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ABSTRACT: Chemical looping combustion (CLC) is an indirect combustion process in which a carbonaceous fuel is
combusted without direct contact with air. Rather, transfer of oxygen between air and the fuel takes place with the aid of an
oxygen-carrier (OC) material, yielding a CO2 stream of very high purity. This process is attractive for CO2-capture applications
because it does not require additional energy to separate CO2 from N2, as in postcombustion CO2-capture processes. In this
work, a mass and energy balance model has been developed to estimate the performance of a CLC system using different OC
materials. To simplify the calculations, the specific heats of all gases and solids were assumed to be constant over the range of
temperatures considered. The model was then applied to evaluate the effects on system performance of several design and
operating parameters using three different OC materials. Given input conditions such as fuel, reactor operating temperature, fuel
and OC material, the model calculates the amount of OC required and the resulting temperature and system flow rates. The
model can be applied to any gaseous fuel containing CH4, CO, and H2. The CLC model, coupled with a plant-level systems
model, was used to evaluate the performance of a conceptual CLC-based natural gas combined-cycle (NGCC) power plant,
using three different OC materials. Two configurations were studied for each case: (1) the low-pressure heat-recovery steam
generator (LP-HRSG) case, where the flue gases from the fuel reactor are first expanded in an expander and then sent to a CO2
compressor after the water vapor has been condensed, and (2) the high-pressure HRSG (HP-HRSG) case, where the flue gases
are cooled at high pressure and the CO2 is compressed after the water vapor has been condensed. In general, the power output
and efficiency [>50%, on the basis of higher heating value (HHV)] of the CLC-NGCC plant were found to be comparable to or
higher than those of a conventional NGCC power plant without CO2 capture and storage (CCS), whose net plant efficiency is
close to 50% (HHV). The LP-HRSG configuration was found to have a higher net power output (about 10 MW) and net plant
efficiency (about 2 percentage points) than the HP-HRSG configuration. Among the three OC materials, Ni-OC systems gave
slightly better performance than Fe-OC and Cu-OC systems. Considering that CO2 capture is inherent in CLC-NGCC plants,
CLC appears to be a highly competitive CO2-capture technology, at least in terms of overall plant performance.

1. INTRODUCTION
Carbon dioxide capture and storage (CCS) has been widely
recognized as a potentially important technology for controlling
CO2 emissions from fossil-fuel power plants.1,2 The three main
approaches to CO2 capture are postcombustion, precombus-
tion, and oxy-combustion, in which CO2 is separated from N2,
H2, and H2O, respectively. Most CO2-capture technologies
available today result in large energy penalties that significantly
reduce the net power-plant efficiency and increase the plant
costs.3 Current research and development programs are thus
keenly focused on new capture options with smaller energy
penalties and lower overall costs.
This article focuses on chemical looping combustion (CLC),

an indirect combustion process in which fuel is combusted
without direct contact with air.4,5 Instead, transfer of oxygen
between air and fuel takes place with the aid of an oxygen-
carrier (OC) material. The oxygen carrier extracts O2 from air
in an air reactor (AR) and transfers it to fuel in a fuel reactor
(FR). Because the fuel does not come into direct contact with
air, the products of combustion contain only carbon dioxide
(CO2) and water vapor (H2O). A CO2 stream of very high
purity can then be obtained by condensing the water vapor.
This approach is attractive for CO2-capture applications
because it does not require additional energy or chemical
processing to separate CO2 from N2 or H2, as is the case for

post- and precombustion CO2-capture processes. Thus, there is
a significant scope for CLC to be a competitive CO2-capture
technology in these applications.
A schematic of the CLC process is shown in Figure 1.

Oxygen carriers are usually oxides of transition metals (Co, Cd,
Cu, Fe, Mn, and Ni). CuO/Cu, Fe2O3/Fe3O4, and NiO/Ni are
the most commonly studied OC materials for CO2 capture.6
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Figure 1. Chemical looping combustion process. The oxygen carrier is
oxidized in the air reactor and reduced in the fuel reactor.
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Cu- and Fe-based materials are widely available and much less
costly than Ni-based materials. Both Fe- and Ni-based OCs can
be operated at high temperatures (about 1100 °C). On the
other hand, the melting point of Cu is relatively low (1085 °C),
which precludes it from being used in high-temperature
applications.6 Ni compounds are also known to have adverse
health effects,7 requiring special care in design to prevent any
releases and ensure safe and reliable operation. Thus, these
three materials have their relative advantages and disadvantages,
which will affect the final system costs (beyond the scope of
this article).
The reduction and oxidation reactions can be represented by

Reduction

+ ⇔ + +a bMe O fuel CO H O Me Oy x k lfuel 2 2 fuel (R1)

Oxidation

+ ⇔a bMe O O Me Ok l y xO2 2 O2 (R2)

where MekOl and MeyOx are the reduced and oxidized forms,
respectively, of the metal and afuel, bfuel, aO2

, and bO2
are the

stoichiometric coefficients of the reactants and products in each
reaction. The stoichiometric coefficients for different reactions
and other relevant properties of metals are listed in Table 1. For
simplicity, the reduced form of the OC is represented by “Me”
and the oxidized form by “MeO” hereafter in this article.

CLC has received considerable attention in recent years, with
research covering the development and testing of oxygen
carriers (especially Cu-, Fe-, Ni-, and Mn-based OCs),
conceptual process designs, experimental evaluation, and
applicability to different kinds of fuels.8−11 In addition, some
innovative and novel OC materials have also been studied.12,13

One of the first applications envisioned for CLC was for the
combustion of natural gas to improve the combustion
efficiency.5 The research then developed into the application
of CLC to different gaseous fuels including CH4, CO, H2, and
syngas, as well as solid fuels including coal and biomass.4,14,15 In
one pathway, solid fuels are first converted into syngas, which is
then combusted in a CLC process.16−18

The largest gas-based CLC system to be experimentally
tested is a 120-kW experimental reactor at the Vienna
University of Technology.24 Alternatively, there are labora-
tory-scale and small pilot-scale experiments using solid fuels
such as coal directly in a CLC system.25−27 Noncombustion-
based applications of chemical looping include chemical
looping reforming (CLR), chemical looping oxygen uncoupling
(CLOU), and chemical looping gasification (CLG).14,28,29

A number of experimental and conceptual studies16,24,31−33

have used interconnected fluidized-bed reactors for CLC
systems. The air reactor is usually a high-velocity riser and
the fuel reactor is a bubbling fluidized-bed design. High velocity
is preferred for air reactors because the volumetric flow rate of
air is about 10 times that of the fuel reactor (because of the
presence of N2). Thus, without a high velocity, the size of the
reactor would become unacceptably large. However, there are
still no medium- to large-scale pilot facilities to demonstrate
CLC processes for different applications.
The conceptual designs proposed for capturing CO2 through

CLC in power-generation applications span a wide range of
systems including CLC for natural gas combined-cycle
(NGCC) power plants, retrofitted coal-based power plants,
coal-based direct chemical looping power plants, and integrated
gasification combined-cycle power plants.5,17,33−37 Although
most experimental studies have dealt with atmospheric-pressure
systems, there is a recognition that pressurized CLC processes
will lead to cost-effectiveness.38,39 High-pressure fluidized-bed
reactors have been tested at different scales around the world,
including a 360-MW coal-fired power plant using a high-
pressure (about 10 atm) circulating fluidized-bed (CFB) boiler
that has been in operation since 2001.40 However, systems
using interconnected CFB reactors at high pressure have not
seen much progress.41 Recently, pressurized fixed-bed CLC
reactors have been evaluated for methane combustion42,43 and
H2 production.

44 Pressures as high as 20 bar were considered.
The choice of reactor technology (fixed or fluidized bed) will
eventually depend on their long-term operational success.
Among studies involving NGCC designs, the common basis

is a combustion chamber replaced by a CLC reactor system.
Thermodynamic analyses of several CLC combined cycles
fueled by natural gas or syngas found overall efficiencies ranging
from 48 to 55% (lower heating value).5,33 Given that CO2
capture is inherent in a CLC process, this efficiency range is
much higher than that of conventional power plants with
postcombustion CCS, suggesting that CLC might be a more
attractive option in terms of performance.

2. OBJECTIVES AND SCOPE OF THIS WORK
To more carefully study the potential of CLC systems, a system
performance model is needed for a high-level design of power-

Table 1. Stoichiometric Coefficients and Relevant Properties
of Metals9,19 for the Reduction and Oxidation Processes
Given by i + aiMeO ⇔ CO2 + 2H2O + biMe (i = CH4, CO,
and H2) and Me + aO2

O2 ⇔ bO2
MeO, Respectivelya

MeO/Me

NiO/Ni CuO/Cub Fe2O3/Fe3O4

aCH4
4 4 12

aCO 1 1 3
aH2

1 1 3

bCH4
4 4 8

bCO 1 1 2
bH2

1 1 2

aO2
0.5 0.5 0.25

bO2
1 1 1.5

Cp,MeO (kJ/kmol·K) 55.24 51.00 148.96 (600−800 °C)
157.76 (800−1000 °C)
166.35 (1000−1200 °C)

Cp.Me (kJ/kmol·K) 31.90 26.83 234.65 (600−800 °C)
257.03 (800−1000 °C)
279.47 (1000−1200 °C)

MWMeO (kg/kmol) 74.69 79.55 159.69
MWMe (kg/kmol) 58.69 63.55 231.53
ΔHf,MeO (kJ/kmol) −239858 −155719 −824682
ΔHf,Me (kJ/kmol) 0 0 −1118918
ΔHrxn,298.15,CH4

(kJ/kmol) 161020 −179749 141735

ΔHrxn,298.15,O2
(kJ/kmol) −239858 −622876 −944360

aProperties of the support material (Al2O3): MWsupport, 101.96 kg/
kmol; Cp,support, 134.76 kJ/kmol·K. bSome studies20,21 have considered
a reduction reaction pathway of CuO−Cu2O−Cu for the CuO−CH4
system. In this study, we assumed a simple CuO−Cu reduction
mechanism, as was done in several other studies.22,23
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plant concepts. In this work, such a model was developed to
estimate the performance of a CLC system using different OC
materials. The performance model includes mass and energy
balance equations for the air and fuel reactors. Combined with
previously developed power-plant models, these models were
used to evaluate CLC-based power-plant designs under
different design and operating conditions.
In the text that follows, the basics of the CLC performance

model are first explained in brief. The model is then applied to
evaluate alternate CLC designs using three different OC
materials. The CLC performance model is then combined with
an NGCC power-plant systems model to evaluate the overall
performance of a CLC-based NGCC power plant.
Sensitivity analyses were also performed to understand the

effects of different design and operating conditions on the
performance of the overall power plant.

3. CLC PERFORMANCE MODEL

The objective of the performance model is to estimate the
amounts of material (OC, air, etc.) and energy needed to
achieve the combustion of a given quantity of fuel under
different operating conditions. A performance model, suitable
for a spreadsheet environment, is developed here to aid in top-
level design of a CLC system. Mathematical models are
developed for calculating the mass and energy balances of the
air and fuel reactors of a CLC system, based on equilibrium
thermodynamics. The specific heats of all gaseous and solid
components were found to vary very little over the temperature
ranges considered here; hence, they were assumed to be
constant over the range of temperatures considered. Only for
Fe3O4 and Fe2O3, for which the specific heats vary by more
than 10% in the temperature range studied, were different
specific heats used in different temperature intervals, as shown
in Table 1. This assumption avoids the need for more complex
and time-consuming use of iterative calculations and gives
results that are very close to those obtained in comparisons
assuming temperature-dependent specific heats. Thus, the
model is well-suited for preliminary evaluation of conceptual
process designs. Given input conditions such as fuel
composition, reactor operating temperatures, and character-
istics of the OC, the model calculates the amount of oxygen-
carrier material required and the resulting temperatures and
flow rates of different components. The model can be applied
to any gaseous fuel containing CH4, CO, and H2.
Previously developed performance models for other major

process equipment such as compressors and gas turbines are
used for power-plant-system studies. Brief descriptions of the

CLC process models are given in this section. For each reactor,
mass and energy balance equations are solved as functions of
process parameters such as solids conversion, inlet gas and solid
temperatures, and excess air ratio.

3.1. Mass Balance Equations. The overall solids mass
balance is governed by the O2 requirement to achieve complete
conversion of the fuel. The stoichiometric mass flow depends
on the specific reaction. For a generic reaction, the
stoichiometric flow rate of MeO can be defined as

= + +M a M a M a MMeO,stoic CO CO,in H H ,in CH CH ,in2 2 4 4 (1)

The mass balance of the AR can be written as

=

=
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

M b M

b

a
M

MeO,formed,AR O Me,consumed,AR

O

O
O ,consumed,AR

2

2

2
2

(2)

In the fuel reactor, 1 mol of fuel consumes a stoichiometric
amount of MeO. Therefore, for full conversion of the fuel

=M MMeO,consumed,FR MeO,stoic (3)

For a mass balance, the amount of MeO consumed in the FR
is the same as the amount of MeO formed in the AR.
Hence, MO2,consumed = (aO2

/bO2
)MMeO,stoic, and

= =M M
M

bMe,formed,FR Me,consumed,AR
MeO,stoic

O2 (4)

The OC consists of MeO, Me, and the support material. The
actual flow rate of OC depends on the corresponding mass
fractions of these three components. The amount of support
material is calculated based on a fully oxidized sample of OC, so
the support material can be defined as

=
− ⎛

⎝
⎜⎜

⎞
⎠
⎟⎟a

x
x

(1 ) MW
MWsupport

MeO

MeO

MeO

support (5)

where xMeO is the mass fraction of MeO in the OC.
The flow rate of Me depends on the conversion of OC in the

two reactors. The higher the conversion in the fuel reactor, the
higher the fraction of Me at the FR outlet. Likewise, the higher
the conversion in the air reactor, the higher the fraction of MeO
in the AR outlet. With this view, we define a rich loading (erich)
and a lean loading (elean) of O2 as the fractions of MeO at the
inlet and outlet, respectively, of the fuel reactor, which are the
outlet and inlet, respectively, of the air reactor

Table 2. Mass Balance Equations for the Air Reactor

component molar flow into the AR (Mi,in,AR) molar flow out of the AR (Mi,out,AR) change in molar flow (ΔMi,AR)

support a Msupport MeO,out,AR Msupport,in 0

MeO
+ −

Δ
−⎜ ⎟

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟
⎛
⎝

⎞
⎠e b

e
e

e M1 1
1 1

rich O

rich
rich MeO,stoic

2

+M MMeO,in,AR MeO,stoic MMeO,stoic

Me − e
e

M
1 rich

rich
MeO,in,AR

−⎛
⎝⎜

⎞
⎠⎟

e
e

M
1 rich

rich
MeO,out,AR

−
M

b
MeO,stoic

O2

O2 + e a

b
M

(1 )air O

O
MeO,stoic

2

2

e
a

b
Mair

O

O
MeO,stoic

2

2

−
a

b
MO

O
MeO,stoic

2

2

N2 + e
a

b
M3.76(1 )air

O

O
MeO,stoic

2

2

MN2,in,AR 0
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=
+

e
M

M Mlean
MeO,in,AR

MeO,in,AR Me,in,AR (6)

=
+

e
M

M Mrich
MeO,out,AR

MeO,out,AR Me,out,AR (7)

Δ = −e e erich lean (8)

Based on these definitions and the overall solids mass balance
equations described before, the mass flow rates of all of the
components at the inlet and outlet of the AR can be calculated,
as indicated in Table 2.
The overall mass flow of OC into the air reactor can be

expressed as

= +

+

m M M

M

MW MW

MW

OC,in,AR MeO,in,AR MeO Me,in,AR Me

support support (9)

Thus, one can see that the mass flow rate of OC (MeO + Me
+ support) depends on the reaction stoichiometry and also on
the conversion of OC in the reactors.
The mass balance equations for the fuel reactor are listed in

Table 3. Equilibrium reaction thermodynamics was used to

estimate the composition of gases in the products. For CuO/
Cu and Fe2O3/Fe3O4, all fuels achieve 100% equilibrium
conversion, but for NiO/Ni, the conversion is slightly less than
100%. The terms k1 and k2 in the FR mass balance equations
represent the equilibrium conversions of different fuels with
OCs. EVen though they are dependent on temperature, for the
ranges of temperatures typical of CLC applications, the
variation is not significant. Hence, only average values are
used. For NiO/Ni as the oxygen carrier, k1 = 0.9851 and k2 =
0.9918. For CuO/Cu and Fe2O3/Fe3O4, for which full fuel
conversion is achieved, k1 = 1 and k2 = 1. The constant C2 in
Table 3 is defined as

= + − −C k M M k M( ) (1 )2 1 CO,in CH ,in 1 CO ,in4 2 (10)

The constant C3 in Table 3 is defined as

= − − +C k M k M M(1 )( 2 )3 2 H ,in 2 H O,in CH ,in2 2 4 (11)

if MH2,in is not equal to zero. If MH2,in is equal to zero, then C3 =
0.

In addition to the inlet and outlet mass flows of the reactors,
it is important to consider degradation of the solids by physical
or chemical processes, particularly for cost-estimation purposes.
For example, Mattisson et al. reported that 0.027% of Ni-based
OC is lost per hour during cyclic operation of a CLC reactor
system.11 More experimental data are needed to assess the
impacts of the physical and chemical degradation of solids. In
this work, degradation was not considered in mass balance
calculations.

3.2. Energy Balance Equations. The energy balance
model calculates the temperatures of outlet streams based on
heats of reaction, mass flow rates, and temperatures of inlet
streams. The overall heat balance of each reactor can be written
assuming that all of the inlet streams (reactants) are first cooled
to standard temperature (298.15 K), where the reaction occurs
and the products are all heated to the final temperature. This is
expressed by

Δ = Δ + Δ + ΔH H H Hnet AR/FR sens,reactants rxn,298.15 sens,products

(12)

For each reactor, the heat of reaction can be expressed as

∑Δ = ΔH M H
i

i irxn,298.15 f,
(13)

where Hf,i is the standard enthalpy of formation of each species.
The sensible heat of a reactant is the heat released when it is

cooled from the inlet temperature to 298.15 K and can be
expressed as

∑Δ = −H M C T T( )
i

i isens,reactants ,in,AR/FR p, o inlet
(14)

The sensible heat of a product is the heat required to increase
the temperature of the product from 298.15 K to the final
temperature and is expressed as

∑Δ = −H M C T T( )
i

i isens,products ,out,AR/FR p, AR/FR o
(15)

The product temperature is the same as the reactor
temperature, and hence, it is written as TAR/FR. Inlet streams
to the air reactor are air from the compressor and OC from the
fuel reactor. The temperature of air is calculated from the
compressor model. Temperature of OC into the air reactor is
the same as the fuel reactor temperature. In this way, the heat
balance equations relate the temperatures of different streams
with mass flow rates, which are obtained from the mass balance
models. Adiabatic reactor temperatures can be calculated for
different mass flow parameters by making ΔHnet,AR/FR (eq 12)
equal to zero, or conversely, for a fixed temperature, mass flow
rates of different streams can be calculated.

3.3. Solids Inventory Calculations. The solids inventories
in the air and fuel reactors depend on the reactivities of the
OCs and fuel and the residence times needed to achieve the
desired conversion of the OC. Higher solids inventory would
result in greater reactor sizes and higher pressure drops in the
reactors. In this model, the solids inventories for both reactors
were calculated based on the method described by Abad et al.
for reactions of the three OCs with methane.9 In general, the
solids inventory increases with rich loading, fractional OC
conversion, and reactor temperature. The pressure drop in the
reactors depends on the solids inventory and the cross-sectional
area. The area of the reactor, which depends on the volumetric
flow rate of the inlet gas, can be calculated from the volumetric
flow rate of inlet gases, as follows8

Table 3. Mass Balance Equations for the Fuel Reactor

component
molar flow into
the FR (Mi,in,FR)

molar flow out of
the FR (Mi,out,FR)

change in molar
flow (ΔMi,AR)

support Msupport Msupport 0
Me MMe,out,AR MMe,in,AR M

b
MeO,stoic

O2

MeO MMeO,out,FR MMeO,in,AR −MMeO,stoic

CH4 MCH4,in 0 −MCH4,in

CO MCO,in MCO,in + MCH4,in −
C2

MCH4,in − C2

H2 MH2,in MH2,in − C3 −C3

CO2 MCO2,in MCO2,in + C2 C2

H2O MH2O,in MH2O,in + 2MCH4
+

C3

2MCH4,in + C3

i = N2, O2, ... Mi,in Mi,in 0
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=
+

A M
T

P U
(m ) 22.4

( 273.15)
273.15AR/FR

2
air/fuel,in,AR/FR

ARorFR

ARorFR g

(16)

where PAR or FR is the pressure (bar) at which AR or FR operates
and Ug (m/s) is the superficial gas velocity. The most common
value of Ug for fast fluidized-bed risers (as is used for the AR) is
about 7 m/s, and that for bubbling fluidized-bed reactors (as is
used for the FR) is 0.05 m/s. The flow is divided into multiple
vessels if the diameter exceeds 8 m.8 The pressure drops in the
AR and FR were calculated as8

Δ =p m
A

(Pa)
9.81

AR/FR inventory,AR/FR
AR/FR (17)

4. EFFECTS OF DESIGN AND OPERATING VARIABLES
In this section, the CLC performance model is used to analyze
the effects of different design and operating parameters on the
mass and energy balances of the CLC system.
4.1. Effects of Support Material. The support material in

the OC is used to build both mechanical and thermal stability.
Al2O3 is typically used as a support material for many metals.
The performance model was used to study the effects of the
amount of support material in the OC on the mass and energy
balances of the CLC system. Figure 2 shows the dependence of

the mass flow rate of the OC on the weight fraction of MeO
(xMeO) for different OCs reacting with CH4. Full conversion in
the air reactor (erich = 1) is assumed for these figures. The mass
flow rate of OC decreases with increasing MeO fraction in the
OC (decrease in support material). Owing to similar molar
stoichiometries and molecular weights, the OC mass flow rates
are similar for NiO/Ni and CuO/Cu. For Fe2O3/Fe3O4,
however, the mass flow rates are much higher owing to the low
oxygen-carrying capacity of the carrier and its higher molecular
weight.
The support material also acts to moderate the temperature

in both reactors by carrying sensible heat from one reactor to
the other. Figure 3 shows the increase in the OC temperature
in the air reactor from an inlet temperature of 800 °C as a
function of increasing fraction of MeO (xMeO) in the OC. As
the fraction of MeO increases, the amount of inert support
material in the OC decreases. The temperature increase can be

seen to be very high, much beyond the melting points of
different materials. Among the OCs, the increase in temper-
ature was found to be the highest for NiO/Ni because of the
high heat of reaction and low specific heat and the lowest for
Fe2O3/Fe3O4 because of its high specific heat.
Thus, it can be seen that the fraction of support material in

the OC is critical to the mass and energy balances of a CLC
system. In this study, three OCs that have been widely studied
in the literature were chosen, specifically OCs using NiO (Ni-
OC), CuO (Cu-OC), and Fe2O3 (Fe-OC) with metal oxide
weight fractions of 40%, 10%, and 60%, respectively.9 These
three OCs were used for further analysis in this article.

4.2. Effects of OC Conversion and Excess Air Ratio. As
can be seen from the mass balance equations, the mass flow of
the OC depends on the OC conversion in the reactors. Figure
4 shows the effects of the OC fractional conversion on the mass

flow rate of the three OCs. As the conversion increases, the
required mass flow decreases for all three OCs. Cu-OC has the
highest mass flow rate because of the high fraction of support
material in the OC. Ni-OC has the lowest mass flow rate
because of its higher oxygen-carrying capacity and lower
molecular weight compared to Fe-OC.
The heat balance of the AR depends on the heat of reaction

and the mass flow rates and inlet temperatures of the OC and
air. As mentioned earlier, the AR is exothermic, which means
that the temperature of the OC at the AR outlet will be higher
than that at the inlet. Figures 5 and 6 show the excess air ratio

Figure 2. Mass flow rate of OC into the air reactor as a function of
MeO fraction. The mass flow rate of OC decreases with increasing
MeO fraction in the OC (decrease in support material).

Figure 3. Increase in the AR temperature as a function of MeO
fraction in the OC. The inlet OC temperature is 800 °C. The
temperature increase can be seen to be very high, far beyond the
melting points of different materials.

Figure 4. Mass flow rate of OC as a function of fractional conversion
of OC (Δe) for a rich O2 loading of 1. As the conversion increases, the
required mass flow decreases for all of the OCs.
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and fractional OC conversion required to limit the AR
temperature rise to 50 and 100 °C, respectively, compared
with the FR temperature, for an inlet air temperature of 350 °C.
For a temperature difference of 50 °C and low OC conversion
(<0.5), Ni-OC has the highest excess air requirement. At higher
OC conversions, Fe-OC has the highest excess air requirement.
For Fe-OC beyond a conversion of about 0.5, the OC flow rate
is not sufficient to remove the heat from the oxidation reaction,
thereby requiring a higher air flow to maintain the temperature.
The excess air requirement for Cu-OC is very low because most
of the heat is carried away by the OC, owing to the high
fraction of inert support material. As can be expected, for a
temperature difference of 100 °C, the excess air required to
maintain the temperature is lower for all OCs. Ni-OC requires
the maximum amount of excess air, followed by Fe-OC. Cu-OC
requires very little excess air to maintain a temperature
difference of 100 °C.
4.3. Effects of Fuel Reactor Temperature. The reactions

of NiO and Fe2O3 with CH4 are endothermic, whereas that of
CuO with CH4 is exothermic. Hence, the temperature in the
FR is lower than that in the AR for Ni-OC and Fe-OC, whereas
it is higher than that in the AR for Cu-OC. Figure 7 shows the
temperature decrease in the FR for the three OCs for AR and
inlet fuel temperatures of 800 and 50 °C, respectively. In the
figure, positive values indicate a decrease in temperature, and
negative values indicate an increase in temperature. As the
fractional conversion of OC increases, the temperature

difference between the AR and the FR increases because of
the decrease in OC flow rate and, hence, a decrease in the
sensible heat-carrying capacity of the OC. The drop is
temperature is the maximum for Ni-OC because of its highly
endothermic reaction with CH4. Because of the exothermic
reaction of CuO with CH4, the FR temperature is higher than
the AR temperature.
The analysis conducted above with the model shows the

effects of operating parameters such as OC conversion, excess
air ratio, and temperature on the mass and heat balances of the
CLC system.

5. CLC FOR NATURAL GAS COMBINED-CYCLE POWER
PLANTS

In a typical NGCC power plant, fuel is combusted in
compressed air in a combustor. The high-pressure hot gas is
then expanded in a gas turbine, which generates electricity. The
high-temperature exhaust gas from the gas turbine is cooled in a
heat-recovery steam generator (HRSG) to generate steam,
which produces additional electricity in a steam cycle.
In a CLC system, the high-temperature products from the air

reactor have a high enthalpy, which can be used for electricity
production in a gas turbine. In a theoretical CLC-based NGCC
power plant, the combustor can be replaced by an air reactor.
The exhaust gas (depleted air), which is at a high temperature
and pressure, is sent to the combined-cycle power plant to
generate electricity. The exhaust from the fuel reactor (CO2
and H2O), which is also at a high pressure and temperature, can
be expanded in an expander and then cooled in the HRSG to
generate electricity. Water vapor is then condensed, and the
remaining CO2 is compressed for pipeline transport. Alter-
natively, the high-pressure FR exhaust gases can be directly
cooled in the HRSG. Water vapor can then be condensed from
the stream, and the remaining CO2, which is already at a high
pressure, can be further compressed for pipeline transport. In
the former scheme, electricity is generated in the gas expander,
but CO2 product is compressed from atmospheric pressure to
the pipeline pressure, whereas in the latter scheme, electricity is
not generated in the gas expander, but CO2 is compressed from
a higher pressure to the pipeline pressure. In this article, the
former configuration is called as LP-HRSG (low-pressure
HRSG), as shown in Figure 8, and the latter configuration is
called HP-HRSG (high-pressure HRSG), as shown in Figure 9.
Note that the configurations proposed here are theoretical,

and several technological developments are needed before they

Figure 5. Required excess air ratio to maintain a temperature
difference of 50 °C between the AR and FR as a function of fractional
OC conversion. For a temperature difference of 50 °C and low OC
conversion (<0.5), Ni-OC has the highest excess air requirement. At
higher OC conversions, Fe-OC has the highest excess air requirement.

Figure 6. Required excess air ratio to maintain a temperature
difference of 100 °C between the AR and FR as a function of fractional
OC conversion. For a temperature difference of 100 °C, the excess air
required to maintain the temperature is lower for all OCs.

Figure 7. Temperature increase in the FR as a function of fractional
OC conversion. Positive values indicate a decrease in temperature, and
negative values indicate an increase in temperature. Because of the
exothermic reaction of CuO with CH4, the FR temperature is higher
than the AR temperature.
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can become practical. These include (a) demonstration of
pressurized interconnected fluidized-bed reactor systems at
industrial scales, (b) resolution of technological complexities
associated with operating an interconnected CFB system
upstream of a gas turbine, (c) demonstration that the
combustion chamber of a gas turbine can be replaced by the
fluidized-bed air reactor of a CLC system, (d) demonstration of
the HP-HRSG design at industrial scales, and (e) demon-
stration of the stable and continuous operation of Cu-based
carrier materials at temperatures close to 1000 °C.
The drawback of CLC for power generation is that the

exhaust gases are at lower temperatures and pressures than are
usually employed in gas turbine applications. The operating
temperature of CLC is limited by the melting points and
thermal stabilities of different OC materials. Ni- and Fe-based
OCs can handle a temperature of up to 1200 °C, whereas Cu-
based OCs should not be operated beyond about 1050 °C.
These considerations will, in turn, limit the choice of gas
turbine. Typical commercial gas turbines (e.g., GE F-class
turbines) used in NGCC plants have a design turbine inlet
temperature (TIT) of over 1300 °C. For CLC applications, gas
turbines with lower TITs would be needed. The GE 7EA gas
turbine was found to be suitable for low-temperature
applications such as CLC, and hence, it was used for case
studies in this article. The GE 7EA turbine system has a design
pressure ratio of 12.7, a TIT of 1110 °C, an exhaust
temperature of 537 °C, and a design rating of 85.1 MW.45

The design flow rate of this turbine is 297 kg/s. For these
design parameters, the isentropic efficiencies of the gas turbine
and compressor were estimated to be 88.7% and 87.5%,
respectively, using the methodology described by Zhu and
Frey46 and Rubin et al.47

6. PLANT-LEVEL CASE STUDIES

In this section, the mass and energy balance models described
in the previous section are applied to evaluate the performance
of a CLC-based NGCC power plant. For equipment such as
compressors, turbines, and heat-recovery steam generators,
performance models from the Integrated Environmental
Control Model (IECM) were used.48 The advantage of these
models is that they can be easily adapted to other computa-
tional environments and do not require expensive computa-
tional time.
The reference NGCC power plant considered for the case

study operates with two GE 7EA gas turbines coupled with a
three-stage steam cycle with a heat rate of 9496 kJ/kWh.48 The
fuel is assumed to be 100% CH4 (higher heating value of 891
MJ/kmol). The combustor is replaced by the air reactor of the
CLC system. The IECM is used to model the gas turbine,
compressor, and steam turbine. The TIT is assumed to be 1100
°C for Ni-OC and Fe-OC. Because high-temperature operation
is difficult for Cu-based materials, a lower TIT of 950 °C was
used in this case. A rich loading of OC is assumed to be 0.9
with a fractional OC conversion of 0.6. Because the fuel is
assumed to be pure CH4, the CO2 product stream does not
require further purification to meet CO2 purity constraints for
pipeline transport, thereby avoiding a CO2 purge stream from
the purification unit. Hence, this plant design achieves 100%
CO2 capture, assuming that there are no gas leaks in the CLC
reactor system. The CO2 product is compressed to 13.7 MPa
for pipeline transport. The compression energy required is
estimated to be 93 kWh per tonne of CO2 for the LP-HRSG
case and 45 kWh per tonne of CO2 for the HP-HRSG case.48,49

The CLC-NGCC power plant is compared with a conven-
tional NGCC power plant that uses one GE 7FB gas turbine,
whose performance was estimated using the IECM. The

Figure 8. CLC-NGCC power plant with the LP-HRSG configuration. Flue gas from the FR is expanded in an expander and then sent to the HRSG.

Figure 9. CLC-NGCC power plant with the HP-HRSG configuration. High-pressure flue gas from the FR is sent directly to the HRSG.
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conventional NGCC plant generates about 291 MW of
electricity with a net plant efficiency of 50% (HHV) without
CO2 capture and 251 MW of electricity with a net plant
efficiency of 43.2% (HHV) with monoethanolamine- (MEA-)
based CO2 capture capturing 90% of the CO2.
6.1. Calculation Procedure. The choice of gas turbine

fixes the pressure ratio of the air compressor and the design
flow (Mdesign,GT). The depleted air from the AR is made equal to
the design flow rate of gas turbine. The temperature of the air
reactor (TAR) is equal to the TIT. The compressor model
calculates the temperature of air (Tair) going into the AR based
on the compressor pressure ratio. From the choice of OC, rich
loading, and fractional OC conversion, the mass flow rates of
solids into and out of the AR and FR per mole of fuel are
calculated using the equations listed in Tables 2 and 3. The
excess air ratio (eair) is calculated from a heat balance of the AR.
The required fuel flow rate is calculated using the equation

=
+ −

M
M

s e[4.76(1 ) 1]fuel
design,GT

O ,f air2 (18)

which was obtained by a mass balance over the entire system.
The actual flow rates of all of the components can now be

obtained. Assuming a fuel temperature of 50 °C, the fuel
reactor temperature is calculated from the heat balance of the
FR. The solids inventory needed in each reactor and the
resulting pressure drops are also calculated. The energy output
from the gas turbine and expander and the energy required for
the air compressor are calculated using the respective models.
Based on the results for the individual component models, the
fuel required for the power plant, the net electricity output, and
the net plant efficiency are estimated.
6.2. Results. Table 4 reports the performance results of the

base-case CLC-NGCC power plant for the three OCs
considered. For a pressure ratio of 12.7, the temperature of
air entering the air reactor is 382 °C. In general, CLC-NGCC
power plants have high net plant efficiencies across all
configurations. The efficiency of the plant using a low-pressure
HRSG is higher than that of the plant using a high-pressure
HRSG for the FR exhaust gases. This indicates that the power
generated from the expander is much higher than the power
saved to compress CO2 from a higher pressure (1.27 MPa). For
LP-HRSG plants, the net power output is about 308 MW for
Ni-OC and Fe-OC and 245 MW for Cu-OC. The net plant
efficiency for all cases is greater than 51%, with Ni-OC having
the highest efficiency. The HP-HRSG plants generate about 10
MW less than the LP-HRSG plants. The net plant efficiency
decreases to the range of 49.5−51%. The results show that the
net power output and net plant efficiency for the LP-HRSG
configurations are higher than those of the conventional
NGCC power plant without CCS.
For the HP-HRSG configurations, the plant power output

and efficiency are comparable to or higher than those of the
conventional NGCC power plant without CCS. Because CO2
capture is inherent in the CLC-NGCC power plant, its
performance should be compared to that of a conventional
NGCC power plant with CCS, whose net plant efficiency is
much lower (43.2%). Hence, it can be seen that the CLC-
NGCC power plant has much higher performance character-
istics than a conventional NGCC plant with CCS. The high
energy penalty caused by the postcombustion CO2-capture
process is the main reason for the low efficiency of
conventional NGCC plants.

Among the three OC cases, the CLC-NGCC plant with Ni-
OC produces the maximum power output and has the lowest
fuel requirement. To maintain the design air reactor temper-
atures, the Cu-OC system needs the highest excess air ratio
(3.03), followed by the Ni-OC (2.54) and Fe-OC (2.50)
systems. Hence, the Cu-OC system also needs the highest air
flow rate among the three OC options. The Ni-OC system has
the lowest OC flow rate, followed by the Cu-OC and Fe-OC
systems. Because the fuel flow rate is inversely proportional to
the excess air ratio (eq 18), Cu-OC has the highest fuel flow
rate, and Ni-OC has the lowest fuel flow rate. The solids
inventory is lowest for the Cu-OC system and highest for the
Fe-OC system. However, for the Ni-OC and Fe-OC systems,
the solids inventory in the FR is much higher than that in the
AR, whereas the two inventories are comparable for the Cu-OC
system. The AR of the Cu-OC system has the highest solids
inventory among the three systems, which also explains the AR
pressure drop being highest for the Cu-OC system. This,
coupled with the lower TIT, leads to the lowest gas turbine
power output for the Cu-OC system. Owing to all of these
factors, the Cu-OC system has the lowest net plant efficiency,
and the Ni-OC system has the highest efficiency. However, it
should be noted that the difference in net plant efficiencies is
less than 2 percentage points.
The performance results obtained here are comparable to

those reported in similar analyses.5,16,31,33

6.3. Sensitivity Analysis. The performance model
developed here was also used to conduct a sensitivity analysis
to understand how the overall plant performance is affected by
changes in key operating parameters. For illustration, two input
parameters were chosen: the fractional conversion of the OC

Table 4. Case Study Resultsa

Ni-OC
(40%

NiO, 60%
Al2O3)

CuO
(10%

CuO, 90%
Al2O3)

Fe2O3
(60%

Fe2O3, 40%
Al2O3)

LP HP LP HP LP HP

air reactor temperature
(°C)

1100 950 1100

fuel reactor temperature
(°C)

945 974 1029

fuel flow rate (kmol/s) 0.649 0.539 0.656
molar excess air ratio 2.54 3.40 2.50
air flow rate into the AR
(kg/s)

631 651 629

OC flow rate into the AR
(kg/s)

711 2561 3060

CO2 product flow rate
(kg/s)

28.2 23.4 28.5

solids inventory (t) 250 199 643
AR pressure drop (bar) 0.14 0.30 0.19
FR pressure drop (bar) 0.20 0.14 0.52
gas turbine output (MW) 394 366 392
steam turbine output
(MW)

120 143 98 118 122 147

other plant use (MW) 5.6 6.1 4.5 4.9 5.6 6.1
expander output (MW) 41 0 34 0 41 0
CO2 compressor use
(MW)

9.4 4.5 7.8 3.8 9.5 4.6

net power output (MW) 307 294 245 235 308 296
net plant efficiency
(%, HHV)

53.2 50.9 51.1 48.9 52.7 50.7

aThe CLC-NGCC power plant uses two GE 7EA gas turbines. Rich
loading is 0.9, and fractional conversion is 0.6.
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(Δe) and the temperature of the air reactor (TAR). Both of
these variables influence the mass and energy balances of the
CLC system and, hence, have an impact on the performance of
the entire power plant.
Figure 10 shows the effects of varying the fractional OC

conversion on the net plant efficiency for the three OC cases.

The net plant efficiency increases with increasing fractional OC
conversion for both the Ni-OC and Fe-OC systems, but it
marginally decreases for the Cu-OC system. With increasing
fractional OC conversion, the excess air ratio increases for Ni-
OC and Fe-OC, which results in a decrease in fuel
consumption. Because the turbine output does not change
correspondingly, the net plant efficiency increases with the
fractional OC conversion of OC for Ni-OC and Fe-OC. On the
other hand, the excess air ratio and, hence, fuel flow rate do not
change significantly with the fractional OC conversion for the
Cu-OC system. Hence, the net plant efficiency does not change
significantly for the Cu-OC system. This means that a higher
fractional OC conversion is better for the Ni-OC and Fe-OC
systems but does not lead to much advantage for the Cu-OC
system. It should be noted, however, that, with increasing
fractional OC conversion, the overall solids inventory the
system increases, which leads to higher initial costs. Thus, even
though a higher conversion is needed for better performance, it
could lead to higher costs.
Figure 11 shows the effects of varying the air reactor

temperature on the net plant efficiency for the three OC cases.
The Cu-OC case was not included beyond 1050 °C because it
approached the melting point of Cu. Higher AR temperature
leads to higher gas turbine and steam turbine power outputs.
However, higher AR temperature leads to a lower excess air
ratio, thereby leading to a higher fuel flow rate. As a result, the
net plant efficiency does not increase proportionally to the AR
temperature. Also, beyond about 1100 °C, the net plant
efficiency increases at a lower rate for the Ni-OC and Fe-OC
cases. Even though higher temperatures lead to better
efficiencies, the feasibility of the system will depend on the
successful operation of high-temperature and high-pressure
interconnected fluidized-bed reactors.
Most of the developmental work on CLC so far has focused

on material development and reactor design. The CLC concept
has also been tested at several small pilot plants.24 However, for
CLC to become a commercial CO2-capture technology, it

needs to be proven in large-scale power-plant applications. In
this regard, more detailed computational modeling of the type
carried out for other carbon-capture processes in the U.S.
Department of Energy’s Carbon Capture Simulation Initiative
(CCSI) would be of value in conjunction with process
scaleup.50 Cost analyses would also be needed to understand
the efficacy of CLC for large-scale CO2 capture from power
plants.

7. CONCLUSIONS
A performance model was developed to evaluate the perform-
ance of a CLC system for the combustion of a gaseous fuel with
capture of CO2. Mass and energy balance equations were
developed as functions of key design and operating parameters.
The CLC performance model, coupled with a larger systems
model, was used to evaluate the performance of a conceptual
CLC-based NGCC power plant using three different OC
materials. Two different configurations were studied for each
case: the LP-HRSG case, where the flue gases from the fuel
reactor are first expanded in an expander and then sent to a
CO2 compressor after the water vapor has been condensed, and
the HP-HRSG case, where the flue gases are directly cooled at
high pressure and CO2 is compressed from this high pressure
after the water vapor has been condensed.
In general, the plant power output and efficiency (>50%, on

HHV basis) are comparable to or higher than those of a
conventional NGCC power plant without CCS, whose net
plant efficiency is close to 50% (HHV). Considering that CO2
capture is inherent in CLC-NGCC plants, CLC appears to be a
highly competitive CO2-capture technology, at least in terms of
overall overall plant performance. The LP-HRSG configura-
tions had higher net power outputs (about 10 MW) and net
plant efficiencies (about 2 percentage points) than the HP-
HRSG configurations, indicating that the power generated in
the flue gas expander is much higher than that saved from
compressing CO2 from a higher pressure to the pipeline
pressure. Among the three OC cases, Ni-OC systems gave the
best performance (power output and net plant efficiency),
followed by the Fe-OC and then the Cu-OC systems, although
the differences in net plant efficiency were small. The low TIT
(950 °C) of the Cu-OC system is the main reason for its lower
performance. However, Ni-based materials are much costlier
than Fe- and Cu-based materials. A cost model is therefore
needed to determine whether the better performance of Ni-OC
systems would lead to economic benefits for the overall system.

Figure 10. Net plant efficiency as a function of fractional OC
conversion of OC (erich = 0.9 and TAR = 1100 °C for Ni-OC and Fe-
OC; TAR = 950 °C for Cu-OC). Net plant efficiency increases with
increasing fractional OC conversion for both the Ni-OC and Fe-OC
systems, but marginally decreases for the Cu-OC system.

Figure 11. Net plant efficiency as a function of AR temperature (erich =
0.9, Δe = 0.6). A higher AR temperature leads to higher gas turbine
and steam turbine power outputs.
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The performance model was also used to conduct sensitivity
analyses on key operating parameters. It was found that a
higher fractional conversion of the OC in the reactors was
needed for better performance, for all of the OCs investigated.
On the other hand, higher fractional conversion would lead to
higher solids inventories, which could possibly increase the
initial capital cost of the system. The net plant efficiency was
found to increase with temperature up to about 1100 °C. There
was no significant improvement in efficiency beyond 1100 °C.
Thus, for a CLC-NGCC power plant, Ni- and Fe-based
materials, which can withstand higher temperatures, do not
have a significant advantage in performance over low-
temperature materials based on Cu. Consequently, cost is
likely to be of higher significance in choosing OC materials for
CLC-based power plants.
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P = pressure (bar)
sO2,f = Stochiometric O2 to fuel ratio (2 for CH4)
T = temperature (°C)
xMeO = weight fraction of MeO in the OC
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P. Combust. Flame 2010, 157, 602−615.
(23) Penthor, S.; Zerobin, F.; Mayer, K.; Pröll, T.; Hofbauer, H. Appl.
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