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HIGHLIGHTS

« A novel power system integrating coal gasification with SOFC and chemical looping combustion.

« The plant net power efficiency reaches 49.8% with complete CO, separation.

« Energy and exergy analysis of the entire plant is conducted.

« Sensitivity analysis shows a nearly constant power output when SOFC temperature and pressure vary.
« NiO oxygen carrier shows higher plant efficiency than using Fe,03 and CuO.

ARTICLE INFO ABSTRACT

Article history:

Received 14 August 2014

Received in revised form 13 January 2015
Accepted 26 January 2015

Since solid oxide fuel cells (SOFC) produce electricity with high energy conversion efficiency, and chemi-
cal looping combustion (CLC) is a process for fuel conversion with inherent CO, separation, a novel com-
bined cycle integrating coal gasification, solid oxide fuel cell, and chemical looping combustion was
configured and analyzed. A thermodynamic analysis based on energy and exergy was performed to inves-
tigate the performance of the integrated system and its sensitivity to major operating parameters. The
major findings include that (1) the plant net power efficiency reaches 49.8% with ~100% CO, capture
for SOFC at 900 °C, 15 bar, fuel utilization factor = 0.85, fuel reactor temperature = 900 °C and air reactor
Solid oxide fuel cells temperature = 950 °C, using NiO as the oxygen carrier in the CLC unit. (2) In this parameter neighborhood
Chemical looping combustion the fuel utilization factor, the SOFC temperature and SOFC pressure have small effects on the plant net
1GCC power efficiency because changes in pressure and temperature that increase the power generation by
Combined power cycles the SOFC tend to decrease the power generation by the gas turbine and steam cycle, and v.v.; an advan-
CO, capture tage of this system characteristic is that it maintains a nearly constant power output even when the tem-
perature and pressure vary. (3) The largest exergy loss is in the gasification process, followed by those in
the CO, compression and the SOFC. (4) Compared with the CLC Fe,05; and CuO oxygen carriers, NiO
results in higher plant net power efficiency. To the authors’ knowledge, this is the first analysis synergis-
tically combining in a hybrid system: (1) coal gasification, (2) SOFC, and (3) CLC, which results in a system
of high energy efficiency with full CO, capture, and advances the progress towards the world’s critically
needed approach to “clean coal”.

Keywords:
Coal gasification

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Power plants based on coal feeding produce approximate 50% of
the electricity in the United States, and much more, about 70%, in
some other countries, such as China and India [1-5]. Among all
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fuels, coal produces the highest quantity of CO, per unit generated
heat and electricity, so concerns about global warming have led to
much work on effective CO, capture and storage (CCS) from power
plants. While many methods were proposed for CO, capture in the
power generation sector, they typically are energy intensive, thus
resulting in significantly lowering the plant energy efficiency and
in increasing the cost of electricity.

To take advantage of the high efficiency of combined cycles for
power generation, which approaches 60%, but most conveniently
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Nomenclature

Ep exergy destruction in the system (kW)
Er fuel input exergy into the system (kW)
Einput component exergy input (kW)

Eoupue ~ component exergy output (kW)

Ep exergy obtained in the system (kW)

Es exergy of a stream (kW)

Es,d exergy destruction rate (kW)

Es,f inlet or input exergy (kW)

Eso outlet or product exergy (kW)

[ molar chemical exergy (kJ/mol)

€ch,i standard molar chemical exergy (kJ/mol)
eph molar physical exergy (kJ/mol)

el fuel exergy (kJ/kg)

s exergy of a system (kJ/mol)

F Faraday constant (96486 C/mol)

AH enthalpy of reaction (kJ/mol)

h enthalpy (kJ/mol)

ho enthalpy at the reference state (kJ/mol)
I current (A)

LHV . coal lower heating value (kJ/kg)

Meoal coal input mass flow (kg/s)

Mo actual oxygen carrier circulation rate (kg/s)
Mocs stoichiometric oxygen carrier circulation rate (kg/s)
NCV° solid fuels net calorific value (kJ/kg)

n; component molar flow rate (mol/s)

P pressure (Pa)

Pres reference pressure (101.325 kPa)

R universal gas constant (8.31 J/mol K)

S entropy (kJ/mol K)

So entropy at the reference state (kj/mol K)
T temperature (K)

To reference temperature (298 K)

Tol default relative convergence tolerance
U; fuel utilization factor (-)

Vier reference cell voltage (0.7 V)

Vsorc SOFC voltage (V)

Wasu air separation unit power (kW)

Waux auxiliary power consumption (kW)
Wecoarp coal milling and handling power (kW)

Weo,.com CO2 compression power (kW)
Weo,ex CO, expander power (kW)
Wer gas turbine power (kW)
Wsorcac SOFC AC power output (kW)
Wsorc.oc SOFC DC power output (kW)

Wer steam turbine power (kW)

w moisture content of the solid fuel
X; calculated value in iteration

Xi molar fraction (-)

e plant net power efficiency (%)
Hex,c component exergy efficiency (%)

Nexsystem SYystem exergy efficiency (%)

Ninverrer  DC-AC inverter efficiency (%)

NsoFc SOFC efficiency (%)

A oxygen carrier excess ratio (-)
Acronym

AC alternate current

ASU air separation unit

CCS carbon capture and storage

CLC chemical looping combustion

CLHG  chemical looping hydrogen generation
DC direct current

HHV higher heating value

HRSG heat recovery steam generator
IGCC integrated gasification combined cycle
LHV lower heating value

MEA monoethanolamine
SOFC solid oxide fuel cell

need gaseous fuel, integrated gasification combined cycles (IGCC)
can be used [6], where the coal is first converted into syngas in a
gasifier, which is then used to fuel the gas turbine in the combined
cycle. The processes in an IGCC are based on energy cascade uti-
lization to maximize the energy and exergy efficiencies. The overall
IGCC efficiency without carbon capture is estimated to be 36-42%
[7]. If CO, capture is added, an energy penalty around 6-7% points
will be imposed for conventional IGCC [7].

Solid oxide fuel cells (SOFC) are electrochemical direct energy
conversion devices with high efficiency, and need high tem-
peratures (600-1000 °C) for their operation because their elec-
trolyte is inadequately conductive at lower temperatures. A SOFC
produces electricity directly from fuel gases through electro-
chemical oxidation reactions rather than combustion [8]. Their
operation at high temperatures and pressures provides an oppor-
tunity for using their exhaust gases for preheating the input fuel
and air and to provide the heat source for gas and/or steam tur-
bines to generate more power. Many studies have been made
about the integration of SOFC with steam and combined cycles
(e.g., [9-15]). In such systems the high temperatures allow the
internal reforming of light hydrocarbon fuels, such as methane,
propane and butane, within the anode, or external reforming
upstream of the anode can be employed to use heavier hydrocar-
bons, such as gasoline, diesel, jet fuel (JP-8) or biofuels [16]. The
reformates are generically syngas, mixtures of hydrogen, carbon
monoxide, carbon dioxide, steam and methane. The syngas then
reacts in the fuel cells to produce electricity [17].

Since coal is a very abundant fossil fuel, especially in high-ener-
gy consuming countries like China and India, and SOFC has poten-
tial to attain efficiencies of around 60%, significant attention was
given to use SOFC for replacing or augmenting the gas turbine
power output in IGCC plants to attain higher overall efficiency of
coal power plants [18,19]. The system of combining SOFC and
IGCC is usually as follows: coal is gasified to syngas in a gasifier
and cleaned, fed to the SOFC that produces power, the SOFC
exhaust gases are mixed and burned in a combustor, and then
fed to a gas turbine, producing additional power, the gas turbine
exhaust flows into a heat recovery steam generator (HRSG). The
steam is fed to the steam turbine for additional power generation.
Romano et al. [20,21] performed a thermodynamic analysis of inte-
grated gasification fuel cell plants. A simple cycle gas turbine
works in a hybrid cycle with a pressurized intermediate tem-
perature SOFC, integrated with coal gasification with a syngas
cleanup island and a bottoming steam cycle, but without CO, cap-
ture. A net electric efficiency of 52-54% was predicted. EI-Emam
et al. [22] examined an integrated gasification and SOFC system
with a combined cycle. The energy efficiency of the overall system
was predicted to reach 38.1% without carbon capture. The influ-
ences of pressure ratio on the component performance were also
presented in their study. Adams et al. [23] proposed an integrated
gasification-SOFC power plant, with separated anode and cathode
streams. Air is used as oxygen source without diluting the fuel
exhaust, enabling CO, recovery from the exhaust with a very small
energy penalty. The optimization process predicted that 46% power
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efficiency could be achieved. In an analysis that included careful
consideration of gas cleaning, Prabu and Jayanti [24] combined
underground coal gasification with SOFC, taking advantage of the
high temperature exhaust of SOFC to reform the syngas for hydro-
gen production. A detailed energy analysis of this system showed
more than 4% thermal efficiency gain and 6% lower CO, emissions,
compared with a conventional steam turbine cycle.

In this study, to the best of our knowledge the first to propose a
novel integrated IGCC-SOFC plant that uses the emerging tech-
nology chemical looping combustion (CLC) process for more ther-
modynamically reversible and thus more efficient fuel
conversion, and which also allows inherent CO, separation [25-
29]. The CLC is comprised of two reactors: a fuel reactor and an
air reactor. Instead of reacting fuel with oxygen directly, an oxygen
carrier is reduced by the fuel and then re-oxidized by reaction with
oxygen (usually supplied in air). Usually a metal oxide Me,O,,
typically a transitional element, is used as the oxygen carrier. In
the fuel reactor, this oxygen carrier is at a higher state and is
reduced by the gaseous fuels. With the complete conversion of
the fuel gases, the gas products are CO,, H,O vapor and the solid
reduced metal oxide at a lower state Me,Oy_1:

(2n + m)Me,Oy + C,Ham — (2n+ m)Me,O,_4

+mH,0+nCO0, AH<Oor >0 (1)

The CO; in the reaction products can be easily separated, by con-
densing the H,O and removing the solid metal oxide particles by
gravity and filtration. The reduced oxygen carrier at the lower state
Me,O,_, enters the air reactor, and is re-oxidized to the higher state
Me,O, by oxygen in the air:

Me,0, 1 +1/20, — Me,O, AH >0 )

where AH is the enthalpy of reaction. CLC can be also integrated
with the natural gas combined cycle or coal gasification for power
generation [30,31]. Naqvi et al. [32] presented an application of
CLC method in natural gas-fired combined cycles for power gen-
eration with CO, capture. Reheating was introduced by employing
multi CLC-reactors. The cycle was predicted to achieve net plant effi-
ciency of above 51% including 100% CO, capture and compression to
110 bar. Petrakopoulou et al. [33] conducted an exergoeconomic
analysis of a natural gas combined cycle power plant with chemical
looping technology. The plant exergetic efficiency was predicted to
reach 51.3%. For comparison, their conventional natural gas com-
bined cycle without CO, capture was 56.3%, with monoethanola-
mine (MEA) for CO, capture efficiency is 45.8%. Erlach et al. [34]
integrated CLC and IGCC, the performance of various configurations
of CLC used in IGCC were analyzed and compared to the convention-
al IGCC design with pre-combustion carbon capture by physical
absorption. It was found that the CLC-IGCCs offered the advantage
of higher plant efficiency and more complete carbon capture. The
predicted CLC-IGCC efficiency was 37.7-38.8% with near-zero car-
bon emission while the pre-combustion IGCC showed a maximum
efficiency of 36.2% with minimum carbon emission of 123.82 kg/
Mhe;. Chen et al. [35] incorporated a chemical looping hydrogen gen-
eration (CLHG) process within the SOFC. The chemical looping
hydrogen generation process produced hydrogen and separated
C0,. The hydrogen was fed to the SOFC. The predicted net power effi-
ciency was up to 43%, including CO, capture.

The main innovation in our study presented in this paper is that
a SOFC and CLC are integrated with coal gasification for higher effi-
ciency power generation with low CO, capture energy penalty
(Fig. 1), with the process proceeding as follows:

(1) Coal is fed into the gasifier.
(2) The produced syngas fuels the SOFC that generates electrical
power.

(3) The SOFC effluent gas containing CO,, H,0O and some uncon-
verted combustible fuel is fed to CLC reactor vessels for full
fuel conversion and inherent CO, separation.

(4) The exhaust streams from CLC reactors enter the gas tur-
bines that generate power.

(5) The exhausts from these turbines enter into a heat recovery
steam generator (HRSG) to generate steam.

(6) The steam is fed to a steam turbine to generate more power.

2. System process

The flowsheet of the combined cycle plant is shown in Fig. 1. It
includes five blocks: gasification, SOFC, chemical looping combus-
tion, gas turbine and steam cycle, and CO, recovery and
compression.

2.1. Gasification

A bituminous coal is gasified in a commercial dry-fed type gasi-
fier using O, from an air separation unit (ASU). The ASU is assumed
to produce 95 vol.% O, for the gasifier, with 4 vol.% Ar and 1 vol.%
N,. The studied plant is already a complicated system, so an analy-
sis of the ASU is not incorporated here, but its specific power
demand, 0.325 kW h/kg O, [21], is accounted for. The coal analysis
is shown in Table 1. CO, rather than steam vapor is used as the
gasification agent because CO, is separated and available from
the CO, compression process downstream.

Oxygen and carbon dioxide ratio adopted is to just meet the
requirements of coal combustion to provide sufficient heat for full
coal gasification. This ratio may be varied as needed for different
coals. In this work, the oxygen/coal mass ratio was assumed to
be 0.9, and the CO,/coal mass ratio was assumed to be 0.113
[35]. High temperature (1371 °C) and pressure (30.4 bar) are used
in the gasifier at thermodynamic and chemical equilibrium. The
hot syngas is quenched to 900 °C by recycling a portion of cooled
syngas (350 °C). The syngas flows downstream into the waste heat
boiler, where gas cooling is achieved by preheating the clean syn-
gas for the SOFC and generating high pressure steam. After gas
cleaning and sulfur removal, the syngas returns to the tubes in
the waste heat boiler. It is preheated to a temperature of 800 °C
before entering the SOFC stacks.

2.2. The SOFC

The SOFC is an electrochemical energy conversion device that
produces electricity directly from oxidizing a fuel. The electro-
chemical conversion process in SOFC stacks accomplishes fuel
oxidation in a more reversible way than the traditional combustion
process. The electrical efficiency of SOFC is typically 40-60%. In this
plant, the SOFC unit uses the syngas produced from the coal gasi-
fier. In addition to the hydrogen produced in the gasifier, and the
other produced fuel components like CH4 and CO are converted
to hydrogen using the available H,O in the syngas within the cell
stacks before electrochemical reactions:

Steam reforming : CH,; +H,0 < CO+3H, AH=206.172k]/mol (3)
Water gas shift: CO+H,0 < CO;+H; AH=-41.169k]/mol (4)

The steam reforming reaction is endothermic. The heat required
by the endothermic reaction is supplied by the heated cell stacks.
The steam reforming reaction and the water gas shift reaction
are thermodynamically favored because the hydrogen is con-
tinuously removed by electrochemical reactions. Hence, only
hydrogen is assumed to be the anode input and react there electro-
chemically with oxygen ions.
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Fig. 1. The flowsheet of the proposed power plant integrating coal gasification, SOFC, CLC and combined power cycle.

Table 1
Analysis of the bituminous coal used.

Proximate analysis/% (mass, air dry) Ultimate analysis/%

(mass, air dry)

Moisture 5.0 C 66.07
Volatile 39.24 H 5.07
Fixed carbon 46.26 (0] 9.5
Ash 9.5 N 1.19
S 3.67

Lower heating value (LHV) = 26805 k]/kg
Higher heating value (HHV) = 27912 kj/kg

The electrochemical reactions that occur at the anode and the
cathode of SOFC are:

Anode : H, + 0% — H,0+2e” (5)
Cathode : O, +4e™ — 20> (6)

The electrons produced at the anode side are directed to the
cathode side and reacted with the oxygen molecules. The oxide
ions produced from the cathode side diffused to the anode via
the electrolyte layer. The electrolyte layer acts as a highly selective
membrane for the oxygen transport from air to the fuel.

The amount of fuel reacted in the fuel cell was calculated, and
also used in U, the fuel utilization factor, defined in Eq. (7). The

unreacted H, and CO, as well as the remaining CH4, CO, and H,0,
exit the cell stacks.

Ur= (th —+ hCO + 4hCH4)reucted/(hH2 + hCO + 4hCH4)input (7)

The SOFC temperature is 800-900 °C and the anode inlet fuel tem-
perature is 800 °C. The cell voltage is an important parameter that
determines the cell performance. The cell voltage depends on var-
ious parameters such as temperature, pressure, current density
and geometric configuration. The cell voltage can thus be assigned
only after the cell design specifications are determined. Since this
study does not consider a specific fuel cell design, a simplified cor-
relation approach is adopted. The cell voltage can be predicted as a
function of cell temperature and pressure [36,37]:

VSOFC = Vref +AV = Vref + (RT/4F) ln(P/Pref) (8)

Vier is the reference cell voltage at a nominal design condition
(800°C, 3.5bar), 0.70V; R is the universal gas constant,
8.31]/mol K; T is the fuel cell operating temperature, K; F is the
Faraday constant, 96486 C/mol; P is the fuel cell operating pressure,
bar and P is the reference pressure, 3.5 bar.

The power (DC) generated by the fuel cell is calculated as
follows:

WSOFCDC = VSOFCI = VSOFC (ﬁHZ + hCO + 4hCH4)reacted2F (9)
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The actual alternate current (AC) power production from the
SOFC unit is calculated by:

Wiorc.ac = Wsore.oc Ninverter (10)

Ninverter 1S the efficiency of the DC-AC inverter and assumed to be
95% [38].
The SOFC power efficiency is calculated by:

Worcac (11)

Nsorc = - -
nHz.reactedLHVHz + nCO.reactedLHVCO + nCH4‘reactedLHVCH4

where LHVy,, LHVco, and LHVy, are the lower heating value of Hy,
CO and CHy4, respectively.

2.3. Chemical looping combustion (CLC)

A chemical looping combustor is deployed at the exhaust of the
SOFC. The CLC is comprised of a fuel reactor and an air reactor. The
anode effluent of SOFC contains unconverted syngas. The syngas
stream is fed to the fuel reactor for completing the fuel conversion
and reducing the oxygen carrier. The outlet stream from the fuel
reactor is primarily CO, and H,O. The reduced oxygen carrier
enters the air reactors for re-oxidation. The cathode effluent of
the SOFC, composed of oxygen and nitrogen flows to the air reactor
for oxygen carrier regeneration. Additional air may be injected
from the compressors for full oxidization of the reduced oxygen
carrier. Oxygen carriers commonly used in CLC are transitional
metal oxides, such as NiO, Fe,03 and CuO. The pure metal oxide
is prone to agglomerate and sinter after several cycles. To improve
the activity against risk of agglomeration and sintering, the oxygen
carrier is usually supported with an inert, which is a material com-
bined with oxygen carrier by mechanical mixing, precipitation or
impregnation methods. In this work, the inert supports for NiO,
Fe,03; and CuO are NiAl,04, FeAl,04, and Cu,AlO4, respectively
[39]. The molar fraction of the oxygen carrier to its inert support
is assumed to be 0.25. The excess ratio of an oxygen carrier (/,
Eq. (12)) is defined as the difference between the actual circulation
rate of oxygen carrier and the stoichiometric circulation rate of
oxygen carrier required for full fuel conversion, divided by that
stoichiometric circulation rate. Here, 1/ = 0.2 is adopted for com-
plete fuel conversion.

mOC - mOC‘S

A= -
mUC.S

(12)
M, is the actual circulation rate of oxygen carrier; 1,5 is the
stoichiometric circulation rate of oxygen carrier required for full
fuel conversion.

2.4. The gas turbine and steam cycle

In this combined system, the SOFC stack and CLC reactor com-
bination act as the combustor of the gas turbine cycle. The exhaust
stream from the air reactor is at high temperature and pressure
and directed to the air turbine. The air turbine could be connected
with the air compressor on a single shaft. The CO,-rich effluent
stream from the fuel reactor flows to the CO, expander for addi-
tional power generation. The steam cycle mainly consists of an
air HRSG, a CO, HRSG and a steam turbine. The gasifier, waste heat
boiler and fuel reactor are all integrated with the air and CO,
HRSGs for steam generation. Heat exchangers in the plant include
economizers, evaporators, superheaters and reheaters. The steam
enters the high pressure steam turbine and then is reheated in
the waste heat boiler. Because the heat balance in the system
changes depending on the units in the plant, the HRSG may be
redesigned for some of the simulated cases to keep the same steam
temperature and pressure.

2.5. CO, recovery and compression

The CO,-rich gas from the CO, HRSG is cooled in a heat
exchanger to 30 °C. The H,0 vapor is condensed there, which thus
also separates the CO, (noncondensable gas) from the water. The
resulting CO, stream is then compressed to 120 bar in a four-stage
intercooled compressor, cooled using environmental water in each
stage. The majority of water remaining in the CO, stream is
removed in the flash drums of each compressor stage. The dehy-
drated CO, stream is then totally condensed for removal.

3. The analysis methodology

The components within the plant system are modeled as
lumped control volumes, and their detailed component configura-
tions are not considered. The plant system performance is first
evaluated by the thermal efficiency, i.e., the plant net power effi-
ciency, based on the first law of thermodynamics. The plant net
power efficiency is the ratio of the net power output divided by
the entire energy input. For this combined cycle plant, the net
power efficiency of the plant is defined by:

We

e = Meoql - LHVcoal < 100% (13)

where 7, represents the plant net power efficiency, %, which is also
called thermal or electrical efficiency; mg,y represents the input
coal mass flow, kg/s; LHV,.q represents the coal lower heating val-
ue, kg/kg.

The plant net power output is expressed as the following
equation:

We = Wsorcac + Wer + Wt + Weo, ex — Weoarr — Wasy
— Weo,.com — Waux (14)

where Wsorcac represents the SOFC AC power, kW; Wt represents
the gas turbine power, kW; Wy represents the steam turbine pow-
er, kW; Wco,px represents the CO, expander power, kW; Wcoarp
represents the coal milling and handling power, kW; Wjsy repre-
sents the air separation unit power, kW; Wco,.com represents the
CO, compression power, kW; Wyx represents the auxiliary power
consumption, such as water recirculation pumps and blowers, kW.

Exergy is the maximum theoretical work available from a ther-
mal system, when it is brought reversibly into equilibrium with a
reference environment [40]. The exergy analysis is based on the
second law of thermodynamics. The exergy of a system é; can be
separated into four parts: chemical, physical, kinetic and potential.
The kinetic and potential exergy are relatively very small and thus
neglected here, so the molar exergy of a system is:

& = ech + Epn (15)

éq is the specific chemical exergy of different species in one molar
mixture, kJ/mol; and can be written as follows:

i=n i=n
e = Y Xieni+RTo» Inx (16)
i=1 i=1

where e,; is the specific standard molar chemical exergy of a sub-
stance at the reference state, kJ/mol; x; is the molar fraction of each
substance i; Ty is the reference temperature, K. The specific molar
physical exergy of a system is obtained from:

éph = in(h — ho) — ToZXj(S — 50) (17)
i=1 i=1

where h and s are the specific enthalpy and entropy of a substance
at a given state, kJ/mol and k]J/mol K; hg and sq are the specific
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enthalpy and entropy of a substance at the reference state, kj/mol
and kJ/mol K.

The total exergy of a stream is calculated by multiplying the
specific exergy and the molar flow rate n, mol/s.

E; = né; (18)

Energy is conserved in thermodynamic process, but exergy is
not conserved and can be destroyed due to losses. For a compo-
nent, the exergy destruction is given by:

Es‘d = Es,i - Es,o (19)

E; 4 is the exergy destruction rate, kW, which is mainly caused by
chemical reactions, heat exchange, friction and mixing; E,; is the
inlet or input exergy flow rate, kW, and E , is the outlet or product
exergy flow rate, kW.

The exergy efficiency of the overall system #ey system is following:

By b (20)

Nex system = ETT = Er
Ep is the exergy product obtained in the system, kW; Er is the fuel
input exergy into the system, KW, Ep is the exergy destruction in
the system, kW.

The exergy efficiency of a specific component in the system #ex ¢
is following:

Nexe = % (21)
input
Eoutpue is the exergy output of a component, kW; Ejnpy, is the exergy
input of a component, kW.
In this work, coal is used as the fuel. The chemical exergy of coal
is calculated based on the following formula which is commonly
used for solid fossil fuels [40]:

el = [NCV° + 24420] ., + 94175 (22)

NCV° represents the net calorific value of solid fuels, k]/kg; w repre-
sents the moisture content of the solid fuel; s represents the mass
fraction of sulfur in the solid fuel; ¢, is expressed as the following
[40]:

Py = 1.0437+O.18822+0.0610%+0.0404g (23)

where ¢, h, 0 and n are the mass fractions of C, H, O and N elements
in the solid fuel, respectively. This formula is applicable to a wide
range of solid fuels with a mass ratio of O/C less than 0.667. The
exergy analysis is very useful to determine where in the plant exer-
gy is lost due to irreversible processes, which can then be consid-
ered for improvements.

The Aspen Plus software [41] was used for the plant system
analysis. Solids processing was selected in the simulation. The
Peng-Robinson equation of state with the Bostion-Mathias modifi-
cation (PR-BM) was adopted as the property method for streams.
ASME 1967 steam table corrections were used to calculate pure
water and steam streams. The reactions in the gasifier, CLC reactors
were calculated by RGibbs block, which uses Gibbs free energy
minimization with phase splitting to reach equilibrium. RYield,
which modeled a reactor where the reaction stoichiometry is
unclear but the yield distribution was known, was added in the
gasifier for pyrolysis. Heater and HeatX blocks were used for heat
exchangers within the plant. All models or blocks were on the basis
of mass and energy balance, and performed in a steady state and
thermodynamic equilibrium. The kinetics of the reactions was thus
not separately considered in this study.

In the Aspen Plus simulation, the default relative convergence
tolerance Tol is 0.0001, which identifies whether the tear stream
is converged or not. A tear is converged when the following is true

for all tear convergence variables such as mole flow, pressure and
enthalpy:

|(Xi — Xi-1)/Xi1| < Tol (24)

X;_, is the calculated value in iteration i — 1; X; is the calculated val-
ue in iteration i.

The primary component parameters are assumed and summa-
rized in Table 2.

4. Results and discussion
4.1. Plant performance

Table 3 presents the performance of the proposed plant at a
typical operating condition, using the assumption in Table 2:

Table 2
Essential simulation assumptions.

Air separation unit Oxygen purity, 95 vol.% (N5, 4 vol.% and Ar, 1 vol.%)
(ASU) Oxygen pressure to gasifier, 36.5 bar [35]
Specific work, 0.325 kW h/kg 0, [21]

Coal milling and 0.022 kW h/kg [42]

handling

Gasification process Gasification temperature, 1371 °C [35]
Pressure, 30.4 bar [35]

Carbon conversion rate, 99%
Oxygen/coal mass ratio, 0.90 [35]
CO,/coal mass ratio, 0.113 [35]

Heat loss, 1% of input LHV

Coal feed rate, 1 kg/s

Gas quench type

Syngas quench and
conditioning

Syngas temperature after quench, 900 °C
Temperature of the quench gas, 350 °C
Quench gas ratio, 49.2%

Quench gas compressor efficiency, 75%
Quench gas compressor ratio, 1.12

Pressure drop, 8% (2.4 bar)

For clean syngas preheating, high pressure steam
generation, reheating, intermediate pressure steam
generation

Heat exchangers in
waste heat boiler

Gas cleaning Pressure drop, 6%

Solid oxide fuel cell
(SOFC)

Operating temperature, 800-900 °C
Pressure ratio, 5-20

Fuel utilization factor, 0.75-0.90
DC-AC converter efficiency, 95% [38]

Chemical looping Oxygen carrier, NiO, inert support, NiAl;04
combustion process Excess NiO coefficient, 0.2
NiAl,04/NiO molar ratio, 0.25
Fuel reactor temperature, 850-950 °C
Air reactor temperature, 850-950 °C
Pressure, 5-20 bar

Air turbine (GT) and CO, Discharge pressure, 110 kPa
expander Isentropic efficiency, 90%
Mechanical & generator efficiency, 98%

Heat recovery steam
generator (HRSG)

Approach point, 10 °C
Pinch point, 10 °C
Pressure loss, 8%

Pressure levels, 12.5/2.86/0.4 MPa

Intermediate pressure steam reheat

Condenser pressure, 3.6 kPa

Turbine isentropic efficiency, high pressure steam
turbine 88%, intermediate steam turbine 92%, low
pressure steam turbine 85%

Mechanical and generator efficiency, 98%

Steam turbine cycle
(Rankine)

CO, compression Single stage compression ratio, 3.5
Compressor efficiency, 80%
Mechanical and electrical efficiency, 98%

CO,, ready for pipeline, 30 °C, 120 bar [43]

Assumptions without references are explained in Section 2.
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Table 3

Performance of the integrated system (SOFC temperature 900 °C, SOFC pressure
15 bar, fuel utilization factor U, 0.85, fuel reactor temperature 900 °C, air reactor
temperature 950 °C).

Coal LHV input, kW 26805 (1 kg/s)

Coal milling and handling power, 79.2
Weoar.r, KW
ASU power, Wjsy, kW 1053.0
SOFC, Wisorcac, kKW 7652.4
Gas turbine, W¢r, KW 2699.8
CO, expander, Wco, gx, kKW 1469.8
Steam turbine, Wsy, kW 3729.1
CO, compressors, Wco,.com, kKW 910.0 (1st 246, 2nd 254, 3rd 249, 4th
161)
Auxiliary power, Wyx, KW 162.9
Plant net power efficiency (LHV), % 49.8
CO,, capture efficiency, % ~100

SOFC temperature 900 °C, SOFC pressure 15 bar, fuel utilization
factor 0.85, fuel reactor temperature 900 °C and air reactor tem-
perature 950 °C. The typical operating condition is just a baseline
case but not the optimal one. The optimization of the system is
done by the sensitivity analysis in the later section. Table 3 shows
that the plant net power efficiency could reach 49.8%, including
100% CO, capture, which is more efficient and competitive than
other alternative systems based on coal feeding. Table 4 presents
the simulation results of the numbered flows shown in the flow
diagram, Fig. 1.

Table 5 summarizes and compares the coal-fed power systems
with CCS that were proposed and analyzed in past studies. Current
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Table 5
Brief literature summary of coal-fed power system with CCS.
Researcher System features Efficiency CO,
capture
Rasul et al. Conventional coal power plant with post 35% (LHV ~ ~80%
[44] calcium carbonation carbon capture basis)
Chmielniak  Supercritical coal power plant with 45.20% (-) 85.5%
et al. [45] amine absorption, using turbine steam to
CO, desorption
Liebenthal Retrofitting post-combustion CO, 34.55% (-) 90%
et al. [46] capture process on steam power plant
Ahn et al. [47] Retrofitted MEA CO, capture in 28.8% (HHV 90%
conventional power plant basis)
Romeo et al. CaO-CaCOs3 post combustion CO, capture 37.04% 85%
[48] in supercritical steam cycle (LHV basis)
Skorek- Oxy-combustion coal supercritical power 30.46- 97.99%
Osikowska unit 33.42%
et al. [49] (LHV basis)
Majoumerd  IGCC + Selexol + CO, capture 36.3% (LHV 93.65%
et al. [50] basis)
Stadler et al. Oxy-fuel combustion with oxygen 39.3-46.1% 90%
[51] transport membranes (LHV basis)
Cormos et al. IGCC calcium-looping post-combustion 34.22- 95%
[52] capture; IGCC calcium-looping pre- 37.02%
combustion capture (LHV basis)
Kakaras et al. Oxyfuel application in lignite-fired 32.29% 90%
[53] power plant (LHV basis)
Perdikaris Coal hydrogasification integrated with  40% (-) 90%
et al. [54] SOFC using CaO as CO, sorbent
Nease et al.  Coal gasification integrated SOFC with  42.0% (HHV 100%
[55] compressed air energy storage, oxy- basis)
anode fuel gas combustion for CO,
capture
Yan et al. [56] Coal gasification + CaO absorption + SOFC 46.2% (LHV ~100%
basis)
Kuchonthara Thermochemical recuperative coal 45% (HHV ~ ~100%
et al. [57] gasification integrated with fuel cell, basis)
membrane for CO, separation
Greppi et al.  Coal gasification + MCFC (Molten 43% (HHV N/A
[58] Carbonate Fuel Cell)+GT combined cycle, basis)
no carbon capture
Kim et al. [59] Coal gasification + SOFC + GT with pre- 37.5-46.6% 95%
combustion or oxy-combustion (ITM for (HHV
oxygen preparation) basis)
Siefert et al.  IGCC-CCS with advanced H; and O, 43.4-58% 70-
[60,61] membrane; Catalytic gasification + SOFC (HHV 100%
with CO, sequestration; CaO-looping basis)
gasifier for IGFC-CCS and IGCC-CCS
Reddy et al.  Coal-fired supercritical thermal plant 435%(-) NJA
[62] without CCS

‘-’ Do not indicate LHV or HHV basis.

Table 4
Simulation results for selected flows of the typical case.
Flow no. Type Temperature Pressure Mass flow
(0 (bar) (kg/s)
1 Coal 35 30.5 1
2 Oxygen 150 36.5 0.9
3 CO, 146.4 36.5 0.113
4 Syngas 1371 304 2.013
5 Syngas 900 28.8 3.779
6 Syngas 350 28.0 3.759
7 Syngas 367 31 1.848
8 Syngas 150 27 1.911
9 Syngas 340 27 1.762
10 Syngas 800 27 1.762
11 Syngas 800.4 15 1.762
12 Air 25 1.01 18.882
13 Air 424.5 15.5 18.882
14 Air 4245 15.5 13.191
15 Air 424.5 15.5 5.691
16 Anode gases 900 15 2.642
17 Oxygen depleted air 900 15 12.312
18 NiO/NiAl,04 950 15 2.541
19 Ni/NiAl,04 900 15 2.263
20 CO, stream 900 15 2919
21 Oxygen depleted air 950 15 17.725
22 Air exhaust 414.7 1.1 17.725
23 CO, stream 524.1 1.1 2919
24 Water 30 0.056 1.153
25 Steam 540 125 1.153
26 CO, stream 70 1.1 2919
27 CO, stream 30 11 2.919
28 Water 30 1.1 0.387
29 CO, stream 30 120 2.388
30 Water 30 0.056 2.092
31 Air exhaust 99 1.1 17.725
32 Steam 540 28.6 1.702
33 Steam exhaust 29.9 0.036 3.245
34 Water 29.9 0.036 3.245
35 Water 29.9 0.056 3.245

supercritical coal-fired power plants without CCS have efficiencies
approaching around 45% [62]. From Table 5, it is indicated that all
coal gasification systems except [50,52] are reported to generate
power at higher efficiency than those using oxy-fuel combustion
or post-combustion CO, capture. Among gasification systems,
IGCCs coupled with SOFC could offer higher efficiency. The oxy-fuel
combustion efficiency is generally lower than that of gasification
systems. The conventional pulverized coal plant with post-com-
bustion capture usually shows the lowest efficiency, except if
ultra-supercritical steam is used.

Compared with reference plants and with alternative capture
technologies, the plant proposed in this work operates more effi-
ciently (49.8% based on LHV, 47.8% based on HHV) and appears
to be a thermodynamically promising approach for including car-
bon capture. The CO, capture rate could achieve ~100% compared
with most of other plants in a range less than ~100%. The perfor-
mance of the proposed plant is attractive because of predicted high
power efficiency, low-to-zero CO, emissions and a potential
investment cost saving. The reasons for the high efficiency of the
proposed plant configuration are:
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(1) A SOFC theoretically produces electricity with higher effi-
ciency than the commonly used conventional heat engines,
such as gas turbines; the efficiency of SOFC #sorc is 53.2%
in this work. Moreover, a SOFC plays a role of oxygen mem-
brane and “separates” a portion of CO, by oxygen transfer
through its electrolyte. The fraction of CO, separated within
the cell is equal to the carbonaceous fuel utilization factor;

(2) CLC reactors are not only the combustors but also inherent
CO, separators.

4.2. Exergy analysis

Exergy efficiency is defined as the ratio of exergy (available
energy) output to total input exergy. Energy analysis does not
properly indicate and quantify the losses caused by irreversibility,
exergy analysis does, and it is most useful for discovering high
exergy destruction subprocesses and for guiding ways to improve
system performance.

Fig. 2 shows the Grassmann diagram of the entire plant. Table 6
indicates the exergy efficiency of the components calculated in this
baseline plant along with defined inputs and outputs. In general,
the SOFC exergy efficiency is defined as the ratio of product exergy
over input exergy, but the inputs and products can be defined in
different ways, especially for a component in the middle stream
of the process. Two reasonable definitions including the resulting
exergy efficiency value are listed in Table 6 for SOFC. The SOFC
exergy performance is high regardless which definition is selected.
The exergy efficiency of CLC reactors is high because the oxidation
in them has low irreversibility (compared with conventional com-
bustion) and because the high-temperature exhaust gas streams
are valuable products for steam generation. The lowest exergy effi-
ciency is found in the HRSG. The reason for the low exergy efficien-
cy of HRSG is the relatively large temperature difference in heat
transfer between hot and cold fluids, which indicates there is a
potential improvement in heat exchanger layout.

The overall exergy efficiency can be calculated to evaluate the
entire plant, and the performance of each component and its
importance to the entire system can be assessed, by calculating
the each exergy flow within the plant. Table 7 presents the exergy
flows of the plant components. In Table 7, the exergy destruction is
expressed as the difference between the inputs and outputs of the
component. It can be seen that the gasifier contributes to the lar-
gest exergy destruction in the entire system, almost 33.91% of
the total exergy loss within the plant, even though its exergy effi-
ciency is higher than that of the HRSG. While the component exer-
gy analysis is calculated just based on component input-output, it
is known that the exergy destruction in the gasifier comes pri-
marily from the coal and oxidization agents mixing, and the gasifi-
cation process. The detailed sub-processes such as, solid-gas
mixing, coal pyrolysis, char combustion, char gasification are not
separately analyzed.

The second largest exergy destruction is in the CO, compres-
sion. The process includes the compression of CO, flue gas from
the HRSG to a high pressure for transportation and storage. The
separated pure CO, after the HRSG is intrinsically of high exergy
because it was compressed to high pressure, exergy that may be
lost if its sequestration method does not allow its use. The third
highest exergy destruction is in the SOFC, 8.48%, the CLC reactors
are the fourth, 7.04%. These destructions are moderate. While the
gasification technology is commercially mature, the exergy
destruction within it is very high, mostly because the combustion
and gasification processes are irreversible exothermic processes,
which do not produce work directly, but rather produce heat or
syngas from which we generate work. Since chemical reactions
are carried out irreversibly, a considerable part of the Gibbs energy
change may not be utilized [63]. To maintain high overall system

efficiency it is therefore important that the remaining energy con-
version devices have high exergy efficiency. In our system an SOFC
was chosen because it generates power efficiently and also enrich-
es CO, in the anode side by transferring oxygen from cathode with-
in its electrolyte. A CLC was chosen because it performs low-
irreversibility fuel oxidation for the turbine and also provides
inherent separation of CO, from the flue gas. No additional compo-
nents and energy are thus needed for CO, separation, which also
reduces the exergy destruction in the entire system.

Besides the gasifier, CO, compression, SOFC and CLC, 6.5% of the
total exergy destruction of around 15745.87 kW, is lost in the gas
cleaning, 4.86% in the gas turbine, 4.33% in the air separation unit,
4.19% in the HRSG, 3.42% in the steam turbine, 2.56% in the DC-AC
inverter, and 2.35% in the air exhaust. These losses also underline
the importance of these components performance.

4.3. Sensitivity analysis

4.3.1. SOFC temperature, pressure and fuel utilization factor

Fig. 3 presents the plant net power efficiency with the variation
of the fuel utilization factor, SOFC temperature and SOFC pressure.
The operating temperatures of the fuel reactor and the air reactor
and consequently their outlet streams are constant at 900 °C and
950 °C, respectively, but the pressure of fuel reactor and air reactor
would change due to variations of the upstream SOFC pressure.

The fuel utilization factor (U, Eq. (7)) is the gaseous fuel conver-
sion rate in the SOFC stacks. In fact, the fuel utilization factor
shares fuel gas fractions between the SOFC stacks and CLC reactor
vessels. The fuel utilization factor is established by the SOFC intrin-
sic characteristics in the manufacturing process. It is technically
difficult to change it during operation in an existing plant, so the
different U, values in Fig. 3 should be regarded as different SOFC
design variants.

As shown in Fig. 3, increase of the fuel utilization factor leads to
a higher plant net efficiency. If fuel utilization factor drops, more
fuel is available for later turbines, but the net plant efficiency is still
declining. At a fuel utilization factor 0.75, SOFC temperature 900 °C
and a pressure 15 bar, the power outputs of SOFC, gas turbine and
steam turbine are 6214.7 kW, 3063.53 kW and 4063.1 kW, respec-
tively. With the same SOFC temperature and pressure, at a fuel uti-
lization factor 0.90, the power output of SOFC is 8424.9 kW,
increased by 35.6%; the power output of gas turbine is
2502.4 kW, decreased by 18.3% and the power output of steam tur-
bine is 3552.9 kW, decreased by 12.6%. At a low fuel utilization fac-
tor in SOFC, more fuel is converted in the fuel reactor, generating
more reduced oxygen carrier Ni. As the reduced Ni flows to the
air reactor, more air is demanded to oxidize the reduced oxygen
carrier to its original higher state NiO. At a fuel utilization factor
0.75, the mass flow of the air reactor outlet stream is 71234 kg/h,
but it drops to 59781 kg/h (16.1% drop) at a fuel utilization factor
0.90. The decrease of mass flow from air reactor directly causes a
drop in the power output of the gas turbine and the steam turbine
downstream. That is why the SOFC power output increases but the
gas turbine and the steam turbine power output decreases. The
SOFC efficiency is 53.2% in the baseline case. It is more efficient
than the conventional gas turbine cycle which is around 40%.
More fuel converted in SOFC stacks, higher efficiency of the entire
plant.

With raising of the SOFC temperature, the plant net power effi-
ciency drops at a pressure around 5 bar whereas it rises above
5 bar. The power outputs of each component within the plant are
compared in Fig. 4 with a fuel utilization factor of 0.85.
According to Eq. (6), the SOFC voltage rises with the rise of tem-
perature. With the same fuel utilization factor, SOFC generates
more power. At a lower SOFC temperature, more air is needed to
cool cell stacks to take away the heat released and maintain a
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Fig. 2. Grassmann diagram of the entire plant.

constant SOFC operating temperature. Air into SOFC is supplied by
the air compressor connected to the gas turbine. For the bottom
cycle unit, i.e., gas turbine and steam turbine, the air increase
required by SOFC leads to a decrease in the power output of gas
turbine. More air from air reactor enters HRSG, generating more
steam to drive the steam turbine. The power output of steam tur-
bine increases accordingly. At a lower pressure of 5 bar, the
decrease in the power output from gas turbine is higher than the
increment in SOFC and steam turbine. The relatively poor perfor-
mance of the gas turbine is because at a system pressure around
5 bar, the gas turbine greatly deviates from the optimal pressure
ratio that is typically around 15 bar for our baseline case defined
in Section 4.1. That is the reason why the plant net power efficien-
cy decreases with the rise of SOFC temperature at a low pressure.

Fig. 3 also illustrates the impact of pressure on the plant net
power efficiency. Raising the pressure is seen to increase the plant
net power efficiency, but with diminishing returns. The plant
achieves its highest net power efficiency at a pressure of 15 bar
and then declines. It is similar to the tendency of a classical gas tur-
bine cycle where at a constant gas turbine inlet temperature, rais-
ing the pressure first raises the power cycle efficiency, but with
diminishing returns, until an optimal pressure (which offers the
highest cycle efficiency), after which further increase of pressure
results in an efficiency decline.

In this plant, the pressure influences the performance of the
SOFC, steam turbine, gas turbine and CO, compressors significant-
ly. As shown in Fig. 4, the power output of the SOFC increases
monotonically with the rise of pressure because of the increase
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Table 6
The computed exergy efficiencies of components from defined inputs and outputs.

Component Exergy efficiency equation Input Output Exergy efficiency, #ex. (%)
Gasifier Esyngas +Esteam Coal, oxygen, CO, Syngas, steam 82.22
Ecoat+Eoxygen+Eco,
Quench chamber  Esngasou Syngas Syngas 99.52
syngasin
Waste heat boiler Eseamout—Estcam.in Exergy decrease of syngas Exergy increase of steam 87.42

syngas.in—Esyngas,out
SOFC Epc+Eair.our +Esyngas out +Esteam
Eqyngas,in+Eair.in
Epc +Eair.out =Eair.in +Esteam
Esyngas,in—Esyngas.out

Syngas, air

Exergy decrease of syngas

DC power, air exhaust, flue gas, steam  94.90

DC power, exergy increase of air, steam 90.15

DC-AC inverter EA DC power AC power 95.00
DC

CLC Eco, +Eair out +Esteam.out SOFC flue gases, air, steam CO, flue gas, air exhaust, steam 94.32
Esorc fuue +Eair,in+Esteam,in

CO, expander # Exergy decrease of CO, flue gas Electricity 94.01
€0y in—Eco, out

Air turbine E Ei’E Exergy decrease of air exhaust Electricity 93.29

HRSG . Exgmmffgmm n Exergy decrease of CO, flue gas and air exhaust Exergy increase of steam 79.47
0, in—Eco, out +Eair.in —Eair.out

Steam turbine Eelec Exergy decrease of steam Electricity 87.38

Esteam in—Esteam,out

in the hydrogen partial pressure. For the gas turbine, with the rise
of inlet pressure, the power output increases but then decreases
due to the compromise between the compressor power demand
and the turbine power output. The CLC reactors act as combustors.
The gas turbine inlet temperature is constant because the tem-
peratures of the CLC reactors vessels are not changed. At the same
turbine inlet temperature and a constant turbine exhaust pressure,
the rise of inlet pressure creates a higher gas expansion ratio and
lowers the exhaust temperature of the gas turbine. The exhaust
stream from the gas turbine flows to the HRSG. The drop in the
exhaust temperature of the gas turbine directly reduces the steam
production rate of the HRSG and decreases the power output from
the steam turbine. Therefore, the steam turbine power output
diminishes with the increase of pressure.

The pressure has a strong influence on the power output of the
CO, expander. The CO, expander exhaust is connected to the CO,
HRSG. The CO, HRSG pressure is constant. So the CO, expander
exhaust pressure is unchanged and therefore its power output is
monotonically determined by its inlet pressure. After the reactions
in gasifier, SOFC, CLC reactors, and CO, turbine, the carbon dioxide
in the system is separated and ready for compression. The CO,
expander exhaust pressure is not changed in all cases. The power
consumed by the CO, compressors is therefore not influenced by
the upstream pressure change.

It is noteworthy that the fuel utilization factor, SOFC tem-
perature and SOFC pressure have small effect on the plant net pow-
er efficiency. This is because the SOFC is just one of the power
production devices within the system. The other power generation
components in the system include the gas and steam turbines. If
the SOFC power decreases by varying the fuel utilization factor,
the SOFC temperature or pressure, the gas turbine or the steam tur-
bine will compensate the decreased power, as shown in Fig. 4. So in
general, the influence of the fuel utilization factor, the SOFC tem-
perature and pressure have small effect on the net power efficien-
cy. This trend of parameter influence was also similar to other
power unit systems. Jayanti et al. [64] investigated a high-tem-
perature proton exchange membrane fuel cell unit integrated with
ethanol reformer. The simulation results also revealed that the
overall efficiency of the unit was not very sensitive to the operating
temperature of cell stack or to the extent of hydrogen utilization.

4.3.2. Chemical looping combustion reactors temperatures

Fig. 5a illustrates the influence of the air reactor and fuel reactor
temperature on the plant net power efficiency. The SOFC fuel uti-
lization factor, temperature and pressure are kept the same while
the reactor temperature changes. The SOFC fuel utilization factor
is 0.85, the SOFC temperature is 900°C and the pressure is

15 bar. The results show that with the rise of the air reactor tem-
perature, the plant net power efficiency increases; but with the rise
of the fuel reactor temperature, the plant net power efficiency
decreases, with reasons explained as follows.

Since in this combined cycle plant, the CLC reactor vessels play a
role of combustor in the conventional combined cycle, rise of the
air reactor temperature raises the turbine inlet temperature and
therefore increases the turbine’s output power. The gas turbine
exhaust temperature also increases and leads to an enhancement
in the steam turbine power output. For example, in Fig. 5, at a fuel
reactor temperature of 900 °C and an air reactor temperature of
850 °C, the power outputs of the gas turbine and the steam turbine
are 3495 kW and 2394 kW, respectively. At the same fuel reactor
temperature and an air reactor temperature of 950 °C, the power
outputs of the gas turbine and the steam turbine are 3729 kW
and 2680 kW, respectively, increased by 6.7% and 11.9%. The
increase of air reactor temperature benefits the plant net power
efficiency. The maximum temperature allowed is mainly depen-
dent on the melting point and agglomeration risk of the oxygen
carrier. 950 °C is typically used as the maximal temperature for
NiO oxygen carriers air reactors [65-68].

Rise of the fuel reactor temperature causes the plant net power
efficiency to drop. The nickel oxide reduction in the fuel reactor is
exothermic, and the heat released by the fuel reactor is decreasing
with the rise of reaction temperature. The fuel reactor is integrated
with HRSG for steam generation. With the rise of fuel reactor tem-
perature, less steam is generated in the HRSG. Even though the rise
of fuel reactor temperature could increase CO, expander power,
the total power output by the gas turbine and steam turbine is
declining. So the rise of fuel reactor temperature leads to a drop
in the net power efficiency.

In practice, the reduction reaction is relatively slow compared
with the oxidation in the air reactor. A high fuel reactor tem-
perature favors the reduction process of the oxygen carriers and
is thus preferred. Thus the fuel reactor temperature is chosen as
900 °C in the baseline case of this study.

4.3.3. Different oxygen carriers

Besides NiO, many other oxygen carriers may be suitable for
CLC, with much attention given to Fe,03 and CuO, and their effects
on the performance of the integrated system plant were also inves-
tigated in this study, with the results shown in Table 8. To make
easier comparison, the SOFC block parameters, such as its tem-
perature, pressure and fuel utilization factor are kept the same
for all carriers. The CLC reactor temperatures when using Fe,03
are the same as those using NiO (see results in Table 3), i.e. fuel
reactor 900 °C and air reactor 950 °C. A change was made when
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Table 7
Results of the exergy balance for each process element.
Component Ex.in Streams involved Ex-in, KW Ex-our Streams involved Ex-out» KW Ex-des, KW Percentage of total
exergy destruction, %
Gasifier 1,2,3,24 30013.42 4,25 24672.90 5340.52 33.91
Quench chamber 4,7 44304.70 5 44090.96 213.74 1.36
Waste heat boiler 5,9, 24, 30 68889.03 6,10, 25, 32 68625.96 263.07 1.67
Ash Filter 8 41999.95 9 41952.95 47.00 0.30
Gas cleaning 8 21330.24 9 20335.36 994.88 6.32
Throttle 10 21109.63 11 21048.89 60.74 0.38
SOFC 11, 14 26229.68 16, 17, DC power 24894.33 1335.35 8.48
DC-AC inverter DC power 8055.11 AC Power 7652.36 402.75 2.56
CLC reactors 15, 16, 17, 24, 30 19517.55 20, 21, 25, 32 18409.46 1108.09 7.04
CO, expander 20 3517.00 23, power 3423.31 93.69 0.60
Air turbine (GT) 21 14248.11 22, power 13483.07 765.04 4.86
HRSG 22, 23, 24, 30, 8401.69 25, 26, 31, 32 7742.57 659.12 4.19
Steam turbine 25,32 8138.83 33, power 7600.41 538.42 3.42
CO, compression 26, power 2151.30 3 154.81 1996.49 12.68
Air compressor (GT) 12, power 8020.58 13 7415.80 604.78 3.84
Condenser 33, power 319.95 34 138.93 181.02 1.15
Auxiliary Pumps 6, 34, power 20747.89 7,35 20738.71 9.18 0.06
ASU Power 1053.00 - 366.39 681.61 433
Coal handling Power 79.20 - 0 79.20 0.50
Air exhaust 31 371.18 - 0 371.18 2.35
15745.87 100

Total exergy input, Er, KW: 29094.07
Exergy output, Ep, KW: 13345.97
Total system exergy efficiency, #exsystem, %: 45.87

Note: Fig. 1 is the simplified sketch map of the proposed system, so E.;; and Ey.o, Streams in the table are just the streams involved in calculation. More details could be
referred in Fig. 2.
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Fig. 3. The plant net power efficiency as a function of fuel utilization factor, SOFC temperature and pressure. (Fuel reactor and air reactor temperatures in CLC are kept
constant at 900 °C and 950 °C, respectively.).
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15 bar).

CuO was used, because its particles tend to agglomerate at such
high operating temperature due to the relatively low melting tem-
perature of copper (1084 °C), by choosing 900 °C as the operating
temperature for both the fuel and air reactors for this carrier.

In Table 8, it can be seen that the net power efficiency of the
plant based on Fe,05 oxygen carrier is 49.2%, which is slightly low-
er than that of the power plant based on NiO. The net power

efficiency of CuO plant is obviously somewhat lower than the other
two plants based on NiO and Fe,03 due to lower CLC operating
temperature permitted. Comparing NiO and Fe,03 oxygen carriers,
the gas turbine power output is higher for NiO while the steam tur-
bine power output is higher for Fe,0s. This is primarily caused by
the differences in heat release ratio between the fuel and air reac-
tors among different oxygen carriers. The oxidation reaction of Ni
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Table 8
Performance of the integrated plant using Fe,O3 and CuO as oxygen carriers.

Fe,03 CuO

Coal LHV input, kW 26805 (1 kg/s) 26805 (1 kg/s)
Coal milling and handling 79.2 79.2
power, Weoar.p, KW

ASU power, Wysy, KW 1053.0 1053.0
SOFC, Wsorc.ac, kW 7652.4 7652.4
Gas turbine, W¢r, kW 2355.8 2100.6
CO, expander, Wco, .gx, KW 1470.5 1470.4
Steam turbine, Wsr, kW 3895.4 3748.1
CO, compressors, Wco,.com, KW 906.6 906.6
Auxiliary power, Wayx, KW 147.2 173.5
Plant net power efficiency, 7, % 49.2 47.6
CO,, capture efficiency, % ~100 ~100

to NiO releases more heat in the air reactor. Subsequently, more air
is injected into the air reactor to keep a constant temperature,
causing a larger mass flow rate and more power output from the
gas turbine. At the same time, the heat released in the NiO fuel
reactor is lower than that of Fe,0s. Thus, the steam production in
HRSG decreases, resulting in a reduction in the power output of
the steam turbine for the NiO oxygen carrier.

Besides superior net power efficiency with the NiO oxygen car-
rier, it has shown very high reactivity and is the most extensively
analyzed one in the literatures [69] (all based on thermodynamic
equilibrium, Gibbs function minimization). The disadvantage of
the NiO oxygen carrier is the relatively low fuel conversion rate
in the fuel reactor: in the reduction process 99.4% for CO and
99.5% for H, at 900 °C. The resulting trace combustible impurities
not only impose a penalty in efficiency but also complicate the
CO, compression and transportation process. Fe,03 offers a higher
fuel gas conversion rate in the CLC reactors. The CO, and H, con-
version rate is more than 99.997%. CuO has the benefits of high fuel
gas conversion rate (99.999%) and reaction kinetics, which favors
the design of CLC reactors. Use of CuO oxygen carrier results, how-
ever, in lower plant net power efficiencies due to its above-men-
tioned temperature limitations.

4.4. Discussion

4.4.1. Challenges and opportunities

As described, the proposed system is comprised of gasification,
SOFC, CLC, gas turbines and a steam power cycle. While there are
some commercial IGCC plant demonstrations for power gen-
eration, there are none yet that are integrated even with SOFC
alone, even though SOFC is technologically viable. This is primarily
due to the prohibitive comparative cost of SOFC in large-scale plant
unit [70]. Further, although SOFC has high flexibility to fuels, the
fuel quality requirement for electrochemical reactions within a
SOFC is more stringent than for conventional gas turbines. E.g., sul-
fur must be removed before the SOFC, and the CLC process down-
stream is also intolerant to sulfur.

CLC is also a technology under intense development but not
mature yet and still needs large-scale demonstration and success
for proof of practicality. An important challenge is attrition and
activity loss of oxygen carriers over time. Another challenge is solid
particles’ separation before the gas streams from the CLC reactors
enter the turbines, to avoid turbine blade fouling and erosion
[71,72]. This separation problem has already been known in the
development of pressurized fluidized bed combustion-combined
cycle (PFBC-CC) years ago [73]. The CLC plant technology faces
similar challenges in PFBC-CC.

In summary, integration of either SOFC or CLC alone with coal
gasification already poses challenges, so including both into the

proposed system would further complicate the situation.
Furthermore it is nearly impossible at this stage of the proposed
system development to perform its sensible economic analysis.
While it is predicted in this study to have comparatively high ener-
gy efficiency with full CO, capture and thus offers a promising nov-
el option to the world’s critically needed approach to “clean coal”,
its practical realization depends on meeting the mentioned chal-
lenges, on maturity of SOFC and CLC independently, and on the sys-
tem economics. The wide interest and activity in developing SOFC
and CLC for many applications, and rate of progress of these sys-
tems, as well as the intense global interest in “clean coal”, present
an optimistic outlook for the future of the proposed system.

4.4.2. System advantages over IGCC with CO, separation

Conventional IGCC could pre-capture CO, by adding a process
with the equipment needed for it to shift CO into CO, and then
to separate the CO, by chemical or physical sorbents. Not only
additional equipment is needed, but also heat is needed for the
chemical or physical sorbents regeneration. The addition of the
CO, removal units imposes investment cost and energy penalties
in conventional IGCCs. In our proposed plant, CLC reactors substi-
tute for the combustors in the gas turbine, and the CO, is intrinsi-
cally separated by the SOFC and CLC reactors. That is the ultimate
reason why a high-efficiency is achieved in this plant.

Coal is the fuel used in our proposed plant, and it must be con-
verted to syngas for the processes in the SOFC and CLC. Air could be
used as the gasification agent, but the syngas produced by gasifica-
tion will then contain a large amount of nitrogen, which will then
get mixed into the CO, stream. So an ASU is indispensable in this
plant to produce pure oxygen. In our system configuration we
selected a typically-used cryogenic ASU to provide oxygen for coal
gasification. We note that the capacity required for an ASU for gasi-
fication is smaller than that need for oxy-combustion plants,
because a gasifier does not demand full coal combustion.
Nevertheless, the energy consumed in the ASU in our system is still
enormous; the ASU consumes 6.8% of the total power output with-
in the plant and shares 47.8% fraction of the ancillary power.

It is noteworthy that a cryogenic O, separation process operates
at high pressures and low temperature, which is the opposite of the
attributes of the gasification in the process we analyzed, and may
be replaced in the future by more efficient processes that are under
development. For example, production of oxygen from air could be
done by membrane separation processes, such as by ion transport
membrane (ITM) that are predicted to have a higher efficiency [74].
ITM is operated at high temperature and generation of a pressure
difference across the membranes (typ. 800-900°C, and 14-
20 bar on the air feed side and low to sub-atmospheric pressure
on the oxygen permeate side), with energy recovery of the hot,
pressurized, non-permeate stream by a gas turbine power gen-
eration system. Incorporation into our system could be by directing
the stream of high temperature air after the SOFC or CLC to ITM for
producing oxygen, which then is fed to the gasifier.

5. Conclusions

A novel combined cycle integrating coal gasification, solid oxide
fuel cell, and chemical looping combustion was configured and
analyzed. A thermodynamic analysis based on energy and exergy
was performed to investigate the performance of the integrated
system, determine the system components efficiency and to per-
form a sensitivity analysis of the system performance to the
SOFC fuel utilization factor, SOFC temperature, pressure, fuel and
air reactor temperature, and different oxygen carriers. The program
subroutines and results were validated by comparison with avail-
able literature on similar systems. The major findings are:



S. Chen et al./Applied Energy 146 (2015) 298-312 311

e The system offers high energy efficiency with zero CO, emis-
sion: using NiO as oxygen carrier in the CLC unit, at the baseline
case with SOFC temperature of 900 °C, SOFC pressure of 15 bar,
fuel utilization factor 0.85, fuel reactor temperature 900 °C and
air reactor temperature 950 °C, the plant net power efficiency is
predicted to reach 49.8% (based on coal LHV), including the
energy penalties for coal gasification, oxygen production, and
CO, compression.

e Raising the SOFC temperature and fuel utilization factor raise
the plant net power efficiency. At the baseline case, increase
the SOFC temperature from 800 °C to 900 °C, the net power effi-
ciency increases from 49.6% to 49.8%; increase the SOFC fuel uti-
lization factor from 0.75 to 0.90, the net power efficiency
increases from 47.0% to 51.3%.

o The SOFC power output increases with the raising of pressure.

Raising the SOFC pressure up to a certain value, here 15 bar,

raises the plant net power efficiency, but causes it to drop as

the pressure is increased further, due to the compromise
between the gas turbine output and the air compressor
demand.

Raising the CLC air reactor temperature raises the plant net

power efficiency, but raising the fuel reactor temperature

reduces that efficiency.

o The fuel utilization factor, the SOFC temperature and SOFC pres-
sure have small effects on the plant net power efficiency
because changes in pressure and temperature that increase
the power generation by the SOFC tend to decrease the power
generation by the gas turbine and steam cycle, and v. v. While
simultaneous increase in the power generation of all three com-
ponents would have been desirable, the characteristic of the
system has an advantage: it maintains a nearly constant power
output even when the temperature and the pressure vary.

o The largest exergy loss portion is in the gasification process, the

second largest is in the CO, compression, and the third is in the

SOFC.

Compared with Fe,03 and CuO oxygen carriers, NiO results in

higher plant net power efficiency.

To the authors’ knowledge, this is the first analysis synergisti-
cally combining in a hybrid system: (1) coal gasification, (2)
SOFC, and (3) CLC, which results in a system of high energy effi-
ciency with full CO, capture, and advances the progress to the
world’s critically needed approach to “clean coal”.
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