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. Introduction

Chemical Looping Combustion (CLC) is one of the most promis-
ng technologies for CO2 capture from gas and coal fed power plants
Adanez et al., 2012). This process performs an indirect oxidation
f the fuel by means of an oxygen carrier, which is sequentially
educed and oxidized by the contact with fuel and air respectively
he most attractive characteristic of CLC technology is the intrin-
ic generation of a concentrated CO2 stream from fuel oxidation
ndiluted with air N2 as in oxyfuel combustion plants, but with no
eed of high cost and high electric consumption cryogenic air sepa-
ation unit (ASU). Extensive theoretical and experimental research

as been carried out in the last 10–15 years on the application of 
LC process on gaseous fuels, which led to the demonstration of 
he process by different research groups worldwide (Adanez et al.,
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2012). More recently, the direct utilization of solid fuels gained a 
great interest and was also tested at lab scale (Lyngfelt, 2014).

Different configurations have been proposed in the literature
for the CLC reactor system operated with gaseous fuels. Most of the
theoretical and experimental research up to now has been devoted
to interconnected dual fluidized bed systems. The integration of
such a system in power plants has been assessed in a number of
process simulation studies showing the potential of achieving high
efficiencies and near-zero CO2 emissions (Brandvoll and Bolland,
2004; Consonni et al., 2006; Cormos, 2010; Erlach et al., 2011;
Lozza et al., 2006; Naqvi and Bolland, 2007; Naqvi et al., 2007;
Sorgenfrei and Tsatsaronis, 2014; Wolf et al., 2005). However, for
power gen-eration from gaseous fuels, the CLC reactors need to
operate at high pressure and high temperature. As a matter of fact,
only high pressure operations allow feeding a gas turbine and
obtaining elec-tric efficiencies in line with competitive

technologies, which are all based on gas–steam combined cycles.

Interconnected dual fluidized bed systems have thus far not 
been demonstrated under high pressure operation (10–30 bar) due 
to well-known technical challenges related to the achievement of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijggc.2015.08.012&domain=pdf
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List of symbols

˛ volume fraction
�Hreaction,298 K enthalpy of reaction at 298 K (J/mol)
�el electric LHV efficiency
C molar concentration (mol/m3)
Cp specific heat capacity (J/(kg K))
cp molar heat capacity (J/(mol K))
d diameter (m)
ECO2 specific CO2 emissions (g/kW h)
H enthalpy (J)
HE Heat exchanger
HP/IP/LP high/intermediate/low pressure
HRSG heat recovery steam generator
k reaction rate constant
LHV lower heating value
N number of moles (mol)
Ṅ molar flow rate (mol/s)
n reaction order
P pressure (Pa)
R universal gas constant (8.314 J/(K mol))
RH heterogeneous reaction rate (mol/(m3 s))
ST turbine nozzle area
s ratio of unreacted core surface area to grain surface

area
SPECCA specific primary energy consumption for CO2

avoided
T temperature (K)
TV throttling valve
t time (s)
U velocity (m/s)
V volume (m3)
x distance along reactor height (m)
y species mole fraction

Subscripts
ADV advanced gas turbine technology
CUR current gas turbine technology
eff effective
g gas
gr grain
i species index
mf minimum fluidization
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table solid circulation between the two fluidized bed reactors at
igh pressure. Another technical issue is related to the need for a
igh pressure and high temperature filtering system to avoid
ntrainment of solid particles to the turbine, which may damage
he machine.

Another possible reactor configuration for CLC, which is gaining
ncreasing interest more recently, is the packed bed (PB) system
Hamers et al., 2013; Noorman et al., 2011b; Spallina et al., 2013)
he main advantage over fluidized beds is that the need for solid
irculation between pressurized reactors is avoided in this case
ince the oxygen carrier always remains in the same vessel, which
s sequentially fed with air and fuel by means of a switching valve
ystem.

In addition, if an oxygen carrier with proper mechanical
esistance to thermal and chemical stresses can be selected so that

o fines are formed during normal operations, high pressure and 
igh temperature filtration can be avoided in this case. On the 
ther hand, a high temperature switching valve system and a 
eries of parallel reactors are needed, which make the system 
ore complex. In addition, heat management is more 

omplicated in this
case. Steep temperature gradients occur in packed bed reactors
due to the establishment of reaction and heat fronts. Therefore,
proper operation strategies are needed to produce a flow with a
temperature sufficiently stable to feed a gas turbine.

This concept has been demonstrated at lab-scale tests in heated
reactors (Noorman et al., 2011a). Modelling works also explored
and compared different operation strategies, anticipating the
possibility of generating gas streams with sufficiently stable
temperature in adiabatic reactors with different oxygen carriers
(Noorman et al., 2011b; Spallina et al., 2013) or by combining two
oxygen carriers in the same bed (Hamers et al., 2013). Process sim-
ulation studies finally assessed the application of PB-based CLC
systems in integrated gasification CLC (IGCLC) plants, showing a
high potential of this option in terms of both electric efficiency and
CO2 emission (Hamers et al., 2014, 2015; Spallina et al., 2014), indi-
cating a limited expected difference with respect to fluidized bed 
systems (Hamers et al., 2014).

More recently, a third option for CLC reactor configuration,
based on a rotating reactor, has been proposed (Håkonsen and
Blom, 2011; Håkonsen et al., 2014). In this case, the metal oxide is
kept in a doughnut-shaped fixed bed that rotates between two
sections where it is contacted with the different gas streams flow-
ing radially outward through the bed. In this case, solid circulation,
high temperature gas filtering and high temperature valve system
are avoided. On the other hand, relevant gas leakages leading to
low CO2 capture efficiencies and/or low CO2 purity have been
observed from the first experimental tests. However, the
experimental tests performed up to now are limited and it is likely
that improved per-formance can be achieved after improvement of
the reactor design. A fourth option has been recently proposed,
based on the Gas Switching Combustion (GSC) concept (Zaabout et
al., 2013). In this case, the CLC process is based on a series of non-
interconnected fluidized beds sequentially exposed to air and fuel
streams. As in packed bed systems, no solids circulation between
pressurized reactors is needed in this case. At the same time,
uniform tempera-tures can be kept inside the reactors, making the
heat management simpler. Good mixing in the reactors also
negates the need for fuel dilution to avoid carbon deposition and
over-reduction of the oxy-gen carrier since the maximum degree
of reduction of the oxygen carrier can be controlled. Significant
efficiency penalties are asso-ciated with fuel dilution, especially
when steam from the steam cycle is used (Spallina et al., 2014). On
the other hand, the good gas mixing in the fluidized bed reactors
will lead to more undesired gas mixing after a switch in the feed
gasses is made, leading to lower
CO2 capture ratio and lower CO2 purity or requiring larger steam
consumptions for purging between oxidation and reduction
stages. A high temperature valve system and high temperature
filtering are also needed in this case.

However, the most important advantage of the fluidized bed
GSC concept over the packed bed is that material-related
challenges will be greatly reduced. Material development is the
primary chal-lenge hampering the progress of CLC systems
(Adanez et al., 2012) and any concept capable of minimizing this
challenge automatically appears highly promising.

The packed bed concept introduces new material-related chal-
lenges because it requires raw material to be shaped into pellets
which must display sufficient strength and reactivity in order to
function reliably over many cycles. Recent work examining sev-
eral different ilmenite-based materials has shown that only one
material with Mn2O3 as additive displayed promising mechanical
properties (Ortiz et al., 2014). In addition, in the packed bed

concept the reactor inlet is at a relatively low-temperature when 
reduction begins, since it is cooled to the temperature of the GT 
compressor outlet during the previous oxidation or heat removal 
phase. There-fore, low-temperature reduction with syngas 
towards the start of the reactor is required unless the more 
complex solution of feeding
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ir and fuel from opposite sides of the reactor is implemented as
escribed in the counter-current configuration in Spallina et al
2014) or a two-stage system is employed (Hamers et al., 2015).

Initial modelling studies showed that complete conversion can
e achieved in the packed bed reactor even using the simplest con-
guration (Spallina et al., 2013). These results might be optimistic
owever, as kinetics determined for ilmenite powder between 800
nd 950 ◦C at atmospheric pressure (Abad et al., 2011) were used
o simulate a packed bed reactor with ilmenite pellets operating
etween 400 and 1200 ◦C at 20 bar. Firstly, conversion at tempera-
ures as low as 400–450 ◦C should be confirmed, since
xtrapolation of kinetics determined at 800–950 ◦C might not be
epresentative under these conditions. Secondly, the effect of
ntra-particle mass transfer should be further investigated
specially if fast kinetics is used in pressurized systems. And
hirdly, it is possible that kinet-ics at 20 bar is substantially slower
han kinetics at atmospheric pressure based on high pressure TGA
xperiments performed on an Fe-based oxygen carrier material
Abad et al., 2007).

Three more generic material-related advantages of the
uidized bed over the packed bed can also be identified. Firstly, no
pecial-ized material manufacturing is required as in the case of
he packed bed system as very cheap raw ilmenite ore can be used
irectly in the reactor (Cuadrat et al., 2012). Secondly, continuous
eplenish-ment of spent material should be possible as opposed to
he packed bed which will have to be taken offline and reloaded
hen the oxygen carrier material is spent. And thirdly, since fresh

lmenite shows poor reactivity before it has been activated over a
umber of cycles (Adanez et al., 2010), the packed bed reactor will
equire a special material activation procedure each time that the
eactor is reloaded with fresh material (or the material must be
re-activated outside of the reactor at a significant cost). In
ontrast, the well-mixed GSC reactors can be initially started up
ith only a small fraction of preactivated material in a bed of

resh material and fresh material can continuously be used to
eplenish spent material to be activated in situ through the
igh temperatures present throughout the reactor.

Due to these advantages, this work has been conducted to
ssess the integration of the GSC reactor system in a complete
ower plant based on coal gasification. On one hand, different
eactor operating modes are assessed and compared, discussing
heir suitability for application in a GT-based power cycle
articular attention is given to the effects of the different
peration strategies on the variability of the hot gas temperature
o CO2 capture ratio and CO2

urity. On the other hand, the results of the complete IGCLC power
lant process simulations are presented, discussing the potential
f this system in terms of net electric efficiency and CO2 capture
atio achievable. Process simulations are carried out with assump-
ions coherent with previous or parallel studies of the authors of
his paper on PB and FB-based IGCLC plants (Hamers et al., 2014;
pallina et al., 2014), allowing a direct comparison of the results
mong these studies.
. Reactor simulations

The GSC cycle was simulated via a Continuous Stirred-Tank
eactor (CSTR) model where perfect mixing is assumed. This
ssumption should be reasonably accurate in the well-mixed flu-
dized beds used in the GSC concept.

.1. Model equations

The mole and energy balances solved by the CSTR model will be

escribed in this section. Individual mole balances were carried out
or each species as follows:
dNi

dt
= Ṅi,in − Ṅi,out + Ṅi,reaction (1)
The reaction term (Ṅ i,reaction) was calculated under the assumption 
that the three reactions below occur instantaneously whenever all 
the reactants are present. The validity of this assumption of com-
plete reactant conversion is verified in Appendix.

H2 + Fe2O3 → 2FeO + H2O

CO + Fe2O3 → 2FeO + CO2

O2 + 4FeO → 2Fe2O3

The outflow rates (Ṅ i,out ) in Eq. (1) were calculated by solving an
overall mole balance of all the gaseous species passing through the
reactor (Eq. (2)). The effect of transient temperature variations on
the accumulation term was calculated via the ideal gas equation of 
state given the constant gaseous volume in the reactor.

Ṅi,out = yi

(
Ṅin + Ṅreaction + PV

RT2

dT

dt

)
(2)

The mole fraction at the reactor outlet (yi) was assumed equal to
the mole fraction in the perfectly mixed CSTR.

Energy conservation was carried out as follows:

dH

dt
=

n∑
i=1

(
Ṅi,in

∫ Tin

298

cp,idT

)
−

n∑
i=1

(
Ṅi,out

∫ Tout

298

cp,idT

)

−
∑

Ṅreactant�Hreaction,298 K (3)

On the right hand side of Eq. (3), the first two terms represent the
energy extraction from heating up the gasses passing through the
reactor, the third term represents the enthalpy of reaction (highly
exothermic for oxidation and slightly endothermic for reduction),
and the last term represents the losses from the pressure drop over
the bed.

The rate of enthalpy change (left hand term in Eq. (3)) manifests
a temperature change in all the material present inside the reactor,
thus resulting in the energy balance in Eq. (4).

n∑
i=1

(
Nicp,i

dT

dt

)
=

n∑
i=1

(
Ṅi,in

∫ Tin

298

cp,idT

)

−
n∑

i=1

(
Ṅi,out

∫ Tout

298

cp,idT

)
−

∑
Ṅreactant�Hreaction,298 K (4)

2.2. Geometry, boundary conditions and materials

The simulated reactor was 12 m in height and 7 m in diame-ter.
The average solids volume fraction in the reactor was taken as 0.35
(creating a static bed height of 7 m at a solids volume frac-tion of
0.6). Such a tall bed was selected to increase the validity of the
assumption of complete reactant conversion under the short
residence times and large bubbles created by fairly vigorous flu-
idization conditions (10–20 times Umf if 200–250 �m particles are
used). A relatively high fluidization velocity was required to ensure
a reasonable reactor diameter. Vigorous fluidization would also
ensure validity of the assumption of perfect mixing in the reactor.

Inlet boundary conditions are given in Table 1. The case
depend-ent variables in Table 1 were generally determined as
follows: the fuel stage time would be changed to adjust the degree
of oxy-gen 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 
(mostly 7 times larger) 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 temperature of 1200 ◦C in each run.



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
CO 0.0003
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The oxygen carrier density was taken as 4000 kg/m3 (typical
alue for ilmenite ore) and was simulated to consist only of Fe2O3
eO and TiO2. In the fully oxidized state, 33% (weight) of the particle
as composed of Fe2O3 with the remainder being TiO2. Temper-

ture dependent thermodynamic data was taken from Robie and
emingway (1995) for the solids and the JANAF thermochemical

ables (Stull and Prophet, 1971) for the gas.
No pressure drop was considered over the distributor under the

ssumption that this is small enough to be neglected at this stage
f the investigation into the GSC concept. A review of studies on
he required distributor pressure drop conducted by Kunii and
evenspiel (1991) yielded a broad range of recommendations ran-
ing from 1.5% to 40% of the overall bed pressure drop. The
equired distributor pressure drop decreases substantially with
ncreasing fluidization velocity though. For example, the lower-
ound rec-ommendation of 1.5% of overall bed pressure drop is
alid for fluidization velocities much greater than 2Umf (Hiby
964). For fluidization velocities below 2Umf, the recommended
istributor pressure drop is 15% in the same study. The vigorous
uidization employed in this study should therefore allow for the
se of a rel-atively small distributor pressure drop without
ompromising the quality of fluidization.

It should also be mentioned that no inflow or outflow of solids
s considered in this study. In reality, some flowrate of hot solids

ill leave the reactor to be replenished by cold material, thus
eading to some degree of thermodynamic efficiency loss in the
verall plant. Here we assume a good oxygen carrier material
hich remains active in the reactor for hundreds of cycles, thereby
aking this effect negligibly small.

.3. Solver settings

The CSTR model was solved iteratively at each timestep using
isual Basic in MS Excel. Model testing revealed that a high level
f numerical accuracy could be achieved when 1 s timesteps were
mployed.

.4. Operation and data extraction

The model returned transient reactor outlet profiles of tem-
erature, mass flow rate and gas composition. These data were
rocessed to deliver the average temperature, mass flow rate
nd composition of both the CO2-rich and depleted air outlet
treams to the power-plant simulation. The average temperature
as determined by means of a weighted average as follows: Tave =

ṁCpT/ ṁCp.
. Integration of GSC process in a complete power plant

The configuration of the complete power plant based on the 
SC process assessed in this work is shown in Fig. 1.
2

O2 0.2073
Ar 0.0092
N2 0.7729

Coal gasification is performed by means of the Shell gasifica-
tion process, which has been described more in detail in previous
works (Spallina et al., 2014). South African Douglas Premium bitu-
minous coal is loaded with high pressure CO2, taken from the final
CO2 compression section. CO2 is used here instead of N2 typically
employed in dry-feed gasifiers in order to avoid excessive dilution
of the final CO2. Coal is gasified with a 95 vol.% pure O2 stream pro-
duced by a stand-alone cryogenic air separation unit (ASU) based
on a double reboiler LP column and pumped liquid oxygen process
(IEA, 2005). Part of the IP steam generated in the gasifier
membrane walls is also injected in the gasifier as temperature
moderator. Syn-gas produced in the gasifier is quenched to 900 ◦C
with recycled low temperature syngas, allowing for the complete
solidification of the ash. Afterwards, syngas is cooled in convective
syngas coolers by producing high pressure moderately
superheated steam at 400 ◦C and high pressure saturated water.

After the first cooling section, syngas is filtered in candle filters
and scrubbed to remove the remaining fines and absorb the sol-
uble contaminants. Syngas is then slightly reheated and sent to a
catalytic COS hydrolyser, where all the sulfur is converted into H2S.
Syngas is then cooled in the low temperature heat recovery sec-
tion, where low temperature water is produced for different uses in
the plant (water for syngas saturator, scrubber water heater, steam
cycle water economizer). After a final cooling by cooling water, H2S
is removed by Selexol physical absorption process. Cleaned syngas
from AGR unit is then heated up and moisturized in a saturator and
then heated up to 300 ◦C with heat from raw syngas cooling.
Preheated syngas is then fed to the GSC unit where it is oxidized by
the OC. It must be highlighted that, differently form packed bed
CLC systems, after the saturator no further dilution with steam or
recycled CO2/H2O is performed in this case. As a matter of fact, the
intense mixing obtained in fluidized beds leads to good availabil-
ity of oxidized OC in the entire volume of the reactor, capable of
releasing oxygen in reducing atmospheres reducing in this way the
risk of C deposition.

The generated CO2/H2O stream is then cooled down to nearly
ambient temperature by raising high pressure steam, by produc-
ing HP saturated water and by further cooling by cooling water.
CO2-rich stream is then sent to the CO2 purification unit (CPU),
where CO2 is purified according to the specifications of the trans-
port pipeline and the storage site. In this study, a CO2 content of
around 96 mol.% has been assumed. This purification 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 nitrogen 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. Therefore,

finding oper-ating conditions minimizing leakages of non-
condensable gases to the CO2 stream is a primary objective of GSC 
process optimization. CO2 purification is based on the auto-
refrigerated dual-flash process shown in Fig. 2, similar to the one 
presented in Chiesa
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Fig. 1. Configuration of the base IGCLC pla
t al. (2011). The cooled CO2 from the CLC reactors is pressurized 
o 25.8 bar, mixed with the recycled CO2 recovered from the lock 
opper system and sent to the drying section, where water is com-
letely adsorbed to avoid solids formation in the downstream low

Fig. 2. Schematic of the CO2 purification and compressi
sed on GSC process assessed in this work.
temperature section. CO2 is then cooled to −33 ◦C in a multi-flow
heat exchanger and sent to the first flash vessel where a first sep-
aration between a rich-CO2 liquid and a vapor containing most
of the non-condensable gases is performed. This vapor is then

on unit (HE, heat exchanger; TV, throttling valve).
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urther cooled down to −54 ◦C in another multi-flow heat
xchanger and sent to the second flash vessel. Vapor released from
he second flash is expanded to nearly ambient temperature in a
ow temperature three-stage inter-heated expander, producing
hilling power for impure CO2 stream cooling and some electric
ower. Liquid stream from the two flash vessels is also throttled to
roduce chilling power and provide the required �T in the heat
xchangers. The purified CO2 streams, re-evaporated in the heat
xchangers, are compressed to the pressure of 88 bar, condensed
nd pumped to the final pressure of 150 bar. During the compres-
ion process, part of the CO2 is extracted at 56 and 88 bar to be
sed in the gasification island for coal loading and candle filters
leaning. The power island of this IGCLC plant is based on a gas–
team combined cycle. Similarly to all the pressurized CLC
ystems, GSC process is fed with a compressed air stream and
eleases a hot O2-depleted air stream which is expanded in the gas
urbine. In other words, the air reactor of the GSC replaces the
ombustor of the gas turbine. Expanded gas is then cooled in a heat
ecovery steam generator and then vented to the atmosphere. Also
n this case, CO2 leakages to the air flow occur when switching
rom the fuel to the air stage. This leakage has the effect of
educing the CO2 capture efficiency of the plant, since it is
ventually vented to the atmosphere with the O2-depleted air.

The bottoming heat recovery steam cycle is based on a three
pressure level (170/36/4 bar) Rankine cycle with reheat. Heat is
ecovered from GT flue gas, CO2/H2O stream cooling and syngas
oolers. Final superheating and reheating up to 565 ◦C are carried
ut with the CO2/H2O stream. As a matter of fact, gas turbine outlet
emperature is not high enough to achieve the selected maximum
team temperature, typical of large state-of-the-art heat recov-ery
team cycles. Therefore, the moderately superheated HP and IP
team produced from syngas and GT flue gas cooling is finally
uperheated with the high temperature CO2/H2O stream.

In addition to this basic configuration of the power island, more
ophisticated cases have been considered, where part of the N2-
ich gas at HRSG outlet is recycled at compressor inlet so as to
educe the oxygen concentration in the air stream sent to the GSC
rocess. The increased inert content allows reducing the
emperature increase during the oxidation step, increasing in this
ay the average turbine inlet temperature and the cycle efficiency
dditional details on the GSC system operations under these
onditions are described in the following.

The main assumptions used for the simulations are resumed
n Table 2. These assumptions are coherent with those used in
amers et al. (2014) and Spallina et al. (2014) and are mainly

aken from the EBTF document (EBTF, 2011), properly adapted
hen needed after discussion with the industrial partners of the

U-funded DemoCLOCK project (DemoCLOCK, 2011). Process sim-
lations are performed with the GS code (Gecos, 2014), except for
O2 compression and purification unit, which is calculated with
spen Plus utilizing the Peng Robinson equation of state with
efault coefficients.

.1. Integrating the GSC process in a gas turbine power cycle

A significant issue to discuss for the integration of the GSC pro-
ess in a combined cycle is related to the requirements for the
tream to be expanded in the gas turbine, which are particularly
tringent. First of all, gas expanded in the turbine needs to be virtu-
lly free of entrained particles, which may erode the blades surface
nd block the cooling channels. This requires a deep filtration of
he hot air stream before expansion. In addition, temperature and
ass flow rate has to be as stable as possible. To explain the effect 
f temperature and mass flow rate variations, it can be recalled 
hat industrial gas turbines characteristic curve is typically governed 
y the fluid dynamics of the first nozzle, which operates under
chocked conditions. This means that under operations with ideal
gases of given composition, the dimensionless mass flow rate ṁR

keeps constant for a given geometry (Eq. (5), where temperature,
pressure and flow rate refer to the conditions at the inlet of the
turbine with nozzle area ST).

ṁR = ṁ
√

RT

p · ST
= constant (5)

Therefore, variations of mass flow rate and temperature of the
inlet gas lead to corresponding variations of the inlet pressure (pro-
portionally to the variations of the mass flow rate and of the square
root of the temperature in K), which can affect the mechanical
resistance of the upstream equipment, of the gas turbine bear-
ings (which should be properly sized) and could lead to unstable
compressor operations. In addition, temperature variations induce
thermal fatigue phenomena, which reduce the life of the com-
ponents exposed to temperature gradients (in particular the first
turbine nozzle, in this case).

Other requirements to achieve good efficiency of the gas turbine
are related to the �p between the air compressor outlet and the tur-
bine inlet, which should be the lowest possible, and to the turbine
inlet temperature, which should be the highest possible compati-
bly with the materials and the cooling technology of the turbine. All
these points should be considered when evaluating the integration
of the GSC process with a gas turbine and will be discussed in the
sensitivity analysis presented in the following sections.

4. Results and discussion

Results will be presented in five main sections. In the first sec-
tion, the effect of changing the fuel feed rate in order to adjust the
number of reactors required will be investigated. Secondly, the
degree of oxygen carrier utilization will be changed to increase the
cycle time and improve CO2 separation efficiency. Thirdly, a steam
purge stage will be inserted between the fuel and air stages in
order
to reduce mixing of CO2 and N2. Fourthly, advanced heat manage-
ment strategies using an N2 recycle stream will be investigated.
Finally, results are summarized and compared to an IGCC plant with
standard CO2 capture technology.

4.1. Effect of fuel feed rate

Three cases were completed under operating conditions as given
in Table 1. Case A1 was designed for a cluster of 8 reactors (1 in
reduction and 7 in oxidation/heat removal), Case A2 for a cluster of
4 reactors and Case A3 for a cluster of only 2 reactors.

Case A1 requires the largest number of reactors in the cluster,
but will exhibit better reactor utilization. For example, the 8 reac-
tors achieve a consistent fuel throughput of 72.27 kg/s, while Case
A3 achieves a 7 times lower fuel throughput using 2 reactors. There-
fore, 7 clusters operating according to Case A3 (14 reactors in total)
will be required to achieve the same throughput as the 8 reactors
of Case A1.

More importantly, however, outlet streams from the large
num-ber of reactors under oxidation can be mixed before being
sent to the turbine in order to minimize the overall fluctuations in
mass flow rate and temperature. This is important because, as can
be seen in Fig. 3, the outlet mass flow rate and temperature from
each single reactor outlet stream vary substantially over one cycle.

As shown in Fig. 3, the fuel stage cools the reactor due to the
heat extracted by the gas and the slightly endothermic reaction.

The mass flow rate at the outlet also increases as denser CO2 dis-
places lighter N2 at the outlet. As the air stage begins, the outlet 
temperature starts to increase rapidly due to the highly exother-
mic oxidation reaction. The mass flow rate also drops because 23%
of the mass in the air stream (O2) is consumed in the oxidation



Table 2
Main assumptions for the calculation of the IGCLC power plant.

Bituminous South African Coal (composition and heating values)
Composition, wt.%: C

66.52 (fixed C 54.9%); N
1.56; H 3.78; S 0.52; O 5.46,
Ash 14.15; Moisture 8.
LHV: 25.02 MJ/kg; HHV:
26.04 MJ/kg

Gasification and coal pre-treating unit
Gasification pressure, bar 44
Oxygen to carbon ratio, kgO2

/kgcoal 0.903
Heat losses in gasifier, % of input LHV 0.7
H2O in coal after drying, wt.% 2
Fixed carbon conversion, % 99.3
Moderator steam, kgH2O2

/kgcoal 0.09
Moderator steam pressure, bar 54
Temperature of O2 to gasifier, ◦C 180
Heat to membrane walls, % of input coal LHV 2
Coal milling and handling, kJe/kgcoal 50
Slag handling, kJe/kgash 100

Syngas quench
Quenched syngas temperature, ◦C 900
Cold recycled syngas temp, ◦C 300
Recycle compressor polytropic efficiency, % 75
Recycle compressor el./mech. efficiency, % 92

CO2 operated lock hoppers
VHP/HP CO2 pressure, bar 88/56
CO2 temperature, ◦C 80
CO2 consumption, kgCO2

/kgdry-coal 0.826
CO2 not recovered for CCS, % of CO2 inlet flow rate 10

Air separation unit
Oxygen purity, mol.% 95
Pressure of delivered oxygen, bar 48
Pressure of delivered nitrogen, bar 1.2
Temperature of delivered O2 and N2, ◦C 22
Electric consumption, kWhe/tO2 325
LP steam heat rate for TSA beds regeneration, kWhth/tO2 58.3

Heat exchangers
Minimum �T in gas–liquid, liquid–liquid, gas-evaporating fluid heat exchangers, ◦C 10
Minimum �T in gas–gas and gas–steam heat exchangers, ◦C 25
Heat losses, % of heat transferred 0.7
Maximum steam T in the syngas coolers, ◦C 400

Acid gas removal (Selexol process)
Syngas temperature at absorption tower inlet, ◦C 35
Syngas pressure loss, % of inlet pressure 1
LP steam heat rate, MJth/kgH2S 20.95
Electric consumption for auxiliaries, MJe/kgH2S 1.93

Gas turbine
Compressor pressure ratio 20.0
Maximum compressor polytropic efficiency,a % 92.5
Maximum efficiency of large turbine stages (cooled/uncooled),a % 92.1/93.1
Mechanical efficiency of each turbomachine, % 99.865
Gas turbine auxiliary consumption, % of net mechanical power 0.35
Electric generator efficiency, % 98.7

Pressure drops
Syngas pressure drop between gasifier and AGR, % of gasifier outlet pressure 12
Gas side pressure drop in HRSG, kPa 3
Pressure drop for CO2/H2O stream cooling, % of GSC reactor outlet pressure 6

Heat recovery steam cycle
Pressure levels, bar 170/36/4
Maximum SH/RH steam temperature, ◦C 565
Sub-cooling �T, ◦C 5
Pressure losses in HP/LP economizers, % of inlet pressure 25
Pressure losses in superheaters/reheaters, % of inlet pressure 7/8
Condensing pressure, bar 0.048
HP/IP pumps hydraulic efficiency, % 85/75
HP/IP/LP steam turbine isentropic efficiency, % 92/94/88
Turbine mechanical efficiency, % 99.6
Electric generator efficiency, % 98.7

CO2 compression and purification
HT/HL knock-out drum separation temperature, ◦C −33/−54
Drier inlet pressure, bar 25.8



Table 2 (Continued)

Minimum �T in heat exchangers, ◦C 2
Expanders isentropic/mechanical-electric efficiency, % 82/90
Expanders inter-heaters outlet temperature, ◦C −45
IC compressor isentropic/mechanical-electric efficiency, % 82/94
Last stage IC compressor CO2 discharge pressure, bar 88
Intercoolers outlet temperature, ◦C 30
CO2 condensation temperature, ◦C 25
Pressure drop in each intercooler, % of inlet pressure 1
Pump mechanical efficiency, % 90
Pump hydraulic efficiency, % 75
CO2 delivery pressure, bar 150

Other auxiliaries
Power for heat rejection to the environment, MJe/MJth 0.008
Miscellaneous balance of plant, % of input coal LHV 0.15
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a Values in the table are referred to large machines: the actual efficiency is calcul

eaction. This process continues until the oxygen carrier becomes
ompletely oxidized and the outlet mass flow rate increases to
qual the inlet mass flow rate. After this point, no reactions take
lace and the temperature starts dropping due to heat extraction
y the air stream.

The significant variations in the red shaded area of Fig. 3 (the
art of the stream that will go to the gas turbine) will not allow for
afe and efficient turbine operation. This is why it is important to
ix the streams of all the reactors residing in the air stage together

n order to minimize these variations. The result of this mixing is
hown in Fig. 4 where it can be seen that significant fluctuations
till exist, but that these fluctuations are small relative to the total
ass flow rate and temperature. In this case, the difference

etween minimum and maximum values of the dimensionless
ass flow rate (Eq. (5)) was only 3.26% of its average, while
aximum temperature variation was about 4 ◦C.
Even though the combined outlet streams from the large cluster

f reactors in Case A1 creates a suitable feed stream to the turbine
he short fuel stage time (only 2 min) creates a situation where
he time of CO2 and N2 mixing becomes relatively long. This is
llustrated in Fig. 5 where it becomes clear that the time where sig-
ificant amounts of CO2 and N2 are present simultaneously in the
utlet stream is relatively long. This will impede the CO2

eparation efficiency of this process.
Another important insight from Fig. 5 is that the outlet stream

omposition change is delayed for about 13 s following the change
f inlet gasses. This implies that it will also be best to delay the
utlet switching mechanism for 13 s relative to the inlet switch-

ng mechanism as illustrated in Fig. 5. For Case A1, this will be 
ossible because Fig. 3 shows that the mass flow rate in the first 
art of the fuel stage is similar to the mass flow rate in the air 
tage, implying that a blend of the delayed gas turbine stream will

ig. 3. Reactor outlet mass flow rate and temperature across the cycle for Case A1. The gree
he air stage (120–960 s). (For interpretation of the references to colour in this figure lege
y GS code as function of the machine/stage size.

show similarly small fluctuations as illustrated in Fig. 4. In fact, the
delayed switching case resulted in dimensionless mass flow rate
variations of 3.45% and temperature variations of 3.3 ◦C.

For the other two cases (A2 and A3), however, the mass flow
rate in the fuel stage is much lower and the number of reactors
from which the outlet streams can be mixed is also lower. This
implies that a delayed outlet stream switch will create
unacceptably large fluctuations in the mass flow rate to be sent to
the turbine. For example, in Case A2 an outlet stream switch at the
same time as the inlet stream switch results in a dimensionless
mass flow rate variation of 7.87%, while a delayed outlet stream
switch results in a variations of about 22%. For Case A3, these
values were 25% and 96% respectively.

The outlet switch delay which could be accomplished in Case
A1 resulted in significant increases in CO2 separation performance.
The CO2 separation efficiency (percentage of produced CO2 not lost
through the stream going to the gas turbine) increases from
85.9% to 89.9%, while the CO2 purity (the percentage of CO2
in the stream going to CO2 compression after steam condensa-
tion) increased from 78.5 to 84.8%. When no outlet switch delay
was implemented, the other two cases achieved very similar CO2
separation performance as Case A1. These results together with
the lower total number of reactors imply that a large reactor
cluster similar to Case A1, with similar air and fuel feed flow rates
to the reactors, appears as the best configuration. There-fore, this
configuration will be employed in the remainder of this work.

4.2. Effect of oxygen carrier utilization
The runs completed in the previous section have a fairly low 
oxygen carrier utilization of around 22.5% in order to limit the

n shaded area indicates the fuel stage (first 120 s) and the red shaded area indicates
nd, the reader is referred to the web version of the article.)
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Fig. 4. Dimensionless mass flow rate (Eq. (5)) and temperature of the combined outlet stream of the 8 reactors in the air stage in Case A1. The dimensionless mass flow rate 
was normalized so that the average value over the cycle was set to a value of 100.

Fig. 5. Reactor outlet species mole fractions across the cycle for Case A1. The green shaded area indicates the fuel stage (first 120 s) and the red shaded area indicates the air
stage (120–960 s). The two vertical lines at t = 13 s and t = 133 s indicate the delay in outlet gas switching necessary to improve CO2 separation.

Table 3
Stage times and gas feed rates for the simulations investigating the effect of fuel feed rate.

Case Fuel feed rate (kg/s) Air feed rate (kg/s) Fuel stage time (s) Air stage time (s)

A1 72.27 103.7 120 840
A2 30.97 103.7 280 840
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A3 10.32 103.7

emperature variation across the cycle. The greater temperature
ariation occurring at higher levels of oxygen carrier utilization
ould be thermodynamically unfavourable, but will also reduce

he length of the CO2/N2 mixing periods between oxidation and
eduction relative to the total cycle length, thereby improving the
O2 separation efficiency. This trade-off will be investigated more
losely in this section through the cases outlined in Table 4. Note
hat Case B1 is identical to Case A1 in Table 3.

In Fig. 6, the performance of the GSC process for the four Cases
1–B4 (identified by the maximum OC utilization) is reported in
erms of N stream temperature, CO purity and CO separation
2 2 2 
fficiency. Values of CO2 purity and CO2 separation efficiency in 
his case refer only to the GSC system (i.e. they are different from 
he overall values of the complete plant). In Fig. 7, the resulting

able 4
tage times and air feed rates for the simulations investigating the effect of oxygen carr
aximum OC utilization indicates the degree of conversion that would be achieved if 100

Case Maximum OC utilization (%) Air feed rate (

B1 22.8 103.7
B2 45.6 100.5
B3 68.4 102.0
B4 91.2 98.0
840 840

electric efficiency and CO2 capture ratio obtained by the complete 
power plant simulations are reported.

First, it can be observed that by increasing the OC utilization
from 22.8 to 91.2%, the average temperature of the N2 stream
reduces from about 1154 ◦C to 965 ◦C (Fig. 6). This is due to the
higher temperature increase during the air stage when OC utiliza-
tion is increased, as a consequence of the longer duration of the
oxidation reactions and the upper temperature limit of 1200 ◦C
assumed.

The lower turbine inlet temperature has a direct effect on the
power plant efficiency, which reduces by about 5.5 percentage

points in the range assessed (Fig. 7). On the other hand, low OC uti-
lizations lead to larger gas mixing when reactor feeding is switched 
from air to fuel stage and vice versa. As shown in Fig. 6, this leads

ier utilization. The fuel feed rate was kept constant at 72.27 kg/s for all cases. The
% of the fuel feed reacted successfully.

kg/s) Fuel stage time (s) Air stage time (s)

120 840
240 1920
360 3240
480 5280
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Fig. 6. Performance of the GSC process for different OC utilizations, in terms of N2 temperature, CO2 purity and CO2 separation efficiency.
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Fig. 7. Power cycle performance in terms of electric efficiency a

o both lower CO2 separation efficiencies (due to CO2 slip to the N2 
tream) and lower CO2 purities (due to N2 and O2 slip to the CO2 
tream). The same trend is observed for the overall CO2 capture
atio from the complete plant (Fig. 7). Values of the CO2 capture
atio are however lower than obtained for the sole GSC process.
his is due to two additional sources of CO2 losses: CO2 leakage
rom the CPU (primarily influenced by the purity of the CO2-rich
tream and hence by the operation of the GSC process) and CO2 
missions from the lock-hoppers and coal drying system (inherent
o the coal gasification process and independent of the GSC pro-
ess). The contributions of these three sources to CO2 emissions are
iven in Fig. 8 where it becomes clear that the CO2 separation
fficiency of the reactors is the major factor driving CO2 emissions
rom the simulated plant.
.3. Effect of steam purging

An alternative option for improving CO2 capture efficiency while 
aintaining reasonable electric efficiencies is to insert a steam

22.8 45.6 68.4 91.2

OC u�liza�on, %

Fig. 8. Sources of CO2 emission for different oxygen carrier utilizations.



Fig. 9. Reactor outlet flow rate and temperature over the cycle of Case C1 in Table 5. The green area indicates the fuel stage (first 120 s), the blue areas the purging stages
( retation of the references to colour in this figure legend, the reader is referred to the web
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120–240 s and 1080–1200s) and the red area the air stage (240–1080s). (For interp
ersion of the article.)

urge stage between the oxidation and reduction stages. Such a
urge stage can greatly reduce contact between N2 and CO2 when
witching from reduction to oxidation, thereby allowing for low
egrees of oxygen carrier utilization (and thereby low temperature
ariations across the cycle) to be implemented. This option was
nvestigated through the cases shown in Table 5.

Cases C1–C5 were assessed where the amount of steam used for
urging varies from 0.5 to 2.5 times the reactor volume. In all the
ases, the duration of the purge phase was 120 s and therefore
eads to the addition of two reactors to the GSC reactor system. In
his analysis, it was assumed that no reverse reaction between the
educed oxygen carrier and steam would result. This should be a
easonable assumption under the low levels of oxygen carrier
tilization (∼20%) investigated here.

A slight modification to the plant flowsheet shown in Fig. 1 was
onsidered for these cases, consisting in the addition of a LP evapo-
ator on the CO2-rich stream cooling line. As a matter of fact, due to
he increased water content in the CO2-rich stream from the GSC
ystem when steam purging is performed, a higher thermal power
an be recovered at medium temperature from the condensation
f this steam. Therefore, the addition of this LP evaporator allows
educing the thermodynamic penalty associated to steam purging.

Due to the low steam flow rates, the delayed switching mech-
nism discussed around Fig. 5 could not be employed. As shown in
ig. 9, very large variations in the mass flow rate at the reac-tor
utlet take place when switching from reduction to purge or from
xidation to purge. This implies that the outlet gasses must be
witched at the same time as the inlet gasses in order to avoid
arge fluctuations in the mass flow rate sent to the turbine.

Even though the outlet gasses had to be switched at the same
ime, good CO2 capture efficiency could still be achieved due to the
urging stage. On the other hand, steam extraction has a detri-
ental effect on the plant efficiency, since it reduces the steam

xpanded in the steam turbine. The effect of increasing steam
urge rates on electric efficiency and CO2 capture ratio is given in

ig. 10. The trade-off between electric efficiency and CO2 capture 
atio is once again clearly visible. When comparing Fig. 10 to Fig. 
, it is shown that higher CO2 capture ratio can be achieved by 
team purging. Over 90% capture can be obtained for steam 
onsumptions
able 5
team and air feed rates for the simulations investigating the effect of purging. The fuel fl

Case Steam flow rate (kg/s) Air feed rate (kg/s)

C1 7.9 101.5
C2 15.8 99.0
C3 23.7 97.5
C4 31.6 95.0
C5 39.5 93.0
ratio for the different steam purging rates. Points with no steam purging (number of
reactors filled with steam = 0) are also reported with reference to Case B1.

of about 1.6 reactor volumes per purge step or higher (Fig. 10), to
be compared with the 89% reached by simply increasing the OC
uti-lization up to 90% (Fig. 7). This result is due to the fact that CO2
and N2 mixing can be in principle indefinitely reduced by
increasing the steam used for purging. On the contrary, a
minimum level of mix-ing between the gases from the different
stages is always present by acting only on the OC utilization,
related to the volume of the reactors and the amount of reactive
gas used in each stage.

From Fig. 10 it is also possible to compare the cases with steam
purging with the reference Case B1, without purging (number of
reactors filled with steam = 0). As expected, this reference case has
higher efficiency and lower CO2 capture ratio with respect to the
cases with purging assessed. It is however evident that its perfor-

mance would be better than it would be obtained by extrapolating 
to zero the purging curves. This is due to the favourable effect of the 
delay switching strategy of Case B1, which would hence perform 
better than a hypothetical case with very low steam purging.

ow rate was kept at 72.27 kg/s.

Fuel/steam stage time (s) Air stage time (s)

120 840
120 840
120 840
120 840
120 840
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Fig. 11. Sources of CO2 emission for different steam purging rates.

The breakdown of CO2 emissions from the cases with different
consumption of steam for purge is shown in Fig. 11. The higher
eduction of CO2 leakage to the N2 stream and of CO2 lost from the
PU is clear by comparing this figure with Fig. 8.

From the comparison between Fig. 10 and Fig. 7, it also appears
hat, if intermediate CO2 capture levels are accepted, the addition of
he steam purging step would be slightly preferable over increasing
he OC utilization. For example, if a target CO2 capture ratio of 85
r 80% is selected, net efficiencies of about 40.5 and 41% can be
btained by acting on the OC utilization (Fig. 7), vs. about 41 and
1.1% by introducing the purge stage (Fig. 10).

Finally, one possible way to further improve the performance of
his strategy might be to feed the steam at a sufficiently low
owrate in order to defluidize the reactor. This would lead to fluid-
ynamic regime closer to plug flow instead of CSTR for the gas
owing through the reactor, thereby improving the quality of
urg-ing for a given steam flow rate. More complex modelling is
equired to accurately describe this strategy and repetitive
efluidization and refluidization of the reactor could lead to some
perational challenges.

.4. Advanced heat management strategies

Finally, some advanced heat management strategies have been

nvestigated where both high efficiencies and high CO2 capture
atio can be achieved. The core of this strategy is a recycling of
he N2 stream from the gas turbine in order to dilute the air stream
ed to the reactor during the oxidation stage. Using this process
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ig. 12. Comparison of the temperature variation over the standard cycle with a maximum
2 recycle diluting the air feed stream: simple N2 recycle (Case D1) and advanced N2 recy
configuration, the temperature rise under oxidation can be con-
trolled so as to limit the temperature variation over the cycle and
allow for high efficiencies even for high levels of oxygen carrier
utilization.

The simplest such strategy, termed Case D1, would be to dilute
the air feed to the oxidation stage with recycled N2 from HRSG out-
let in such a way that the oxidation reaction proceeds for almost
the entire oxidation stage. As shown in Fig. 12, this modifica-tion
leads to great reductions in the temperature variation across the
cycle with respect to a reference case with the same OC uti-lization
(i.e. Case B4) and should therefore result in substantial
improvements in plant efficiency. In addition, this configuration
allows for the fuel stage to take place at high temperatures,
thereby achieving high reaction rates and reducing the risk of CO
slip when reaching high degrees of oxygen carrier utilization (see
Appendix). The oxygen concentration in the oxidant stream
needed to obtain the temperature profile of Case D1 is 5.18 vol.%,
which is achieved by recycling about 80% of the N2-rich gas from 
the HRSG.

Case D3 in Fig. 12 (advanced N2 recycle) is to feed undiluted air
initially (from 480 to 720 s) in order to reach the maximum reactor
operating temperature as soon as possible. The feed is then diluted
with nitrogen to obtain a 4.67% O2 content (from 720 to 3600s) so
that the reactor outlet temperature stays constant at the
maximum attainable temperature for the majority of the oxidation
stage. At the end of this period, air is fed again (from 3600 to
3840s) before the fuel stage. This second air stage allows for a
continuous feed from the air compressor. According to this
strategy, in the cluster of 8 reactors, one reactor is fed with the
fuel, one reactor is fed with air and 6 reactors are fed with diluted
air. The complete oper-ation strategy is shown in Table 6. This
strategy allows obtaining a temperature plateau at 1200 ◦C for
most of the air stage duration, potentially improving the plant
efficiency. On the other hand, addi-tional complications are
introduced, since three feed streams must be handled by the valve
system, more frequent valve switching is required and, differently
from Case D1, two compressors (one for air and one for the diluted
air stream) are needed to feed the system. In order to further
improve the thermodynamic efficiency of the cycle, the fuel gas
stream can be pre-heated to 450 ◦C so that it causes a smaller
temperature drop under the reduction stage. This configuration,
termed Case D2, would allow for slightly more dilution of the air
stream under oxidation (5.08 vol.% of O2 content vs. 5.18 vol.% of

Case D1), thereby further limiting the tempera-ture variation over 
the cycle in order to increase plant efficiency. In practice, this case 
returned a similar temperature profile as Case D1 (simple N2 
recycle) in Fig. 12, but reduced the total temperature variation 
across the cycle from 73.7 ◦C to 61.6 ◦C.

2500 3000 3500

4000 5000

 cycle  �me (s)

 (s)

Case B4

Case D1

Case D3

 oxygen carrier utilization of 91.2% between Case B4 in Table 4 and two cases with 
cle (Case D3).



Table 6
Operation strategy of the reactor cluster in Case D3 – advanced N2 recycle (F = fuel stage, A = air feed, DA = diluted air feed).
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Fig. 13. The effect of advanced heat management through N2 recycling on plant 
performance. Cases D1, D2 and D3 represent the simple N2 recycle, simple N2 recy-
cle with fuel preheating and advanced N2 recycle strategies respectively. Case C3 
represents a reference case with steam purging with comparable CO2 capture effi-
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lack of steam extraction for GSC reactor purging. In Case C3, steam 
iency.

The performance of these three alternative configurations is
ompared in Fig. 13 to the case without N2 recycle but with steam
urging characterized by a similar CO2 capture ratio, approaching
0% (Case C3 in Table 5). It is clear that all cases with advanced
eat management showed substantial increases in electric
fficiency while maintaining high CO2 capture ratio. Further
mprove-ments through fuel preheating or more complex N2

ecycling only offer marginal benefits which may not justify the
dded complexity.

On the other hand, advantages related to the avoidance of
he steam purging step lie in the reduced water consumption
f the plant and to the avoidance of two additional reactors
edicated to the purging steps. Such advantages should be bal-

nced with the increased complexity introduced by the N2 recycle 
ystem, considering the economics and the operability of the 
ystem.
4.5. Direct performance comparison

In this section, the detailed energy balance for five selected cases is
reported and compared with benchmark IGCC plants with and

without CO2 capture. The reference capture technology for IGCCs is
physical absorption by Selexol process, which follows a two-stage
WGS reactors unit, described for example in Spallina et al.(2014).
Following the same approach (Spallina et al., 2014), two gas
turbine technologies have been considered for the IGCCs in this
study. The first one (advanced GT technology) considers a TIT of
1360 ◦C, typical of state-of-the-art natural gas-fired machines. The
second one (current GT technology) considers more conservative
TITs of 1305 ◦C and 1261 ◦C for the cases without and with capture
respectively, in line with the current practice when a gas turbine
designed for natural gas operations is adapted for operations with
syngas and hydrogen-based fuel. The global performances of the
four benchmark IGCCs are reported in Table 7.
   In order to evaluate the performance of the GSC cases, the
specific primary energy consumption for CO2 avoided (SPECCA)
index (Eq. (6)) is used. Since two benchmark IGCC technologies
have been considered, the SPECCA index has been evaluated as
referred to both the current (SPECCACUR) and the advanced
(SPECCAADV) gas turbine technology.

SPECCA = ((1/�el) − (1/�el,ref ))
ECO2,ref − ECO2

(6)

The detailed energy balances of five selected GSC cases are
reported in Table 8. In the first three columns, the balance of the
Cases B1, B3 and C3 is reported. Case B1 has been selected as
benchmark case, while Cases B3 and C3 have been selected from
the corresponding set of simulations since they have a CO2 capture
efficiency at least of about 88%. The main difference in the power
balance is related to power produced by the steam turbine. Case B1
shows the high-est steam turbine power output, thanks to: (i) the
high quality of the heat recovered in the HRSG, consequence of the
high temper-ature of the hot gas (due to the high TIT) and (ii) the
turbine power output reduces by 7MWe due to steam extraction for 
purging. In Case B3, the minimum steam turbine power is 
calculated, due to the lowest HP steam production in the HRSG, 
consequence of the



Table 7
Performance of the reference IGCCs with and without CO2 capture.

GT technology Advanced Current Advanced Current
TIT, ◦C 1360 1261 1360 1261
CO2 capture No No Yes Yes

Power balance (MWe)
Gas turbine 309.6 261.6 322.5 263.9
Steam turbine 194.6 179.5 184.8 161.2
Auxiliaries −86.3 −73.8 −120.2 −107.8

Net power, MWe 417.3 367.4 387.1 317.3
Heat input, MWLHV 882.6 812.5 1026.9 898.7
Net efficiency, % 47.28 45.21 37.70 35.31
CO2 capture ratio, % – – 89.7 89.7
CO2 emissions, g/kW h 736.0 769.8 96.0 101.4
CO2 avoided, % – – 86.96 86.83
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SPECCACUR, MJLHV/kgCO2
–

SPECCAADV, MJLHV/kgCO2
–

ow TIT. Since power generated in the gas turbine is similar in these
hree cases, as well as the power consumed by auxiliaries, steam
urbine determines the final efficiency of these plants, which ranges
rom 38.7 to 41.5%.

As far as CO2 emissions are concerned, as already discussed
ase B1 shows a poor CO2 capture ratio, below 80%. In Case C3, a
ood compromise between CO2 capture ratio (89.5%) and efficiency
40.8%) is obtained, leading to SPECCA of 1.27 and 1.86 MJLHV/kgCO2
epending on the reference IGCC technology considered. Case B3
ppears as a sub-optimal case, having both worse efficiency and
orse emissions than Case C3.

If compared to the reference IGCC with CO2 capture, GSC plants
erform generally better than benchmark IGCC technology, which

re characterized by SPECCA higher than 3 MJLHV/kgCO2

. This result
s due to the significantly higher efficiency of these GSC cases and
ould be improved if the emissions associated to the CPU vent were

able 8
etailed power balance of selected GSC cases.

Case B1 B3
Maximum oxygen carrier utilization 22.8 68.4
N. of reactors filled with steam for purge – –
N2 recycle for heat management No No
Syngas preheating temperature, ◦C 300 300

Gas turbine inlet temperature, ◦C 1154 1038

Power balance, MWe

Gas turbine 194.6 197.0
Steam turbine 221.0 194.6
Steam cycle pumps −4.43 −4.30
Auxiliaries for heat rejection −3.57 −3.63
ASU −33.84 −33.84
CO2 compression (including l-h) −13.10 −13.54
N2 compressor −1.36 −1.36
Syngas recycle fan −1.00 −1.00
Coal milling and handling −1.60 −1.60
Ash handling −0.48 −0.48
Acid gas removal −0.36 −0.36
BOP −1.28 −1.28

Gross power, MWe 415.7 391.5
Net power, MWe 354.6 330.1
Heat input, MWLHV 853.7 853.7
Net efficiency, % 41.54 38.67
CO2 capture ratio, % 78.15 87.97
CO2 emissions, g/kW h 178.7 103.4
CO2 avoided, % 76.8 86.6
SPECCACUR, MJLHV/kgCO2 1.19 2.02
SPECCAADV, MJLHV/kgCO2 1.89 2.68

Sources of CO2 emission, g/kW h
CO2 vented from CPU 49.6 21.9
Other sources (lock hoppers, syngas drying) 32.5 34.1
CO2 leakage to N2 stream 96.9 47.5
– – 3.34

– 3.02 –

reduced, for example by recovering the CO2 through commercial
VPSA or polymeric membranes systems, as proposed by CPU deve-
lopers (Shah et al., 2011; White et al., 2013). If such systems are
applied, CO2 capture ratio higher than 90% could be achieved for 
the GSC Cases B3 and C3.

In the last three columns of Table 8, the balances of the cases
with advanced heat management by N2 recycle are shown (Cases
D1–D3). In these cases, the high gas turbine inlet temperature and
the lack of steam extraction from the turbine lead to the highest
gross power productions and the highest net efficiencies, up to val-
ues of 41.6–41.9%. Fuel preheating (Case D2) allows improving the
net efficiency by about 0.1 percentage points with respect to Case
D1 (from 41.6 to 41.7%). The advanced N2 recycle system (Case D3)

increases the efficiency by 0.35 percentage points with respect to 
Case D1. Also the specific emissions are highly improved in the 
cases with advanced heat management system, passing 90% of CO2

C3 D1 D2 D3
22.8 81.2 81.2 81.2
1.5 – – –
No Simple recycle Simple recycle Advanced recycle
300 300 450 300

1155 1168 1173 1196

196.2 187.7 193.0 190.6
213.5 229.0 224.4 229.0
−4.52 −4.59 −4.47 −4.61
−3.64 −3.69 −3.66 −3.68
−33.84 −33.84 −33.84 −33.84
−13.59 −13.63 −13.65 −13.49
−1.36 −1.36 −1.36 −1.36
−1.00 −1.00 −1.00 −1.00
−1.60 −1.60 −1.60 −1.60
−0.48 −0.48 −0.48 −0.48
−0.36 −0.36 −0.36 −0.36
−1.28 −1.28 −1.28 −1.28

409.7 416.7 417.4 419.6
348.1 354.9 355.7 357.9
853.7 853.7 853.7 853.7
40.77 41.57 41.67 41.92
89.51 90.90 90.92 90.55
84.2 71.4 71.0 73.1
89.1 90.7 90.8 90.5
1.27 1.00 0.97 0.90
1.86 1.57 1.54 1.47

17.5 14.6 14.8 12.8
32.3 32.9 32.8 32.6
34.5 24.0 23.5 27.8
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voided. As a result, remarkable SPECCACUR and SPECCAADV values
f 0.90–1.00 and 1.47–1.57 are obtained.

If compared to other integrated gasification CLC power plants
ased on packed bed or fluidized bed reactor systems, somewhat

ower efficiencies and higher emissions have been obtained for the
SC processes with standard heat management system. However

f N2 recycle is adopted, efficiency passes by 0.5–0.8 percentage
oints the best packed bed case calculated in Spallina et al. (2014)
sing ilmenite as oxygen carrier, by 0.1–0.8 percentage points the
acked bed and fluidized bed reactors cases with Nickel as OC
eported in Hamers et al. (2014) and by 0.7–1.1 percentage points
he best two-stage packed bed case described in Hamers et al
2015). On the other side, mainly due to the gas leakages when
witching GSC reactors from air to fuel feed and vice versa, the
pecific emissions of the GSC cases are significantly higher than in
acked bed and fluidized bed systems in those works. As already
ommented, such values could be partly reduced by limiting the
missions from the CPU by integrating commercial CO2 recovery
ystems. Assessing advanced reactor design or more sophisticated
peration strategies limiting such unwanted leakages would also
ontribute in further improving the potential of the GSC process.

. Summary and conclusions

This paper assesses the thermodynamic performance of a power
lant using the new concept of Gas Switching Combustion (GSC)
ith syngas from coal gasification as fuel. The GSC concept offers
simpler and more scalable alternative to the standard Chemi-

al Looping Combustion (CLC) concept for power production with
ntegrated CO2 capture. In particular, the substantial operational
nd scale-up challenges brought by the need for circulating solids
etween two reactors are completely eliminated by keeping the
xygen carrier material inside of a single reactor where it is alter-
atively exposed to oxidative and reductive conditions.

Due to the transient nature of the GSC concept, a cluster of reac-
ors is required to supply two steady gas streams to a downstream
as turbine and CO2 purification and compression units. It was
hown that mixed streams from such a cluster of reactors could
upply a high pressure stream to a gas turbine with sufficiently
mall fluctuations in temperature and mass flow rate.

Various operating strategies were investigated for the GSC con-
ept. In the simplest configuration where fuel and air streams are
imply fed alternatively to the reactor, the degree of oxygen car-
ier utilization is the most important controlling parameter. Lower
egrees of oxygen carrier conversion in each cycle resulted in
igher thermal efficiencies and lower degrees of CO2 avoidance,
nd vice versa for high degrees of oxygen carrier conversion. A
ower degree of oxygen carrier conversion not only will reduce the
egree of temperature variation over the cycle, thereby allowing
or a higher average operating temperature (thus increasing the
lectric efficiency), but will also cause the time of undesired mix-
ng of CO2 and N2 right after a switch in the inlet gasses to increase
elative to the total cycle time (thus reducing the CO2 avoidance).

Introducing a steam purging stage between the air and fuel
tages resulted in moderate improvements in CO2 avoidance for
given electric efficiency. However, the best overall performance

n terms of electric efficiency and CO2 avoidance could be achieved
hrough advanced heat management strategies where an N2 recy-
le stream is used to limit the overall temperature variation over
onger cycles featuring a high degree of oxygen carrier utilization.
urther studies are required to determine whether the increased

erformance achieved by the advanced heat management strate-
ies justifies the increase in process complexity.

Finally, the performance of different configurations of the GSC
oncept was compared to two baseline IGCC plants with currently
available CO2 capture technology. The simplest GSC configuration
achieved a significantly higher electric efficiency (41.5%) than the
baseline IGCC cases using current (35.3%) and advanced (37.7%) gas
turbine technology while avoiding about 10 percentage points less
CO2. Inclusion of an H2O purge stage between fuel and air feeds
could improve CO2 avoidance (2 percentage points higher than the
baseline IGCC) by keeping a significantly higher electric effi-ciency
(+3.0–5.4 percentage points). Advanced heat management achieved
thermal efficiencies as high as 41.9% while avoiding about 3.5
percentage points more CO2 than the baseline cases. The GSC
concept therefore appears to offer a promising pathway for accel-
erating the development process of CLC-based technology.
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Appendix: Complete fuel conversion assumption.

The CSTR model described in Section 2.1 makes an important
assumption in the form of complete gaseous reactant conversion
as long as all necessary reactants are present. This assumption
could potentially lead to significant errors in certain cases,
particularly when it comes to CO conversion towards the end of
the reduction stage when long cycle times are considered (e.g.
Case B4 in Table 4). At the end of the reduction stage, the reaction
rate reduces for two reasons: (1) this is the lowest temperature
point in the cycle and(2) the oxygen carrier is at its highest degree 

reduction.
The reduction of Fe2O3 to FeO by CO is typically the slowest reac-

tion taking place in this system, especially at lower temperatures.
This reaction will therefore be the subject of this section. A typical
rate equation for this reaction is shown below applying the shrink-
ing unreacted core model with reaction rate control (Levenspiel,
1999) on microscopic grains (dgr = 2.5 �m) inside each particle:

RH = −dCCO

dt
= 6

dgr
sFe2O3 ˛skCOCn

CO (7)

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 sur-
face 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 ≈
(

2yFe2O3

2yFe2O3 + yFeO

)2/3

(8)

The reaction rate constant for this reaction is given below (Abad 
et al., 2011), noting that the reaction order is 0.8:

kCO = 0.1e(−80700/RT) (9)

The surface area for reaction (Eq. (8)) and the reaction rate con-
stant (Eq. (9)) will change during the reduction stage of the GSC
process. As an example, the effective reaction rate constant (Eq.
(10)) is plotted along the fuel stage of Case B4 in Table 4 in Fig. 14.

keff,CO = 6
dgr

sFe2O3 kCO (10)

It is clear that the effective reaction rate constant reduces by an
order of magnitude over the course of the fuel stage, primarily as
a result of a reduction of the available active surface area on the

grains (Eq. (8)) as they become more converted. To get a broader 
overview, the effective reaction rate constant is plotted at the end 
of the reduction stage for all the cases investigated in Sections 4.2 
and 4.4 in Fig. 15.
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Fig. 14. Evolution of the effective reaction rate constant along the fuel stage of Case
B4 in Table 4.

148.3

55.2

15.6

2.1

30.2 31.9 26.8

1

10

100

1000

Cas e
B1

Cas e
B2

Case
B3

Cas e
B4

Cas e
D1

Case
D2

Case
D3

Eff
ec

�v
e 

re
ac

�o
n 

ra
te

 c
on

st
an

t

F
e

t
P
b
h

−

W  
f  
a
F
t

F
a

 
 
 
 

 
 
 

 
 

 

ig. 15. Effective reaction rate at the end of the reduction stage for different cases
valuated in this study.

The results show that reaction kinetics at the end of the reduc-
ion stage in Case B4 is much slower than for any other case.
erformance of the reactor with this kinetics can be simply assessed
y solving the following species conservation equation along the
eight (x) of the reactor:

Ug
dCCO

dx
= RH (11)

hen solving this equation by substituting in Eq. (7), the CO mole
raction along the height of the reactor can be obtained (assuming

 solids volume fraction of 0.35 throughout the reactor volume). 
ig. 16 shows the result for the kinetic rate as well as three addi-
ional cases with slower kinetics. It is shown that the assumption
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ig. 16. CO mole fractions along the height of the reactor for different kinetics, with
n OC utilization of 91.4% (end of the reduction stage in Case B4).
of complete conversion will hold as long as mass transfer limita-
tions in the reactor do not decrease the reaction rate by more than a
factor of four (which is unlikely given the low reaction rate). When
considering the effective reaction rate constants in Fig. 15, it is clear
that complete conversion will be easily achieved for all other cases
evaluated in this work.

One possible effect which could make the assumption of
complete conversion invalid for Case B4 is a large reduction in
the reaction rate constant with increasing system pressure. An
inversely proportional relationship between the reaction rate con-
stant and the system pressure was found for an Fe-based oxygen
carrier material (Abad et al., 2007), but this relationship has not yet
been investigated for ilmenite.
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