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ABSTRACT: Chemical looping gasification (CLG) is a novel dual
fluidized bed gasification process that enables the conversion of solid
feedstocks to a nitrogen-free syngas through in situ air separation,
avoiding a costly air separation unit. While there have been recent
advances in experimental studies, modeling of CLG is almost exclusively
restricted to lab-scale units or 1D models. In this study, a 3D CFD-
DEM model of a 1 MWth fuel reactor for the conversion of solid
biomass was developed. Due to the high computational demand of the
DEM method, a coarse-grained approach was used in combination with
a simplified reaction network. The hydrodynamics were modeled with
an EMMS drag model. Simulations were conducted for two woody
biomasses and wheat straw based on experimental data of a 1 MWth
CLG reactor. The model was able to predict the pressure profile over
the reactor accurately, with a mean error below 10%. Carbon conversion and oxygen carrier oxidation were in good agreement with
the experimental data with mean deviations below 5%, while reasonable values below 8 mol % mean error were achieved for the gas
composition. Discrepancies in the gas composition as well as temperature profile indicate that further work is needed in the pyrolysis
step of the model.

■ INTRODUCTION
In light of anthropogenic carbon dioxide emissions contribu-
ting to climate change, increasing efforts have been made to
reduce greenhouse gas emissions and transition the global
economy from a fossil-based to a circular system. While carbon
emissions have been reduced in the energy and industrial
sectors in Europe, emissions are steadily increasing in the
transport sector.1 For land-based transportation, efforts to
transition to electric propulsion systems were made; however,
this is not feasible for air and sea travel due to the lower energy
densities of battery storage compared to liquid fuels. This
shows the need for renewable, carbon-neutral liquid fuels.

One possible pathway for the production of such fuels is the
gasification of solid biomass residues with subsequent synthesis
to products, such as green methanol or Fischer−Tropsch
products. Gasification is achieved by partial oxidation of the
feedstock to a raw syngas consisting of H2, CO, CO2, CH4, and
H2O along with other trace components, which is subsequently
purified for synthesis. To achieve this and avoid dilution of the
syngas by nitrogen, pure oxygen is needed as an oxidation
agent.2−4 This is typically provided by an air separation unit,
which comes with a large energy demand. The innovative

chemical looping gasification (CLG) process functions without
pure oxygen.5

The CLG process depicted in Figure 1 consists of two
reactors, between which an oxygen carrier (OC) is transported.
Typically, circulating fluidized bed (CFB) reactors are used
due to their high solid transport rates as well as high gas−solid
contact intensity. The fuel reactor (FR) acts as the gasifier. The
feedstock is converted with gasifying media such as steam or
carbon dioxide into syngas. To allow for autothermal
operation, oxygen and heat are provided by the OC. The
OC enters the reactor in a partially oxidized state at a
temperature higher than the FR. Through reaction with syngas
components, the OC is reduced, transferring oxygen to the
syngas. The reduced OC is transported to the air reactor (AR),
where it is reoxidized with air in an exothermal reaction and
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subsequently circulated back to the FR. The air equivalence
ratio of the system is controlled through the oxygen content in
the AR fluidization, e.g., through mixing air with recycled flue
gas.5

In recent years, research regarding CLG operation with
biomass has been intensified in the experimental field on
different scales. Condori et al.6 investigated biomass CLG
using ilmenite as an OC in a 1.5 kWth unit and identified the
oxygen-to-biomass ratio as a determining factor for the process
efficiency. At 10 kWth, Huseyin et al.7 used iron- and
aluminum-based OC and showed that high efficiency and
conversion are possible at sufficiently high temperatures. Ge et
al.8 performed experiments with NiO as an OC in a 25 kWth
pilot and showed that the steam-to-biomass ratio has an effect
on syngas composition but not on syngas yield. Marx et al.9

investigated the CLG process at the 1 MWth scale and
demonstrated that long-term autothermal operation is possible.

To improve reactor designs and to scale up the CLG process
to industrial scales, computational fluid dynamics (CFD)
simulation is a powerful and cost-efficient tool. However, only
little work has been reported for the CFD simulation of CLG.
Some more studies have been performed on chemical looping
combustion (CLC). CLC is based on the same process as
CLG; however, the oxygen transfer from the AR is increased,
aiming at a full feedstock conversion in the FR. Within the
CFD framework, different methods are available for modeling
the hydrodynamic behavior in fluidized beds. They can be
classified as Euler−Euler and Euler−Lagrange approaches as
well as hybrid methods.

The Euler−Euler method, often called the two-fluid model
(TFM), treats the gas and solid phases as two interpenetrating
continuous fluid phases. Effects of particle collisions are
accounted for via closure equations based on the kinetic theory
of granular flows (KTGF). Using the TFM, Li et al.10

simulated biomass gasification with hematite as an OC in a lab-
scale drop tube reactor. They studied the influence of
parameters, such as temperature and steam content, on the
gasification products. Du et al.11 simulated a bench-scale full-
loop CFB gasifier operated in batch mode as the FR. They
determined suitable operating conditions in a cold flow
simulation and extended them to determine the effect of
temperature in a reactive simulation. For CLC, several studies
have been performed using the TFM. For example, Zhang et
al.12 studied methane combustion at a 200 kW scale using
nickel oxide as an OC. They simulated both reactors
simultaneously but replaced the coupling elements with time-
dependent boundary conditions. Solid fuel gasification with
ilmenite was investigated by Mahalatkar et al.13 at the bench

scale. They achieved reasonable predictions of conversion and
outlet species distribution for coal. A scale-up to the MW scale
was performed by Alobaid et al.,14 who developed a model
based on a quasi-2D fluidized bed and applied this model to a
1 MWth pilot plant. Reasonable results were achieved;
however, a dependence on accurate solid circulation measure-
ments was found. May et al.15 simulated the FR and AR of the
same 1 MWth plant and validated their models with
experimental data. They achieved a good prediction of the
pressure drop in both reactors and carbon slip from the FR to
the AR.

The Euler−Lagrange approach treats the particles as discrete
spheres that are tracked in the domain through a calculation of
the forces acting on the particles. This allows for direct
resolution of particle collisions but comes at an increased
computational cost. Several methods are available for modeling
the collisions. For fluidized beds, the discrete element method
(DEM) is suitable, as it enables collisions of multiple particles
at the same time. Simulations of CLG or CLC using the DEM
are rare due to high computational demand. Yu et al.16

performed a 2D simulation of a lab-scale bubbling bed reactor
for CLG with coal. They found that vertical mixing is
dominant compared to horizontal mixing, and overall mixing is
improved with higher fluidization velocities. Some models for
CLC have been developed. Lin et al.17 simulated a 0.5 kW
coal-fueled FR using ilmenite as an OC. A 2D simulation was
performed to save computational time. While some deviations
from the experimental results were found, the DEM simulation
provided significant improvement compared with the multi-
phase particle-in-cell (MP-PIC) simulation. A lab-scale 3D
reactor with coal and Fe2O3 and MgAl2O4 as an OC was
investigated by Banerjee and Agarwal.18 They showed that the
entrainment of particles depended heavily on particle density
and that sufficient circulation is difficult to achieve with
particles with high particle densities, which are usually required
for CLC operation. Methane CLC in a 10 kW unit was
simulated by Luo et al.19 using a Ni-based OC. Pressure
distribution was in good agreement with measurement data
from cold flow experiments, while the hot solution provided
plausible results.

Hybrid approaches combine the advantages of the Euler−
Lagrange approach of individual particle tracking such as better
representation of particle drag and more natural inclusion of
particle size distribution (PSD) with the faster collision
treatment of TFM based on KTGF. Within the hybrid regime,
a few studies have been published. Dymala et al.20 simulated
biomass CLG at a 1.5 kW scale using the MP-PIC method in
Barracuda VR. The plant was operated with ilmenite and
milled pine wood. The simulation achieved good agreement
with experimental data and could correctly predict trends
under different reactor conditions. Further models were
developed for CLC by Reinking et al.,21 who used MP-PIC
to predict reactor behavior in a coal-fired 100 kW unit. A full-
loop simulation was conducted for 180 s, giving reasonable
results but requiring extensive computational time at
approximately 1700 h. CLC operation in a 100 kW unit with
biomass and a nickel-based OC was simulated by Ahmed and
de Lasa22 using the MP-PIC method. They optimized the solid
circulation control between the FR downer and the AR riser.

The DEM approach provides advantages to TFM and hybrid
approaches due to resolution of interactions at the particle
scale, allowing for accurate modeling of hydrodynamics and
particle reactions. This makes DEM a promising tool for CLG

Figure 1. Schematic of the CLG process.
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simulations if computational limitations can be overcome.
Currently, a 3D DEM model for CLG is not available in the
literature. In this work, such a model is developed for the FR of
a biomass-fired 1 MWth CLG pilot plant. The objectives and
novelty of this work are summarized as follows:

1. A comprehensive 3D CFD model using the DEM is
provided to accurately describe all relevant processes in
the reactor. This model allows for investigations of flow
and reaction phenomena to assist in process optimiza-
tion and reactor scale-up in future works.

2. The model is validated with experimental data of the 1
MWth CLG unit at Darmstadt, Germany, one of the
largest CLG units in the world.

3. The model shows the feasibility of the reactive DEM
simulation at the MW scale for the CLG process. This
model can accurately describe processes on the particle
scale allowing for detailed modeling of CLG systems on
industrially relevant scales. Due to appropriate simplifi-
cations, the simulation can be run within a reasonable
time frame.

The paper is structured as follows. First, the CLG process is
explained briefly. Second, the mathematical models applied in
the model are presented. Then, the experimental and
numerical setups are described before the results of the
simulations are shown and compared with the experimental
data. Finally, a conclusion is drawn regarding the accuracy and
applicability of the developed model.

■ MODELING
1 MWth Pilot Plant. Simulations were conducted for the 1

MWth pilot plant located at Technical University Darmstadt. A
detailed description of the plant configuration has been given
by Marx et al.,23 so only the most relevant parts of the
simulation are described here. The basic design is shown in
Figure 2. The system consists of two CFB reactors connected
by two cyclones, two loop seals (LS), and a J-Valve. The FR,
which is the focus of this work, has a diameter of 0.4 m and a
height of 11.35 m. Solid particles entrained from the FR are
separated in the cyclone and transported via a loop seal to the

AR. The AR has a diameter of 0.59 m and a height of 8.66 m.
Solids exiting the AR are transported via a cyclone to another
loop seal. Here, most of the solids flow through the J-Valve to
the FR, while the rest is looped back to the AR. The flow
through the J-Valve is dependent on its fluidization, thus
controlling the global solid circulation.

Experimental measurements are taken at various locations in
the system. Eight thermocouples and 11 pressure measure-
ments are installed over the height of the FR. Volume flow and
gas composition are measured in the syngas line after the
cyclone. From both loop seals, solid samples can be taken in
batch intervals.

The pilot plant was operated with three different biogenic
feedstocks: industrial wood pellets (IWP), pine forest residue
(PFR), and wheat straw pellets (WSP). IWP is commercially
available wood pellets conforming to the norm EN plus A1.
PFR and WSP were produced from Swedish forestry residues
and Swedish wheat straw, respectively, specifically for use in
pilot operations. Norwegian ilmenite was used as an OC. A
detailed description of the experiments in the pilot plant can be
found elsewhere.9,25

Governing Equations. A standalone simulation of the FR
was performed in ANSYS-FLUENT 21R2, using the Euler−
Lagrange DEM. The DEM approach gives accurate results at
the cost of a high computational effort due to the tracking of
individual particles through the domain and the resolution of
particle collisions.

According to the Euler−Lagrange approach, the gas phase is
solved in the Eulerian frame of reference based on the Navier−
Stokes equations, while the particles are treated as a discrete
phase in the Lagrangian frame solving Newton’s equation of
motion. The governing equations are the conservation of mass,
momentum, energy, and species. The conservation of mass
equation is formulated as follows:

+ · =
t

u S
( )

( ) mg g
g g g p g (1)

The source term on the right side of the equation considers
the mass transfer between the particles and the gas phase. The
momentum equation can be written as

+ ·

= · + +

u
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u u
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The source term S⃗p→g
u describes the forces between the solid

and the gas phases. τg is the fluid stress tensor, which is defined
using the unit matrix I as
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The energy conservation is calculated as follows:
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This equation has two source terms: Sg
reaction is the change in

energy due to chemical reactions in the gas phase, while Sh
p gis

the energy transferred between gas and particle phases. Pr is

Figure 2. Schematic depiction of the 1 MWth chemical looping pilot
plant including relevant measurement equipment and sampling ports,
FI: flow measurement, GA: gas analysis, SP: sampling port. Adapted
from ref 24. Available under CC-BY 4.0.
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the Prandtl number. Energy transferred by radiation is small
due to the small temperature gradient over the reactor.
Therefore, the effect of radiative heat transfer on the results is
small while considerably increasing the computational effort.
Thus, radiation was neglected in the model. The convective
heat transfer between particles and gas phase is calculated
according to the Ranz−Marshall model,26,27 which is widely
employed in the literature for fluidized bed simulations.28 The
formulation using the Nusselt number Nu, the heat transfer
coefficient h, and the thermal conductivity of the gas phase k is
written as follows:

= = +Nu
hd

k
Re Pr2.0 0.6 d

p 1/2 1/3
(5)

The species conservation is calculated for each species in the
gas phase according to the following equation:

+ · = · + +
i
k
jjjj

y
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zzzz
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t
u y
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y S S
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( )i

i i
y yg g

g g g
g g

g p g

(6)

The source terms Sg
y and S y

p g describe the change in species
fractions due to homogeneous and heterogeneous reactions,
respectively. Sc is the Schmidt number.

The particle trajectories are calculated by solving Newton’s
equation of motion.

= = + +
u

t
F F F F

d

dp
p

p vol drag con (7)

The forces considered in this work are the gravitational and
buoyancy forces F⃗vol, drag force F⃗drag, and contact forces F⃗con.

=F g ( )vol p g (8)

For the calculation of the contact forces, the DEM uses the
so-called soft sphere approach, schematically depicted in
Figure 3. When particles collide with each other or the wall,

they are allowed to overlap each other. From the penetration
depth, a restitution force is calculated using the spring−
dashpot law, which models a parallel setup of a spring with a
spring constant k and a damper element with a damping
coefficient η. The spring models the ideal elastic collision,
while the damping element corresponds to the energy
dissipation in an inelastic collision. The normal contact force
can thus be calculated as

=F K u( )
n

ijcon (9)

The tangential collision forces are calculated based on
Coulomb’s friction as

=F F
t n

con con (10)

The linear spring−dashpot model was chosen, as it allows
for larger particle time steps and therefore requires a lower
computational effort.

Coarse Graining. Due to the large scale of the system and
high solid loading, the tracking of all particles is computation-
ally unfeasible. Therefore, the coarse-grained approach was
used, in which several real particles are lumped together in an
equivalent numerical particle, the so-called parcel. The parcel
inherits the material properties from those of the real particle.
The ratio R and scaling factor l between parcel and particle
volumes is defined as follows:

= = =
i
k
jjjjjj

y
{
zzzzzzR

V

V

d

d
lparcel

particle

parcel

particle

3

3

(11)

The scaling factors used in this work can be found in Table
9. The particles are lumped into parcels so that each parcel
contains only particles with identical properties. To divide the
particles into parcels, several options are available. Most
commonly, the same size or same statistic weight method is
used. The same size method results in parcels with a uniform
diameter. The same statistic weight method keeps a statistical
particle property constant for all parcels, typically the number
of particles. The same size method was chosen because it
allows for a larger particle time step and thus faster simulation
times. Particle collisions are calculated by using parcel mass
and diameter. Source terms for heat and mass transfer are
calculated at the particle level and scaled up to the parcel level.
This leads to uniform parcel properties without gradients
between particles.

Drag Model. The momentum exchange coefficient between
the gas−solid phases interacting within the studied reactors is
calculated based on the subgrid energy-minimization multi-
scale (EMMS) scheme. In contrast to the conventional
Gidaspow model,29 which considers almost homogeneous
conditions in each computational cell, the EMMS model takes
into account the mesoscale structural effect (clusters) on the
calculation of the gas−solid drag coefficient in each computa-
tional cell,16 through a dimensionless factor, the heterogeneity
index, Hd. This model, initially proposed by Li and Kwauk,30

has gained attention in the past decade by several research
groups.31 The version of the EMMS scheme that is used in this
study is based on a previous work of CERTH proposed and
validated by Zeneli et al.32 for the case of a CFB carbonator
and later on applied for the simulation of a variety of similar
reactors.32,33 The set of equations comprising the EMMS
scheme is solved for any control volume. Solving this nonlinear
optimization problem is not trivial and requires considerable
CPU time if it is done in parallel with the solution of the
transient 3D multiphase problem. Thus, a common technique
applied for such calculations is to precalculate the solution of
the EMMS system equations for any combination of input
parameters. In the proposed formulation, only the local volume
fraction and the fraction of slip velocity are considered as input
parameters, whereas in the solution of the EMMS model, the
gas−solid physical parameters are also taken into account
(Table 1). The set of analytical, empirical, and semiempirical

Figure 3. Schematic representation of a collision between two
particles.
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equations that constitute the present EMMS model can be
found in ref 34.

This set of equations is solved through a custom-built code
for discrete values of the gas, which is solved through uslip (0.5,
1, 2, 3, 4, and 5) and the gas volume fraction εg within the
range of εmf (0.55) to εmax. This code calculates the drag force
and consequently the heterogeneity index, for every combina-
tion of these two properties, by the following formula:

=H u
F
F

( , )d g slip
Wen&Yu

EMMS (12)

where FWen&Yu is the drag force calculated by the model of Wen
and Yu35 and FEMMS is the drag force calculated by the solution
of the EMMS model as

= [ + +

+ ]

F f c a f

g a

( ) (1 )( ) (1 )(1 )

( )

EMMS g p g c c f

f (13)

The calculated Hd index is then interpolated using
polynomials for three areas of εg: (i) area C: εg = [0.60,
0.82], (ii) area B: εg = [0.82, 0.95], and (iii) area A: εg = [0.96,
εmax]. As a last step, the resulting polynomials (Figure 4) are
incorporated into the CFD model through a user-defined
function (UDF) with the following general form:

= + + + + + +H a a a a a a ad 6 g
6

5 g
5

4 g
4

3 g
3

2 g
2

1 g 0

(14)

Chemical Reactions. The chemistry in the FR was
modeled with a simplified approach. In the gas phase, seven
species, four species for the OC and three species for the
biomass, were considered as shown in Table 2. The reactions
can be categorized as OC reactions, heterogeneous fuel
reactions, and homogeneous gas phase reactions. In each
category, three reactions were considered.

+ + + + +
+ +

Biomass C Ash H CO CO H O

CH Tar
fix 2 2 2

4 (R1)

+ +C H O CO H2 2 (R2)

+C CO 2CO2 (R3)

The biomass first undergoes drying and pyrolysis. Both
processes were modeled in a single step with a constant rate
approach according to reaction R1. The species fractions of the
volatile species had been determined by Di Giuliano et al.36 for
PFR and WSP. Since experimental data were not available for
IWP, the PFR data were used, as both feedstocks are made up
of woody biomasses. All hydrocarbon species larger than
methane were lumped together as a single tar species.
Experimental analysis by Di Giuliano et al.36 identified the
overall composition of the tars as approximately C3H8. Species
fractions were fitted to the reactor temperature as shown in
Table 3.

Gasification of fixed carbon was considered for steam and
CO2 as formulated in reactions R2 and R3. Kinetics were
determined for all feedstocks used in this study by Abad et al.37

The reaction rates were modeled with a Langmuir−Hinshel-
wood kinetic model, and the individual rate constants were
determined through an Arrhenius equation:
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In this equation, pgasif and pprod are the partial pressures of
the gasification medium and product, respectively. The kinetic
data for the different feedstocks are shown in Table 4.

Ilmenite was modeled as Fe2O3, TiO2, and FeTiO3. In the
oxidized state, the particle consists of Fe2O3 and TiO2, which
are converted to FeTiO3 during reduction. This is a
simplification of several parallel and competing reactions and
species taking place in the particle to allow for simple one-step
reduction kinetics. The reactions with hydrogen, carbon
monoxide, and methane were considered as shown in reactions
R4−R6. Due to the lower species fractions and reactivity, tar
species as reduction agents were not considered.

+ + +Fe O 2TiO H 2FeTiO H O2 3 2 2 3 2 (R4)

Table 1. EMMS Model Parameters

reactor diameter Dr [m] 0.4
particle diameter dp [μ m] 225
gas density ρg [kg m−3] 0.13
solid density ρp [kg m−3] 3710
gas viscosity μg [kg m−1s−1] 3.9 × 10−5

Figure 4. Hd index for different values of εg and uslip.

Table 2. Chemical Species Used in the Model

gas phase ilmenite biomass

H2 FeTiO3 char
CO TiO2 volatiles
CO2 Fe2O3 ash
CH4 inert material
tar
H2O
N2

Table 3. Pyrolysis Gas Composition at the Reactor
Temperature

species [vol %] IWP PFR WSP

H2 22 23 21
CO 41 41 38
CO2 13 13 16
CH4 16 16 16
tar 8 8 10
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+ + +Fe O 2TiO CO 2FeTiO CO22 3 2 3 (R5)

+ + + +4Fe O 8TiO CH 8FeTiO CO 2H O2 3 2 4 3 2 2
(R6)

The kinetics were determined by Abad et al. as shown in eqs
17 and 18.38 The kinetic parameters for the OC reactions can
be found in Table 5.

=t X1 (1 )
chr

OC
1/3

(17)

=
r

b k C
m

nchr
g

s g (18)

τchr is the time until complete conversion of the particle, and
t is the time until current conversion XOC is reached.

In the gas phase, two main reactions occur, namely, the
water gas shift reaction and the steam reforming of tars.
Cracking of tars was neglected due to the low temperatures in
the reactor. The water gas shift and reverse water gas shift
reactions were implemented according to Klimanek et al.39

The tar reforming kinetics shown in Table 6 were determined

by Min et al.40 for biomass tar in a fluidized bed with ilmenite
as the bed material, thus accounting for catalytic effects of the
OC.

+ +CO H O CO H2 2 2 (R7)

+ +CO H CO H O2 2 2 (R8)

+ +Tar 3H O 7H 3CO2 2 (R9)

Boundary and Initial Conditions. In this work, the FR
was simulated in a standalone configuration. Thus, only the
riser and the connection to the cyclone were modeled as
shown in Figure 5. The geometry was created and meshed

using ANSYS-Design Modeler and ANSYS Meshing version
21R2, respectively. To achieve a structured mesh with uniform
mesh size, the circular inlets along the side of the reactor were
replaced by rectangular inlets with the same area in order to
keep flow velocities constant. A hexahedral mesh with
approximately 100,000 cells was created. Due to the limitations
of the DEM approach, all cells need to be sufficiently larger
than the largest parcel in the simulation. As the size of the
parcels inversely correlates with the number of parcels, which
in turn correlates with the computational effort, a further
refinement of the mesh was unfeasible due to computational
limitations. Therefore, a mesh independence study was not
conducted. However, in simulations of a similar-sized reactor,
100,000 cells were found sufficient to achieve grid-independent
results.41

For all three feedstocks, experimental data from stable
operation in the 1 MWth CLG unit at TU Darmstadt are
available. Details about the plant operation were published by
Marx et al.9,24 and Dieringer et al.25,42 The feedstock properties
are listed in Table 7. For each feedstock, one long-term stable
balance point was chosen for the simulation. Experimental
measurements were averaged over 20 min to avoid effects from
stochastic fluctuations. Table 8 shows the boundary conditions

Table 4. Kinetic Parameters for Gasification Reactions37

kinetic parameters

IWP PFR WSP

H2O CO2 H2O CO2 H2O CO2

kr,0 [Pa−1 s−1] 1.68 × 10−4 5.72 × 10−4 6.81 × 10−4 1.38 × 10−3 4.87 × 10−3 4.7 × 10−4

EA,r [kJ kmol−1] 7.58 × 104 9.17 × 104 8,99 × 104 1.01 × 105 1.08 × 105 8.49 × 104

kgasif,0 [Pa−1] 8.39 × 10−8 7.5 × 10−9 3.06 × 10−7 2.66 × 10−8 9.29 × 10−8 1.36 × 10−9

EA,gasif [kJ kmol−1] −5.53 × 104 −7.7 × 104 −4.14 × 104 −6.41 × 104 −5.31 × 104 −9.42 × 104

kprod,0 [Pa−1] 1.88 × 10−12 9.87 × 10−11 2.07 × 10−11 3.06 × 10−12 2.24 × 10−10 7.04 × 10−12

EA,prod [kJ kmol−1] −1.74 × 105 −1.31 × 105 −1.44 × 105 −1.62 × 105 −1.27 × 102 −1.55 × 105

n [−] 0.4 0 1

Table 5. Kinetic Parameters for Ilmenite Reduction
Reactions38

kinetic parameters H2 CO CH4

ρm [mol m−3] 13,590 13,590 13,590
rg [m] 1.25 × 10−6 1.25 × 10−6 1.25 × 10−6

b̅ [−] 1.45 1.45 5.78
ks0 [mol1−n m3n−2 s−1] 6.2 × 10−2 1.0 × 10−1 9.8
EA,chr [kJ mol−1] 65.0 80.7 135.2
n [−] 1 0.8 1

Table 6. Kinetic Parameters for Homogeneous Gas Phase
Reactions39,40

reaction

k EA

n1 n2[kmol1−n m−3(1−n) s−1] [kJ kmol−1]

R7 2.75 × 106 83,597 1 0.5
R8 1.04 × 108 116,479 0.5 1

[m3 kg−1 s−1] [kJ kmol−1]

R9 5.29 × 1.472 72,600 1 0

Figure 5. Computational domain of the FR.
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derived from the experimental data. The fluidization gas is
prescribed as a uniform flow over the fluidization inlet
boundary surface, which is an idealization of the nozzle
bottom installed in the pilot plant. The fluidizing gas from the
loop seal (LS) is assumed to follow the solid flow into the AR,
while the gas from the J-Valve flows to the FR and is thus
added through the OC inlet boundary surface. At the start of
the simulation, the reactor is initialized with nitrogen to
improve the numerical stability of the simulation by limiting
the initial reaction rates.

The solids are initialized with a random distribution of both
OC and partially gasified biomass char in the lower half of the
reactor according to the experimentally determined inventory.
Oxidization degree and PSD of the OC were interpolated from
solid samples taken from both loop seals as shown in Tables 8
and 9. During the simulation time, the OC particles were fed to
the reactor through the OC inlet. In CFD simulations of CFB

reactors, the inventory is typically considered a fixed value,
while the solid circulation is a free value.41,43,44 For the CLG
process, both oxygen transfer and heat transfer from the AR to
the FR are directly related to the circulation. Thus, a correct
particle influx to the FR is crucial for a good representation of
the reactor thermodynamics. Therefore, in this work, particle
circulation from the AR to the FR as a key parameter of the
CLG process was selected as the fixed boundary condition,
while the inventory was variable.

The fresh biomass from the screw feeder entered the reactor
along the feedstock inlet boundary. In reality, pellets are fed to
the reactor and disintegrate through devolatilization and
abrasion. Due to the complex nature of this process, particle
breakup was not modeled. Instead, the particle size of the fresh
biomass was defined so that it reached 1 mm diameter after
devolatilization, which was determined experimentally from LS
samples. The walls of the reactor were modeled as no-slip
walls. Particles can exit the reactor only at the outlet and are
reflected at the inlet faces. Over the wall of the reactor, heat
losses were considered using a constant stream of 5.5 kW/m2

evenly distributed over the entire reactor wall. Turbulence of
the gas flow was considered using the k-ε model with standard
coefficients. Further numerical parameters can be found in
Table 10.

Key Parameters. To evaluate the simulation results, two
key parameters are introduced. The oxidation degree XOC
determines the fraction of OC that has been oxidized and thus
is a measure of the oxygen stored in the OC. The amount of
oxygen transferred from the AR to the FR can be determined
from the oxidation degree of the OC in both loop seals. The
oxidation degree is calculated from the current particle mass
mOC, the particle mass after full oxidation mOC,ox, and the OC
transport capacity Rtr.

=
·

X
m m

R m
1OC

OC,ox OC

tr OC,ox (19)

The second key parameter is carbon conversion XC. It shows
the fraction of carbon in the feedstock which reacted into
gaseous products.

Table 7. Proximate and Ultimate Analysis of Feedstock
Used during Experimentsa

component IWP PFR WSP

PA [wt %] moisture 8.3 4.4 10.8
ash (dry base (d.b.)) 0.3 2.3 4.7
volatiles (d.b.) 84.6 80.3 77.0
fixed carbon (d.b.) 15.1 17.4 18.3

UA [wt %] C (d.b.) 50.7 51.1 50.0
H (d.b.) 6.1 6.1 6.0
N (d.b.) 0.33 0.44 0.56
O (d.b.) 42.5 40.1 43.2
S (d.b.) 0.008 0.025 0.11
Cl (d.b.) 0.008 0.010 0.08

LHV [MJ kg−1] 17.2 18.3 15.3
aLHV: lower heating value; PA: proximate analysis; UA: ultimate
analysis; d.b.: dry base; IWP: industrial wood pellets; PFR: pine forest
residue; WSP: wheat straw pellets.

Table 8. Experimental Data Are Used as Boundary
Conditions

IWP PFR WSP

OC circulation [kg/h] 8889 13,446 6478
OC inlet temperature [°C] 567 648 642
OC oxidation degree [%] 93.4 96.4 97.8
reactor inventory [kg] 84 65 61
fuel flow rate [kg/h] 223 301 352.5
steam flow rate [kg/h] 465 280 448
CO2 flow rate [kg/h] 0 59 56
steam inlet temperature [°C] 375 464 448
LS fluidization [kg/h] 37 31 34

Table 9. Initial PSD and Coarse Graining Factors of Ilmenite

IWP PFR WSP

dp [μm] mass [wt %] l dp [μm] mass [wt %] l dp [μm] mass [wt %] l

32.5 1.7 262 84.5 8.34 101 76.1 6.2 112
51.5 3.6 165 128 9.5 66 128 13.5 66
76.5 8.4 111 165 22.2 52 165 13.4 52
107.5 15.4 79 190 19.2 45 190 10.8 45
137.5 18.0 62 225 32.3 38 225 21.6 38
175 28.6 49 275 7.2 31 275 12.3 31
225 17.0 38 327.5 1.2 26 344 8.6 25
305 7.2 28 355 0.1 24 425 13.7 20

Table 10. Numerical Settings of the Simulations

parameter IWP PFR WSP

restitution coefficient k [N/m] 70 75 70
damping coefficient η 0.2 0.15 0.15
fluid time step [ms] 0.25 0.25 0.25
particle time step [ms] 0.02 0.02 0.02
turbulence k-ε k-ε k-ε
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Here, ṅsyngas is the molar gas flow rate at the reactor outlet, yi
the molar fractions of species i, and M̃C and M̃COd2

the molar
mass of carbon and carbon dioxide. ṁfluidization and ṁFS are the
mass flow rates of CO2 at the reactor inlet and feedstock,
respectively, and xC,FS is the mass fraction of C in the
feedstock.

■ RESULTS AND DISCUSSION
Operation with the three different feedstocks IWP, PFR, and
WSP was simulated and validated by experimental data. The
simulations were conducted until a quasi-steady state with only
small fluctuations of less than 5% around steady mean values
was reached. The total simulation time varied from case to
case, depending on how well the initial conditions represented
the steady state. Typically, a steady state was reached after 10−
20 s of simulated time. After the steady state was reached,
simulations were continued for another 10 s over which the
results were averaged.

In this section, the results are examined regarding the
representation of the reactor hydrodynamics and thermody-
namics in comparison to the experimental data. Details about
the experimental measurements have been provided elsewhere
and thus are omitted here.9,24,25,45

Hydrodynamics. The reactor hydrodynamics were eval-
uated based on the pressure profile over the height of the
reactor and the reactor inventory. In Figure 6, the pressure

profile over the reactor height is shown for all of the cases. The
simulated profiles are in good agreement with the experimental
measurements for all cases, especially with IWP. This indicates
a correct representation of solid distribution throughout the
reactor. For the PFR and WSP cases, a slight underprediction
of the pressure drop over the dense bed at the bottom of the
reactor can be observed. This can also be seen in the
discrepancies in the reactor inventory shown in Table 11. For
IWP, the inventory is predicted well, whereas it is under-
predicted in the PFR and WSP cases. This is most likely due to
a misrepresentation of the reactor PSD in the simulations,
which has a significant impact on the reactor hydrodynamics.25

Due to very limited samples taken directly from the reactor
bed, the PSD implemented in the simulations was taken from
the loop seal samples. Small particles are entrained
preferentially, as the surface-to-mass ratio is higher. Thus,
the PSD of the loop seals has a higher fraction of fines than the
reactor.45 During the simulation, this first leads to a dip in the
inventory as the fines escape the reactor, followed by a slow
build-up and coarsening of the inventory. This difference in the
PSD between the start and end of the simulation is shown to
be exemplary for the IWP case in Figure 7. For the PFR and

WSP cases, the bed material is coarser than that for IWP,
leading to a larger discrepancy between the reactor and loop
seal PSD and thus a longer simulation time until the steady
state. Due to the available computational resources, the steady
state could only be reached for IWP, leading to lower reactor
inventories for PFR and WSP.

The particle velocity in the upward direction is depicted in
Figure 8 for IWP. In the lower part of the reactor, a typical
core-annulus flow with particles rising in the center and falling
down along the walls can be observed. With increasing height,
the gas flow through the outlet pulls the rising particles from
the center toward the side of the reactor outlet. Thus, on the
wall opposite the reactor outlet, the annulus becomes more
pronounced with increasing reactor height. On the side of the
outlet, the annulus becomes slower until it breaks down just
below the outlet. At the outlet, only a fraction of the particles
follow the gas stream to the cyclone, while the rest keep their
upward trajectory due to inertia. Above the outlet, the particles
move toward the opposite wall, where they fall down and form
the annulus flow. The probability of a particle that reaches the
top of the reactor to exit the cyclone is called entrainment
probability. The values for all set points can be found in Table
12. The entrainment probability was analyzed experimentally
in a scaled-down cold flow model of the 1 MWth plant by
Dieringer et al.25 The values found in this study are in range
with the cold flow model for the corresponding set points.
Thermodynamics. The thermodynamic evaluation is

divided into three parts: solids conversion, syngas production,
and reactor temperature.

Solids Conversion. In Figure 9, the OC oxidation degree
and carbon conversion are compared between simulation and
experiment. The ilmenite oxidation degree is determined
experimentally as described by Marx et al.9 by oxidation of
samples taken at the loop seal behind the FR cyclone according
to eq 19. The oxidation degree predicted by the model at the
reactor outlet is in good agreement with the experimental data.

Figure 6. Simulated and experimental pressure profile over the height
of the reactor. Feedstocks: (a) IWP, (b) PFR, and (c) WSP.

Table 11. Comparison of the Simulation and Experimental
Reactor Inventories

IWP PFR WSP

simulation 79.4 50.6 46.7
experiment 82.7 65.4 62.0

Figure 7. PSD in the reactor under initial conditions and the end of
the simulation of IWP.
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Higher deviations for WSP can be attributed to uncertainties in
the particle circulation measurements. Several parameters
influence the OC conversion, most importantly the reaction
kinetics and residence time. The implemented kinetics were
specifically determined for ilmenite used in the experiments.38

The simulation results confirm the validity of the kinetics and
the applicability of the determination at the lab scale for large-
scale plants. The agreement in the oxidation degree also
indicates an accurate representation of OC residence times in
the FR. The correct modeling of OC conversion is crucial for
the gas composition, as it is directly linked to oxygen transfer
to the FR and the closure of the heat balance.

Carbon conversion is evaluated according to eq 20 and
shown in Figure 9. The simulation results accurately fit with
the experimentally determined values. Carbon conversion
depends on pyrolysis and subsequent gasification.

Carbon conversion through pyrolysis is mainly dependent
on the particle temperature and heating rate. Heating curves
for fuel particles determined from the simulations are depicted
in Figure 10. The high reactor temperatures at the feeding
position resulted in high heating rates that ranged from 771 K/
s for IWP to 852 K/s for PFR. The simulation assumes
feedstock as fragmented pellets of uniform temperature.
Thermal conductivity inside the particles combined with larger
diameters of the pellet likely leads to a lower heating rate.

Figure 8. Particle velocity in the upward direction for IWP at the end
of the simulation.

Table 12. Entrainment Probabilities for the Different
Feedstocks

IWP PFR WSP

21.8 33.1 28.1

Figure 9. Carbon conversion and oxidation degree at the reactor
outlet. The shaded area marks 5% deviation from the angle bisector.

Figure 10. Heating of the feedstock particles.
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However, at reactor temperatures, the char conversion is
mainly related to the final temperature with the heating rate
having no significant influence.55 The particle temperature
reaches the reactor temperature after less than 2 s allowing for
full conversion, which results in full conversion due to
pyrolysis.

Carbon conversion due to gasification is comparatively slow.
Therefore, the agreement between simulated and experimental
carbon conversion indicates a correct modeling of gasification
reactions and also highlights the validity of the kinetics for
large-scale simulation.
Syngas Production. The gas species distribution over the

reactor is shown for PFR in Figure 11. It is notable that the
majority of the reactions happen in the bottom bed of the
reactor. The influence of the feedstock feeding position can
clearly be seen. A zone with a high fraction of volatile gases
created by feedstock pyrolysis is established. With increasing
height, the pyrolysis gases mix with the fluidizing media until
the zones are completely mixed at around a quarter of the
reactor height. Through subsequent gasification and tar
decomposition reactions, the share of H2 and CO increases
slowly with increasing height, while the tar fraction decreases.
No major trends are visible in the distribution of CH4 due to
the relatively slow oxidation kinetics with the OC.

The gas composition at the reactor outlet is shown and
compared with experimental data in Figure 12. For IWP,
higher fractions of H2O and CO2 and a lower fraction of H2
and CO can be observed compared to PFR and WSP. This is
caused by a higher air equivalence ratio of 0.23 for IWP
compared to 0.14 and 0.15 for PFR and WSP, respectively.
This leads to the oxidation of a larger fraction of H2 and CO.
PFR results show more H2 and CO2 in the product gas
compared to WSP, while the CO and H2O output is lower.
This can be attributed to the water gas shift reaction which
does not reach equilibrium in the reactor for both fuels.

The simulation results show good overall agreement with
the experimental data. In particular, for CO2, CH4, and H2O,
the deviations are negligible. For H2, the simulation over-

predicts the production, while the CO fractions are somewhat
underpredicted. Several simplifications were made during the
simulation, which may affect the results. The computational
domain extends only until the end of the riser and is cut off
before the cyclone, where the gas composition is evaluated. In
the experimental plant, the gas measurements are taken after
the cyclone, which leads to longer residence times for the gas;
therefore, gas compositions closer to the equilibrium of the
water gas shift reaction at lower H2 and higher CO fractions
are expected. However, the water gas shift reaction is also
affected by reactor temperatures, which is discussed below.

The composition of volatiles released during pyrolysis of the
biomass pellets was modeled according to experimental data;
however, there are some notable differences between the
feedstocks in the pyrolysis experiments and the 1 MWth pilot
tests. For IWP, no pyrolysis data were available, so PFR data
were used. For PFR and WSP, the biomass used in the
pyrolysis tests was sourced from Spain, while the feedstock of
the pilot tests was grown in Sweden. The composition of
biomass depends on various conditions during growth, harvest,
and storage periods.46−49 Due to the different sources of the
feedstocks, these parameters were not constant, so some
deviation in the volatile composition is to be expected.

Figure 11. (a) Tars, (b) CH4, (c) CO, (d) CO2, and (e) H2 instantaneous gas fractions in mol % for simulation with PFR after 25 s.

Figure 12. Gas composition on a dry basis and moisture at the reactor
outlet. Feedstocks: ● IWP, ▶ PFR, and ★ WSP. The shaded area
marks 10% deviation from the angle bisector.
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Another reason may lie in the treatment of tars. Tars formed
during pyrolysis of the feedstock are almost fully converted so
that outlet concentrations between 0.7 and 7.1 g/mN

3 are
predicted. During the experiments, several tar measurements
were taken; however, no measurement is available at the exact
time period of the simulated balance points. Nevertheless,
interpolation from other experimental balance points is
possible. The values are higher than reported for the
gravimetric tars that were found between 0.1 and 4.5 g/mN

3

but lower than experimental values when accounting for C2
and C3 hydrocarbon species, which total to approximately 3 vol
%.24 The tar fraction released during pyrolysis was modeled
according to the experimental data. However, these tars consist
only of light tars as the condensable heavy tars are removed
before measurements through an ice trap.36 This leads to a
lower amount of both light and heavy tars in the simulation, as
light tars are formed during decomposition of heavy tars.
Furthermore, the tar composition may also deviate from C3H8
as assumed in the simulations.

The product gas composition is also influenced by solid
circulation. The simulations were set up according to
microwave measurements behind the FR cyclone. Due to the
design of the system, these measurements could only be
calibrated in cold conditions and thus are not exact in hot
environments. With higher OC circulation rates, more oxygen
is transported to the FR, which leads to a higher conversion of
H2, CH4, and CO. Comparison with offline analysis based on
loop seal samples indicates that solid circulation might be
underestimated by the microwave measurements for IWP and
overestimated for PFR.9

Reactor Temperature. The temperature distribution over
the reactor height is shown in Figure 13. While the simulated

results correspond quite well to the experimental results for
IWP operation, significant overprediction of the reactor
temperature occurs in the PFR and WSP cases. This can be
attributed to three main factors. In the simulation, pyrolysis
reactions are assumed to be isothermal, and the heat of
reaction for gasification is determined from standard state
enthalpies considering char as pure carbon. This is a
simplification, as the actual heat balance of both reactions
depends on several factors during pyrolysis. For the heat of
pyrolysis, both endo- and exothermic values have been
reported, although the endothermic processes usually domi-
nate at ambient pressure.50 For the conditions present in this
study, values between 200 kJ/kg and 1.6 MJ/kg were reported
for wood51,52 while for wheat straw, currently no values are
available. An accurate estimation is difficult due to a variety of
factors influencing the heat of pyrolysis.

A higher lignin content is associated with more exothermal
behavior.51,53 This could explain the lower temperature of IWP

compared to WSP, which has a lower lignin content. In
contrast, PFR, which has the highest lignin content, also has
the highest overprediction of the temperature. However, PFR
has the highest amount of fixed carbon, while also showing the
highest carbon conversion of the feedstocks. Therefore,
pyrolysis is less relevant, and the heat balance of the
gasification reactions has a larger impact on reactor temper-
atures.

The char was modeled as pure carbon; therefore, a heat of
formation of zero was assumed. In reality, for biomass chars,
the enthalpy of formation is negative; therefore, the heat of
gasification is more endothermal than modeled.54 This also
leads to an overestimation of reactor temperature and is
particularly relevant in the cases with high carbon conversion
such as PFR.

The solid circulation also influences the reactor temperature
as the AR operates at higher temperatures, and the circulation
is necessary for providing heat to the FR. The uncertainties in
the solid circulation propagate into the reactor temperatures.
This could add to the temperature overestimation for PFR,
while it has the opposite effect on IWP.

Furthermore, heat losses over the reactor walls are not
known precisely. The simulation uses uniform convective
boundary conditions for the walls. In reality, due to the
modular design of the pilot plant, a uniform boundary is not
applicable. The stronger temperature gradient at the reactor
top indicates an underprediction of heat losses in the
simulation.

In summary, the model correctly predicts gasification
reactions and ilmenite conversion, while the pyrolysis step
leaves room for improvement. Although experimental data for
the pyrolysis gas composition were available, discrepancies
occurred due to the negligence of heavy tars. Further
experiments with tar measurement equipment are necessary
to improve the modeling of the release of pyrolysis gases.
Alternatively, pyrolysis models based on comparatively simple
fuel analysis are available in the literature.55,56 However, the
results of these models deviate significantly from experimental
measurements, so experimental data are to be preferred if
available. In addition, the heat of pyrolysis has a significant
influence on the reactor and, thus, should not be neglected.
While direct measurement is difficult, an estimation is possible
when the pyrolysis gas composition is available. Finally, the
kinetic rate of pyrolysis is not represented correctly by the
constant rate approach. This most likely has only a minor
influence on the outlet composition; however, in the region of
the feedstock inlet port, it may be significant. Furthermore,
accurate results require the correct implementation of the
boundary conditions. Especially for OC circulation, this is a
challenge, as an online measurement is difficult to implement
and calibrate, and offline measurements also have high
uncertainties, which may require an iterative approach.

■ CONCLUSIONS
A 3D CFD-DEM model for CLG using biomass as a feedstock
was developed. Simulations of steady-state operation were
conducted for three feedstocks: IWP, PFR, and WSP. Results
were evaluated based on experimental data from the 1 MWth
pilot plant located at Darmstadt, Germany. The main findings
can be concluded as follows:

1. The simulation showed good agreement with exper-
imental data. In particular, the hydrodynamics and solids

Figure 13. Temperature distribution over the reactor height.
Feedstocks: (a) IWP, (b) PFR, and (c) WSP.
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conversion show minor deviations. Pressure drop over
the reactor is predicted with a mean error below 10%,
and carbon and ilmenite conversion reach a mean error
below 5%. For the gas composition, higher deviations
were found for H2 and CO with 8 and 6 mol %
respectively.

2. DEM simulation of large-scale CLG units is possible in a
reasonable time frame with appropriate simplifications.
Using a simplified reaction model in combination with
the coarse-grained approach, acceptable results can be
achieved. This enables DEM as a tool for reactor design
and scale-up while retaining information about processes
on a particle scale.

3. The pyrolysis stage was identified as a crucial step for the
accurate modeling of gas composition and reactor
temperature. Both carbon conversion and volatile
species vary with different pyrolysis conditions and
significantly influence the products at the reactor outlet.
Currently, no models are able to accurately predict this
behavior; thus, an approach based on experimental data
is suggested.

In future works, this model can be employed for
optimization of operating conditions as well as reactor design
for scale-up to the industrial scale.
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■ ABBREVIATIONS
AR air reactor
CFB circulating fluidized bed
CFD computational fluid dynamics
CLC chemical looping combustion
CLG chemical looping gasification
d.b. dry base
DEM discrete element method
EMMS energy-minimization multiscale
FR fuel reactor
IWP industrial wood pellets
KTGF kinetic theory of granular flows
LS loop seal
MP-PIC multiphase particle-in-cell
OC oxygen carrier
PA proximate analysis
PFR pine forest residue
PSD particle size distribution
TFM two-fluid model
UA ultimate analysis
UDF user-defined function
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WSP wheat straw pellets

■ SYMBOLS
Cg reacting gas concentration, mol m−3

EA activation energy, J mol−1

K spring constant, N m−1

LHV lower heating value, MJ kg−1, MJ mol−1

Pr Prandtl number
Rtr oxygen transport capacity
R universal gas constant, J mol−1 K−1

Sc Schmidt number
S general source term
T temperature, K, °C
X conversion of reacting species
δ particle overlap, m
ṁ mass flow, kg s−1

ṅ molar flow, mol s−1

η damping coefficient
μg gas viscosity, kg m−1 s−1

μ friction coefficient
b̅ average stoichiometric coefficient for reaction of solid

with reacting gas
ρ density, kg m−3

τf fluid stress tensor
τchr time for complete conversion, s
M̃ molar mass, atomic mass, g mol−1

ε volume fraction
F⃗ force, N
g⃗ gravitational acceleration, m s−2

d diameter, m
f dense phase volume fraction, m3

dense phase/m3
cell

h enthalpy, J kg−1

n order of reaction
p pressure, Pa, bar
rg grain radius, m
u velocity, m s−1

x mass fraction in the solid phase
y mole fraction in the gas phase
Subscripts
OC oxygen carrier
con contact
gasif gasifying species
g gas phase
mf minimum fluidization
m molar
ox oxidized
prod product species
p particle
r reactor
vol volumetric
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