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Abstract—Coal direct chemical-looping combustion (CLC) and coal gasification CLC processes are the two basic
approaches for the application of the CLC technology with coal. Two different combined cycles with the overall ther-
mal input of 1,000 MW (LHV) were proposed and simulated, respectively, with NiO/NiALO, as an oxygen carrier
using the ASPEN software. The oxygen carrier circulation ratio in two CLC processes was calculated, and the influ-
ence of the CLC process parameters on the system performance such as air reactor temperature and the turbine inlet
supplementary firing temperature was investigated. Results found were that the circulation ratio of the oxygen car-
rier in the coal gasification CLC process is smaller than that in the coal direct CLC process. In the coal direct CLC
combined system, the system efficiency is 49.59% with the CO, capture efficiency of almost 100%, assuming the air
reactor temperature at 1,200 °C and the fuel reactor temperature at 900 °C. As a comparison, the system efficiency of
coal gasification CLC combined system is 40.53% with the CO, capture efficiency of 85.2% when the turbine inlet tem-
perature is at 1,350 °C. Increasing the supplementary firing rate or decreasing the air reactor temperature can increase
the system efficiency, but these will reduce the CO, capture efficiency.
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INTRODUCTION

With an in-depth understanding of global warming, the reduc-
tion of carbon dioxide emission has become the focus of attention
around the world. The concentration of CO, in the atmosphere
today is approximately 398.03 ppm [1], more than 40% higher than
the pre-industrial level of 280 ppm [2].

Combustion of fossil fuels releases a massive amount of carbon
dioxide into the atmosphere. It is estimated that fossil fuel power
generation contributes to about one-third of the total carbon diox-
ide released from fuel combustion [3].

Several different technologies have been suggested to capture
CO, in a pure stream from combustion in a fossil fuel power pro-
duction unit. The three most common technologies are pre-com-
bustion, oxy-fuel combustion and post-combustion [2,4-6]. These
techniques are energy-intensive, resulting in a significant decrease
of the overall combustion efficiency, and as a result, increase the
produced electricity price. Chemical looping combustion (CLC) is
a most promising technology to combine fuel combustion and
pure CO, production in situ, allowing CO, sequestration without
extra energy supplemented. Thus, CLC is potentially much eco-
nomic because no costly gas-separation equipment is necessary.

The CLC process using gaseous fuels has been widely investi-
gated, but recently the CLC process using solid fuels has attracted
great attention [7]. Because the fuel supply cannot fully support
the energy needs of the electricity demand of the country for a long
term and solid coal is considerably more abundant than natural
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gas, it would be highly advantageous if the CLC process could be
adapted for solid fuels, especially for China.

There are basically three approaches to the application of CLC
technology to solid fuel. The first approach is coal gasification CLC,
in which solid fuel is gasified in a separate gasifier with pure oxy-
gen to produce syngas, then the syngas can be used in a CLC unit
for gaseous fuel.

In the gasifier, there are pyrolysis reactions, gasification reactions,
etc.

First, coal pyrolysis occurs and mainly produces coal char and

gases (CO, H,, CO,, CH,, etc.).
Coal— coal char+gases (CO, H,, CO,, CH,, etc.) (1)

Simultaneously, char gasification happens. The following main
reactions may be considered:

C+C0,—2C0 V)
C+H,0—CO+H, 3
C+0,—~CO, )
CO+H,0—CO,+H, €

Reactions (2) and (3) are endothermic, and can be considered
as the most important in a gasification process. O, is introduced
and the oxidation reaction (4) happens to provide the energy needed
for the promotion of reactions (2) and (3). The shift reaction (5)
occurs mainly at high steam concentrations.

The raw syngas is then cleaned and introduced into the fuel reac-
tor (FR). In the FR, the oxygen carrier is reduced by the syngas.
Here, the oxygen carrier is using NiO/Ni as an example.

NiO+H,=Ni+H,0 (6)
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NiO+CO=Ni+CO, ?)
Then, Ni is transported to the AR to be oxidized back to NiO.
2Ni+0,=2NiO ®)

However, an energy-intensive air separation unit is required for
this approach. Therefore, it dramatically increases the cost of the
CLC system.

The second approach is the coal direct CLC process, in which
the solid fuel is introduced directly to the fuel reactor, where the
oxygen carrier is mixed with the fuel directly, giving a one-step fuel
oxidation with no need for air separation. However, due to low solid-
solid contact efficiency, a solid-solid reaction between the solid fuel
and a metal oxide is not likely to occur at an appreciable rate [8,9].
Instead, the solid fuel needs to be gasified and then the oxygen
carrier particles react with the gas produced. In the FR, there are
also pyrolysis reactions (reaction 1) and gasification reactions (reac-
tions 2-3), etc. Simultaneously; the oxygen carrier is reduced by pyrol-
ysis gases and gasification products (reactions 6-7). A shift reaction
(5) also occurs at high steam concentrations. However, in this pro-
cess, the heat needed for the promotion of reactions (2) and (3) is
not supplied by the fuel combustion, but by the transport of oxy-
gen carrier from the AR; thus reaction (4) will not happen. How-
ever, the gasification process has been proven to be the time-limiting
step [8,10-13].

One more approach for the application of solid fuel in chemi-
cal looping process was proposed and investigated by Mattisson et
al. [9,14-19]. This process is called chemical looping with oxygen
uncoupling (CLOU) method. With this technology, solid fuel is
burnt with gas-phase oxygen released from an oxygen carrier in
the fuel reactor. But the oxygen carrier for CLOU needs to react
reversibly with gas-phase oxygen at high temperature. This approach
is not considered in this paper.

Supplementary
firing device

Ash Sulfur

Dust removal and
desulfurization device

From HSH

Gasifier

The system integration and economic analysis are one of the focus
of the CLC process. The system simulations using methane or nat-
ural gas have been investigated [20-22]. Results found were that
the exergetic power efficiency of CLC-GT system when using Fe,O;
as an oxygen carrier is 3.53 percentage points higher than that of
the conventional system. Considering the CO, inherent separa-
tion, the CLC-GT system has greater advantage than theconven-
tional process [20]. Klemens et al. [22] conducted q simulation of
q CLC power plant using methane. It was found that the net elec-
tric efficiency of such a small scale plant could be expected to be
in the range of 32.5-35.8%.

There are also two ways of system integration with CLC pro-
cess using solid fuels. One is to couple with a fuel gasification pro-
cess, and another way is direct use of solid fuels. Xiang et al. [23]
studied the performance of the combined cycle using ASPEN soft-
ware. It was found that, assuming an air reactor temperature of
1,200 °C, a gasification temperature of 1,100 °C, and a turbine inlet
temperature after supplementary firing of 1,350 °C, the system has
the potential to achieve a thermal efficiency of 44.4% (low heating
value) with 90.1% of the CO, captured. Xiang et al. [24] investigated
the performance of a three reactor CLC. In this system, coal is first
gasified in a Shell gasifier, following which syngas is introduced to
the CLC process for producing hydrogen and electricity. Gnanapra-
gasam et al. [25] and Li et al. [26] also investigated the solid fuel
direct chemical looping process to produce hydrogen and/or elec-
tricity. Li et al. [26] found that the biomass direct chemical loop-
ing process can produce hydrogen and/or electricity at any ratio.
When all the oxygen carrier materials were used for power pro-
duction, the system efficiency was 38.1%. With the CO, sequestra-
tion, the BDCL becomes a carbon negative process from the life
cycle standpoint. Therefore, the process has great potential for clean
and efficient biomass utilization.

However, there is also no direct comparison of the basic approaches
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Fig. 1. Schematic diagram of coal gasification CLC combined cycle.
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Fig. 2. Schematic diagram of coal direct CLC combined cycle.

to the application of the CLC technology with coal for power gen-
eration. Two different combined cycles were proposed and simu-
lated respectively for these two processes using NiO/NiALO, as an
oxygen carrier. The performance of the two combined cycles in-
cluding the system efficiency and the CO, capture efficiency was
investigated.

SYSTEM DESCRIPTION

A schematic diagram of the coal gasification CLC combined
cycle is shown in Fig. 1. The system is composed of a coal gasifier,
CLC reactors, gas turbine, heat recover steam generator (HRSG)
and CO, compressor. As Texaco entrained flow gasifiers have been
widely used throughout the world to produce electric power [27],
one is selected in this work. The coal is crushed and mixed with
water to produce a shurry and is pumped into the gasifier with oxy-
gen. The raw fuel gas produced is cooled and cleaned through the
dust removal and desulfurization device, and then is injected into
the fuel reactor (FR), where the oxygen carrier materials are re-
duced. The heat management and integration is mainly based on
the energy cascade utilization principle. The flue gas of the FR (mainly
CO, and H,0) drives a gas turbine to generate power. The heat
from the gas turbine exhaust is used to generate superheated steam
in the HRSG. The hot syngas produced in the Texaco gasifier is
cooled initially and radiant heat exchanger is used to recover ther-
mal energy and generate high temperature and pressure steam. Due
to the high temperature level, this high temperature waste heat is
used to heat the steam from a high pressure superheater (HSH) to
the set temperature. The generated superheated steam drives a steam

H:0 H20 HO

turbine, producing additional power, after which liquid CO, can
be obtained from the gas exit after cooling, compressing, condens-
ing and water separation. The compressed air is introduced to AR
to oxide the reduced oxygen carrier. To increase the system effi-
ciency, the depleted air is introduced to gas turbine after supple-
mentary firing. Then the heat is recovered in the HRSG and the
depleted air is finally rejected to stack.

A schematic diagram of the coal direct CLC combined cycle sys-
tem is shown in Fig. 2. In this system, coal is directly introduced to
FR, where the coal pyrolysis and gasification reactions happens.
Simultaneously; the oxygen carrier is reduced by pyrolysis and gas-
ification products. The following procedures including the gas tur-
bine power generation, the heat recover, and the CO, compress and
separation are familiar with that of coal gasification CLC process.
However, the gases from FR are introduced into the HRSG but not
the gas turbine.

In this paper, ASPEN Plus was employed to investigate the per-
formance of the system. The Texaco gasifier, the AR, and the FR
were all simulated by RGIBBS block, where an equilibrium analy-
sis was conducted through the technique of Gibbs free energy mini-
mization. The oxygen was supplied by an ASU, but the ASU is not
modeled here. The specific work of 0.4 kWh/kg was adopted during
calculation. The key assumptions for performance simulation are
shown in Table 1.

1. Gasification Process

Mlinois 6# coal was selected and the proximate and ultimate anal-
yses of the coal samples are listed in Table 2. The overall thermal
input for the coal direct CLC and coal gasification CLC system are
both set at 1,000 MW (LHV). Coal is gasified in the gasifier, and
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Table 1. Key assumptions for performance simulation

Progress Assumption

Temperature, 1,371 °C; pressure, 42.4 bar; carbon conversion rate, 99%; water/coal ratio, 33.5 : 66.5; heat loss, 1% of
input LHV
Output temperature of the syngas, 815.6 °C/343.3 °C; Pressure, 41.54 bar

Gasification process

Radiant/convective
cooling system
Gas cleaning
Oxygen carrier
Fuel reactor (FR)

Sulfur removal efficiency, 98.5%
NiO/NiALO, (60 wt% : 40 wt%)
Temperature, 900 °C; thermal loss, 0.5% of thermal input

Air reactor (AR) Temperature, 950-1,200 °C; thermal loss, 0.5% of thermal input
Gas turbine Discharge pressure, 1.047 bar; turbine polytrophic efficiency, 85%; mechanical/generator efficiency, 99%/99%
HRSG Approach point AT, 10 °C; pinch point AT, 8 °C; thermal loss, 0.5% of thermal input

CO, compression Single-stage compression ratio of CO, compressor, 3.5; compressor stage isentropic efficiency, 85%; cooling water

inlet temperature, 15 °C; temperature at intercooler outlet, 30 °C; mechanical/electric efficiency, 99%/99%; liq-

uid CO, to disposal, 30 °C and 121 bar

Balance of plant Pump efficiency, 75%

Table 2. Approximate and elemental analyses of Illinois 6# coal

Proximate analysis (wt%)

Ultimate analysis (wt%)

M, A, V., FC, C,

H, Oy N, Spa A

10.00 891 32.22 48.87 69.62

5.33 10.03 1.25 3.87 9.90

the raw fuel gas leaves the gasifier at 1,371 °C with the pressure of
4.24 MPa. The gasifier oxidant feed was fixed at a value of 95% purity
(98%0,+1.5%N,+0.5%Ar). The reaction temperature and heat loss
in the gasifier, which is assumed to be 1% of the total low heating
value of the inlet coal flow; in the gasification reactor is maintained
by adjusting the inlet flow rate of oxygen. In the simulation pro-
cess, the carbon conversion rate is set to be 99%, and the mass flow
of H,0 to coal is set to be 0.3 in the coal direct CLC process.

An activated amine solution (MDEA) is used to remove H,S se-
lectively with partial absorption of CO,. The H,S and COS removal
efficiency are set to be 98.5%. Simultaneously, about 25% CO, is
absorbed in this process. The purified gas component is shown in
Table 2.

2. CLC Reactors

The proper oxygen carrier is the basis of successful operation of
CLC. Ni-based oxygen carriers have been widely studied and re-
sults found that, NiO/NiALO, had high reactivity with the mass ratio
of NiO to NiALO, equaled to 3:2 [7]. We selected NiO/NiALO,
(60 wt% : 40 wt%) as the oxygen carrier. Although the Ni-based
oxygen carriers have high reactivity and stability [28-30], to main-
tain the reactivity and prevent the formation of the NO,, the tem-
perature of the AR was set under 1,200 °C. The reaction temperature
affects the redox reaction rates, but given the high operating tem-
perature and adequate residence time, in this simulation, it is as-
sumed that all the reactions in those two CLC processes will reach
their equilibria. This assumption is reasonable as the experimental
results in continuous operation processes showed that the Ni-based
oxygen carrier had high reactivity and the conversion of the com-
bustible gases, such as H, and CO, could reach equilibrium [31-
33]. Note that the CLC reactors are in the external interconnected
circulating fluidized bed mode in the simulation process.
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Two important design criteria for CLC are the circulation rate
and the solids inventory of oxygen carrier particles between the air
and fuel reactors [9]. In the CLC process, the circulation rate of
the oxygen carrier between the reactors must be high enough to
transfer the oxygen necessary for the fuel combustion and the heat
necessary to maintain the heat balance [3]. Therefore, the circula-
tion rate of the oxygen carrier should be determined by oxygen
and heat balance in the system. The entraining gas flow will increase
with the increase of the oxygen carrier circulation rate. Larger flows
of the entraining gases and oxygen carrier particles increase the
operation difficulties and increase the costs if they are outside the
range of normal commercial experience. A lower circulation ratio
between the two reactors not only can decrease the cost of the opera-
tion, but also can maintain the reactor at a reasonable reactor size.
Here, the circulation ratio of the oxygen carrier, denoted by R, is
defined as follows:

R= I’IIO(/ Mo (9)

where the m is the circulation rate of the oxygen carrier particles
between the air and fuel reactors, kg/s; m,,; is the mass flow rate
of the solid fuel introduced in the system, kg/s.

The solids inventory needed in the fuel reactor is determined
by the oxygen carrier circulation rate and the residence time needed
to convert the fuel. The residence time is related to the reactivity of
the fuel and oxygen carrier particles. The particle size of the parti-
cles has a great effect on the reactivity oxygen carrier. Investiga-
tions on the Ni-based oxygen carriers found that a higher reaction
rate could be obtained with a smaller particle size [34,35]. Higher
reaction rates are most likely due to more surface area for the bet-
ter gas-solid interaction, which can reduce the solids inventory in
the system. Thus, a low reactivity in combination with high circu-
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lation of oxygen carrier will mean a large solid inventory and thus
large reactor sizes. The particle size of the oxygen carrier affects
the overall reaction rate, and therefore affects the solids inventory
and reactor size. However, the particles are easier to be elutriated if
the particle size is too small, making the mass loss of the oxygen
carriers. Therefore, the oxygen carrier particle size should be deter-
mined considering the reaction rate and the separation efficiency.
Further examination needs to be conducted.
3. Gas Turbine

The gas turbine is the main work output device in the system.
Because increasing the turbine inlet temperature (TIT) can raise
the system efficiency, supplementary firing is used to increase the
depleted air temperature of GT1. Since the volume of the flue gas
from FR is relatively small, supplementary firing is not used for
GT2. The supplementary firing rate is defined as follows:

=My, /Mgy (10)

where M,, is the mass flow of the syngas for supplementary fir-
ing, and M,y is the total mass flow of the syngas produced.

With the increase of the TIT, extra air will be used to cool the
gas turbine; the definition of the cooling air ratio 7. is

ne=Mc/M, (11)

where M, is the mass flow of the cooling air, and M, is the mass
flow of the air at the inlet of the compressor.

There might be unreacted CO and H, in the flue gas of the FR;
the incomplete conversion of the fuel will decrease the system effi-
ciency and increase the work consumption of the CO, compres-
sor. But the molar fraction of CO and H, is very low in the flue
gas. The ultra-low concentration of combustible gases (CO and H,)
and relatively low temperature make it difficult to utilize with reg-
ular technologies. Catalytic combustion can achieve effective com-
bustion at much lower temperatures than in conventional flame
combustion, thus allowing for the simultaneous ultra-low emis-
sions of NOx [36]. Here, catalytic combustion is used to convert
the incomplete gases with pure oxygen.

4. Heat Recovery Steam Generator (HRSG) Device

In the coal gasification CLC system, an F-class gas turbine (pres-
sure ratio 17, TIT 1,350 °C) is used as the model. Most of the reac-
tions occur at high temperatures, resulting in a number of high
temperature streams. The HRSG unit recovers the heat from the
gaseous product streams, producing both high pressure and low
pressure steams. A three-pressure reheat steam-water system is em-
ployed in the simulation process with the parameters of HP steam
12.5 MPa/565 °C, reheating steam 2.86 MPa/565 °C, and low pres-
sure (LP) steam 0.72 MPa/232°C. In the CDCL process, supple-
mentary firing is not used for the flue gas from AR. Considering
the lower temperature of the gas, PG6561B turbine (pressure ratio
12, TIT 1,104 °C) produced by GE company is used in the model.
The parameters of steam-water system are the same with that in
coal gasification CLC process.

In HRSG devices, assumptions are pinch point 8 °C, approach
point 10°C, back pressure in condenser 3.6 kPa, HPST isotropic
efficiency 88%, IPST isotropic efficiency 92% and LPST isotropic
efficiency 90%. In the coal gasification CLC system, the raw syn-
gas from the gasifier is desulfurized, so the exhaust gas tempera-

tures from AR and FR after HRSG are both cooled to 80 °C, while
in the coal direct CLC system, the exhaust gas temperatures from
AR and FR after HRSG are cooled to 80 °C and 130 °C, respectively.
5. CO, Separation and Compressor

The CO,-rich stream is compressed in stages and cooled by cir-
culating water. Meanwhile, condensate is removed. CO, is com-
pressed to 121 bar in four intercooled stages. The inlet temperature
of the circulating water is 15 °C. To measure the CO, capture per-
formance of a system, the CO, capture efficiency is defined as fol-
lows:

Nco,=Mco/Mer (12)

where 70, is CO, capture efficiency; M is CO, flow from FR after
steam vapor condensing; M is the total CO, flow of the plant.

Note that the utilization of the large quantity of CO, captured is
a tough issue. It can be used in commercial chemical processes,
but the large-scale applications are limited. Another way is to store
the CO, captured in geological formations and the deep ocean, but
the long-term performance of CO, in those reservoirs needs fur-
ther study; especially the safety and the environmental effects [37].
The specific utilization method is out of the investigation scheme
of this study:.

RESULTS AND DISCUSSION

1. The Circulation Ratio of the Oxygen Carrier
1-1. Coal Gasification Chemical Looping Combustion Process
The molar fraction of the gases and solids from the FR with the
value of R in the coal gasification CLC process is shown in Fig. 3.
When R is larger than 8.675, the molar fraction of the gases does
not change. As the gases mainly introduced are H, and CO, the
reactions in the fuel reactor between the oxygen carrier and reduc-
ing gases are exothermic. Moreover, the oxygen carrier materials
will also transport heat to the FR. Thus, the FR is exothermic in
the coal gasification CLC process. This indicates that if the supply
of the oxygen carrier can meet the oxygen balance of the reactor,
the heat supply can be out of consideration. In the FR, the reactor
is exothermic, the excess heat should be recovered to maintain the
suitable operating temperature. One method is to lay the water wall to
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Fig. 3. The gas and solid composition from FR as a function of R.
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generate high pressure steam for power generation. Another method
is to introduce part of CO, to the FR. Considering the potential
erosion of the boiler tubes by the oxygen carriers, the second method
was adopted in this simulation processes.

When the value of R is set to be 8.675, the oxygen carrier can
meet the heat and oxygen balance of the reactor. However, some
of oxygen carrier particles will be lost due to fragmentation/attri-
tion and their reaction activity maybe reduced for long time run-
ning, and thus part of oxygen carrier particles may have to be fre-
quently supplemented and replaced. Moreover, in this paper, all
the reactions in the CLC process are supposed to reach their equi-
libria. The circulation ratio of the oxygen carrier in coal gasification
CLC process is determined by the stoichiometric oxygen balance,
but gaseous fuels might suffer from the insufficient contact with
the oxygen carrier. A part of gaseous fuels will be carried away from
the FR without joining the reactions with the oxygen carrier. There-
fore, in the real industrial process, the amount of the oxygen car-
rier should be larger than that calculated by oxygen balance. To
maintain stable operation and ensure the full conversion of the fuels,
~10% excess oxygen carrier particles are added in the coal gasifi-
cation CLC process during the simulation.
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1-2. Coal Direct Chemical Looping Process

Assuming the temperature of the FR is 900 °C and AR 1,200 °C,
Fig. 4 and Fig.5 show the molar fraction of the gases and solids
from the FR as a function of R in the direct coal CLC process. With
the increase of the R, the conversion of coal goes up. When R is
larger than 4.38, there is no C in the FR, while the molar fraction
of the gases and solids does not change when R is larger than 15.
The gases from the outlet of the FR are mainly CO, and H,O, only
with little fraction of CO and H,. The appearance of incompletely
converted CO and H, is due to the thermodynamic limits of Ni-
based oxygen carriers [38]. As mentioned before, these small amounts
of combustible gases can be converted by catalytic combustion using
pure oxygen.

The concentration of CO increases with R, and then decreases.
Because the mass flow rate of H,O/coal in FR is 0.3, part of coal
char is not gasified. When the amount of NiO increased, NiO would
react with H, and CO according to reactions (6) and (7), follow-
ing which the produced H,0 and CO, reacted with the coal char
in the FR according to reactions (3) and (2). Therefore reactions
(6) and (7) promote reaction (3), thus resulting in higher concen-
trations of CO. However, with the increase of R, syngas generated
would react with NiO, and reactions (6) and (7) become the pri-
mary reactions, so the CO concentration goes down. Note that the
curves of H, and CO concentrations are different, which reflects
that H, is more reactive with NiO than that of CO.

Very small amount of SO, was observed. This is because the sul-
fur-containing species from the coal may be oxidized to SO, by
oxidants such as H,0O, CO, or NiO. It also can be found that Ni,S,
will appear when the oxygen carrier is not enough. This is in ac-
cordance with the results obtained by other researchers. Jerndal et
al. [39] found that Ni,S, is the phase which is most likely to form
at SO, and H,S partial pressures and temperatures which may be
encountered in a CLC fuel reactor. Wang et al. [40] studied the effect
of oxygen excess number on the sulfur deposition and found that
more sulfur deposition might form at oxygen-deficient conditions.
The formation of Ni,S, on the oxygen carrier particles could result
in deactivation of the particles, and the relatively low melting points
(789 °C) may deteriorate the operation performance of the parti-
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cles, which needs to be considered in the operation process.

To convert the fuels to the maximum degree, the value of R based
on the oxygen demand can be determined by the method men-
tioned above. However, the circulation rate of oxygen carrier parti-
cles between the AR and FR should be determined both by oxygen
and heat amount needed in the system. Thus, the ASPEN Plus model
was used to calculate the circulation rate of the oxygen carrier based
on heat balance at the given parameters of specified FR tempera-
ture and the corresponding heat loss.

The molar values of R as a function of FR temperature based
on oxygen and heat balance, respectively, are shown in Fig.6. The
value of R based on oxygen balance does not change significantly
with the increase of the FR temperature, while the value based on
heat balance increase significantly. Note that, the reactions in the
system are assumed to achieve thermodynamic equilibrium, so the
value of R based on oxygen balance does not change greatly. How-
ever, the value of R based on heat balance increases from 13.34 to
41.42 when the temperature of the FR increases from 700 °C to
1,000 °C. This is because the temperature difference is smaller when
the FR temperature increases. The circulation ratio of the oxygen
carrier needs to be increased to supply enough oxygen carrier to
maintain the temperature of the FR. It can be concluded that if the
circulation ratio of the oxygen carrier can meet the heat balance of
the reactor, the oxygen supply can also be met when the tempera-
ture of FR is higher than 750 °C. Therefore, the value of R should
be determined by the heat balance in direct coal CLC process when
using Ni/NiAl,O, as an oxygen carrier. It can be found that the cir-
culation ratio of the oxygen carrier obtained based on heat balance
is larger than that based on oxygen balance. However, to maintain
the high temperature of FR, the oxygen carrier circulation ratio should
be set by the heat balance, and therefore, there will be a large amount
of oxygen carrier that does not participate in the reaction, but only
acts as the heat transfer medium in direct coal CLC process.

It can be concluded that the circulation rate of the oxygen car-
rier in coal gasification CLC process is much lower than that in
coal direct CLC process. This can be explained by the complicated
reactions in the FR of the coal direct CLC process. In the FR, the
coal pyrolysis and gasification reactions happen. Simultaneously,
the oxygen carrier is reduced by pyrolysis and gasification prod-
ucts. Although the heat of the reactions between the gases and the
oxygen carrier highly depend on the type of oxygen carrier used,
the total reactions in the fuel reactor are strongly endothermic, espe-
cially due to the highly endothermic pyrolysis and gasification reac-
tions. Moreover, the vaporization of the steam also needs a heat
supply. Therefore, more heat must be provided to drive the reac-
tions. In the external interconnected circulating fluidized bed mode,
the heat is supplied by the oxygen carrier from the air reactor, so
the value of R is larger. In the coal gasification CLC process, how-
ever, only the reactions between the gases and the oxygen carrier
happen. The heat consumed during the pyrolysis and gasification
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ifier. In the CLC process, the temperature of FR is usually in the
range of 750 °C and 1,000 °C. In this temperature range, a large part
of the oxygen carrier only transfers heat as a heat transfer medium,
but does not participate in the reaction in the direct coal CLC pro-
cess, while in the coal gasification CLC process, the oxygen carrier
not only acts as a heat transfer medium, but also is involves in the
reaction.

In the coal direct CLC process, the circulation rate of the oxy-
gen carrier between air and fuel reactors is very large to maintain
the high temperature of FR. This will increase the operation cost
and power consumption. A proper reactor design is also neces-
sary for the efficient operation of the CLC process [41]. Son et al.
[42] designed an annular shape circulating fluidized bed for CLC
of methane. In the facility, the AR is surrounded by the FR; there-
fore, in this experimental apparatus the heat of the fuel reactor can
be obtained in two ways, that is, the heat conducted from the air
reactor and the heat transferred by the oxygen carrier particles.
The circulation rate of the particles can be considerably smaller.
This mode should be considered in the solid fuel CLC process.

2. The System Efficiency of Two Combined Cycles

To compare the two systems more intuitively, the values of sys-
tem efficiency are shown in Fig. 7, assuming that the temperature
of AR and FR is 1,200 °C and 900 °C, respectively. The system effi-
ciency of direct coal CLC process can reach to 49.59% (LHV) with
the CO, capture efficiency of almost 100%. Thus, this process can
reach almost zero carbon emission. When the TIT is set at 1,350 °C,
the cooling air ratio of 18%, the system efficiency of coal gasifica-
tion CLC process can reach to 40.53% (LHV) with the CO, cap-
ture efficiency of 85.2%. It can be concluded that the system ef-
ficiency of the coal direct CLC process is higher than that of coal
gasification CLC process. This may be due to the reasons as fol-
lows: First, pure oxygen is needed in the gasification process. The
detailed power output and input of each unit in the system is shown

50-
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Fig. 7. The system efficiency of two combined cycles for CLC with

reactions is supplied by the combustion of part of fuel in the gas- coal.

Table 3. The purified gas component (vol%)
H,O N, Ar H, CcO CO, H,S COS NH;
19.750 0.809 0.131 28.420 43.634 7.184 0.021 0.048 0.002

Korean J. Chem. Eng.(Vol. 32, No. 3)



380 M. Luo et al.

Table 4. Power balance over the two CLC combined cycles

Input Output Net
Two combined cycles Air CO, Oxygen Oxygen HRSG Slurry  Steam Gas Gas power
compressor compressor production compressor bump bump  urbine turbinel turbine2 ~(MW)
Coal direct CLC 327.974 10.557 0.809 0.201 2.570 / —238.081 —559.992 / —495.962
Coal gasification CLC ~ 272.921 50.598 46.645 17.644 2278 0104 —-209.142 -471.150 -115.192 -405.294
Table 5. Power balance over the coal gasified CLC combined cycle at different AR temperatures
Input Output Net
Temperature
Q) Air CO, Oxygen Oxygen HRSG  Slurry Steam Gas Gas power
compressor compressor production compressor bump bump  turbine turbinel turbine2 ~ (MW)
950 300.719 17.121 46.118 17.507 2292 0104 210408 —553.261 —44.298 —424.106
1000 295.495 23.827 46.226 17.535 2256  0.104  -207.141 -536.979 —58.591 —417.268
1050 289.643 30.863 46.348 17.567 2262 0104  -207.651 —519.748 —73.484 —414.096
1100 284.667 37.136 46.432 17.589 2267 0104  -208.105 —504.458 -86.833  —411.201
1150 278.852 43915 46.536 17.616 2272 0104  -208.632 —487.755 —101.124 —408.216
1200 272921 50.598 46.645 17.644 2278 0104  -209.142 —471.150 —115.192 —405.294

in Table4. Note that the oxygen production process reduces the
efficiency by about 4.66% in the coal gasification CLC combined
cycle, while this value is only 0.81% in the coal direct CLC com-
bined cycle. Therefore, the oxygen production will dramatically
reduce the system efficiency. Second, the gasifier pressure is very
high, while the FR pressure is limited by the gas turbine. Thus there
is a significant pressure difference between the Texaco gasifier and
the FR. It is needed to reduce the pressure of the gases before they
are introduced into FR, which reduces the work capacity of the gases.
Third, the complicated system of the coal gasification CLC will have
more heat loss, especially in the radiant and convective heat ex-
changers.

Although the coal direct CLC process has higher system effi-
ciency and higher CO, capture efficiency, there are many challenges
associated with this technology. A slow conversion and conversion
rate of the solid fuel has been observed [43], so a way to convert
the solid fuel more efficiently should be studied [44,45]. The oxy-
gen carriers with high stable reactivity, high attrition resistance, and
low reactivity with ash and other contaminants are also a key aspect
for the successful operation of CLC process. Moreover, the fuel ash
may significantly reduce the lifetime of the oxygen carrier, so the
separation between oxygen carrier and ash is a key issue [46]. Al-
though the fuel ash could be separated from the oxygen carrier
particles by the difference of density, there may be potential inter-
actions between the oxygen carrier and solid fuel ash. Other chal-
lenges also include the design of a suitable reactor system to obtain
an efficient process. However, those problems are not considered
in this simulation process, as the reactions in the system are assumed
to achieve thermodynamic equilibrium, and the separation of oxy-
gen carrier from the unreacted fuel and ash is ideal.

Note that the coal gasification CLC process can change the sys-
tem efficiency and CO, capture efficiency by adjusting the opera-
tion parameters, such as the AR temperature and the supplementary
firing rate. The following two parts will discuss the effect of those
two parameters on the system performance.
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3. Effect of AR Temperature

The effects of AR temperature on the supplementary firing rate,
system efficiency, and CO, capture efficiency are shown in Fig. 7,
assuming that supplementary firing TIT is kept at 1,350 °C. The
system efficiency will decrease with the increase of the AR tem-
perature. When the AR temperature decreases from 1,200 °C to
950 °C, the system efficiency increases from 40.5% to 42.4%, while
the CO, capture efficiency decreases from 85.2% to 54.9%, and also
the corresponding supplementary firing rate decreases from 15.2%
to 45.3%. When AR temperature increases, the flue of combustible
gas bumped into the supplementary firing apparatus will decrease
and therefore reduce the power output of GT1. Simultaneously,
more combustible fuel gas is introduced into FR and the TIT of
GT2 will increase, resulting in a higher power output. The power
output and input of each unit in the system is shown in Table 5.
The increase of AR temperature results in a lower total power out-
put of the system.
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Fig. 8. The influence of the AR temperature on the supplementary
ratio, system efficiency, and CO, capture efficiency.
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plementary ratio, system efficiency, and CO, capture effi-
ciency.

4. Effect of Turbine Inlet Temperature (TIT)

The temperature at the AR outlet is only 1,200 °C in this study,
which is relatively lower than F-class gas turbine TIT. Because in-
creasing TIT can raise the plant electricity efficiency; supplementary
firing is used to increase the temperature of the oxygen-depleted air.
Four different TIT values (1,300 °C, 1,350 °C, 1,400 °C and 1,450 °C)
are simulated with the cooling air fraction of 12%, 18%, 19%, and
20%. The fuel gas flow used for supplementary firing increases with
the increase of supplementary firing TIT, which increases the gas
turbine power output, whereas the fuel gas flow to FR goes down,
which decreases the CO, expander power output. The plant power
goes up because of the higher increase in gas turbine power.

As seen from Fig. 9, the system efficiency reaches 41.03% at
1,450 °C, whereas the CO, capture efficiency decreases from 89.75%
to 77.22% with the TIT temperature increase from 1,300°C to
1,450 °C. Therefore, in the coal gasification CLC system, the system
efficiency can increase by supplementary firing, but at the expense
of reducing the CO, capture efficiency.

CONCLUSION

Coal direct chemical-looping combustion (CLC) and coal gas-
ification CLC processes are the two basic approaches to the appli-
cation of the CLC technology with coal. The performance of two
different CLC combined cycles with NiO/NiALO, as an oxygen
carrier was simulated and compared, which has been seldom inves-
tigated.

The oxygen carrier circulation ratio in two CLC process was cal-
culated. The circulation ratio of the oxygen carrier in the coal gas-
ification CLC process is smaller than that in the coal direct CLC
process. When the temperature of the fuel reactor is in the range
of 750-1,000 °C, the oxygen carrier in the coal gasification CLC
transports both heat and oxygen, while a part of the oxygen car-
rier in the coal direct CLC process is only used as heat transfer
medium but not reactant in the process.

The influence of the CLC process parameters on the system per-
formance such as air reactor temperature and the turbine inlet sup-

plementary firing temperature was investigated. In the coal direct
CLC combined system, the system efficiency is 49.59% with the
CO, capture efficiency of almost 100%, assuming the AR tempera-
ture at 1,200 °C and the FR temperature at 900 °C. As a compari-
son, the system efficiency of coal gasification CLC combined system
is 40.53% with the CO, capture efficiency of 85.2% when the tur-
bine inlet temperature is at 1,350 °C. Increasing the supplementary
firing rate or decreasing the air reactor temperature can increase
the system efficiency, but these will reduce the CO, capture efficiency.
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