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. Introduction

It is widely accepted and recently confirmed that climate change
s occurring and is likely to be caused by anthropogenic CO2 emis-

ions (IPCC, 2013). Therefore, methods to reduce these emissions
ave been studied for several years. A possible solution to decrease
he CO2 emissions is equipping fossil fuel-fired power plants with

∗ Corresponding author. Tel.: +39 0223993916.
E-mail address: paolo.chiesa@polimi.it (P. Chiesa).
CO2 capture processes for long term storage. A large disadvantage
of implementing carbon capture and storage (CCS) in power plants
is that quite some energy is consumed by the CO2 capture step
and therefore the overall process efficiency decreases. This process
efficiency drop might be reduced by implementing advanced tech-
nologies like chemical-looping combustion (CLC), a process where
the CO2 capture is integrated with the power production process.

The integration of reaction and separation is reached by oxidizing
the fuel without direct contact with air (thus circumventing the
mixing of nitrogen and CO2); instead, a metal oxide behaving as
oxygen carrier is used to transport the oxygen from the air reactor

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijggc.2014.06.007&domain=pdf
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Nomenclature

Abbreviations
ASU air separation unit
BOP balance of plant
CCS carbon capture and storage
CLC chemical-looping combustion
CGD cold gas desulfurization
EBTF European Benchmarking Task Force
eco economizer
eva evaporator
FzB fluidized bed configuration
GS gas–steam cycles software
GT gas turbine
HGD hot gas desulfurizaton
HP high pressure
HRSC heat recovery steam cycle
HRSG heat recovery steam generator
L/D-ratio length/diameter ratio
LHV low heating value (J/mol)
PB packed beds configuration
SH super heater
SPECCA specific primary energy consumptions for CO2

avoided, MJLHV/kgCO2
ST steam turbine
TIT turbine inlet temperature
TSA temperature swing adsorption
WGS water gas shift reaction

Symbols
C costs of component, D
D inner diameter of reactor, m
Da inner reactor and refractory diameter, m
dp particle diameter, m
ECO2 specific CO2 emissions, kg/MWhe

f design stress of carbon steel, Pa
L reactor length, m
NR number of reactors, –
ṁ total mass flow that is processed during an opera-

tion step, kg/s
ṁ molar flow, kmol/s
Pin pressure of the vessel, Pa
Q heat losses, W
s thickness
Tmax, CLC temperature inside reactor, K
Tsteel temperature of the steel vessel, K
V volume flow rate, m3/s
VR volume of reactor, m3

vg superficial velocity, m/s

Greek
�Xs conversion of the oxygen carrier, –
εg void fraction, m3

gas/m3
reactor

� net electric efficiency, –
�g dynamic gas viscosity, kg/(m s)
� thermal conductivity, W/(m K)
�g gas density, kg/m3

�mol,oxygen amount of atomic oxygen per m3 of reactor,
kmol/m3

� cycle time, s
ϕstep the portion of reactors operating under the consid-

Subscript
e electrical
in inner
r refractory
ref reference plant without CO2 capture
th thermal
ered step
wall reactor vessel wall
0 reference case

to the fuel reactor, where the fuel is oxidized in a N2-free atmo-
sphere. As in an oxyfuel combustion, the process produces reaction
products undiluted with nitrogen, from which a concentrated CO2
stream can be obtained by simple water condensation. At the same
time, energy consumption for pure O2 production via a cryogenic
process is avoided. After the reaction with the fuel, the oxygen car-
rier is re-oxidized by reacting it with air, in a highly exothermic
reaction which can be exploited for power generation. The single
and overall reactions in CLC with syngas as fuel are listed in Eq. (1).
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The resulting overall reaction is equal to the fuel combustion
reaction. So, the same amount of heat is released as during the
conventional combustion, but in the case of CLC a separate CO2-
rich stream is obtained. Therefore, the CLC concept is an interesting
possibility for power production combined with CO2 capture.

Both solid, liquid and gaseous fuels are suitable for CLC (Adanez
et al., 2012; Lyngfelt, 2013; Moldenhauer et al., 2014). In this work,
coal is selected as primary feedstock, because it produces the largest
amount of CO2. Thus, applying CO2 capture in power production
from coal would result in the largest impact on mitigation of CO2
emissions. Coal can be directly fed to the fuel reactor (Adanez et al.,
2012; Lyngfelt, 2014; Mattisson et al., 2009) or first converted in a
gasifier to syngas, which is afterwards fed to the CLC system. This
study focuses on the second option. So, an integrated gasification
chemical looping (IGCLC) process is considered, where the syngas
production and treating are performed similarly to conventional
integrated gasification combined cycle (IGCC) plants.

The heat produced with CLC has to be converted into electric-
ity. The highest electrical efficiency when operating with clean
gaseous fuels can be achieved by a combined cycle. Efficiency of
combined cycles is very sensitive to the turbine inlet temperature.
Therefore, the resulting gas stream from the oxidation stage has
to be produced at high pressure (12–20 bar) and temperature (at
least around 1200 ◦C) to achieve acceptable efficiencies. At these
conditions, CLC in combined cycle configuration has conceptually
proven to outperform the conventional CO2 capture technologies,
with the calculated efficiency of 3–5% points higher than with con-
ventional CO2 separation technologies (Erlach et al., 2011; Spallina
et al., 2014).

In the CLC process, the particles react alternately with the
fuel and with oxygen (from air). This alternated reactions can be

achieved in several ways. The most studied method is by circulating
the oxygen carrier particles between two interconnected fluidized
bed reactors: a fuel reactor where fuel is oxidized and an air reactor
where air is fed to oxidize the oxygen carrier. In this configuration
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2013). This is a modular software, which allows modeling com-
ig. 1. Simplified scheme of the IG-CLC power plant and the circulating fluidized
ed (a) and the packed bed configuration (b).

illustrated schematically in Fig. 1a), the oxygen carrier is oxidized
n the air reactor and here high temperature oxygen-depleted air is
roduced, which can be fed to the gas turbine. In the fuel reactor,
he oxygen carrier is reduced with syngas and a stream of CO2 and
2O is continuously produced. Because of the continuous transport
f oxygen carrier particles from one reactor to another reactor, the
emperature difference between both reactors is small and depends
n the solids circulation rate and on the enthalpy of fuel oxidation,
hich is often thermal neutral or slightly exothermic when syn-

as is used as fuel. The applicability of fluidized bed reactors at
levated pressure, needed to arrange a CLC based combined cycle,
as been assessed in many process simulation studies (Wolf et al.,
005; Naqvi and Bolland, 2007; Consonni et al., 2006; Kjelstrup
t al., 2007) but not demonstrated yet at significant scale. A criti-
al aspect in this configuration is the need of maintaining a stable
olids circulation between the two reactors and separating the fines
nevitably entrained out of the cyclones with high temperature and
igh pressure filters before the gas is expanded in the turbine.

Alternatively, the oxygen carrier could be kept stationary while
he gas flows are switched among different reactors, which can
e achieved in a dynamically operated packed bed configuration
Fig. 1b) (Noorman et al., 2007, 2010). In this case, larger particles
re used to avoid excessive pressure drops and to keep the particles
tationary. Therefore, the risk of fines formation can be minimal and
he separation between gases and solids is easier (or not required at
ll). The operation strategy in packed bed reactors is different from

he one used in the interconnected fluidized beds and consists of
he following five steps, schematically shown in Fig. 1b. (1) Start-
ng with an oxidized oxygen carrier and a reactor temperature of
450–500 ◦C, the particles are reduced with syngas (reduction step).
(2) The reactor is purged with N2 to prevent contact between syn-
gas and air (first purging step). (3) Air is fed to oxidize the particles
again (oxidation step). During this process step, the bed temper-
ature increases due to the exothermic oxidation reaction. (4) The
heat is removed by blowing air through the bed and during this step,
hot air is produced to feed the gas turbine (heat removal step). (5) At
the end, of the cycle, the reactor is purged again to avoid air-syngas
contact during the reduction step (second purging step). By oper-
ating multiple reactors in parallel, a continuous flow of fuel and air
can be processed and a continuous production of the hot streams is
achieved. To switch the gases at the outlet, a high temperature valve
system should be available to distribute the gas streams to the right
downstream sections, which is expected to be a costly part of the
reactor control system. In the packed beds, the reduction can be car-
ried out at lower temperature after the heat removal step, but it is
also possible to change the operation order and carry it out at higher
temperature before the heat removal step in case of low reactivity
of the oxygen carrier (Spallina et al., 2014, 2013). In case the CO2
and H2O are produced at low temperature, more high temperature
heat is available during the heat removal step, which can be used in
the topping gas turbine cycle, which potentially increases the pro-
cess efficiency. On the other hand, other issues like the impact of
possible carbon deposition during reduction have to be considered
as well.

Other CLC reactors configurations have been proposed in the
literature, based on non-interconnected dynamically operated flu-
idized beds (Zaabout et al., 2013) and on a rotating bed reactor
(Håkonsen and Blom, 2011; Håkonsen et al., 2014). These innova-
tive concepts deserve to be considered in future works, but are not
studied in this paper.

Although the two fluidized and packed bed concepts have been
studied separately in some papers (Erlach et al., 2011; Spallina et al.,
2014; Rezvani et al., 2009), the performances of both configurations
have not been directly compared yet with the same assumptions
and modeling tools. In this work, the packed bed and the fluidized
bed reactor configurations are directly compared for the first time
in terms of overall plant efficiency. NiO/Al2O3 has been selected as
oxygen carrier for this comparison, because it is suitable for high
temperature operation and has fast kinetics even at moderate tem-
peratures and it is hence suitable for both reactor configurations
(Adanez et al., 2012; Hamers et al., 2013).

The paper opens with a description of the IGCC power plant
in which the CLC reactors are implemented. Subsequently, the
packed bed configuration is discussed, including a sensitivity anal-
ysis regarding the steam addition (to avoid carbon formation)
and the pressure drop (to reduce the number of reactors). A pre-
liminary estimation of the initial investment costs is made to
conclude which parameters (L/D reactor reaction, cycle time, oxy-
gen carrier) are critical in the packed bed CLC reactor design.
Finally, the process performance in the fluidized bed reactors is
discussed. Because many papers have been published about circu-
lating fluidized bed systems, the discussion is less extensive than
the packed bed discussion. In the end, both configuration are com-
pared.

2. IGCLC plant description

The IGCLC power plant including the CLC reactors has been
evaluated with the GS (Gas Steam cycles) software developed
at the Department of Energy of Politecnico di Milano (GECOS,
plex plant configurations for power generation and industrial
processes. One of the main features of the code, useful for this
application, is the calculation of gas and steam turbines with a
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Table 1
Properties of the NiO/Al2O3 used in the packed bed reactors for operations at 20 bar.

Oxygen carrier 19 wt% NiO/Al2O3
a

Particle size 10 mm
Solid bulk density 1031 kg/m3

reactor

Void fraction 0.4 m3
gas/m3

reactor

a The required active weight content to reach 1200 ◦C depends on the operating

leaving the reactors are mixed and the temperature is equalized,
obtaining temperature profiles like in Fig. 3. During the reduction
step, the average CO2/H2O temperature is 832 ◦C. During the first
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tage-by-stage approach, estimating the cooling flows required in
ach gas turbine blade row and accounting for the associated per-
ormance penalties (Chiesa and Macchi, 2004). The reactors are
alculated based on thermodynamic equilibrium. NASA polyno-
ials are used to describe the thermodynamics of the gases and

olids and the water/steam properties are taken from Schmidt
1982).

A simplified overview of the IGCLC power plant is given in Fig. 1.
his figure is mainly focused on the CLC and the power production
ections of the process. For a more detailed overview and a com-
lete description of the power plant, the reader is forwarded to
pallina et al. (2014). This paper contains all the assumptions the
tudy is based on and a complete mass balance of the IG-CLC system
Spallina et al., 2014).

Bituminous South African Douglas coal has been selected as fuel
or the Shell gasifier. Before it is fed to the gasifier, coal is dried from
to 2 wt%. The heat for this drying is provided by combustion of a

mall amount of dry cleaned syngas. The coal has to be pressurized
nd this is done in the lock hoppers with CO2. Conventionally, N2
s used to pressurize the solid fuels in Shell gasifiers of IGCC plants,
ut in that case the syngas would become too diluted, reducing the
nal CO2 purity. About 35% of the CO2 fed to the lock hoppers is

ntroduced in the gasifier together with the fuel, the remaining is
or 90% recovered and for 10% vented.

Coal is gasified in the Shell gasifier with oxygen and intermedi-
te pressure steam as gasification agents. The gasifier is cooled by
roducing some intermediate pressure steam in membrane water-
alls. The oxygen (95% purity) is provided by a stand-alone air

eparation unit (ASU) based on a pumped liquid oxygen process
onsuming 325 kWh/tO2 (IEA, 2005). In the gasification island also
ome N2 is used and released with the vented CO2 at the lock hop-
ers.

The syngas exiting the gasifier is cooled down to 900 ◦C by
uenching it with a downstream colder recycled syngas. After-
ards, the syngas is cooled down while high pressure superheated

team is produced at 400 ◦C and sent to a scrubber. Sulfur is present
s H2S and COS. The COS is converted into H2S in a catalytic packed
ed that operates at 180 ◦C before the H2S is removed with a Selexol
olvent at ambient temperature. The H2S is recovered via the Claus
rocess where elemental sulfur is formed.

The pressure of the desulfurized syngas is first reduced to
1.6 bar and then the syngas is fed to the saturator to heat up the
tream again and to increase the steam content. Subsequently, it is
eated up to 300 ◦C with high pressure saturated water, before it

s mixed with steam, added to avoid carbon deposition inside the
eactors. Then the syngas is heated up to 600 ◦C in a heat exchanger
ith fuel reactor off-gases, before it is fed to the reduction reactor

#1). The produced CO2-rich stream (#2) is cooled down in the
eat recovery section. The heat released from the CO2/H2O stream

s used to produce high pressure steam and superheat the steam
roduced in the syngas coolers from 400 ◦C to 565 ◦C (#15). The
emperature gradients of the hot CO2 released from the CLC unit
see discussion in Section 3) will probably require strategies to con-
rol the temperature variations of the tubes surface, which would
therwise suffer high thermal fatigue. This could be achieved for
xample by a proper arrangement of the heat transfer banks, by
controlled mixing with recycled cooler CO2 or by buffering with

nert material in a fixed or fluidized bed vessel, which could aver-
ge the heat exchanger inlet temperature. Below 349 ◦C, water is
conomized, low pressure steam is generated and the water for the
aturator is heated up to a maximum of 179 ◦C. Then, the steam is
ondensed and the CO2 is intercooled compressed in 3 stages and

nally pumped to 110 bar.

For the oxidation and heat removal in the CLC reactors, air
s required. Before it is fed to the CLC reactors, it is compressed
rom the atmosphere to 20 bar (#6). The pressure drop is initially
pressure. For an operating pressure of 22–14 bar, the active weight content of NiO
should be within a range of 18.5–20 wt%.

assumed equal to 5% of the inlet pressure. In the packed bed con-
figuration, two additional streams are required. First, the air for the
oxidation (#7) is slightly extra pressurized, because the outlet air
is reused for the heat removal, as shown in Fig. 1. Second, N2 is
required to purge the reactors (#10) and this is obtained from the
ASU (#9). As outlet stream from the CLC reactors, oxygen depleted
air at 1200 ◦C is obtained (#11) and this is first expanded in the gas
turbine and then it is fed to the heat recovery steam cycle (HRSC,
#12), where steam is produced at three different pressure levels. At
the end of the process, the depleted air is released to the ambient
from the stack (#13).

3. Packed bed configuration

The behavior in the packed bed reactors has been described by
a 1D numerical model (Noorman et al., 2007). With this model,
the temperatures of the gases exiting the packed bed reactors were
determined. In this work, the Ni-based oxygen carrier in the packed
bed reactors has the properties shown in Table 1.

During one complete process cycle, a profile as illustrated in
Fig. 2 was obtained. When the reduction is started, the end of the
bed still contains some heat from the previous cycle. This heat is
blown out of the bed and therefore a decreasing outlet tempera-
ture profile is observed during the reduction step. The rest of the
reactor has a temperature of 466 ◦C, which is the gas inlet tem-
perature during the heat removal step for a pressure ratio of 20.
For reduction of syngas with nickel, the selectivity toward CO2 and
H2O is an issue at high temperatures (Jerndal et al., 2006), but at
466 ◦C complete fuel conversion is achieved. To achieve a steady
high temperature gas stream to be fed to the gas turbine, sev-
eral reactors are operated in the same step. Hence, the streams
0.0 0.2 0.4 0.6 0.8 1.0

dimensionless time

Fig. 2. Outlet temperature profile during packed bed CLC with NiO/Al2O3 as oxygen
carrier (Hamers et al., 2014). p1 is purge 1 and p2 is purge 2.



Table 2
The considered costs of the reactors components for different cycle times and L/D.

Cycle time, min 10 20 40 60 90 20 (L/D = 2)
L/D-ratio 4 4 4 4 4 2
Number of reactors 123 67 39 29 22 21
Reactor length, m 4.6 7.1 10.7 13.5 17 6.6
Reactor inner diameter, m 1.15 1.78 2.68 3.38 4.25 3.3
Thickness refractory, mm 306 383 495 579 692 182
Thickness steel, mm 16 23 33 40 50 33
Reactor costs, kD /reactor 12 37 110 208 397 60
High temperature valves, kD /valve 150 216
Oxygen carrier, D /ton
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Fig. 3. Average outlet temperature of the air sent to the gas turbine and the produced
CO2/H2O stream. In this situation, 4 reactors work in parallel for the oxidation, 5 for
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lation, results in a higher HP steam production in the first heat
exchangers after the reactor operated in reduction, which decreases
the overall thermal input of the CLC unit and thus, limits the heat
he reduction, 13 for the heat removal and 2 in purge mode are employed, as results
rom the dimensioning criteria presented in Section 3.3.

urge and the oxidation, the outlet temperature is between 500
nd 600 ◦C. This gas stream is reused for the heat removal. During
he heat removal a gas stream is produced with a temperature of
200 ◦C.

Only the CO2 that is produced during the reduction is captured.
n case the carbon deposition reaction occurs, carbon is formed dur-
ng reduction and combusted during oxidation, leading to a lower
arbon capture efficiency. It might also be that the oxygen carrier
egrades due to the formation of carbon deposits. Hence, the extent
f the carbon deposition reaction should be reduced as much as
ossible. In this base case configuration, a certain amount of steam

s fed so that, according to the thermodynamic equilibrium cal-
ulations, no carbon deposition can occur at a temperature above
50 ◦C. This is achieved by mixing 33.4 kg/s steam with the syn-
as after the saturator. This has quite some impact on the process
fficiency, as it will be described below. In the following sections,
sensitivity analysis is carried out on this particular and crucial

oint.
Based on the obtained outlet temperatures and the amount of

team mixed with the syngas, the IGCLC power plant mass and
nergy balances have been calculated. The stream table of the IGCLC
lant with packed bed CLC is shown in Table 3 and the corre-
ponding simplified plant scheme is displayed in Fig. 1. The overall
fficiency is 41.05% on LHV basis and CO2 capture is around 97%.
ore detailed information about the energy balance is given further

n Section 4.
In the following sections, the results of a sensitivity analysis
re reported, carried out on the method used to avoid car-
on deposition, the pressure drop and the gas turbine pressure
atio.
299 357 421 433
6000–50,000

3.1. Carbon deposition prevention method

Carbon deposition could occur by the Boudouard reaction,1

Eq. (2).
The equilibrium of this reaction favors carbon formation at high

pressure and low temperatures. Since the reduction is carried out
at relatively low temperature in the packed beds and the fuel is in
contact with a reduced oxygen carrier (i.e. no additional oxygen can
be released to the gas phase by the oxygen carrier), carbon deposi-
tion could occur in the reactor. Carbon deposition can be prevented
by recycling CO2 and H2O and/or by adding steam which favor the
C consumption through the gasification reaction, Eq. (3). In the case
a H2O/CO2 stream is recycled, the outlet stream of the packed bed
reactors is cooled down to 450 ◦C and then some H2O/CO2 is slightly
pressurized by a blower and sent back to the reactor inlet. Increas-
ing the flow rate of the recycle stream means that a larger flow
enters the CLC reactors, which absorbs a higher amount of heat
and has to be cooled down. Hence, more high pressure steam is
produced and a lower amount of heat can be extracted during the
heat removal phase.

2CO � CO2 + C �HR = −172.4 kJ/mol (2)

C + H2O � CO + H2 	HR = +131.3 kJ/mol (3)

The effects of the different recycle ratios on the steam to be
added to avoid carbon deposition are reported in Fig. 4. To draw
this figure, a minimum temperature of 450 ◦C in the Boudouard
equilibrium calculations is assumed to prevent carbon deposition
in the bed. Such a syngas dilution is also expected to be sufficient to
prevent metal dusting in CLC fuel heater, where syngas is heated up
to 600 ◦C (a temperature range where metal dusting corrosion can
occur) (Natesan and Zeng, 2003). Here it is shown that if the recycle
ratio is increased, less additional steam is required to avoid carbon
deposition. Moreover, if only a recycle is used, with no dilution with
steam from the steam turbine, a very large stream has to be recycled
(about 2.75 times the CO2/H2O mass flow rate), because CO2 is not
as effective to prevent carbon deposition as steam. Increasing the
recycle leads to an increase of the high pressure steam produced
from CO2/H2O cooling. To provide sufficient saturated water, the
�T at the pinch point has to be increased with detrimental effects
on process efficiency. Therefore, cases requiring increased �T are
not reported in Fig. 4 and curves are interrupted at a certain value
of the recycle ratio.

Fig. 4 also demonstrates that in case a larger recycle ratio is
selected, the flow to the gas turbine is decreased, with negative
effects on the process efficiency: increasing the exhaust recircu-
1 The reaction enthalpy has been calculated at standard conditions with the ther-
modynamics data taken from Barin (1993).
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Fig. 4. The gas turbine inlet flow rate and the

vailable for the topping gas turbine cycle. The same effect occurs
ith lower preheating temperatures of the syngas to the CLC unit

ince a higher portion of the heat of reaction is needed for heating
he syngas up to the reaction temperature (as shown in the figure).
nother effect of the CO2/H2O recycle is related to the electricity
onsumed by the recycle blower to compensate the pressure drop
nside the reactors and the CO2 cooler. These effects are partly bal-
nced by the higher production rate of high pressure steam, which
ncreases the electricity produced by the steam turbine. On the
ther hand, a reduction of the amount of steam needed for syngas
ilution has a positive effect on the steam cycle efficiency, since a
igher amount of steam is expanded in the turbine down to the
ondensing pressure, instead of being mixed with the syngas and
ventually condensed at higher temperature during the CO2-rich
tream cooling.

The result of these effects is illustrated in Fig. 5, where the pro-
ess efficiency is shown as a function of the recycle ratio. It turns

ut that the size of the recycle flow has a relatively small effect on
he process efficiency. The case without recycle has been selected
s base case, because this is the case with the minimum flow sent
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ig. 5. The influence of the recycle ratio and the syngas feeding temperature on the
rocess efficiency.
nt of steam mixed at different recycle ratios.

to the reduction reactor and its efficiency is only about 0.25% points
lower than the optimal case when a syngas preheating temperature
of 600 ◦C is adopted.

Syngas preheating before feeding the CLC reactor system is per-
formed by cooling the CO2/H2O stream. In addition to the improved
process performance, increasing the syngas inlet temperature to
600 ◦C has another advantage. The inlet temperature is closer to
the temperature in the reactor after the reduction reactor. There-
fore, only a small temperature change is observed and this leads
to fewer temperature fluctuations in the gas turbine inlet stream.
A drawback of this heating procedure is that it is achieved in a
gas/gas heat exchange, which is expected to require a relatively
large surface area.

In the above mentioned cases, a conservative estimation was
selected for the amount of steam needed to avoid carbon depo-
sition, because the thermodynamic equilibrium was followed.
However, the kinetics determine how fast a reaction occurs and
based on this, it might be that a smaller amount of steam is suffi-
cient to avoid carbon deposition (or limit it to acceptable levels).
The effect of a small amount of carbon deposition on the pro-
cess thermodynamics is small. If 1% of the CO is deposited (evenly
distributed) in the bed, the temperature rise during oxidation
increases by 2 ◦C.

If no additional steam and no recycle are fed with the mixture,
still a H2O/CO-ratio of 0.37 is fed to the reactor (#1) thanks to the
humidification obtained in the saturator. So, the carbon formation
reaction is suppressed to a certain extent and this might be suffi-
cient in case the kinetics of carbon deposition are slow. This leads
to an efficiency that is 1.18% point higher (42.23% of LHV). So, the
effect of adding steam or using a recycle is quite significant. There-
fore, the kinetics of the Boudouard reaction are an important aspect
in the selection of the oxygen carrier for the packed bed process
and should be investigated experimentally. In Fig. 6 the effect of
the added steam on the process efficiency is displayed.

For final considerations, the results just presented can be com-
pared with the outcomes of a similar analysis performed in Spallina
et al. (2014). In that case, a much more pronounced dependence of
plant efficiency on both the CO2/H2O recycle and steam dilution,
in order to avoid carbon deposition, was obtained. The first rea-

son of the lower dependence obtained in this work is related to
the lower average temperature of the CO2/H2O stream produced
in the plant assessed in this work, which limits the effect of higher
fuel flows on the hot air flow rate to the gas turbine. As a matter
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f fact, in Spallina et al. (2014) a different packed bed operation
equence is adopted to manage the lower kinetics of ilmenite on
O oxidation and the reduction step is performed on the hot bed

ust after the oxidation phase. Therefore, the CO2/H2O stream is also
roduced at a significantly higher temperature. The second reason

s related to the configuration of the heat recovery section for the
O2/H2O stream, which consists in this case of a low pressure evap-
ration level, which can recover the increasing low temperature
eat originating from steam condensation when high steam dilu-
ion is adopted. In Spallina et al. (2014), such a LP evaporation level
s not present and low temperature heat from steam condensation
s not recovered as efficiently.

.2. Compression ratio and pressure drop in packed bed reactor

The effect of the compression ratio and the pressure drop is illus-
rated in Fig. 7. It is demonstrated that the compression ratio has
ittle effect on the process efficiency. A compression ratio of 20 was
elected, corresponding to the highest plant efficiency. In addition
o efficiency, the pressure ratio influences the design and operation

f the reactor system in two ways. First, a higher bed tempera-
ure during reduction is obtained in case of a higher compression
atio. In an adiabatic compression, the higher the final pressure,
he higher the final temperature. Since a compressed air stream
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ig. 7. The effect of the compression ratio and the pressure drop on the process
fficiency.
is fed to the CLC reactors for the oxidation and the heat removal,
when the reduction starts, the bed temperature is equal to the heat
removal gas inlet temperature. For the reduction reaction rates,
the temperature is quite a critical parameter and therefore a higher
compression ratio is beneficial. Second, a higher pressure ratio leads
to a higher gas density and therefore a larger gas mass flow rate
can be sent through the reactor for a given pressure drop. As it will
be demonstrated in the next section 3.4, the number of reactors
needed is lowered by increasing the compression ratio.

For the plant assessed, the optimal compression ratio of 20 is
higher than expected for the turbine inlet temperature (TIT) of
1200 ◦C, based on the experience on conventional natural gas-fired
combined cycles. As a matter of facts, optimal pressure ratios are
around 12–14 in combined cycles utilizing a gas turbine with a
turbine inlet temperature in that range. The higher than expected
optimal pressure ratio is due to two reasons: (1) the maximum SH
steam temperature is only slightly influenced by the pressure ratio,
since most of the steam is superheated by hot CO2 from the CLC
reactors; (2) CO2 compression consumption reduces when operat-
ing the reactors at a higher pressure.

In Fig. 7 the effect of the pressure drop is shown as well. A larger
tolerated pressure drop inside the reactors results in a lower pro-
cess efficiency, because the stream fed to the gas turbine has a
lower pressure in that case. In case the gas turbine inlet pressure
is lower, the outlet temperature is higher. Therefore, steam pro-
duced in the heat recovery steam cycle (HRSC) can be superheated
and reheated to a higher temperature since a fixed temperature
approach of 25 ◦C is considered between the gas entering the HRSC
and the final superheater and reheater temperatures.

What pressure drop should be tolerated depends on the process
economics, since higher pressure drops lead to higher allowable
gas velocities and hence a lower number of reactors. This analysis
is out of scope of this work but deserves certainly more attention
in a future research.

3.3. Reactor design strategy

The packed bed process can be made continuous by running
several beds in parallel. In this section, the scaling of the reac-
tor and the required number of the reactors is determined. For a
continuous process, no buffers should be required. So, a continu-
ous inflow of reactants and outflow of hot air and CO2 should be
facilitated. Hence, at least one reactor should be in each operation
step, which means that for this process, at least five reactors are
required. For some operation steps, a larger number of reactors is
needed, because otherwise the flow rate and the velocity in each
reactor are too high to keep the pressure drop within the given
constraints.

The following strategy is used to determine the size of the reac-
tors and the number of reactors. First, a certain cycle time is set,
notably 20 min. This number is varied in Section 3.5. Very short
cycle times should be avoided to reduce the losses during purging
steps and avoid too quick valve switching. For this time, sufficient
oxygen carrier should be available to facilitate the indirect com-
bustion of syngas. The total reactor volume can be calculated by
multiplying the molar flow rate of the fuel (ṁH2 + ṁCO) by the total
cycle time (total time of all the operation steps) and dividing it by
the amount of atomic oxygen per m3 reactor, as illustrated in Eq.
(4). The total reactor volume (volume of each reactor multiplied by
number of reactors) should be close to this number.

(ṀCO + ṀH ) · �

VR = 2

�mol,oxygen
(4)

The second parameter that determines the reactor dimensions
is the pressure drop, which is calculated with the Ergun equation
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Ergun, 1952). A certain maximum tolerable pressure drop and
eactor length are assumed and based on these the maximum spe-
ific flow rates (flow rate per cross-section square meter) in each
tep are set. The minimum number of reactors required for a certain
peration step can be calculated by dividing the total capacity (in
g/s) by the maximum specific flow rate (kg/(m2s)) and the reactor
ross section (m2). In this work, the reactor diameter is related to
he length by fixing the L/D-ratio.

If the L/D-ratio is reduced for a fixed pressure drop, the overall
eactors cross-section does not change because the specific flow
ate remains constant. The effect of the decrease of the L/D is that
he volume of each reactor increases and therefore the number of
eactors can be reduced. In case a higher pressure drop can be tol-
rated, smaller cross-sections (i.e. higher specific flow rates) and
onger reactors can be selected and therefore the number of reac-
ors reduces.

Decreasing the number of reactors is expected to reduce the
xed costs also because of the reduced number of valves required.
he following measures can be taken to decrease the number of
eactors:

Decrease the L/D ratio of the reactors. If the reactor diameter is
increased, the footprint per reactor increases and then less reac-
tors are needed to facilitate the desired flow. On the other hand,
a uniform gas flow distribution along the reactor cross section
can become difficult at low L/D. In addition, the reactor diame-
ter should not exceed ca. 6 m, because transport might become
problematic and the walls might become too thick.
Increase the maximum permitted pressure drop. Increasing the
maximum permitted pressure drop means that a larger specific
flow rate can be used and the reactor length can be increased.
Therefore, a smaller overall footprint is required and thus a lower
number of reactors.
Increase the particle diameter. For a given reactor diameter, the
larger the particle diameter, the lower the pressure drop, the
longer the reactors and the lower the number of reactors. For
this parameter, an optimum has to be found between diffusion
limitations inside the particles and costs.
Increase the cycle time. This can be demonstrated on the basis of
simple mathematical considerations, as follows. The total reac-
tor volume is dependent on the amount of syngas that has to be
processed during the time of a cycle, as shown in Eq. (4). The total
reactor volume is by definition also equal to the number of reac-
tors multiplied by the volume of one reactor (Eq. (5)). Based on a
fixed L/D-ratio, Eq. (5) can be rearranged so that a function for the
length can be formulated, which is given in Eq. (6). Eq. (7) demon-
strates that the superficial gas velocity is equal to the mass flow
rate (kg/s) divided by the gas density, the reactor cross section and
the number of reactors in a certain step (ϕstepNR, where ϕstep rep-
resents the portion of reactors operating in the considered step).
When these terms are implemented in the Ergun equation, it is
shown how the cycle time and the number of reactors correlate
with the pressure drop (Eq. (8)). Considering only the design of
the reactors, many parameters are constant (c1, c2, c1

′ and c2
′) and

then it appears that in case the cycle time decreases, the number
of reactors has to be increased.
R = NR · 


4
· D2 · L = (ṀCO + ṀH2 ) · �

�mol,oxygen
(5)

= 3

√
(ṀCO + ṀH2 )

�mol,oxygen · (
/4) · (D/L)2

�

NR
(6)
Fig. 8. The number of reactors as a function of the compression ratio with different
L/D-ratios and pressure drops (cycle time is 20 min and 10 mm particle diame-
ter). Because the cycle time is constant, the total reactor volume is also constant
at 1183 m3. For clarity, the reactor length is only shown for L/D-ratio of 4.

vg = ṁ

�g�stepNR(
D2/4)
= ṁ

�g�step((ṀCO + ṀH2 )/�mol,oxygen)(�/L)

= ṁ

�g�step((ṀCO + ṀH2 )/�mol,oxygen)

L

�
(7)

�p = 150
�g

d2
p

(1 − εg)2

ε3
g

vg · L + 1.75
�g

dp

(1 − εg)

ε3
g

v2
g ·

L = c1
L2

�
+ c2

L3

�2
= c′

1

�1/3N2/3
R

+ c′
2

� · NR
(8)

The influence of the pressure drop and the cycle time is further
discussed in the next sections.

3.4. Effect of compression ratio on number of reactors

Based on the above mentioned strategy, the number of reactors
has been calculated for each step of the CLC process and for differ-
ent compression ratios. In Fig. 8 it is reported that less reactors are
needed, if the compression ratio is increased for a specific pressure
drop and L/D-ratio. In some cases, quite a large number of reactors
is required and therefore it is important to select the operating con-
ditions carefully. In all the considered cases, the total cycle time is
20 min. So, the amount of oxygen carrier, and thus the reactor vol-
ume, is always the same. Hence, when the reactor number is lower,
the reactors are larger.When the L/D-ratio is reduced from 4 to 2,
the diameter per reactor is larger and therefore fewer reactors are
needed. In general, lower L/D ratios seem preferable to limit the
total number of reactors and the ancillary components (e.g. piping,
valves). On the other hand, the optimum L/D-ratio depends on the
reactor production method, on how well the flow is distributed over
the cross-section when L/D decreases and on the effects on temper-
ature equalization of the outlet gas as discussed at the beginning of
Section 3.

In general, 50–65% of the reactors are in the heat removal step,
2 reactors are in purge and about 20% are in reduction and about
20% are oxidation.

3.5. Influence of cycle time
In the previous calculation, a total cycle time was adopted of
20 min. The same procedure has been carried out for different cycle
times and an overview of the results is given in Fig. 9. As explained
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ig. 9. The influence of the cycle time on the required reactor number and the
eactor length (with L/D-ratios of 2 and 4).

n Section 3.3, the longer the selected cycle time, the lower the num-
er of reactors, the lower the number of high temperature valves
equired and the larger the reactors. Also in this case a fixed L/D-
atio of 4 was selected. Some examples of the reactor sizes are given
n Fig. 9.

The solids inventory is dependent on the cycle time. If the cycle
ime is increased, more oxygen has to be available to process syngas
or a longer time. Hence, the longer the cycle time, the higher the
olid inventory.

In case of a short cycle time, the high temperature valves have
o be switched more often. Therefore, the lifetime of the valves
s expected to be lower. In the previous sections, a cycle time of
0 min was assumed. This corresponds to a total solids inventory
f 1200 ton (1750 kg solid/MWth = 261 kg Ni/MWth), which means
hat 180 ton nickel is required.

.6. Preliminary investment costs estimation

The impact of the cycle time, the L/D-ratio and the oxygen carrier
n the initial investment costs has been evaluated by a simple pre-
iminary economic analysis. It only includes the packed bed reactors

ith the oxygen carrier and the high temperature valves.
The cost of the high temperature three-way valve is estimated

n 150,000D per valve in case of the smallest reactors. The high
emperature piping is included in the calculation. The valves have
een scaled up by Eq. (9) (Seider et al., 2004), in which C0 represents
he reference costs of 150,000D /valve in the 123 reactors case (with
flow rate of 2 m3/s). In case of a smaller number of reactors, the
olumetric flow rate per valve increases and then the valve size
ncreases and therefore its costs. The costs of the high temperature
alve system are listed in Table 2 for each cycle time.

= C0

(
V̇

V̇0

)0.6

(9)

The reactors contain an internal refractory, a steel vessel and an
xternal refractory. The internal refractory is needed to protect the
teel vessel, for which a maximum temperature of 300 ◦C has been
ssumed. The thickness of the refractory, sr, is calculated using Eq.
10), which results from the energy balance on the insulation mate-
ial around the reactor wall and the law of Fourier. It is assumed that

he total heat losses through the reactor walls of all the reactors, Q,
re equal to 1.5 MW (with thermal conductivity of refractory, �r, of
.2 W/(m K)). This is about 0.25% of the total heat production and
herefore this term is not included in the energy evaluation of the
Fig. 10. Influence of the cycle time on the costs in case of NiO/Al2O3 (estimated on
50,000D /ton NiO/Al2O3).

power plant. The carbon steel thickness of the pressurized vessels
has been calculated with Eq. (11) (Sinnott, 2005), in which Pin is
the operating pressure (30 bar assumed for safety reasons), Da is
the diameter of the reactor and the refractory and f is the design
stress (85 N/mm2 (Sinnott, 2005)). At the inlet and outlet of the
reactors, hemispheres have been considered. The cost of the exter-
nal low temperature refractory (around the pressurized vessel) has
been neglected. The costs of the vessels are calculated consider-
ing steel costs of 500D /ton (WSP, 2014) and fire bricks (refractory)
of 450D /ton (density of 480 kg/m3, (ThermalCeramics, 2013)). The
total material costs are multiplied with a factor 3 for the construc-
tion of the reactors. The resulting internal refractory and steel vessel
thicknesses and their associated costs have been listed in Table 2.

Q = 2
�L

ln (Da/D)
(Tmax,CLC − Tsteel) (10)

ssteel≥
PinDa

4f − 1.2Pin
(11)

The nickel based oxygen carrier price was estimated at roughly
50,000D /ton carrier. The different cost assumptions are listed in
Table 2. From Fig. 10 it can be concluded that the Ni-carrier is, by
far, the most expensive part of the system. This leads to design
guideline to reduce the cycle time as much as possible.

Nickel is considered as one of the most expensive oxygen car-
riers and cheaper alternatives might be selected. For example if a
natural material is selected (cost estimated at 6000D /ton, mainly
costs of palletizing), the contribution of the high temperature
valves on the total cost becomes important. Reducing the cycle
time means increasing the number of reactors and then the high
temperature valves are the most expensive parts of the system. In
Fig. 11 it is shown that if the cycle time is increased, the oxygen
carrier costs become more dominant, because they increase lin-
early with the cycle time, while the number of reactors decreases
(and thus the number of high temperature valves). So, in case of an
expensive oxygen carrier (like nickel), the solid inventory has to be
reduced as much as possible and in case of a cheaper material it is
also important to keep the number of reactors low.

The case with a 20 min cycle time is also shown in case of a L/D-
ratio of 2 (instead of 4) in Fig. 11. In that case, the system can be
operated with a smaller number of reactors (and high temperature
valves) and then the initial investment costs can be further reduced.

The specific investment costs for an IGCC power plant are

around 1950D /kWnet and for a plant with CO2 capture, these costs
rise to around 2650D /kWnet (Anantharaman et al., 2011). The
initial investment costs of the packed bed reactor systems for the
CLC are lower than the 700D /kWnet. So, the order of magnitude



Table 3
Comparison streams in packed bed and fluidized bed configuration (stream numbers, #, refer to Fig.1).

Stream # Packed bed configuration Fluidized bed configuration

M, kg/s T, ◦C p, bar Composition M, kg/s T, ◦C p, bar Composition

1 116.3 600 20.1 Ar: 0.55%, CO: 32.09%,
CO2: 5.28%, H2: 13.07%,
H2O: 48.29%, N2: 0.72%

72.7 300 20.1 Ar: 0.97%, CO: 56.41%,
CO2: 9.27%, H2: 22.97%,
H2O: 9.11%, N2: 1.27%

2 156.9 832 19.0 Ar: 0.55%, CO2: 37.37%,
H2O: 61.36%, N2: 0.72%

113.3 1295 19.0 Ar: 1.01%, CO2: 65.64%,
H2O: 32.07%, N2: 1.29%

3 156.9 136 18.0 Same as #2 113.3 138 18.0 Same as #2
4 81.5 28 110.0 96.70% CO2 81.5 28 110.0 96.63% CO2

5 786.2 15 1.0 Air: Ar: 0.92%, CO2:
0.03%, H2O: 1.03%, N2:
77.28%, O2: 20.73%

695.3 15 1.0 Air

6 729.8 438 20.0 Air 645.1 438 20.0 Air
7 176.6 448 21.0 Air – – – –
8 698.4 466 20.0 Depleted air: Ar 0.94%,

CO2: 0.03%, H2O: 1.06%,
N2: 81.86%, O2: 16.11%

– – – –

9 18.4 22 1.1 N2 – – – –
10 18.4 478 20.4 N2 – – – –
11 707.6 1199 19.0 Same as #8 605.5 1200 19.0 Depleted air: Ar 0.97%,

CO2: 0.03%, H2O 1.10%,
N2: 81.81%, O2: 16.09%

12 764.0 486 1.0 Depleted air: Ar 0.94%,
CO2: 0.03%, H2O: 1.06%,
N2: 81.52%, O2: 16.45%

655.8 487 1.0 Depleted air: Ar 0.97%,
CO2: 0.03%, H2O 1.09%,
N2: 81.46%, O2: 16.45%

13 764.0 92 1.0 Same as #12 655.8 86 1.0 Same as #12
14 120.7 15 1.0 Air 125.2 15 1.0 Air
15 88.6 565 133.9 Steam 133.1 565 133.9 Steam
16 129.5 527 133.9 Steam 156.0 547 133.9 Steam
17 129.5 333 36.0 Steam 156.0 349 36.0 Steam
18 142.6 458 33.1 Steam 160.4 458 33.1 Steam

o
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19 33.4 395 21.6 Steam
20 37.7 300 3.5 Steam
21 146.8 32 0.05 Steam

f the reactor system costs is acceptable compared to the total
lant cost. However, to draw more accurate conclusions a detailed
conomic evaluation has to be carried out on the complete plant,
hich also includes the operational costs and a sensitivity analysis

n the most critical components. An important component is the
igh temperature valve system, which cost also depends on the
perational cycle time. From this simple preliminary analysis, it
an be concluded that the solid inventory is very important for the
osts in case nickel is used as oxygen carrier. The oxygen carrier
lso needs to be replaced after a while and this will have an effect

n the operational costs. If a cheaper oxygen carrier is selected, the
umber of reactors also becomes an important design factor to keep
he number of high temperature valve systems as low as possible.
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ig. 11. Influence of the cycle time on the costs in case of a cheap oxygen carrier
6000D /ton oxygen carrier).
– – – –
0.3 300 3.5 Steam

160.7 32 0.05 Steam

Because no cost information was available about cyclones, the
investment cost has only been estimated for the packed bed con-
figuration.

4. Fluidized bed configuration

4.1. Reactors operation and solid inventory

Because many papers have been published about circulating flu-
idized bed systems, the discussion is less extensive than the packed
bed case. An ideal fluidized bed system is considered, assuming that
it is working at 20 bar without producing fines. If it would be oper-
ated at atmospheric pressure, it would not be a fair comparison.

In the configuration with circulating fluidized beds the temper-
ature rise inside the reactor is independent of the active weight
content, since it can be controlled by gas excess (or by immersed
heat transfer surfaces in case of steam generation). As a mat-
ter of fact, thanks to the good mixing of the bed material, small
temperature gradients prevail in the reactors without risk of hot
spots formation. Therefore, a higher active weight content could
be selected than 19 wt% NiO on Al2O3, optimized on chemical
and mechanical stability rather than imposed by temperature rise
control. In the literature, an active weight content of 40 wt% is com-
monly selected (Adanez et al., 2012).

The conversion of the oxygen carrier is something that dis-
tinguishes fluidized beds and packed beds. In the packed bed
configuration the carrier is almost fully converted (�Xs = 1), while
in the fluidized bed the oxygen carried by the metal oxide is
utilized only for a certain extent. On the one hand, due to the large

air excess in the air reactor, the metal is expected to leave the air
reactor in fully oxidized state. Conversely, since the highest possi-
ble oxidation of the fuel needs to be achieved in the fuel reactor, the
oxygen carrier cannot be completely reduced in fluidized bed fuel



r
s
m
r
c
c
�
r
t
a
l
o
s
r

s
b
c
s
s
r
i
I
i

r
(
s
(
t
e
s

t
i
t
t
b
a
s
c

c
e
m
r

4

c
r

t
l
f
r
C
f
e
c
b
t

i
o

0.0 0.2 0.4 0.6 0.8 1.0

1000

1050

1100

1150

1200

1250

1300

T
syngas,in

=600°C

T
syngas,in

=300°C

T
C

O
2

/H
2

O
 (

°C
)

ΔXsolid

T
syngas,in

=120°C
eactor and a certain amount of it needs to be kept in the oxidized
tate. The composition of the solids inside the fuel reactor deter-
ines the reactivity of the bed and the solids inventory required to

each full conversion of the syngas. Based on the selected oxygen
arrier conversion and on the gas flow rates, the needed solids
irculation rate can be calculated. Typically, the solid conversion
Xs is maintained below 0.5 to keep a good reactivity of the fuel

eactor bed. At elevated pressures, the gas transport capacity of
he solids is limited by hydrodynamics, because the reactors have

smaller cross sectional area (Abad et al., 2007). Owing to the
ow transport of solids, a relatively large �Xs should be selected,
r alternative solid transport systems between the reactors
hould be employed to keep a sufficiently high solids circulation
ate.

Abad et al. (2007) and Mattisson et al. (2007) calculated the
olids inventories at around 70 kg/MWth. This value is calculated
ased on a �Xs of 0.5 and the kinetics at 1200 ◦C and 20 bar. The
alculation only includes the air and the fuel reactors and thus the
olids inventory of the total system (including cyclones and loop
eals) is higher. The solids inventory in the fuel and air reactor cor-
esponds to 375 molNiO/MWth. Considering that 1 MWth thermal
nput corresponds to 3.7 molCO–H2 /s (with CO/H2 = 2.46 as in our
GCC), it means that the total residence time of the oxygen carrier
n the two reactors is 51 s (assuming �Xs = 0.5).

Another solids inventory was found based on experiments car-
ied out by Kolbitsch et al. (2010). During small scale experiments
65 kW) a solids inventory of 450 kg/MWth (141 kg Ni/MWth) was
ufficient to convert H2 with nickel oxide (40 wt% NiO on NiAl2O4)
Kolbitsch et al., 2010, 2009). A total residence time in the sys-
em of 130–350 s was reached. The �Xs was about 0.1 (Kolbitsch
t al., 2010), so quite low in comparison with the above described
ituation.

In both cases, a lower active weight content was reported
han was assumed for the packed bed case. The required solids
nventory is lower in the case of circulating fluidized beds, because
he residence time of the solids is lower (a couple of minutes) than
he time of a packed bed cycle. The oxygen carriers in the packed
ed reactors are most of the time not in a reacting mode (reduction
nd oxidation), but in the heat removal and purge mode. These
teps, not needed for the fluidized bed reactors, make the total
ycle time longer.

The difference in solids inventory might be compensated to a
ertain extent by a longer lifetime. The carriers in the packed bed are
xposed to much less mechanical stresses and therefore the lifetime
ight be longer. At this moment, the difference in lifetime in both

eactors is unclear and needs to be further explored experimentally.

.2. IGCLC configuration with circulating fluidized beds

For the interconnected fluidized bed case, the IGCLC power plant
onfiguration is slightly different from the case with packed bed
eactors on four aspects:

First, the temperature of the fuel reactor is close to the air reactor
emperature, because of the circulation of the solids that transfer a
arge amount of heat between the two reactors. Because of the high
uel reactor temperature and the highly uniform temperature in the
eactor, the equilibrium of the Boudouard reaction is more on the
O side (no carbon formation). In addition, the oxygen carrier is not

ully reduced and well mixed and some oxidized carrier is hence
xpected to be available in each zone of the fuel reactor. Therefore,
arbon deposition is not considered to be a critical issue in fluidized
eds and fuel dilution with steam or recycled CO2 is not needed in

his case.

Second, the oxidation and the heat removal steps are integrated
n one step. During oxidation, a large excess of air is fed at 440 ◦C,
nly a fraction of the oxygen is reacting (about 25%) and a stream is
Fig. 12. The fuel reactor temperature as function of the solids conversion and the
fuel inlet temperature.

obtained at 1200 ◦C. This temperature is reached by tuning the air
gas flow rate. Only one compressor is required to obtain the air at
20 bar. So, no additional blower has to be installed for the oxidation.

Third, because the solids are transferred, the reactors do not
have to be purged, so no purge flow is required. Actually, some
steam or recycled CO2 should be used in the reactors as sealing gas
and to assist solids circulation in the loop seals. However, this flow
rate is expected to be relatively small and is not taken into account
in this work.

Fourth, since the CO2/H2O stream is produced at high tempera-
ture, a large amount of high pressure steam can be produced during
cooling down of this stream. To produce high pressure steam also
low temperature heat is required. Because this low temperature
heat is limited, some adaptations were made to the plant design.
The saturator outlet temperature was reduced to 123 ◦C because
not much steam is required to avoid carbon deposition.

The temperature of the air reactor was set to 1200 ◦C, but the
temperature of the fuel reactor is dependent on the solids con-
version and the syngas inlet temperature. The syngas can be fed
at 123 ◦C directly from the saturator outlet, at 300 ◦C by heating
with high pressure saturated water or at 600 ◦C by feeding it to
the CO2/H2O-cooler. The effect of the fuel feed temperature on the
temperature of the fuel reactor is shown in Fig. 12. It is shown
that the fuel reactor temperature is always around 1200 ◦C. In the
previous section it was discussed that the higher the fuel feeding
temperature, the higher the process efficiency. When the syngas
is fed at 600 ◦C, the temperature in the fuel reactor is above the
limit of 1200 ◦C. Therefore a syngas feeding temperature of 300 ◦C
is selected, leading to an almost isothermal reactor system.

The pressure drop is assumed to be the same as for the packed
bed case (5%). This depends on the solids inventory in the reactors,
the reactor cross section and the pressure drop in the cyclones and
the distribution plate. As was shown in Section 3.2, the effect of the
pressure drop on the process efficiency is quite small, when kept
below about 8%.

In case NiO is used as oxygen carrier, the conversion of the fuel
is limited by thermodynamics. In that case, the selectivity of CO
oxidation is 0.970 and the selectivity of H2 oxidation is 0.985. It is
assumed that the remaining CO and H2 is combusted downstream
with a stoichiometric amount of O2 produced in the ASU (with 95%
purity). The temperature of the CO2/H2O stream after combustion

with O2 is 1295 ◦C. All these assumptions lead to a mass balance as
shown in Table 3. In this table, streams related to the gasification
island are not included, since they do not differ from the plant with
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acked bed CLC reactors. The net efficiency of this process is 41.73%
f LHV. More details about the energy balance are given in Section 5.

Contrary to the packed bed configuration, the performance and
ehavior of the fluidized bed reactors has not been modeled in
etail. Ideal assumptions have been considered, not considering
ome effects that might reduce the process efficiency. First of all, it
s assumed that the gases are always converted as much as thermo-
ynamically possible, which is achievable with a proper inventory,
as residence time and �Xs. Second, in circulating fluidized beds,
lso some CO2 leakage could occur from the fuel reactor to the air
eactor and some N2 might be transported in the other direction
CO2 dilution) (Abad et al., 2006). Also these effects, which could
e minimized by utilizing small flow rates of steam as sealing gas,
re not taken into account.

. Comparison packed bed and fluidized bed

In the previous sections, the process efficiency for CLC with
acked beds and circulating fluidized beds has been determined.

n case of the packed bed system, the reduction could be car-
ied out at lower temperatures. Therefore, the CO2/H2O stream
as produced at a lower temperature (832 ◦C), but a large steam
ow had to be mixed to reach the thermodynamic equilibrium
o prevent carbon deposition at 450 ◦C and higher temperatures.
his has a large impact on the process efficiency, because in
ase an oxygen carrier is selected with minimal activity for the
oudouard reaction, a smaller amount of steam is sufficient and
hen the process efficiency increases from 41.05% to 42.23% of
HV.

In case of the interconnected fluidized bed system, syngas dilu-
ion to avoid carbon deposition is not necessary. On the other hand,
he fuel reactor operates at higher temperature and a higher frac-
ion of the thermal input is hence available in the fuel reactor
ff-gas, which is recovered by raising steam. Therefore, a lower
ortion of heat is converted by the high temperature and high effi-
iency gas turbine based combined cycle. In addition, the selected
xygen carrier influences the process performance, especially if it
ntroduces fuel conversion limitations. As a matter of fact, one of
he sources of efficiency penalty in this plant is the incomplete fuel

onversion due to thermodynamic limitations entailed by using
i as oxygen carrier. In case an oxygen carrier allowing complete

yngas oxidation is selected instead of NiO, the efficiency could be
ncreased by 0.4% points, from 41.37 to 41.78%.

able 4
nergy balances of the different cases considered for the packed bed and the fluidized be

Power IGCC-NC N/A (Spallina
et al., 2014)

IGCC-Sel Sele
(Spallina et al

Heat input LHV, MWLHV 812.5 898.8
Gas turbine, MWe 261.6 263.9
Heat Recovery Steam Cycle, MWe 179.5 161.2
Gross power output, MWe 441.1 425.1
Syngas blower, MWe −1.0 −1.1
N2 compressor, MWe −34.1 −29.8
ASU, MWe −29.6 −32.7
Lock hoppers CO2 compressor, MWe

Acid Gas Removal, MWe −0.4 −14.7
CO2 compressor, MWe −19.7
N2 intercooled compressor gasifier, MWe

Heat of rejection, MWe −5.5 −6.3
Other auxiliaries, BOP, MWe −3.2 −3.6
Net power generated, MWe 367.4 317.3
LHV efficiency, % 45.21 35.31
CO2 capture efficiency, % 93.0
CO2 purity, % 98.2
CO2 emission, kg CO2 emitted/MWhe 769.8 101.4
CO2 avoided, % 0 86.8
SPECCA, MJ LHV/kg CO2 3.34

a Gas turbine power includes consumption of air blower and nitrogen compressor for p
The energy balances of the assessed cases are reported in Table 4.
The results of the packed bed and the fluidized bed Ni-based plants
are reported in the third and the fourth column. The different power
share of the two cases is evident, with the packed bed case gener-
ating more electricity through the gas turbine (55% of the gross
power) and less by the heat recovery steam cycle (45%). This is
related to the fact that CO2 and H2O are produced at lower tem-
perature. In this comparison, a higher portion of the gross power
(about 53%) is produced by the steam cycle in the fluidized bed case.
Mainly due to the loss associated with steam dilution in the packed
bed case, the process efficiency is higher in the fluidized bed case
by about 0.4% points.

Moreover, two ideal cases have been compared with ideal oxy-
gen carriers (fifth and sixth column in Table 4). Ideal means that in
the packed bed case, a H2O/CO-ratio of 0.37 is sufficient to avoid a
large extent of carbon deposition (i.e. with no further steam dilution
after the saturator). In the fluidized beds, the ideal OC allows full
conversion of the fuel. As a consequence of these improvements, net
efficiency improves by 1.1% and 0.4% points in packed bed and flu-
idized bed cases respectively. In this scenario, the ideal packed bed
case is slightly (0.4% point) more efficient than the ideal fluidized
bed case.

As far as CO2 emissions are concerned, CLC-based plants allow a
very high CO2 capture rate, since the CO2 is lost only from the lock
hopper-based coal feeding system and from syngas combustion for
coal drying. Additional CO2 losses would occur from the CO2 purifi-
cation section if the 96.7% purity achieved were not sufficient for
the storage site and the transport infrastructure.

The chemical-looping cases are compared with an IGCC power
plant without CO2 capture (first column), characterized by a net
efficiency of 45.2% (Spallina et al., 2014). The CO2 avoided and the
specific primary energy consumptions for CO2 avoided (SPECCA)
is calculated with this as reference case by Eqs. (12) and (13). It
is also demonstrated that with all the CLC configurations the con-
ventional capture with Selexol (second column) is outperformed
by 6–7% points.

CO2,avoided = 1 − ECO2

ECO
(12)
2,ref

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

3600 (13)

d.

xol®

., 2014)
PB with
NiO

FzB with
NiO

Ideal PB, no
steam added

Ideal FzB, full gas
conversion

853.9 853.9 853.9 853.9
225.1a 192.1 232.2a 197.9
183.0 220.0 185.7 216.3
408.1 412.1 417.9 414.2
−0.8 −0.8 −0.8 −0.8

−33.9 −35.1 −33.9 −33.9
−3.1 −3.1 −3.1 −3.1
−0.4 −0.4 −0.4 −0.4

−11.0 −11.0 −11.0 −11.0
−1.3 −1.3 −1.3 −1.3
−3.6 −3.7 −3.4 −3.6
−3.4 −3.4 −3.4 −3.4

350.6 353.3 360.6 356.7
41.05 41.37 42.23 41.78
97.1 97.1 97.1 97.1
96.7 96.6 96.7 96.7
24.7 24.5 24.0 24.3
96.8 96.8 96.9 96.8

1.08 0.99 0.75 0.88

urge.
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Because the process efficiency does not depend significantly on
he reactor type in which CLC is carried out, it is not expected that
he process efficiency is a decisive factor in the reactor type selec-
ion. Before the reactor types could be implemented in practice,
critical unit has to be developed for high temperature/pressure

pplication. For the packed beds, the most challenging part is prob-
bly represented by the high temperature valve system, while for
he fluidized bed, hot gas filtering, loop seals and control system
llowing for stable solids circulation at high pressure need to be
eveloped. The level of development achievable for these units,
heir availability, operability and cost will most likely determine
hich technology should be used to carry out CLC integrated with

he IGCC power plant.

. Conclusions

The influence of the CLC reactor type (packed beds vs. fluidized
eds) on the process efficiency has been studied. Syngas is produced

n the Shell gasifier and after low temperature gas cleanup it is fed
n the CLC reactors operated with NiO/Al2O3 oxygen carrier, which
re operated at 20 bar, 1200 ◦C. It has been shown that for both
eactor types a process efficiency (LHV basis) around 42% can be
chieved.

The packed beds have the advantage that the reduction can be
arried out at lower temperatures and therefore the CO2 is pro-
uced at lower temperature. Hence, more heat is available to the
as turbine. The drawback is that more steam is required to avoid
arbon deposition thereby reducing the efficiency. In case an oxy-
en carrier featuring slow kinetics for the Boudouard reaction is
sed, no additional steam has to be fed if the H2O/CO-ratio of 0.37
eached with the saturator is assumed to be sufficient. In that ideal
ase, the process efficiency is increased by 1.18% points to 42.23%
f LHV. So, the kinetics of the Boudouard reaction are an important
actor for the oxygen carrier selection.

In the fluidized bed cases, the temperature of the CO2/H2O-
tream is higher and this leads to a lower process efficiency. In
ddition, because NiO was selected as oxygen carrier, the gas con-
ersion is relatively low and some additional oxygen was fed to
each full conversion of the gases. In the end, an LHV efficiency of
1.37% is reached. In case of a different oxygen carrier with which
ull gas conversion can be achieved, an LHV efficiency of 41.78% can
e reached. For the circulating fluidized beds, ideal reactors were
ssumed (with gas conversion that follows the thermodynamics
nd no gas leakages) which requires proper CLC reactor system
esign.

From these results, it can be concluded that the selection of the
eactor type does not have a large influence on the process effi-
iency. In the packed bed case, a high temperature valve system
eeds to be designed, while for the fluidized beds, high temper-
ture filtering and a solid circulation control system have to be
eveloped, which seems to be a much bigger challenge compared
o a valve system. The development, operability and costs of these
arts will determine which type of reactor is more suitable for large
cale CLC application.
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