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a b s t r a c t

Due to increasing oil and gas demand, the depletion of fossil resources, serious global warming, efficient
energy systems and new energy conversion processes are urgently needed. Fuel cells and hybrid systems
have emerged as advanced thermodynamic systems with great promise in achieving high energy/power
efficiency with reduced environmental loads. In particular, due to the synergistic effect of using inte-
grated solid oxide fuel cell (SOFC) and classical thermodynamic cycle technologies, the efficiency of the
integrated system can be significantly improved. This paper reviews different concepts/strategies for
SOFC-based integration systems, which are timely transformational energy-related technologies avail-
able to overcome the threats posed by climate change and energy security.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Power generation and the related environmental impacts have
ecome important issues across the world [1,2]. Today, electrical
ower is provided mainly by conventional power generation tech-
ologies that rely on fossil fuel combustion, which generates soot
nd sulfur compounds, in addition to other noxious emissions. The
ombustion of fossil fuels is widely understood to contribute to
oth global warming and local air pollution. Advanced clean energy
ystems must be developed urgently, allowing us to make the shift
rom a fossil fuel-based economy to a new paradigm in a progres-
ive manner. In 1997, the US Department of Energy launched its
ision 21st program [3,4], which was essentially meant to con-
uct conceptual feasibility studies to assess high-efficiency fossil
uel power plants and thereby develop the core technologies for
fleet of fuel-flexible, multi-product energy plants with an elec-

ricity generation efficiency higher than 75% for gas and 60% for
oal. The fuel cell is an emerging alternative to traditional power
eneration systems; it offers the potential for higher electrical effi-
iencies and lower emissions [5,6]. Various fuel cells are available
oday, differentiated by the electrolyte used and its operating tem-
erature. The electrolyte of a solid oxide fuel cell (SOFC) consists
f a solid, fully dense oxide metal (typically yttria (Y2O3) stabilized
irconia (ZrO2) or YSZ). The anode of a SOFC is typically made of a
ickel cermet, such as Ni-YSZ, while the cathode is made of stron-
ium (Sr) doped with lanthanum manganite (LaMnO3) [5]. The fact
hat all the components in a SOFC are solid structures makes it
ossible for the cells to be constructed in any geometry. The SOFC
perates in the range of 600–1000 ◦C, which allows it to combine
ith other conventional thermal cycles to yield improved thermal

fficiency. The hybrid SOFC system is considered to be a key tech-
ology in achieving the goals of Vision 21st [7] on account of the
any advantages it offers over other systems.
First, there are no moving components in the fuel cell (except

or balance of plant (BoP) components). Noise and vibrations asso-
iated with mechanical motion during operation are practically
on-existent. This makes it possible to install the system in urban
r suburban areas as a distributed power generation plant. With-
ut moving parts, we would expect enhanced reliability and lower
aintenance cost. Secondly, SOFCs (by virtue of high-temperature

peration) can extract hydrogen from a variety of fuels. SOFC is
he most sulfur-resistant (as H2S and COS) fuel cell. It can tolerate
ulfur-containing compounds at concentrations higher than other
ypes of fuel cells [8]. In addition, it is not poisoned by carbon

onoxide (CO); in fact, CO can be used as a fuel. These features
llow SOFCs to be fed with gases derived from either solid or liquid
uels. This advantage is beneficial for coal-based central power gen-
ration and in vehicles that are powered by diesel or gasoline fuel
9–11]. Thirdly, the size of a SOFC module is flexible, thus allow-
ng it to be constructed for use in any power range – from watts to

egawatts. Therefore, a SOFC or its hybrid may be built for station-
ry applications (central power generation and distributed power

eneration) or as an auxiliary power unit (APU) for vehicles. The
ttributes of a SOFC and its hybrid system are summarized in Table 1
9,12–19].

Integration strategies for SOFC hybrid systems are generally
etermined by the application requirements. In most cases, both
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 701

efficiency and emissions are considered first in the design of these
hybrid systems. However, in some cases (such as for aerospace and
naval vessel applications), reliability and low noise levels may be
more important. In the following sections, we present a thorough
review of different integration concepts/strategies for SOFC-based
hybrid systems.

2. SOFC fundamentals

SOFCs convert the chemical energy of a fuel directly into electri-
cal energy through electrochemical reactions that are driven by the
difference in the oxygen chemical potential between the anode and
cathode of the cell. Oxygen ions migrate through the electrolyte to
the anode where they are consumed by fuel oxidation. The electro-
chemical reaction in a SOFC is generally fuelled by hydrogen. At the
cathode side:

(1/2)O2 + 2e− → O2−. (R1)

At the anode side:

H2 + O2− → H2O + 2e−. (R2)

The SOFC consumes the hydrogen that is produced from natural
gas through either internal or external steam reforming. The fuel
reforming is endothermic reaction. The heat can be supplied by the
overpotential loss and entropy change heat for internal reforming
of high-temperature fuel cells including SOFC and MCFC. The chem-
ical reactions include the methane reforming process and the water
gas-shift reaction as follows:

Steamreforming : CH4 + H2O → CO + 3H2 (R3)

Gas-shifting : CO + H2O → CO2 + H2. (R4)

At the anode side, the carbon monoxide is electro-oxidized by oxy-
gen ions, thus producing carbon dioxide and electrons:

CO + O2− → CO2 + 2e−. (R5)

Although hydrogen is thought to be an ideal fuel for the future, there
are issues associated with generation, storage, distribution, etc. In
the required reforming processes, about 20–30% of the fuel energy
is lost [20]. Studies have reported that it is possible for a SOFC to be
directly fuelled with dry hydrocarbon [21,22]. The hydrocarbon is
electro-oxidized at the anode as follows:

CnH2n+2 + (3n + 1)O2− → nCO2 + (n + 1)H2O + (6n + 2)e− (R6)

The stacks that operate directly on hydrocarbons need to be dif-
ferent from traditional stacks. The development of direct-fuel
utilization SOFCs is still in its infancy; therefore, the direct hydro-
carbon SOFC will not be considered in this review.

The reforming of hydrocarbons may take place either externally
or internally in the SOFC system. Fig. 1 shows the electrochemical
reactions in a SOFC stack that uses an internal steam reforming pro-

cess. Part of the hydrocarbon fuel is reformed in an indirect internal
reforming unit and the rest is directly reformed on the cells. Part of
the heat that is released due to irreversible electrochemical reac-
tions is utilized in the internal reforming process. The depleted fuel
still contains some unutilized combustible fuel, such as hydrogen
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Table 1
Potential attributes of a SOFC and related integration approaches [9,12–19].

Advantages
Efficiency (achievable) Stand-alone: 55%; hybrid: 60% (HHV) for coal-based, 75% (LHV) for gas-based, >55% for nuclear-based; CHP: thermal efficiency 85%
Environmental performance Emissions: near zero of NOx and SOx; sequestration capable
Fuel flexibility Hydrogen; liquefied natural gas; pipeline natural gas; diesel; coal synthesis gas; fuel oil; gasoline; biogases
Size flexibility Range from watts to megawatts
Cogeneration capable SOFC/TB based on Brayton cycle; SOFC/TB based on Rankine cycle; SOFC/HAT cycle; CHP; SOFC/TPV; SOFC/PEM; SOFC/AR

Disadvantages
Poor thermal shock Cracking risk due to the thermal stress
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3.1.1. Pressurized SOFC + Brayton cycle
The combined SOFC and Brayton cycle is a typical direct thermal

coupling scheme. Fig. 2 shows the configuration of a pressurized
SOFC with a gas turbine (GT) engine. In this system, the compressed
air is channeled to the cathode of a SOFC for oxygen reduction. Since
Long start-up Several hours
High COE US$800 per kW achievable [9]
Low acceptable fuel impurity Sulfur removal and ash/residue disposal requ
Carbon deposition Hydrocarbon decomposition

nd carbon monoxide. The unutilized fuel is routed to a combus-
or for oxidation. This combustor may be integrated into the SOFC
tack or can be stand-alone.

. Basic hybrid integration strategies

Availability, an important thermodynamic term, should be
beyed in plant hybrid systems. Specifically, one system (or cycle)
eeds to supply enough material or heat to meet the requirements
f another system (or cycle). With regard to availability, the hybrid
ystem could be built to operate via either thermal coupling or fuel
oupling. Two thermal coupling schemes have been proposed for
he exchange of thermal energy between the SOFC system and the
bjective combined cycle. In one scheme known as direct integra-
ion, the carrying medium of one cycle is directly sent to the other
ycle via the working fluid. Under this integration scheme, both
ycles operate with the same working fluid and at the same pres-
ure. The other thermal coupling scheme, in which the thermal
nergy is utilized indirectly through a heat exchanger, is known
s indirect integration, whereby the heat source cycle and the heat
ink cycle operate with different working fluids and at different
ressures. The fuel coupling scheme is used to configure the inte-
ration system of a SOFC either through the hydrogen production
ycle or using a fuel reformer.

.1. Direct thermal coupling scheme
Traditional thermodynamic power generation cycles are noth-
ng more than Brayton or Rankine cycles or modifications thereof.
he Rankine cycle is essentially a heat engine with a vapor power
ycle. The commonly used working fluid is water, and the system
perates in the liquid–vapor mode. Thus, the Rankine cycle cannot

ig. 1. The electrochemical reaction in a SOFC that features internal fuel reforming.
sulfur as H2S and COS < 1 ppm

be combined with a SOFC using the direct thermal coupling scheme.
Due to the use of a gas-based working fluid, the Brayton cycle is a
favorable candidate for SOFC integration.
Fig. 2. Pressurized SOFC and gas turbine: (a) SOFC–GT system configuration and (b)
T–S diagram for a Brayton cycle.
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3.1.5. SOFC + PEM fuel cell
Fig. 3. A pressurized SOFC and gas turbine integrated with Cheng cycle.

he net chemical process in the SOFC is exothermic, both the air
nd fuel temperatures increase through the flow chambers of the
OFC. Fig. 2(b) shows the ideal temperature–entropy (T–S) diagram
ssuming no pressure loss for the Brayton cycle in association with
he configuration in Fig. 2(a). The change between states 4 and 5
enotes the addition of heat from the combustor. The combustor

s housed inside the SOFC following the approach developed by
iemens-Westinghouse [23–26]. The non-utilized fuel in the prod-
ct gases is combusted in the combustor. This configuration serves
s a basic building block for a SOFC–GT hybrid system. Most recent
tudies have focused on this scheme [26–47]. It is challenging to
alidate system efficiency due to the lack of experimental data for
pecific fuel cell systems and the balance of plants (BoPs); there-
ore, the system efficiencies reported by most simulation studies to
ate have focused on typical hybrid systems. With reference to the
ublished data [26–47], the optimum efficiency for the combined
ressurized SOFC–GT engine can reach 60% (LHV) for a natural gas-
ed system with no additional fuel burned in the combustor. A
emonstration of 200 kW SOFC–GT hybrid system launched by Mit-
ubishi Heavy Industries (MHI) showed that the electrical efficiency
eached 52% (LHV) in the actual operations [47].

Based on this scheme, we can develop a more complicated
ybrid thermodynamic system consistent with the designed con-
itions. The air compression process may be separated into two
tages with an intercooler mounted between the two compressors
48] to decrease the air inlet temperature of the heat exchanger
HE), thus improving the utilization of exhaust heat. However, as
oted by Williams et al. [48], the inlet air temperature of the SOFC
ill also decrease, which is undesirable for a SOFC. Therefore, the

ntroduction of an intercooler is only recommended for high oper-
ting pressures, as shown in Refs. [49,50]. Zhang et al. [51] inserted
n additional reheater between the HE and the SOFC by using part
f the combustor exhaust gas as a heat source to maintain the
inimum temperature of the SOFC stack. Araki et al. [52] added
low-temperature SOFC before a high-temperature SOFC in serial

onnection. The simulation results show that the efficiency of the
ombined cycle with two-stage SOFC is a little higher than that by

igh-temperature SOFC only [52]. Similar to the configuration of
he two-stage SOFC integration system, a multi-stage SOFC com-
ined cycle was proposed in the reference [53]. In this system, a
ew high fuel utilization SOFC stages were integrated with Brayton
ources 195 (2010) 685–702

cycle for specially CO2 capture. About 10% improvement of effi-
ciency is possibility achieved for this kind of integration system
comparing to that of the normal CO2 recovery amine process [53].

3.1.2. Pressurized SOFC + Brayton cycle + Cheng cycle
Cheng cycle is an exhaust heat recovery cycle for specially

optimizing the performance of Brayton cycle. Fig. 3 shows a con-
figuration of Cheng cycle combined with SOFC and Brayton cycle.
A heat recovery steam generator (HRSG) is added for producing
the steam, which is injected into the gases before the turbine. The
exhaust heat is utilized in HRSG, thus increasing the system energy
efficiency. Because the turbine is a mass-flow device, combining
the steam with the high-temperature gases will increase the total
electrical power produced. Part of the steam produced in the HRSG
can also be used for steam load. Therefore, Cheng cycle is a good
option for following the electrical loads or steam loads via con-
trolling the steam injection. Simulation results showed that the
addition of a Cheng cycle to the pressurized SOFC/Brayton cycle
improved the electrical efficiency by 1–3% [54]. But Cheng cycle
decreases the temperature in the interior of the turbine, which per-
mits to gain more efficiency via increasing the temperature of the
fuel combustion [55].

3.1.3. Non-pressurized SOFC + Brayton cycle
Fig. 4 shows a non-pressurized SOFC combined with the Bray-

ton cycle. Under this approach, the SOFC inlet air is taken from the
gas turbine exhaust. The SOFC stack operates close to atmospheric
pressure. Due to gas expansion through the turbine, the minimum
inlet temperature of the SOFC may not be attained if the operat-
ing temperature of the fuel cell is too high or if the expansion ratio
of the turbine is too large. Therefore, an intermediate-temperature
SOFC is favored over this hybrid scheme. The maximum expansion
ratio of the turbine is determined by the fuel cell operating temper-
ature given a fixed turbine inlet temperature (TIT). The optimum
efficiency of the SOFC in this hybrid scheme is expected to be 55%
[48]. Additionally, the temperature of the exhaust gas is generally
higher than that of the pressurized SOFC system, thus exhibiting
less effective waste heat recovery. The optimum efficiency of this
hybrid scheme is about 5% lower than that of the pressurized SOFC
system with no additional fuel burned in the gas turbine combustor
[48].

3.1.4. Pressurized SOFC + Brayton cycle + air reheating
The SOFC requires the inlet air temperature to be above a certain

minimum temperature. However, if the operating temperature of
a SOFC is too high or the expansion ratio of the turbine is too large,
this requirement is difficult to meet solely through the recovery of
turbine exhaust heat. As mentioned in Refs. [48,51], we can route
part of the hot exhaust gas from the SOFC to reheat the air before it
enters the SOFC by using a recuperator or by the exhaust gas recir-
culation (EGR) method. Fig. 5 presents a SOFC–GT hybrid system
with a gas booster (GB) recirculating the exhaust of a SOFC to heat
up the cathode inlet air. This method (see Fig. 5) achieves higher
optimum pressure ratio, and its optimum efficiency is about 5%
higher than that of the recuperative air preheating method [51].
Moreover, the natural gas is usually supplied as the fuel and is
partially reformed in a pre-reformer (as in the case of the Siemens-
Westinghouse design). As shown in Fig. 5, the heat requirement due
to the endothermic reforming process is met by routing a percent-
age of the hot depleted fuel from the anode to the pre-reformer.
A hybrid system that comprises a SOFC combined with a poly-
mer electrolyte membrane fuel cell (PEMFC) has been reported in
the literatures [18,56,57]. In this system, the PEMFC makes use of
the internal reforming ability of the SOFC to produce hydrogen,
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lel configuration, the PEMFC is fuelled from the reformer directly
ig. 4. Non-pressurized SOFC and gas turbine: (a) SOFC–GT system configuration
nd (b) T–S diagram for a Brayton cycle.

hich is necessary for PEMFC operation. The heat released from
lectrochemical reactions in the SOFC is utilized by the internal
eforming process. Fig. 6 shows the PEMFC schematic configuration.

atural gas enters the SOFC at the location where the fuel reform-

ng and the electrochemical oxidation processes occur. The SOFC
tack produces electrical power together with an exhaust stream
hat contains unused CO and H2. The exhaust stream is routed to

Fig. 6. Layout of an integrated S
Fig. 5. A pressurized SOFC system with recirculated air reheating and gas turbine.

the shift reactors, where the CO reacts with H2O to produce CO2
and H2. There is sufficient H2O in the flow stream to allow most of
the CO to be oxidized to CO2. Beyond the shift reactors, the remain-
ing traces of CO are removed by selective catalytic oxidation. This
is necessary to prevent poisoning of the Pt catalysts used in the
PEMFC stack. The resulting H2-rich stream is cooled to about 70 ◦C
before entering the PEMFC [18]. The fuel cells in Fig. 6 are con-
nected in series for fuel feeding [58,59]. Using this configuration,
the gas mixture fed to the cathode of the SOFC contains some water.
However, the effect of water on cathode performance has not yet
been fully understood, even though it is expected to degrade the
electrode performance and to reduce the long-term durability of
SOFCs. The true effect depends on the materials used for both the
cathode and electrolyte [60]. The efficiency of the SOFC–PEMFC
combination as predicted by simulations is about 60% [56,59]. The
efficiency of the SOFC increases with operating pressure, but this
has not been proven for the hybrid SOFC–PEMFC system [18]. By
contrast, the efficiency of SOFC–PEMFC decreases with increasing
operating pressures [18]. Yokoo et al. [59,61] presented a parallel
fuel feeding configuration in which the reformed gas was separated
into two flow streams for the SOFC and the PEMFC. In this paral-
(unlike the serial configuration which uses depleted fuel from the
SOFC anode). According to the study in Ref. [61], a 5% efficiency
improvement was obtained with a parallel SOFC–PEMFC system as
compared with the stand-alone SOFC.

OFC–PEMFC system [18].
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Fig. 7. Integration of a SOFC that uses indirect heat transfer.

.2. Indirect thermal coupling scheme

An alternative thermal coupling scheme involves indirect heat
ransfer. As shown in Fig. 7, the indirect thermal coupling scheme
ncludes two closed cycles. Aside from the SOFC cycle, the other
losed cycle may be a thermal power generation plant (Rankine
ycle, Brayton cycle or TPV) or a thermal utilization module (such
s the combined heat and power (CHP) system with a refriger-
tion cycle). The two cycles operate at different pressures and
ith different working media. Often in the applications of CHP

nd refrigeration systems, the hot SOFC exhaust gas is first chan-
eled to an air pre-heater HE2 and then to HE1 (see Fig. 7).
his mainly depends on the operating temperature of the closed
ycles.

.2.1. SOFC + Brayton cycle (Rankine cycle)
Williams et al. [48] introduced a non-pressurized SOFC system

ombined with a Brayton cycle that uses a heat transfer scheme (see
ig. 8). Under this configuration, the fuel cell and the Brayton cycle
ach require their own independent air supplies. The fuel cell oper-
tes at atmospheric pressure and its hot exhaust gas is routed to
eat the compressed air via a recuperator. The turbine exhaust gas
asses through a heat exchanger to preheat the air before it enters
he SOFC. According to the study reported in Ref. [48], this scheme

ields lower efficiency than with direct coupling scheme. A maxi-
um efficiency of around 45% can be obtained, which is 10% lower

han that of the non-pressurized hybrid system [48]. The Rankine
ycle is mainly used for stationary central power generation. More

ig. 8. Non-pressurized SOFC system combined with a Brayton cycle using a recu-
erator.
ources 195 (2010) 685–702

often, the SOFC is integrated with both Rankine and Brayton cycles
[7,14,62–64].

3.2.2. SOFC + CHP
In 2004, a demonstration unit featuring a SOFC-based 100-kW

CHP system was launched by Siemens-Westinghouse [65–67]. The
degradation of the generator stack was reported to be less than
0.1% per 1000 h of operation, with a life expectancy for the gener-
ator cells that is expected to be at least 40,000 h. In 2005, a 1 kW
SOFC–CHP demonstration system was conducted in Japan at a res-
idential house. The actual operation showed that this system made
significant reduction in primary energy and CO2 emission compar-
ing with conventional energy supply modes [68].

Fig. 9 shows the basic configuration of a combined heat and
power system. The technological and economic assessments have
been conducted and are presented in many publications [69–73].
As shown in Fig. 9, the hot exhaust gas from the SOFC is first
used to heat the inlet air of the fuel cell and is then sent to a
heat exchanger to generate hot water. The Siemens-Westinghouse
SOFC–CHP demonstration unit has reportedly achieved a 46% (LHV)
net AC efficiency and 75% energy efficiency [26]. A small size 1-kW-
class SOFC–CHP system can attain 44% (AC output, LHV) average
electrical efficiency [68].

3.2.3. SOFC + absorption refrigeration cycle
Absorption refrigeration machines are widely used in residences

and buildings for air conditioning. The absorption cycle is a process
by which the refrigeration effect is created through the use of a
refrigerant cycle and another working fluid cycle. The refrigerant
cycle removes heat by evaporating the refrigerant at a low pres-
sure and then absorbing it in lithium bromide water solution at a
higher pressure. Some external heat is needed to drive the liquid
refrigerant into a gaseous state in the vapor generator. The external
heat is normally a side effect of industrial processes. In this context,
the SOFC can be integrated with an absorption refrigeration cycle,
which makes use of the exhaust SOFC thermal energy. Furthermore,
the electrical power for the building can be tapped from the SOFC.
Studies of this type of integration system have been reported in
Refs. [19,70,74].

Absorption machines are commercially available today in two
basic configurations. One machine, which uses lithium bromide
(LiBr) as the absorbent and water as the refrigerant, is primarily
for air conditioning applications above 0 ◦C. The other, which uses
ammonia and water (with the former being the refrigerant and
the latter the absorbent), is suitable for applications below 0 ◦C.
Fig. 10 illustrates an integration cycle for the combined SOFC LiBr
absorption refrigeration system. There are four closed cycles in the
system: (1) the SOFC power generation cycle, (2) the condensing
water cycle, (3) the chilled water cycle, and (4) the refrigerant cycle.
The SOFC exhaust is channeled to the fuel cell inlet air recuperator
and then routed to a vapor generator to heat the LiBr/H2O solution,
thereby causing the refrigerant – in this case water – to be boiled
out of the solution in a manner similar to distillation. Generally,
we can add a heat exchanger downstream of the vapor generator
to produce hot water that utilizes the exhaust heat. Zink et al. [19]
studied a SOFC-based system that featured a cooling cycle and a
heating cycle. The predicted net efficiency was better than 87%.

3.2.4. SOFC + thermophotovoltaic (TPV) power generation
The use of TPV power generation dates back to 1963, when

the concept was proposed by Wedlock, but it was only practi-

cally implemented in recent years with strong support from the
semiconductor industry and through the use of microfabrication
technology [75–80]. One of the advantages of TPV is fuel flexibil-
ity, which makes it promising for the recovery of high-temperature
exhaust gases from SOFCs.
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Fig. 9. Combined heat

TPV power generation operates on the principle of the photo-
oltaic effect, in which photons (whose energy is greater than the
andgap of the cell) can create electron–hole pairs [78]. Fig. 11
hows an integrated system that combines a SOFC with a cylindrical
PV power generation system. As shown in the internal configura-
ion of the TPV in Fig. 11, the essential component is the combustion
hamber where the unutilized fuel from the SOFC exhaust is incin-
rated. The combustor is surrounded by an infrared emitter that
enerates photons from the radiant energy emitted by the combus-
or. Depending on the emitter temperature, a filter is installed to
mprove TPV performance by selectively filtering out the thermal
adiation. The filter transmits the above-bandgap photons to the

PV cell but reflects the sub-bandgap photons back to the emitter
or recuperation. The TPV cells then convert the thermal radiative
nergy into electrical power. A cold air stream is routed to the chan-
el between the TPV cells and the filter to prevent the cells from
verheating. The emitter operating temperature in the TPV nor-

Fig. 10. Hybrid system consisting of a SOFC comb
ower cycle of a SOFC.

mally ranges between 1300 and 2000 K [81]. Today, the efficiency
of the TPV is relatively low (<20%) due to the significant amount of
unused radiation [82]. Therefore, the waste heat of the TPV can be
further utilized by other thermal plants.

3.3. Fuel coupling scheme

As a key reactant in electrochemical contexts, hydrogen can
be produced by various technologies (depending on the kind of
feedstock fuel). Fig. 12 illustrates the fuel coupling scheme with
various hydrogen production technologies. The steam reforming
process normally uses natural gas. The coal gasification cycle pro-

duces syngas whose impurity is subsequently removed before it is
fed to the SOFC. Coal gasification systems are regarded as one of
the most important technologies for future large-scale centralized
zero-emission power generation. Thermochemical water-splitting
converts water into hydrogen and oxygen using a series of ther-

ined with an absorption refrigeration cycle.
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Fig. 11. Hybrid system consisting of a SOFC combine
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Fig. 12. Integration of a SOFC based on a fuel coupling scheme.

ally driven chemical reactions. Brown et al. [83] and Schultz [84]
resented a concept to use a nuclear reactor as the energy source for
hermochemical processes in order to produce hydrogen. A com-
ined SOFC–nuclear reactor power generator has been proposed
y Palmer [14]. By integrating a SOFC with a diesel reformer or a
asoline reformer, a SOFC can be adopted as an auxiliary power

nit (APU) in automotive applications [85,86]. An electrolyzer is a
evice that converts water into hydrogen and oxygen. In the solar
hotovoltaic (PV) power system, the electrolyzer uses the excess
lectrical energy to produce hydrogen during the day. The stored
ydrogen can be used to feed a fuel cell during the night [87,88].

Fig. 13. Combined SOFC and auto-therm
d with thermophotovoltaic power generation.

Today, there exist three principal types of electrolyzer: alkaline,
PEM and solid oxide. An integration power system involving a SOFC
integrated with a solar PV, and an electrolyzer storage unit, was
designed for aerospace applications [89].

3.3.1. SOFC + a hydrocarbon fuel ATR
Due to an increasing focus on convenience and safety, the use

of engine-independent electricity has gained tremendous support
in the area of automotive applications. The fuel cell APU can signif-
icantly improve the efficiency and quality of generated electricity,
especially in low power demand scenarios. Both SOFCs and PEM-
FCs are good candidates for APU applications. However, the PEMFC
requires ultra clean hydrogen reformates that need relatively com-
plex cleanup processes for different temperatures. In the SOFC
systems, the main components all operate at the same tempera-
ture. In particular, SOFCs can be fuelled by the infrastructure fuel
(often diesel or gasoline) when it is integrated with a hydrocarbon
auto-thermal reformer (ATR). Automotive suppliers, such as Delphi
and Webasto AG, have designed APUs with SOFCs [16,90–92].

Fig. 13 shows a schematic configuration of a SOFC integrated
with an auto-thermal reformer that is fuelled by diesel and gaso-
line. Studies of auto-thermal reforming have been widely reported
[93–96]. The ATR reactor is the core fuel processing system, which

combines the catalytic partial oxidation (CPO) and the steam
reforming (SR) processes under thermoneutral conditions. It incor-
porates a catalyst bed, an injector/atomizer/mixer and a glow plug
[94]. As shown in Fig. 13, the ATR-fed water is vaporized in a steam
generator that utilizes the SOFC exhaust heat. The steam is mixed

al reforming of hydrocarbon fuel.
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Fig. 14. Integration of SOFC with

ith air prior to entering the ATR. The liquid hydrocarbon fuel is
vaporated via the injector and atomizer and is mixed with the
umidified air in the ATR. The CPO and SR reactions as well as
he thermal decomposition of hydrocarbon fuels in the presence
f catalysts are as follows:

mHn + m

2
O2 → mCO + n

2
H2 (R7)

mHn + mH2O → mCO + (n/2 + m)H2 (R8)

mHn → mC + n

2
H2 (R9)

he CPO reaction involving a sub-stoichiometric ratio of oxygen and
ydrocarbon is weakly exothermal, and produces H2 and CO (R7).
he heat released is utilized by the endothermic steam reforming
eaction (R8). The removal of coke deposition (R9) is described in
ore detail in Ref. [97]. In fact, the added steam in the air stream

an suppress carbon formation via the following reaction:
+ H2O → CO + H2. (R10)

ince the depleted SOFC fuel contains significant H2O, the steam
upplement can be provided by recirculating part of the anode
xhaust gas to the ATR [98]. Separately, SOFCs can also be inte-
rated with a battery, thus creating an integrated power source for
n electric automobile. Brett et al. [99,100] proposed a combined
ntermediate-temperature SOFC with a sodium-nickel chloride bat-
ery for automotive applications.
ermal biomass gasification [105].

3.3.2. Biomass gasification + SOFC
Biogas is an attractive fuel source that is indigenous, local, ver-

satile and renewable. However, it remains underexploited. The
biomass gasification process would seem to be thermally compat-
ible with SOFC because both operate within the same temperature
range. The combination of SOFC with biomass gasification can
significantly increase the value of the biogas. Gasification can
be classified according to the type of gasifier (fluidized bed or
fixed bed), operating conditions, gasifying agent, etc. Generally,
gas produced by biomass gasification contains hydrogen, carbon
monoxide, carbon dioxide, water vapor, nitrogen, methane and
other heavier hydrocarbons and trace components. Different gasi-
fying agents will result in different gas compositions and qualities
of the resulting biomass. Air, oxygen and steam are usually used
either individually or mixed together as a gasifying agent. If air or
oxygen is used, the oxidation process itself should generate the heat
that is necessary for the reactions; thus, no external heat energy
supply would be needed. Air gasification produces gas products
with a low heating value (typically in the range of 4–6 MJ Nm−3)
and an H2 concentration of only 8–14 vol.% due to the significant
amount of N2 in the air (which dilutes the gas mixture) [101–103].
Oxygen and steam gasification would produce a improved heat-
ing value of about 10–18 MJ Nm−3 [104], but oxygen gasification
requires a major investment in oxygen production equipment.
Steam gasification is an attractive process, and produces gas with
35–45 vol.% of H2 and 20–30 vol.% of CO [101].

Fig. 14 shows a flow chart for the combined SOFC–allothermal

steam gasification CHPs [105]. The first step of biomass gasification
is an immediate drying and thermal decomposition of solid fuel
to generate light gases, tars and char. The pyrolyzed gases and tars
then react with the gasification agent in the gaseous phase, whereas
the solid char participates in several heterogeneous reactions with
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he gases:

+ CO2 ↔ 2CO (R11)

+ 2H2 ↔ CH4 (R12)

+ H2O ↔ CO + H2 (R13)

H4 + H2O ↔ CO + 3H2 (R14)

O + H2O ↔ CO2 + H2 (R15)
The proposed system operates at near-atmospheric pressure
ith two fluidized bed (FB) reactors that are thermally coupled
sing heat pipes. The gasifier and combustor operate at 1073 K and
173 K, respectively; this temperature difference of 100 K allows for
ood heat transfer via the integrated heat pipes, which provide the

Fig. 15. Hybrid system comprising versatile SOFC and
ources 195 (2010) 685–702

thermal energy needed for allothermal gasification. The cleaned gas
is reheated in HX1 and then channeled into a compact tar-cracking
reactor that is within the FB combustion zone. The clean fuel gas is
routed to the SOFC anode for power generation. Air is blown such
that the pressure is near the operating pressure of the SOFC and
is heated in HX2 before entering the stack. The depleted fuel and
air from the SOFC are mixed and incinerated in the secondary FB
together with the char, a gasification byproduct. Additional biomass
may be provided if the above-mentioned materials are insufficient

to sustain the gasification. The flue gas is recuperated in HX2 for
heat extraction, and then enters a heat recovery steam generator
(HRSG) HX3, which provides steam for the gasification and fuel gas
moisturizing processes. HX4 offers useful heat in the form of hot
water.

PV cell [89]: (a) SOFC mode and (b) SOEC mode.
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Table 2
Typical SOFC integration strategies.

Configuration Application Energy source Development status

Steam reformer + SOFC + Brayton cycle + Rankine cycle Central power generation; ship Natural gas Concept
Thermochemical hydrogen production + SOFC + Brayton

cycle + helium Brayton cycle
Naval vessel; central power generation Nuclear reactor Concept

Coal gasification + SOFC + Brayton cycle + Rankine cycle Central power generation Coal Concept
SOFC + Brayton cycle Distributed power generation Natural gas Demonstration [26,47]
SOFC + Brayton cycle + Cheng cycle Distributed power generation Natural gas Concept
SOFC + CHP Distributed power generation; building Natural gas Demonstration [26,68]
SOFC + refrigeration cycle Building Natural gas Concept
SOFC + TPV Distributed power generation; aerospace Natural gas Concept
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Table 2 lists typical conceptual integration strategies that use
SOFCs. In this paper, we review three advanced conceptual inte-
gration systems – the SOFC is integrated with a gas-cooled nuclear
reactor cycle, coal gasification cycle, and humid air turbine cycle
power generator.
Electrolyzer + SOFC + PV Aerospace; di
Gasoline reformer + SOFC APU for autom
Diesel reformer + SOFC APU for autom
Biomass gasification + SOFC Distributed po

An energy analysis suggests that the electrical efficiency of the
bove-mentioned system is about 32%, while the thermal efficiency
s 35% when olive kernel residues are used as biomass [105]. Mod-
ling the bio-derived gas utilization in SOFCs predicts efficiencies
n the range of 23–50% [101,106–108]. Simulation results also sug-
est that the electrical efficiency exhibits a positive dependence on
he hydrogen content of the biomass feedstock [103]. The combi-
ation of a SOFC/GT and biomass gasification was also investigated
109,110]. An integrated pressurized gasifier with a SOFC/GT sys-
em can reach an electrical efficiency of 41% while the combination
f an atmospheric gasifier and a SOFC gives 20% electrical efficiency
109]. The gasifying agent may also impact performance. The work
f Sucipta et al. [110] showed that a steam biomass gasification sys-
em may offer higher efficiency than an oxygen and air gasification
ystem.

.3.3. Reversible SOFC + PV
The photovoltaic (PV) cell is a device that converts solar energy

nto electrical energy. It is widely used as a power generation plant
n remote areas and on board spacecraft. The power output of a PV
ell is highly time-dependent, and acts as an energy source with
arying intensity. There is a need to store excess energy during the
ay. Batteries are the most commonly used storage device for this
urpose; however, they typically are appropriate for short-term
pplications [111]. Hydrogen is considered to be a more promising
edium due to recent technological advancements in electrolyzers

nd fuel cells. The integration of PV cells and PEMFCs with low-
emperature electrolyzers (alkaline and polymer membrane) has
een studied by many researchers [111,87,112–116]. Compared
o the low-temperature electrolyzer, the high-temperature solid
xide electrolyzer offers a higher efficiency and longer-term sta-
ility and can operate at higher pressures. This type of electrolyzer
as received increasing attention in recent years [117–123].

A versatile SOFC includes two modes of operation: (1) as a solid
xide fuel cell for power generation, and (2) as a solid oxide elec-
rolysis cell (SOEC) for hydrogen production. Fig. 15 shows a system
hat features a versatile SOFC and a solar PV cell, which meets the
elevant load requirement through the power management unit.
he excess electrical power is stored in a battery for the short term
r is supplied to a versatile SOFC for hydrogen production purposes.
n the SOFC mode (Fig. 15(a)), hydrogen from VS1 is fed to the anode
nd oxygen is transferred from VS2 to the cathode of the SOFC.
ydrogen reacts with oxygen ions to form water and release heat

Fig. 1). The generated power is transmitted to an electrical load
r is stored in a battery through the power management unit. The

node outputs a mixture of H2 and H2O. The exhaust heat is uti-
ized in HE2 and HE3. The H2/H2O stream is further cooled by HE1
nd is separated in a gas–liquid separator (GLS). The liquid water is
outed to VS3 and hydrogen is recirculated. The control valve CV3
s closed in the SOFC mode. In the SOEC mode (Fig. 15(b)), the oper-
ted power generation Solar energy Concept
; APU for airplane Gasoline Demonstration [90]

Diesel Demonstration [92]
eneration Biomass Concept

ation is the reverse of the fuel cell mode; electrons are injected into
the cathode by an external power supply, which may either be the
solar PV cell or the battery via the power management unit. This
forces oxygen ions (from H2O) to migrate through the electrolyte
from the cathode to the anode. The reactions are as follows:

At the cathode side : H2O + 2e− → H2 + O2− (R16)

At the anode side : O2− → (1/2)O2 + 2e− (R17)

The net electrolysis reaction is : H2O → H2 + (1/2)O2 (R18)

A significant part of the heat required for the electrolysis process
is obtained from the irreversible losses caused by the electrolysis
reaction and the passage of an electric current through the cell in
conjunction with relevant activation, concentration and resistance
overpotentials. This reduces the overall electricity consumption
[124]. The exhaust heat is utilized in HE2 and HE3 to vaporize the
liquid water.

4. Advanced integration cycles for improved power
generation

Three basic integration strategies were introduced above to
build the integration system based on SOFCs. Quite often, the inte-
gration system can be configured using more than one scheme.
Fig. 16. Sulfur–iodine cycle of hydrogen production involving thermochemical
water-splitting [126].
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Fig. 17. Sketch of a nuclear reactor heat source with water-s
.1. SOFC + MHR + helium turbine + gas turbine

Hydrogen is a clean energy carrier that produces no pollution
r greenhouse gas emissions when it is oxidized. It is very impor-
ant to develop hydrogen production infrastructures that support

Fig. 18. Integration scheme for a SOFC and modular helium nucle
g hydrogen production by thermochemical processes [127].
the hydrogen economy. Recent hydrogen production technology
has focused on fossil fuels and, more specifically, on natural gas.
When hydrogen is produced using energy derived from fossil fuels,
there is little or no environmental advantage. Currently, there
is no large-scale, cost-effective, environmentally attractive com-

ar reactor that uses thermochemical hydrogen production.
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Table 3
Typical composition of gasified fuel [132].

H2 25–30%
CO 30–60%
CO2 5–15%
H2O 2–30%
CH4 0–5%
H2S 0.2–1%
X. Zhang et al. / Journal of Po

ercialized hydrogen production process, nor has such a process
een identified. Some researchers have addressed the possibility
f using thermochemical processes to create hydrogen using an
dvanced high-temperature nuclear reactor as the primary energy
ource [83,84]. Thermochemical water-splitting is a chemical pro-
ess that decomposes the water into hydrogen and oxygen using
nly heat or, in the case of an integrated thermochemical pro-
ess, by a combination of heat and electrolysis, which may meet
he above goals. The sulfur–iodine (S–I) cycle is one of the prime
hermochemical processes studied. The chemical reactions are as
ollows [83,125,126]:

2SO4 → SO2 + H2O + 0.5O2 + 44.348 kcal mol−1 (850 ◦C)

(R19)

2 + SO2 + 2H2O → 2HI + H2SO4 − 52.626 kcal mol−1 (120 ◦C)

(R20)

HI → I2 + H2 − 4.21 kcal mol−1 (450 ◦C) (R21)

2O → H2 + (1/2)O2 (R22)

ote that the reactants H2SO4 and I2 other than water are regen-
rated and recycled through the reactions. Reaction (R19) is highly
ndothermic, reaction (R20) is very exothermic, and reaction (R21)
s slightly endothermic.

The S–I cycle is illustrated in Fig. 16. The cycle uses only energy
in the form of heat) and water as inputs. The only products are
ydrogen and oxygen and some rejected heat. The efficiency of this
ycle is predicted to reach 45–50% [127]. The Japan Atomic Energy
esearch Institute (JAERI) has successfully conducted continuous
roduction experiments using the S–I cycle. JAERI is developing
he process as part of a program aimed at integrating it with a
igh-temperature gas-cooled reactor (HTGR), using helium as the
oolant [126].

Fig. 17 shows a hydrogen production system that functions by
ombining thermochemical water-splitting with thermal energy
rom a nuclear reactor. It is important to determine the type of reac-
or that should be used. Some attributes of the reactor and criteria
hould be considered such as coolant stability, chemical compat-
bility, pressure requirements, nuclear requirements, etc. Many
f the current commercial operating nuclear power plants are of
econd-generation or third-generation pressurized water reactors
PWRs) and boiling water reactors (BWRs) [128]. Nine basic types
f reactor were assessed by Marshall on account of their signifi-
ant design, safety, operational and economic issues [129]. A typical
odular high-temperature gas-cooled reactor (HTGR) appears to

e appropriate as a heat source for S–I cycle applications. The mod-
lar helium reactor (MHR) and associated gas turbine utilize helium
s both the fluid that removes heat from the reactor and the work-
ng fluid for the gas turbine’s Brayton cycle. As shown in Fig. 17,
elium is also used as an intermediate fluid for the exchange of
eat between the primary coolant cycle and the S–I cycle.

Fig. 18 presents the schematic integration strategy for a SOFC
nd a gas-cooled nuclear reactor given a thermochemical hydrogen
roduction cycle. Three primary cycles, including a hydrogen pro-
uction cycle and two Brayton cycles, are integrated in this system.
he heat source for the S–I cycle (as shown in Fig. 17) is provided
y the MHR through a closed heat exchange cycle. The coolant sys-

em for the nuclear reactor involves a Brayton cycle, which uses
ater as the coolant to remove heat from the reactor and to run the

team turbine’s Rankine cycle. The resulting hydrogen and oxygen
re stored in VS1 and VS2. The hydrogen is supplied to a SOFC and
s used as auxiliary fuel for the combustor CB.
COS 0–0.1%
N2 0.5–4%
Ar 0.2–0.1%
NH3 + HCN 0–0.3%

The integration strategy mentioned above is especially suited
for naval vessels. We note that, although the addition of a SOFC
in a nuclear power system improves the overall efficiency of the
cycle, the main advantage of employing a SOFC is its high reliability,
which is essential for the “all electric” naval vessel concept as well
as for stable maneuverability and a relatively high efficiency (in
the case of partial loading operations). Moreover, the SOFC reduces
the size of the turbine, which can greatly reduce the vibration and
noise of the vessel. Furthermore, the thermal energy of the MHR is
used to generate hydrogen for the fuel cell, thus reducing the cost.
Palmer [14] investigated an integration system that features a MHR
combined with a SOFC fuelled by natural gas. The simulation results
suggest that the system should approach an electrical efficiency of
more than 60% [14].

4.2. SOFC + coal gasification + gas turbine + steam turbine

The FutureGen program launched by the U.S. DOE [7] aimed to
develop and demonstrate advanced power plants that are highly
efficient and effectively mitigate the environmental impacts asso-
ciated with the use of fossil fuel. The conceptual designs for the
FutureGen plant must meet the targets of Vision 21st [3]. The elec-
trical efficiency of coal-based power generation is believed to be
60%. The integration system of a SOFC combined with coal gasifica-
tion as well as a Brayton cycle and Rankine cycle is an alternative
configuration that may be used to achieve the targets of Vision 21st
[7,130,131].

The integration scheme features two islands, known as the coal
gasification island and the power island. The coal gasification island
produces the clean syngas for power generation plants. The power
island includes the SOFC power generation cycles, gas turbine
(Brayton cycle) and steam turbine (Rankine cycle). The auxiliary
plants include a water treatment plant, air separation unit (ASU)
and CO2 sequestration system. The coal gasification process is used
to convert the feedstock coal into syngas consisting of a mixture of
carbon monoxide (CO) and hydrogen (H2) and, to a lesser extent,
some carbon dioxide (CO2) and traces of other gases. The syngas
is cleaned of particulates, sulfur and other contaminants. Fig. 19(a)
illustrates all the processes and plants, including the coal gasifi-
cation process, the particulate removal and recycling process, the
raw syngas cooler, the acid gas cleanup (H2S and COS removal and
sulfur recovery), the zinc oxide polisher and the water treatment
zone.

As shown in Fig. 19(a), the combustible constituents of the feed-
stock coal are partially oxidized by either air or pure oxygen in
the gasifier. The products of gasification include carbon monoxide,
hydrogen and a small amount of carbon, which is completely oxi-
dized to yield CO2 as well as a small amount of methane. The typical
composition of gasified gas is shown in Table 3. The coal gasifica-

tion processes operate at high temperatures and the associated heat
recovery is effective at increasing the overall system efficiency. The
raw syngas passes through a gas cooling zone, which is essentially
a series of heat exchangers. The recovered heat is used to create
steam, which is sent to the HRSG of Rankine cycle for superheating
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Fig. 19. Integration scheme for a SOFC and coal gasification system with

nd reheating. The syngas exiting the gasifier is treated through a
eries cleaning devices for removing the particulates, carbonyl sul-
de (COS), hydrogen sulfide (H2S) and sulfur before entering the
OFC + Brayton cycle [132,133].

The power island is a power generation system that includes a
OFC module together with a Brayton cycle and a Rankine cycle
Fig. 19(b)). The clean syngas from the coal gasification island is
eparated into two gas streams. One is routed to the hydrogen sep-
ration device (HSD), which shifts the coal syngas and separates
ut a high purity hydrogen stream. The other syngas stream will
rst expand through the turbine TB2 before being transported to
he SOFC as fuel. The anode exhaust stream of the SOFC, which con-
ains rich CO2 with small amounts of CO and H2, together with the
tream of CO2 from the HSD, are sent to a catalytic combustor for
educing NOx formation. Both the H2 and CO are also combusted
n a catalytic combustor. The high-temperature rich CO2 stream

rom the catalytic CB is routed to the HRSG2 to produce and reheat
he steam for the Rankine cycle. The hydrogen separated by HSD
s supplied to the Brayton cycle. Nitrogen is recycled from the air
eparation unit (ASU) to the combustor of the Brayton cycle after
eing preheated in two heat exchangers. The exhaust of the gas
n dioxide sequestration: (a) coal gasification island and (b) power island.

turbine is used to produce steam in HRSG1. In the Rankine cycle,
steam produced by HRSG is used to drive the turbines (HP, IP and
LP).

Three cases dealing with the integration of a SOFC with a Brayton
cycle and Rankine cycle based on coal gasification were studied by
Parlsons et al. [7]. For cases involving no CO2 capture, the efficiency
obtained from the simulation was 56.4% for the hot gas cleanup
method (with zinc oxide polisher) and 57% for the cold gas cleanup
method. For the case of CO2 capture, an efficiency of 49.7% (lower
than that for the cases without CO2 capture) was achieved due to
additional power consumption in the process of CO2 separation.
Similar results were obtained by Rao et al. in Ref. [130] using a
simulation method. The overall efficiency increases with increasing
SOFC power output.

4.3. SOFC + humid air turbine (HAT) cycle
The humid air turbine (HAT) cycle has been proposed and stud-
ied for a number of years as a means of reducing cost when
compared to combined cycles (CC). The integrated SOFC–HAT sys-
tem was proposed by Rao and Kuchonthara in 2003 [63,134].
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Fig. 20. Hybrid cycle fo

ig. 20 depicts the combined SOFC and HAT cycle. A typical HAT
ycle operates in high-pressure ratio gas turbines. The air com-
ression system includes a low-pressure compressor (LPC) and a
igh-pressure compressor (HPC) with an air intercooler. As shown

n Fig. 20, the high-pressure air from the HPC is cooled in an after-
ooler using cold water. In the air saturator, the pressurized air
s humidified by bringing it into direct contact with hot water,

hich comes from the intercooler, aftercooler and economizer. The
ater leaving the air saturator is recirculated to recover the low-

emperature heat from the intercooler, aftercooler and economizer.
he humidified air is heated in the recuperator before entering the
OFC cathode. The unutilized fuel in the SOFC is first combusted
nd the product gas expands through the turbine (where mechan-
cal work is produced). The turbine can also be separated into two
tages if the pressure ratio is too high. As reported in Ref. [134],
ne can add a low-pressure SOFC module or combustor between
he two expanders. The fuel for the SOFC can be either natural gas
r syngas.

Compared to a combined cycle, the efficiency of the HAT cycle is
ypically lower by several percentage points, but it has the advan-
age of offering lower cost. Eliminating the HRSG/steam sub-cycle
n the HAT cycle reduces the cost, which more than compensates
or the added expense of a sophisticated gas turbine, an air sat-
rator and a few heat exchangers [7]. The simulation results from
ao and Samuelsen [134] show that the efficiency of the SOFC–HAT

ntegration cycle can be as high as 69.05% (LHV) while running on
atural gas at a pressure ratio of 15. A potential disadvantage asso-
iated with this cycle is that the partial pressure of the oxygen in
he air stream entering the SOFC is reduced, which decreases the
ernst potential and the mass transfer rate of the oxygen through

he cathode and increases the cathode concentration and activation
olarizations.

. Conclusions and final remarks
.1. Achievements

SOFC power systems can be classified into three groups: station-
ry applications – including central power generation (>50 MW)
nd distributed power generation (usually >10 kW), APUs in
FC combined with HAT.

vehicle applications, and portable applications. Most of today’s
installed SOFC units for demonstration purposes are at the sub-MW
level. These units are mostly found in Europe, North Amer-
ica and Japan. The success of SOFCs and integrated systems in
terms of possible future commercialization depends on their
cost and efficiency. SECA has designed and manufactured several
SOFC prototypes, which range from 3 to 10 kW. The projected
system operational cost is in the range of $724–775 per kW
[135].

The best-known tubular SOFC was developed by Siemens-
Westinghouse. A 100 kW SOFC–CHP system fed with natural gas
has been operating successfully at atmospheric pressure with an
efficiency of 46% for over 29,000 h in the Netherlands, Germany
and Italy [67]. A similar scaled-up 250 kW SOFC–CHP system built
by Siemens-Westinghouse has been operating at a Kinetrics Inc.
Facility in Toronto, Canada. These atmospheric SOFC–CHP systems,
with electrical efficiencies in the range of 45–50%, are expected
to be the initial commercial products of Siemens-Westinghouse
[136]. Siemens-Westinghouse also offers two other proof-of-
concept demonstrations of pressurized SOFC/GT hybrid systems,
namely a 220 kW unit at the National Fuel Cell Research Cen-
ter in Irvine, CA and a 300 kW unit in Pittsburg, PA. Rolls-Royce
is developing a 1-MW hybrid system of pressurized SOFCs and
gas turbines for stationary power generation. In Japan, Mitsubishi
Heavy Industries (MHI) successfully installed a 200-kW hybrid
system featuring SOFC–GT technology in 2006. Recently, several
developers of SOFCs in Europe made progress on new proto-
types and field trials. Ceramic Fuel Cells Ltd. (CFCL) signed an
agreement with utility E.ON UK to develop and deploy a proto-
type SOFC–CHP unit in Britain. Ceres Power, which is developing
intermediate-temperature SOFCs, has designed and built an inte-
grated, wall-mountable CHP unit. Hexis has reported successful
testing of its Galileo 1000 N SOFC heating systems with several
large energy suppliers in Switzerland and Germany since 2007
[137].
5.2. Challenges

(1) Cost reduction. Although there remain several important tech-
nical hurdles to be resolved, the key to the future commercial
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success of SOFC systems will be economic. Today, the most
widely deployed fuel cells cost about US$4000–8000 per kW;
by contrast, a diesel generator only costs US$800–1500 per kW,
and a natural gas turbine can be US$400 per kW or less. The cost
of SOFC stacks depends mainly on the materials and fabrica-
tion techniques employed. Due to high operating temperatures,
most of today’s SOFC systems use expensive materials. Some
researchers maintain that low operating temperatures are
necessary and that low cost metals could be used as inter-
connectors and for gas manifolding. However, the electrolyte
resistance and electrode reaction kinetics are both impaired
when the operating temperature is reduced. Currently, the cost
of manufacturing constitutes the largest fraction of the total
cost of the SOFCs. The well-known tubular SOFC developed
by Siemens-Westinghouse was fabricated using an expensive
electrochemical vapor deposition (EVD) process. The manufac-
turing technologies must be improved to offer increased yield.
Some additional cost reduction can be achieved with improved
power densities.

2) SOFC module scale-up. For stationary power generation, the
SOFC capacity ranges from kilowatt to megawatt levels. In order
to reduce the manufacturing cost, vendors usually develop
their nominal stacks of SOFC modules for mass-customization
according to the different power rating requirements. Today,
only SOFCs in the range of hundreds of kW have been demon-
strated for tubular cells. Scaling the SOFCs up to the MW
scale has yet to be demonstrated. The challenges arise in the
scale-up step that focuses on the stack design, system layout,
materials and configuration for long-life operation, manufac-
turing method, cell performance, thermal energy management,
mechanical stress and the state-of-the-art BoPs.

3) Diagnostic, safety and control system. The safety and reliability of
operations must be ensured during deployment. Furthermore,
integrated systems are more complicated than stand-alone
SOFCs. Coupling, in terms of the exchange of both thermal
energy and material between the components in the integration
system, should be holistically assessed. System control issues
have been addressed by several research groups [138–147]. The
challenges need to be overcome in order to guarantee operation
under practical conditions. The control strategies and config-
urations as well as related dynamic simulations have to be
strengthened and validated using new demonstrations.

4) Large-scale hydrogen production. Hydrogen is ideal to power the
fuel cell. A hydrogen economy will likely reduce our depen-
dence on fossil energy and decrease both toxic emissions and
greenhouse gases. At present, about 95% of the H2 used in
the world is made from steam reforming of natural gas, and
the remainder is produced by electrolysis, which is an energy-
intensive route for splitting water into H2 and O2. The cost of
using hydrogen in fuel cells is too high. More effort has to be put
into the technological advancement of high-temperature elec-
trolysis, thermochemical cycles and hydrogen storage in order
to achieve major cost reductions.

5) CO2 sequestration and capture. Fossil fuels will continue to dom-
inate our energy supply needs in the foreseeable future. The
emission of carbon dioxide is believed to be the main contrib-
utor to the greenhouse effect. CO2 capture can be employed
favorably in both central power generation and distributed
power generation contexts. Studies of SOFCs with CO2 capture
have been performed earlier by many researchers [148–150].
Three proposed methods, namely pre-fuel cell CO2 capture,
post-fuel cell CO2 capture and post-fuel cell oxidation, were

presented by Dijkstra and Jansen [150]. In most of these con-
cepts, chemical and physical processes were adopted in the
treatment of CO2 sequestration and capture. Various high-
temperature membranes can also be employed during the
ources 195 (2010) 685–702

process of power generation via CO2 capture [151]. However,
intensive study is required to make cost-effective technologies
for CO2 sequestration and capture a reality.

(6) Advanced turbine system (ATS). The cost and performance char-
acteristics of an ATS make it competitive for electric power
generation and make possible cogeneration options in SOFC
integration systems. To achieve a higher efficiency and lower
emissions (consistent with the Vision 21st goals), turbine per-
formance has to be enhanced significantly. In reality, the goal
to achieve a higher turbine efficiency is in conflict with the
goal of lower emissions. A higher working fluid temperature is
necessary for higher efficiency, which implies that NOx emis-
sions will be higher. However, limiting oxygen in order to lower
NOx emissions can lead to unacceptably high levels of carbon
monoxide and unburned hydrocarbon emissions. Furthermore,
increasing the system temperatures would significantly chal-
lenge the materials scientists.

5.3. Future prospects

(1) Pressurized SOFC + gas turbine. This hybrid system offers advan-
tages for distributed power generation (DG). Today, electrical
energy mainly depends on central power generation. Central
power generation offers excellent economies of scale, but usu-
ally transmits electricity over long distances, thus losing some
of its energy. Furthermore, the waste heat cannot effectively be
utilized because these power stations are usually distant from
customers. The concept of DG reduces the amount of energy
that is lost in transmitting electricity. As an attractive alter-
native to DG, the integration of a SOFC and gas turbine offers
a solution for primary power that can augment the grid in
ways that improve both efficiency, reliability and environmen-
tal impact.

(2) SOFC + LiBr absorption refrigeration (and CHP). A good air con-
ditioning system is one of the key features of energy-saving
buildings. Today, the heat sources for most absorption refriger-
ation systems are oil, natural gas or steam. The SOFC integration
system, which combines heat, power and cold, will be more
attractive to building services designers.

(3) SOFC + ATR as APU for vehicle applications. An APU provides elec-
trical power independent of the drive system for a variety of
automobile applications. The demand for electricity increases
with increasing demand for convenience and safety, as well as
for control and regulatory services. Examples of these functions
include engine-independent air conditioning in automobiles or
by-wire technologies in aircraft. Due to impressive efficiencies
and environmentally friendly specifications, a SOFC-based APU
with ATR is a good candidate for future applications.

(4) IGFC. Coal is still the main energy source that supports econom-
ical development in the foreseeable future. SOFC coal-based
systems are expected to reduce both energy use and the envi-
ronmental impact of energy production in the future.

(5) SOFC + MHR. The concept behind the SOFC + MHR system is to
make use of a nuclear energy heat source to produce hydrogen
by means of a thermochemical water-splitting process. Due to
the synergistic effect of SOFC and MHR, the efficiency and sta-
bility of the power source is greatly improved. Specifically, in
naval vessel applications, this system meets the requirements
of the “all electric” concept, which effectively corresponds to
being quiet, clean, and reliable.
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