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� GSC is a promising new reactor concept for power production with cost effective CO2 capture.
� The standalone fluidized bed reactors employed will allow for easy process scale-up.
� The GSC simple configuration achieves higher efficiencies than conventional solutions.
� Further increases in efficiency can be achieved via advanced heat management.
� The 41.9% maximum efficiency is in line with other CLC–IGCC configurations.
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a b s t r a c t

Gas Switching Combustion (GSC) is a promising new process concept for energy efficient power produc-
tion with integrated CO2 capture. In comparison to conventional Chemical Looping Combustion (CLC) car-
ried out in interconnected fluidized beds, the GSC concept will be substantially easier to design and scale
up, especially for pressurized conditions. One potential drawback of the GSC concept is the gradual tem-
perature variation over the transient process cycle, which leads to a drop in electric efficiency of the plant.
This article investigates heat management strategies to mitigate this issue both through simulations and
experiments. Simulation studies of the GSC concept integrated into an IGCC power plant show that heat
management using a nitrogen recycle stream can increase plant efficiency by 3 percentage points to
41.6% while maintaining CO2 capture ratios close to 90%. Reactive multiphase flow simulations of the
GSC reactor also showed that heat management can eliminate fuel slip problems. In addition, the GSC
concept offers the potential to remove the need for a nitrogen recycle stream by implementing a concen-
trated air injection that extracts heat while only a small percentage of oxygen reacts. Experiments have
shown that, similar to nitrogen recycle, this strategy reduces transient temperature variations across the
cycle and therefore merits further investigation.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Chemical Looping Combustion (CLC) is a promising concept for
power production with integrated CO2 capture and has success-
fully been demonstrated at small scale by various groups [1]. The
CLC concept often utilizes two fluidized bed reactors, an air reactor
and a fuel reactor, to achieve flameless combustion of coal or nat-
ural gas in such a way that a pure stream of CO2 is produced after
steam condensation. In this way, CLC not only enables simple and
efficient CO2 capture, but also essentially eliminates NOx emis-
sions. CLC with a desulphurized fuel gas therefore promises very
clean power production from fossil fuels which may become highly
relevant as environmental regulations continue to tighten.

CLC operates by circulating an oxygen carrier material between
the two reactors. In the air reactor, the oxygen carrier is oxidized
by air after which it is transferred to the fuel reactor where it is
again reduced by the fuel in absence of nitrogen. It should also
be noted that this principle can be applied to various other pro-
cesses where the desired product is not heat, but a chemical pro-
duct – mostly hydrogen or oxygen. For example, the hydrogen
production processes of chemical looping reforming (CLR) [2] and
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Nomenclature

a volume fraction
Df filter length (m)
U Thiele modulus
g reaction rate effectiveness factor
q density (kg/m3)
��s stress tensor (kg/(m s2))
~t velocity vector (m/s)
r gradient operator (1/m)
D diffusivity (m2/s)
d diameter (m)
Frf filter size Froude number
~g gravity vector (m/s2)
h specific enthalpy (J/kg)
hpq interphase specific enthalpy (J/kg)
~J species diffusive flux (kg/(m2 s))
Ksg interphase momentum exchange coefficient (kg/(m3 s))
k reaction rate constant
_mpq interphase mass transfer (kg/(m3 s))
N number of moles (kmol)
n reaction order
p pressure (Pa)
P pressure (bar)
Qpq interphase heat transfer (W/m3)
~q heat flux (W/m2)
R universal gas constant

RH heterogeneous reaction rate (kmol/(m3 s))
Re Reynolds number
S mass/species source (kg/(m3 s))
S~t momentum source (kg/(m2 s2))
Sh energy source (W/m3)
s ratio of unreacted core surface area to grain surface area
Sc Schmidt number
T temperature (K)
t time (s)
V volume (m3)
vt terminal particle velocity (m/s)
X solids species mass fraction
Y gas species mass fraction

Subscripts
eff effective
g gas
gr grain
i generic species index
p not filtered (i.e. on a particle level, not on a cluster level)
p generic phase index (only used in the energy equation)
q generic phase index
s solids
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the chemical looping steam-iron reaction [3,4] have been success-
fully demonstrated, and oxygen production via chemical looping
air separation (CLAS) can result in large energy penalty reductions
[5]. Chemical looping is therefore not only a very efficient and
clean technology, but also offers solutions beyond power produc-
tion to direct industrial applications and transportation using
hydrogen or hydrogen-derived synfuels.

The primary advantage of the CLC concept relative to other CO2

capture processes is that it can achieve close to 100% CO2 capture
with a very low energy penalty [6–14]. For example, recent works
show plant efficiencies of 40.5–42% and CO2 avoidance over 95%
when packed or circulating fluidized bed CLC configurations are
combined with integrated gasification combined cycles (IGCC)
[15,16]. In comparison, IGCC with pre-combustion CO2 capture
results in an electric efficiency of 37.7% with 87% CO2 avoidance
when future advanced gas turbine technology is employed
[16,17]. CLC therefore appears to be a highly promising concept
for new fossil fuel power stations with integrated CO2 capture,
although economic analyses under different policy conditions are
still required to further quantify the attractiveness of CLC relative
to pre-combustion.

The use of gaseous fuels (such as syngas from coal gasification)
simplifies the CLC process relative to in-situ combustion of solid
fuels. Challenges associated with ash handling, inclusion of a car-
bon stripper and slip of volatiles out of the fuel reactor [1] are
avoided and process temperature limitations imposed by the ash
melting point do not apply. However, pressurized operation is
required to achieve competitive efficiencies relative to standard
combined cycle configurations with pre- or post-combustion CO2

capture. Coal-fired plants will also require expensive gasification
technology to facilitate gas-fuelled CLC.

Scale-up of pressurized fluidized bed-based CLC technology has
been slow, primarily due to challenges related to the circulation of
solids between the reactors and separation of solids from the gas
streams at high temperatures and pressures. To the authors’
knowledge, only one study on pressurized CLC in interconnected
fluidized beds has been completed to date [18]. This study was car-
ried out at moderate pressures (5 bar) without a pressure shell and
used ovens around the reactors for temperature control. Slight dif-
ficulties were reported with controlling reactor pressure and tem-
perature at elevated pressures. Aside from this 50 kWth unit, no
successfully operated pressurized interconnected CLC units have
been reported.

Development of suitable oxygen carrier materials is another
important scale-up challenge facing CLC technology. Efficient oper-
ation of gas-fuelled CLC requires mechanically, thermally and
chemically stable oxygen carriers for use at temperatures close to
1200 �C in order to achieve competitive power plant efficiencies
relative to pre-combustion CO2 capture technology [14]. Thou-
sands of different oxygen carriers have been proposed in the liter-
ature. The bulk of research efforts have been devoted to synthetic
oxygen carriers combining active materials such as Ni, Fe, Cu and
Mn supported on different inert materials [19–21], but raw min-
eral oxygen carriers such as ilmenite [22] have also been investi-
gated. A comprehensive review of the different oxygen carriers
developed for the CLC technology can be found in [1]. The GSC con-
cept proposed in this work can use cheap mineral ores such as
ilmenite as oxygen carrier. Experiments with ilmenite at 900 �C
showed promising results in terms of reactivity, fluidization beha-
viour and mechanical stability [23], but ilmenite performance at
1200 �C has not been investigated to date.

Alternative power plant configurations using the chemical loop-
ing technology were proposed to circumvent operating tempera-
ture limitations imposed by the oxygen carrier. For example, a
tri-generation CLC process (termed as exCLC) was proposed for
simultaneous production of electricity, heat and hydrogen [24].
The produced hydrogen can be top-fired if the CLC reactors have
to operate at temperatures lower than 1200 �C to maintain oxygen
carrier stability. A NGCC power plant based on the exCLC system
was found to outperform post-combustion CO2 capture technology
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in terms of energy efficiency (54% for a NGCC-exCLC against 48%
for a NGCC with MEA absorption post combustion CO2 capture
[24,25]). This was confirmed in a recent thermodynamic assess-
ment of the exCLC and steam-iron processes integrated in a
Humid-Air-Turbine NGCC cycle [26]. Both configurations outper-
formed the conventional NGCC plant with amine absorption CO2

capture technology (51.28% for NGCC-exCLC and 52.76% for
NGCC-steam-iron). Even though high efficiencies can be achieved
with both processes [24,26], scale-up may be challenging as three
interconnected reactors are used as opposed to two in conven-
tional CLC. Additional material-related complexities may also arise
when considering that the exCLC process circulates two different
materials; an oxygen carrier and a carbon carrier, while the
steam-iron process uses the multiple oxidation states of the iron
based oxygen carrier to produce hydrogen from steam. It should
also be noted that the good thermodynamic performance of both
processes assumes successful operation under pressurized condi-
tions, which will be challenging to achieve in practice as discussed
earlier.

Several alternative reactor configurations with the ability to
operate under pressurized conditions have been proposed. One
such reactor configuration is the packed bed system [27–29]. In
this concept the oxygen carrier material is stationary and exposed
to alternate streams of air and fuel. In this way, fossil fuel combus-
tion with integrated CO2 separation is achieved in a reactor config-
uration which is easier to scale up and operate at higher pressures.
Due to the transient nature of this concept, a cluster of reactors is
required to supply a steady stream of hot gasses to the down-
stream power cycle and CO2 compression equipment. The primary
technical uncertainty introduced by this configuration is the need
for a high temperature (�1200 �C) valve system to regulate the
reactor outlet streams.

Other challenges facing the packed bed CLC concept include the
need for a shaped oxygen carrier material and the need for a com-
plete reactor shutdown in order to replace spent oxygen carrier
material. Oxygen carrier particles need to be larger to circumvent
high pressure drops, while the particles undergo cycles between
full reduction and full oxidation, which poses high demands to
OC pellets in terms of chemical–mechanical stability. Additionally,
if the natural mineral, ilmenite, is used as oxygen carrier, the pro-
cess requires pure nitrogen in the heat removal stage [16,27] as
well as the execution of a material activation procedure each time
new material is loaded. These challenges can be overcome by sim-
ply using a bubbling fluidized bed instead of a packed bed reactor.
This concept, called Gas Switching Combustion (GSC), was experi-
mentally demonstrated recently and proved to be simple to oper-
ate autothermally with a high CO2 separation efficiency [30]. The
GSC concept can use cheap natural mineral ore as oxygen carrier
without pellets manufacturing costs. When using ilmenite, air
can be used in the heat removal stage and a material activation
procedure is only required once during reactor start-up, after
which gradual additions of fresh material will be activated during
normal operation. In addition, a fluidized bed configuration also
opens the possibility of in-situ gasification of solid fuels during
the fuel stage [31] which promises to ultimately be the lowest cost
application of the CLC principle if the aforementioned technical
challenges related to ash, carbon stripping and fuel slip can be suc-
cessfully overcome.

On the other hand, good mixing in the fluidized bed would
result in more undesired mixing between gasses when switching
between stages relative to the plug flow achieved in the packed
bed, thereby reducing the CO2 capture efficiency. In addition, the
fines generation resulting from mechanical attrition in the flu-
idized bed would intuitively be larger than the fines generation
from thermal and chemical stresses imposed by the sharp temper-
ature and reaction fronts in packed bed CLC. Fines generation is an
important general challenge in using high pressure fluidized beds
for power production using a combined cycle due to the need for
high temperature filtering systems for protecting the gas turbine.
More work is thus required to assess the magnitude of this
challenge.

Another drawback of the GSC concept is the gradual tempera-
ture variation over the cycle – an increase during oxidation fol-
lowed by a decrease during heat removal and reduction. This
temperature variation causes the average temperature fed to the
gas turbine to be significantly lower than the maximum operating
temperature of the reactor, thereby lowering the plant efficiency.
For example, a previous study with a simple reactor model assum-
ing perfect mixing and complete gaseous reactant conversion
found that plant efficiency reduced from 41.5% for short cycles
(22.8% oxygen carrier utilization) to 36.4% for long cycles (91.2%
oxygen carrier utilization) [32]. Such short cycles were found to
result in poor CO2 capture ratios, caused by the mixing between
N2 and CO2 when switching from the fuel stage to the air stage
and vice versa. One option to reduce such mixing is to introduce
two steam purging steps between the fuel and air stages [21].
Other options involve the reduction of the temperature change
during the cycle. One way of reducing this temperature variation
and associated efficiency loss while ensuring high CO2 capture
ratios is through the utilization of materials with more exothermic
behaviour under reduction and a higher heat capacity [33].
Another option is to use advanced heat management strategies
such as the nitrogen recycle stream employed in the aforemen-
tioned study to achieve electric efficiencies in the range of 41.5–
41.9% and CO2 avoidance in excess of 90% [32]. The advanced heat
management route will be further explored in this paper using
more detailed reactive multiphase flow modelling for improved
prediction of fuel slip and undesired mixing of CO2 and N2 in the
reactor. In addition, a promising heat management strategy cap-
able of achieving high efficiencies and CO2 avoidance without the
need for a nitrogen recycle stream is explored experimentally.

2. Methodology

2.1. Reactor simulations

The equation system describing the GSC reactor is based on the
Eulerian–Eulerian multiphase flow modelling approach, where the
two participating phases (gas and solids) are treated as inter-
penetrating continua or fluids. This approach is often referred to
as the two fluid model (TFM).

2.1.1. Conservation equations
Mass, momentum, energy and species are conserved for each

phase individually. The mass conservation for each phase (q) is
shown below:

@

@t
ðaqqqÞ þ r � ðaqqq~tqÞ ¼ aqSq ð1Þ

The single term on the right of the equation represents the
source term due to heterogeneous reactions.

Momentum for the gas (g) and solids (s) phases is conserved as
follows:

@

@t
ðagqg~tgÞ þ r � ðagqg~tg~tgÞ ¼ �agrpþr � ��sg þ agqg~g

þ Ksgð~ts �~tgÞ þ S~tg ð2Þ

@

@t
ðasqs~tsÞ þ r � ðasqs~ts~tsÞ ¼ �asrp�rps þr � ��ss þ asqs~g

þ Kgsð~tg �~tsÞ þ S~ts ð3Þ
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Here, the terms on the right hand side represent the effects of
pressure gradients, shear stresses, gravity and interphase momen-
tum transfer (drag). In the solids equation, a special granular pres-
sure term (second term on the right hand side) is also added to
describe normal stresses arising from random particle translations,
collisions and prolonged impacts.

Energy is conserved by solving an enthalpy equation for each
phase (q):

@

@t
ðaqqqhqÞ þ r � ðaqqq~tqhqÞ ¼ �aq

@pq

@t
þ ��sq : r~tq þr �~qq þ Shq

þ Qpq þ ð _mpqhpq � _mqphqpÞ ð4Þ
The terms on the right-hand side represent contributions from

compression/expansion of the flow, viscous dissipation, heat diffu-
sion, heat of reactions, interphase heat exchange and the energy
transfer associated with interphase mass transfer.

Finally, species conservation equations are solved for each spe-
cies (i) in each phase (q):

@

@t
ðaqqqYq;iÞ þ r � ðaqqq~tqYq;iÞ ¼ r � aq

~Jq;i þ aqSq;i ð5Þ

Terms on the right hand side of the equation represent the spe-
cies diffusion and a source term due to reactions.

In the above equations, all variables represent filtered values.

2.1.2. Closures
This study followed the filtered approach from the group of

Sundaresan at Princeton University [34], where the effects of par-
ticle clusters and bubbles are modelled on cells which can be larger
than the clusters themselves. The resulting large cell sizes allow for
the 3D simulation of large reactors such as the one in this study.

Hydrodynamic closures (drag, solids stresses and wall correc-
tions) are implemented as detailed in a prior work where the
approach was validated for bubbling fluidized beds [35]. Readers
are referred to the aforementioned paper for details on the closure
equations and discussions on model accuracy.

In terms of reaction kinetics, three simplified reactions between
the ilmenite oxygen carrier and the reactant gasses were
simulated:

H2 þ Fe2O3 ! 2FeOþH2O
COþ Fe2O3 ! 2FeOþ CO2

O2 þ 4FeO ! 2Fe2O3

It is known that the water–gas shift reaction can be catalysed by
an ilmenite oxygen carrier in a highly reduced state [36]. This reac-
tion was omitted from the current study because reliable kinetic
data is not yet available and it is expected that the fluidized bed
cases simulated in this study will not reach the level of oxygen car-
rier reduction where the water–gas shift reaction is catalysed. The
uncatalysed gas-phase water–gas shift reaction can become signif-
icant at higher temperatures, but it can be calculated that this reac-
tion will remain at least one order of magnitude smaller than the
heterogeneous oxidation of CO outlined above in cases showing
CO slip based on kinetics reported in [37]. Overall, this omission
can therefore have a small influence on simulated reactor perfor-
mance, because the neglected water–gas shift reaction would have
consumed a small amount of less reactive CO to formmore reactive
H2. This simplification will therefore result in slightly conservative
results.

On the particle scale, reactions were implemented using a
shrinking core model [38] with chemical kinetics as the rate
limiting step on each of the microscopic grains (2.5 lm diame-
ter [22]) inside of the particle. The formulation of the volumet-
ric reaction rate of CO with Fe2O3 is given as an example
below:
RH ¼ � 1
V

dNCO

dt
¼ 6

dgr
sFe2O3ask

YCOqg

MCO

� �n

ð6Þ

Here, sFe2O3 is the fraction of the surface area of the unreacted
core of each grain relative to the surface area of the grain itself
(the surface area of the unreacted core when the particle is fully
oxidized). It is approximated based on the degree of conversion
of the oxygen carrier as follows:

sFe2O3 �
XFe2O3

XFe2O3 þ XFeO

� �2=3

ð7Þ

The reaction rate constant was taken from TGA studies per-
formed at varying fuel concentrations and temperatures for ilme-
nite [22]. In addition, the reaction rate constant was also taken
to be inversely proportional to the pressure (in bar) as observed
in an earlier study with various synthetic oxygen carrier materials
[20]. Even though this pressure sensitivity has not yet been con-
firmed for ilmenite, this formulation will result in a conservatively
low reaction rate estimate for use in modelling. The resulting reac-
tion rate constants are given below as reported in the aforemen-
tioned study [22], but with the inverse proportionality to
pressure added (the pressure exponent is set here to 1 in absence
of more exact data):

kH2 ¼ 0:062
P

e
�65000

RTð Þ

kCO ¼ 0:1
P

e
�80700

RTð Þ

kO2 ¼ 0:0019
P

e
�25500

RTð Þ

ð8Þ

Similar to the hydrodynamic formulation described in [35], fil-
tering was implemented in order to adjust the particle scale reac-
tion rate for subgrid clustering phenomena. Clustering of particles
imposes an important additional mass transfer limitation in the
reactor and must be accounted for to ensure reasonable prediction
of reactor performance. This was realized via an effectiveness fac-
tor between 0 and 1 that reduced the reaction rate primarily as a
function of the filter length and the filtered solids volume fraction.

The effectiveness factor (g) was derived based on an effective
rate constant (keff) implemented in the source term in Eq. (5).
The source term should be written as follows:

Sg;i ¼ keffasqsgYi ð9Þ
A more general formulation including effects of species gradi-

ents is recommended for finer grids, but, in the limit of the very
coarse grids used in this study, this gradient term can be safely
neglected [39].

In the simulation, the source term is implemented as
Sg;i ¼ RH

i Mi, implying that, from Eqs. (6) and (9), the effective rate
constant used in the derivation of the effectiveness factor is formu-
lated as follows for a first order reaction:

keff ¼ 6
dgr

sFe2O3k ð10Þ

In the filtered formulation, the effective rate constant is used in

the Thiele modulus U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
keff d

2
=D

q� �
which is one of the key

dimensionless groups together with the Schmidt number

(Sc = l/qD) and the inverse Froude number Fr�1
f ¼ gDf =v2

t

� �
. The

effectiveness factor is written as follows [39]:

g ¼
1� Bmax

1�ð1�as=0:42Þ3
1þa1ð1�as=0:42Þ3

� �
;as 6 0:42

1� Bmax
ð1þa2Þð1�ðas�0:42Þ=ð0:59�0:42ÞÞ2
1þa2ð1�ðas�0:42Þ=ð0:59�0:42ÞÞ2

� �
;0:42 6 as < 0:59

1;as P 0:59

8>>><
>>>:

ð11Þ



S. Cloete et al. / Applied Energy 185 (2017) 1459–1470 1463
where

Bmax ¼
4:4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2Fr�1

f

q

1þ 4:4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2Fr�1

f

q ð12Þ

a1 ¼ 2:76

eð17:2U
2Fr�1

f =ScÞ ð13Þ

a2 ¼ 265U2Fr�1
f =Sc þ 10:4 ð14Þ
Fig. 2. The fraction of CO in the reactor outlet stream across a reduction stage
carried out with a 0.5 m mesh and a 0.25 m mesh.
2.1.3. Geometry, boundary conditions and materials
The geometry used in this study consists of a cylinder with a

height of 15 m and a diameter determined by the particular simu-
lation in question. Each geometry was topped by an outlet region
consisting of a tapered section (2 m in height) leading to an outlet
pipe (1 m diameter, 2 m long). Fig. 1 gives a visual representation
of the geometry.

The geometry was meshed with hexahedral cells 0.5 m in size.
Cells were kept as close to a cubical shape as possible everywhere
except for in the tapered region where cells were skewed towards
the reactor outlet. Grid independence of this very coarse mesh was
verified with a refined mesh (0.25 m cells) to confirm that predic-
tions of the most important parameter – the degree of CO slip –
does not change significantly if the grid is refined. As shown in
Fig. 2, the overall amount of CO slipping through the reactor and
reaching the outlet is similar when using 0.5 m or 0.25 m cells.
The start and end of the CO slippage is also predicted essentially
identically on the two grids.

Gas was injected uniformly by means of a velocity inlet speci-
fied on the bottom surface of the geometry. Since gas injection over
a large distributor in real fluidized bed reactors typically varies in
Fig. 1. A typical meshed geometry used in this study.
time and space, this assumption may over-predict gas-particle
contact close to the distributor. Over-predictions of reactor perfor-
mance from this assumption should be cancelled out to some
degree by the conservative kinetic assumptions outlined in
Section 2.1.2.

Details about this inlet condition are given in Table 1. The case
dependent variables in Table 1 were generally determined as fol-
lows: the fuel stage time would be changed to adjust the degree
of oxygen carrier conversion desired (longer fuel times would
result in a higher degree of oxygen carrier reduction), the air stage
time would be a certain integer multiple of the fuel stage time in
order to treat the simulation as part of a cluster of reactors, and
the air flow rate would be fine-tuned to achieve a maximum tem-
perature of 1200 �C in each run.

Gas exited at the top of the reactor through a pressure outlet at
0 Pa gauge pressure (20 bar absolute pressure). A no-slip boundary
condition was specified at the walls for the gas phase, while a par-
tial slip boundary condition was specified for the solids. The model
of Johnson and Jackson [40] was used for the solids boundary con-
dition with a specularity coefficient of 0.5 describing the wall
roughness.

Typical Geldart B powder of size 300 lm was used in the simu-
lation with a density of 3942 kg/m3 in the fully oxidized state. The
particle was simulated to consist only of Fe2O3, FeO and TiO2. In the
fully oxidized state, 33% (weight) for the particle was composed of
Fe2O3 with the remainder being TiO2. The ideal gas law was used to
determine the gas density and kinetic theory was employed for
estimating viscosities, thermal conductivities and molecular diffu-
Table 1
Gas inlet conditions.

Stage Time (s) Flow rate (kg/s) Temperature
(�C)

Composition
(mole
fraction)

Fuel Case
dependent

72.27 (unless
otherwise specified)

300 H2 0.2312
CO 0.5677
H2O 0.0852
CO2 0.0933
Ar 0.0098
N2 0.0128

Air Case
dependent

Case dependent 435 H2O 0.0103
CO2 0.0003
O2 0.2073
Ar 0.0092
N2 0.7729
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sivities. Heat capacities were implemented as a function of temper-
ature based on the correlations of Robie [41] for the solids and on
JANAF thermochemical tables [42] for the gas.

2.1.4. Solver settings
The commercial CFD package, FLUENT 13.0 was used as the flow

solver to carry out the simulations. The phase-coupled SIMPLE
algorithm [43] was selected for pressure–velocity coupling, while
the QUICK scheme [44] was employed for discretization of all
remaining equations. 1st order implicit temporal discretization
was used.

2.1.5. Operation and data extraction
Each simulation was initialized with a fixed bed at a solids vol-

ume fraction of 0.6 up to a height of 8 m. The simulation was then
run for a large number of cycles while regularly adjusting the air
flow rate in order to achieve a maximum reactor temperature of
1200 �C until quasi-steady state behaviour was observed (when
consecutive cycles no longer change significantly from each other).
From this point, three complete cycles were run for data collection
and data from these three cycles were averaged to result in
smoothed data for a single cycle. Typical simulation output profiles
can be viewed in Fig. 5.

The wide range of data collected in this manner was then pro-
cessed to provide certain key performance measures for each case.
The most important of these were the CO2 separation efficiency
(the percentage of the total CO2 generated in the process which
is present in the CO2-rich outlet stream) and the CO2 purity (the
percentage of CO2 (volumetric dry basis) in the CO2-rich outlet
stream). In addition, the average temperature, mass flow rate and
composition of both the CO2-rich and depleted air outlet streams
were collected for use in the power-plant simulation. The average
temperature was determined by means of a weighted average as
follows: Tave ¼

P
_mCpT=

P
_mCp.

2.2. Power plant simulations

The process simulation integrates the GSC concept into an Inte-
grated Gasification Combined Cycle (IGCC) power cycle to calculate
the electric efficiency, CO2 avoidance and energy penalty relative to
a reference IGCC plant without CO2 capture. The configuration of
the complete power plant based on the GSC process assessed in
this work is shown in Fig. 3.

Coal gasification is performed by means of the dry-feed,
oxygen-blown Shell gasification process [15,16]. Syngas produced
in the gasifier is quenched to 900 �C with recycled low temperature
syngas, allowing for the complete solidification of the ash and then
further cooled in convective syngas coolers by producing high
pressure moderately superheated steam at 400 �C and high pres-
sure saturated water. Sulphur, in the form of H2S after catalytic
COS hydrolysis, is removed by the Selexol physical absorption pro-
cess. Cleaned syngas from the AGR unit is then heated up and
moisturized in a saturator and then heated up to 300 �C with heat
from raw syngas cooling before entering the GSC reactor operated
in the reduction phase.

In some of the cases assessed in this work (specifically for OC
utilization of 40% and higher, i.e. cases 2–4 discussed further on),
some CO slip takes place from the GSC reactors. In these cases, pure
O2 (5% over the stoichiometric amount) from the ASU is added to
the CO2-rich stream at the reactor outlet in order to completely
oxidize the CO and H2. This is done both to exploit the heating
value of the residual combustible gases, increasing in this way
the plant efficiency, to reduce the non-condensable gases in the
CO2 stream with positive effects on the CO2 recovery rate in the
CPU and to avoid venting the CO from the CPU.
The generated CO2/H2O stream is then cooled down to nearly
ambient temperature by raising high pressure steam, by producing
HP saturated water and by further cooling by cooling water. The
CO2-rich stream is then sent to the CO2 purification unit (CPU),
where CO2 is purified to the target value of 96 mol%. This purifica-
tion step is needed because of the relatively low purity of the CO2

stream from the GSC process. Impurities are due to the presence of
non-condensable species in the syngas, deriving from both nitro-
gen in the coal and from the non-perfect purity of the O2 produced
in the ASU, and above all to N2 and O2 leakages occurring in the
GSC system when switching from the air to the fuel stage. CO2

purification is based on an auto-refrigerated dual-flash process,
similar to the one presented in [45].

The power island of this IGCLC plant is based on a gas-steam
combined cycle. Similarly to all pressurized CLC systems, the GSC
process is fed with a compressed air stream and releases a hot
O2-depleted air stream which is expanded in the gas turbine and
then cooled in a heat recovery steam generator. Also in this case,
CO2 leakages to the air flow occur when switching from the fuel
to the air stage. This leakage has the effect of reducing the CO2 cap-
ture efficiency of the plant, since it is eventually vented to the
atmosphere with the O2-depleted air.

In addition to this basic configuration of the power island, more
sophisticated cases have been considered, where part of the N2-
rich gas at the HRSG outlet is recycled to the compressor inlet in
order to reduce the oxygen concentration in the air stream sent
to the GSC process. The increased inert content allows reducing
the temperature increase during the oxidation step, increasing in
this way the average turbine inlet temperature and the cycle
efficiency.

The main assumptions used for the simulations are coherent
with those used in [15,16], where additional details on the gasifi-
cation and power islands can be found.
2.3. Experimental set up

The experimental setup (Fig. 4) consisted of a pseudo-2D verti-
cal column with a height of 1.5 m, a width of 0.3 m and a depth of
0.015 m. The pseudo-2D configuration was selected for the pur-
pose of extracting local experimental data for detailed CFD model
validation and was based on a cold flow unit with similar dimen-
sions [35]. The reactor column was made from Inconnel 600 in
order to withstand the harsh conditions of high temperatures (up
to 1000 �C) and reacting gas–solids flows. Measurement holes were
created on the reactor front for local data collection and are used as
a secondary gas injection point in this study. A ceramic porous
plate with 40 lm pores and 7 mm thickness was used as the gas
distributor. A freeboard was added to the top of the main reactor
body in order to prevent particle entrainment. The reactor was
heated up to the targeted operating temperature using external
electrical heaters installed on the back wall. Blanket insulation
(25 cm thickness) was used to maintain the heat in the system.

Three mass flow controllers (Bronkhorst BV) were used for the
main gas feeds into the reactor in addition to a fourth mass flow
controller for the secondary air injection. A three-way electrical
valve installed before the distributor was used to switch between
the three main feed gasses (fuel, inert gasses and air). A cooler
was positioned at the outlet of the reactor to cool down the stream
of hot gasses before it is sent to the vent.

The temperature was measured axially along the reactor front
wall using type K thermocouples. In this study, transient tempera-
ture variations over the GSC cycle are reported at a height of 0.3 m.
The measurement instruments and flow controlling devices were
controlled through a Labview application which was also used
for data acquisition and storage.
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Experiments reported in this paper were completed with an
amount of oxygen carrier material corresponding to a 0.3 m static
bed height in the reactor. Nickel oxide particles supported on Al2O3

(manufactured by VITO) were used as the oxygen carrier. The NiO/
Al2O3 ratio was 65/35 and the particle size cut-offs D10, D50 and
D90 were determined to be 117.4, 161.7 and 231.3 lm respec-
tively. About 37% of the final batch of particles consists of free
NiO which is available for reaction. The powder has a loosely
packed density of 1950 kg/m3 and a tapped density of 2166 kg/m3.

In order to achieve autothermal operation, the reactor is first
heated up externally to the target temperature before starting
the gas switching experiments. When heaters are switched off, a
pure gaseous fuel is fed to reduce the oxygen carrier, after which
a feed with pure air oxidizes the reduced oxygen carrier and
removes the heat generated by the highly exothermic oxidation
reaction. CO was used as a fuel gas for the reduction stage.

Experiments were carried out at temperatures much lower
(400–500 �C) than real power plant operation due to large heat
losses from the lab-scale reactor. However, the main goal of this
experimental campaign is to demonstrate the feasibility of opera-
tional strategies to control temperature variations in the GSC reac-
tor. This goal can be achieved at any temperature where stable
autothermal operation of the GSC reactor can be ensured. It should
also be mentioned that the Ni-based oxygen carrier used in this
study is highly reactive even at the relatively low temperatures
used in this study [33], so it was possible to carry out stable GSC
cycles at this temperature.
3. Results and discussion

Results will be presented in two main parts: modelling of the
commercial scale system and experimental demonstration through
lab scale experiments.
3.1. Simulations

3.1.1. The GSC cycle
In its simplest form, each reactor in a cluster of GSC reactors is

fed with fuel for a given period of time (fuel time) and subse-
quently fed with air for a given multiple of the fuel time. The ratio
between the air stage time and the fuel stage time is always an
integer in order to ensure that a cluster of GSC reactors can always
have one reactor in reduction (fuel) mode while the other reactors
operate in oxidation (air) mode. The streams from the reactors in
oxidation are then mixed before being fed to the gas turbine.

The most important operating variable in the simple GSC cycle
is the degree of oxygen carrier utilization. If the cycle time is long
and most of the total oxygen carrying capacity of the oxygen car-
rier is utilized, there will be a large temperature variation across
the cycle (e.g. Fig. 5). This is thermodynamically unfavourable for
the purpose of power generation, but will also reduce the length
of the CO2/N2 mixing periods between oxidation and reduction rel-
ative to the total cycle length, thereby improving the CO2 separa-
tion efficiency. This trade-off will be investigated more closely in
this section through the cases outlined in Table 2.



Fig. 4. Schematic representation of the experimental set up.
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Another important challenge with high degrees of oxygen car-
rier utilization is fuel slip towards the end of the reductions stage.
While H2 slip was never a problem, CO slip increased from 0.1% in
case 1 to 11.2% in case 4. To overcome this problem, as previously
discussed, CO is oxidized downstream from the GSC reactors by
injecting a relatively small amount of high purity O2 from the
ASU. It should also be mentioned that the CO slippage will be smal-
ler if the neglected water–gas shift reaction has a significant
influence.

The aforementioned trade-off between plant efficiency and CO2

avoidance is clearly visible in the results reported in Fig. 6. A linear
decrease in the plant efficiency with an increase in oxygen carrier



Table 2
Stage times and air feed rates for simulations investigating the effect of oxygen carrier
utilization. The fuel feed rate was kept constant at 72.27 kg/s for all cases. The
maximum OC utilization indicates the degree of conversion that would be achieved if
100% of the fuel feed reacted successfully.

Case Maximum OC
utilization (%)

Air feed rate
(kg/s)

Fuel stage
time (s)

Air stage
time (s)

1 20.3 99.9 120 840
2 40.6 94.8 240 1920
3 60.9 89.3 360 3240
4 81.2 92.5 480 4320
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utilization is the result of a decrease in the mixed stream temper-
ature going to the turbine. Specifically, the turbine inlet tempera-
ture decreases linearly from 1160 �C to 1030 �C from case 1 to
case 4 due to the increased temperature variation across the cycle
and the fixed maximum reactor temperature of 1200 �C.

On the other hand, low OC utilizations lead to larger gas mixing
when reactor feed gasses are switched from air to fuel and vice
versa. Fig. 7 gives a breakdown of the different sources of CO2

emissions for the cases 1–4. CO2 leakage to the gas turbine origi-
nates due to gas mixing when switching between reduction and
oxidation. Emissions from the CO2 purification unit (CPU) also
decrease with increased oxygen carrier utilization due to a lower
leakage of N2 to the high purity CO2 stream following a switch
between stages. Overall, the gas mixing predictions by the reactive
multiphase flow modelling in this study were similar to that of the
CSTR model employed previously [32]. The CSTR assumption is
therefore valid for this purpose, but more advanced fluid-
dynamic modelling is required to predict the incomplete fuel con-
version discussed earlier in this section, which is substantial due to
the effect of mass transfer limitations.

3.1.2. Advanced heat management
In order to achieve both high plant efficiency and high CO2

avoidance, the large temperature variation across the cycle in cases
with high oxygen carrier utilization must be reduced. A lower tem-
perature variation across the cycle will also reduce the issue of CO
slip. As shown in Fig. 5, ever increasing amounts of CO exits the
reactor during the fuel stage due to a gradual reduction in temper-
ature and increase in oxygen carrier conversion.
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One way of reducing this temperature variation is to dilute with
nitrogen during the air stage. This can be done either by feeding a
constant fraction of nitrogen throughout the air stage or by only
introducing the fraction of nitrogen required to keep the reactor
at its maximum temperature over most of the air stage. The effect
of these modifications is shown in Fig. 8.

The effect of these improvements on the overall electric effi-
ciency of the process is shown in Fig. 9. It is clear that the addition
of N2 substantially improved the electric efficiency of the plant.
Moving from constant N2 addition to optimized N2 addition only
delivered a small improvement though. It should also be noted that
the standard case electric efficiency was calculated by including
oxidation of the unconverted CO after the reactor via a small
amount of additional oxygen from the air separation unit. Due to
the much higher temperatures at which the fuel stage takes place
in the N2 addition cases, this treatment was not required as fuel
slip was negligible.

For comparison, packed and fluidized bed CLC applied in a sim-
ilar power cycle achieves efficiencies of 40.5–42% and CO2 avoid-
ance over 95% [15,16]. The GSC concept therefore achieves
similar efficiencies, but emits about 60 kgCO2/MW h more than
packed and fluidized bed CLC which will translate to an additional
cost of $3/MW h in case of a $50/ton CO2 price. For perspective, the
projected LCOE from an IGCC plant with CO2 capture is $144/MW h
in the United States [46].

Fig. 9 also shows the performance of the GSC concept relative to
an IGCC plant with pre-combustion capture technology by the
Selexol process with current and future advanced gas turbine tech-
nology [16,17]. It is clear that even the case with no heat manage-
ment slightly outperforms the pre-combustion case with future
advanced gas-turbine technology. When advanced heat manage-
ment is applied, the GSC concept achieves almost 4%-points greater
efficiency than advanced pre-combustion in addition to 2% greater
CO2 avoidance.

Details of the reference cases, pre-combustion cases and the
GSC cases with advanced heat management are given in Table 3.
In the GSC cases, a lower fraction of the heat input is converted into
power by the gas turbine (21–22% vs. 29–31% for the pre-
combustion capture cases). This is due to the lower turbine inlet
temperature of the GSC cases, where the gas turbine inlet temper-
ature is limited by the oxygen carrier material rather than the tur-
bine materials and blades cooling system. On the other hand, the
lack of steam consumption for promoting water–gas shift reactions
and solvent regeneration leads to higher steam turbine power out-
put in the GSC cases (27% vs. 18% of the heat input), balancing the
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Table 3
Performance of reference IGCCs with CO2 capture via pre-combustion and GSC with advanced heat management.

GT technology Advanced Current Advanced Current Current Current

CO2 capture No No Pre-combustion Pre-combustion GSC with constant N2 addition GSC with optimized N2 addition

Power balance, MWe

Gas turbine 309.6 261.6 322.5 263.9 182.1 186.0
Steam turbine 194.6 179.5 184.8 161.2 231.5 231.0
Auxiliaries �86.3 �73.8 �120.2 �107.8 �62.4 �62.2

Net power, MWe 417.3 367.4 387.1 317.3 351.1 354.9
Heat input, MWLHV 882.6 812.5 1026.9 898.7 853.7 853.7
Net efficiency, % 47.28 45.21 37.70 35.31 41.13 41.57
CO2 capture ratio, % – – 89.7 89.7 89.4 88.9
CO2 emissions, g/kW h 736.0 769.8 96.0 101.4 83.4 87.0
CO2 avoided, % – – 87.0 86.8 89.2 88.7
SPECCACUR, MJLHV/kgCO2 – – – 3.34 1.15 1.02
SPECCAADV, MJLHV/kgCO2 – – 3.02 – 1.74 1.61
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penalty of the lower gas turbine efficiency. Moreover, the reference
IGCC with pre-combustion capture features much higher auxiliary
consumptions (12% vs. 7% of the heat input), mainly associated
with higher consumptions for CO2 compression, Selexol process
auxiliaries and compression of pure nitrogen from the ASU used
for H2-fuel dilution. This compressed nitrogen stream is then
expanded in the gas turbine and is therefore partly responsible
for the higher gas turbine power output.

One way in which the GSC concept can further improve its com-
petitiveness is by eliminating the need for an N2 recycle loop,
which causes additional plant complexity and higher expected
capital costs. Nitrogen recycling will require an N2 recycle cooling
system and a gas cycle compressor with a higher inlet temperature
and volume flow rate. Avoidance of nitrogen recycle could be
achieved by injecting the majority of air into the reactor in a very
concentrated manner via a lance while the remainder is fed
through the distributor to keep the entire bed fluidized. Since the
gas/solid heat transfer rate is about four orders of magnitude faster
than the oxidation reaction rate and mixing in fluidized bed reac-
tors is generally very good, such a concentrated air injection can
theoretically extract the necessary heat while allowing most oxy-
gen to exit the reactor without reacting. This configuration can
potentially achieve the same outcome as the N2 dilution achieved
in Fig. 9 without the need for a separate N2 recycle loop.

3.2. Experiments

The three cases shown in Fig. 8 were tested in a lab-scale reac-
tor in order to evaluate the practical feasibility of implementing
these strategies to achieve autothermal operation in practice. In
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addition to these three cases, another case where 80% of the air
was injected via a concentrated injection point 0.1 m above the
distributor was included in order to assess the feasibility of reduc-
ing the temperature variation without having to recycle N2.

As mentioned previously, the operation had to be carried out at
relatively low temperatures due to large heat losses from the reac-
tor. The principle remains the same as at high temperatures, how-
ever, and the highly reactive Ni-based oxygen carrier employed
ensured that fuel slip was negligible.

The transient temperature profiles from the different cases are
depicted in Fig. 10 where it is shown that the favourable effect of
N2 addition could be reproduced in the experiments. The case with
concentrated air injection also showed an improvement relative to
the standard case, albeit not as great as dilution with N2. The
favourable effect of the concentrated air injection can possibly be
further increased by implementing this strategy in a 3D system
instead of the pseudo-2D reactor setup used in this study. A 3D
geometry would give the gas one more degree of freedom in which
to slip past the solids, thereby reducing the quality of gas/solid
contact.
4. Summary and conclusions

This paper explores advanced heat management strategies to
limit the gradual variation of reactor temperature over the GSC
cycle which leads to reduced electric efficiencies and possible fuel
slip. Simulation and experimental studies focussed on CLC, but
results are applicable to the implementation of the gas switching
principle in other chemical looping configurations as well.

It was shown that heat management strategies using N2 addi-
tion during the air stage could significantly increase electric effi-
ciency (from 38.2% to 41.6%). In addition, advanced heat
management resulted in substantially higher temperatures at the
end of the reduction stage, thus eliminating fuel slip due to slow
reaction rates. This removes the need for combustion of slipped
fuel after the reactor system. High efficiencies and complete fuel
conversion can also be achieved by using short cycles, but this
strategy leads to high amounts of undesired mixing of CO2 and
N2, thus negatively impacting on CO2 avoidance if intermediate
steam purging steps are not adopted.

When compared to packed and circulating fluidized bed CLC
technology, electric efficiencies are in a similar range (40.5–42%),
but CO2 capture ratios are substantially lower (89% vs. 96–97%).
This lower degree of CO2 capture should be balanced against the
avoidance of various material-related challenges faced by the
packed bed concept (material manufacturing costs, mechanical
stability issues, ilmenite activation challenges and reactor shut-
down on material replenishment). It should also be noted that
the CO2 avoidance of the GSC concept is about 2% higher than
pre-combustion CO2 capture technology, while electric efficiencies
are about 4%-points higher.

Furthermore, the need of a N2 recycle stream can potentially be
eliminated via a concentrated air injection to limit the degree of
oxygen conversion. This strategy was discussed and tested experi-
mentally with promising results. The GSC concept therefore
remains a promising candidate for rapid upscaling and deployment
of efficient and cost effective CO2 capture technology when a
favourable policy environment finally emerges.
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