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Abstract. The focus of this research is on the development of a network model for efficient simulation of the
thermal conversion of heterogeneous biomass granules during gasification or combustion processes. The network
model for heat and mass transport in a porous medium is constructed, which treats heterogeneous constituents of
granules (such as wood and straw) as nodes and common surfaces as edges connect them and allow heat and mass
to be transported. Reactions with Arrhenius kinetics are used to model the thermal decomposition of biomass. The
gas is assumed to be an incompressible ideal gas flowing through a porous medium. A pressure correction scheme
is used to model the mass transfer. Conductive and convective heat transfer equations with source terms are used
for temperature modeling. Examples in 2D and 3D are presented. This network model can be used as a module in
more complex biomass conversion models, such as the Lagrangian particle model in combination with the Eulerian
model for fluid dynamics. Improved understanding of these complex processes contributes to enhancing the use
of renewable resources, such as wood, straw, peat, for a variety of industry and household applications, leading to
more carbon - neutral economy, as well as greater use of local resources.
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Introduction

Increasing the preconditions for sustainable energy is the basis for looking for ways to use
renewable energy sources, such as the efficient use of biomass granules as an alternative to fossil fuels
and as an important raw material for renewable energy production. Biomass is also a carbon dioxide
(€0,) neutral fuel and therefore cannot affect the increase in emissions to the environment [1]. The
European Union has set binding energy policy targets for 2030, which require not only a 40% reduction
in greenhouse gas emissions, but at least 32% of energy consumption must come from renewable sources
and an increase in energy efficiency of at least 32.5% for smart, sustainable and comprehensive
development [2].

Emphasis is placed on thermal conversion of heterogeneous granules, as it allows the use of
different types of biomass and agricultural waste and forestry raw materials, which ensures more
profitable and efficient production, thus creating the ecological attractiveness of fuels. The use of
heterogeneous biomass granules for residential heating is one of the ways to optimize the use of local
bioresources while reducing dependence on fossil fuels and thus reducing overall emission of
greenhouse gasses.

This study proposes a method to simulate the first stages of combustion of biomass granules
composed, which consist of different materials, such as wood, peat and straw. We consider the thermal
conversion of a heterogeneous granule, the geometry of which is described by a pore network. The aim
is to study the physical processes (heat and mass transfer) that take place in a porous environment [3].

Thermal conversion research of heterogeneous biomass has been developed with different
biomasses, e.g., when attention has been paid to the pyrolysis process [4], improved thermal
transmission system gasification at high temperatures [5], for more complete combustion of mixed
biomass leaving the least ash [6]. Similarly pore network models are and are being used in this way
elsewhere, in oil refining [7], coal and charcoal combustion and gasification, but not in biomass,
however, this type of model has not been applied in the literature to biomass to the best knowledge of
the authors, but the same idea is expressed in one of the recent studies [8].

The combustion process itself is a complex process influenced by a wide range of conditions, such
as exact composition of the biomass, the process characteristics of the thermal conversion (temperature,
oxygen supply etc), also the observed quantities vary, e.g., environmental impact, volatile substances,
etc. [9], therefore, it is difficult to accurately compare the experimental results with numerical
simulations, especially if the biomass is a mixture of several materials. The proposed model predicts the
conversion properties of mixed biomass granules depending on the composition.
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Materials and methods

The pore network model [3, 10] allows a wide flexibility of choice of geometry. We present only
the simplest 2D case, which results in a structured rectangular network. Assume the heterogeneous
granule is composed of three materials: straw, wood and peat. Divide the volume of the biomass into
voxels of appropriate size and assume each voxel consists of a single material. A lattice is obtained,
where each cell consists of its own material. Assume the network consists of n x m cells (Fig. 1), with
biomass occupying the vertices where reactions take place, and heat and mass transfer happening
through the edges that connect the vertices.

%) > b)

n s i = n A LT [ woed

m m

Fig. 1. Creating a network model for a heterogeneous granule; a) n X m size granule that
consists of materials: wood, peat and straw; b) created network model for this granule

First order Arrhenius law is used to model the chemical reactions that govern the thermal
decomposition of biomass:

dM;(t) —E;
—ar = Caexp (m), @

where E; — activation energy that determines the rate of the reaction;
M; — remaining combustible material at i — th vertex at time t;
a — Kinetic constant of the reaction.

The heat produced is proportional to the loss of mass. When the reaction starts, volatile substances,
moisture and heat are transported through the network [11].

For the created network model, each vertex is assigned a pressure p;, which indicates gas pressure
at the vertex j, but the edges are assigned flows g;;, where the edge connects the vertices i and j. The
flows are scalar quantities on the directed edges. We assume incompressible flow with mass sources
(the decomposition of biomass results in release of volatiles). Thus, in the network model, the sum of
inflowing and outflowing mass of gas plus the released mass at each vertex has to be zero. This is the
pressure correction method, which defines the pressure. The mass fluxes are corrected by adding to g;;
the quantity

q = @, )
i
where [;; — length of the edge connecting vertices i and j.

The resulting condition is:
2iQi =0 3)
The corrected mass flux Q is defined as q;; + g;; = Q;;. The pressure correction equation is a
system of linear equations with respect to p;. It can be written down with the help of the Laplace operator

iji + L= = 0@z¥ = Z%’i. 4)
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In this case
bi —Dj

is the Laplace operator of the graph. When the gas is heated, natural convection is induced.
Applying Darcy’s law, we express the flow as follows:

= k((p(To) = p (T))g — Vp), (5)
where k — permeability coefficient divided by the dynamic viscosity of the gas.

The pressure p does not contain a hydrostatic component and Vp is the pressure gradient, but p, is
air density in the ambient environment and T, is the ambient temperature. The mass balance equation
is:

divg = A, (6)
The term A denotes mass sources. We use the network analogue:
bj —Di 5o
A = kZ —( » + (p(To) = pesr )d - n)Vj, (M

j~i
where p.rr ; — effective density on the j side, which can be calculated using upwinding;
y; is the weight representing the cross-section of the link i~j;
(p(TO) = PefF, j) g+ 1—buoyancy force F,, what we express in terms of temperatures.

T,
G- oMo —p(M) ~a(1-72): ®)

Mass transfer is coupled to heat transfer, which includes conduction, convection and heat sources.
The conduction part is mathematically analogous to the pressure correction equation. The convection
part is modelled as follows: we assume that the gas flowing through a vertex assumes its temperature.
Thus, the temperature of a vertex is affected only by the adjacent edges, through which the gas flows
into the vertex. The heat transfer from the gas to the vertex is proportional to the temperature difference,
mass flow rate and heat capacity of the gas. Finally, the heat source is proportional to the rate of mass
conversion at the vertex. This results in the heat transfer equations:

Cipi(l ¢) )Vl Z kr] ] Sl] + Z pg] q}z p(’I; - Ti) + Qi, (9)
i l ]—>l
where ¢;, pi, ¢;, V; — heat capacity, density, porosity of biomass and total volume associated to i
the vertex,
kij, Sij,q f{ — conduction coefficient, effective cross section and volume flux from j to i
(set to zero if negative),
cp — heat capacity of the gas;
Q; — heat source it is
E
Qi = Am;eRM,

where /1 — heat release coefficient;
— mass;

E — reaction constant.
R(T)
The equations are supplemented by initial conditions and suitable boundary conditions for pressure
and temperature. Homogeneous Neumann boundary conditions for pressure describe impermeable
walls; Dirichlet pressure boundary conditions describe parts of boundary which allow mass exchange.

This approach allows using spatially and temporarily varying material coefficients such as porosity,
permeability, heat conductivity, heat capacity, dynamic viscosity of gas, and even anisotropic
conductivities, and hence this model is suitable for simulating intra-particle and inter-particle thermal
conversion processes for heterogeneous biomass materials.
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The 3D Model is based on the principle of a 2D model, as it retains both the vertices and the
corresponding edges and neighbours, but also adds the coefficients responsible for the composition:
cellulose, hemicellulose and lignin. The transfer to 3D and more complex geometries is straightforward.

Results and discussion

Two types of mathematical models were compared: the first heterogeneous pellet model (straw,
wood, peat) the second homogeneous pellet model consists exclusively of wood, peat or straw. The
mixed distribution of biomass is formed randomly with a percentage distribution: 40% of the granules
are made of straw, 20% are made of wood shavings and the remaining 40% are made of peat. Unused
energy is taken as a measure, which is interpreted as the unburned mass in the network model. If the
granules are homogeneous, that is, the activation energy is the same everywhere, no multiple realization
are required, because no change occurs and all simulations are the same, but if the geometry of the
network model is randomly arranged with different materials, then it is necessary to look at several
realizations.

If the coefficient is changed in the heat conduction equation, which determines how much heat is
released in one time interval, then significant differences can be noticed in the results. The temperature
must be chosen appropriately, because if the temperature is high enough, the maximum reaction rate is
reached and the results remain constant. As well as the Arrhenius function may reflect invalid data and
the activation energy E; becomes insensitive to change. If the granules are homogeneous, that is, the
activation energy is the same everywhere, no multiple realization is required, because no change occurs
and all simulations are the same, but if the geometry of the network model is randomly arranged with
different materials, therefore, it was necessary to look at several implementations with mass distribution
and with a fixed time the same for both models.
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Fig. 2. 2D realization of heterogeneous model: a — temperature and flow velocity; b — remaining
mass of fuel at final time; the sum of unburned mass is 640.06 (dimensionless units)

a) 7 200 b)

5@ ® ® ® 50

100

0 0 2@ L 4 L 4
2 3 4 5 6

Fig. 3. 2D realization of a homogeneous (wood) model: a — temperature and flow velocity;
b — remaining mass of fuel at final time; the sum of unburned mass is 561.57 (dimensionless units)
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Fig. 4. 3D realization of a biomass (straw) model: a — temperature; b — remaining mass of
hemicellulose at final time
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Fig. 5. 3D realization of a biomass (wood) model: a — temperature; b — remaining mass of
hemicellulose at final time
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Fig. 6. 3D realization of a biomass (peat) model: a — temperature; b — remaining mass of
hemicellulose at final time
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For both models (heterogeneous and homogeneous) we assume the same initial conditions and in
the time interval from 0 to 1 (assumed to be a dimensionless quantity) and a time step of 0.001 and ignite
the very first vertex. In both figures (Fig. 2, 3), the first illustrations (a) show the temperature (coloured)
and the flow rate (numbers and direction), but b is the mass remaining at the last time step was chosen
for both models. In the visualization of the simulation (Fig. 2) in the case of the heterogeneous model
the unburned mass has remained more than the homogeneous (wood) model (Fig. 3). Which could
indicate that in the specific realization the temperature of peat as a material has not reached a sufficiently
high temperature, therefore the unburned mass remains more.

Looking at all the heat generated, which shows that a certain amount of mass has been burned, it is
more possible to determine how much heat is generated by each unit of mass distributed. But in order
to be able to more objectively evaluate the heterogeneous and homogeneous model in the initial
conditions we consider three different heat release coefficients (1), namely 10, 40 and 50. If the heat
conduction of the equation assumes that the heat release coefficient is 10, which is relatively small, then
more unburned material will remain. The results show that the heterogeneous average unburned mass
of granules (111.23; the unit of mass is taken as dimensionless units) remains more than that of a
homogeneous pellet with straw (1057.4), but less than that of a homogeneous pellet formed separately
from wood (1130.2) or peat (1161.6). The higher the activation energy, the higher the amount of heat
required to be able to burn the mass of the substance.

If in the heat conduction equation the coefficient is assumed to be 4 times higher than in the previous
implementations, then it is observed that the mass burns much better, as it should be, because a larger
amount of heat is released. For heterogeneous granules, the average residual mass (701.7) is lower than
for pellets formed homogeneously from straw (742.43) or peat (708.96), but higher for granules formed
from wood (688.42). But if we assume a coefficient of 50, then with the conclusion that heterogeneous
granules burn better and leave less unused energy, mass (531.6), but for homogeneous straw (636.76),
wood (561.57) and the mass of peat (579.11), not so well burned and more unused energy left over.
Comparing the results of this study with obtained data with similar experimental results available in the
literature [12]. The results show that straw ignites faster, so straw has the highest heat release at lower
temperatures. For both wood and peat a higher temperature is needed to be able to burn, but according
to the data, when wood burns, heat release occurs more the loss of mass, because with increasing
temperature, it reaches several peaks, which indicates a higher heat output.

The 3D Variable parameters - different for each material (lignin, cellulose and hemicellulose) - heat
production coefficient, porosity coefficient, Arrhenius kinetic constant, are functions of the respective
biomass material, all these parameters affect the thermal decomposition of biomass cellulose,
hemicellulose, lignin. Biomass — straw (Fig. 4), the reaction took place rapidly, the mass is burnt
(between 0.4 and 0.6), it is left over and leaves behind a lot of ash and unburned particles.3D Model
with wood biomass (Fig. 5), the reaction took place rapidly, because the mass is well burned (between
0.4 and 0.6). Model with peat (Fig. 6), biomass ignition is much slower, the burnt mass (0-0.4), the
remaining mass is relatively large, which is not affected by the flame at all, against burnt mass.

Conclusions

The numerical implementation of the model proposed for such a porous material makes it possible
to represent this complex combustion process simply and with low computational costs. Numerical
results show that for homogeneous pellets the loss of mass indicates that the weight of straw decreases
more rapidly than for wood and finally for peat, but for heterogeneous pellets consisting of different
biomasses, the weight loss dependence is no longer so easy to determine. Existing straw in these
heterogeneous granules may behave differently due to lack of oxygen and other conditions. It is planned
to develop and improve this model by adding a dependence on the moisture and composition of
substances in biomass, so that it is even more similar to the real situation in the furnace. The modelling
procedures developed for this application will be transferred to modelling of other physical processes.
These granules set model will be immersed in a larger model that will look at the air - filled space around
the granules, where the combustion process or biogas collection in the balloon can take place, for further
modelling of the gas dynamics equations.
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