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Abstract: Bioenergy with Carbon Capture and Storage (BECCS) technologies are fundamental to
reach negative CO, emissions by removing it from the atmosphere and storing it underground. A
promising solution to implement BECCS is pressurized Chemical Looping Combustion (CLC), which
involves coupling a pressurized CLC reactor system to a turboexpander. The typical configuration
chosen is to have an air reactor and a fuel reactor based on coupled circulating fluidized beds. The
fluidization regime in both reactors is preferred to be fast fluidization to enhance gas particle contact
and solids circulation among reactors. To design the two reactors, Aspen Plus software was used,
given that the new version has a module for fluidized bed modeling. At first, the oxygen carrier
was designed ex novo, but given that it is a composite compound mainly made by nickel oxide
freeze-granulated on alumina (Ni40AI-FG), the molecular structure has been inserted in Aspen Plus.
Then, based on the power of the gas turbine, the power output per kg of evolving fluid (in this case,
depleted air) is calculated using Aspen Plus. Once the nitrogen content in the depleted air is known,
the total air at the inlet of the air reactor is calculated. The fuel reactor is modeled by inserting the
reduction reactions for nickel-based oxygen carriers. The paper presents a useful methodology for
developing pressurized Chemical Looping Combustors to be coupled to gas turbines for power
generation. The provided data will be cross-validated with 0D-models and experimental results.

Keywords: carbon negative technologies; gas turbines; pressurized chemical looping combustor;
biofuels; BECCS

1. Introduction

According to Kang et al. [1], more than 120 nations have made carbon neutrality
pledges at current times [2,3]. In this context, Carbon Capture and Storage (CCS) is con-
sidered an irreplaceable technology to achieve this target [4]. Together with CCS, the
development of Negative Emissions Technologies (NET) is also advocated [5]. These are
key technologies that are able to absorb CO, directly from the atmosphere and store it
underground, while CCS is used “only” to prevent CO, from reaching the atmosphere
and increasing the carbon dioxide concentration. Examples of NET are afforestation and
reforestation, the increase of carbon content in soils, storing carbon in the soils in the
form of biochar, Bioenergy with Carbon Capture and Storage (for BECCS see also [6]),
Direct Air Carbon Capture and Storage (DACCS), and enhanced weathering and ocean
fertilization [7]. However, what is the Technology Readiness Level of the many NET? In an
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interesting report from the Royal Society and Royal Academy of Engineering, the TRL of
NETs is displayed in Table 1 [8].

Table 1. TRL of most important NETs [8].

NET Technology TRL
Afforestation, reforestation, and forest management [9-11] 8-9
Wetland, peatland, and coastal habitat restoration [10] 5-6

Soil carbon sequestration [9,12] 8-9
Biochar [9,12,13] 3-6

. . Bioenergy: 7-9

Bioenergy with carbon capture and storage [11,14] CCS: 47
Ocean fertilization [15,16] 1-5
Building with biomass [17] 8-9
Enhanced terrestrial weathering [11] 1-5
Mineral carbonation [18] 3-8
Ocean alkalinity [19,20] 2-4
Direct air capture [12,21,22] 4-7
Low-carbon concrete [18,23,24] 6-7

It can be seen in Table 1 that the TRL of Bioenergy with Carbon Capture and Storage
(BECCS) technologies depend on the TRL of bioenergy production technologies. These
are needed to produce biofuel (which can be solid, gaseous, and liquid), and the TRL of
Carbon Capture and Storage technologies (which are needed to capture and store carbon
dioxide). While bioenergy technologies have a high technology readiness level, carbon
capture technologies have a lower TRL level, which is comparable to that of direct air
capture. On the other hand, there is no agreement in the literature on the TRL of BECCS
because this is a category of technologies that have different TRLs [25]. For example, from
the data reported by Mollersten [25], we can infer that 2G bioethanol with carbon capture
can be considered TRL 5-6, while biomethane with carbon capture can be considered TRL
7-8; 1G bioethanol with CCS has a TRL ranging from 7 to 9; biomass power with CCS has
a TRL of 7-8. For what has been said above, the question “What is the TRL of BECCS?”
implies another question, which is: “What is the TRL of CCS?” An interesting classification
of CCS technologies is proposed in Table 2 [26].

Table 2. Classification of Carbon Capture and Storage based on their TRL [26].

TRL Technology

Chemical Absorption
Physical Absorption
Membrane Permeation
Pre-combustion
Cryogenic distillation

high technology readiness
level—TRL (7-9)

SOk @

Hybrid coupling among cryogenic distillation, membrane
permeation, and chemical or physical absorption
Enhanced chemical or physical absorption

Gas-liquid membrane contractors

Adsorption

Oxy-combustion

Chemical Looping Combustion

Mineralization

low technology readiness
level—TRL (£7)

NG »N

This paper is particularly focused on the Chemical Looping Combustion (CLC) pro-
cess. In the work of Di Giuliano et al. [27], it is stated that the TRL of CLC is probably
about 6, this is in agreement with what reported also in the report of the Global CCS
Institute “Technology Readiness and costs of CCS” [28]. Chemical Looping Combustion is
a technology in which combustion oxygen is provided by a metal oxide (named oxygen
carrier), which is reduced while the fuel is oxidized. This happens in a reactor named FUEL
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REACTOR (see Figure 1). Then, the oxygen carrier is regenerated in the AIR REACTOR
(see Figure 1) oxidizing with air and the reduced metal. Oxidation and the reduction of the
metal happen separately in two different reactor grants and, from the air reactor, a flow of
depleted air is generated (mainly containing less oxygen than the incoming air due to the
fact that some oxygen is consumed by oxidation). Additionally, a flow of carbon dioxide
and water vapor is obtained from the fuel reactor. By condensing water vapor, a pure flow
of carbon dioxide is obtained, which can be compressed and stored.

Condensed Captured

Depleted Air
Me O, /&
FUEL REACTOR 7 ////] AR REACTOR
(Reduction) Z Me O, , 7| (Oxidation)
Fuel (CnH2m) AIR

Figure 1. The Chemical Looping Combustion process [29].

The advantages of Chemical Looping Combustion are represented by the fact that
when technological feasibility is proved and when plants will be scaled up the cost of
carbon capture with this technology will be probably the lowest on the market and also
the energy penalty linked with it. To develop Bioenergy with Carbon Capture and Storage
(BECCS) technology based on Chemical Looping Combustion, two main routes can be
followed: one is to produce steam that can be expanded into a steam turbine and the other
is to couple the chemical looping combustor with a gas turbine. The latter configuration
is supposed to achieve higher efficiency of the final power generation plant. On the other
hand, when coupling a chemical looping combustor with a gas turbine, pressurizing both
the chemical reactor and the air reactor is needed. This represents a technological barrier,
which is addressed in the Marie Curie project: GTCLC-NEG. In this project, the following
configuration of plant is proposed (see Figure 2).
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Figure 2. The GTCLC-NEG concept [29].
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We can see in Figure 2 that air is at first compressed to about 12 bars and then enters
the air reactor, which is a fluidized bed working at fast fluidization regime. Then, depleted
air passes through a cyclone and expands in the gas turbine. The process is similar to
what happens also in externally fired gas turbines. The expanded air has still a relevant
temperature, so the waste heat is recovered in the first heat exchanger (HEX1). The cooled
air is released to the environment. The fuel reactor can be fed with different biofuels (such
as syngas or biogas or even solid biofuels, such as wood chips). These have to also be
pressurized in a compressor at 12 bars. When the biofuels react with the oxygen carriers,
they are converted to carbon dioxide and water vapor. After passing through a cyclone,
the exhaust gases produced at the fuel reactor are also heated up to a temperature at about
1200 °C. Usually, the oxidation reaction is exothermic, while the reduction reaction can be
either endothermic or exothermic. The waste heat in this case is recovered by the second
heat exchanger (HEX2) which is also used to separate the water vapor from the CO; by
condensing the water vapor. We obtain in this way a pressurized flow of carbon dioxide
that can be further compressed to liquify it and then transported to the storage location.

To optimize the efficiency of the plant, an ASPEN Plus model has been realized in this
paper we present the results of the design phase of the fuel reactor, while in [29], the results
of the design phase of the air reactor is presented. We leave out of the analysis the cyclone,
which is an important component and needs to be analyzed.

2. Materials and Methods
2.1. Methodology Followed to Design the Fuel Reactor

The methodology followed for the design of the fuel reactor is similar to that used for
the air reactor, presented in [29] and adapted from [30,31]; see Figure 3. We see in Figure 3
that the design process is divided into two parts:

- The part that uses fuel characteristics, oxygen carrier characteristics, and oxidation
and reduction reactions kinetics to calculate mass balances, reactor inventory, and
solids circulation rate. This part first takes into account the air reactor because it is the
one which is directly connected to the gas turbine and then the fuel reactor mass flows
are determined based on stoichiometric calculations referred to the fuel needed to
reduce the oxidized oxygen carrier. The dimensions of the reactor are set considering
the optimal velocity of fluidization and the entrainment of particles;

- Inthe second part, the dimensions of the reactor and the optimal velocities are double
checked using the Grace diagram to calculate the fluidization regime and checking
that this is close to the fast fluidization regime.

The fuel reactor has one more criticality respect to the air rector: the chemical reactions
happening significantly change the properties of the gases inside the reactor. In fact, in
the case of the air reactor depleted air has quite similar properties respect the air fed
into the reactor at the inlet. On the other hand, the density, viscosity, and velocities of
the fuel are completely different from those of the reduction products, such as: carbon
dioxide and water vapor. For this reason, the introduction of chemical reactions in the fuel
reactor is of key importance and so it is the use of reactions kinetics derived at pressurized
conditions. Simulation of reactions in fluidized bed is not new in Aspen Plus. Research have
focused mainly on biomass gasification [32-35] and coal combustion in circulating fluidized
beds [36]. The advantage of chemical looping combustion respect to biomass gasification in
the specific case examined in this paper is that we use already syngas composed by mainly
hydrogen and carbon monoxide and so the reactions which happen in the reactor result to
be simpler. The reactions and the reaction kinetic constants are introduced directly in the
“Fluidbed” model which makes the simulation also easier to perform.



Energies 2023, 16, 3850 50f 16

DESIGN METHODOLOGY

PRESSURISED TGA (PTGA) :
EXPERIMENTS .
H
1]
H |
: il I
1]
1]
L]
L]
1]

1]

L]

L]

.,

)

1]

1]

1]

L)

' Y

]

! COXIDATIUNIREUUCTIDN KINETICS) { SRR S HEHED

: !

4 1]

: ' ¢ EXCESS AIR
] (]

! [ OXIGEN CARRIER CONVERSION (Ax) H MASS AND HEAT BALANCE

' ASSESSMENT ! OPTIMIZATION

L]

] .

(] L]

: ' - /
H H OPTIMIZED FUEL

+ (CIRCULATION RATE, INVENTORY, GASES Y ¢ CONSUMPTION AIR REACTOR -
! FLOWS SPECIFICS
H H

1]

L] L]

] .

Sssssssssssssssssssssssssssss) APPROPRlATE T

SPECIFICS

/ FUEL REACTOR /

sssssssssssssssssssssssssssssssSSSssSsSSSSSSSSSlsssssSsSsssssssssssssssefesssssssssssssss(l=sss

HYDRODYNAMIC INVESTIGATION |
MATHEMATICAL ANDYOR COLD FLOW MODEL

v
FLUIDIZATION REGIME
{PRESSURE PROFILES/SOLIDS CONCENTRATION,
PARTICLE RESIDENCE TIME)

APPROPRIATE

LEGEND
ITERATIVE INPUT Q INPUT (") CALCULATION E
CONDITION <> OUTPUT S

Figure 3. Methodology used to design the fuel reactor [29].

2.2. Oxygen Carrier Main Characteristics

The main characteristics of the oxygen carrier used are shown in Table 3. The oxy-
gen carrier is derived from a freeze granulation (FG) preparation process, performed at
Chalmers University, according to what was reported in [37], and it contains 40% of nickel
oxide in weight. It is identified accordingly with the abbreviation Ni40AI-FG.
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Table 3. Ni40Al-FG Oxygen carrier characteristics [38].

Parameter Value Unit of Measure
Active NiO content 40 wt%
Oxygen transport capacity, Ry 0.084 -
Particle size 0.2 um
Porosity 0.36 %
Specific surface area (BET) 0.8 m?2/ g
Solid density 5380 kg/m?

On the Aspen Plus software components section, when selecting an oxygen carrier to
be inserted as a component the ID should be introduced in form of the chemical formula of
the compound (e.g., Al03-NiO); if this identity is not recognized as a compound contained
in the database linked with Aspen Plus software, the compound has to be user defined,
specifying the following parameters:

- Component ID and Alias are identified as the compound chemical formula;
- Compound state (in the case of the oxygen carrier we consider solid state);
- Molecular weight;

- Normal boiling point;

- Solid enthalpy of formation;

- Solid Gibbs energy of formation;

- Molar volume data (here also the density of the solid can be inserted);

- Vapor pressure data;

- Extended Antoine vapor pressure coefficients;

- Solid heat capacity data;

- Solid heat capacity polynomial coefficient.

The final data, after they have been inserted in the software, are proposed in Table 4.
Dealing with the solid heat capacity coefficient, the solid molar volume, these are estimated
based on the polynomial of alumina (Al,O3) and Nickel (Ni and NiO), which are assumed
to be inserted separately, given that it is assumed that there is no chemical interaction
between the two. Another step is represented by the necessity to model the Particle Size
Distribution (PSD) inside the air reactor a PSD mesh is used, and it can be seen in Table 4,
as calculated with Apen Plus V11. To realize the mesh a distribution function is built.
This is based on the GGS (Gates—Gaudin—-Schuhmann) approach; see [39]. The dispersion
parameter is set to 1.5 and the maximum diameter is set to 0.4 mm. The minimum value of
the distribution is set to 0.1 mm.

Table 4. Kinetic analysis of the oxygen carrier reduction [38].

Upper Limit Weight Fraction Cumulative

Interval Lower Limit (um) (um) Weight Fraction
1 100 130 0.185279 0.185279
2 130 160 0.0677037 0.252982
3 160 190 0.0743889 0.327371
4 190 220 0.0805198 0.407891
5 220 250 0.086215 0.494106
6 250 280 0.0915561 0.585662
7 280 310 0.0966021 0.682264
8 310 340 0.101397 0.783661
9 340 370 0.105975 0.889637
10 370 400 0.110363 1

The image of the PSD distribution is shown in Figure 4.
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Figure 4. PSD distribution of Ni particles.

2.3. Inventory and Circulation Rate Calculations

Dealing with the circulation rate, this is defined as the mass flow of oxygen carrier
which is completely oxidized [40]. This is influenced by:

- Type of oxygen carrier;

- Conversion variation obtained in the oxygen carrier;
- Type of fuel;

- Fuel reactor characteristics.

The process followed is already explained in [29], and the final value of 111 kg/s
is obtained.

On the other hand, the inventory of the fuel reactor is different from that of the air
reactor, even though they are both calculated in the same way as conducted in [29]. The
entire process is explained in Figure 5.

As it can be seen in Figure 5, the inventory is calculated based on three main parameters:

- Characteristic circulation rate;
- Time for complete solid conversion in the reduction reaction;
- Characteristic reactivity of the FUEL REACTOR.

The time for complete solid conversion in the reduction reaction is influenced by the
type of metal that is used as an oxygen carrier. This can have kinetics, which follows two
main models: the plate-like geometry or the spherical grain geometry. To calculate the time
for completed solid conversion in the reduction reaction, it is required that the parameter:
average concentration of reacting gas in the reactor, which is calculating integrating the
gas conversion rates. The parameter g is the coefficient of expansion of the gas mixture
and it is equal to 2 in the case of methane, 0 for hydrogen and carbon monoxide, and —0.21
in the case of oxidation. The final inventory calculated in this way is about 8000 kg of
oxygen carrier. This is less than the inventory required for the air reactor and indicated
in [29]. If we consider the value of inventory reported for the fuel reactor in [38] this is
about 34 kg/MW with syngas composed of 45 vol% CO, 30 vol% Hj, 10 vol% CO,, and
15 vol% H,O and operating at a pressure of 20 bar and at a temperature of 1223 K, also
assuming that water gas shift occurs. This value is referred to the power of the fuel fed
into the reactor so to convert it in total kilograms we need to know the efficiency of the
plant, assuming a 30% efficiency we obtain a total inventory for the fuel reactor of 1360 kg.
This is reasonable when compared to our value because in [29], we have already noted that
the calculated value is a theoretical one which, in practice, has to be multiplied for a safety
factor that ranges between 2 and 10 times.



Energies 2023, 16, 3850

8 of 16

Characteristic circulation rate
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reaction
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Q

Average concentration of reacting
gas in FUEL REACTOR

Figure 5. Method used to calculate the inventory.

2.4. Oxygen Carrier Reduction and Oxidation Reactions

From the point of view of the reactions, Equations (1) and (2) indicate reduction of
carbon monoxide and hydrogen respectively (assuming that syngas is used as a fuel).
Reaction 3 indicates oxidation.

NiO + CO — Ni + CO, (1)
NiO + H; — Ni + H,O )
2Ni + O, = 2 NiO, 3)

When nickel, as in this case, is used, water gas shift reaction has to also be taken into
account. The kinetic of the reduction reactions is proposed in [38] and it is reported in
Table 5. Where Equation (4) is the following;:
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kop = ko(P/Pg)1 4)

where kg ;, is the preexponential factor of the chemical reaction rate constant at pressurized
conditions (mol' ™™ m3"~2 s~ 1),

Table 5. PSD inside the fuel reactor calculated with ASPEN Plus V11.

Symbol H, CcO
Molar density of metal oxide in the solid (mol
MeO m~3 solid) Pm 89,290 89,290
Stoichiometric factor in the reduction reaction of b 1 1
metal oxide (moles of MeO per mole of fuel gas)
Preexponential factor of the chemical reaction ko 9.3 x 10-3 50 % 10-3

rate constant (mol! ™" m3~2 s~ 1)

Activation Energy (J mol~1) E 26 25
Reaction order n 0.5 0.8
Exponent in Equation (4) q —0.47 —0.93
dXr/dtat 0.1 MPa - 0.040 0.028
dXr/dt at 2.0 MPa - 0.044 0.019

The two reduction reactions using hydrogen and carbon monoxide as fuels have been
inserted in the Aspen Plus model, first defining the stoichiometry and then the kinetics; see
Table 5.

3. Results
3.1. Final Design of the Fuel Reactor

The final design of the fuel reactor has been modeled with Aspen Plus, V11. As already
said, this version of the software already has a model to implement a fluidized bed which is
available in the section “solids” with the reactor “Fluidbed”. The input parameters used to
model the fuel reactor fluidized beds are reported in Table 6. Dealing with the fuel reactor
the dimensions are the following: diameter: 3.0 m; height: 8 m. As can be seen in Table 7,
the inventory and the circulation rate are the values that have been calculated with the help
of the procedure explained in [29] and in Figure 5.

Table 6. Fluidized bed model input parameters.

Parameter Value Unit of Measure
Voidage at minimum fluidization 0.5 -
Geldart classification B -
Minimum fluidization velocity calculation method Ergun [41] -
Transport disengagement Height Model George and Grace [42] -
Maximum dCv/dh 1x107° -
Elutriation model Tasirin and Geldart [43] -
Decay constant 3 -
TG parameter Al 23.7 -
TG parameter A2 14.5 -
TG parameter Bl 2.5 -
TG parameter B2 2.5 -
TG parameter C1 —54 -
TG parameter C2 —54 -
Constant diameter - -
Cross section circular -
Solids discharge location 95% of total height -
Gas distribution injectors -

Distributor pressure drop 0.04 bar
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3.2. Profiles of Velocity, Solids Volume Fraction

In this paragraph, we present the final profiles of superficial velocity (m/s); interstitial
velocity (m/s); solids volume fraction (—); and pressure (bar). The velocities inside the fuel
reactor are proposed in Figure 6.

—Superficial velocity

(m/s)

4 —— Interstitial velocity

(m/s)

Reactor Height (m)

0 0.2 0.4 0.6 0.8
Velocity (m/s)

Figure 6. Velocity profiles inside the fuel reactor.



Energies 2023, 16, 3850 11 of 16

As can be seen in Figure 6, the bed of the fuel reactor is concentrated in the first 1 m of
the height of the reactor. This can be seen from the interstitial velocity, which is initially
higher than the superficial velocity and decreases rapidly when the freeboard begins. The
final velocity value of the fuel reactor is about 0.4 m/s. The solids volume fraction in the
fuel reactor is presented in Figure 7.

Reactor Height (m)

0 0.1 0.2 0.3 0.4 0.5
Solids Volume Fraction (-)

Figure 7. Solids volume fraction in the fuel reactor.
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In the fuel reactor for the above-said reasons, there is less entrainment than in the air
reactor.

Figure 8 confirms the data mainly reported in Table 7. The fuel reactor has high pres-
sure in the bed zone and the pressure decreases steeply when we enter the freeboard zone.

Reactor Height (m)

11.37 114 11.43 11.46 11.49 11.52
Pressure (bar)

Figure 8. Pressure trend in the fuel reactor.
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The decrease in the initial pressure at the inlet of the two reactors obviously represents
a pressure loss, which can also have a penalty on the whole plat energy efficiency.

3.3. Profiles of Gases Concentrations

Figure 9 shows the details of the gaseous streams inside the whole fuel reactor.

It is interesting to note that the mass fractions of the gases appear to have a nonlinear
trend at the height of 1 m, which is more or less when the bed transitions to the freeboard
area. Depending on the position of the bubbles and of the solids, the model tries to simulate
some oscillation on gas concentrations.

v

— )
e CO
e H2 0
e CO2

Reactor Height (m)

w

0 0.2 0.4 O.fi 0.8 1
Gas Mass Fraction (-)

Figure 9. Gases concentrated inside the fuel reactor.
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Table 7. Reactor characteristics are derived from the ASPEN Plus V11 model (Bedford, Massachusetts, U.S).

Parameter Fuel Reactor Unit of Measure
Total reactor height 8 m
Reactor diameter 3.0 m
Inventory 8000 kg
Circulation rate 111 kg/s
Operating pressure 12 bar
Height of bottom zone 0.01 m
Height of freeboard 5.99 m
Transport Disengaging Height calculated by correlation 5.33 m
Transport Disengaging Height based on solids volume 3.89

. . . m
fraction profile
Number of particles in bed 3.3 x 1010 -
Surface area 26,040 sqm
Minimum fluidization velocity 0.04 m/s

3.4. Grace Diagram in the Fuel Reactor

The final calculation of the Grace diagram parameters for the fuel reactor is proposed
in Figure 10.

100 +
10 : Fast Fluidization I
£ —fr.—lurbulent Bed -
g U k___/___,,_fﬂ*’”"’”"'b
X I ,,f’ Uc /U
Q. Pid mf
s 11
g i
n I /Ur'
t 0.1 /’/ »
s ,~"|  Bubbling .
I L Bed / Fixed Bed
0.01 +
0.001 L L
0.1 1 10 100 1000
dp* = Ar'’3

Figure 10. Grace diagram in the fuel reactor.

The two parameters described in the graph are given by the following equations,
according to what is presented in [29]:

u* = Re/dp* ®)
dp* — Ar1/3 (6)
Ar = dp’pg (op — pg)g/vP )

4. Conclusions

In this paper, the second part of the methodology, which can be used to design a
Chemical Looping Combustor to be coupled to a gas turbine, is presented. In the first part,
the air mass flow was calculated based on the final gas turbine power capacity; then, based
on this data, the final air reactor geometry was optimized, also taking into account the
oxygen carrier kinetics parameters (which influenced the circulation rate and the inventory
of the air reactor). After having calculated the air needed in the air reactor and having
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assumed an excess air first tentative value of 3, the stoichiometric mass flow of fuel was
calculated. Based on this, the geometry of the fuel reactor was determined. Finally, the
Grace diagram is used to determine the fluidization regime. The innovative aspect of this
paper is the introduction of the detailed chemistry of the reactions based on experimental
data derived through Pressurized Thermogravimetric Balance analysis. The reactions have
been effectively modelled in Aspen plus having good information on the gas concentrations
along the reactor length.
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