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Abstract

This paper presents the thermokinetic modeling of the gasification process performed on the acacia-
tree under varying operating circumstances and different humidity levels. Gasification does not pro-
duce flue gas, but due to imperfect burning, synthesis gas appears which is rich in flammable compo-
nents (CO, and H,). The chemical structure of this gas depends on the components of the fuel and the
humidity level, but is also greatly affected by the technological parameters, such as pressure and tem-
perature, as well as the air-ratio. The study shows the change of chemical composition, fuel value and
the reaction efficiency as a function of varying gasification temperature and pressure. Rising tempera-
ture results in improved efficiency, while higher pressure worsens reaction efficiency. However, at
higher temperature intervals, the effect of the pressure is neglectable.
Keywords: acacias, gasification, temperature, air-ratio, reaction efficiency.

1. Introduction

Nowadays one of the most important re-
search fields is energetics, which deals with
energy production, energy use and the im-
provement of efficiency. We often hear
about gasification technology and wood-gas
boilers taking part in heat energy produc-
tion. Gasification technology is not only
able to produce heat, but electricity too, as
the main product of gasification is the com-
bustible synthesis gas which can be used by
gas motors and turbines with high efficien-
cy. Gas-powered machines are often

sensitive to  the gas composition and
quality parameters, therefore  the
examination of wood gasification is

inevitable. Additionally, wood gasification
provides a great opportunity to build wood
and biomass fueled quick-start power
plants.

2. Historical review of gasification

Gasification is one of the oldest processes
used to convert solid fossil and renewable
fuels into combustible synthesis gas and
liquid fuel. This technology was first used
by Thomas Shirley, who produced hydro-
gen in 1659. Robert Gardner filed the first
patent in 1788 and the spread of the gasifi-
cation process began. Its industrial applica-
tion is associated with William Murdoch and
began in 1798 in England and France [1].
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In the past, combustible gases (wood and
carbon gas) were produced from wood and
coal, being mainly used for heating and
public lighting purposes. By 1850, technol-
ogy had reached a level of development that
allowed 75% of London’s public lighting to
be provided with the help of gas produced
in this way. Some years later, gasification
technology appeared in the United States
too, and by 1920, it was used in most cities
for heating and public lighting [2].

Following the discovery of the Texas oil
fields, the first natural gas pipeline was
built in Denver, which eliminated the pre-
dominance of synthesis gas. After discovery
of oil fields under the North Sea, gas plants
spread throughout Europe too. Although the
last one was unveiled in England in 1970,
we can still find some functioning systems
in the third world countries [1].

With the appearance of internal combus-
tion engines, gasification was also used to
generate alternative fuels. The first wood-
gas powered car was designed and built by
Thomas Hugh Parker in 1901, but it became
widespread only thirty years later. In the
1930s, the rapid development of military
industry and the Second World War gave
rise to the use of alternative materials in the
fuel industry. During the Second World
War, the Allies and the Soviet Union did
not supply crude oil to European countries,
which were occupied by the Germans. Lo-
cal small-scale exploitation was used by the
German army (Wehrmacht). Since there
was not enough fuel for the military indus-
try, the Wehrmacht also experimented with
wood-gas powered tanks, which were even-
tually not used because of their difficult and
complicated operation. By the end of the
Second World War, there were about a half
a million wood-gas powered vehicles in
Germany alone [1]. There were more than a
million such vehicles in Europe. In occu-
pied Denmark, 95% of civilian and agricul-
tural vehicles were wood-gas powered [2].

The chemical composition and energy
content of synthesis gas produced during
the gasification of wood was sufficient to
become the fuel of the rudimentary internal
combustion engine [1]. Some decades later,
further developed gasification technology
was used in waste management and power
plant energy. Special workshops had been
set up to transform traditional cars into gas-
powered ones, and fuel filling stations were
built, where people were able to buy fire-
wood of the right size.

Gasification is a process based on the rap-
id heat dissipation of materials with partial
oxidation and which has a smaller oxygen
demand compared to the theoretical oxygen
required for the perfect combustion. During
the partial oxidation of the organic com-
pounds found in the parent material, syn-
thesis gas is released, which can be utilized
either as raw material, chemical synthesis
or as fuel [1].

Due to the sensitivity of the process, it is
important, that the characteristics (size,
moisture content, consistency) of the fuel
supplied remain within certain predeter-
mined limits [3]. The effect of sensitivity
typically occurs in energetic and environ-
mental efficiency.

The main purpose of the process is to
achieve the highest gas output while achiev-
ing optimum energy efficiency. The synthe-
sis gas produced during the gasification
process is a mixture rich in hydrogen and
carbon monoxide which depends on the
gasifying medium and which contains ener-
getically inert components. The most com-
monly occurring non-combustible compo-
nent is carbon dioxide and water steam,
which take part in the operation, but leave
the reactor as ballast. The gasifying medi-
um significantly influences the chemical
composition and energy content of the re-
sulting synthesis gas. The gasifying medi-
um helps to break down the solid carbon
and the higher molecular weight carbon
hydrogens resulting in the release of hydro-
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gen and carbon monoxide [2]. Most com-
monly, air, steam and pure oxygen are used,
but a good ratio of carbon dioxide and oxy-
gen can also yield good results. An incor-
rectly selected auxiliary gas can cause the
failure of the technology.

It is recommended to cool the synthesis gas
before utilization and subjected to a com-
plex purification process to remove harmful
and corrosive substances. The purified syn-
thesis gas is usually used to produce heat
energy and electricity by burning it in a gas
engine or gas turbine.

Gasification does not exist as a technolo-
gy on its own, because in a reactor, for this
purpose, pyrolysis and combustion zones
are both formed. However, the name is ap-
propriate, because in case of thermodynam-
ic equilibrium the reactions, which are tak-
ing place, with the exception of radiation
losses, result a self-sustaining process [1].
In a thermodynamic equilibrium state, the
system does not cool and does not heat up;
therefore it does not require heat input (py-
rolysis) or heat loss (combustion) and pro-
duces combustible synthesis gas. The gasi-
fication is carried out in four steps, which
happen at different temperatures and stoi-
chiometric proportions in the reactor. The
relationships between the zones are deter-
mined by the type of the reactor [2].

Gasification is the only thermal treatment
technology that can be an endothermic or
an exothermic process, depending on the
excess air factor and on the temperature.
When applying gasification, the main goal
is to achieve a self-sustaining process. This
only occurs if the reactor, considering the
radiation and heat loss, is in a thermody-
namic equilibrium state. After the start, the
system reaches its steady state after a 5...20
minutes long period. The thermodynamic
equilibrium state is significantly affected by
the moisture content of the dispersed raw
material. The excess air factor value can be
determined based on the moisture content
and the thermal losses of the reactor.

3. Basic equations of thermokinet-
ic model examination

During thermokinetic model investiga-
tion, the chemical and energetic properties
of gases, produced from different materials
are determined. The thermokinetic model is
used for the modeling of processes, which
is based on the law of energy conservation
[1]. By applying this model, approximate
estimates of the chemical composition, vis-
cosity and other properties of the produced
gas can be obtained.

As the essence of the model is to make

the calculations faster and easier, some in-
gredients, such as nitrogen oxide and eth-
ylene, acetylene compounds were neglected
during writing the simplified model equa-
tions. The model equation is written for the
hydrogen and oxygen content of the fuel in
one mole of carbon content [1, 5, 6].
Model examinations were carried out using
the equilibrium constants with predeter-
mined gas composition at fixed temperature
and operating pressure. The equilibrium
transformation determination at the given
temperature is the method of the equilibri-
um constants. Its essence is to determine the
composition of the product using the prin-
ciple of Gibbs’s free energy minimization.
For the analyses, we used software called
Gaseq, which is based on a NASA method.
It was developed by Chris Morley and it is
publicly accessible (for educational and
non-profit purposes). It is mainly used for
solving equations describing the interaction
of gas reactants. In the case that the rate of
the theoretical and used molar oxygen de-
mand equals one (A=1), or higher, we get
the combustion equations back.

The expanded model equation, based on
the molar theoretical content may be written
as follows:

CHk01+nm'H20+a'N2=x1'H2+x2'
C0+X3'H20+X4'C02+x5'CH4+x6'
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02+X7'N0+x8'N02+XQ'N2+x10'
N20+X11'C+Xi'CdHfog (1)

where: n, is the moisture content of the fuel
per mole of carbon content; a is the nitrogen
content of the fuel, x; is the molar hydrogen
content of the produced raw synthesis gas,
X, is the content of carbon-monoxide; X3 is
the content of water steam and X, is the
content of carbon-dioxide ; x5 is the content
of methane, Xq is the residual oxygen con-
tent, X7 is the nitrogen-monoxide, xg is the
content of nitrogen-dioxide, Xq is the con-
tent of nitrogen; Xy is the dinitrogen-oxide
content; Xy4 is the residual solid carbon; x; is
the molar amount of other constituents that
are formed (e.g.: ethylene, acetylene).

Model examinations were made to deter-
mine the chemical composition of gas
products and be able to determine the pa-
rameters and properties characterizing the
technological and energy efficiencies.

Applying the parametric basic equations
is necessary because we have built up the
model examinations by using them. To de-
termine the right side of equation (1), e.g. to
determine the unknown quantities, we have
chosen the equilibrium constant method, by
knowing the input compositions and the
resulting product.

We applied the equilibrium constant
method, for which we first wrote the molar
material equation for each component, then
we checked to see if the molar material
retention met (equations 2-4). In the end,
the equilibrium conditions were determined
(equations 5-6) [1, 6].

Carbon equilibrium:

1=12x, +x, + x5, (2)
Hydrogen equilibrium;
k+2-n,=2-x5+2-x3+4 x5, 3)
Oxygen equilibrium:
l+n,=x,+x3+2 x,+2-x5, (4)

Water-gas reaction balance constant:

K, = e ®)

’
X2 X3

Methane formation equilibrium constant:
K, = = (6)

x?
where: K; and K; are the water-gas and the
methane formation equilibrium constants,
which are dependent on the temperature and
the pressure.

The value expressed in molar amounts of
the resulting products is indicated by the
equilibrium mole number (x). The equilib-
rium number shows how the resulting com-
ponent is generated compared to other
product components.

Gibbs’s free energy can be written ac-
cording to equation numbers pressure and
temperature in accordance with formula (7)
[1, 8].

6 _wn (xi~6?

Y 1 +x-In=t 4 x-Inp

RT Y x; ) '
)

where: G the Gibbs free energy, G is the
specific saturation energy of the i-th materi-
al with respect to 1 mole of material at at-
mospheric pressure, R is the universal gas
constant, T is the temperature of the system,
p is the pressure of the system, x; is equilib-
rium mole number of component i, so the
material quantity of the i-th parent material
in the blend, n is the number of chemical
elements, Yx; is the sum of the equilibrium
numbers of the final product, the amount of
the blend materials.

In case of the thermodynamic state, the
main purpose is to minimize the G/RT rate,
which is determined by the elemental com-
position.

During the model examinations, we ap-
plied the equilibrium constant method, at
the pressure and the temperature fixed in
the Gaseq software, to solve the model
equations. The software was created for
analyzing chemical equilibrium processes,
so applying it helps in the examination of
thermic treatment technologies. During the
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simulations of gasification processes, we
were able to see how the variable input pa-
rameters determined the composition of the
gas produced during the gasification: the
composition is really important to know in
order to determine the efficiency of power
and heat production using the produced gas.

4. Energy efficiency examination

Energy efficiency is one of the central
topics of our times. Energy efficiency poli-
cy is closely related to commercial, indus-
trial and energy security activities, but envi-
ronmental benefits have become increasing-
ly important as one of the basic tools for
reducing carbon emissions [3]. Many con-
ventional and non-conventional measure-
ments are known and applied to determine
the efficiency of energy conversion. The
following non-conventional parameters are
presented.

The reaction, or the chemical efficiency
formula (8), shows us what part of the en-
ergy content of the solid fuel is in the pro-
duced gas product [9, 10]. By knowing the
reaction efficiency, the parameter that char-
acterizes the perfection of combustion can
be determined. Its calculation method is
shown in formula (9). According to these:

_ MmgeFge
nr - Mgzt Fszt ’ (8)
Ng = 1-1;, (9)

where: T}, is the reaction efficiency, (m) is
the mass flow of the gas product, Fg is the
calorific value of the gas product, (mg,,) is
the mass flow of the solid fuel, Fg; is fuel
calorific value and m¢ is the combustion
efficiency.

5. Examination of acacia wood gas-
ification

This study was carried out applying the

aforementioned ,,Gaseq Chemical Equilib-

rium Program” using the equilibrium con-
stant method. To perform an analysis, it is

necessary to have the temperature, pressure
and excess air factor values of the given
process and the composition of the selected
fuel. In this task, in all cases, acacia wood is
the fuel. The composition of the dry solid
fuel is shown in Table 1.

Table 1. The elemental composition of acacia
tree of the dry base

Component name Amount
Carbon content 49.50%
Hydrogen content 5.90%
Oxygen content 43.30%
Nitrogen content 0.40%
Ash content 0.90%

In the process of modeling, the elemental
molecules in the element must be given, not
the elemental elements. The wood is made
up of cellulose molecules, which are not
included in the software, so cellulose is
substituted with phenol. The corrected
composition is given in Table 2.

Following the determination of the above
data, the efficiency of the reaction (gasifica-
tion) was examined on the basis of (8), un-
der different boundary conditions.

Table 2. The composition of the dry acacia cor-
rected with phenol content.

Component name Amount
Carbon content 0.000%
Hydrogen content 1.746%
Oxygen content 32.311%
Nitrogen content 0.400%
Ash content 0.900%
Phenol content 64.644%

After the determination of the previously
introduced data, the efficiency of the calo-
rific value of the released combustible gases
in the case of the different parameters by
(8) was investigated. The amount of re-
leased gas was determined by the aforemen-
tioned Gaseq software. Carbon monoxide
and hydrogen gases were present in the
combustible constituents in a significant
amount.
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During these analyses, we examined the
gas composition and reaction efficiency
change caused by the change of the excess
air factor, the temperature of the reaction
and the operating pressure.

During this simulation, we varied the
temperature between 600 °C and 1.000 °C,
and the pressure between 1-20 bar. The data
are summarized in the following tables,
then depicted in a diagram. During the test,
the moisture content of the acacia tree was
kept constant at 15%, while the excess air
factor was set to 0.5. In all cases 1kg of
acacia was simulated to be gasified.

Table 3. shows that in the case of low
temperature, increasing the operating pres-
sure decreases the hydrogen and carbon-
monoxide production. As a result, the heat-
ing value of the produced wood-gas de-
creases and the reaction efficiency drasti-
cally decreases (Table 4.).

Table 5. and Table 6. contain the results
obtained at 700 °C. Depending on the in-
crease in pressure, a decrease in energy
efficiency is also observed, but the slope of
decrease is lower.
monoxide

Table 3. Hydrogen and carbon

amounts at 600 °C

Table 5. Hydrogen and carbon monoxide con-
tent at 700 °C

Hydrogen |Carbon-monoxide
Pr[i‘:;‘]re content content
[ka] [ka]
1 0.03740 0.48279
5 0.03409 0.44707
10 0.02950 0.39625
15 0.02611 0.35773
20 0.02362 0.32876
Table 6. Heat value and reaction efficiency at
700 °C
Pressure Wc_)od-gas Re_a(_:tion
[bar] heating value efficiency
[MJ/kg] [%0]
1 9.3642 79.1514
5 8.6062 72.7445
10 7.5421 63.7503
15 6.7463 57.0233
20 6.1549 52.0245

Table 7. and 8. contain the results ob-
tained for gasification at 800 °C. The dete-
rioration of energy efficiency caused by the
increase of pressure is decreasing. While at
600 °C the reaction efficiency at 20 bar
operating pressure decreased to less than a
third compared to the examinations at 1 bar,
at 800 °C this value did not reach 10%.

Table 7. Hydrogen and carbon monoxide

Pressure | Hydrogen [Carbon-monoxide amounts at 800 °C
[bar] content content Hydrogen  [Carbon-monoxide
[ka] [ka] AT content content
[bar]
1 0.03700 0.38466 [ka] [kal
5 0.02339 0.19235 1 0.03438 0.52939
10 0.01809 0.13551 5 0.03412 0.52648
15 0.01539 0.11033 10 0.03339 0.51837
20 0.01367 0.09534 15 0.03240 0.50705
20 0.03129 0.49426
Table 4. Heat value and reaction efficiency at  Taple 8. Heating value and reaction efficiency
600 °C obtained at 800 °C
Wood-gas heat- 8 n Wood-gas Reaction
Pr[%sasare ing value R:iiﬁégri‘;of;l- Plﬁs;,ru]re heating value efficiency
[MJ/kg] [MJ/kg] [%]
1 8.3251 70.3682 1 9.4724 80.0664
5 4.7495 40.1458 5 9.4118 79.5543
10 3.5395 29.9174 10 9.2423 78.1215
15 2.9611 25.0292 15 9.0092 76.1509
20 2.6033 22.0049 20 8.7468 73.9331
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Table 9. and Table 10. contain the results
of gasification at 900 °C. It can be noticed,
that the rate of degradation of the reaction
rate, caused by the pressure increase, is not
even 1%.

sure increase in the function of the tempera-
ture is exponential. The ideal gasification
temperature for acacia is between 800 °C
and 900 °C, because the gas has the best
parameters in the case of setting the tem-
perature between these values.

Table 12. Heating value and reaction efficiency
obtained at 1.000 °C

Table 9. Hydrogen and carbon monoxide
amounts at 900 °C
Pressure Hydrogen Gt
[bar] content [kg] monoxide con-

tent [kg]

1 0.03179 0.56572

5 0.03176 0.56542

10 0.03168 0.56455

15 0.03156 0.56318

20 0.03140 0.56132

Table 10. Heating value and reaction efficiency
obtained at 900 °C

Pressure W(_)od-gas Rte_agtion

[bar] heating value efficiency
[MJ/kg] [%0]

1 9.5286 80.5409

5 9.5219 80.4849

10 9.5036 80.3294

15 9.4753 80.0908

20 9.4373 79.7697

In the case of gasification at 1000 °C
(Table 11. and Table 12.) the effect of the
pressure increase is negligible.

Pressure HEDELEs Reaction

[bar] heating value efficiency
[MJ/kg] [%]

1 9.5721 80.9090

5 9.5703 80.8937

10 9.5666 80.8624

15 9.5621 80.8241

20 9.5569 80.7800

The above is illustrated in Figure 1. One
can see how the reaction efficiency changes
depending on the gasification temperature
and on the operating temperature. It can be
seen also that at lower temperatures the
operating temperature has a greater effect
on the efficiency of the gasification reaction
than at higher temperatures.

m80-100 m60-80 40-60 m20-40 mO0-20

=y —
s S 100
§ 80
2 60
g 3 ~ 40
s _— % — 20
S - - X — |
s - /10
T 5
gz 10
1173 T— 15
1073 ~—— ./
973 720 Pressure
o3 [bar]

Temperature [K]

Table 11. Hydrogen and carbon monoxide
amounts at 1.000 °C
Pressure Hydrogen mog(?;i?jc:en(;on-
[bar] content [kg] tent [kg]
1 0.02967 0.59522
5 0.02966 0.59516
10 0.02964 0.59503
15 0.02962 0.59482
20 0.02960 0.59454

On the basis of the results obtained, the
increase in operating pressure results in the
reduction of the efficiency of gasification
reaction, but the operating temperature in-
fluences in a positive direction. The reac-
tion efficiency decreasing effect of the pres-

Figure 1. Reaction efficiency depending on the
temperature and operating tempera-
ture, during acacia gasification

We also investigated how the reaction ef-
ficiency changes with constant excess air
factor and temperature and with constant
moisture fuel. Figure 2. illustrates how the
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reaction efficiency varies depending on the
pressure in the case of 0.6 excess air factor.
During gasification at 800 °C, 15% is the
moisture content of the gaseous acacia
wood.

64%
y =-3.75E-05x2 - 1.46E-04x + 6.35E-01

z R? = 1.00E+00
c
3 63%
&=
[
c
0
B 62%
©
]
[

610ul 1 1 1 J

0 5 10 15 20
Pressure [bar]

Figure 2. Reaction efficiency as a function of
pressure, constant temperature, excess
air factor and moisture content

It can be noticed, that the increase in
pressure exponentially reduces the efficien-
cy of the reaction, so it is desirable to select
an unreasonable high pressure during the
gasification. A similar trend can be ob-
served when varying the excess air factor,
temperature and moisture content.

We also examined how the efficiency of
the reaction changes, if the excess air factor
and the moisture content of the solid fuel
are varied, while the temperature is con-
stant 800 °C and the pressure is 1 bar.

It can also be observed that by increasing
the excess air factor, the efficiency of the
reaction decreases drastically. Increasing
the moisture content of the fuel only slight-
ly reduces the efficiency of the reaction.
This is illustrated in Table 13. and Figure 3.

Table 13. Gasification reaction efficiencies at
800 °C temperature and 1 bar pressure.

I\élcc))rl]stte?‘rte Excess air factor [-]
[%] 0.5 0.6 0.7
10 80.10% 63.65% | 48.14%
20 79.49% 63.19% | 47.77%
25 79.16% 62.93% | 47.58%
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Figure 3. Efficiency at 800 °C depending on the
excess factor and the moisture content.

At the end of the analyses, we investigat-
ed how the electricity produced from the
synthesis gas from the gasification of the
wet wood relates to the electricity produced
from the combustion of the wet wood. We
call this amount electricity density change.
The method of calculation is shown in for-
mula (10).

€k gasification * legv b
te, = ==L 2, (10)
€k combustion * rlegv RC

where: Ae., is the electricity density
change, ey gasification 1S the specific energy
output of the gasification, ey compustion 1S
the specific energy output of combustion,
Negvp is the electrical efficiency of the
Diesel cycle wused during gasification,
Negv re s electrical efficiency of the Ran-
kine-Clausius cycle used during the com-
bustion.

The electrical efficiency of the Rankine-
Clausius cycle was 27%, while the energy
productions electrical efficiency with the
help of a gas engine was 36%, these
amounts are usual. The values obtained are
shown in Figure 4.
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Electrical energy density change [%]

N
o
1

AN
o
ek,
\ \
AY

N
)
L
Y
AY A N\

Moisture content [%]

Excess air factor [-]

Figure 4. Change in density of electrical energy
at 800 °C depending on the excess air
factor and the moisture content.

From Figure 4. it can be seen, that with
both increasing excess air factor and mois-
ture content, the energy density change var-
ies in an unfavorable direction. Increasing
the excess air factor results in a more inten-
sive change in the density of electricity than
the increase in moisture content, therefore
in case of a higher moisture content fuel,
gasification based electricity production
may be favorable.

Above the excess air factor, the energy
density change becomes negative, which
means that it is not possible to produce
more electricity from a unit of fuel using
gasification technology, than by using con-
ventional combustion technology.

6. Conclusion

During the analyses, we have shown that
the simulation of the gasification of woody
biomass is complex and complicated.
Furthermore, it has become apparent that
the moisture content of the raw material, as
well as the parameters related to the tech-
nology can be influenced greatly by the

excess air factor, temperature and pressure,
which causes variation in the heating value
of the synthesized gas produced. The anal-
yses showed that the moisture content, the
excess air factor and the pressure increase
result in a reduction in the reaction efficien-
cy, while temperature increase contributes
to the increase of the reaction efficiency.

From the results above, we can conclude,
that the efficiency of the gasification is the
highest in case of selecting the excess air
factor as 0.5. Since the moisture content
does not significantly influence the effi-
ciency of gasification, it can be used
effectively, in cases where the moisture
content of the fuel is relatively high (20-
25%).

By increasing the pressure, the efficiency

decreases exponentially, so it is not worth
choosing high pressure. Increasing the reac-
tion temperature above 800 °C slightly in-
creases the efficiency of the reaction, so its
increase is not purpose-oriented based on
economic considerations.
In our opinion, the efficient operation of a
power plant, using gasification technology
requires a very complex process, and re-
quires careful engineering work, but it is
worth using this technology. By applying
gasification technology, we are able to
build quick-start power plants capable of
producing electricity with higher efficiency
than in case of conventional incineration.
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