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Abstract: This paper presents a 1.5D model of a fluidized bed chemical looping combustion (CLC)
built with the use of a comprehensive simulator of fluidized and moving bed equipment (CeSFaMB)
simulator. The model is capable of calculating the effect of gas velocity in the fuel reactor on the
hydrodynamics of the fluidized bed and the kinetics of the CLC process. Mass of solids in re actors,
solid circulating rates, particle residence time, and the number of particle cycles in the air and
fuel reactor are considered within the study. Moreover, the presented model calculates essential
emissions such as CO,, SOx, NOx, and O,. The model was successfully validated on experimental
tests that were carried out on the Fluidized-Bed Chemical-Looping-Combustion of Solid-Fuels unit
located at the Institute of Advanced Energy Technologies, Czestochowa University of Technology,
Poland. The model’s validation showed that the maximum relative errors between simulations and
experiment results do not exceed 10%. The CeSFaMB model is an optimum compromise among
simulation accuracy, computational resources, and processing time.

Keywords: chemical looping combustion; CeSFaMB; ilmenite; oxygen carrier; hard coal; biomass

1. Introduction

Global climate change caused by the greenhouse effect is the main reason to look for new solutions
for burning solid fuels. One of the most promising combustion methods with inherent CO2 separation
is chemical looping combustion (CLC) technology, which uses oxygen carriers (OCs) in the fuel
combustion process. This technology requires two separate fluidized bed reactors: air reactor (AR)
and fuel reactor (FR) with circulating and bubbling fluidized bed, respectively. In the AR the OCs are
oxidized. In contrast, the OCs are reduced in the FR’s reaction chamber, as shown in Figure 1 [1,2].
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Figure 1. The scheme of the chemical looping combustion (CLC) process.

OCs are usually metals or metal oxides characterized with specific properties such as high
mechanical resistance, high oxygen transfer capacity, adequate specific heat capacity, and low production
costs. However, their most crucial advantage is their neutral impact on the environment [3-6].

In this work, ilmenite is selected as an OC. This natural mineral is characterized by good
thermal properties and excellent mechanical resistance but reveals a tendency to agglomerate at
high temperatures. In addition, ilmenite has a relatively low oxygen transfer capacity compared to,
e.g., copper oxide [7-9].

This paper is a continuation and extension of previous work [1]. The novelty of the developed
model is the use of a different oxygen carrier (ilmenite) and two different fuels: hard coal and biomass.

The two fuels used in this study differ mainly in their origin. Hard coal is a fossil and is considered
a non-renewable energy source. Biomass grows above the ground, and during the photosynthesis
process, it absorbs as much CO; as it releases during the combustion processes. Therefore, biomass is
considered a carbon-neutral energy source and is much more environmentally friendly than hard
coal. Thus, biomass combustion is one of the ways that helps to achieve greenhouse gas emission
reduction targets. Biomass differs from lignite in many characteristics: carbon, sulfur, oxygen, ash,
and volatile matter content, and the heating value [10,11]. Moreover, coal has a higher calorific value
than biomass. In addition, there are also some differences in the content of the other components.
Biofuels usually have a high sodium and potassium content, leading to lower ash softening points.
This may cause operational problems during the combustion process, e.g., defluidization as the effect
of the bed sintering, superheater fouling, and high-temperature corrosion [10-15].

2. Materials and Methods

The work aimed to develop a CLC model for biomass and coal as fuel and ilmenite as OC.
The result is a 1.5-dimensional model where the simulation tool was the comprehensive simulator of
fluidized and moving bed equipment (CeSFaMB) simulator.

In addition, the presented model permits a comparison of the simulation results of two different
fuels (biomass and coal) combustion using the same OC. The comparison applies to both hydrodynamics
of the fluidized bed as well as CO,, SOy, and NOx emissions.

The ilmenite, imported from the Titania AS ilmenite ore mine on Norway’s southwest coast, was
used as an OC in experimental and model studies. This natural mineral consists primarily of FeTiO3
(FeO-TiO,), but the active phase is an iron oxide that belongs to the iG-CLC process, meaning that it
releases oxygen in the FR only after direct contact with the fuel [16-19].

The following properties of ilmenite were considered in the study:



Energies 2020, 13, 5394 3o0f17

1. density: 3879 kg/m?,
. Sauter mean diameter of particles: 161 um,
3. sphericity: 0.65.
A microscopic photograph of the OC is given in Figure 2, and its particle size distribution is
shown in Figure 3.

Figure 2. The microscopic photograph of ilmenite.
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Figure 3. The particle size distribution of ilmenite.

Wood chips (biomass) and hard coal from the Polish coal mine “Sobieski” were used as solid fuels.
Microscopic photographs of biomass and coal are shown in Figure 4, and particle size distribution of
the fuels are given in Figures 5 and 6, respectively.
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Figure 5. The particle size distribution of biomass.
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Figure 6. The particle size distribution of hard coal.

The detailed analysis of hard coal and biomass composition is presented in Table 1.
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Table 1. Proximate and ultimate analysis of hard coal and biomass.

Proximate Analysis/wt. % Hard Coal Biomass
Net calorific value [k]/kg] 23,429 17,253
13.30 6.20

Moisture, % (wet)

Ash, % (wet) 8.20 1.40
Volatile, % (wet) 29.49 77.00
Fixed carbon 49.01 15.40

Ultimate Analysis/wt. %

Carbon, % (wet) 61.90 47.70
Hydrogen, % (wet) 3.66 5.47
Nitrogen, % (wet) 0.99 0.27
Total sulfur, % (wet) 1.39 0.11
10.56 38.95

Oxygen, %

The FB-CLC-SF Unit

Experimental studies were carried out on the Fluidized Bed—Chemical Looping Combustion
of Solid Fuel (FB-CLC-SF) unit. The research unit’s schematic diagram is given in Figure 7.
This unit is located at the Institute of Advanced Energy Technologies, Czestochowa University

of Technology, Poland.
Cyclone
Riser
N Particulate
Collector
\ Fuel
Air Reactor

Reactor\;

Figure 7. The scheme of the Fluidized Bed—Chemical Looping Combustion of Solid Fuel

(FB-CLC-SF) unit.
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The comprehensive CeSFaMB simulator was applied in the study, as the software is dedicated
to fluidized bed analysis. This simulator provides information at each point throughout the unit.
The results obtained are dimensional simulations and consider differential mass and energy balances
for all phases throughout the bed and the freeboard [20-23].

CeSFaMB was successfully used as a modeling tool in many scientific papers for various
objects such as furnaces, boilers, dryers, and gasifiers [23-25], including applications of the CLC
processes [1,3,26-28].

Validation of the developed model concerning hydrodynamics, including the mass of solids in
reactors, solids circulating rate, particle residence time, and the number of particle cycles in the reactors,
was successfully performed in [1,3]. The maxi mum relative error between experimental and numerical
results does not exceed 10%. The developed model was also used to determine emissions, i.e., CO,,
SOy, (5O, + SOg), and NOy (NO + NO; + N,O).

The CeSFaMB simulator allows for the performance of numerical simulations only after defining
the boundary and initial conditions. These primary operational data necessary to perform the
simulation process are listed in Table 2.

Table 2. The operational conditions of the FB-CLC-SF unit.

Operational Parameters Value
Test with Biomass Test with Hard Coal

Average bed temperature in AR, [K] 1078 1152

Average bed temperature in FR, [K] 1079 1156
Absolute pressure below the gas distributor in AR, [Pa] 103,935 104,148
Absolute pressure below the gas distributor in FR, [Pa] 104,659 105,360

Total mass of solids in the AR, [kg] 1.61 1.42

Total mass of solids in the FR, [kg] 291 2.36

Gas mass flow rate in AR, [x6007! kg s™!] 421 4.21

Gas mass flow rate in FR, [x600~1 kg s71] 6.52 6.52
Fuel mass flow rate, [kg s 8 x107° 8x 1076

The models prepared by CeSFaMB are classified into the 1.5D models. This is because, despite the
overall 1D (axial) approach, the model also computes some essential variables based on the 2D approach.
These include the point-by-point circulation rates of particles in the bed. Then, the radial variations
are integrated to provide the average in the axial direction. The basic equations are fundamental
differential mass and energy balances using the classic Eulerian approach. The CeSFaMB simulator also
uses auxiliary semi-empirical relations to evaluate bed dynamic, heat, and mass transfer parameters.
The Eulerian approach is also applied to evaluate the circulation rates of particles inside the bed.
However, when it comes to relations to compute reactions within solid particles, the model uses the
Lagrangian approach.

The results obtained with the CeSFaMB software are in good agreement with the experimental
ones. The maximum relative error does not exceed 10%. The calculations carried out by the CeSFaMB
simulator are not time-consuming compared to other methods, including the CFD approach. A detailed
description of the CeSFaMB simulator can also be found elsewhere [1]

Since the active phase in ilmenite is iron oxide, the CLC model presented in this work takes into
account the set of the following chemical equations [1,3]:

2Fe + O, = 2FeO D)
3Fe + 02 = Fe3O4 (2)
4Fe + 302 = 2F6203 (3)

Fe, O3 + 3H, = 2Fe + 3H,O 4)
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Fe;04 + 4H, = 3Fe + 4H,0 (5)

FeO + H, = Fe + H,0 (6)

Fe,O5 + 3CO = 2Fe + 3CO, @)
Fe;0; + 4CO = 3Fe + 4CO, ®)

FeO + CO = Fe + CO, )

FeO + CO, = FeCOj5 (10)

4Fe,0; + 3CHy = 8Fe + 3CO, + 6H,O (11)
Fe,0; + 3H, = 2Fe + 3H,0 (12)
Fe,O5 + 3CO = 2Fe + 3CO, (13)

The kinetics of chemical reactions, as well as the dynamics of the fluidized bed, have been
presented in the literature [29].

3. Results and Discussion

3.1. CLC Model Validation

The first attempts to validate the CLC model for ilmenite using the CeSFaMB simulator were
presented in other studies [3,27]. This paper shows numerical simulations with the latest version of the
CeSFaMB 4th generation for biomass and coal CLC combustion with ilmenite oxygen carrier. The CLC
model’s validation includes such parameters as the average temperature in the reactors, pressure drop
in the fluidized bed, void fractions, gas mass flow rate, superficial gas velocity, and primary emissions:
CO,, Oy, NOy, SOx.

3.1.1. The Average Temperature in the Reactors

The AR’s average temperature in both experiments with hard coal and wood chips was similar and
amounted to 1152 K and 1156 K, respectively. In the FR, the average temperature in both experimental
tests was similar and equal to 1078 K and 1079 K, respectively.

The comparison of the experimental results with numerical simulations for the average temperature
in reactors is depicted in Figure 8. The maximum relative error for this parameter is equal to 1.39%.

a) b)
1500 :
PP Er13e% Em—121% F D80 L0 L1
2~ — 1156 1163 ——
1200 1152 136 1078 1001 1200 1079 1000
Z 90 Z 9w
B~ =
500 ] U l 00
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0 0

Experiment ilmenite+hard coal Simulation ilmenite+hard coal
B Experiment ilmenite+biomass O Simulation ilmenite+biomass

Figure 8. The average temperature in the reactors: (a) air reactor (AR) (b) fuel reactor (FR).
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3.1.2. Pressure Losses in the Fluidized Bed

The pressure decreases with the height of the fluidized bed. This phenomenon is referred to as a
pressure drop in the fluidized bed; the greater the height of the dense fluidized bed, the greater the
pressure drop in the bed [30].

The highest dense fluidized bed in the FR, i.e., 0.39 m, was observed during ilmenite experiments
with biomass. Therefore, in this case, the pressure drop was the highest and amounted to 2822 Pa.
The second highest dense fluidized bed in the FR, equal to 0.38 m, was noticed for ilmenite with hard
coal CLC combustion. The pressure drop was 2755 Pa, in this case.

The lowest pressure drops were recorded in the AR for the ilmenite-hard coal test. The 0.30 m
height of the dense fluidized bed corresponded to a pressure drop of 1879 Pa. Similar to previous
observations, higher pressure drops in the AR were obtained for ilmenite with biomass test. In this
case, the height of the dense fluidized bed was 0.32 m and, the pressure drop was 2303 Pa.

The maximum relative error between the experiment results and the numerical simulation results
for the bed pressure drop was about 3%, as shown in Figure 9.

a) b)
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= 2500 = 2303 2310 B 2500
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E _ o
Z 1300 2 1500
¥ a
- e
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Experiment ilmenite+hard coal Simulation ilmenite+hard coal
BExperiment ilmenite+biomass 0 Simulation ilmenite+biomass

Figure 9. Pressure drop in the fluidized bed (a) AR (b) FR.
3.1.3. Void Fractions

A fluidized bed consists of dense and lean regions located in the lower and the upper parts of the
reaction chamber, respectively. A high concentration of solid material characterizes the dense part of
the fluidized bed. Moreover, as mentioned before, the most significant pressure drop occurs in this
part of the reactor.

The experimental value for void fractions (vf) is determined in the following steps:

1: Pressure sensors are located along with the reactor chamber every few centimeters. The pressure
measurements along the reactor’s length determine the lean and dense part of the fluidized bed. Then,
using the classic formula for the pressure loss:

Ap =qpgh

where Ap = pressure difference between sensors [Pa]; g5, = bulk density of fluidized bed at a specific
height of the reactor [kg/m?]; ¢ = 9.81 m/s? acceleration of gravity; h = height between sensors [m].
2: From the formula above, the bulk density is determined as:

Ap
qdfp = g_h
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3: Then, knowing the particle true density (gp) the formula below is used to determine
void fractions:

g
of P

Figures 10 and 11 show the comparison between experiment and simulation results for void
fractions of the fluidized bed in the AR and FR.
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Figure 10. Experiment and simulation results for the dense region: (a) AR (b) FR.
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Figure 11. Experiment and simulation results for the lean region:(a) AR (b) FR.

Asindicated in the above Figure 10 and Figure 11, the maximum relative errors between simulation
and experimental results are 0.88% for the dense region and 1.41% for the lean part of the fluidized
bed, respectively.

3.1.4. Gas Mass Flow Rate

Figure 12 shows the comparison between measured and calculated results for the gas mass flow
rates in both AR and FR. The CO; was fed to the FR while the AR was supplied by air.
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Figure 12. Experiment and simulation results for gas mass flow rate: (a) AR (b) FR.

The above comparison showed that the maximum relative error for the gas mass flow rate is 3.8%
in the FR and 1.02% in the AR.

3.1.5. Superficial Gas Velocity in the Bed

The comparison between measured and calculated results for superficial gas velocity in the AR
and FR is shown in Figure 13.

a) b)
0.6 Err = 1.22% Err = 2.44% 0.6
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Figure 13. Superficial gas velocity in the bed (a) AR (b) FR.

The maximum relative errors for superficial gas velocity are lower than 5.56% for the FR and
2.44% for the AR.

3.1.6. Emissions

The emissions for hard coal and biomass are shown in Table 3.
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Table 3. Experiment and simulation results concerning emissions in the AR and FR.

Fuel Emission Experiment Simulation Err [%]
Fuel Reactor
Biomass o 98.27 97.80 0.49
Hard coal €O [%] 98.09 97.40 0.70
Biomass O, [ppm] 0.00 0.00 0.00
Hard coal 2 IpPpP 0.00 0.00 0.00
Biomass SOy [ppm] 9.24 10.15 9.85
Hard coal X PP 85.55 78.60 8.12
Biomass NOy [ ] 124.93 113.10 9.47
Hard coal x Lppm 56.22 61.40 9.21
Air Reactor
Biomass O, [%] 20.27 20.19 0.39
Hard coal 217 18.09 19.47 7.87

As can be seen, there is no oxygen in emissions. Since the ilmenite is an OC that belongs to the
iG-CLC OCs group, oxygen is released in direct contact with the fuel and is consumed immediately.
Therefore, no oxygen was recorded in the flue gas.

Model validation taking into account essential emissions for hard coal and biomass as fuels

showed that the maximum relative error between the experiment and simulation results does not
exceed 10%.

3.2. A CLC Model

The developed CLC model also allows taking into account the effects of the superficial gas velocity
in the FR on fluidization hydrodynamics and emissions during CLC combustion in the FB-CLC-SF unit.

3.2.1. Solid Circulating Rate

The effect of superficial gas velocity in a FR on a solid circulating rate is shown in Figure 14.
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=4, veett”

» 0.0024 - . ) )
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0.0020

03 04 05 06 07 08 09 1

U [ms1]

Figure 14. The solid circulating rates of the ilmenite versus superficial gas velocity in the FR.
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The increase in superficial gas velocity in the combustion chamber causes the increase of the solids
circulating rate in both cases. The following equations describe these correlations:

.31
Gg (ilmenite+biomass) — 0.0023e"31Y

Gs (ilmenite+hard coal) — 0.0022¢"%Y

3.2.2. Mass of the Solid Fraction in Reactors

(14)

(15)

Figure 15 shows the total mass of solids in the reactors versus superficial gas velocity in the FR.

a) 25 b 33
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Figure 15. The total mass of solids in the fuel reactor (a) and air reactor (b) versus the superficial gas

velocity in the FR.

The increase in the mass of material in the AR and decrease in the FR results from an increase in
the superficial gas velocity in FR and is described by Equations (16)—(19):

3.2.3. Particles’ Residence Time

méllinenitwbiomass) =1.26U +1.01
?ﬂrjnem'teJrhard coal) — 0.84U +0.93
Iggfmenite+biomass) = -1.26U + 3.50

m€§menite+hard coal) = —0-84U +2.72

(16)
(17)
(18)

(19)

The superficial gas velocity in both reactors affects many of the analyzed parameters, including
the mass of material in the reactors, which in turn affects the residence time of the particles in the
reactors. Figure 16 shows the particles’ residence time in the reactors versus superficial gas velocity in

the FR.

The increase of superficial gas velocity in an FR causes an increase in the particles’ residence time
in the AR and a decrease in the particles’ residence time in the FR. This behavior can be described by

formulas Equations (20)—(23):

= 0.20
R (ilmenite-+biomass) ~ 719.05U
AR = —0.10
R (ilmenite+hard coal) ~ 566.45U
R — 0.48
R (ilmenite+biomass) ~ 753.74U
R — 633.17U7046

tR (ilmenite+hard coal)

(20)
(21)
(22)

(23)
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Figure 16. The particles’ residence time in the reactors versus superficial gas velocity in the FR (a) AR;
(b) FR.

3.2.4. The Number of Oxygen Carrier Cycles

The number of OC cycles indicates how many times the particle will flow through the reactor in
one hour. The number of OC cycles in reactors versus superficial gas velocity in the FR is shown in
Figure 17.

a) b)

2 4+ e ilmenite + biomass

« ilmenite + hard coal “** jlmenite + hard coal
0 0
03 04 05 06 07 08 09 1 03 04 05 06 07 08 09 1

U [ms1] U [ms1]

21 e ilmenite + biomass

n AR [eycles ]
=y

n R [cycles ]
N

Figure 17. The number of ilmenite cycles in reactors versus superficial gas velocity in the FR (a) AR;
(b) FR.

The decrease in the number of OC cycles in the AR and increase of OC cycles in the FR is resulting
from an increase in the superficial gas velocity in FR, as described by Equations (24)—(27):

AR

c(ilmenite+biomass) =-1.88U +6.78 (24)
AR _
c(ilmenite+hard coal) ~ -1.16U +7.45 (25)
FR _
C(ilmenit6+bioma55) =3.12U + 1.78 (26)
FR _
nc(ilmenite+hard coal) 3.61U +2.25 (27)

3.2.5. Emissions from the Fuel Reactor

The primary gas emissions versus the superficial gas velocity in the FR are shown in Figure 18.
The effect of superficial gas velocity in FR on CO,, SOx, and NOx emissions can be described by the
following Equations (28)—(33):

co?v = 0.92In(U) + 98.47 (28)

2 (ilmenite+biomass)
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dry _
COZ (ilmenite+hard coal) ~— 0.89 ln(U) +98.73 (29)

5o = —0.581In(U) + 9.56 (30)

X (ilmenite++biomass)

dry -
S()X (ilmenite+hard coal — —3.38 ln(U) +58.43 (31)

NOY = -10.98In(U) + 102.7 (32)

X (ilmenite-+biomass)

dry .
NOX (ilmenite+hard coal) ~ —3.65 11‘1(U) +7518 (33)
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Figure 18. The emissions from hard coal and biomass combustion versus the superficial gas velocity in
the FR: (a) CO,, (b) SOx, (c) NOx.

The increase of superficial gas velocity in the FR causes a significant increase in CO; emissions,
shown in Figure 18a. Since CO,; constitutes the FR's fluidizing gas, it dilutes other flue gas components,
leading to the decrease in SOx and NOyx emissions, shown in Figure 18.

The high concentration of CO; in the exhaust gas (97-99%) confirms that the end product is
practically pure CO; that can be stored. Thus, energy is saved for the capture of CO; from the flue gas,
which proves the thermoeconomic benefits [31-35].

4. Conclusions

The CLC model developed and presented in this work concerns ilmenite as an OC and two
different solid fuels, i.e., wood chips and hard coal. The model was successfully validated against
measured data. The relative error calculated during the validation of the developed model does not
exceed 10%.

The increase in superficial gas velocity leads to an increase in the number of OC cycles and the
decrease in the mass of materials and residence time of the particles in the FR. Moreover, the increase
in gas superficial velocity in the FR causes the increase of CO; emissions and a simultaneous decrease
in NOy and SOy concentrations in the flue gas. The increase in CO, concentrations is because the fuel
reactor is fluidized by CO,, hence the dilution of the other flue gas components concentrations.

The obtained high concentration of CO; in the exhaust gas means that there is no need to clean
the exhaust gas of CO,, which is favorable from the thermoeconomic point of view.



Energies 2020, 13, 5394 15 0f 17

Author Contributions: Conceptualization, A.Z., J.K. and T.C.; methodology, A.Z., K.I,, M.S; software, M.L.d.S.-S.;
validation, A.Z., M.L.d.S.-S., and M.S.; formal analysis, W.N.; investigation, K.I. T.C., A.Z. and K.S.; resources, ] K.,
W.N. and K.S.; data curation, T.C., K.I.; writing—original draft preparation, A.Z.; writing—review and editing, J.K.
and M.S,; visualization, K.I., K.S.; supervision, ] K., W.N.; project administration, T.C.; funding acquisition, ] K.,
T.C., WN. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This scientific work was funded from Norway Grants in the Polish-Norwegian Research
Program, operated by the National Centre for Research and Development. Project: Innovative Idea for Com
bustion of Solid Fuels via Chemical Looping Technology. Scientific work was performed within the project
No. 2018/29/B/ST8/00442, supported by the Na tional Science Center (Narodowe Centrum Nauki). The support is
gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

CeSFaMB Comprehensive Simulator of Fluidized and Moving Bed equipment
FB-CLC-SF The Fluidized-Bed Chemical-Looping-Combustion of Solid-Fuels
CLC Chemical Looping Combustion

AR Air reactor

FR Fuel reactor

ocC Oxygen carrier

iG-CLC in-situ Gasification Chemical Looping Combustion

U Superficial gas velocity [m s™']

mg Gas mass flow rate [kg s71]

Gg Solid circulating rate [kg (m2s)™1]

ne Number of oxygen carrier cycles [cycles h™!]

tr Particles residence time [s]

m Mass of solid in reactors [kg]
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