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Abstract. The stationary process of pyrolysis and gasification of plant biomass in a wide
range of conditions is considered. The reaction rate in a multicomponent system is a
complex function of composition and temperature. To simplify the calculations, we use the
approximation of the brutto-reaction: it is supposed that a slow reaction of thermal
decomposition of biomass proceeds in the reaction zone with first order kinetics and
Arrhenius dependence on temperature. Gas phase reactions rates are considered to be
high enough to apply the quasi-equilibrium approximation. Calculations make it possible to
estimate the temperature values at the boundary of thermal stability and the position of this
boundary for different residence times of biofuel in the reaction zone.

1 Introduction

The analysis of stationary states of chemical reactors is
one of the important problems in chemical technology.
The multiplicity of stationary states and their stability
affect the choice of conditions for carrying out chemical
processes, including for energy use [1]. As is known
from the theory of chemical reactors stability, the
interaction of a chemical reaction and heat transfer can
lead to complex dynamic behaviour [2]. Stable stationary
modes are possible with a suitable ratio of the rate of
chemical reaction and transfer processes. The boundary
of the existence of such modes is determined by the
existence of a joint solution of equations describing
chemical kinetics and heat and mass transfer [3].
Biomass is one of the promising fuels for renewable
energy. A variety of processes have been proposed for
thermochemical conversion of biomass in reactors of
different types: fixed-bed, fluidized-bed, entrained flow,
combined [4, 5]. The biomass decomposition kinetics
and the products composition are largely determined by
the heat transfer, and therefore, on the particle size,
hydrodynamic conditions, temperature level, etc. In
paper [6], on the basis of a simple model, the conditions
for the existence of stationary modes of fixed-bed
combustion of biomass were obtained. In papers [7, 8],
the process of biomass pyrolysis was investigated in the
approximation of an isothermal perfectly stirred reactor
using a kinetic mechanism based on work [9]. In present
paper, a model is proposed that allows considering the
pyrolysis and gasification processes of biomass using a
simplified kinetic scheme, but for generalized heat
transfer conditions. Chemical reactions description is
reduced to equilibrium problem, and heat balance
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equation solutions are obtained in a wide range of heat
transfer coefficient values.

2 Mathematical model description

The analysis is based on the well-known model of a
perfectly stirred reactor: the composition of the input
mixture is specified; the control parameters are the
residence time of the reacting mixture in the reaction
zone, as well as the heating temperature and the rate of
heat transfer. In real reactors, the heat transfer
characteristics and the heating temperature can vary in
different regions of the reaction zone; however, for the
sake of simplicity, the constancy (or averaging) of these
values is assumed.

The heat and mass balance equations are written as
follows:

220y (T°)n§ =220y (T)m; =T -T), (1)

0
n;—n, =1, (nT).
Here 7 is temperature, K; n; is amount of j-th
component, mol; r; is reaction rate in relation to j-th
component, mol/s; & is specific enthalpy, J/mol; t is
residence time, s; o is generalized heat transfer
coefficient, W/K. Superscript 0 is refers to input flow;
superscript w refers to averaged temperature of
environment (or reactor wall).

The reaction rate in a multicomponent system is a
complex function of composition and temperature. To
simplify the calculations, we use the approximation of
the brutto-reaction: we believe that the first order
reaction of biomass thermal decomposition proceeds in
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the reaction zone under kinetic control, and its
dependence on temperature can be approximated by
Arrhenius equation [10]. We consider the rates of gas-
phase reactions to be high enough to apply the quasi-
equilibrium approximation for them [11, 12]. In this
case, the degree of biomass conversion can be used as a
reaction coordinate &:

K
&= )
1+1K
Here K is pyrolysis brutto-reaction rate coefficient:
K=K,exp| - E,q (€))
’ R,T

Then, for each value of &, it is possible to determine
the elemental composition of volatile substances, which
is then distributed over molecular forms in accordance
with the conditions of chemical equilibrium [13, 14].
Biomass conversion products composition is found as a
solution of the following problem:

n“ =argminG(n)
An=Db(g)
n; >0 V]

G(n):ij(n,T)nj

Here A is elemental composition matrix; b is
elemental composition vector; G is Gibbs free energy of
considered system; p; is chemical potential of j-th
component. Then the heat balance equation in the reactor
can be rewritten as follows:

Zhj (T°)nS =Zhj (T)nf —a(T"-T) (4)

In the general case, the relationship between n°? and
n’ is not expressed by explicit analytical dependences, so
the problem is solved numerically. The direct problem of
determining the temperature is often difficult due to the
large number of terms that depend on it. Therefore, the
inverse problem 1is wusually solved: for a given
temperature, other variables are varied to ensure the
solution of the heat balance equation. When using the
equilibrium model to determine the composition of
pyrolysis products, the residence time is also considered
as fixed parameter. Then the closure coefficient is o,
determined for fixed values of the reaction temperature
and residence time:

0 0 eq
Zhj (T°)n; _Zhj (T)n;
—_ J
o(T-T")

The calculations used the thermodynamic properties
of substances from the reference book [15]. The enthalpy
of the fuel was estimated taking into account the heat of
combustion, which was determined by the empirical
formula [16]. The equilibrium composition was
numerically determined using the Shirkalin’s algorithm
[17] for an ideal system. The following coefficients are

accepted for calculations: Ko = 107 s'; E, = 110 kJ/mol
[18]. We assume that pyrolysis takes place in a nitrogen

(5)

a

atmosphere (1 kg/kg of fuel). The residence time t
determines the type of reactor used: for fixed-bed
reactors, T can be on the order of 103-10* s; for fluidized
bed reactors or cyclone reactors t is on the order of 1-10
seconds. The heating temperature ranges from 500 K
(torrefaction) to 1000 K (high-temperature pyrolysis).
The generalized heat transfer coefficient o has the
dimension W/K, i.e. it includes, generally speaking, the
area of heat exchange between particles and the heating
medium. This area, in turn, depends on the specific
surface of the particles, i.e. is inversely proportional to
their average size. Therefore, higher values of o
correspond to either intense heat transfer (due to
thermohydrodynamic factors) or fine fuel particles.
Thermal resistance of particles (internal processes such
as thermal conductivity and filtration of products and
their influence on the kinetics of pyrolysis) is not taken
into account (constraints for validity of this
approximation may be estimated using more detailed
models [19]). The initial moisture content of the biomass
varies from 10 to 40% wt., all calculations are made for
1 kg of wet biomass. Elemental composition of dry
biomass is as follows: C® = 49.19%; H% = 6.36%; O%
=42.06%; N/ = 2.06%; S™ = 0.01%.

3 Biomass pyrolysis

The dependence of the fuel conversion degree on
temperature is shown in Fig. 1. This diagram gives an
idea of the timescale of biofuel conversion processes:
torrefaction requires long residence times; with an
increase in temperature, the process is significantly
intensified. The reaction rate and composition of
pyrolysis products in chosen approximation depend only
on temperature; therefore, the thermochemical efficiency
of the pyrolysis process is also determined only by the
temperature and residence time. The calorific value of
the gas, in addition to the temperature and residence
time, depends on the moisture content of the fuel: the
higher the initial moisture content, the lower the calorific
value (Fig. 2).
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Fig. 1. Dependence of residue volatile content on
temperature and residence time.

Of greater interest is the dependence of the reactor
temperature on the heat transfer coefficient. At a heating
temperature of 500 K, when the maximum fuel
conversion is only 25%, the reactor temperature
monotonically depends on the heat transfer coefficient.
At 373 K, step is observed associated with the water
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phase transition. At higher heating temperature and long
residence times, there are two stable stationary states for
low values of the heat transfer coefficient: the
equilibrium thermal effect turns out to be positive,
therefore, self-heating occurs to a temperature of about
700 K (Fig. 3, 4). With an increase in moisture content,
the total thermal effect decreases due to the heat
consumption for evaporation, so dependence becomes
monotonous again. If, at a moisture content of 10%, the
curves for T =103 s and © = 10* s undergo a discontinuity
in a range of 500-700 K (the value of o becomes
undefined), then at a moisture content of 20% and t =
10* s, the curve returns to the limit value without self-
heating. The beginning of the section with the effect of
self-heating falls on the range from 500 K and higher,
therefore, in the previous case, only one stationary state
was observed for all values of the parameters. The same
temperature dependence on the heat transfer coefficient
is observed at high heating temperatures.
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Fig. 2. Dependence of pyrogas heating value on
temperature and residence time.
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Fig. 3. Dependence of stationary pyrolysis temperature
on heat transfer coefficient and residence time (wall
temperature 700 K).
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Fig. 4. Dependence of stationary pyrolysis temperature
on heat transfer coefficient and residence time (wall
temperature 1000 K).
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Analysis of thermodynamic properties of biomass
and pyrolysis products shows that equilibrium thermal

effect turns out to be exothermic at low moisture content
and temperatures of 300-700 K. Taking into account the
reaction rate, this range narrows to 500-700 K. At a
humidity of 20%, the thermal effect no longer falls into
the exothermic region, however, due to the non-
monotonic dependence of the thermal effect on
temperature, bends are observed (i.e. at different values
of the heat transfer coefficient, the amount of transferred
heat changes disproportionately).

4 Biomass gasification

Calculations of biomass  gasification  process
characteristics were carried out for a moisture content of
10% wt. In the gasification process, air is used as
gasification agent (the mass flow ratio of air/biomass
varies from 1 to 6). In the calculations, the yield of solid
carbon is not fixed, it is determined by the equilibrium
conditions of heterogeneous reactions. It is still assumed
that the rate of the process is determined by the pyrolysis
stage (more precisely, pyrolysis is the initiating stage).
The temperature of the gasification process is
determined in the same way as for the pyrolysis process.
Air gasification is in all cases an autothermal process;
therefore, the temperature 7 is 300 K, i.e. only heat loss
is considered. The calculation results are presented
below.
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Fig. 5. Dependence of gasification temperature on heat
transfer coefficient, residence time and air/biomass ratio.

There is a critical value of heat transfer coefficient,
above which a steady-state gasification process becomes
impossible. This value corresponds to the limit point of
the stationary process temperature dependence on o
(Fig. 5). Naturally, with decreasing t, the maximum
value of a shifts to the region of large values. The cold
gas efficiency of gasification process is determined, first
of all, by the air-fuel ratio: at mq;/my= 2, the gasification
process shows efficiency that is close to optimal (Fig. 6).
At a lower specific air flow rate, the cold gas efficiency
turns out to be low due to the low degree of fuel
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conversion; at high specific flow rates, oxidation of
combustible gas components occurs (see Fig. 7).

The critical value of the coefficient o, as indicated
above, depends on the residence time t, and for all the
considered values of the specific consumption, this
dependence behaves like a power function with an
exponent of about —0.87 (Fig. 8). The critical value of
the coefficient o increases with an increase in the
specific air consumption. Since the maximum
temperature of the process changes not so much with the
value of 7, the biomass gasification process decays at an
approximately constant level of heat loss.
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Fig. 6. Dependence of gasification cold gas efficiency on heat transfer
coefficient, residence time and air/biomass ratio.
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Fig. 7. Debendence of produced gas heating value on
heat transfer coefficient, residence time and air/biomass
ratio.
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Conclusions

In this work, using classical methods of thermal stability
analysis of chemical reactors, the processes of pyrolysis
and air gasification of plant biomass are studied in a
wide range of heat transfer conditions and residence
times (long residence time for fixed-bed reactors, short
residence time for flow reactors). To describe the
chemical composition of the reaction system, a kinetic-
thermodynamic model is wused: the limiting
heterogeneous processes are taken into account
explicitly, and the composition of the gas phase is
considered to be in equilibrium. The calculation results
give relationships between the characteristics of biomass
conversion (fuel conversion, gas composition) and heat
transfer conditions. At temperatures of about 700 K, the
thermal decomposition of biomass becomes exothermic
process; therefore, pyrolysis can proceed in an
autothermal mode. With increasing moisture content, the
self-heating effect gradually disappears. Under
gasification conditions, in all cases, there is a single
high-temperature stationary solution, limited by the
limiting value of the effective heat transfer coefficient.
Calculations make it possible to estimate the temperature
values at the boundary of thermal stability and its
dependence on the residence time.
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