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This study examines the performance of a solid oxide fuel cell- (SOFC-) based integrated
gasification power plant concept at the utility scale (>100 MW). The primary system con-
cept evaluated was a pressurized �150 MW SOFC hybrid power system integrated with
an entrained-flow, dry-fed, oxygen-blown, slagging coal gasifier and a combined cycle in
the form of a gas turbine and an organic Rankine cycle (ORC) power generator. The ana-
lyzed concepts include carbon capture via oxy-combustion followed by water knockout
and gas compression to pipeline-ready CO2 sequestration conditions. The results of the
study indicate that hybrid SOFC systems could achieve electric efficiencies approaching
66% [lower heating value (LHV)] when operating fueled by coal-derived clean syngas
and without carbon dioxide capture. The system concept integrates SOFCs with the low-
pressure turbine spool of a 50 MW Pratt & Whitney FT8-3 TwinPak gas turbine set and
a scaled-up, water-cooled 20 MW version of the Pratt & Whitney (P&W) PureCycle
ORC product line (approximately 260 kW). It was also found that a system efficiency per-
formance of about 48% (LHV) is obtained when the system includes entrained-flow gasif-
ier and carbon capture using oxygen combustion. In order to integrate the P&W FT8
into the SOFC system, the high-pressure turbine spool is removed which substantially
lowers the FT8 capital cost and increases the expected life of the gas turbine engine. The
impact of integrating an ORC bottoming cycle was found to be significant and can add as
much as 8 percentage points of efficiency to the system. For sake of comparison, the per-
formance of a higher temperature P&W ORC power system was also investigated. Use of
a steam power cycle, in lieu of an ORC, could increase net plant efficiency by another
4%, however, operating costs are potentially much lower with ORCs than steam power
cycles. Additionally, the use of cathode gas recycle is strongly relevant to efficiency per-
formance when integrating with bottoming cycles. A parameter sensitivity analysis of the
system revealed that SOFC power density is strongly influenced by design cell voltage,
fuel utilization, and amount of anode recycle. To maximize the power output of the modi-
fied FT8, SOFC fuel utilization should be lower than 70%. Cathode side design parame-
ters, such as pressure drop and temperature rise were observed to only mildly affect
efficiency and power density. [DOI: 10.1115/1.4004374]

1 Introduction

Solid oxide fuel cells (SOFCs) are considered to be a key tech-
nology for high-efficiency, zero-emission fossil power plants of
the future. In particular, the accelerating development activity of
SOFCs under the auspices of the U.S. DOE Solid State Energy
Conversion Alliance (SECA) program is focused on utilizing
SOFCs as building blocks for large-scale integrated coal-
gasification power plants. When SOFCs are fueled from coal syn-
gas and combined with gas turbines, an ultra-high efficiency
hybrid system can be obtained. A steam Rankine bottoming cycle
(SRC) can also be integrated to further enhance efficiency and
power production and carbon dioxide capture and sequestration
(CCS) is necessary to achieve near-zero emission levels. It has
been estimated that an integrated gasification fuel cell (IGFC)
power plant with CCS can achieve an efficiency advantage of

nearly 24 percentage points over a comparable integrated gasifica-
tion combined cycle plant with CCS [1].

There are numerous challenges in integrating the many sub-
systems that comprise an IGFC power plant. Achieving robust
operability and control and a flexible operating envelope in a cost-
effective manner are significant concerns for hybrid power systems,
especially those involving numerous unproven technologies. Tech-
nical challenges include gasifier-fuel cell integration, fuel cell-gas
turbine integration, power block integration with carbon capture
hardware, and system control. Gasifier-fuel cell integration is sub-
ject to the very narrow operating envelope of SOFC technology
established by both tolerance to anode fuel gas impurities, and cell-
stack temperature and pressure control. Excursions of reactant gas
temperatures, pressures, and compositions from design conditions
can lead to cell cracking, carbon deposition, anode oxidation, and
accelerated cell degradation (reduced lifetime). Fuel cell-gas tur-
bine integration is subject to the same SOFC operating constraints
as gasifier integration and is further hampered by several control
challenges that involve compressor surge, shaft overspeed, and cell
overheating [2]. Detailed examination of the integration challenges
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is beyond the scope of this paper, but the interested reader is
referred to several literature studies on the topic [2–9].

Despite the numerous technical challenges that need to be over-
come, both the efficiency performance and the economics of
“mature” IGFC systems are promising. Recent economic assess-
ments of large-scale (>100 MW) integrated gasification combined
cycle (IGCC) plants employing entrained-flow gasifiers and F-
class syngas turbines have estimated total plant capital costs at
about $1800/kW1 (in 2007$) using commercially available tech-
nologies without carbon capture [1,10]. It is estimated that captur-
ing carbon dioxide in these plants adds another 30% to the total
plant capital cost [1]. In contrast, the cost of an IGFC plant that
employs catalytic gasifier technology and carbon capture has been
estimated to reduce the plant capital cost by 30% (i.e., �$1670/
kW) while offering an efficiency advantage of nearly 24 percent-
age points over its IGCC/CCS counterpart [1]. Such cost and per-
formance advantages make IGFC/CCS systems very attractive;
however, considering the substantial technical challenges of real-
izing these performance expectations, continued exploration of
system integration concepts is warranted.

The objectives of the present work are to (1) quantify IGFC sys-
tem performance using commercial coal gasifier, gas turbine, and
organic Rankine cycle (ORC) technologies, (2) perform a sensitiv-
ity study of system performance due to variations in SOFC power
block design parameters, and (3) identify additional areas for sys-
tem design and performance improvements.

There are several prior theoretical research efforts in the open
literature that have examined integrating SOFCs with coal gasifi-
cation and power generation cycles. In particular, Lobachyov
and Richter evaluated integrating an indirectly heated fluidized-
bed coal gasifier with gas turbine and SOFC [11]. Efficiencies
exceeding 60%-LHV were reported with generic gas turbine and
obsolete monolithic SOFC technologies and no carbon capture.
Kivisaari et al., [12] examined integration of an entrained-flow
gasifier with either molten carbonate or solid oxide fuel cell
technology for combined heat and power (CHP). In this study,
integration with power cycles was not performed nor was CO2

capture of interest. Similarly, Ghosh and De carried out a study
on employing entrained-flow gasification with SOFCs; however,
gas and steam turbine integration for CHP were also incorpo-
rated [13]. Verma et al., [14] performed an analysis on IGFC
systems inclusive of a steam cycle, ion transport membrane, and
carbon capture technologies. SOFC parameter and system con-
ceptual design variations were studied and efficiencies as high as
50%-HHV were reported. More recently, Romano et al., exam-
ined an IGFC system operating with an oxygen-blown,
entrained-flow Shell gasifier [15]. The study details the integra-
tion of gasifier and power block islands, but does not offer car-
bon capture and sequestration. A sensitivity analysis of SOFC
pressure and fuel and oxidant utilizations is given. Results of a
7–11 percentage point efficiency gain over advanced IGCC sys-
tems are reported. Liese reported on an IGFC system perform-
ance with pre- and post-SOFC carbon capture for a hybrid
system employing a Conoco-Philips gasifier and a bottoming
steam Rankine cycle [16]. The focus of this study was on the
impact of various carbon capture methods. IGFC studies that
employ low-temperature catalytic gasification have also been
made [17,18]. These studies show even more promising effi-
ciency performance potential of IGFC hybrid systems in part due
to the methane content of gasifier syngas and the associated ben-
efit to the SOFC power block. In terms of SOFC-ORC hybrid
systems, Verda performed an integration study with a natural gas
fueled commercial-scale tubular SOFC system of about 100 kW
and a 30 kW ORC system [19]. Results point to a 5.6% effi-
ciency improvement from the addition of the bottoming ORC
system.

2 Methodology

The focus of the present work is on the performance assessment
associated with the system integration of gas turbine and Rankine
cycle hardware with that of the SOFC power block and presumes
challenges associated with gasifier-SOFC/GT integration and
overall system control have been overcome. In this paper, we
examine the expected performance of an IGFC power plant when
the SOFC power section is integrated with modified and/or
scaled-up commercial gas turbine and ORC power generation
technology. A schematic overview of the main process steps of a
coal-based IGFC hybrid system with ORC and post-combustion
CO2 capture is given in Fig. 1. The first step of the IGFC system
is production of a syngas through gasification of the coal feed-
stock. The coal is fed into the high-pressure gasifier using nitrogen
as an inert pressurizing agent that is supplied from the air separa-
tion unit. Syngas cleanup and cooling occur next before admit-
tance into the SOFC power block. In one sense, the IGFC system
is very similar to its more conventional integrated gasification
combined cycle (IGCC) counterpart in that the SOFC serves as a
combustor that also produces electric power. Thus, the compres-
sor of the gas turbine supplies air to the SOFC unit and the heat
gain of the cathode air from the SOFC processes is returned to the
turbine. The depleted anode tail-gas is kept separate from the
cathode gases and is sent to the oxycombustor where the remain-
ing fuel gas is combusted. Thermal energy is recovered from both
gas turbine and oxycombustor exhaust gases via the ORC bottom-
ing cycle. Carbon dioxide is separated in the final stage of the
plant process as shown in Fig. 1. While an ORC bottoming cycle
offers lower efficiency than a conventional steam cycle given the
availability of the relatively high temperature heat sources in the
IGFC system, there are potential cost benefits associated with
integration of an ORC system that merit further exploration of its
potential use. Further discussion is given in the subsequent section
of this paper.

Integrated coal-gasification fuel cell power plant concepts have
been investigated using modeling and simulation. The plant con-
cepts evaluated feature entrained-flow gasifiers integrated with
planar SOFC technology, Pratt & Whitney gas turbines, carbon
capture via oxy-combustion of the anode tail-gas, and waste heat
recovery through organic Rankine cycle systems. Physics-based
component models and diagnostic tools previously developed at
UTC facilitate fast prototyping of innovative fuel cell, turbine,
and combined heat and power system configurations. The current
system-level models have been generated employing zero-
dimensional thermodynamic component models.

A viable system configuration was first established and sizing
of the SOFC power block was derived from matching of reactant
flows to the P&W FT8 gas turbine requirements. Design parame-
ters were then varied to gauge performance sensitivity. Key pa-
rameters and the ranges explored are summarized in Table 1.
Bounds for the range were constrained by hardware performance
characteristics, such as maximum SOFC outlet temperature, or
flow and compressor pressure ratios for the gas turbine spool.

3 Technologies

System technologies employed in the integrated gasification
fuel cell power plant concept designs are briefly described below.

3.1 Coal Gasifier. The gasifier employed in the IGFC system
analysis is a dry-fed oxygen-blown, entrained-flow slagging gasif-
ier representative of Shell gasifier technology. It was assumed that
the cold-gas gasifier efficiency (defined as LHV syngas out over
LHV coal feed in) was 82% [20]. In this study, the focus was on
effective integration of the prime movers, and thus gasifier and
syngas cleanup sub-systems were not integrated with the SOFC-
combined cycle power block. All steam generation needs for the
gasifier and gas cleanup unit operations are generated by syngas
process cooling needs, which can exceed the thermal energy

1This cost reflects an overnight installed capital cost that can be 50% lower than
actual turn-key plant cost.
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required for steam generation by as much as 250%. Thus, while
such integration considerations are not a focus of the current
study, auxiliary power requirements in the gasifier and cleanup
operations could easily be met with expanders or larger ORC
capacity. The excess process heat that is available could be
employed to drive an ORC or SRC system and produce additional
power thereby, increasing system efficiency. The potential reduc-
tion in system efficiency is estimated2 at 1–2 percentage points
from lack of tight thermal integration with power block and syn-
gas production and cleanup unit operations, making the perform-
ance predictions given in the forthcoming sections more
conservative.

3.2 SOFC Technology. The solid oxide fuel cell stack is
based on planar cell technology that achieves performance levels
consistent with DOE SECA performance targets, such as power
density and cathode temperature rise. The “high performance”
cell technology is based on a porous nickel yttria-stabilized
zirconia (YSZ) anode support, a dense YSZ electrolyte membrane
(�10 lm) and a porous strontium-doped lanthanum cobalt ferrite
(LSCF) cathode electrode. The cell and the balance-of-stack com-
ponents are optimized for 40 000 h durability. The stack power
section is assumed to operate at low (3 kPa) pressure drops on
both the anode and cathode gas streams in order to minimize para-

sitic power loss. The stack design and the stack arrangement for
MW-scale power plants can be tailored to operate under near am-
bient (�1.0 bar) or elevated pressures (�5 bar). The anode-
supported SOFC technology employed in this study typically
operates in the 750–775 �C range with a maximum cathode
outlet temperature of 850 �C, and with a cell power density of
0.45 W/cm2 on syngas.

3.3 Gas Turbine. The gas turbine technology utilized in this
study is based on the Pratt & Whitney FT8 Twin PAC 50 MW
power system. It is comprised of two-single 25 MW, 37%-LHV
efficiency (on natural gas) systems coupled to a single generator.
The FT8 POWERPAC single-engine 25 MW gas turbine from
Pratt & Whitney Power Systems is a 3600-rpm machine employed
for 60 Hz electric power generation and has demonstrated opera-
tion in combined cycle (GT/steam Rankine cycle).

Figure 2 shows a simplified schematic of an aeroderivative gas
turbine power generator. The engine is mainly comprised of a
low-pressure compressor, high-pressure spool (compressor, tur-
bine, and shaft), low-pressure turbine, power turbine, and synchro-
nous 60 Hz generator. The low-pressure compressor typically
develops a pressure ratio of 4.5, but can go as high as 5.2 bar. The
high-pressure spool employs a concentric shaft and includes high-
pressure compressor, diffuser, combustor, and high-pressure tur-
bine components. The high-pressure spool operates at a speed
greater than the low-pressure spool and the operating pressure of
the combustor is typically on the order of 18–19 bar. As the SOFC
design operating pressure is 5 bar, removal of the high-pressure

Table 1 Parameters for system-level sensitivity study

Parameter Range

System operating pressure 3–5 bar
Nominal SOFC operating temperature 775 �C (fixed)
Allowable cathode air temperature rise 75–150 �C
SOFC cathode pressure drop 2–10 kPa
SOFC fuel utilization 66–86%
SOFC average single cell voltage 0.68–0.79 V/cell

Fig. 2 Simplified schematic diagram of PW FT8-series gas tur-
bine power generator

Fig. 1 Schematic overview of coal-based IGFC hybrid system with ORC and post-combustion
CO2 capture

2The estimation is made by taking the 250% excess process thermal energy and
generating power through either ORC or SRC power cycles at the efficiencies
employed in this analysis.
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spool of turbine when integrating with the SOFC is required. One
of the challenges in matching a gas turbine power generator with
an IG-SOFC topping plant is in the potential flow mismatch
between compressor and expander due to the use of the low-
calorific coal syngas in the system. When the SOFC capacity is
selected to match the design flow rate and pressure ratio (PR) of
the low-pressure compressor (LPC) section of the FT8 gas turbine
product line, the mass flow delivered to the low-pressure turbine
(LPT) section is too large for the unit. Another challenge is that
since the high-pressure spool has been removed, the required inlet
pressure to the low-pressure turbine is 2 bar higher than the outlet
pressure available from the low-pressure compressor. Thus, re-
moval of the high pressure spool presents an off-design aerody-
namic inlet condition, even in cases where the compressor and
turbine flowrates are properly matched. If the mismatch in either
flow and pressure ratio are large enough, significant speed differ-
ences between turbine and compressor may exist which then ne-
cessitate the addition of a gearbox or other workaround solution.
Matching the SOFC exhaust gas flow to the maximum LPT flow
capacity was considered to be the best approach as it avoided the
need to vent compressor air flow to the surroundings, while the
off-design flow delivered to the LP compressor still enabled a
high-efficiency operating point to be achieved.

A high-level engineering design change analysis was carried
out by P&W to assess both the number and magnitude of changes
required to modify an FT8-3 generator for integration with a pres-
surized IG-SOFC power plant. Removal of the high-pressure
spool necessitates consideration of lubrication systems, secondary
air systems management (bleed streams), exhaust and inlet volute
designs, engine rotor dynamics, and engine gearbox/startup modi-
fications. Overall, changes to the existing FT8-3 engine design are
considered to be significantly simpler and more cost-effective
than either making design changes to a different product line or in
beginning a new turbine development program. Additionally, FT8
design changes are estimated to result in a 40% reduction in capi-
tal cost on the engine itself and a 10–15% overall capital cost
reduction of the gas generator when considering the supporting
hardware, sub-system, and parts count reduction. Other synergies,
such as a reduction in turbine maintenance and an increase in
engine life, are also anticipated due to the design changes outlined
above.

3.4 Organic Rankine Cycle. The ORC technology to be
integrated at the utility-scale is based on modular designs that do
not have a strong pressure-flow coupling with the topping systems
(i.e., syngas production, SOFC, and GT) due to thermal integra-
tion via indirect transfer heat exchangers. ORCs are similar to
steam Rankine cycle systems in that they consist of turbine, con-
denser (air-cooled or water-cooled), pump, and evaporator com-
ponents, yet they differ in the type of working fluid employed,
which is usually an organic fluid such as a refrigerant whose spe-
cific type depends on the temperature of the heat source. The
selection of an ORC system (versus a steam power cycle) is gen-
erally driven by the better match of power capacity and turbine
design with low-temperature heat sources. While ORC power sys-
tems demonstrate lower efficiency than steam cycles, they may
offer economic benefits that offset their performance disadvant-
age. ORC systems are typically modular, closed systems with
flanged connections. The economic merit of an ORC power sys-
tem is primarily associated with its comparatively lower installa-
tion and operating costs than the more conventional steam
Rankine cycle system. Lower operating costs for ORCs are in part
due to the packaged nature of the system, their capability for
remote unattended operation, and the lack of water treatment sys-
tems typically required for steam Rankine cycles. Ultimately, a
detailed plant economic analysis is required to properly assess the
net benefits of ORC technology at this scale, but such an effort is
outside the scope of this work. Importantly, one aspect of this
study is to simply quantify the performance potential of ORC inte-

grated IGFC systems and compare them with a more conventional
steam Rankine cycle configuration.

ORC technology can be scaled in capacity to match the waste
heat exhaust from the SOFC and SOFC-GT subsystems. Two
ORC technologies are examined in this study: (1) a scaled-up ver-
sion of the 200 kW water-cooled, UTC PureCycleTM ORC prod-
uct line and (2) the P&W Turboden HRS (high-electric efficiency
units) product. PureCycle power scale-up is based on both increas-
ing the size (>10�) of an individual unit and combining units in
parallel. The PureCycle system achieves a thermal efficiency of
14% from lower-temperature (<150 �C) heat sources and is based
on an off-the-shelf Carrier compressor and the Carrier 19XR5
chiller. The turbine is combined with a high speed permanent
magnet (PM) or traditional synchronous generator to convert the
mechanical energy into electric energy. A high speed PM genera-
tor requires an ac/ac power electronic converter to connect to the
60 Hz electric grid. Heat rejection is accomplished with a cooling
tower fed by the circulating water system. The efficiency of the
water-cooled ORC system can be improved to 20%-LHV with a
system design currently being targeted for development at UTC.
The extent of the development for such a system to be integrated
within the current IG-SOFC power plant concept requires heat
exchanger redesign, optimal refrigerant selection, and expander
impeller changes. In comparison, the Turboden HRS system can
operate from heat sources as high as 500 �C and achieves net elec-
tric efficiencies exceeding 23% (LHV) for commercial systems in
the 2.2 MW power range [21]. Power modules from Turboden are
available up to 7 MW, thus three modules are envisioned for the
present study. Both P&W PureCycle and Turboden systems are
included the analysis, although the efficiency advantage of the
Turboden is clear.

4 Modeling Approach

The component modeling effort draws upon the large library of
fuel cell and combined heat and power (CHP) proprietary models
developed by the United Technologies Research Center (UTRC)
and its sister division, UTC Power. This library has been devel-
oped using the commercially available general process modelling
system (gPROMS) software. The gPROMS software is an equation-
oriented modeling system typically used within the process indus-
try for building, validating, and executing first-principle models
within a flowsheeting framework [22]. The software employs
user-specified ODE and DAE simultaneous equation solvers to
enable process modeling, simulation, parameter estimation, and
optimization. It can be employed for either dynamic or steady-
state modeling efforts. Steady-state modeling and simulation has
been performed in this study.

4.1 Gasifier and Syngas Cleanup. Gasifier and syngas
cleanup are not explicitly modeled but simply serve as boundary
conditions to the system study. Gasifier and cleanup efficiency are
assumed to be 82% from coal feed inlet to clean syngas outlet (see
Fig. 5). Syngas composition entering the power block is approxi-
mated as 61% CO, 33.7% H2, 2% CO2, 0.3% H2O, 2.0% N2, and
1% Ar on a molar basis with sub-ppmv levels of H2S, COS, mer-
cury, ammonia, and chlorides. This composition is consistent with
Shell gasifier technology operating near 1375 �C and 40 bar with
molar feed ratios such that O/CþH2O/C� 1.1 [10,20]. The oxy-
combustor requires a pure O2 stream that is supplied by the ASU
at a marginal electrical energy cost of 0.285 kWh/kg O2 as esti-
mated from the literature [23–26].

Catalytic gasification technology is the focus of several DOE-
sponsored IGFC studies (e.g., Ref. [18]) as it can generate meth-
ane molar concentrations as high as 20% in the syngas which pro-
vides enhanced thermal management for the SOFC stack due to
internal reforming. However, given the sparse performance and
operating information for catalytic gasification, the more proven
Shell gasifier technology was selected for these integration
studies.
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4.2 SOFC System Modeling. The SOFC stack model is
based on a lumped, single-node thermodynamic representation
that accounts for internal reforming and water-gas shift equilib-
rium, electrochemical polarizations and the associated heat gener-
ation, mass transfer via cell reactions, and overall energy balances
within a single-cell repeat unit. Reactant gas supply is assumed to
be uniformly distributed among the cells within the cell-stack and
among the channels within each repeat unit. Thus, single-cell per-
formance is extrapolated to produce SOFC stack performance.
This representation can be readily constructed as quantities such
as stack voltage and stack power are scaled versions of single-cell
voltage and power. Thus, a single-cell model forms the heart of
stack system model. A coflow reactant gas configuration is envi-
sioned for the SOFC stack as little to no methane is present in the
coal syngas and thus, internal reforming is not active with the an-
ode compartment.

Figure 3 depicts the architecture of a single-cell model where
the DT across the cathode is typically specified, and Tcell and Pcell

are the temperature and pressure at which all of the electrochemis-
try functions are evaluated. The model is comprised of three com-
partments – the anode, the cathode, and the electrolyte. Mass
balances are written individually for the anode and the cathode
compartments taking into account that the consumption of H2 in
the anode and O2 in the cathode is governed by Faraday’s law and
is proportional to the current density. As given in the figure, _Ni is
the molar flow of species i, xi is the molar fraction of species i, T
is temperature, DT is temperature rise, and superscripts “a” and
“c” refer to anode and cathode compartments, respectively. It is
assumed that hydrocarbons and carbon monoxide are not electro-
chemically active but are consumed rather through reforming and
water-gas shift (WGS) reactions. For coal syngases, H2 and CO
dominate the anode feed gas composition and thus, the CO is
shifted via WGS reactions to CO2 and the produced H2 then is the
only participant in electrochemical oxidation at the triple-phase
boundary. It is assumed that the WGS and reforming reactions are
at equilibrium in the anode. Provision is made in the mass balance
equations to account for compounds consumed/produced due to
the WGS, reforming, and electrochemical reactions. Quantities
such as fuel utilization and O2-stoichiometry are calculated from
the mass-balance equation framework.

An overall system energy balance is implemented as a part of
the model. The total enthalpy-flow into the system has two com-
ponents: the anode inlet flow and the cathode inlet flow. Similarly,
the enthalpy-flow out of the system has the anode outlet and cath-
ode outlet flow components. The lumped system produces power

and rejects thermal energy to both the surroundings and the cath-
ode cooling air stream.

The electrochemistry equations that describe the electrolyte
compartment in the model are shown below:

Vref ¼ �
DG

2F
þ RTcell

2F
ln

PH2

PH2O

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PO2
ðbarÞ

p� �
(1)

Rohm ¼
LETcell

Aohm

exp
Eact�ohm

RTcell

� �
(2)

Vact ¼
RT

2F
sinh�1 J

Aact

exp
Eact

RTcell

� �� �
(3)

V ¼ Vref � Rohm J � Vact (4)

where, Vref is the open circuit voltage, Rohm is the ohmic resist-
ance (primarily due to electrolyte), LE is the electrolyte thickness,
Vact represents the activation losses, V is the cell voltage, J is the
current density, Tcell is the temperature of the cell, and PH2

, PH2O,
and PO2

are the partial pressures of hydrogen, water, and oxygen,
respectively, taken at the tail-gas outlet. All other quantities in
Eqs. (1)–(4) are model parameters that were initially tuned to be
representative of near-term anode-supported planar SOFC tech-
nology [27]. These other model parameters include Aact, a charge
transfer coefficient parameter and activation energies (Eact-ohm

and Eact). Cell power density was increased by V-I slope adjust-
ment to obtain performance that was consistent with SECA targets
of 0.45 W/cm2 on syngas. Concentration polarization is neglected
in this model as (i) the electrochemical model with the parameters
given above provided sufficient fidelity to reproduce V-I curves
from developers data and (ii) the voltage-current response is
dominated by the transfer of electrons through the cell trilayer and
across the material interfaces at low- and mid-range current den-
sities of anode-supported SOFCs [28]. The cell operating condi-
tions in the following analyses are far away from the high current
region that is dominated by diffusion limitations in the porous an-
ode. The resulting model-generated single-cell V-j (voltage-
current density) curve is depicted in Fig. 4.

4.3 Gas Turbine Modeling. An integral part of the system
component models are the performance maps for the P&W FT8-3
gas turbine. Conventional turbine and compressor performance
maps typically involve speed as one of the inputs, and the outputs

Fig. 3 SOFC stack model overview
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include quantities such as pressure ratio and efficiency. As speed
is more of a design variable and is not of interest as far as system
studies are concerned, the functional input/output format of the
performance map was reversed. The LPC inputs consist of the
mass flow through a compressor, and the pressure ratio (PR) asso-
ciated with the compressor. The conditions for the inlet air are
fixed at 15 �C and 1 atm pressure. Given these two inputs, the per-
formance maps predict the compressor efficiency from which
quantities, such as power required for compression and compres-
sor outlet temperature can be obtained using simple thermody-
namic calculations. Based on tests with residuals obtained using
different polynomial functions, the following functional form was
deemed most suitable:

gLPC ¼
X2

i¼0

X2

j¼0

aaiþj
PRð Þi Mass Flowð Þj (5)

The advantage of the above functional form is that the process of
obtaining the polynomial coefficients can be cast as a linear-least-
squares optimization problem, which is easily solved using MS-
Excel’s SOLVER tool.

In the case of the LPT, the operational speed can be adjusted so
as to maintain a constant efficiency of 91.8%, but at the cost of
altering the expansion pressure ratio (PR) with different inlet condi-
tions. Thus, the expansion pressure ratio of the LPT is defined as a
function of the inlet temperature. If the inlet stream conditions
(mass flow, temperature and pressure) are specified, then efficiency
and pressure ratio can be calculated, which in turn can be used to
calculate the outlet stream properties and the power obtained from
the expansion process. In the case of the power turbine (PT), the
outlet pressure is fixed at 1.016 atm and the inlet pressure is deter-
mined by the outlet pressure of the LPT. The PT efficiency is
observed to be a function of inlet temperature (in K) and pressure
(in atm). The functional form for the efficiency curve is given by

gPT ¼
X4

i¼0

aiP
i
in

 ! X3

i¼0

bi
Tin

1000

� �i !
(6)

The above functional form was chosen after several trials with differ-
ent functional forms. The optimization problem in this case is a
nonlinear-least squares problem, which was also solved using MS-
Excel’s SOLVER tool. Given the inlet pressure and temperature the
performance map predicts the PT efficiency from which quantities
such as power obtained from the expansion process and PT outlet tem-
perature can be obtained using simple thermodynamic calculations.

4.4 Bottoming Rankine Cycle (ORC or SRC) Modeling.
The work in this paper does not explicitly model ORC and steam
turbine systems, but assumes that the available thermal energy
from various process streams in the plant can be used to produce
power at a specified thermal efficiency. Performance modeling of
the ORC system is derived from the UTC PureCycle water-cooled
product line which at the 200 kW-scale achieves a thermal effi-
ciency of 14%. When scaling up to 20 MW, and employing a
higher source temperature for heat addition to the cycle, changes
to the PureCycle ORC system design are necessary. After a pre-
liminary engineering analysis of such changes, it is estimated that
a 20% efficiency performance is achievable with a redesign of the
PureCycle system that moves to higher system temperatures and
pressures in conjunction with changes to the generator speed and
approaches to the associated bearing and gear lubrication. A
higher temperature ORC system was also examined via the Pratt
& Whitney TurboDen ORC product line. Net efficiency perform-
ance for heat recovery from turbine exhaust ranges from 23.3 to
23.6% [29]. Finally, to facilitate a comparison between ORC and
SRC systems, a 30-MW class steam turbine cycle is evaluated
using an estimated net thermal efficiency of 31% based on several
literature references [16,30,31]. A simple model that sums all heat
additions and employs an overall thermal efficiency is used to
estimate power production according to the relation
_WORC ¼ gORC

P
j

_Qin; j.

4.5 Definition of Performance Metrics. System perform-
ance metrics used throughout the subsequent sections of the sys-
tems analysis are defined in the following equations. Efficiency
bases with and without CO2 capture and sequestration are also
provided:

gcoal ¼
_Wsys;net

_mcoal � LHVcoal

¼ gsyngas � ggasifier (7)

ggasifier ¼
_msyngas � LHVsyngas

_mcoalLHVcoal

(8)

gsyngas ¼
_Wsys;net

_msyngas � LHVsyngas

(9)

gcoal;CO2
¼

_Wsys;net

_mcoal � LHVcoal þ _Esep þ _WCO2

(10)

Fig. 4 SOFC V-j model performance characteristic
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gORC ¼
_WORC

_QORC;in

(11)

_Wsys;net ¼ _WSOFC þ _WFT8;net þ _WORC þ
X

i

_Wexp;i

� _Wblower � _WCO2
� _Esep � _EASU

(12)

where _Wsys;net is the net ac electric power derived from the IGFC
power plant including SOFC ( _WSOFC), gas turbine ( _WFT8;net), syn-
gas expanders ( _Wexp), and ORC power subsystems ( _WORC). _Esep is
the energy spent in supplying cooling water for water knockout
and regeneration of water sorbents, _WCO2

is the compression work
required to raise the captured CO2 to pipeline sequestration-ready
conditions (150 bar). _Wblower is the power required by the cathode
recycle blower. _EASU is the electric power required to operate the
air separation unit. _QORC;in is the net thermal energy addition to
the ORC system. LHVsyngas is the lower heating value of the gasif-
ier syngas downstream of gas cleanup and cooling.

5 IGFC System Concept Design and Analysis

Initial studies of IGFC plant concepts established the DC power
rating of the SOFC power block near 115 MW and focused on
integrating the SOFC power section with the P&W FT8 gas tur-
bine and a scaled-up version of the PureCycle organic rankine
cycle waste heat power generator. The resulting system concept is
presented in Fig. 5. A pure oxygen stream is supplied from the
gasifier air-separation plant to the oxycombustor which oxidizes
the anode tail-gas, thereby producing only CO2, H2O, and a small
amount of N2. The anode tail-gas is not mixed with the cathode
exhaust gas stream and thereby, makes the process for CO2 sepa-
ration and capture a simple one through the use of a condenser to
knock-out the water vapor present in the stream. The system also
employs hot cathode gas recycle. The power plant concept is pro-
jected to have a capacity of 149 MW at 51.4%-LHV (48.1%-
HHV) efficiency without CO2 capture and compression costs and

139 MW at �48%-LHV efficiency with CO2 capture to
sequestration-ready pipeline conditions [32].

The incoming system air at station (1) is compressed to the sys-
tem pressure ratio of 5.2 using the LPC from the modified P&W
FT8 engine. The LPC has a well-defined performance map where
the efficiency is a function of the mass flow rate of air through the
system and the compressor PR. The conditions (flow, temperature
and pressure) of stream (2) are such that when mixed with the
cathode recirculation stream (6), the conditions of the resulting
stream (3) meet the inlet requirements of the cathode compart-
ment of the SOFC stack. Part of the stack cathode exhaust stream
is re-circulated (5) with a high-temperature cathode recycle
blower. The balance of the flow (7) receives thermal energy trans-
ferred from the oxygen burner outlet stream. Burner product gases
transfer heat to the cathode exhaust in a high-temperature heat
exchanger. The constraint on the heat-exchanger is that it should
maintain a pinch temperature of at least 15 �C and at the same
time ensure that the outlet temperature of stream (8) is as close to
950 �C, which is the maximum allowable LPT inlet temperature.
The modified FT8 TwinPak requires a flow split for the two sets
of parallel turbines (not shown). As described previously, each
turbine set is comprised of a low-pressure turbine whose expan-
sion pressure ratio is on the order of 2.5, a power turbine whose
outlet pressure is close to atmospheric pressure (�1.01 bar), and
synchronous 60 Hz electric generator. The thermal energy accom-
panying the turbine exhaust gases (9) is transferred to the bottom-
ing ORC heat engine via a heat recovery refrigerant economizer/
evaporator before being vented out as exhaust gas at a temperature
of 100 �C (10).

Raw coal is fed to the entrained-flow gasifier plant where it is
mixed with oxygen at a molar O2/C ratio of 0.48 and steam at an
H2O/C ratio of 0.10. The composition of the H2/CO-rich syngas
exiting the gasifier is generated using equilibrium at the gasifier
operating temperature of 1375 �C and 40 bar. After quench cool-
ing, scrubbing, and cleanup, the high-pressure syngas (34 bar) is
expanded in a turbine generating over 3 MW of power. The ex-
pander outlet gas (13) is supplied to the SOFC power block at

Fig. 5 Hybrid IGFC plant concept flowsheet depicting gasifier, SOFC, GT-ORC, and CC&S subsystems
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elevated pressure (�11 bar) and temperature (60 �C). In the fuel
preheater, the fuel-gas is preheated to a temperature (14) such
that, when mixed with the re-circulated anode exhaust stream
(17), its temperature matches the temperature and pressure of the
stack anode inlet (15) while maintaining a steam-to-carbon ratio
of 0.5 to minimize the potential carbon deposition and soot forma-
tion within the stack manifolding and anode gas channels. With
this level of recycle, the resulting oxygen-to-carbon and hydro-
gen-to-carbon ratios of the anode inlet gas are well-below the
threshold for carbon formation at 725 �C based on calculations for
C–H–O equilibrium using ternery diagrams (cf. Refs. [16,33]). It
is further envisioned that piping for the anode feed gas will be
made from zinc-free, copper-lined alloys or alumina-coated stain-
less steels to essentially eliminate catalytically activated (carbon
forming) nucleation sites on piping inner surfaces. The syngas
supply pressure is sufficiently high to drive the gas ejector to pro-
vide the anode exhaust gas recycle flow. The supply pressure to
the gas ejector has been conservatively estimated by simulation of
a gas ejector operating with an ejector efficiency3 of 20% as well
as confirmation checks with Ref. [34]. The required gas ejector
supply pressure then establishes the minimum outlet pressure of
the syngas expander. While a portion of the anode tail-gas is re-
circulated, the thermal energy accompanying the balance of the
flow (18) is used to preheat the coal syngas in the fuel preheater.

The residual fuel in the anode tail-gas stream is then burned in the
oxygen combustor using O2 supplied by the “oversized” ASU.

In order to ensure complete combustion in the oxycombustor,
excess oxygen is supplied such that there is a molar concentration
of 0.1% O2 in the product gas. This relatively low value of excess
oxygen has been selected in part to meet DOE guidelines for non-
condensables in CO2 sequestration pipelines and to minimize
ASU parasitic power. In contrast, some studies supply excess oxy-
gen such that a concentration of 1% O2 is obtained in the combus-
tion products [18]. While the low value of excess oxygen required
is optimistic, the impact of this value (in the range of 0.1 to 1%)
on overall plant efficiency is negligible (less than 0.1%). The use
of pure oxygen in the combustor can generate gas temperatures
higher than 1500 �C depending on the amount of fuel utilization
and presents material and durability issues in combustor design.
The present concept is to employ an actively-cooled burner tube
which would limit combustor temperatures to 1100 �C. Heat rejec-
tion from the burner tube would then be transferred to the ORC
unit in a separate heat exchanger. (Another alternative is to
recycle cooler oxy-combustion product gases back to the burner
inlet using a gas ejector driven by the anode tail-gas.) The oxy-
combustor combustion gases are then expanded down to 2 bar,
producing nearly 8.4 MW of additional power. The inlet gas tem-
perature of the LPT can be as high as 950 �C. To take advantage
of this capability, a regenerative heat exchanger is shown in Fig. 5
to boost the cathode tail-gas temperature from 825 �C to almost
880 �C with the goal of making it as close to 950 �C as possible.
This heat exchanger has severe temperature requirements and is
envisioned to be a rotating, ceramic core regenerative-type heat
exchanger currently being developed for 300 kW microturbines in

Table 2 Performance summary for hybrid IGFC system

Bottoming Cycle Type

PureCycle ORC TurboDen ORC SRC

Fuel In
Raw Coal, MW (LHV) 290 290 290
Syngas,a MW (LHV) 238 238 238

Power (MW)
SOFC, MWAC 111
GT 21.8
Rankine Bottoming Cycle (ORC or SRC) 19.3 22.7 29.9
Oxycombustor Expander 8.37
SynGas Expander 3.08

ASU O2 and N2 supply �11.9
CO2 compression �10.0
Absorbent regen. and misc. CC&S power �0.5
Recycle Blower �2.4

Net Power on syngas 156.3 159.7 167.0
Net Power on syngas with CC&S 145.8 149.2 156.5
Net Power on coal 149.3 152.6 159.9
Net Power on coal with CC&S 138.8 142.1 149.4

Efficiencies (%)
Gasifier 82.0
Recycle blower 50.0
Dc/Ac Inverter 96.5
Expanders 88.0
FT-8 LPC 84.0
FT-8 LPT 91.8
FT-8 PT 85.8
ORC or SRC (net) 20.0 23.5 31.0
CO2 Compression 82.0

System Performance (%-LHV)
Net Efficiency on syngas 65.7 67.1 70.2
Net Efficiency on syngas with CC&S 61.3 62.7 65.7
Net Efficiency on coal 51.5 52.6 55.1
Net Efficiency on coal with CC&S 47.8 49.0 51.5

aSyngas refers to the coal gasifier outlet and is not a plant input.

3Ejector efficiency is defined as gejector ¼
_V2
_V1

P2 �ln P3=P2ð Þ
P1�P3ð Þ , where _V is the volumetric

flow rate and P is the static pressure at the denoted location in the ejector. The sub-
scripts 1, 2, and 3 refer to the primary driving flow (fresh air), the secondary flow
(recycle), and the mixed flow at the ejector outlet, respectively.
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distributed generation applications [35]. Finally, the remaining
thermal energy associated with the burner outlet stream at station
(22) is transferred to the ORC in a lower-temperature heat
exchanger (750–800 �C) made from high-grade stainless steel or a
high-temperature alloy. This oxygen combustor product gas
stream contains mostly CO2 and H2O. After condensing out the
water with a combination of cooling and a conventional water ab-
sorbent (e.g., triethylene glycol mixture or lithium-chloride solu-
tion), 90% of the CO2 is compressed to 150 bar (2200 psig) and
piped to a sequestration location (28), with the remaining 10%
vented to the atmosphere. Thus, the ORC has three primary heat
addition sources: (i) thermal energy transfer from the water-cooled
oxygen combustor tube, (ii) the hot exhaust gas from the power tur-
bine, and (iii) the high-temperature heat exchanger located between
stations (23) and (24). The arrangement of heat exchangers shown
in the ORC of Fig. 5 is not intended to be representative of an
actual heat exchanger network integration scheme.

Table 2 summarizes the hybrid system performance including
the overall impact to the system when accounting for the energy
requirements of carbon capture and storage. CCS in this paper
includes CO2 separation via water knockout and a conventional
water absorbent, and CO2 compression to pipeline sequestration
conditions of 150 bar [32]. Energy requirements for regeneration
of the water sorbent and pumping of the coolant flow for the water
knockout heat exchanger are unknown, but assumed to be 5% of
the CO2 compression power for the purposes of this study. The

power plant generates 156 MW of net ac power, where the rede-
signed FT8 and the scaled-up UTC Power PureCycle sub-systems
contributing nearly 20 MW each. The SOFC operates nominally
at 775 �C with an average cell voltage of 0.75 V, a fuel utilization
of 80%, a power density of 0.45 W/cm2, a 100 �C temperature rise
across both the anode and the cathode, and a 2.5 kPa pressure
drop across the cathode. The SOFC power block provides about
68% of the total gross power from the plant, the gas turbine and
scaled-up ORC systems supply approximately 13 and 12%,
respectively, and the gas expanders about 7%. The compression
of CO2 using intercooled compression stages each at 82% isen-
tropic efficiency [24] to sequestration-ready pressure levels
requires about 10 MW of power. The LPC, LPT, and PT operate
at 84.0, 91.8, and 85.8% isentropic efficiencies, respectively. The
recycle blower operates at 50% efficiency (52.6% isentropic) and
consumes about 2.4 MW of power for a cathode recycle ratio of
4.6 and a cathode recycle loop pressure rise requirement of 3 kPa.
Efficiencies reported in Table 2 are total efficiencies, that is, they
include motor and mechanical inefficiencies. Thus, in the case of
the FT8 turbines and CO2 compressor, the mechanical efficiency
is approximated to nearly 100%.

The net system efficiency of the power plant employing the
modified PureCycle ORC bottoming cycle is 65.7% (LHV) when
operating from clean syngas supplied at the fuel preheater inlet,
and 51.5% on raw coal (i.e., accounting for the inefficiency in the
gasifier). Syngas-based system performance includes the power

Fig. 6 Effect of cell voltage on system parameters associated with the hybrid
IGFC system
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generated from the oxycombustor expander, but not the syngas
expander, and includes the power required to supply O2 to the
oxycombustor (1.7 MW). The total system performance after
including the energy requirements for CCS reduces the net system
efficiency to 61.3 and 47.8% when based on clean syngas and raw
coal feedstocks, respectively. The use of the P&W ORC Turbo-
Den product line offers a bottoming cycle efficiency improvement
of 3.5% and increases the net efficiency of the system on syngas
to 67.1% and to 49.0% on coal with CCS. These IGFC plants
using ORC bottoming cycles with CCS amount to 14.0 and 15.2
percentage point improvements in efficiency, respectively, over
conventional IGCC/CCS power plant performance (estimated at
�33.8%-LHV in Ref. [1].).

The high-grade thermal energy that is available for input into
the ORC subsystem suggests that a steam-based rankine power
subsystem is also viable. Indeed, while the purpose of this study
was to investigate the performance with primarily ORC systems, a
steam turbine plant potentially offers even higher efficiency
depending on the boiler pressure and superheat temperatures
achievable. Assuming a simple rankine cycle net efficiency of
31%, the IGFC system efficiency on coal could produce about
10.6 MW of additional power and increase net system efficiency
by 3.7-percentage points to 55.1% (51.5% with CCS).

5.1 IGFC Parameter Sensitivity Study. Having established
the baseline performance, select system parameters were varied

and the sensitivity of these parameters to the baseline IGFC sys-
tem was evaluated. Cell voltage, fuel utilization, system pressure
ratio, anode S/C ratio, cathode-side pressure drop, and stack DT
were the system parameters varied. The dc power from the stack
was fixed at 115 MW throughout this study. Given a cell planform
and a fixed number of cells per stack, the number of stacks is then
calculated based on design voltage, and overall power setting.
This provides an estimate of fuel cell power density. Figures 6–11
present trends in system performance metrics such as efficiency,
number of stacks required, total power from the gas turbine sys-
tem, power obtained from the PureCycle ORC unit, and recycle
blower parasitic power as functions of the different parameters.
Importantly, in order to separate out the gasifier efficiency consid-
erations, the efficiency reported in the following analyses is the
net system efficiency from syngas without CCS penalties.

Figure 6 illustrates the effect of cell voltage on system effi-
ciency, power density (as reflected by the number of cell-stacks),
and parasitic power in the system. An increase in voltage results
in lower blower parasitic power, as well as, as a reduction in total
power produced by the FT8 and PureCycle ORC systems. Reduc-
tions in power output from the bottoming cycles occur because
increasing cell voltage translates into increasing cell-stack effi-
ciency, and correspondingly lower quantities of waste heat in the
product gas. It is interesting to observe that stack power density is
nearly halved by an increase in cell voltage of only 100 mV. Such
high sensitivity of power density to changes in cell voltage is

Fig. 7 Effect of fuel utilization on system parameters associated with the hybrid
IGFC system
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explained by the cell V-j performance characteristic previously
given in Fig. 4. For example, at 0.7 V, the single-cell power den-
sity is approximately 0.53 W/cm2. At 0.8 V, the power density is
about 0.27 W/cm2. Thus, while high-performance, high power
density cell-stacks can be cheaper and more efficient, the shallow
slope of their V-j characteristic is such that small changes in volt-
age result in large changes in operating current.

The effect of fuel utilization on performance is shown in Fig. 7.
At a prescribed cell voltage, system efficiency is correlated with
fuel utilization as is ORC power production. The increase in net
system efficiency is off-set by reductions in FT8 and ORC power
production. The power density of the SOFC is also lowered with
increasing fuel utilization as revealed in the figure by the increas-
ing number of SOFC stacks required. Interestingly, net power
from the FT8 gas turbine system reaches a maximum at a fuel uti-
lization of 70%. Further increases in gas turbine power production
with decreasing fuel utilization are constrained by turbine inlet
temperature limits. Increases in SOFC fuel utilization lower the
energy available in the tail-gas and thereby, lower the power out-
put of the FT8. The bottoming ORC power output is directly cor-
related with fuel utilization and as expected, decreases with
increasing fuel utilization due to lower available thermal energy
associated with the burner outlet stream.

Operating the power plant system at elevated pressure is very
important to achieving SOFC power density goals of 0.45 W/cm2,
as Fig. 8 shows. Net system efficiency also benefits substantially

(�3.5 percentage points) when increasing the system pressure
from 3 to 5.2 bar operation. The cathode recycle blower power
parasitic decreases substantially (�43%) in response to increases
in system operating pressure due to reductions in hot gas density
and hence, volume flow rate. However, the primary factors that
enable higher system efficiency from increasing the system pres-
sure arise from higher efficiency SOFC and FT8 gas turbine oper-
ation. Higher efficiency SOFC operation in response to elevated
pressure is well-documented (e.g., Ref. [36]). The FT8 produces
some 57% more net power by design point allowing the LPT shaft
power to increase incrementally more than the increase in the
LPC power consumption.

The presence of carbon monoxide (CO) in the dry coal-gas
stream delivered to the power plant requires consideration of cok-
ing formation side reactions within piping runs and hardware. In
particular, as noted by Probstein and Hicks [33], fuel gas mixtures
with O/C ratios of 1.0 and H/C ratios of 2 are likely to form car-
bon in the temperature range between 625–925 �C. The Bou-
douard coking mechanism can be inhibited and/or controlled with
steam injection. The approach taken in the system design efforts
to limit the potential for undesirable coke formation is centered on
a two-pronged strategy where (1) fuel gas piping is lined with
copper or oxide layers that minimize nucleation sites for coke for-
mation and (2) injecting steam (albeit at a lower steam-to-carbon
ratio) into the fuel syngas stream via an ejector and anode gas
recycle. Since the coal fuel gas provided by the gasifier is

Fig. 8 Effect of system pressure ratio on system parameters associated with the
hybrid IGFC system
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significantly pressurized, the ejector can be effectively driven to
provide the desired recycle flows.

Figure 9 relates the effect of steam-to-carbon (SC) ratio on sys-
tem performance. Note again that as with the previous analyses,
the design cell voltage has been fixed in this parameter variation.
One of the main effects of increasing SC ratios is the reduction in
SOFC power density due to dilution of the anode gas feed and
hence, a lowering of the Nernst potential. This dramatically
increases the number of fuel cell stacks required to deliver 115
MW of power. The overall system efficiency is also correlated
with the amount of anode recycle (and hence, SC). Interestingly,
the increase in SC ratio produces an increase in system efficiency
even though the bottoming cycle power production is reduced.
The root of this performance change is related to an increase in
effective system fuel utilization. In this analysis, the per-pass (or
in-cell) fuel utilization was held constant at 80%. The increase in
recycle actually increases the overall system fuel utilization. Thus,
the system efficiency trends with increasing SC are not unlike
those of increasing per pass fuel utilization within the SOFC
(although the concavity of the plots is different).

Figures 10 and 11 depict the sensitivity of cathode side pressure
drop and temperature rise on system performance, respectively.
While the recycle blower parasitic power appears to be strongly
influenced by cathode loop pressure drop, it is actually a relatively
mild effect when considering pressurized gas flows and the per-

centage of net power production from the plant. There is a much
stronger system-level efficiency effect associated with cathode
pressure drop in near-ambient pressure SOFC systems (i.e., 1.0 to
1.1 bar). Cathode temperature rise has a direct influence on SOFC
power density due to increases in per pass oxidant utilization as
Fig. 11 shows, but the system efficiency and net power production
from the ORC are only mildly affected. The net FT8 power pro-
duction is slightly decreased due to the reduction in mass flow
through the unit. While cathode temperature rise can provide sub-
stantial blower parasitic power reductions, greater system effi-
ciency advantages can be obtained with increases in cell
temperature [37].

6 Summary

Overall, while efficiency is reasonably correlated to fuel utili-
zation, system pressure and anode S/C ratio, the number of
stacks required to achieve 115 MW from the SOFC system is
sensitive to each of these parameters. An optimal selection of pa-
rameters is possible if cost data are available. This has not been
attempted in the current study, and will be considered in future
studies.

Given that the parametric analyses did not include the gasifier
technology and performance, system integration advantages may
be overlooked. In general, by fixing the SOFC stack power, the

Fig. 9 Effect of anode S/C ratio on system parameters
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results and trends of the study are constrained by the interactions
between SOFC stack, gas turbine, and ORC subsystems. For exam-
ple, an increase in SOFC efficiency via design operating cell volt-
age increase, results in a decrease of reactant gas flows to the gas
turbine and thereby lowering its output power. Alternatively, ena-
bling the means for fixing gas turbine flow via either supplemental
syngas firing or utilizing nitrogen available from the ASU could
provide improved net system performance. Additional considera-
tions include (1) integrating the FT8 low-pressure compressor with
the ASU, (2) syngas firing to maintain FT8 gas turbine inlet temper-
ature as close to 950 �C as possible subject to 90% carbon capture
constraints, (3) recuperation of syngas cleanup cooling loads to the
ORC unit, and (4) examination of catalytic gasification technology
which has as much as a 10 percentage point cold-gas efficiency
advantage over entrained-flow gasification systems.

Nevetheless, the present study does reveal that entrained-flow
gasifiers with oxycombustion system configurations can indeed
lead to high power plant efficiencies. It also quantifies the effect of
SOFC pressurization in the 3–5 bar range on system performance.
It is worthwhile to note that these results have been obtained by
using actual FT8 performance maps and SOFC performance based
on near-term planar technology. In this study, a parametric sensitiv-
ity study was conducted on a given system configuration. It is not
clear if the proposed system is the best possible design. However,
the combined effect of selecting more “optimal” SOFC stack oper-
ating parameters, such as increasing cell voltage to 0.8V, cathode
temperature rise to 150 �C, and decreasing per pass cell utilization

(while maintaining overall fuel utilization) is expected to increase
system performance by 3 percentage points or more.

7 Conclusions

This study detailed the performance of a 100 MW-scale IGFC
hybrid power plant that integrated a pressurized SOFC power
block with the low-pressure turbine spool of the Pratt & Whitney
FT8-3 gas turbine and either a scaled-up, water-cooled version of
the P&W PureCycle ORC or the larger P&W TurboDen product
lines. The basic system concept included carbon capture via oxy-
combustion followed by water knockout and CO2 compression to
pipeline ready CO2 sequestration conditions. Performance results
were reported that indicate hybrid SOFC systems could achieve
electric efficiencies of 49% including CCS and as high as 67%
when operating off a clean syngas and venting the CO2 to the
atmosphere. The impact of integrating an ORC bottoming cycle
was found to add as much as 8 percentage points of efficiency to
the system. Use of a steam power cycle, in lieu of the ORC, could
increase net plant efficiency by another 3.7%. Additionally, the
strategic use of gas expanders is particularly advantageous to off-
set carbon capture compression requirements or air separation unit
parasitic power requirements.

A study of system performance sensitivity to a variation in
SOFC design parameters revealed the strongest influences are
design cell voltage, SOFC fuel utilization, and system pressure.
The net system efficiency can vary by as much as 3 percentage

Fig. 10 Effect of cathode-side pressure drop on system parameters
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points over the range studied for changes to any of these parame-
ters. Anode tail gas recycle ratio and cathode side design parame-
ters, such as pressure drop and temperature rise, only mildly affect
system efficiency; however, increasing the recycle ratio of anode
tail-gas has the negative effect of decreasing SOFC power density
and hence, increasing the number of cell-stacks required. Depend-
ing on power density, two to three thousand SOFC stacks are
required to generate 115 MW of dc power. Technoeconomic anal-
ysis could identify optimal stack design parameters.

It was also noted that additional analyses related to changes in
the system design, such as ASU integration with the gas turbine or
catalytic gasification could substantially improve the system per-
formance beyond what is reported herein.
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