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This article presents a detailed thermodynamic case study based on the Willem-Alexander Centrale
(WAC) power plant in the Netherlands towards retrofitting SOFCs in existing IGCC power plants with a
focus on near future implementation. Two systems with high percentage (up to 70%) biomass co-
gasification (based on previously validated steady state models) are discussed: (I) a SOFC retrofitted
IGCC system with partial oxy-fuel combustion CO2 capture (II) a redesigned highly efficient integrated
gasification fuel cell (IGFC) system with full oxy-fuel CO2 capture. It is concluded that existing IGCC
power plants could be operated without major plant modifications and relatively high electrical efficien-
cies of more than 40% (LHV) by retrofitting SOFCs and partial oxy-combustion CO2 capture. In order to
apply full scale CO2 capture, major process modification and redesign needs to be carried out, particularly
in the gas turbine unit and heat recovery steam generator (HRSG). A detailed exergy analysis has also
been presented for both the systems indicating significant efficiency improvement with the utilization
of SOFCs. Additional discussions have also been presented on carbon deposition in SOFCs and biomass
CO2 neutrality. It is suggested that scaling up of the SOFC stack module be carried out gradually, syn-
chronous with latest technology development. The thermodynamic analysis and results presented in this
article are also helpful to further evaluate design challenges in retrofitted IGCC power plant systems for
near future implementation, gas turbine part load behaviour, to devise appropriate engineering solutions
and for techno-economic evaluations.
� 2016 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Multiple initiatives and targets have been set in the European
Union (EU) by the European Commission like Paris COP21 agree-
ment [1], Roadmap 2050 [2], the 2030 framework for climate
and energy [3], 20–20–20 climate and energy package [4] to miti-
gate greenhouse gas (GHG) related climate change in near future.
Emission of GHG gases (mainly CO2) from coal based power plants
is a major contributor in the total GHG emission. Utilization of
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biomass as feedstock to produce electrical power offers a large
potential to develop CO2 neutral power plants [5–7]. Biomass
based IGCC power plants (called BioIGCC) with CO2 capture (CC)
could be a potential solution for developing CO2 negative power
plants since the stored CO2 originates from biomass while biomass
absorbs CO2 for its growth. With high CO2 capture rates such plants
can significantly contribute to mitigation of the energy system
emissions [8]. However the utilization of CO2 capture leads to a
reduction in the net electrical/exergy efficiencies [9,10]. In order
to boost electrical/exergy efficiencies the system could be
improved by partially replacing highly irreversible processes like
combustion with highly efficient electrochemical conversion [11].

The amount of biomass co-gasification is key to the CO2-
negative capabilities of power plants. The 253 MWe Willem-
Alexander Centrale (WAC), a now defunct integrated gasification
combined cycle (IGCC) plant in Buggenum, The Netherlands has
been previously operated with high percentage (over 70%) biomass
co-gasification [12]. No other IGCC power plant in the world has
been operated before with such high percentage of biomass co-
gasification. With such a successful large scale experimental
demonstration, it is very important to assess possibilities of devel-
oping high efficiency and CO2 neutral power plants based on this
demonstration.

Electrochemical conversion of syngas derived from coal/bio-
mass gasification to produce power has been postulated as a more
efficient route as compared to conventional combustion based gas
turbine systems [13]. Solid oxide fuel cells (SOFC) are high effi-
ciency (up to 70%) electrochemical devices which can be utilized
to produce electrical power and heat. A significant number of mod-
elling investigations have been carried out in the past by multiple
research groups on the prospects of integrating SOFCs in coal based
IGCC power plant systems. Park et al.[14,15] reported a compara-
tive system study for pre-combustion and oxy-fuel combustion
CO2 capture in SOFC integrated IGCC plants concluding a better
performance with oxy-fuel combustion CO2 capture. Braun et al.
[16] investigated the performance of a SOFC integrated coal based
gasification power plant concept with a organic Rankine cycle
power generator as the bottoming cycle. A quasi-2D finite volume
SOFC model has been presented by Li et al. [17,18] as an aid for
IGFC system analysis. Spallina et al.[19] have reported a novel coal
based IGFC plant system design with CO2 capture giving a net plant
efficiency of about 47.5%. A zero-emission power plant concept
was reported by Adams and Barton [20] by combining coal gasifi-
cation with solid oxide fuel cells. They conclude that the use of
SOFCs with unmixed anode and cathode exhausts makes the pro-
cess inherently CO2 capture friendly. A number of system and eco-
nomic investigations have also been reported by the Department of
Energy (DoE), USA assessing various configurations for coal based
IGFC power plant designs [21–26]. Additional IGFC system con-
cepts and designs have been presented by Ghezel-Ayagh et al.
[27], Li et al. [28], Rudra et al. [29]. A comprehensive exergy and
economic analysis on advanced coal based IGCC-CCS and IGFC-
CCS was carried out by Siefert and Litster [30]. It can be seen that
much research work on integrating SOFCs has been focussed on
coal based IGCC power plant systems and all these studies present
the design/performance of new systems focussed on long term
implementation.

In the recent past, a few system investigations have also been
reported on SOFC integration in IGCC power plants with biomass
co-gasification. Jin et al. [31] conducted investigations on compar-
ing the thermodynamic and economic performance of biomass
based IGCC with and without SOFC integration. CO2 capture was
not considered in this study. They reported a net electrical effi-
ciency of 47.1% for the bioIGCC-SOFC system. Paengjuntuek et al.
[32] presented simulation results for an integrated biomass gasifi-
cation fuel cell plant with a net energy efficiency of 69.38%
(combined heat and power). Naraharisetti et al.[33] have reported
a comparative study for a biomass based IGCC and IGFC with bio-
mass and natural gas as fuel using multi-objective optimization
(MOO). A detailed and comprehensive study has been reported
by Sadhukhan et al. [34] with process simulation and methodology
for the integrated design of biomass gasification fuel cell systems
and comparison of these biomass gasification combined cycle sys-
tems. They identify process constraints and extreme operating
conditions for the SOFC unit and the steam cycle. Literature review
thus reveals that research on SOFC and CO2 capture integration in
coal/biomass based IGCC power plant systems has only been
focussed on the design of new systems. There exists an absence
in information available on the thermodynamic effects of retrofit-
ting solid oxide fuel cells in existing IGCC power plants with CO2

capture with a focus on near future implementation. Despite
information available on retrofitting CO2 capture in IGCC power
plants [35,36], nothing has yet been reported concerning SOFC
integration.

Retrofitting existing power plants marks a major step in evalu-
ating novel technologies in terms of application in near future.
With intensive global ongoing efforts [37,38] on developing kW
scale fuel flexible SOFC stacks, research needs to be carried out in
understanding and assessing challenges in retrofitting such SOFC
stack modules in existing coal/biomass based IGCC power plants.
In order to make choices to retrofit, it is of utmost importance to
assess power plant off-design performance, required process mod-
ifications and operational boundaries based on the existing equip-
ment in the power plant. Multiple challenges exist to retrofit
syngas fed SOFCs in existing power plants like cost, process design,
material availability, contaminant tolerance, carbon deposition
[39]. However apart from challenges to be overcome in the SOFC
module itself, it is also important to assess system/process con-
straints based on the existing equipment in the power plant.

Detailed system models can be effective tools to evaluate plant
performance with alternative and safe operating conditions. Oper-
ation of the coal based WAC with 70% biomass co-gasification,
SOFC and CO2 capture can be considered as an off-design situation
in the context of modelling studies. An off-design model analysis
allows performance prediction due to change in the operating
point of the system when compared to design case inputs and out-
puts. It is very important to understand the off-design plant perfor-
mance based on experimentally validated models. Previous
modelling studies on IGCC power plants rely on literature or small
scale tests as a prime data source for the base case model develop-
ment and reliability thus remains highly debatable. The authors
have previously reported a thermodynamic study on WAC with
detailed experimental model validation using coal [40] and high
percentage (up to 70%) biomass co-gasification [12]. Based on
these validated models, it has been decided to assess the thermo-
dynamic performance and identify process constraints in the
WAC plant when retrofitted with solid oxide fuel cells and oxy-
fuel combustion CO2 capture technology.

This article presents an alternative approach towards introduc-
ing SOFCs in IGCC power plants, by suggesting a step wise scale up
strategy. For the first time in scientific literature, a reliable steady
state model based study is presented towards retrofitting SOFCs
and partial oxy-fuel combustion CO2 capture in existing IGCC
power plants (with up to 70% biomass co-gasification). Focus has
been given to identify bottleneck thermodynamic situations and
process modifications. Detailed thermodynamic models (based
on previously experimentally validated models [40,12]) are dis-
cussed for two systems: (i) a SOFC- partial oxyfuel combustion
CO2 capture retrofitted IGCC system based on WAC plant design.
The system involves the use of a split stream of syngas after gas
cleaning in an SOFC stack unit to develop additional power. (ii) A
redesigned highly efficient and fully integrated gasification fuel



Table 1
Case definition.

Case Description

STEX [12] (no CC) IGCC system based on WAC plant design with a fuel
consisting of 70% steam exploded woodpellets and
30% Columbian coal

SOFC-CC Retrofit
STEX (partial CC)

STEX case based on WAC plant design with
retrofitted SOFC stack and partial oxy-combustion
CO2 capture. The SOFC stack is not the main power
producing unit.

IGFC-CC STEX
(full CC)

STEX case in a redesigned IGFC configuration with
full oxy-combustion CO2 capture based on WAC
gasifier and gas cleaning unit (GCU) design. The SOFC
stack is the main power producing unit. The original
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cell (IGFC) systemwith full oxy-fuel combustion CO2 capture based
on the existing WAC gasifier and gas cleaning unit (GCU); wherein
all syngas produced in the gasifier is fed to the SOFC unit and con-
sequently to the HRSG and CO2 capture unit. For both systems,
detailed off-design models have developed utilizing 70% steam
exploded wood pellets and 30% coal (energy based) as feedstock.
The methodology and conclusions are however equally applicable
to coal based retrofitted IGCC systems. A detailed exergy analysis
has also been presented for both the systems indicating the effi-
ciency improvement with the utilization of SOFCs. Additional dis-
cussions have also been presented on carbon deposition in SOFCs
and biomass CO2 neutrality.
GT is replaced with an air expander
2. Plant overview and case description

The Willem-Alexander Centrale (WAC) has been a key demon-
stration plant for coal based IGCC technology. The power plant
was constructed in 1989 by Demkolec (defunct company now), a
consortium of Dutch power producers [41]. The plant design is
based on the Shell Coal Gasification Process (SCGP) in which pul-
verized fuel mix is converted to synthesis gas (syngas) under
sub-stoichiometric conditions in a dry feed slagging entrained flow
gasifier at elevated temperatures between 1500 and 1800 �C. In the
recent past, the power plant has also been operated with high per-
centage (over 70%) biomass co-gasification [12]. A detailed descrip-
tion of the power plant can be found in our previous articles
[40,12].

Table 1 shows the definition for various cases considered in this
study. The approach is to first investigate the system when retro-
fitted with a smaller SOFC stack module; the combined cycle still
being the largest power producer. This represents the SOFC-CC Ret-
rofit STEX case. The second case with a large SOFC stack module
and full CO2 capture i,e the IGFC-CC STEX case has been selected
to identify the major process constraints and redesign necessary
to scale up towards a full integrated IGFC power plant with CO2

capture. STEX represents the previously reported [12] experimen-
tally validated case for the co-gasification test at WAC with 70%
steam exploded woodpellets. This reference case is presented to
compare the performance of the SOFC-CC Retrofit STEX and IGFC-
CC STEX cases.
2.1. SOFC-CC Retrofit STEX (with partial CO2 capture)

Fig. 1 illustrates the primary components of the proposed retro-
fitted WAC system in a process flow diagram. Coal and biomass
mixture is pulverized and blown into the gasifier and the produced
syngas is cooled and cleaned to remove HCN/COS and sulphur
based compounds (H2S). A part of the clean syngas is then
extracted, preheated and fed to the SOFC stack. The remaining syn-
gas is diluted with N2, saturated with water vapour and fed to the
gas turbine combustor. Cathode air for the SOFC stack is extracted
also from the air compressor. Partial CO2 capture is then employed.
The unconverted syngas at the SOFC stack anode outlet is com-
busted with an oxy-fuel combustor with pure O2 (95% vol from
ASU) to produce a gas mixture primarily consisting of CO2 and
H2O. This gas mixture is then cooled to condense out moisture to
obtain pure CO2. A multistage compressor with intercooling is then
employed to compress CO2 to the desired storage pressure.
Depleted cathode outlet air from the SOFC stack is fed to the gas
turbine (GT) combustor. The flue gas from the GT combustor is
guided through a gas turbine expander generating power and fur-
ther through a heat recovery steam generator (HRSG). The gener-
ated steam in the HRSG is then expanded in steam turbines for
additional power generation.
2.2. IGFC-CC STEX (with full CO2 capture)

The second system presented in this article consists of a rede-
signed (but based on WAC gasifier and GCU design) IGFC power
plant system with full oxy-combustion CO2 capture. Fig. 2 shows
the process flow diagram for this system. The system consists of
an identical gasifier, syngas cooler and gas cleaning unit as the ret-
rofitted system described in the previous subsection. All the clean
syngas obtained after gas cleaning is fed as fuel to the SOFC stack
unit. As bulk of the clean syngas is converted through electrochem-
ical oxidation in the SOFC stack module instead of the GT combus-
tor, this system does not require the N2 dilution and saturation unit
after the gas cleaning unit (GCU). N2 dilution and water vapour sat-
uration is utilized mostly to limit high combustion temperatures
and NOx emissions [13]. Hence the co-produced N2 in the ASU is
vented to the atmosphere or can be considered as a co-product.
The SOFC stack replaces the combustion chamber of the gas tur-
bine. A pressurized SOFC stack is considered for maximizing effi-
ciency. To carry out full CO2 capture, the anode outlet gas is then
directed to an oxy-fuel combustor where the remaining fuel is
combusted with pure oxygen (95%) at near stoichiometric condi-
tions. The oxygen required for the oxy-fuel combustor is obtained
from the existing ASU. The outlet gas from the oxy-combustor
mainly consisting of CO2 and H2O is cooled to condense out mois-
ture to obtain pure CO2. The thermal energy in the outlet gas is
recovered partly in a newly designed pressurized HRSG. An identi-
cal CO2 cooling and compression process is then utilized as in the
retrofitted system. The cathode outlet air stream from the SOFC
stack, depleted in O2 content, cannot be utilized in the combustor
as this will lead to undesirable nitrogen in the captured CO2

stream. Hence the original WAC flue gas GT expander is replaced
with an air expander. This expanded air stream is cooled in the
HRSG to generate additional steam and subsequently vented into
the atmosphere via the stack.
3. Modelling approach and description

Cycle-Tempo, a Fortran based in-house modelling software
package [42], is utilized for steady-state model development. The
software has a system component library which can be assembled
and modified by applying appropriate operating parameters to
build a custom-made system configuration. Thermodynamic and
required transport properties have been obtained from the in-
house software library FluidProp [43].

The coal-biomass feedstock mixture composition is shown in
Table 2. This represents the composition of the fuel mix fed to
the gasifier after the drying operation. A high ash content coal
has been chosen in order to maintain sufficient slag that helps
cover and protect the gasifier membrane wall. Ash consists of var-
ious compounds but mainly quartz (SiO2), hematite (Fe2O3) and



Fig. 1. Process flow diagram for SOFC-CC Retrofit STEX system – red dotted blocks have not been modelled, brown streams represent CO2 flow. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Process flow diagram for IGFC-CC STEX system – red dotted blocks have not been modelled. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Table 2
Gasifier input fuel mix composition.

Component Al2O3 C Cl Fe2O3 H H2O N O S SiO2 SO3

(wt%) 2.23 51.75 0.01 1.18 4.45 2.00 0.80 27.72 0.43 9.09 0.34
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aluminium oxide (Al2O3). These three compounds with highest
mole fraction are included in the fuel composition. The fuel mix
contains negligible amount of limestone. The ultimate and proxi-
mate analysis of the coal and biomass feedstock is shown in
Table 3.

3.1. Off-design modelling and description

Operation of retrofitted WAC (originally designed for coal) with
70% biomass co-gasification and SOFC-CO2 capture can be consid-
ered as an off-design case for all equipment (except SOFC and
CO2 capture unit) in the context of modelling studies. Cycle Tempo
offers possibility to model off-design behaviour of several compo-
nents like turbines, heat exchangers, flash heaters, condensers and
pipes.

� Turbines: Off-design calculations are possible for all types of
turbines in Cycle Tempo. Traupel’s formulae (a refinement of
Stodola’s cone law) are used to calculate off-design performance
based on design case values [42,44,45]. Design case values of
pressures, flow rates and specific volumes are needed to com-
pute the off-design turbine inlet pressure. Eq. (1) shows the
Traupel’s formulae considered in Cycle-Tempo to calculate the
off-design inlet pressure p from the specific volume v, mass
flow rate m and the polytropic exponent n. Subscript a repre-
sents the inlet and x the outlet. Sub-subscript o represents
the design case value.
Tab
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le 3
fuel composition and lower heating values for Columbian coal and steam

loded woodpellets.

Columbian coal Steam exploded pellets

ltimate Analysis
C 50.06 54.20
H 3.36 5.97
N 1.32 0.20
O 8.98 39.11
S 0.99 0.01
Cl 0.015 0.004
Ash 35.27 0.50

roximate Analysis
Ash, % 35.27 0.50

Moisture, % 13.38 5.06
Fixed Carbon, % 25.70 19.17
olatile Matter, % 25.65 75.27
LHV, MJ/kg 20.00 19.32
ko is only dependent on the design case values and is therefore a
constant. The polytropic constant is derived based on Eq. (2) for
design and off-design conditions. The use of Eq. (3) to predict
off-design pressure for steam turbines is well justified [45] but
the equation is modified for the gas turbine employing the equa-
tion for subcritical nozzle flow as shown in Eq. (5).
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� Heat exchangers: Cycle Tempo calculates the off-design
heat transfer capacity UA (W/K) from the design case (UA)o
value and mass flow rate (mo) which mostly influences the
overall heat transfer coefficient. The off-design heat transfer
rate is calculated as shown in Eq. (6). This formula should
not be used for discontinuous temperature profiles.

UA ¼ ðUAÞo:
m
mo

� �0:8

ð6Þ

� Flash heaters: Off-design calculations for flash heaters are
not scaled with the UA-value since a reliable UA-value can-
not be established for heat exchange between media show-
ing phase changes. Depending on the ratio between the
off-design mass-flow rate and the design mass-flow rate,
temperature differences are adapted according to perfor-
mance curves [46].

� Condensers:The heat exchanging area is an input to calculate
the off-design behaviour in Cycle-Tempo. With a known heat
transfer and cooling water temperatures, the overall heat trans-
fer in the off-design case will be calculated according to instruc-
tions as stated in the VDI Heat Atlas [47].

� Other components: Other major components of the system
include the gasifier and combustor. Off-design modelling of
these components demands knowledge and an accurate model
for heat release/heat transfer in these components and variation
in the gasification/combustion chemistry. For example, the heat
absorbed by the gasifier walls/the heat transferred to the gasi-
fier cooling system etc. This heat depends on the thickness of
the slag layer and models to predict this are very complex to
develop and not readily available. Also due to high operating
temperatures (Tgasifier > 1500 �C, Tcomb = 1050 �C), it is reason-
able to assume a constant operating profile for these
components.

A detailed description on the off-design calculation procedure
in Cycle-Tempo can be found in our previous article [12]. Input
data for the gasifier, gas cleaning and saturation, gas turbine and
steam turbine units remain unchanged. This input data can be
obtained from our previous articles [40,12]. The gas turbine com-
bustor has been modelled with air-fuel equivalence ratio (k) of
2.0 and a combustor outlet temperature of 1575 �C, assuming no
NOx formation at these conditions. The main input parameters only
for the SOFC unit and oxy-fuel combustion CO2 capture unit are
presented in this section.

Table 4 shows the main input parameters (assumed) used in the
Cycle-Tempo SOFC model. The SOFC operating conditions, geome-
try and materials have been chosen on a generic basis for standard
performance. Cycle-Tempo offers an in-built SOFC model based on



Table 4
Cycle-tempo SOFC model – assumed design parameters, geometry and materials.

Assumed design conditions
Operating cell temperature, �C 900.00

Current density, A/m2 2500.00
Fuel utilization, % 0.85

Equivalent resistance (Req), Xm2 5.00e�5
Anode & Cathode inlet gas temperature, �C 850.00

Pressure loss (anode and cathode), bar 0.05
DC to AC conversion efficiency, % 95.00

Recirculation compressor isentropic
efficiency, %

0.85

Geometry assumptions
Design Planar

Operating mode Direct internal reforming
(DIR)

Anode material Ni/GDC
Cathode material LSM-YSZ

Electrolyte material YSZ
Support Electrolyte

Table 5
Input parameters – oxy-combustion CO2 capture.

Parameter Value

CO2 final discharge pressure, bar 150.00
CO2 discharge temperature, �C 30.00

CO2 compressor isentropic efficiency, % 80.00
Oxy-combustor reaction pressure, bar 10.75

Oxy-combustor reaction temperature, �C 1050.00
Oxy-combustor pressure drop, bar 0.27

Cooling water pump isentropic efficiency, % 65.00
Cooling water temperature difference, �C 5.00
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thermodynamic and electrochemical considerations. The model
calculates the active area, voltage, current and the electrical power
[46]. As the first step, an equilibrium calculation is carried out
based on the inlet fuel (anode) composition, specified reaction
temperature and pressure. A calculation procedure is then carried
out to calculate other electrochemical parameters. The reversible
voltage is calculated with the Nernst equation(Eq. (7)) assuming
that only H2 is electrochemically oxidized:

Ex ¼ E0 þ R � T
2 � F ln

yO2 ;c
1=2 � yH2 ;a

yH2O;a
� p1=2

cell

( )
ð7Þ

E0 is the standard reversible voltage for hydrogen, that only
depends on the temperature, and is calculated from the change
in the Gibbs energy DG. F is the Faraday constant, R is the universal
gas constant and T is the operating cell/stack temperature. yO2 ;c

represents the mole fraction of oxygen on the cathode side, yH2 ;a

is the mole fraction of hydrogen in the anode fuel stream and
yH2O;a represents the mole fraction of water vapour on the anode
side. pcell is the cell/stack operating pressure. The actual operating
voltage Vcell and the current Icell is calculated as in Eqs. (8) and (9)
respectively:

Vcell ¼ Ex � DVx ix ¼ DVx

Req
ð8Þ

Icell ¼
Uf � /m;a;in

Mmol;a
� ðy0H2

þ y0CO þ y0CH4
Þ � 2F ð9Þ

DVx represents the overpotentials/losses in the SOFC. The cur-
rent density (ix) is proportional to the voltage loss by analogy with
Ohm’s law. Req is the equivalent cell/stack resistance. Uf is the fuel
utilization of the SOFC stack, /m;a;in is the mass flow rate of inlet
fuel to the anode and Mmol,a is the molar mass of the anode inlet
fuel. Mass transport of O2 from the cathode side is also calculated
based on the current. Use of numerical subroutines is made to cal-
culate these quantities over the cell. More detailed information on
the calculation procedure can be found in the Cycle-Tempo techni-
cal manual [46].

The oxy-combustion CO2 capture process has been modelled
considering maximum heat integration in the system and high
CO2 purity. The main input parameters for the CO2 capture model
have been tabulated in Table 5. A 2 stage compression process with
intercooling is utilized to compress the pure CO2 stream. Cooling
water available at around 12 �C is used for intercooling. In order
to minimize the use of cooling water, heat from the capture unit
is utilized to generate low pressure steam, which is subsequently
used for condensate preheating. A total pressure drop of 2.5 bar
is assumed for the cooling water system.

Fig. 3 shows the simplified Cycle-Tempo model scheme for the
SOFC-CC Retrofit STEX case. The SOFC unit and the partial oxy-
combustion CO2 capture unit have not been modelled in off-
design mode as these are newly sized equipment added to the
WAC system. In the SOFC unit, anode and cathode off-gas recircu-
lation is utilized to maximize stack performance. Previous studies
have indicated that utilization of anode/cathode off-gas recircula-
tion facilitates improved stack performance also considering syn-
gas internal reforming within the stack [48]. The hot flue gas
from the oxy-fuel combustor is cooled down to 780 �C and preheat
air fed into the cathode. Subsequent cooling of the flue gas is
achieved by preheating the clean syngas stream to 750 �C. The flue
gas is then passed through the CO2 capture and compression unit.
The cathode outlet gas is partially cooled down to preheat air
before being sent to the gas turbine combustor. Two dummy heat
exchangers are used to calculate the anode and cathode recycle
flows. The HRSG design is largely based on the original WAC HRSG
design. This has just been shown in the scheme with a single heat
exchanger to maintain clarity. A detailed layout and design of the
HRSG can be found in our previous article [12].

Fig. 4 shows the simplified Cycle-Tempo model scheme for the
IGFC-CC STEX case. In this case, all equipment downstream the gas
cleaning unit i,e SOFC, CO2 capture unit, HRSG, air expander and
steam turbine cycle are not modelled in off-design mode as they
are newly designed. The inlet syngas fuel to the SOFC anode is pre-
heated to 750 �C with flue gas from the oxy-fuel combustor. The
HRSG involves the use of expanded air and flue gas (from oxy-
fuel combustor) to generate HP, IP and LP steam. An integrated
process is utilized where flue gas is utilized in the HP economizer,
HP evaporator and IP superheater; while the expanded air is used
in the LP evaporator and LP superheater. The cooled air is then used
to preheat syngas and finally discharged to the atmosphere. Auxil-
liary load for both cases mainly comprises of power required for N2

and O2 compression in the ASU, fuel milling, power required in
pumps, tracing and other miscellaneous power requirements. A
detailed explanation on the constituents of the auxilliary load
can be found in our previous article [12]. In addition, in both the
cases, power is required for CO2 compression in the CO2 capture
unit. This has also been included in the calculation of the total aux-
illiary load.
4. Results & discussion

The off-design performance of the SOFC-CC Retrofit STEX sys-
tem and the IGFC-CC STEX system has been evaluated by analyzing
operating parameters and gas compositions at various locations.
Table 6 shows the model results for the SOFC-CC Retrofit STEX case
with a comparison to the STEX case. As it can be seen the thermal
input to the gasifier has been kept constant in order to make the
comparison. The off-design system performance of the existing
equipment (gasifier, SGC and syngas cleaning unit) remains almost



Fig. 3. Simplified process scheme for SOFC-CC Retrofit STEX (partial CO2 capture) case – green streams represent syngas flow, red streams represent flue gas and blue streams
represent air flow. Streams indicating detailed process/heat integration have been excluded to maintain clarity. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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unchanged as seen from the table. A slightly higher temperature is
used in the saturator. The syngas flow to the N2 dilution and satu-
rator is smaller in comparison to the STEX case due to a split
stream of syngas fed to the SOFC. Consequently, the N2 flow for
dilution is decreased to 33 kg/s (A minimum flow rate of 33.0 kg/
s N2 dilution flow is obligatory for the ASU molecular sieves regen-
eration). Due to the syngas split stream to the SOFC, there is 28%
reduction in the flue gas mass flow rate to the HRSG. This results
in a lower steam production (HP/IP/LP) in the HRSG compared to
the STEX case as a result of lower heat available in the HRSG.

The air mass flow rate is calculated in the model based on the
requirements in the GT combustor and ASU. The discharge pres-
sure from the air compressor is also calculated based on the inte-
grated gas turbine cycle. An important observation from the
results is the 18% lower air compressor discharge pressure in the
SOFC-CC Retrofit STEX compared to the STEX case. The oxygen
demand in the retrofitted plant is even higher than the STEX case,
due to additional O2 requirement in the oxy-combustor. Hence the
ASU will require high pressure air flow to cater to the higher oxy-
gen demand. The low air compressor discharge pressure as indi-
cated in Table 6 will be insufficient to feed air to the ASU.
A booster air compressor (as shown in Fig. 1) would thus be
required to provide high pressure (10.5 bar in the design (BASE)
case [40]) air to the ASU.

The gas turbine will be in part load operation in the retrofitted
system. The thermal input to the GT combustor in the WAC design
IGCC case with coal gasification [49] was 480.3 MWth. Thermal
inputs in the STEX case and SOFC-CC Retrofit STEX case are
347.2 MWth and 267.9 MWth respectively. It can thus be seen that
the thermal input in these cases are about 73% and 56% of the design
case respectively. With a 9% (on mass basis) syngas split stream fed
to the SOFC, the mass flow rate at the gas turbine expander inlet
reduces by28% compared to the STEX case. TheGTproduces a power
output of about 174 MWe; a 27% reduction compared to the STEX
case. Thus, the part load condition of the gas turbine when retro-
fitted with SOFCs and partial CO2 capture is significant when com-
pared with the STEX and design (BASE) IGCC case.

The GT part load condition and outlet temperature could be
controlled to some extent using the variable inlet guide vanes
(VIGV) [50]. It has been pointed out that until about 55–60% part
load condition (based on GT thermal input/coupling power), the
outlet temperature of the GT could be kept constant. In practice,



Fig. 4. Simplified process scheme for IGFC-CC STEX (full CO2 capture) case – green streams represent syngas flow, red streams represent flue gas and blue streams represent
air flow. Streams indicating detailed process/heat integration have been excluded to maintain clarity. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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this is challenging because it is also necessary to maintain suffi-
cient discharge pressure from the integrated air compressor for
the ASU due to aforementioned reasons. The gas turbine will thus
operate at a part load just within the range of the VIGVs. An impor-
tant aspect to note is that with a small reduction in the GT outlet
temperature, the inlet pressure will increase (Stodola’s cone law)
and consequently the SOFC pressure, voltage and power produc-
tion will increase. Furthermore, the isentropic efficiency for the
GT expander, air compressor and steam turbines has been assumed
constant in this study. In reality, the isentropic efficiency of the GT
will decrease when operating under part load [50]. However esti-
mation of the isentropic efficiency under part load condition
requires additional turbine data (performance maps) which is gen-
erally not readily available (often confidential information). For the
steam turbines (particularly HP and IP turbine), a significant
change in the isentropic efficiencies is not expected despite part
load operation. The isentropic efficiency of these turbines (without
governing stage) largely depend of the pressure ratio, volume flow
and inlet temperature [51].

A syngas LHV range of about 4.3–5.5 MJ/kg is preferred for
stable GT combustor operation at WAC. An important considera-
tion with the SOFC-CC Retrofit STEX case is the 13% lower LHV of
the syngas fuel to the combustor (see Table 7) compared to the
STEX case. The difference in the clean syngas composition and
LHV at the combustor inlet between both the cases arises due to
the difference in N2 dilution as aforementioned. In practice, a low
(or high) LHV (<4.2 MJ/kg) lead to combustion/flame stability prob-
lems in the combustor as indicated by process engineers from the
plant. This could lead to the need of a different combustor and/or
fuel injectors [50,52]. This can be a major challenge as the GT bur-
ner might have to be suitably modified/replaced. Alternative meth-
ods of achieving a higher syngas LHV could be by adjusting syngas
dilution and lower water vapour saturation, lower SOFC fuel uti-
lization and lower syngas flow to SOFC (smaller SOFC stack). How-
ever all these measures would decrease the GT cycle and SOFC
performance. Operation of the system with 70% torrefied woodpel-
lets instead of 70% steam exploded woodpellets could also be a
solution to increase LHV of the syngas fuel to the GT combustor.
As the case presented here is a limiting case with maximum syngas
split to the SOFC, the aforementioned alternative methods in prin-
ciple should help achieve a higher syngas LHV when a smaller
SOFC stack is used for retrofitting.

The SOFC stack in the retrofitted system produces a net power
output of about 47.5 MWe. An important thing to keep in mind is



Table 6
Model results SOFC-CC retrofit STEX – a comparison is presented with the STEX case.

STEX
(no CC)

SOFC-CC retrofit
STEX (partial CC)

STEX
(no CC)

SOFC-CC retrofit
STEX (partial CC)

Fuel Input HP Turbine inlet temperature, �C 473.71 516.04
Input pulverized fuel, kg/s 23.74 23.74 HP Turbine Outlet temperature, �C 311.92 346.22
LHV, MJ/kg 19.59 19.59 HP Steam mass flow, kg/s 65.64 62.04
Thermal input, MWth 465.00 465.00 IP Steam turbine inlet pressure, bar 23.82 23.25
Gasifier IP Steam turbine outlet pressure, bar 3.59 3.37
Outlet pressure, bar 24.90 24.90 IP Turbine inlet temperature, �C 463.50 499.65
Outlet temperature, �C 1515.00 1515.00 IP Turbine Outlet temperature, �C 227.34 250.00
Oxygen mass flow, kg/s 14.74 14.74 IP Steam mass flow, kg/s 80.13 76.55
Moderation steam, kg/s 1.18 1.18 LP Steam turbine inlet pressure, bar 3.59 3.34
Quench gas recycle, kg/s 52.42 52.42 SOFC unit
Temperature quench gas, �C 243.40 243.17 Fuel LHV, MJ/kg – 10.42
Quench pressure after compres.,bar 24.90 24.90 Anode flow (in), kg/s – 18.45
Syngas cooler Anode flow (out), kg/s – 23.17
Syngas inlet temperature, �C 820.00 820.00 Anode recirculation flow, kg/s – 9.44
Syngas outlet temperature, �C 229.40 229.17 Cathode flow (in), kg/s – 252.69
HP steam to HRSG, kg/s 36.82 35.02 Cathode flow (out), kg/s – 247.97
HP steam to HRSG: Temperature, �C 363.90 367.09 Cathode recirculation flow, kg/s – 81.60
IP steam to HRSG, kg/s 15.60 16.15 Voltage, V – 0.83
IP steam to HRSG: Temperature, �C 321.69 318.14 Active Area, m2 – 22785.97
LP steam: Pressure, bar 9.00 9.00 Anode recir. compressor consumption, kWe – 39.70
LP steam: Temperature, �C 175.36 175.36 Cathode recir. compressor consumption, kWe – 372.53
LP steam: Mass flow, kg/s 4.34 4.31 Power, MWe – 47.55
Cyclone Oxy-fuel CC
Outlet temperature syngas, �C 229.39 229.17 CO2 purity, mol% – 89.09
Wash column Captured CO2 flow, kg/s – 11.69
Outlet mass flow syngas, kg/s 40.93 40.94 Oxygen flow to oxy-combustor, kg/s – 0.93
Pressure syngas, bar 24.52 24.52 Oxy-combustor temperature, �C – 1567.28
Outlet temperature syngas, �C 145.10 146.36 Oxy-combustor pressure, bar – 7.00
HCN/COS reactor CO2 compressor 1 outlet pressure, bar – 32.25
Outlet temperature syngas, �C 191.80 192.00 CO2 compressor 2 outlet pressure, bar – 152.26
Outlet pressure, bar 21.72 21.72 Cooling water flow, kg/s – 193.15
H2S absorber CO2 compressor 1 consumption, MWe – 1.83
Outlet temperature syngas, �C 40.00 40.00 CO2 compressor 2 consumption, MWe – 1.48
Mass flow syngas, kg/s 33.14 33.14 Condensed water flow, kg/s – 1.98
Gas preparation Generated steam flow, kg/s – 3.05
Nitrogen temperature, �C 59.00 59.00 HRSG
Nitrogen pressure, bar 12.01 12.01 HP Steam raising mass flow, kg/s 28.80 27.02
Nitrogen mass flow, kg/s 38.00 33.00 HP Superheater outlet temperature, �C 476.34 516.04
Saturator syngas outlet temperature, �C 119.62 125.00 HP Superheater outlet pressure, bar 97.93 96.06
Preheater syngas outlet temperature, �C 292.41 283.56 LP Steam raising mass flow, kg/s 4.15 1.71
Powerblock LP Superheater outlet temperature, �C 233.25 269.99
Air compressor discharge, bar 9.05 7.42 LP Superheater outlet pressure, bar 3.59 2.77
Air bleed, kg/s 61.90 72.63 Power output
Combustion chamber pressure, bar 8.78 7.24 Gross Power output, MWe 204.85 223.64
Gas Turbine inlet temperature, �C 919.20 950.00 Auxiliary load, MWe 31.82 34.04
HP Steam turbine inlet pressure, bar 92.93 96.06 Net Power output, MWe 173.02 189.59
HP Steam turbine outlet pressure, bar 27.82 27.25 Net efficiency, % 37.20 40.77

Table 7
Clean syngas composition (mol%), input to GT combustor.

Case H2 N2 AR CH4 CO CO2 H2O H2S LHV, MJ/kg

STEX 11.89 43.00 0.37 0.00 25.99 3.00 15.75 0.00 4.28
SOFC-CC Retrofit STEX 10.32 44.07 0.32 0.00 22.58 2.61 20.10 0.00 3.73
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that this is for a thermodynamically limiting case; where we try to
show the real thermodynamic/process constraints with existing
plant equipment. The study clearly indicates that smaller stacks
(with power levels from kWe to 40 MWe) can be integrated in
existing IGCC power plants without major thermodynamic/process
implications. Most power utility companies and organizations are
currently focussing towards large scale newly designed IGFC
power plants. The authors believe that an alternative andmore log-
ical approach towards introducing SOFCs in IGCC power plants is to
carry out a step wise integration (retrofitting). The size of the SOFC
stack should be incremented gradually, synchronous with latest
technology development. Commercial syngas fed SOFC modules
are currently available [37,38] in the kWe to 1 MWe range and such
units should be considered to retrofit in existing IGCC plants. Step
wise scaling up in the size of the SOFC stack module will also pro-
mote technology development to some extent, as operating/practi-
cal challenges with real syngas can be identified even while
operating with smaller SOFC stacks.

Table 8 shows the model results for the IGFC-CC STEX case with
a comparison to the STEX case. The net electrical efficiency of 47.9%
is comparable with values reported in literature for coal based
IGFC-CC systems [19,14,22]. Absence of N2 dilution leads to the
absence of ASU N2 compression, which is a major contributor in
the auxilliary load (refer to our previous article [12]). Process
parameters upstream gas preparation are very comparable
between both the cases. Notable differences are a higher IP, LP



Table 8
Model results IGFC-CC STEX – a comparison is presented with the STEX case.

STEX
(no CC)

IGFC-CC STEX
(full CC)

STEX
(no CC)

IGFC-CC STEX
(full CC)

Fuel Input HP Turbine inlet temperature,�C 473.71 507.72
Input pulverized Coal, kg/s 23.74 23.74 HP Turbine Outlet temperature,�C 311.92 322.29
LHV, MJ/kg 19.59 19.59 HP Steam mass flow, kg/s 65.64 46.64
Thermal input, MWth 465.00 465.00 IP Steam turbine inlet pressure, bar 23.82 29.00
Gasifier IP Steam turbine outlet pressure, bar 3.59 4.25
Outlet pressure, bar 24.90 24.90 IP Turbine inlet temperature, �C 463.50 510.00
Outlet temperature, �C 1515.00 1515.00 IP Turbine Outlet temperature, �C 227.34 256.76
Oxygen mass flow, kg/s 14.74 14.73 IP Steam mass flow, kg/s 80.13 61.23
Moderation steam, kg/s 1.18 1.18 LP Steam turbine inlet pressure, bar 3.59 4.25
Quench gas recycle, kg/s 52.42 52.70 SOFC unit
Temperature quench gas, �C 243.40 246.95 Fuel LHV, MJ/kg – 10.43
Quench pressure after compres.,bar 24.90 24.90 Anode flow (in), kg/s – 68.19
Syngas cooler Anode flow (out), kg/s – 85.60
Syngas inlet temperature, �C 820.00 820.00 Anode recirculation flow, kg/s – 35.05
Syngas outlet temperature, �C 229.40 232.85 Cathode flow (in), kg/s – 917.13
HP steam to HRSG, kg/s 36.82 33.77 Cathode flow (out), kg/s – 899.71
HP steam to HRSG: Temperature, �C 363.90 373.17 Cathode recirculation flow, kg/s – 760.90
IP steam to HRSG, kg/s 15.60 16.23 Voltage, V – 0.83
IP steam to HRSG: Temperature, �C 321.69 326.97 Active Area, m2 – 84015.12
LP steam: Pressure, bar 9.00 9.00 Anode recir. compressor consumption, kWit e – 96.82
LP steam: Temperature, �C 175.36 175.36 Cathode recir.compressor consumption, kWe – 2408.60
LP steam: Mass flow, kg/s 4.34 5.02 Power, MWe – 167.61
Cyclones Oxy-fuel CC
Outlet temperature syngas, �C 229.39 232.85 CO2 purity, mol% – 89.12
Wash column Captured CO2 flow, kg/s – 43.09
Outlet mass flow syngas, kg/s 40.93 40.99 Oxygen flow to oxy-combustor, kg/s – 3.41
Pressure syngas, bar 24.52 24.52 Oxy-combustor temperature, �C – 1567.62
Outlet temperature syngas, �C 145.10 146.69 Oxy-combustor pressure, bar – 10.15
HCN/COS reactor CO2 compressor 1 outlet pressure,bar – 41.08
Outlet temperature syngas, �C 191.80 192.00 CO2 compressor 2 outlet pressure, bar – 150.80
Outlet pressure, bar 21.72 21.72 Cooling water flow, kg/s – 1299.13
H2S absorber CO2 compressor 1 consumption,MW – 6.10
Outlet temperature syngas, �C 40.00 40.00 CO2 compressor 2 consumption, MW – 4.14
Mass flow syngas, kg/s 33.14 33.14 Condensed water flow, kg/s – 7.32
Gas preparation Generated steam flow, kg/s – 6.89
Nitrogen temperature, �C 59.00 – HRSG
Nitrogen pressure, bar 13.01 – HP Steam raising mass flow, kg/s 28.80 12.87
Nitrogen mass flow, kg/s 38.00 – HP Superheater outlet temperature, �C 476.34 507.72
Saturator syngas outlet temperature, �C 119.62 – HP Superheater outlet pressure, bar 97.93 119.80
Preheater syngas outlet temperature, �C 292.41 270.00 LP Steam raising mass flow, kg/s 4.15 12.87
Powerblock LP Superheater outlet temperature, �C 233.25 255.00
Air compressor discharge, bar 9.05 10.50 LP Superheater outlet pressure, bar 3.59 4.25
Air bleed, kg/s 61.90 86.43 Power output
Combustion chamber pressure, bar 8.78 – Gross Power output, MWe 204.85 260.49
Gas Turbine/Air expander inlet temperature, �C 919.20 950.00 Auxiliary load, MWe 31.82 37.44
HP Steam turbine inlet pressure, bar 92.93 119.80 Net Power output, MWe 173.02 223.05
HP Steam turbine outlet pressure, bar 27.82 32.70 Net efficiency, % 37.20 47.96
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steam flow in the SGC and a lower syngas temperature after pre-
heating. The increase in the IP/LP steam production in the SGC is
particularly due to a marginally higher (0.3%) syngas flow (the
temperatures are very similar).

Considering that the SOFC is the main power producing unit in
the IGFC-CC STEX case, significant differences can be observed
between both systems in the power block and HRSG. Despite the
same amount of clean syngas used to generate power in the SOFC
stack, there is a considerable reduction (about 55% on mass basis)
in the HRSG HP steam production. The LP steam production is how-
ever about 3 times higher.

This is due to the complex design of SOFC module (anode/cath-
ode recirculation) and HRSG, where two heat sources, namely the
expanded air and CO2 rich flue gas are utilized. However the net
power produced by the steam turbines (HP/IP/LP) is only about
9% lower than the STEX case. The important point to note is that
oxy-combustion CO2 capture has a relatively large negative effect
on the net plant efficiency. The auxilliary load in the IGFC-CC STEX
case is about 5.6 MW (19%) higher than the STEX case mainly due
to the 2 stage CO2 compression in the CO2 capture unit. Air bleed
for the ASU from the air compressor is also increased due to
additional oxygen requirements in the oxy-fuel combustor which
leads to an increase in the auxilliary load due to additional O2 com-
pression. However due to the absence of the dilution N2 compres-
sor and reduced power consumption in the HP water pump, the
increase in auxilliary load is not drastic. As seen from Table 8,
the stored CO2 stream is about 89% pure. The gas mixture consists
of about 9% N2, 1.5% of Ar and trace quantities of O2 and H2O. Pres-
ence of O2 is due to the slight oxygen excess in the oxy-fuel com-
bustor (k ¼ 1:05). Argon and a part of N2 originate from the 95%
pure O2 mixture from the ASU used in the gasifier and oxy-fuel
combustor. The remaining N2 comes from the fuel and the fuel
transport gas to the gasifier.

The SOFC unit produces a net power of about 157 MWe which is
about 73% of the net plant power output. The anode and cathode
recirculation compressor power consumptions are much higher



Table 9
Anode outlet gas composition (mol%), input to oxy-fuel combustor.

Case H2 N2 AR CH4 CO CO2 H2O H2S LHV, MJ/kg

SOFC-CC Retrofit STEX 3.25 6.40 0.84 0.00 9.58 55.94 23.98 0.00 1.03
IGFC-CC STEX 3.26 6.39 0.84 0.00 9.59 57.91 24.01 0.00 1.03

Table 10
Operating points/locations considered to evaluate the systems for carbon deposition.

Point Location Pressure, bar (SOFC-CC
Retrofit STEX/IGFC-CC STEX)

Temperature,
�C

A Anode inlet (pipe)
before recirculation

7.35/10.50 750.00

B Anode inlet (pipe)
after recirculation

7.32/10.48 850.00

C Anode outlet (pipe) 7.27/10.43 950.00
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compared to the SOFC-CC Retrofit STEX case due to the higher gas
flow rates. Table 9 shows the anode outlet gas compositions and
LHV from the SOFC unit for both the cases:

The LHV of the outlet gas is considerably low and it is assumed
that the oxy-fuel combustor (newly designed) can cope with this.
In case of unstable operation, however pure syngas could be partly
utilized. In the IGFC-CC STEX case, it is important to note that the
low LHV fuel to the oxy-fuel combustor leads to low thermal input
to the air expander. This leads to a lower thermal energy in theHRSG
and consequently lower power production from the steam turbines.
4.1. Carbon deposition

Operating SOFCs with syngas as fuel certainly offers advantages
in terms of boosting efficiencies and flexibility. However, an impor-
tant operating challenge is to prevent carbon deposition/coking.
Under certain operating conditions, syngas and CO decompose to
create solid carbon formations in Ni-based anodes or anode inlet/
outlet pipes [53,54]. The electrochemical performance of the anode
then drastically reduces due to a decrease in the active area, which
also results in a large polarization resistance. The SOFC model in
this study has been developed under the assumption of an
Ni-GDC anode (Table 4) and hence it is important to assess the
possibility of carbon deposition. Ternary phase diagrams based
on thermochemical equilibrium calculations (free energy mini-
mization) are useful to predict the theoretical boundary limits for
carbon deposition depending on the operating condition [55].

In order to assess the possibilities of carbon deposition in both
the cases, operating conditions have been considered at three loca-
tions within the system as listed in Table 10. Based on these con-
ditions, equilibrium calculations have been performed using the
software Factsage [56] to obtain the C-H-O ternary phase diagram
(Fig. 5). Fig. 5a and b are the ternary phase diagrams for the SOFC-
CC Retrofit STEX and IGFC-CC STEX case respectively. The red1

curve represents the boundary limits for the gas conditions at the
anode inlet before recirculation and point A represents the actual
operating point. The green curve represents the boundary limits
for the gas conditions at the anode inlet after recirculation and point
B represents the actual operating point. The blue curve represents
the boundary limits for the gas conditions at the anode outlet after
recirculation and point C represents the actual operating point.

As seen from both the figures, point A lies above the corre-
sponding equilibrium curve indicating a possibility of coking. The
conditions at the actual inlet to the SOFC anode (point B) and the
anode outlet (point C) are below the corresponding equilibrium
curves thus indicating theoretically safe operating conditions.
Addition of steam to the extracted syngas is a possible option to
reduce the possibility of coking at point A [54]. However it is
important to note that steam should then be extracted from the
system and this will lead to drop in the net electrical efficiency.
Preliminary calculations for the SOFC-CC Retrofit STEX case
indicate that the drop in net electrical efficiency could be about
0.2–0.5% points with IP steam extraction from the syngas cooler.
Considering the scope of the article, a detailed analysis on this
has not been presented in this article. Carbon deposition also
1 For interpretation of colour in Fig. 5, the reader is referred to the web version of
this article.
depends on other factors like residence time, reaction/surface con-
ditions in pipes etc. Despite possibilities of carbon deposition in the
SOFC upstream sections (pipes) of the system i,e from the GCU to
the SOFC unit or after the syngas cooler, process engineers at
WAC have not observed any significant coking in the past in these
lines during normal operation with coal or biomass. Hence it is
assumed that the operating conditions upstream the syngas pre-
heaters and SOFC unit are safe to prevent carbon deposition. This
article indicates the risks of carbon deposition (particularly in the
SOFC inlet), however additional investigations regarding carbon
deposition in SOFC retrofitted IGCC systems is highly encouraged.

4.2. Exergy analysis

Exergy analysis is an important tool in thermodynamic system
evaluation as it helps to identify locations and true magnitudes of
loss [57]. Cycle-Tempo offers a possibility to carry out an exergy
analysis (2nd law analysis). The exergy of matter is calculated as
the reversible (maximum) work derived by bringingmatter in ther-
momechanical and chemical equilibrium with the reference envi-
ronment. Thus the exergy of matter is calculated as a sum of the
thermomechanical and chemical exergies. In principle, the kinetic
and potential exergies are also included but since they do not usu-
ally change significantly, this is neglected in the calculation. In
order to quantify the exergy loss/destruction; the exergy of matter,
exergy of heat (in case of heat transfer to/from the environment)
and exergy of work (in case of work generation/consumption) is
calculated for all streams/components [58]. The exergy loss/
destruction is then calculated as the difference between the incom-
ing and outgoing exergy. Exergy destruction is associated with the
internal irreversibilities (entropy generation) while exergy loss is
associated with the transfer of exergy (throughmaterial and energy
streams) to the environment [59].

In principle, exergy efficiency is calculated for each component
by the program with appropriate product and source(s) considera-
tion. Detailed information on this can be found in the program
manual [60,58]. The total exergy efficiency (gex) for the system is
calculated according to Eq. (10), where Exsource, Exproduct and Exloss
represent the source exergy (exergy of fuel), product exergy (net
power) and total exergy loss (includes the total exergy destruction)
respectively:

gex ¼
Exproduct

Exsource
¼ Exsource � Exloss

Exsource
ð10Þ

The exergy of the solid fuel mix (Exergy input) is estimated by
Cycle Tempo using a method described by Baehr [61]. Table 11
gives an overview of energy (1st law) and exergy (2nd law)



Fig. 5. Ternary phase diagram showing equilibrium lines and operating points to indicate possibilities of carbon deposition.

Table 11
Exergy output and exergy efficiency for various cases.

STEX SOFC-CC Retrofit STEX IGFC-CC STEX

Energy Exergy Energy Exergy Energy Exergy

Input, MW 465.06 510.50 465.06 510.50 465.06 510.50
Gross Power, MW 204.85 204.85 223.64 223.64 260.50 260.50
Auxilliary load, MW 31.82 31.82 34.04 34.04 37.44 37.44
Net Power, MW 173.02 173.02 189.59 189.59 223.05 223.05
Net efficiency, % 37.20 33.89 40.77 37.13 47.96 43.68
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analysis for the 2 cases in comparison with the STEX case. An
exergy efficiency of about 37% is obtained with the retrofitted sys-
tem indicating that existing IGCC plants can still be operated with
higher electrical/exergy efficiencies (about 12% higher) with retro-
fitting direct internal reforming solid oxide fuel cells and oxy-fuel
CO2 capture technologies. This efficiency boost with a relatively
low carbon footprint can be considered as a possible solution to
operate existing power plants with reduced emissions and high
efficiency in near future. With a newly designed IGFC power plant
with oxy-combustion CO2 capture, a much higher exergy efficiency
of about 44% is obtained. The increase in the exergy efficiency due
to electrochemical fuel conversion is compensated with exergy
losses and exergy destruction in the CO2 capture unit. However,
there is an increase of about 10 percentage points (25% increase)
in the exergy efficiency.

Fig. 6 shows the exergy flow diagram for the SOFC-CC Retrofit
STEX case illustrating the exergy loss/destruction due to various
operations in the plant. Exergy loss and destruction due to the par-
tial CO2 capture account for about 1.2% of the total exergy losses. In
comparison with the STEX case [12], the stack losses are also lower
due to the lower concentrations of CO2 and H2O. The SOFC system
including the SOFC stack contributes to a relatively low extent
(3.5%) in the total exergy losses. Exergy destruction during gasifica-
tion and combustion still contribute largely to the irreversibilities
in the system, however an important observation to be noted is
the reduced exergy destruction in the GT combustor. The exergy
destruction in the GT combustor in the STEX case is about
97.6 MW; about 19% of the total exergy losses [12]. The partial
replacement of fuel combustion with electrochemical conversion
leads to a 30% reduction in the exergy destruction in the GT
combustor. Hence despite the utilization of oxy-combustion CO2

capture, it is seen that retrofitting SOFCs in existing IGCC power
plants is beneficial from the exergy/electrical efficiency point of
view.

Fig. 7 shows the exergy flow diagram for the IGFC-CC STEX case.
The CO2 capture unit contributes with about 8% to the total exergy
losses. As it can be seen, gasification is the largest source of exergy
destruction. Complete replacement of combustion with electro-
chemical oxidation in the SOFC unit leads to a reduction in total
exergy losses with exergy destruction in the SOFC unit being rela-
tively low (<5%). Exergy loss through the exhaust stack (air) is lar-
gely negligible. The figure shows a combined loss/destruction of
about 3.5% in the gas cleaning unit and due to syngas preheating.

From the exergy analysis of both systems it can be seen that ret-
rofitting IGCC plants with SOFC-CO2 capture offers significant ther-
modynamic advantages in terms of boosting electrical and exergy
efficiencies. Despite concerns regarding material, cost and scaling
up; further research (particularly market based and thermo-
economic evaluations) of solid oxide fuel cell integration in exist-
ing large scale bio-IGCC power plants is highly encouraged.

4.3. CO2 neutrality and emissions

Power production with high percentage of biomass in the fuel
blend offers a possibility to design a CO2 neutral/negative system.
Estimation of biomass CO2 neutrality is generally based on an
assumption that biomass removes as much CO2 from the environ-
ment during its growth as is released during its combustion. This
work like majority literature articles assumes the wood pellet
biomass as a CO2 neutral fuel. Table 12 shows a parametric



Fig. 6. Exergy flow diagram for SOFC-CC Retrofit STEX (with partial CC) case – exergy destruction during GT combustion are lower than the STEX case with the partial
replacement of combustion with electrochemical oxidation in the SOFC.
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comparison between the various cases considering CO2 neutrality
and emissions. The fuel input in all the three cases is a blend of
70% biomass and 30% coal (energy based). Based on our assump-
tion, this means that even without CO2 capture (STEX case), the
system is 70% CO2 neutral. The remaining undesired CO2 emission
originates from the 30% coal in the fuel blend.

In order to estimate CO2 neutrality, the total CO2 flow in the sys-
tem has first been calculated as the sum of CO2 co-absorbed in the
H2S absorber [12], CO2 released through the stack and the pure
captured CO2 in the CO2 capture unit. The CO2 co-absorbed in the
H2S absorber is part of emissions as this is just vented out from
the plant. The net emitted CO2 from the system is a sum of the
vented CO2 from the H2S absorber and the CO2 released through
the stack. The pure captured CO2 has been calculated based on
the purity of the CO2 stream (Tables 6 and 7). With a fixed fuel
input mass flow, the amount of CO2 produced per unit mass of fuel
(fuel specific CO2, c) is calculated. The fuel specific CO2 from pure
coal (ccoal) has been calculated to be 2.45 based on the BASE (with
no biomass co-gasification) case (The BASE case has been described
in detail in our previous article [49]). As the STEX blend contains
less carbon and more oxygen than coal [12], the fuel specific CO2

is much lower than with pure coal. The coal based CO2 flow is then
calculated as shown in Eq. (11):

Coal based CO2 ¼ 0:3 � Fuel input � ccoal ð11Þ
The coal based CO2 capture fraction is then calculated with Eq.

(12):

Coal based CO2 capture fraction ¼ Captured CO2

Coal based CO2
ð12Þ



Fig. 7. Exergy flow diagram for IGFC-CC STEX (full CC) case – high exergy loss/destruction due to CO2 capture is compensated by the high efficiency SOFC system rendering a
relatively high net exergy efficiency.

Table 12
System evaluation for CO2 neutrality and emissions.

Parameter STEX
(no CC)

SOFC-CC retrofit STEX
(partial CC)

IGFC-CC STEX
(full CC)

Fuel Input, kg/s 23.74 23.74 23.74
Co-absorbed CO2 in H2S

absorber, kg/s
1.89 1.91 1.90

CO2 in stack (exhaust),
kg/s

43.25 31.53 0.06

Captured CO2, kg/s 0 11.70 43.09
Total CO2, kg/s 45.14 45.14 45.07
Fuel specific CO2 (c), kg

CO2/kgfuel
1.90 1.90 1.89

Coal based CO2, kg/s 17.48 17.48 17.48
Coal based CO2 capture

fraction, %
0 0.67 2.46

CO2 neutrality factor, 0.70 0.90 1.44
CO2 emitted, kg/s 45.14 33.44 1.98
Net Power Output, MWe 173.02 189.59 223.05
Specific CO2 emitted,

kg/kW he

0.93 0.64 0.03
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In order to assess the amount of CO2 emitted per unit power pro-
duced, the specific CO2 emitted (ratio of CO2 emitted and net power
output) has also been calculated and shown in Table 12. The CO2

neutrality factor then has been calculated based on Eq. (13):

CO2 neutrality factor¼ 0:7þ0:3:ðCoal based CO2 capture fractionÞ
ð13Þ
Applying full CO2 capture to 70% biomass co-gasified IGCC power
plants results in a CO2 neutrality of higher than 100%, or a CO2 neg-
ative system. As it can be seen from Table 12 the SOFC-CC Retrofit
STEX system is 90% CO2 neutral while the IGFC-CC system is 43%
CO2 negative. The specific CO2 emitted for the STEX case are compa-
rable to values cited in literature for biomass co-gasification [62,63].
Retrofitting with CO2 capture (SOFC-CC Retrofit STEX case) reduces
the specific emissions by almost 45% and application of full scale
CO2 capture (IGFC-CC STEX case) leads to a very low specific CO2

emission.
Feasibility and sensitivity studies towards sizing the SOFC stack

module and CO2 capture unit for retrofitting is highly recom-
mended. It has been indicated in this article that coking/carbon
deposition is a major risk (particularly at the SOFC anode inlet
pipes) in the retrofitted system. Detailed investigations on this
aspect giving possible solutions are highly recommended as future
work. SOFC operation with real syngas also needs experimental
and system investigation. In addition, the gas turbine part load
operation and ways to minimize its effect on the plant perfor-
mance should be further researched upon.
5. Conclusions

The article presents, for the first time, a case study towards
introducing (retrofitting) solid oxide fuel cells (SOFCs) and CO2

capture in existing IGCC power plants utilizing high percentage
(up to 70%) biomass co-gasification with a focus on near future



184 A. Thallam Thattai et al. / Applied Thermal Engineering 114 (2017) 170–185
implementation. The approach and conclusions are equally appli-
cable for coal based IGCC power plant systems. Various thermody-
namic aspects have been addressed and process modifications
have been identified to retrofit SOFCs in IGCC systems. The main
conclusions of the study are listed below:

� Existing integrated gasification combined cycle power plants
(coal/biomass based) could be operated without major plant
modifications and relatively high electrical efficiencies of more
than 40%(LHV) by retrofitting with solid oxide fuel cells (SOFC)
(producing up to 40 MWe electric power) and partial oxy-
combustion CO2 capture.

� Control of the GT expander outlet temperature with variable
inlet guide vanes (VIGV) to minimize part load effects is crucial
when retrofitted with SOFCs.

� The discharge pressure from the main air compressor is much
lower (about 18%) in the retrofitted system. In order to meet
the oxygen demand and to feed bleed air to the ASU at design
pressure, a booster air compressor would be required.

� Resizing the SOFC stack and/or modifications in the N2 dilution
and water saturation unit might be required to obtain an
acceptable LHV for clean syngas; thus enduring flame stability
in the GT combustor.

� Retrofitting with SOFC and partial oxy-combustion CO2 capture
leads to a considerable (about 12% in our limiting case) reduc-
tion in the IP/LP steam production due to the lower syngas flow
(and hence heat transfer) in the combined cycle.

� To apply full scale integration of SOFC and oxy-combustion CO2

capture (IGFC-CC STEX case), the flue gas GT expander should
be replaced by an air expander and the WAC design based HRSG
has to be significantly redesigned.

� Exergy (2nd law) analysis indicates that exergy destruction due
to GT combustion reduce significantly (about 30%) in the retro-
fitted system due to partial replacement with electrochemical
conversion. Total exergy efficiency increases to about 37%
(increase by 9%) when retrofitted with SOFC and partial oxy-
combustion CO2 capture.

� CO2 negative IGFC power plants can be developed by utilizing
70% biomass in the fuel feed and full oxy-combustion CO2 cap-
ture. Retrofitting with partial CO2 capture reduces the specific
emissions by almost 45% and application of full scale CO2 cap-
ture leads to a very low specific CO2 emission.

Based on the process constraints presented in this article,
appropriate engineering solutions should be developed by the
industry. Despite concerns on costs and scaling up issues, model
based thermodynamic evaluations as presented in this article are
very important to assess plant performance with alternative and
safe operating conditions. In addition, the thermodynamic analysis
and results presented in this article are helpful to further evaluate
design/sizing challenges in SOFC-CO2 capture retrofitted IGCC
power plant systems for near future implementation, gas turbine
part load behaviour and techno-economic aspects.
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