumed pressure of the natural gas supply (20 bar) is
always sufficient to drive the required mass-flow rate in the S/C range

Fig. 6. Net electric efficiency and fuel utilization curves as function of the cell voltage (a) and current and power density as function of cell voltage (b).
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of 2–3. Therefore, the SOFC heat balance and the power plant perfor-
mance remains the same.

A more important effect of the S/C is on the SOFC size. The increase
of S/C leads to H2 dilution on the SOFC anode, which causes a decrease
of the Nernst potential and a consequent reduction of the current
density by about 10% if voltage is kept unchanged. For the warm re-
circulation plant, the current density drops to 2646 A/m2 (–283 A/m2)
while for the hot recirculation the resulting current density is 3231 A/
m2 (–335 A/m2), requiring a correspondingly larger active SOFC area.

3.3. Effect of oxygen carrier type

In this section, the effect of the oxygen carrier type on the perfor-
mance of the system is discussed, assuming in all the cases a solids
circulation rate Gs of 20 kg s−1 m−2 from the AR to the FR. As pre-
viously introduced, solids flow rate from the AR to the FR is computed
from the assumed Gs and by assuming a gas velocity at AR outlet of
4 m s−1, leading to diameters of about 7.7 m in all the cases.

Results are shown in Table 6 for the warm gas recirculation con-
figuration. AR outlet temperature (TAR) is kept close to 735 °C, while FR
outlet temperature (TFR) results from the energy balance of the system
and the solids circulation. FR temperature results to be higher (only
slightly higher with the Fe-based OC) than the TAR because of the
sensible heat of the fuel, which is fed to the FR at 800 °C, and the heat
released by the exothermic OC reduction reaction by H2-CO-based fuel.
Temperature difference between the two CLC reactors is however small
(up to 23 °C in the Cu case).

The main result obtained from this analysis is that the influence of
the type of oxygen carrier on the net electric efficiency of the plant is
negligible and therefore the selection of the best oxygen carrier for the
proposed system will not be based on its effect on the plant efficiency,
but on other technical (e.g. OC durability), safety-related (OC toxicity)
and economic (e.g. OC inventory needed, OC unitary cost) considera-
tions.

3.4. Small scale application

SOFC plants have been commercialized in the last years for sizes in
the range of 100–1000 kW for CHP applications. Dual fluidized bed CLC
process has been demonstrated up to 1MWth scale (Ohlemüller et al.,
2016). Therefore, the combination of SOFC and CLC systems can be
technically considered as a commercial ready option for small scale
power generation and CO2 production. In this work, a dedicated plant
for the production of 145 kg/h of CO2 (the size of the smallest CO2

production plant delivered by (Union Engineering a/s)) has been as-
sessed. Due to the small size of the plant, a different heat integration
approach is considered, where the SOFC is the only power generation
device and waste heat is not recovered by a bottoming cycle but re-
jected to ambient. Results are reported in Table 7, showing a calculated
net power output of 449 kW, with net electric efficiency of 63%, which
is a remarkable result, considering the small size of the plant. CO2 is
produced with a purity of 99.2% on dry basis (the balance being the N2

from the natural gas feedstock) and further downstream purification
may be needed for specific industrial uses.

An option for boosting the plant efficiency by recovering the waste
heat would be to install a heat recovery organic Rankine cycle (ORC)
power plant, a type of commercial cycles particularly suitable for power
generation from small scale industrial waste heat recovery (van
Buijtenen, 2009; Quoilin et al., 2013). Assuming a reasonable heat to
power conversion efficiency of 20%, the ORC turbine would generate
additional 62 kWe, increasing the overall electric efficiency up to 70%.
Such efficiency is even higher than in the large scale plant cases because
the CO2 is delivered at atmospheric pressure. Alternatively, waste heat
could be recovered for cogeneration purposes.

4. Conclusions

This work presented a thermodynamic analysis of SOFC power cy-
cles integrated with CLC process using natural gas as fuel. The plant is
based on atmospheric state-of-the-art SOFC coupled with an atmo-
spheric pressure, dual fluidized bed CLC process which is used for
anode off-gas oxidation and SOFC air preheating. A simple SOFC model
has been used to assess the effect of the process parameters and plant
configuration on the current density of the SOFC, providing a pre-
liminary indication on the relative size of the SOFC under different
operating conditions.

With the assumed reference SOFC voltage of 0.8 V, the proposed
plant achieves a net electrical efficiency of about 67%, with a potential
100% CO2 capture efficiency and very low specific primary energy
consumption for CO2 avoided (SPECCA=0.6MJLHV/kgCO2) with re-
spect to a benchmark SOFC plant without CO2 capture.

A wide sensitivity analysis has been performed on the plant con-
figuration (considering warm vs. hot gas recirculation for natural gas
humidification), on the type of oxygen carrier (Cu, Fe and Ni-based)
and on the main process parameters (SOFC voltage and S/C at pre-
reformer inlet). SOFC voltage was found to be the most influencing
parameter for the plant efficiency and fuel cell size. By increasing the
SOFC voltage from 0.8 to 0.86 V, plant efficiency increases by 6%
points, SPECCA reduces to 0.57MJLHV/kgCO2, while SOFC power den-
sity decreases by more than 80%. All the other parameters showed a
small or negligible impact on the plant efficiency.

The integrated SOFC-CLC plant also showed very promising per-
formance for small-scale industrial applications aiming at decentralized
CO2 production. In a reference case with 712 kWLHV input and 145 kg/h
of CO2 production, remarkable electric efficiency ranging between 63
and 70% was calculated, depending on whether a waste heat recovery
organic Rankine cycle is adopted. Such an integrated SOFC-CLC unit
concept may be considered substantially ready for a full-scale pilot,
since SOFCs of this size are commercially available and CLC units have
already been tested in labs at this scale.

Table 6
Air flow rate, reactors temperatures and plant efficiency for the warm gas recirculation
configuration, using 3 different OCs, with Gs= 20 kg s−1 m−2.

Case Air flowrate, TAR TFR Net electric efficiency

Oxygen carriers kg/s °C °C %

Cu-based CuO/Cu2O 80.5 734.6 757.7 66.6
Ni-based NiO/Ni 80.8 734.9 740.9 66.4
Fe-based Fe2O3/

Fe3O4

81.8 735.4 735.4 66.5

Table 7
main data and energy balance of the integrated CLC-SOFC plant for CO2 production.

Natural Gas inlet flow rate kg/h 55.13
Air inlet flow rate kg/h 1607.13
CO2 purity % 99.2
CO2 delivery pressure bar 1
Solids circulation kgsolid/h 10440
SOFC voltage V 0.8
AR diameter m 0.60
FR diametera m 0.42
SOFC size m2 204.3
Thermal Input kWLHV 712
SOFC, AC power kW 463.8
Auxiliaries Air blower kW 12.7

Heat rejection kW 2.19
Net electric power output kW 448.9
Net electric efficiency %LHV 63.0

a Based on a superficial gas velocity of 1.5 m/s.
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