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ABSTRACT

A 5-MWy, chemical looping combustion (CLC) unit was designed, built, operated, and demonstrated in
China as part of the Chinese-European Emission-Reducing Solutions (CHEERS) project, funded by
China’s Ministry of Science and Technology (MOST) and the European Union (EU)'s Horizon 2020. In
the configuration designed by the Chinese partners, the air reactor (AR) is a transport bed, while the fuel
reactor (FR) is a bubbling/turbulent fluidized bed. The solid circulation between the FR and AR is regu-
lated by the overflow method, and the oxygen carrier (OC) from the AR cyclone returns to the FR riser.
From June to September 2024, the 5-MW;,, demonstration unit was operated and tested more or less con-
tinuously, with a thermal input ranging from 3.5 to 5.0 MWy,. During the operation, all solid fuel was fed
into the dense bed of the FR, while only air was introduced into the AR. No electric or other external heat-
ing was applied, meaning that the whole pilot unit was heated by the oxidation of the OC within the AR.
Hence, auto-thermal CLC operation was successfully achieved. Heating the unit was completed in 48 h;
furthermore, switching to CLC mode was straightforward and took less than 1 h. During the operation, the
temperature of the entire loop was stable. The temperatures of the AR and FR were 1000-1040 °C and
940-980 °C, respectively. Based on the operational data, the maximum CO, capture efficiency of the
lignite-fed CLC unit was greater than 97%, and the minimum oxygen demand for unburnt gases from
the FR was 2.45%. This work bridges the gap between lab-scale research and industrial applications in

the field of CLC.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

lent for the first time in 2023 [3]. CO, is the main greenhouse
gas, primarily originating from the combustion and utilization of

The global mean near-surface temperature in 2023 was 1.45 +
0.12 °C above the pre-industrial average [1], approaching the 1.5 °C
target set by the Paris Agreement [2]. Greenhouse gas emissions
resulting from human activities are the primary cause of globe
warming and climate change. The 2024 Statistical Review of World
Energy, released by the Energy Institute, indicates that energy-
related greenhouse gas emissions exceeded 40 Gt of CO, equiva-
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fossil fuels. However, the share of fossil fuels in the global energy
mix was 80% in 2023 [4], indicating that they still maintain a dom-
inant position. To address global warming and climate change,
there is an urgent need to transition from conventional
fossil fuel-based energy sources to more sustainable alternatives.
This transition demands not only diversifying the energy mix but
also integrating advanced technologies to minimize the carbon
footprint of carbon-based fuels.

Carbon capture, utilization, and storage (CCUS) technology is a
crucial component of global efforts to rapidly mitigate greenhouse
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gas emissions and achieve global carbon neutrality [5]. Carbon cap-
ture is a critical process that carries the highest cost in the CCUS
chain; its routes include pre-combustion technology, post-
combustion technology, oxy-fuel combustion, and chemical loop-
ing combustion (CLC). Because of inherent technological limita-
tions, pre-combustion, post-combustion, and  oxy-fuel
combustion technologies result in power plant efficiency reduc-
tions of 6%-11%, 9%-14%, and 7%-11%, respectively [6]. In compar-
ison, CLC is regarded as a promising technology for CO, capture,
with very low energy penalties [7]. For example, Lyngfelt and
Leckner [8] predicted the efficiency penalty of a 1000-MWy, CLC
boiler to be only 3.9%. A CLC unit is primarily composed of an air
reactor (AR) and a fuel reactor (FR), while an appropriate solid
metal oxide, acting as the oxygen carrier (OC), is circulated
between the two reactors to transfer lattice oxygen to fossil and
non-fossil fuels [9]. Direct contact between air and fuel is avoided,
and the exhaust gas stream from the FR mainly contains CO, and
H,O0, such that high-purity CO, is obtained after HO condensation.

About 40 years of research history have passed since a CLC con-
figuration was first proposed by Richter and Knoche in 1983 to
improve the combustion efficiency of power plants [10,11].
Megawatt-scale demonstration is a very significant step for CLC
industrial application; however, only a very limited number of
megawatt-scale CLC pilots exist today. Alstom built a 3-MW,,
CLC unit in Connecticut, United States [12,13], but no data on
auto-thermal chemical looping operation have been published
from this unit so far, according to our best knowledge. A 1-MWy,
CLC unit was built by the University of Darmstadt [14], but it
was reported that it was difficult for this 1-MWy, unit to maintain
auto-thermal operation, and its carbon capture efficiency was rel-
atively low [15]. A 3-MW,;, CLC pilot with natural gas was built in
Republic of Korea [16], and a 3-MW,, chemical looping gasification
unit was built by Ningxia University in China [17]; however, no
public reports on auto-thermal demonstration have been made.
Thus, there is a lack of successful auto-thermal demonstrations
of megawatt-scale CLC pilots, making this step the major challenge
in the commercialization of CLC technology.

To solve this challenge, an international cooperation project
named Chinese-European Emission-Reducing Solutions (CHEERS),
funded by China’s Ministry of Science and Technology (MOST)
and the European Union (EU)'s Horizon 2020, aims to achieve
auto-thermal demonstration and push the technological frontiers
beyond the state of the art [18]. The project has a total of nine part-
ners, of which three are from China (Tsinghua University, the coor-
dinator of the Chinese partners, along with Dongfang Boiler Co.,
Ltd., and Zhejiang University) and six are from Europe (SINTEF
Energy Research, the coordinator, along with SINTEF AS, TotalEner-
gies, IFP Energies Nouvelles, Bellona, and Silesian University of
Technology). Within the CHEERS project, there are two configura-
tions [19]: The EU configuration is optimized for petroleum coke
(petcoke) for the European partners, and the Chinese (CN) configu-
ration is optimized for lignite for the Chinese partners. The two
configurations share most components, with the carbon stripper
(CS), dividing fluidized bed (DFB), and L-valves being the most
noticeable exceptions in the EU configuration [19]. In the CN con-
figuration, the solid circulation between the FR and AR is con-
trolled by the overflow method, and the OC from the AR cyclone
returns to the FR riser [19].

This study reports the results of the auto-thermal operation of
the CN configuration in the 5-MW,, CLC unit within the CHEERS
project. Norwegian ilmenite was used as the OC and Indonesian
lignite was used as the fuel in the 5-MWy, CLC pilot, which is the
largest CLC unit in the world. Important performance factors,
including the carbon capture efficiency (#cc) and the oxygen
demand of the unburnt gases (Qop), are calculated to evaluate
the results of the CLC tests. The effects of operational parame-
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ters—namely, the primary air ratio in the AR and the inventory in
the FR—on the oxygen demand (Qop) are investigated. An evalua-
tion of NO, and SO, emissions from the FR is also presented.

2. Experimental section
2.1. The 5-MW,, CLC demonstration unit

A schematic design of the CLC pilot’s CN configuration for the
China partners is shown in Fig. 1, and the dimensions of the reac-
tors are summarized in Table 1. Both reactors are lined with refrac-
tory materials to minimize heat loss to the surrounding
environment. With a superficial gas velocity of 9.5-11.5 m-s™'
and a solids hold-up ranging from 0.005 to 0.015, the AR operates
in the transport bed regime [20]. The total air entering into AR is
divided into the primary air and the secondary air. The primary
air ratio of the AR and the total bed inventory of the entire system
are critical operational parameters for controlling the solid circula-
tion rate [21]. The superficial gas velocity in the loop seals is
around 0.2-0.5 m-s~!, which provides efficient solids passage but
offers little capability for regulating the solid circulation rate. The
OC from the AR cyclone returns to the FR riser and is transported
up into the CS above the FR. The OC within the FR riser, as well
as the OC being entrained into the top section above the FR, is used
to convert the unburnt gases released from the FR. Especially when
a material with an oxygen uncoupling effect is used as the OC, such
as synthetic perovskite materials [22,23], the gas-phase oxygen
released from the OC can be used to effectively convert the
unburnt gases inside the riser and top section. For an OC with
two-stage oxidation kinetic behavior, the initial fast stage should
be fully used, while the slower second stage is unsuitable for full
oxidation because of its very slow kinetics. This is, however, not
a problem, since the first-stage oxidation kinetics of ilmenite is fast
enough to allow the ilmenite to reach the level of oxidation needed
for the oxygen transport required by the lignite combustion [24]. In
the CN configuration, all the OC from the AR is transported to the
FR [25], and there is no recirculation of the OC returning to the
AR itself; this differs from the EU configuration [19], as shown in
Fig. 1.

The FR is designed as a bubbling/turbulent fluidized bed, with
an operational gas velocity between 1.8 and 3.0 m-s™!; this results
in good gas-solid contact and a high solid circulation rate [26]. The
overflow port is located approximately 2.6 m above the distributor
plate of the FR, while the fuel feeding port is positioned about
1.1 m above the distributor plate. Solid fuel is fed directly into
the dense phase of the FR by a screw feeder to achieve good mixing
and contact between the volatiles and OC, which is a key factor in
the effective conversion of CO, H,, CHy4, char, and so forth. The auto-
balance principle of solid circulation is ensured in the CN configu-
ration design; that is, the CLC system can achieve continuous solid
circulation without complex controls. The solid circulation
between the fuel and ARs is controlled by means of the overflow
method, and an overflow port is installed in the FR [26]. The bed
height in the FR is higher than the overflow port to prevent the port
from constraining the solid circulation rate.

Regarding the challenging issue of char slipping into the AR, it is
recognized that the char derived from lignite exhibits good reactiv-
ity and a fast gasification rate [27], and the residence time in the FR
is long enough for lignite char conversion. Furthermore, the lignite
is directly introduced into the dense phase of the FR via a screw
feeder, thereby enhancing heat transfer to the fuel and facilitating
the gasification of lignite char. In addition, the particle size of
lignite is ten to several tens of times larger than that of the OC,
which effectively suppresses its overflow from the FR to the AR.
It should be noted that one of the critical design features in the


move_f0005
move_t0005

Z. Li, Y. Wang, W. Li et al.

Engineering 59 (2026) 168-177

CO,, O,

There is no
sJrecirculation for AR

Steam

| Solid circulation rate is
- §lcontrolled by bed level of FR
. Oxygen carrier | y

Secondary air

o5 0se?
AR Steam Fuel rea

f Primary air
Air reactor

‘| FR riser

JOCs return into FR riser to
convert the unburnt gases

ctor

Yy

CO,, CO, H,, CH,

SO,, NO,
Carbon
stripper
Atmosphere
Steam
Dust

collector

Unburnt gases:
CO, H,, CH,

Flue gas

Sied treatment section

e Lignite

Lignite is fed into the dense

bed of FR by the screw feeder

Fig. 1. Schematic design of the CLC pilot’s CN configuration within the CHEERS project. S1 and S2: gas sampling ports at the outlets of the AR cyclone and FR cyclone,

respectively.

Table 1
Main dimensions of the 5-MW,, pilot.

Table 2
Physical properties and composition of the fresh Norwegian ilmenite used in the unit.

Reactor Height (m) Inner diameter (m) Outer diameter (m) Item Value
AR 33.810 0.732 1.540 Skeletal density (kg-m~3) 4662
FR 7.740 1.490 2.040 Size (um) 120-400
FR riser 5.023 0.700 1.248 TiO, concentration (wt%) 42.12
Fe,05 concentration (wt%) 47.37
SiO, concentration (wt%) 5.00
Al,03 concentration (wt%) 2.49
CN configuration is the feeding system of solid fuel, in which solid MgO concentration (wt%) 1.87

fuel particles several millimeters in size are fed into the bottom of
the FR. This is a major difference from the system used in the EU
configuration, in which petcoke powder (with a particle size smal-
ler than 100 pm) is fed into the FR through a pneumatic conveying
method [28].

In this unit, no CO, compression and purification system is
applied, and the CO, in the flue gas from the FR is not captured.
The flue gases leaving the cyclones of the AR and the FR are direc-
ted into a common downstream cyclone and then enter the flue gas
treatment section, where the flue gas is cooled and treated for the
removal of nitrogen oxides (NOy) and sulfur oxides (SOy). After
passing through the flue gas treatment section, the gas stream
enters a dust collector for dust removal before being discharged
into the atmosphere, as shown in Fig. 1.

2.2. Materials

IImenite is a commonly used OC in the CLC field due to its excel-
lent physical stability and stable reactivity. Therefore, Norwegian
ilmenite, provided by SINTEF Energi AS, was used as the OC in this
experiment. The main physical properties and the composition of
the ilmenite are shown in Table 2. [lmenite undergoes an activa-
tion phenomenon in which its reactivity improves after multiple
redox cycles [29]. However, it is not easy to activate large quanti-
ties of the OC on an industrial scale. Thus, only part of the ilmenite
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was activated before the experiment. To ensure a successful start-
up of the 5-MW,, CLC pilot, the activated ilmenite was first
injected into the unit. Once the unit entered the auto-thermal
CLC mode, fresh ilmenite was used to replenish the loss of OC fines
from the unit. Under the operating conditions of the 5-MWy, CLC
unit, the minimum fluidization velocity of the activated ilmenite
is between 0.028 and 0.030 m-s~'. The detailed calculation method
is provided in Appendix A.

Lignite sourced from Indonesia was selected as the solid fuel for
this experiment. The results of the proximate and ultimate analy-
ses of the lignite are summarized in Table 3. This lignite is charac-
terized by high volatile matter and low ash content, and most of
the lignite particles are on the millimeter scale. The lignite is fed
into the dense bed of the FR, as shown in Fig. 1.

2.3. Operational conditions

The 5-MWy, CLC demonstration unit underwent the following
main processes from the beginning to the CLC mode: heating with
natural gas, heating with lignite, switching the fluidizing gas from
air to steam, and switching from the air-combustion mode to the
CLC mode. During the stage of heating with natural gas, both
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Table 3
Proximate and ultimate analyses of the Indonesian lignite used in the experiment.
Analysis Component Value Basis
Proximate Volatile 36.84 wt% As received
Fixed carbon 26.51 wt% As received
Moisture 31.80 wt% As received
Ash 4.86 wt% As received
Ultimate C 70.32 wt% Dry ash-free
H 7.26 wt% Dry ash-free
0] 21.13 wt% Dry ash-free
N 0.93 wt% Dry ash-free
S 0.36 wt% Dry ash-free
Other information Size 0-5 mm -
LHV 15.71 MJ-kg™! As received

LHV: lower heating value.

reactors were heated by burning natural gas, and air was used as
the fluidizing gas for both reactors and in all loop seals. The acti-
vated ilmenite began to be added to the unit. When the tempera-
ture of the unit reached 420 °C, the lignite was fed into both
reactors, and the supply of natural gas was stopped. The unit
entered the stage of heating with lignite. During this stage, the heat
released from lignite combustion was used to heat the unit, and
solid circulation between the AR and FR was gradually established.
When the temperature of the unit reached 950 °C, the unit entered
the stage of switching the fluidizing gas from air to steam. The
heating of the unit was completed in 48 h. At this point, it was nec-
essary to switch the fluidizing gases in the FR and all loop seals to
steam. Then, the unit entered the switching stage from the air-
combustion mode to the CLC mode. During the CLC mode, the
absence of fuel input to the AR was regarded as a necessary pre-
condition to confirm that the unit was operating under autother-
mal conditions. Therefore, during the CLC stage, it was necessary
to stop the fuel supply to the AR, and all fuel was fed into the FR.
In this experiment, the unit was operated in the auto-thermal
CLC mode for 20 h.

Depending on the operation conditions, three cases were inves-
tigated, as listed in Table 4. In all three cases, only lignite was used
as the fuel, with no natural gas or any electric heating for this oper-
ation; only the solid circulation between the AR and the FR was
used to maintain the temperature of the FR. The thermal input of
the unit was 3.5-5.0 MW. Correspondingly, the flow rate of air into
the AR was 4500-5000 Nm>-h~!. The air was preheated to 150 °C
using an air preheater before it entered the reactors and the loop
seals; the temperature of the steam was 300 °C.

2.4. Evaluation parameters

To evaluate the carbon capture performance of the 5-MWy, CLC
unit, carbon capture efficiency was employed as a quantitative
indicator. There are two different definitions for carbon capture
efficiency [9]. The first definition specifies how much of the carbon
introduced with the solid fuel is captured in gaseous form at the FR
outlet, as shown in Eq. (1):

MR Mc AR
Nee == : =1-= : (1)
Mcin — Mchar,out MCcin — Mchar,out
Table 4
Overview of typical operational cases.
Case General information Duration
(h)
Case 1 Air-combustion mode with all fuels fed into the AR 24
Case 2 Switching from air-combustion mode to CLC mode 6
Case 3 Auto-thermal operation of the CLC mode with all 20

fuels fed into the FR
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where 1, refers to the mass flow of the carbon in the solid fuel fed
into the FR, riic ar is the mass flow of the carbon flowing into the AR,
hcrr represents the mass flow of carbon converted to gaseous form
in the FR, and mep,;ouc 1S the mass flow of carbon that escaped the
unit in the form of unconverted char.

The second definition is alternatively referred to as the oxide
oxygen fraction (#,). This parameter is defined as the amount of
oxygen used to oxidize the OC in the AR divided by the sum of
the oxygen used to oxidize both the OC and the char reaching
the AR from the FR, as shown in Eq. (2).

(021 = Yo, = ¥c0,) ag out
Moo =021 —y, —021-
(0. Yo, —0.21 - Yco,)

2)
AR out
where y,, and y, refer to the O, and CO, concentrations measured
at the AR outlet, respectively.

The oxygen demand (Qop) indicates the fraction of oxygen that
is lacking to achieve complete combustion of the combustible gas
produced in the FR. It can be calculated as follows:

(0.5-Yco + 0.5 Yu, + 2 Yer, g oue
Po(Yco +Yco, T Yer g out

-QOD =

3)

where Yo, Yu,, and yqy, are the CO, H,, and CH,4 concentrations
measured at the FR outlet in the absence of water vapor, respec-
tively. @, refers to the ratio of moles of oxygen needed to convert
the fuel completely per mole of carbon in the fuel.

Solid carbon conversion (#.) is defined as the fraction of the
carbon in the solid fuel that is converted to gas in the entire sys-
tem, including the AR and the FR. It can be expressed as follows:

7] _ mC,in — Mechar,out
sC — 5
Mg in

(4)

Char conversion (#,,,) describes the fraction of the char that is
converted to gas in the entire system; it is defined as

n _ Mchar,in — Mcharout
char — 3
Mechar,in

()

where rilcn,rin refers to the mass flow of the fixed carbon in the solid
fuel fed into the FR.

Elutriated fines from the 5-MW_, demonstration unit were col-
lected using a bag dust collector, and the amount of fines was
quantified at regular intervals. The fines consisted of OC, fly ash,
and unconverted char. The mass flow of the char elutriated from
the CLC system can be calculated by the following equation:

(6)

where fignes oue T€fers to the mass flow of the fines elutriated from
the CLC unit, and W, represents the char content in the fines,
measured using a fixed-bed reactor. A detailed description of the
experimental apparatus and procedures is provided in Appendix A.

Mchar out = mfines.outwchar

3. Results and discussion
3.1. Case 1: Air-combustion mode

In Case 1, the unit was operated in the air-combustion mode,
and lignite was fed into the AR only and not into the FR. The oxy-
gen gas (0,) concentration at the AR outlet was measured using a
zirconia oxygen concentration analyzer. The temperature, pressure
drop, fuel feed rate, and O, concentration at the AR outlet are
shown in Fig. 2, which shows the four stages in Case 1.

In Stage 1, lignite was fed into both the AR and the FR. The fuel
feed rate for the FR was gradually reduced from 272 kg-h™' to 0,
while that of the AR was gradually increased from 427 to 750 kg-h™!
at the same time. During Stage 1, there were some fluctuations in
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Fig. 2. Results for the air-combustion mode (Case 1).

the temperatures of both reactors, but the temperature remained
above 900 °C. The O, concentration at the AR outlet was gradually
reduced from 8.17% to 3.94%.

In Stage 2, the fluidizing gas of both reactors was air. The tem-
perature and pressure drop of the reactors were very stable. The
temperature in the AR ranged between 950 and 1035 °C, while that
in the FR ranged between 920 and 990 °C. The pressure drop in the
AR ranged between 3 and 9 kPa, while that in the FR ranged
between 20 and 28 kPa. The O, concentration at the AR outlet
was generally maintained between 1.6% and 4.5%.

In Stage 3, the fluidizing gas in the FR and in all the loop seals
was gradually switched from air to steam. To ensure stable opera-
tion, the switching process was not instantaneous. The tempera-
ture and pressure drop in the AR and the oxygen concentration
were very stable, but there was a slight decrease in the tempera-
ture of the FR when steam was introduced into the FR. This was
attributed to the temperature of the steam being lower than the
temperature in the FR and to the heat capacity of steam being
greater than that of air. The pressure drop in the FR also fluctuated
due to the switching of the fluidizing gas.

In Stage 4, the fluidizing gas in the FR and in all the loop seals
was steam. The temperature of the FR decreased from 970 to
895 °C, which was related to the temperature and heat capacity
of steam. Moreover, the AR temperature decreased slightly, and
the temperature difference between the two reactors increased.
The solid circulation rate is a powerful tool for regulating the tem-
perature difference between the two reactors. Therefore, to
increase the solid circulation rate, ilmenite was added to the unit,
causing the pressure in the two reactors to drop further. Conse-
quently, the temperature of the FR gradually increased. To increase
the temperature of the whole unit, the fuel feed rate for the AR was
increased from 890 to 1024 kg-h~!. As a result, the temperatures of
the AR and FR increased to 1024 and 975 °C, respectively.

In Case 1, lignite was only fed into the AR, and the heat released
in the AR was used to maintain the temperature of the whole pilot
unit. The FR temperature was maintained by the OC’s sensible heat
transferred from the AR. The heat balance in this case was very
similar to that in the auto-thermal CLC mode. During Case 1, the
temperatures of the two reactors were successfully maintained
and even rose to above 950 °C after the fluidizing gas was
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switched. The operation of Case 1 provided key experience for
the subsequent auto-thermal operation of the CLC mode.

3.2. Case 2: Switching from air-combustion to auto-thermal CLC mode

During Case 2, the operation condition was switched from the
air-combustion mode to the CLC mode—a switch that was critical
for the CLC demonstration. Fig. 3 presents the results of Case 2,
including the temperature and pressure drop, fuel feed rate, and
0, concentration at the AR outlet. During Case 2, only the fluidizing
gas for the AR was air; the fluidizing gas in the FR and in all the
loop seals was steam. Fig. 3 illustrates the three stages in Case 2.

In Stage 1, the unit was operated in the air-combustion mode.
The temperature of the AR gradually increased from 1000 to
1040 °C, while that of the FR increased from 940 to 975 °C. The
pressure drops in the AR and the FR were very stable, at
4.4-7.2 kPa in the AR and 26.2-28.7 kPa in the FR. The lignite
was only fed into the AR, and the O, concentration at the AR outlet
was less than 2.5%.

In Stage 2, the fuel feed rate for the FR was gradually increased;
at the same time, the fuel feed rate for the AR was gradually
decreased, until all fuel was fed into the FR. The heat released in
the AR gradually shifted from lignite combustion to OC oxidation.
The AR temperature decreased from 1042 to 1003 °C, and the FR
temperature decreased from 975 to 958 °C. Notably, both reactors
still maintained high temperatures, ensuring the occurrence of the
redox reaction of the OC, as well as the pyrolysis and gasification
reactions of the solid fuel. The O, concentration at the AR outlet
increased from 2.6% to 6.4%. It can be seen from Fig. 3 that the time
for the switching process was about 45 min, and this switch time
can be further shortened. The results from Figs. 2 and 3 indicate
that the actual operation during the switching process from nor-
mal air combustion to the CLC mode is relatively easy in the CN
configuration.

In Stage 3, all lignite was fed to the FR; in other words, the unit
was operated in the CLC mode. At first, because lignite was no
longer being fed to the AR, the oxygen concentration at the AR out-
let increased significantly, reaching a maximum value of 12.7%.
Moreover, the temperature of the AR decreased to 974 °C. Then,
due to the oxidation of the OC, the O, concentration at the AR
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Fig. 3. Results for the switching process from the air-combustion mode to the auto-thermal CLC mode (Case 2).

outlet gradually decreased, and the AR temperature gradually
increased. The temperature of the FR first decreased and then
increased. Pyrolysis and gasification of the lignite occurred, releas-
ing reductive gases in the FR that reduced the OC. These reactions
are all endothermic reactions; therefore, the temperature of the FR
decreased. Meanwhile, the sensible heat of the OC from the AR
maintained the FR temperature. After multiple redox reaction
cycles, the reactivity of the OC was further improved, leading to
a gradual increase in the temperature of the FR. The temperature
of the reactors was maintained above 925 °C for 3.25 h, which indi-
cated that auto-thermal operation of the unit was achieved.

In this case, the operation condition of the unit was successfully
switched from the air-combustion mode to the auto-thermal CLC
mode. The reactions occurring in the AR smoothly transitioned
from lignite combustion to OC oxidation. Moreover, the feeding
of lignite into the FR did not cause a dramatic drop in the temper-
ature of the FR.

3.3. Case 3: Operational results for the auto-thermal CLC mode

During Case 3, the unit was operated in the auto-thermal CLC
mode for 20 h. Lignite was only fed to the FR, and no fuel was
fed to the AR. The fluidizing gas in the FR was steam, and no air
was introduced into the FR. The heat for the FR was supplied by
the circulated OC from the AR. When determining the gas concen-
tration at the outlet of the FR, the sampled gas was extracted,
cooled, and dried before being introduced into the analyzer; there-
fore, the gas concentration was measured in the absence of steam.
It should be noted that the gas concentration results were obtained
without the application of oxy-polishing. Fig. 4 presents the results
for Case 3, including the temperature and pressure drop of the
reactors, the gas concentrations at the AR outlet and the FR outlet,
the carbon capture efficiency, and the oxygen demand of the
unburnt gases. To evaluate the performance of the unit, it was nec-
essary to monitor the gas concentrations at the AR outlet and the
FR outlet continuously. However, during the maintenance of the
gas analyzers, the gas concentration data was not recorded. The
data before and after the maintenance of the gas analyzers are thus
connected using dashed lines in Fig. 4.
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During the auto-thermal CLC mode, the unit operated very stea-
dily. The thermal input remained stable at approximately 5 MWy,.
The AR temperature was mainly in the range of 1000-1040 °C, and
the FR temperature was mainly in the range of 940-980 °C.
Because the FR was heated by the OC’s sensible heat transported
from the AR, the FR temperature showed a highly consistent corre-
lation with the AR temperature. The temperature difference
between AR and FR was mainly in the range of 50-70 °C. The pres-
sure drop of the AR mainly varied between 6 and 16 kPa, while the
pressure drop of the FR mainly varied between 23 and 28 kPa. The
pressure drop reflects the bed inventory and the solid circulation of
the unit. Due to the larger size of the FR, the bed inventory in the FR
contributed a larger proportion of the total bed inventory in the
unit. The OC overflowed from the FR to the AR, and the pressure
drop variation in the AR was greatly influenced by that in the FR.
The O, concentration at the AR outlet was mainly in the range of
2%-8%, while the CO, concentration at the AR outlet was mainly
below 2%. The O, concentration depended on the oxidation of the
OC and the combustion of the char that overflowed from the FR,
while the CO, concentration only depended on the char combus-
tion. Because of the significant difference in the particle sizes of
the lignite and the OC, the lignite fed to the FR was predominantly
distributed at the bottom and underwent pyrolysis and gasifica-
tion. Moreover, the lignite had a high volatile content and its char
exhibited high gasification reactivity, resulting in a relatively low
char concentration in the FR. Therefore, only a small amount of
char was carried by the OC into the AR. The CO, concentration at
the FR outlet was mainly in the range of 88%-96%. The concentra-
tions of CO and H, were very similar and varied between 2% and
5%. The CH4 concentration was relatively low, mainly below 2%.
The gas concentrations at the FR outlet were associated with the
conversion of combustible gas by the OC. The lignite was directly
introduced into the middle and lower regions of the dense phase
in the FR, facilitating sufficient interaction between the released
combustible gases and the OC and thereby increasing the conver-
sion of the combustible gases. The carbon capture efficiency pri-
marily ranged between 91% and 98%, slightly higher than the
oxide oxygen fraction, which was mainly within the range of
90%-97%. This discrepancy was mainly attributed to the hydrogen
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Fig. 4. Results for the auto-thermal CLC mode (Case 3).

content in the fuel and the extent of combustible gas conversion in
the FR. The oxygen demand of the unburnt gases was mainly in the
range of 3%-8%. To the best of our knowledge, this is the first
instance worldwide in which the long-term auto-thermal opera-
tion of CLC with high carbon capture efficiency and low oxygen
demand has been achieved.

Temperature is one of the most critical parameters in the oper-
ation of the CLC unit, as it has a significant impact on the reaction
kinetics in the unit. Between 8.85 and 11.92 h, the temperature
exhibited an overall downward trend. The AR temperature
decreased from 1043 to 998 °C, and the FR temperature decreased
from 981 to 939 °C. The CO, concentration at the AR outlet slightly
increased from 0.82% to 1.36%. The CO, concentration at the FR
outlet showed an obvious decrease, from 95.29% to 88.99%, while
the unburnt gas concentration at the FR outlet showed an obvious
increase (CO: 2.01%-4.65%, H,: 1.84%-4.40%, CH,: 0.85%-1.96%).
Consequently, the carbon capture efficiency decreased from
97.00% to 94.53%, the oxide oxygen fraction decreased from
96.39% to 91.88%, and the oxygen demand increased from 3.02%
to 7.24%. Between 11.92 and 17.08 h, there was an overall upward
trend in the temperature. The AR temperature increased from 998
to 1037 °C, while the FR temperature increased from 939 to 979 °C.
The O, concentration at the AR outlet decreased from 7.23% to
3.57%. The CO, concentration at the FR outlet showed an obvious
increase, from 88.09% to 92.93%, while the unburnt gas concentra-
tion at the FR outlet showed an obvious decrease (CO:
5.06%-2.88%, Hy: 4.70%-2.73%, CHy: 2.13%-1.21%). As a result,
the carbon capture efficiency increased from 93.70% to 94.89%,
the oxide oxygen fraction increased from 91.05% to 93.85%, and
the oxygen demand decreased from 8.03% to 4.55%. The decrease
in temperature slowed the reactions between the combustible
gases and the OC, resulting in a decrease in the CO, concentration
and an increase in the unburnt gas concentration at the FR outlet.
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The more complete the conversion of combustible gases in the FR
was, the lower the oxidation state of the OC entering the AR would
be. Consequently, more oxygen was consumed in the AR, resulting
in a lower oxygen concentration at the AR outlet. Therefore, the
increase in temperature led to a decrease in the O, concentration
at the AR outlet.

The pressure drop in the AR reflects the solid circulation
between the two reactors. Between 3.40 and 6.41 h, the pressure
drop in the AR decreased from 14.97 to 7.73 kPa. Because the heat
required to maintain the FR temperature was solely provided by
the sensible heat carried by the OC, the decrease in solid circulation
led to a reduction in the heat entering the FR, which was reflected
in the decrease in the FR temperature (from 978 to 933 °C) and the
increase in the temperature difference between the two reactors
(from 56 to 71 °C). Consequently, the CO, concentration at the FR
outlet decreased from 95.23% to 88.54%, and the concentrations
of unburnt gas increased (CO: 1.94%-4.84%, H,: 1.85%-4.40%,
CH,4: 0.83%-2.04%). The oxygen demand increased from 2.93% to
7.51%. Because of the decrease in FR temperature, the conversion
of the combustible gas deteriorated and the degree of reduction
of the OC decreased. Moreover, the bed inventory in the AR
decreased. Ultimately, the O, concentration at the AR outlet
increased from 3.40% to 7.10%.

It is worth noting that the current pilot unit has certain limita-
tions in its control system, such as an extensive use of manual
valves and the use of a single blower for both primary and sec-
ondary air in the AR. These limitations may lead to limited control
accuracy and slower system response, which can further cause
fluctuations during operation, as shown in Fig. 4. However, it
should be emphasized that these are not inherent limitations or
unavoidable features of CLC technology. In future commercial-
scale CLC plants, most of these control issues can be effectively
addressed.
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3.4. Influence of the primary air ratio in the air reactor and inventory
of the fuel reactor

The oxygen demand of the unburnt gases was dependent on the
primary air ratio in the AR and the pressure drop in the FR (which
can reflect the FR inventory), as shown in Fig. 5. Fig. 5(a) shows
that the primary air ratio in the AR had a noticeable influence on
the unit’s performance. When the primary air ratio was below
0.51, the oxygen demand of the unburnt gas decreased as the pri-
mary air ratio increased. In contrast, when the primary air ratio in
the AR was greater than 0.51, the oxygen demand appeared to
increase as the primary air ratio increased. However, due to the
limited number of data points, this trend is not very pronounced.
This limitation resulted from the design of the air-supply system,
in which both the primary and secondary air were supplied by a
single blower. Because the primary and secondary air operated
under different pressure conditions, it was difficult to adjust the
primary air ratio in the AR, resulting in a limited number of exper-
imental data points. Nevertheless, the current results indicate that
the primary air ratio in the AR has a certain impact on the unit’s
performance. Varying the primary air ratio affects the distribution
and residence time of the OC in the AR, thereby affecting its oxida-
tion reaction. This subsequently changes the oxidation state of the
OC entering the FR and ultimately affects the conversion of com-
bustible gases. Therefore, investigating the effect of the primary
air ratio is meaningful for optimizing unit performance. In future
work, the 5-MW,, CLC unit will be modified to enable a more
detailed investigation of the effects of the primary air ratio in the
AR, with the aim of elucidating its influence mechanism and oper-
ational characteristics.

In addition, as shown in Fig. 5(b), the oxygen demand of the
unburnt gases decreased as the pressure drop in the FR increased.
This was because an increase in the pressure drop indicated an
increase in the bed inventory, which extended the reaction time
between the OC and the combustible gases. Therefore, a larger
bed inventory in the FR is conducive to the conversion of com-
bustible gases.

3.5. Conversion of solid carbon and char

During the auto-thermal CLC mode, the elutriated fines from
the unit were collected in a bag dust collector, with samples taken
every 3 h for analysis. The char content in the samples was mea-
sured using a fixed bed (a detailed experimental procedure and
typical results are provided in Appendix A). During the auto-
thermal CLC mode, six samples were collected and numbered in
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chronological order. As shown in Fig. 6, the char content in the
samples was very low, not exceeding 0.39 wt%. In Sample 6, the
char content was only 0.11 wt%. Using the char content results,
the solid carbon conversion and the char conversion can be calcu-
lated according to Eqgs. (4) and (5).

The solid carbon conversion and the char conversion of the 5-
MWy, unit are shown in Fig. 7; the former ranged within
99.69%-99.94%, while the latter ranged within 99.48%-99.90%.
The conversion of the solid fuel and char fed into the FR was highly
complete, which was closely related to the significant difference in
the particle sizes of the lignite and the OC. The lignite fed to the FR
was predominantly distributed at the bottom, making it difficult
for it to reach the overflow port. The bed materials in the FR were
in a bubbling/turbulent fluidized-bed state, with good heat and
mass transfer characteristics. The solid fuel and the char were
highly pyrolyzed and gasified to generate the combustible gas in
the FR.

3.6. NOy and SO, emissions

It is necessary to focus on the emissions from both the AR and
FR. Since the carbon capture efficiency was high, and only a very
small amount of char was transferred from the FR to the AR, it
can be reasonably assumed that the NO, and SO, emissions could
be significantly reduced with a high carbon capture efficiency
(> 90%), which would also lead to lower SO, and NO, emissions
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Fig. 8. SO, and NO, concentrations in the auto-thermal CLC mode.

in the AR. Therefore, we did not measure the concentrations of SO,
and NO, from the AR outlet. The variation in the concentrations of
SO, and NO, from the FR outlet is shown in Fig. 8, where it can be
seen that the SO, concentration is in the range of 332-815 parts
per million (ppm; dry basis), and the NO, concentration is in the
range of 0-101 ppm (dry basis).

In a reducing atmosphere, the sulfur in coal can be released as
H,S, COS, and SO,, while the nitrogen in coal can be released as
NH; or HCN. The gas species of H,S, COS, NHs, and HCN can be oxi-
dized by the OC to SO, and NO,; therefore, the concentration of SO,
and NO; is related to the oxidation valence of the OC. An OC with a
high oxidation conversion will result in a high concentration of NO,
in the FR, while an OC in a reduced state will result in a very low
concentration of NOy in the FR. Therefore, the operational parame-
ters significantly affect the SO, and NO, emissions from the FR;
thus, it will be necessary to reduce the SO, and NO, emissions by
optimizing the operational parameters in future studies.

4. Conclusions

A 5-MWy, CLC pilot unit was successfully demonstrated in
China with funding from China’s MOST and the EU’s Horizon
2020. The results of 20 h of auto-thermal CLC operation with lig-
nite fuel were presented in this work, representing the real auto-
thermal CLC tests: all the solid fuel was fed into the FR, and only
air was fed into the AR, without any external heating. As a result,
the whole pilot unit was heated by the heat released from the oxi-
dation of the OC inside the AR. Lignite and ilmenite were respec-
tively used as the solid fuel and the OC. The thermal input of the
lignite was 3.5-5.0 MWy,, and the temperatures of the AR and
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the FR were 1000-1040 and 940-980 °C, respectively. The CO, con-
centration at the FR outlet was mainly in the range of 88%-96%,
while the CO, concentration at the AR outlet was mainly below
2%. Based on the operational data, the maximum CO, capture effi-
ciency of lignite was greater than 97%, and the minimum oxygen
demand for unburnt gases from the FR was 2.45%. The AR had
lower emissions of SO, and NO, because of a very small amount
of char slipping into the AR; the SO, concentration was in the range
of 332-815 ppm (dry basis) from the FR, and the NO, concentration
was in the range of 0-101 ppm (dry basis) from the FR. It was
found that the ratio of primary air in the AR and the bed inventory
in the FR significantly affected the oxygen demand. To the best of
our knowledge, this represents the first instance worldwide of
achieving long-term auto-thermal operation of CLC with a high
carbon capture efficiency (> 91%) and low oxygen demand (< 8%)
on the megawatt scale. As such, this demonstration is a break-
through in CLC technology toward achieving subsequent deploy-
ment in an industrial-integrated CCUS chain.
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