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Abstract—Co-gasification technology provides a feasible
solution for the energetic valorization of various types of
biomass feedstocks, especially those not directly applicable
for gasification owing to their low-calorific values or high ash
content. Numerical modelling is a promising approach to
evaluate the performance and analyze the conversion
processes inside the gasifier, but the complexity of co-
gasification technology has put forward challenges to the
model formulation. This paper established the Multiple
Thermally Thick Particle (MTTP) model for simulating the
co-gasification process. MTTP model could not only
calculate the individual conversion processes of different
fuels, but also simultaneously reflect the characteristics of
thermally thick particles and the interactions between
different fuels through sub-grid models for the solid phase.
Experimental results of a downdraft fixed-bed co-gasification
from literature were adopted for model validation. The
modelling results from the MTTP model are in good
agreement with the measured values of temperature and
syngas composition upon changing the co-gasification ratio
(CGR). Further analysis of the weight-loss process of
different fuel particles and the corresponding intraparticle
temperature distribution have confirmed the different
conversion characteristics and interactions between different
fuels during co-gasification process.

Keywords—Co-gasification, Downdraft  fixed-bed
gasifier, Numerical modelling, Thermally-thick particle, Sub-
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I. INTRODUCTION

Currently there is an increasing trend in using biomass as
a carbon neutral energy source to reduce our dependence on
fossil fuels. Thermo-chemical conversion is a promising route
to realize efficient and sustainable utilization of biomass, and
fixed-bed gasification is a key technology of thermochemical
conversion processes to convert solid biomass into
combustible gases, which is especially suitable for
decentralized utilization of biomass. Energetic valorization of
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various types of biomass feedstocks is also capable of
mitigating the environmental impact of massive waste
production, such as agricultural and forestry residues [1],
plastics wastes [2] and poultry Litter [3].

Considering that the wide varieties of biomass materials
have different physical characteristics and chemical
compositions, some feedstocks are not directly applicable for
gasification owing to their low-calorific values or high ash
content. Co-gasification provides a feasible solution for
utilizing these low-quality feedstocks, improving the
flexibility and efficiency of gasification technology [4]. For
instance, co-gasification of bituminous coal and industrial
sludge could solve the problem of unstable calorific value of
industrial sludge [5], and co-gasification of high ash-
containing feedstocks (like MSW) and biomass has the
potential of reducing the overall ash content and the fusion of
ash, mitigating the ash agglomeration in the reactor bed [6].
However, the quality of final products of gasification largely
depends on process types and operating parameters, including
temperatures, particle size and waste type.

In recent years, researchers have intensified their work to
improve the performance of the gasifier using numerical
modelling [7]. Among the various approaches for modeling
the gasification process, computational fluid dynamics (CFD)
is a sophisticated and robust tool, which could not only
evaluate the overall performance and efficiency but also
analyze the complex conversion processes inside the gasifier
[8]. However, the reliable numerical results require reasonable
simplification and description of the physiochemical
processes inside the gasifier, and the co-gasification of
different biomass feedstocks has put forward challenges for
model formulation.

In practice, different feedstocks may have different size
distribution, ranging from millimeter-sized to centimeter-
sized [9,10]. Particle size directly determines the thermal
history of fuel particles, consequently influencing the onset
and duration of different conversion processes. In particular,
centimeter-sized fuel particles are commonly used, but most
numerical works treat them as thermally thin particle, which



could not precisely reflect the influence of heat transfer
resistance and intraparticle conversion processes [11, 12].
Meanwhile, different feedstocks may have different fuel
composition and properties, such as moisture content,
pyrolysis kinetics and char reactivity. The profiles
temperature and gas composition could be altered when
changing the mixing rate, and the regions of different
conversion stages could overlap with each other. Some
numerical models adopted averaged fuel properties to treat the
mixed feedstock [13], which may result in significant
deviation between modelling results and measured values.

In this work, we present the Multiple Thermally Thick
Particle (MTTP) model for analyzing the fixed-bed co-
gasification process. This model extended the conventional
Eulerian-Eulerian type multiphase model, further dividing the
solid phase into several sub-phases, representing the different
layers of fuel particle. The governing equations of mass and
energy conservation are formulated for each solid sub-phases,
and the source terms are calculated strictly based on the
intraparticle transport and conversion processes. The model
framework of MTTP is easily extensible, not only for multiple
kinds of fuels, but also suitable for modelling the co-
combustion and co-pyrolysis process. The accuracy of the
MTTP is validated based on the co-gasification experiments
performed by Bhoi et al. [9] in a commercial scale downdraft
gasifier.

II. MODEL ESTABLISHMENT

A. Fuel properties

In the experimental works by Bhoi et al. [9], two different
feedstocks were utilized, including MSW pellets of 16 mm
diameter and 25 mm length, and switchgrass crushed by a tub
grinder. For simplification of modelling, the fuel particles are
regarded as spheres, and the initial diameter of MSW pellet
and switchgrass are assumed to be 20 mm and 5 mm,
respectively. The fuel properties are listed in Table 1.

TABLE L. PROPERTIES OF MSW PELLET AND SWITCHGRASS.
Proximate (Wt.%) MSW pellet Switchgrass
Moisture content (wb) 3.80 7.70
Volatile matter (db) 77.54 78.60
Fixed carbon (db) 8.72 17.47
Ash (Wt. %, db) 13.74 3.93
Ultimate (Wt. %, db)
Carbon, C 50.71 49.63
Hydrogen, H 6.13 5.72
Oxygen, O 29.14 40.37
Nitrogen, N 0.14 0.30
Sulphur, S 0.14 0.05

Three working conditions were tested with different co-
gasification ratios (CGR, 0%, 20% and 40%), which is defined
as the mass fractions of MSW pellet in the fuel mixture. The
excess air ratio is controlled at 0.22, and the bio-char
extraction rate of the ash scrapper is controlled at 40.0 kg/h
for all the cases. Detailed settings of working conditions and
the schematic of the downdraft gasifier system could refer to
their original paper [9].

B. Model framework

The co-gasification process is simulated with a 1-D model
for the gasifier coupled with sub-grid particle models, as is
shown in Fig. 1. In the MTTP, the fuel bed is treated as a
disperse porous medium, which contains a gas phase and
several solid sub-phases. The particles are identical for the
same fuel in each computational cell, but the composition and
conversion status of different fuels are separately calculated in
a shrinking-core regime.
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Fig. 1. Schematic diagram of the co-gasification processes and particle
structure

The fuel particles were divided into four connected layers,
including wet layer, dry layer, char layer and ash layer, and
the internal layers are modeled as concentric spheres. In each
layer, the material properties are constant. The wet layer of
each fuel is composed of moisture, volatile, char and ash
following the relative content from proximate analysis.
Similarly, the dry layer contains volatile, char and ash, and the
char layer is composed of char and ash. The outer layer is
purely ash. Initially the fuel particle is almost all wet layer,
and 0.1% of initial mass are assigned to other layers at the
beginning.

Inside the fuel bed, the heat transfer processes include gas-
solid convective heat transfer, gas-solid radiative heat transfer,
and solid-solid radiative heat transfer. The conductive heat
transfer is only considered inside the fuel particle between
different layers, and therefore the direct-contact heat transfer
between solid phase is neglected. Inside a computational grid,
the environmental heat source from convective and radiative
heat transfer is allocated to different fuels according to the
ratio of surface area.

During conversion process, drying is assumed to occur at
the boundary of wet layer, and the pyrolysis process occurs
inside the dry layer. Char heterogeneous reactions occur at the
boundary of the char layer, which causes the accumulation of
ash layer. Inside the fuel particle the heat is transferred by
conduction, and for the ash layer, the convective and radiative
heat transfer with the gas phase and the surrounding solid
particles are also considered. With two different fuels taken
into consideration, there are eight solid sub-phases in the
porous medium, and for each phase the governing equations
of mass and energy conservation are established.



C. Governing equations

In conventional Eulerian-Eulerian model, the solid phase
is treated as pseudo-fluid so that the governing equations of
mass and energy conservation share the same general form as
the gas phase [14]. The MTTP model is an extended Eulerian-
Eulerian multiphase model, and therefore for each solid sub-
phases the mass and energy conservation could also be
established as pseudo-fluids, as is shown in Fig. 2. The total
porosity is assumed to be constant, but the volume fraction of
each solid sub-phase may continuously change during the
conversion process. For instance, when drying occurs, the
fraction of wet sub-phase would decline, and the
corresponding drying sub-phase would increase. Therefore,
the local particle structure could be reflected by the fractions
of each sub-phases.
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Fig. 2. Schematic diagram of the sub-grid models.

For the gas phase in the porous medium, the governing
transport equations include continuity, momentum, energy,
and species conservations. The turbulence is treated by k-¢
model.
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The solid phase is composed of two different fuels, and
each fuel particle has four layers. Therefore, there are in total
eight sub-phases in the solid phase. For the k™ layer of N* fuel,
the general form of mass conservation could be expressed as:

a a
E [(1 - S)as,k,Nps,k,N] + E [(1 - E)as,k,Nps,k,Nuj,s]
J

= s,k,N» (5)

in which a, y refers to the volumetric ratio of each sub-phase
in the whole solid phase, and the source term S ;, y depends
on the reaction process of the present layer and the
neighboring layer.

The general form of energy balance for the k™ layer of N
fuel could be expressed as:

d
at [(1 - 5)as,k,Nps,k,NEp,sTs,k,N] +
0
E [(1 - 5)as,k,Nps,kEp,suj,sTs,k,N] = SQ,k,Nr (6)
]

in which the source term S  is formed by the addition of
five different heat sources:

SQ,k,N = Sreac,k,N + SCond,k,N + SEnv,k,N
+SBlowing,k,N + SEvolution,k,N (7)

For the k™ layer of N fuel, S,¢qc v represents the heat
generation and consumption due to the solid reactions,
Sconak,n Tepresents the heat conduction with neighboring
layers calculated based on Fourier’s rule, Sg,,, , y represents
the heat exchanged between the particle and the environment
through convection and radiation, Sg;oying kv i caused by
caused by the expulsion of the gases from the inner layers, and
finally Sgyomtionk,n Stands for the enthalpy exchange with the
interior and exterior layers owing to conversion of solid phase
materials. In the present model, the shrinkage of solid phase
particle is neglected, and therefore the velocity of the solid
phase depends on the char extraction rate at the ash outlet.

D. Reaction models

In the solid phase, the conversion processes include the
drying, pyrolysis and char reactions. For the drying process,
both the equilibrium model and thermal model were
considered.

Ashg(Cps —Cypy) if T <373K
Qcr/Hevap if T 2 373K

The pyrolysis process of each fuel is modeled with one-step
global reaction:

®)

rdrying = {

k
DryFuely 2 Volatile(C,H,0,) + Char,
kpyn = Aiexp(—Eqn/RTy) ©

The wvolatile (C,H,0,) is released to the gas phase
immediately after pyrolysis, and a volatile break-up approach
is adopted to calculate the specific composition of the volatiles:

Volatile(C,H,0.) = x,CO + x,C0, +
x3H, + x,CH, + x5H,0 + xcPrimarytar (10)

Kcrackin
Primarytar —rackng y1Secondarytar(CgHg) +
Y200 +y3CHy + yuH; an

Detailed algorithm of calculating the volatile composition has
been presented by Ngamsidhiphongsa et al. [15].

For the overall reaction rate of heterogeneous char
reactions, the kinetics reaction rate Ry ,,,, gas film diffusion
Ry, and ash-film diffusion R, were all considered at the
gas-solid interface:
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in which m denotes the types of gasification agent (O2, CO2

and H20).

In the gas phase, the gaseous species includes CO», CO,
H20, H>, CH4, O2, and details of the kinetic rates of
homogeneous reactions could refer to Yao et al. [16]. The
overall reaction rates are equal to the minimum value of
turbulent mixing rates and kinetics reaction rates:

Tvolk = min(rg,kf Ttm,k)v (13)

in which the turbulent mixing rate is expressed based on Eddy
Dissipation Model (EDM).

III. RESULTS AND DISCUSSIONS

A. Model validation with experimental measurements

The temperature distributions of gas phase along the axis
direction under different mixing ratios are shown in Fig. 3. In
the experiments, it is reported that the average gasification
temperatures varied in the range of about 700-900 °C with an
average temperature of approximately 800 °C, and
gasification temperatures marginally reduced as the CGR
increased from 0 to 40%. The predicted temperature lies in the
same range of experiments, and the modelling results have
also well reflected the declining trend of temperature when
increasing the GCR. It is obvious that the onset of fast
temperature increase at the oxidation zone was postponed as
more fuel particles with large particle size was mixed in the
feedstock. For GCR=0%, the small fuel particles may dry up
very fast near the oxidation zone, and the pyrolysis process is
then intensified, leading to the highest temperature near the
oxidation zone. The smaller particle size is also advantageous
for heterogeneous char gasification reactions owing to the
larger surface area inside the fuel bed, and therefore the
temperature decreases faster for GCR=0% than other working
conditions.
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Fig. 3. Temperature distribution of gas phase along the axis direction
under different mixing ratios.

The different temperature distributions indicate that
changing the mixing ratio is likely to alter the conversion
processes inside the gasifier. The downdraft gasifier is often
divided into four neighboring zones, including drying,
pyrolysis, oxidation and reduction zone. In practice, the design
and working conditions are often determined based on the

location of these zones, which requires accurate prediction of
temperature distribution, especially when the properties of
inlet fuels are changed. The modelling results of MTTP are in
good agreement with the experimental observations, which is
beneficial for optimizing the design and choosing the proper
working conditions.

The syngas compositions under different mixing ratios are
shown in Fig. 4. Since the air and fresh fuels were moving in
the same direction, the oxygen content quickly decreased with
the onset of oxidation process, and the relative content of all
the combustible gases gradually increased. The predicted
content of CO2, CO, H2 and CHs were compared with the
measured results at the outlet of gasifier. In general, the
numerical results are close to the measured results. The
relative errors are acceptable since the actual gas composition
would fluctuate owing to the change of fuel properties and
operation errors in experiments. When increasing the mixing
ratio of MSW, the average content of CO2 and CO at the outlet
gradually decreased, which is probably due to the decrement
of O content in the feedstocks, as is shown in TABLE 1.
Correspondingly, the content of Hz gradually increased. In the
experimental works by Bhoi et al. [9], the relative contents of
other hydrocarbons are also measured, such as CoHa, C2H4 and
C:Hs. Owing to the simplification in calculating the
composition of volatile, only CHa is considered in the present
model, for which the modelling results are also very close to
the measured value.
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Fig. 4. Syngas compositions under different mixing ratios.



B. Analysis of particle-scale conversion characteristics

When using fuel particles with different sizes and fuel
properties, their conversion processes could differ from each
other even at the same position. This phenomenon is crucial
for co-gasification process since the position of the conversion
zones inside the gasifier is often determined for a single fuel.
When different fuels are mixed, they may exhibit different
weight-loss history, and consequently the different conversion
zones may overlap with each other. This effect may also be
magnified when large fuel particles are utilized. Therefore, it
would be meaning full to further analyze the conversion
characteristics at particle scale. The conversion ratio of the
fuel particle is defined as

M ini — M.

Conversion ratio = ——2F, (14)
Min;

in which M;,,; represents the initial particle mass, and M,

stands for the particle mass at a certain position. The weight-

loss curves of different fuels is shown in Fig. 5.
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Fig. 5. Weight-loss curves of different fuels. (a) Switchgrass and MSW
pellet at GCR = 20%; (b) Switchgrass at different GCRs.

Fig.5(a) shows the weight-loss curves of switchgrass and
MSW pellet at GCR = 20%. Apparently, switchgrass with an
initial particle size of 5 mm started to convert earlier than
MSW pellet with an initial particle size of 25 mm, which could
be attributed to the lower heat transfer resistance of solid phase
and quicker drying process. The final conversion ratio of
switchgrass is 0.83, which is only 0.69 for MSW pellet. The
smaller particle size of switchgrass provides larger surface
area inside the fuel bed, thus intensifying the char oxidation
and gasification. Meanwhile, the ash content of MSW pellet
(13.74 wt.%) is significantly higher than switchgrass (3.93
wt.%), which could also hinder the penetration of oxidants to
char surface. This effect is included in the numerical model by
adding the ash-film diffusion term in the expression of
heterogeneous char reaction rate.

Fig.5(b) shows the weight-loss curves of switchgrass at
different GCRs. The addition of MSW pellet could to some
extent delay the conversion process of switchgrass, which
indicated the interactions between different fuels. In general,
the weight-loss become slower when more MSW pellet is
added in the mixture, and the final conversion ratio is also
decreased. The presence of another fuel could influence the
conversion process of switchgrass at least in two ways. For
one thing, owing to the different heat transfer resistance and
duration of drying process, the surface temperatures of each
fuel may be different even at the same location. Therefore, the
low-temperature particle could lower the surface temperature
of another one. For another, when the ER is fixed, different
fuels would compete for the limited oxidants, which may also
influence the individual conversion process of each fuel.

For thermally thick fuel particles, the most prominent
characteristic is the intraparticle temperature gradient, which
would cause the co-existence of different conversion stages in
a single fuel particle [17]. Fig. 6 shows the intraparticle
temperature distributions of different fuels. For switchgrass,
the drying process terminated very soon and the difference in
temperature between each layer is not significant. On the
contrary, for MSW pellets, the drying process lasted from x
position of 0.55 m to 0.66 m. During this process, the
temperature of the wet layer was kept at the boiling
temperature (100 °C), and consequently the temperatures of
the dry layer and the char layer were relatively lowered until
the end of drying process. The modelling results could clearly
reveal the characteristics of thermally thick fuel particles,
which explained why the onset of fast temperature increase at
the oxidation zone was postponed as more MSW were added
in the feedstock.
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IV. CONCLUSION

In the present work, the co-gasification process of
switchgrass and MSW pellet in a fixed-bed downdraft gasifier
is simulated through the Multiple Thermally Thick Particle
(MTTP) model. The modelling results of temperature and
syngas composition are in good agreement with the measured
values upon changing the co-gasification ratio (CGR), and the
weight-loss processes of different fuels were also
comparatively analyzed, together with the intraparticle
temperature distribution. The main conclusions are as follows.

1) When the particle sizes are significantly different, changing
the CGR would influence the overall gasification
characteristics since fuel particles with large and small sizes
would exhibit different weight-loss history.

2) Sub-grid model for thermally thick fuel particle could
clearly reveal the temperature gradient inside the fuel particle,
especially when the drying process is not terminated, which
could directly influence the onset of conversion processes.

3) Co-gasification would cause interactions between different
fuels, and modelling results have shown that higher ratio of
MSW pellets with large particle size would delay the
conversion process of switchgrass.
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