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a b s t r a c t
Combustion of heavy fuel oils is a major source of production of particulate emissions and ash, as well as
considerable volumes of SOx and NOx. Gasiﬁcation is a technologically advanced and environmentally
friendly process of disposing heavy fuel oils by converting them into clean combustible gas products.
Thermochemical equilibrium modeling is the basis of an original numerical method implemented in this
study to predict the performance of a heavy fuel oil gasiﬁer. The model combines both the chemical and
thermodynamic equilibriums of the global gasiﬁcation reaction in order to predict the ﬁnal syngas species distribution. Having obtained the composition of the produced syngas, various characteristics of the
gasiﬁcation process can be determined; they include the H2:CO ratio, process temperature, and heating
value of the produced syngas, as well as the cold gas efﬁciency and carbon conversion efﬁciency of the
process. The inﬂuence of the equivalence ratio, oxygen enrichment (the amount of oxygen available in
the gasiﬁcation agent), and pressure on the gasiﬁcation characteristics is analyzed. The results of simulations are compared with reported experimental measurements through which the numerical model is
validated. The detailed investigation performed in the course of this study reveals that the heavy oil gasiﬁcation is a feasible process that can be utilized to generate a syngas for various industrial applications.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
The main source of energy in modern civilization is achieved by
utilization of hydrocarbon fuels, including heavy fuel oil. In spite of
the available state-of-the-art technologies in the reﬁning industry
that can reduce signiﬁcantly the volume of reﬁnery bottom products [1], heavy fuel oils are still produced and play an important
role in providing energy worldwide [2]. Heavy oil is any petroleum-based fuel which contains the undistilled residue obtained
during the distillation process of crude oil. It is a thick, syrupy,
black, tar-like liquid which may become semi-solid in cooler temperatures and is often called bunker fuel oil (bunker C), furnace
fuel oil, or No. 6 fuel oil [3–5].
The high sulfur content of heavy fuel oils results in their combustion to produce considerable volumes of SOx; pollutants that
are the main causes of acid rains and responsible for low-temperature corrosion process [6]. Due to such shortcomings, many research efforts have been concentrated on improving the available
methods for utilization of heavy fuel oils. Gasiﬁcation is a technologically advanced and environmentally friendly process of disposing heavy fuel oils by converting them into usable gas products [7].
Gasiﬁcation and combustion originate from two different concepts. Combustion process is performed using excess air to ther⇑ Corresponding author. Tel.: +98 915 304 1809; fax: +98 511 876 3304.
E-mail address: mpfard@um.ac.ir (M. Passandideh-Fard).
0016-2361/$ - see front matter Ó 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.fuel.2010.10.011

mally decompose feed material into products dominantly
comprised of CO2, H2O, SOx, and NOx. In contrast, gasiﬁcation process takes the advantage of an oxygen/air starved environment to
convert feedstock into more valuable, environmentally friendly
product: a combustible synthetic gas (syngas) mainly consisting
of H2, CO, CH4, H2S, and NH3. Gasiﬁcation consistently exhibits
much lower level of air emissions and corrosive effects than competing technologies, such as combustion and incineration [8]. The
produced syngas can be used as a raw material for the synthesis
of chemicals, liquid fuels (in conjunction with Fischer–Tropsch
technology), or other gaseous fuels such as hydrogen [9]. In addition, the gasiﬁcation technology may be combined with a power
plant system to make an Integrated Gasiﬁcation Combined Cycle
(IGCC) that can provide efﬁciency well above 50% [1,10].
The many advantages of gasiﬁcation over combustion make it
feasible to review the possibilities of syngas production as an alternative technology for utilizing heavy fuel oils with their high sulphur/metal contents, while simultaneously not exceeding the
environmental red lines.
In spite of considerable investigations being conducted on gasiﬁcation of solid fuels [11,12], only a limited number of studies on
gasiﬁcation of liquid fuels are available in the literature most of
which concentrated on black liquor gasiﬁcation [13]. Ashizawa
et al. [14] made an experimental study on gasiﬁcation process of
Orimulsion™ (registered trademark of BITOR Ltd.), which is a bitumen-in-water emulsiﬁed fuel comprised of approximately 30%
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Nomenclature
x, y, z

numbers of atoms of hydrogen, oxygen, and nitrogen
per one atom of carbon in the feedstock; respectively
w, m, s the amounts of water, air, and steam per one kmol of
feedstock, respectively
ni
the number of moles of species i
MHFO
the mass of the heavy fuel oil
the mass of water
M H2 O
WC
the mass-based water content of the feedstock
a, b, c, f the number of carbon, hydrogen, oxygen, and nitrogen
atoms in a fuel molecule
x
the mole fraction of species i in the ideal gas mixture
v
the stoichiometric number

P
the standard pressure (1atm)
ntotal
the total number of moles of produced gas
K
equilibrium constant
~
R
the universal gas constant

water and 70% bitumen [15] (www.orimulsion.com). They employed a 2.4 tons/day research-scale gasiﬁer in order to investigate
the gasiﬁcation characteristics of Orimulsion™. The considered
gasiﬁer was equipped with several unique measuring devices, such
as heat ﬂux probes, optical gas analyzer, etc. Their results included
a range of performance indicators, such as the syngas caloriﬁc value and cold gas/carbon conversion efﬁciency. Recent modeling efforts on gasiﬁcation include the application of thermochemical
equilibrium approach through the gasiﬁcation of biomass materials [12,16]. These models are based on the minimization of Gibbs
free energy [16] or equilibrium constants [12].
In this paper, a zero dimensional model is developed for simulating a gasiﬁcation process of heavy fuel oils; the model takes the
advantage of thermochemical equilibrium approach based on equilibrium constants. The combination of the laws of conservation of
energy in an open system, conservation of atomic species, and the
laws of chemical equilibrium provides a novel numerical algorithm
that can be used in predicting the composition of syngas, and
investigating the effect of important variables such as gasiﬁcation
pressure on gasiﬁcation characteristics, e.g., H2:CO ratio. To validate the model, the results of simulations are compared with those
of the experiment performed by Ashizawa et al. [14]. The results of
the model are generated in a format that may be employed in the
design/optimization of actual heavy fuel oil gasiﬁers.
2. Mathematical modeling
In this study, a thermochemical equilibrium approach is employed to develop a numerical model for predicting the performance of a downdraft heavy fuel oil gasiﬁer. The main
assumptions of the model are as follows. The residence time of
the reactants is supposed to be high enough to reach chemical
equilibrium [17]; all carbon in feedstock is assumed to be gasiﬁed
and, therefore, the formation of char is neglected; the syngas is
comprised of H2, CO, CO2, H2O, CH4 and N2; and the gasiﬁer is considered to be adiabatic.
To develop the numerical model, the chemical formula of the
feedstock is deﬁned as CHxOyNz. The global gasiﬁcation reaction
can be written as:

CHX OY NZ þ wH2 OðliqÞ þ sH2 Oðv apÞ þ mðO2 þ 3:76N2 Þ
¼ nH2 H2 þ nCO CO þ nCO2 CO2 þ nH2 O H2 O þ nCH4 CH4
þ ðz=2 þ 3:76mÞN2



DGT
hf
HHV
C, H, O,

the standard Gibbs function of formation
the enthalpy/heat of formation
higher heating value
N, S, and A carbon, hydrogen, oxygen, nitrogen, sulfur,
and ash contents of feedstock, respectively
I
the constant of integration
J
a constant
DA, DB, DC, and DD the coefﬁcients for determining the speciﬁc
heat
T 
temperature
DhT
the enthalpy difference between any given state and the
reference state
 p ðTÞ
C
the speciﬁc heat at constant pressure
C1, C2, C3, C4, C5 constants
Sto
stoichiometric coefﬁcient
N
the number of gasiﬁcation products

Concentrations of H2S and NH3 are negligible [14] and, therefore, are not considered in the simulation. w in Eq. (1) is the molar
quantity of water per one kmol of heavy fuel oil and can simply be
obtained as:

w¼

M HFO  WC
MH2 O  ð1  WCÞ

For a fuel with a chemical formula of CaHbOcNf, the stoichiometric air/fuel ratio can be calculated based on the following relation
[18]:

1
1
Sto ¼ a þ b  c
4
2

ð3Þ

During the gasiﬁcation process, the feedstock is subjected to
partial pyrolysis under sub-stoichiometric conditions, therefore,
m (equivalence ratio) is assumed to be a fraction of the calculated
stoichiometric air (30–60%).
For the development of an equilibrium model, the number of
independent reactions has to be determined by applying the phase
rule, as described by Tassios [19]. In the case where no solid carbon
remains in the equilibrium state, as in the present model, only two
independent reactions need to be considered. Ashizawa et al. [14]
introduced water–gas shift reaction together with steam reforming
as dominant gasiﬁcation equations in their experiments on liquid
fuel gasiﬁcation. We use the same equations in this study because
as mentioned before, the reported measurements of Ashizawa
et al. will be used to validate the developed model. The two equations are:

Water—gas shift reaction : CO þ H2 O $ CO2 þ H2

ð4Þ

Steam reformingðMethane decompositionÞ :
CH4 þ H2 O $ CO þ 3H2

ð5Þ

The equilibrium constants of the above reactions generate two
of ﬁve equations required to obtain unknown species of the produced syngas (H2, CO, CO2, H2O, and CH4). The remaining three
equations are formulated by balancing each chemical element consisting of carbon, hydrogen, and oxygen. The equilibrium constants
for the gasiﬁcation processes can be written based on the following
[20]:

Y v
K¼
ðxi Þ i
ð1Þ

ð2Þ

i



P
ntotal

!P v i
i

ð6Þ
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Based on this equation, the equilibrium constants for the
water–gas shift and the steam reforming reactions are calculated
as follows:

K1 ¼

K2 ¼

ðnCO2 ÞðnH2 Þ
ðnCO ÞðnH2 O Þ

ð7Þ

4ðnCH4 ÞðnH2 O Þ

ð8Þ



P ðnCO ÞðnH2 Þ3

The values of the equilibrium constants, which are mere functions of temperature, can be calculated using the Gibbs free energy
[18]:


ln K ¼

DGT
~
RT

ð9Þ


The dependence of DG (the standard Gibbs function of formation) on temperature can be written as follows [21]:

22752:325
 7:951 ln T þ 4:354  103 T
T
0:0485  105
 0:3606  106 T 2 
þ 24:954
T2

dðDG =RTÞ hf
¼ 2
~
dT
RT

ð10Þ




The amounts of hf (the enthalpy of formation) and DG of common combustion products can be found in combustion/chemical
engineering books/handbooks [18,20,21].
Heat of formation of complicated molecular structures such as
heavy fuel oil is calculated using their caloriﬁc value (HHV) and
dry, ash-free ultimate analysis [18]. Channiwala et al. [22] presented a single correlation for estimating the caloriﬁc value from
dry-based ultimate analysis of liquid fuels as follows:

X





nj ðhf ;j þ DhT;j Þ ¼

ð11Þ

The above correlation is used to calculate the caloriﬁc value of
the heavy fuel oil and estimate its heat of formation.
Substituting Eq. (9) in Eq. (10) leads to:


hf
d ln K
¼ 2
~
dT
RT

ð12Þ

Since the heat of formation is a function of temperature, Eq. (12)
can be integrated as follows:

ln K ¼

Z



hf
dT þ I
~
RT 2

ð13Þ



where hf is linked to temperature, based on the following equation
[21]:

X





ni ðhf ;i þ DhT;i Þ

ð17Þ

i¼prod


Where DhT , which represents the difference in the enthalpy of any
given state and that of the reference state, can be approximated by:


DhT ¼

Z

T

C p ðTÞdT

ð18Þ

298

 p ðTÞ is the speciﬁc heat at constant pressure that can be obwhere C
tained by available empirical correlations for petroleum liquid fuels
[24] and gasiﬁcation products [21], respectively, as:

 p ðT fuel Þ ¼ 0:76 þ 0:000335ðT fuel Þ
C

HHV ¼ 0:3491C þ 1:1783H þ 0:1005S  0:1034O
 0:0151N  0:0211A

ð16Þ

To improve the model accuracy, the equilibrium constants are
multiplied by certain factors obtained from a comparison between
calculated results and those of the experiments performed by
Ashizawa et al. [14]. Jarungthammachote et al. [23] used the same
approach in their model.
The temperature of the gasiﬁcation zone also needs to be determined in order to calculate the equilibrium constants. For this reason, an enthalpy balance is performed on the gasiﬁcation process.
If the temperature in the gasiﬁcation zone is T and that of the inlet
is assumed to be 298 K, the enthalpy balance for this process can
be written as:

j¼react





ln K 2 ¼

 p ðTÞ ¼ C 1 þ C 2
C

2

2
C 3 =T
C 5 =T
þ C4
sinhðC 3 =TÞ
sinhðC 5 =TÞ

ð19Þ



ð20Þ

When the equilibrium constants are deﬁned, a system of equations will be obtained that need to be solved. Because of the
non-linear nature of some of the equations, the implicit Newton–
Raphson method is used where the solution is obtained by an
iterative procedure. This enhanced strategy ensured solution convergence. The procedure starts with an initial guess for the gasiﬁcation temperature. Equilibrium constants are then calculated and
the set of equations are subsequently solved to obtain the syngas
composition which in turn is used to determine the new gasiﬁcation temperature. This iterative procedure continues until the gasiﬁcation temperature does not change within a certain limit (much
less than 1 K) in successive iterations.
3. Results and discussion



hf
J
ðDBÞ 2 ðDCÞ 3 ðDDÞ
T þ
T 
¼ þ ðDAÞT þ
~
~
2
3
T
R
R

ð14Þ

Here J is a constant and DA, DB, DC, and DD are the coefﬁcients
for determining the speciﬁc heat. Considering the deﬁnition of
Gibbs function from Eq. (9) and substituting Eq. (14) into Eq. (13)
to perform the integration ﬁnally results in:



ðDBÞ
ðDCÞ 2 ðDDÞ
Tþ
T þ
DG ¼ J  RT ðDAÞ ln T þ
þI
2
2
6
2T


In this section, ﬁrst we present a model validation of the simulation results for a case for which experimental results were available in the literature. Next, a parametric study of the important
operating parameters is performed.
3.1. Model validation

ð15Þ

Eqs. ()(13)–(15) will be used to ﬁnd the equilibrium constant for

any reaction temperature. Having obtained the value of hf , the
knowledge of speciﬁc heat is sufﬁcient to determine the constant
J using Eq. (14) at the reference temperature of 298.15 K. Similarly,
the constant I is determined using Eq. (15) at the same temperature

where the value of DG is known. Having known the I and J con

stants, together with hf and DG , we can use Eq. (13) in order to
determine the equilibrium constant K. As an example, the equilibrium constant for steam reforming reaction is obtained as follows:

To validate the model, the extra-heavy oil (Orimulsion™) used
by Ashizawa et al. [14] is selected for which measurements are
available. The physical properties and chemical composition of Orimulsion™ are very close to those of heavy fuel oils (see Table 1)
[15]. This fact has been used by many researchers who conducted
experiments to compare the combustion/pollution characteristics
of Orimulsion™ with those of heavy oils [25,26]. Operating conditions selected for the simulation performed to validate the model,
were exactly the same as those of the experiments. The preferred
criteria in order to quantify the amount by which numerical results
differ from experimental values is the root mean square error
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Table 1
Properties of the extra heavy fuel oil (Orimulsion™) [14].
Physical properties
Flash point
Pour point
Density
Viscosity

>90 °C
<3–6 °C
1.0113 g/ml @ 15 °C
560 mPa.s @ 30 °C

Chemical properties
Proximate analysis
Water content
Ash
Residual carbon
Total-sulfur
HHV

Ultimate analysis (Dry)
28.8 wt.%
0.18 wt.%
12.84 wt.%
2.81 wt.%
29.76 MJ/kg

Carbon
Hydrogen
Oxygen
Nitrogen
Sulfur
Ash
Cl
F
Na
K

84.28 wt.%
10.33 wt.%
0.55 wt.%
0.64 wt.%
3.95 wt.%
0.25 wt.%
70 mg/kg
<10 mg/kg
20 mg/kg
4.1 mg/kg

Table 2
Comparison between numerical results and measurements [14] for syngas produced
from Orimulsion™.
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ﬃ
PN
2
(RMS error ¼
ðExperiment

Model
Þ
=N
) which is the root
i
i
i¼1
square of the variance and summarizes the overall error [27].
The results of the model for the composition of the syngas and
its corresponding caloriﬁc value are presented in Table 2 along
with the measurements. A graphical representation of this table
is also shown in Fig. 1. As observed from both Table 2 and Fig. 1,
the model predictions agree well with those of the experiments.
This comparison validates the model and its underlying assumptions. It is observed that for H2 and CO, the proposed equilibrium
model shows a slight over prediction. For CH4, however, the model
under predicts the experimental value. This was expected as reported in all equilibrium modeling [23,28]. In the numerical model,
the equilibrium constant of the steam reforming reaction tends to
inﬁnity at the elevated temperatures of the reduction zone [12];
therefore, the predicted CH4 concentration in the syngas will be
small. In a real gasiﬁer, devolatilization of fuel gives higher contents of CH4 and heavier hydrocarbons (e.g., CxHy), which do not react completely with equilibrium concentrations of CO, CO2, and H2
[29]. Therefore, an equilibrium state is not established and higher
methane content is detected in the measurements.
3.2. Parametric study

Operating Conditions [14]
Equivalence ratio
Gasiﬁcation pressure
Gasiﬁcation agent

0.4
18.75a atm
oxygen

Syngas from Orimulsion™

H2
CO
CO2
H2O
CH4
Others (considered as N2)
HHVb
RMS error
a
b

Experimental

Numerical

39.4 vol.%
38.7 vol.%
8.67 vol.%
11.85 vol.%
0.08 vol.%
0.38 vol.%
9.5–10.5 MJ/m3
0.54

39.77 vol.%
39.83 vol.%
8.9 vol.%
11.34 vol.%
0.01 vol.%
0.15 vol.%
10.1 MJ/m3

Maximum operating pressure reported.
The extent where the caloriﬁc value ranges.

Having validated the model, it was used to simulate the gasiﬁcation process for a widely used commercial heavy fuel oil. The
physical/chemical properties of this fuel are given in Table 3. The
results of the simulations for a typical gasiﬁcation process along
with the corresponding operating conditions are presented in
Table 4.
A parametric study was performed for the effects of equivalence
ratio, enrichment of oxygen in air, and operating pressure. A number of different criteria, which are frequently quoted for gasiﬁcation processes, are employed to investigate the effect of each
parameter while holding the others constant. These criteria includes: syngas composition and its caloriﬁc value, gasiﬁcation temvalue in producedsyngas ½MJ
perature, cold gas efﬁciency (CGE ¼ Heating

Heating value in feed stock ½MJn
100)
and
carbon o conversion
efﬁciency
(CCE ¼ 1
Carbon in gasification residue ½kmol
 100).
Carbon in feedstock ½kmol

Fig. 1. Graphical comparison between numerical and experimental results for the composition of syngas produced from Orimulsion™.
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Table 3
Properties of the heavy fuel oil selected for the simulation [4,5,30].
Physical properties
Flash point
Pour point
Boiling point
Auto-ignition point
Density
Viscosity

>60 °C
<30 °C
>260 °C
400 °C
0.95 g/ml @ 15 °C
2400 mPa.s @ 30 °C

Chemical properties
Proximate analysis
Water content
Ash
Total-sulfur
HHV

Ultimate analysis (Dry)
0.3 wt.%
0.1 wt.%
2.2 wt.%
473.2 MJ/kg

Carbon
Hydrogen
Oxygen
Nitrogen
Sulfur
Ash

86.25 wt.%
11.05 wt.%
0.0 wt.%
0.4 wt.%
2.2 wt.%
0.1 wt.%

Table 4
The operating conditions of a typical gasiﬁcation process along with the results of the
simulation.

Fig. 2. Effect of equivalence ratio on syngas composition.

Operating Conditions
Equivalence ratio
Gasiﬁcation pressure
Gasiﬁcation agent
Air inlet temperature
Fuel inlet temperature

0.4
10.0 atm
oxygen
298.0 K
400.0 K

Results
H2
CO
CO2
H2O
CH4
N2
HHV

39.968 vol.%
53.852 vol.%
2.783 vol.%
3.275 vol.%
0.006 vol.%
0.116 vol.%
11.9 MJ/m3

3.2.1. Equivalence ratio
The effect of equivalence ratio – the ratio of virtual air/oxygen
to stoichiometric air/oxygen – on syngas composition, gasiﬁcation
temperature and its caloriﬁc value, and cold gas and carbon conversion efﬁciencies are shown in Figs. 2–4. All calculations were
performed at a 10 atm pressure with an air inlet temperature of
400 K and considering pure oxygen as the gasiﬁcation agent;
resulting in the equivalence ratio to range between 0.32 and 0.7.
The syngas species distribution presented in Fig. 2 shows that
an equivalence ratio of 0.32 corresponds to an ideal gasiﬁcation
process where the only species produced are those of H2, CO, and
CH4. For this condition, the syngas consists of 34.7% H2 and 57.5%
CO by volume. The CO2 and H2O species made a negligible contribution to the syngas mixture with 0.021% and 0.015%, respectively.
As the equivalence ratio is increased, the process approaches a
combustion region with a tendency to produce more CO2 and
H2O as such that for an equivalence ratio of 0.7 the volume percent
of CO2 and H2O rises to 24.2 and 28.7, respectively. As expected,
with increasing the equivalence ratio, the gasiﬁcation temperature
is also increased as displayed in Fig. 3. Thus, the CH4 dissociates to
H2 [12] and, as a result, the CH4 content of the syngas drops sharply
until its concentration becomes nearly zero for an equivalence ratio of 0.37 (see Fig. 2). It is indicated that higher temperature promotes thermal cracking and steam reforming of tar. In addition,
according to Le Chatelier’s principle [31], higher temperature favors the products of endothermic steam reforming reaction; resulting in higher carbon conversion and more hydrogen production.
Fig. 3 also shows the variation of the syngas caloriﬁc value against
the equivalence ratio. Up to an equivalence ratio of 0.37, in spite of

Fig. 3. Effect of equivalence ratio on the syngas caloriﬁc value and gasiﬁcation.
Temperature.

the increase of H2, the caloriﬁc value of the syngas is decreased
sharply. This can be attributed to the decrease of CH4 with a high
caloriﬁc value equal to three times that of H2. Beyond an equivalence ratio of 0.37, the reduction of both H2 and CO concentrations
is the reason for the decrease of the syngas caloriﬁc value. The ﬁgure shows that the syngas caloriﬁc value that can be obtained
using the gasiﬁcation process can be as high as 15 MJ/m3. This
amount for the syngas is a noticeable value considering that the
minimum caloriﬁc value required for a gas in order to be used in
gas engines and gas turbines according to [32,33] is approximately
3.0 MJ/m3 and 6.0 MJ/m3, respectively. Fig. 4 presents the inﬂuence
of the equivalence ratio on the CGE and CCE. As observed, for a
wide range of variation of the equivalence ratio (less than 0.65),
a CGE higher than 70% can be achieved. Regarding the CCE, as
the equivalence ratio is increased (i.e., the gasiﬁcation process approaches combustion) less carbon of feedstock is burnt out to
satisfy the endothermic nature of gasiﬁcation reactions;
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Fig. 4. Effect of equivalence ratio on gasiﬁcation efﬁciency.
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Fig. 5. Effect of oxygen enrichment on syngas composition.

consequently, the volume of carbon gasiﬁed into gaseous products
increases, which in turn results in the CCE to be increased. The ﬁgure also shows a sharp increase of the CCE below a certain value of
equivalence ratio; the same variation is reported from experiments
performed by Ashizawa et al. [14].
3.2.2. Oxygen enrichment
From a technical viewpoint, there is a fundamental choice of
gasifying the heavy fuel oil with air and gasifying with oxygen.
On paper there is not much to choose between the two. Financially,
the decreased size of the gas production unit and treating equipment and of the steam cycle for an oxygen-blown system almost
exactly compensates the additional investment cost of the air separation unit. Similarly, the operating cost savings achieved by not
compressing all the nitrogen in the air to the gasiﬁcation pressure
more or less balances the energy requirement of the oxygen plant.
Several South African companies (a major syngas producer in
the world) have investigated the use of oxygen enrichment as a
means of improving the gas quality and energy output of the standard plant operating on various feedstock (mainly coal in South
Africa) [34]. Technically, improvement occurs in two ways: (1)
with higher oxygen concentrations, the heating value of the gas
is increased, since there is less diluents nitrogen in the produced
syngas stream, (2) the greater amount of biomass processed
through a given producer unit enhances the potential for reduced
capital for a given MJ requirement; that is, for a given capital
investment, greater gasiﬁer capacity is available.
The signiﬁcant effects of increasing oxygen available in the gasiﬁcation agent can be seen in Figs. 5 and 6. The results were obtained using an equivalence ratio of 0.37 (the optimum value
based on the discussion given in previous section), a gasiﬁcation
pressure of 10 atm, and an air inlet temperature of 298 K. The oxygen enrichment varied from 21% (equivalent to the amount of oxygen available in the atmospheric air) to 100% (pure oxygen); this
covers a wide variety of gasiﬁcation processes including the gasiﬁcation with air, oxygen-rich air, and pure oxygen.
The inﬂuence of oxygen enrichment on the syngas composition
is given in Fig. 5. As seen from the ﬁgure, the gasiﬁcation with air
produces a syngas with low hydrogen content (less than 20% by
volume). As the amount of oxygen is increased, the H2 and CO contents of the syngas are also increased as such that for an oxygen
enrichment value of 100% the H2 content of the syngas increases

Fig. 6. Effect of oxygen enrichment on the syngas caloriﬁc value and gasiﬁcation
temperature.

to a considerable value of 42.5%. This variation can be explained
as follows. The increase of oxygen enrichment means less amount
of N2 content available in the gasiﬁcation agent which in turn
translates in less carbon being combusted to produce CO2 in order
to maintain the heat balance. As a result, the more carbon contributes to the gasiﬁcation process leading to a higher concentration of
useful syngas (H2 + CO).
Fig. 6 shows that when the oxygen content of the gasiﬁcation
agent is increased, the syngas caloriﬁc value and gasiﬁcation temperature are noticeably increased. The caloriﬁc value varies from
an amount of 6 MJ/m3 for 21% of oxygen (air) to 12.5 MJ/m3 for
100% of oxygen, and the gasiﬁcation temperature from 1300 to
2135 K. The main reason for these variations is the amount of heat
required to raise the N2 (which acts as a thermal sink) from its inlet
temperature of 298 K to the gasiﬁcation temperature.
The effect of oxygen enrichment on gasiﬁcation efﬁciency is displayed in Fig. 7. As the oxygen enrichment increases from 21% to
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Fig. 7. Effect of oxygen enrichment on gasiﬁcation efﬁciency.

Fig. 8. Effect of gasiﬁcation pressure on syngas composition.

30%, the CGE increases as much as 1.3%. More increase of the oxygen enrichment, however, has no signiﬁcant effect on the CGE; the
same result is reported by Mathieu et al. [35]. Fig. 7 also shows a
decrease of the CCE with increasing the oxygen enrichment. As
mentioned above, the reduction of the rate of combustion of carbon burnt out in the gasiﬁer, results in the volume of carbon gasiﬁed to decrease, therefore, the CCE reduces.
Regarding technical/ﬁnancial issues, utilizing commercial air
separators based on membrane technologies is a new approach
to keep the investment and operational costs relatively low. However, compared to distillation units, allows the oxygen to vary in
purity merely up to 40% in the enriched air [36]; this level of
enrichment would meet a majority of requirements for most of
the purposes.
3.2.3. Gasiﬁcation pressure
The effects of pressure variations on composition of syngas, its
caloriﬁc value, and the gasiﬁcation temperature are also investigated. While the pressure ranged from atmospheric pressure to
80 atm, the equivalence ratio (0.37), gasiﬁcation agent (air), and
air preheating temperature (298 K) were kept unchanged.
Fig. 8 gives the syngas composition as a function of gasiﬁcation
pressure. The diagram is plotted logarithmically, due to the miniature changes in species concentrations. It is observed that the
amount of CO and H2 decrease slightly as the pressure increases.
The CH4, CO2, and H2O contents, however, grow with increasing
pressure. This trend, reported in the literature for other feedstocks
[35,37], can be explained in accordance with Le Chatelier’s principle [31].
The effect of gasiﬁcation pressure on the syngas caloriﬁc value
and gasiﬁcation temperature are presented in Fig. 9. Although
increasing pressure reduces the rate of production of CO and H2,
the syngas caloriﬁc value does not decrease due to the increasing
generation of CH4. As observed from Fig. 9, the gasiﬁcation temperature starts rising as the gasiﬁcation pressure increases. This is because the endothermic behavior of the process dilutes with
increasing pressure, which is expected as all the reactions responsible for conversion of char into gaseous product reverse at higher
pressures in accordance with Le Chatelier’s principle [12]. A close
inspection of the detailed results obtained from the simulations
show that the gasiﬁcation efﬁciency (both CCE and CGE) is not sensitive to the pressure changes. Increasing pressure from 10 to

Fig. 9. Effect of gasiﬁcation pressure on the syngas caloriﬁc value and gasiﬁcation
temperature.

80 atm reduced the CGE by a maximum of 1.06%. The increase of
CH4 concentration, which compensates the decrease of H2 and
CO, results in such behavior. As observed, the gasiﬁcation pressure
has no signiﬁcant effects on gasiﬁcation characteristics. In reality,
however, the gasiﬁcation under pressure is economically preferred
over pressurizing the syngas in downstream equipments such that
all modern processes are operated at a pressure of at least 10 atm
and up to a maximum 100 atm [38].
Finally, the effect of operational conditions, consisting of equivalence ratio, oxygen enrichment, and gasiﬁcation pressure, on syngas H2:CO ratio is plotted in Fig. 10. The syngas quality is usually
characterized by the H2:CO molar ratio, typically around 0.4–
0.7:1, which can be further adjusted by steam reforming and shift
chemistry. As it can be observed, an equivalence ratio of 0.37 represents the maximum H2:CO ratio (i.e., 0.76). Beyond a value of
0.37, the greater the equivalence ratio, the lower the H2:CO ratio
is obtained. Increasing the oxygen enrichment increases the
amount of both H2 and CO with nearly the same rate (see Fig. 5);
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Fig. 10. Effects of equivalence ratio, oxygen enrichment, and gasiﬁcation pressure
on syngas H2:CO ratio.

as a result, the H2:CO ratio remains constant. Fig. 10 also shows
that the increase of gasiﬁcation pressure from atmospheric pressure to 80 atm results in a small reduction of H2:CO ratio from
0.75 to 0.65.
4. Conclusion
A numerical algorithm based on thermochemical equilibrium
approach was developed for the simulation of the heavy fuel oil
gasiﬁcation process. The model can predict the produced syngas
species distribution and gasiﬁcation characteristics under actual
operating conditions. The model was validated by a comparison
of the numerical results with those of the measurements. Through
a parametric study, it was shown that the gasiﬁcation of heavy fuel
oil at a low equivalence ratio of 0.32, makes it possible to obtain a
syngas with a considerable caloriﬁc value of about 15 MJ/m3. A
syngas with such heating value is suitable for applications like
gas turbines that consume high caloriﬁc value gases. Taking the
advantage of pure oxygen as gasiﬁcation agent results in producing
a high caloriﬁc value and hydrogen-rich syngas with hydrogen
content of 42.5% by volume and H2:CO ratio of about 0.76. A syngas
with such a high H2:CO ratio can be used in the methanol synthesis
process and in the production of pure hydrogen for fuel cell applications. The parametric study also revealed that the gasiﬁcation
pressure had no signiﬁcant effects on gasiﬁcation characteristics.
The simulations performed in the course of this study suggest
that the heavy oil gasiﬁcation is a feasible process that can be utilized to generate a syngas for various industrial applications. The
developed numerical model can be employed for the design and
optimization of such gasiﬁers.
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