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Due to the irregular availability of natural gas, coal has been proposed as
an alternative source for the production of synthesis gas in steel plants.
This study simulated a coal gasification unit aimed at producing synthe-
sis gas. The developed model was initially validated using available ref-
erence data, confirming its reliability and accuracy. Using Tabas coal as
feedstock, the gasification process was simulated in Aspen Plus software
using an entrained-flow gasifier. Sensitivity analysis was conducted on the
type of coal, as well as the water-to-coal and oxygen-to-coal ratios, to iden-
tify key factors affecting the gasification process. The key results show
that approximately 22 tons per hour of Tabas coal are required to produce
77000 Nm?/h of syngas, sufficient to support the production of 110 tons
per hour of sponge iron. Process water consumption is around 0.3 times
the coal input, with a cooling and quenching water-to-coal ratio of approx-
imately 1.7, much of which is reused. Significantly, additional water is not
required for the water-gas shift reaction due to syngas quenching within the
gasifier. The study confirmed that the type of coal and the ratios of water-
to-coal and oxygen-to-coal are critical parameters, with high-quality Tabas
coal demanding lower amounts of oxygen and water for syngas production
compared to lower-grade coals. This research serves as a valuable guide for
improving the efficiency and productivity of coal gasification units in the
steel industry. Overall, the findings indicate that using coal for synthesis gas
production has great potential in meeting energy demands and enhancing
productivity in the steel industry.
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1 Introduction

The iron and steel industry, which plays a crucial role
in stabilizing economic growth and employment, is vi-
tal to a nation’s industrial and economic development.
Moreover, the steel industry is one of the most energy-
intensive sectors, accounting for the largest share of
energy consumption across all industrial sectors. To
reduce Carbon Dioxide (CO,) emissions and address
the high energy consumption in the steel industry, Di-
rect Reduction Iron (DRI) technology has been devel-
oped and has rapidly advanced. DRI is a process that
converts iron ore into sponge iron at temperatures be-
low the melting point. This method offers several ad-
vantages, such as lower pollution, reduced energy con-
sumption, and immunity to the limitations caused by a
shortage of coking coal, compared to the traditional ro-
tary kiln method for iron production. Furthermore, the
sponge iron produced via the DRI process is character-
ized by low levels of impurities such as sulfur, phospho-
rus, silicon, and other harmful contaminants, making it
an essential raw material for manufacturing high-grade
steel. Various methods exist for producing sponge iron
through direct reduction. For example, in India — one
of the world’s largest producers of DRI sponge iron —
two primary DRI production methods are employed:
one uses small-scale rotary kilns that rely on coal and
iron ore, while the other utilizes large-scale shaft fur-
naces that operate with natural gas and iron oxide pel-
lets. Since the capacity of rotary kilns is limited and
cannot fully meet the requirements of steel plants, the
use of natural gas has become more common. However,
when the availability of natural gas is also constrained,
coal gasification emerges as a suitable alternative.
Coal gasification itself encompasses various types —
such as fixed-bed, fluidized-bed, and others — and all
these processes rely on the partial oxidation of carbon-
containing feedstocks [1-4]. Subsequent studies on the
simulation of the coal gasification process have exam-
ined the units used to define the gasifier, the parame-
ters influencing the process, and the expected results.
Nayak et al. [5] used Aspen Plus to simulate coal gasifi-
cation in a fluidized bed, integrating pyrolysis, combus-
tion, and steam gasification. They found that increas-
ing the steam-to-coal ratio lowered (Carbon Monox-
ide) CO and Methane (CH,) while raising Hydrogen
(Hy) and CO,, highlighting the importance of operat-
ing conditions in gasification. Liu et al. [6] developed
a simulation model for a pressurized fluidized bed gasi-
fier with an ash agglomerator using a sequential mod-
ular method with recycle loops. Their model, which
incorporated both hydrodynamic and kinetic parame-
ters computed via the PR-BM equation, matched ex-

perimental data well and demonstrated that optimizing
oxygen-to-coal and steam-to-coal ratios can control the
H,/CO ratio.

Hu et al. [7] optimized the effective syngas frac-
tion (Hy + CO) in an entrained-flow gasifier using
the Taguchi method, Response Surface Methodology
(RSM), and the Nelder-Mead algorithm. Their study
showed that the oxygen-to-coal ratio is key to maintain-
ing stable syngas composition, with pressure also play-
ing a regulatory role. Rudra Paol et al. [8] simulated
gasification of high-ash Indian coal in a fluidized bed,
varying the steam-to-coal ratio and temperature while
keeping the feed rate and air-to-coal ratio constant.
Their results demonstrated that hydrogen production
increases with steam-to-coal ratio up to a certain tem-
perature, whereas CO, CH,, and CO, respond differ-
ently to changes in temperature and steam-to-coal ra-
tio, affecting overall carbon conversion. Dang et al. [§]
simulated Shenmu coal gasification by dividing the pro-
cess into pyrolysis and gasification stages. Their model,
which included preheating, mixing, heat exchange, sep-
aration, and cooling (with both direct and indirect heat
transfer), showed that higher water-to-coal ratios at
lower temperatures boost hydrogen production and re-
duce CO and CO,, with a novel quench loop improving
water recycling and process stability. Zhang et al. [9]
created a five-unit thermodynamic equilibrium model
for Synthetic Natural Gas (SNG) production from coal
gasification in Aspen Plus (V10), considering both dry
and slurry feed as well as bituminous and lignite coals.
Sensitivity analysis revealed that the O,/coal ratio is
critical — an optimal value of 0.6 yields high-quality
SNG — while CO, flow and water-to-coal ratios also sig-
nificantly influence the higher heating value and over-
all gas quality. Shahabuddin et al. [10] simulated coal
gasification using various reactants to maximize hydro-
gen yield, validating their model against experimental
data. They found that steam-O, reactants provided
the highest H,/CO ratio (0.74), and catalytic water-
gas shift reaction (WGSR) at 400 °C (steam/coal ratio
1.2) ensured complete CO conversion for optimal H,.

Zhou et al. [11] simulated and optimized a two-
stage pulverized coal gasification process in Aspen
Plus for hydrogen-rich production, studying gasifica-
tion pressure, steam-coal ratio (SCR), and oxygen-
coal ratio (OCR). They identified optimal conditions
(SCR 0.3, OCR 0.53) yielding 77.78 g/kg coal H,,
48.38% higher than single-stage gasification. Saufis-
han et al. [12] developed a kinetic model in Aspen
Plus for corn stover gasification to optimize hydrogen
production. Their findings indicated that steam gasifi-
cation achieved a maximum hydrogen production effi-
ciency (HPE) of 59%, superior to air gasification (26%),
with an optimal gasifying agent flow rate of 1200 kg/h
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at 900°C. Yinan et al. [13] developed a thermody-
namic model of a Shell entrained flow coal gasifier in
Aspen Plus for Integrated Gasification Combined Cy-
cle plants (IGCC) power plants, validating it against
published data. Their analysis showed that the oxygen-
to-coal ratio is the most significant parameter (optimal
~ 0.85), while the water-to-coal ratio critically influ-
ences hydrogen concentration and syngas composition
based on energy availability. J. Zhang et al. [14] mod-
eled a dual-fluidized bed biomass gasification process
in Aspen Plus to investigate operational control char-
acteristics and parameter influence. They found that
fuel feed rate and circulating bed material correlated
positively with gas heat value, carbon conversion, and
efficiency, while air equivalent ratio and steam/biomass
ratio showed varied effects on gas production rate, car-
bon conversion, and gas heat value.

Y. Zhang et al. [15] developed a kinetic-free thermo-
dynamic model in Aspen Plus for SNG production via
coal gasification in an entrained flow gasifier, validated
against empirical data. They identified the O,/coal
ratio as a key factor (optimal 0.2-0.6 for Coal gas ef-
ficiency (CGE)), finding that increasing CO, flow im-
proved syngas Higher Heating Value (HHV), while in-
creasing the water-to-coal ratio decreased HHV.

Notably, all these studies employ several reactors
and separators to define the gasifier, due to the ab-
sence of a dedicated gasifier process unit in the Aspen
software. Consequently, in simulating the unit, various
processes occurring throughout the gasifier (such as de-
hydration, pyrolysis, gasification, separation of volatile
materials, etc.) are simulated using different equip-
ment. While recent studies have significantly advanced
coal and biomass gasification modeling- exploring var-
ious reactor configurations, kinetic mechanisms, and
optimization strategies for specific products like hy-
drogen or SNG- a critical research gap persists in the
comprehensive and integrated simulation of the entire
coal-to-synthesis gas process specifically designed and
optimized for direct application within steel plants. Ex-
isting simulations often focus on isolated gasifier units,
employ generic coal types, or target different end prod-
ucts, overlooking the specific insights crucial for opti-
mizing industrial processes that rely on particular lo-
cal feedstocks, such as Tabas coal. Furthermore, de-
spite advancements, a detailed and integrated modeling
of crucial downstream processes, especially rapid syn-
gas quenching for accurate process water management,
has not been fully presented within such comprehen-
sive steel-plant oriented simulations. Addressing this
gap is of paramount importance for the steel indus-
try, particularly in regions facing fluctuating natural
gas supplies, as it enables the optimized utilization of
indigenous coal resources like Tabas coal, leading to

enhanced energy efficiency, reduced operational costs,
and a more sustainable domestic supply of synthesis
gas for sponge iron production.

In this study, for the first time, all the operational
units required for converting coal into synthesis gas for
a steel plant have been simulated using Aspen Plus
V14. Moreover, unlike previous research, the rapid
quenching process in the gasifier has been fully modeled
to allow for a more precise calculation of the process
water requirement.

2 Material and Methods

2.1 Base simulation

In this section, the initial simulation was performed
as a reference and compared with experimental data
and other models to verify the simulation approach
and input data. The simulation describes a Gibbs free
energy-based model for Texaco entrained-flow gasifiers
and follows the modeling approach proposed by Wen
and Chang [16,17]. The key features of the model in-
clude:

e Steady-State Operation: The model is carried
out under steady-state conditions.

e Comprehensive Process Representation: It cap-
tures the main physical and chemical processes
within the gasifier, including coal pyrolysis,
volatile combustion, and coke gasification.

e Instantaneous Mixing: It is assumed that the
gaseous phase is instantly and completely mixed
with the solid phase.

e Negligible Pressure Drop: The pressure drop in
the gasifier is disregarded.

2.1.1 DMaterial specifications

During the gasification process, various materials and
compounds are produced. This section presents their
corresponding chemical components (Table 1).

2.1.2 Pilot gasifier process description

The pilot gasifier, whose data is used to evaluate the
simulation in this project, is briefly reviewed here. The
Texaco gasifier is an entrained-flow design. This steel
vessel — with a diameter of 5.1 meters and a length of
1.6 meters — is internally divided into two sections. The
upper section is lined with a special refractory material
designed to withstand harsh operating conditions and
is dedicated to coal gasification. In this process, pow-
dered coal (with particle sizes smaller than 500 pym) is
mixed with water to form a coal-water slurry, which,
together with oxygen, is fed into the upper section.
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Table 1. Chemical Components Used in the Model
[16,17].

ID Type Name Formula
(02 Conv Oxygen (02
CO Conv | Carbon-Monoxide CcO
H, Conv Hydrogen H,
COq Conv Carbon-Dioxide CO,
H,O Conv Water H,O
H,S Conv | Hydrogen-Sulfide H,S
N, Conv Nitrogen N,
CH, Conv Methane CH,
CgHg* Conv Benzene CgHg
C Solid | Carbon-Graphite C
S Solid Sulfur S
COAL NC — —
CHARI1* NC — —
CHAR2* NC — —
ASH NC — —

Here, coal pyrolysis, volatile combustion, and coke
gasification occur to produce synthesis gas under oper-
ating pressures of 20-50 atmospheres and temperatures
exceeding 1000°C [16,17]. The lower section serves as
a cooling chamber. A water reservoir continuously sup-
plies cooling water at the bottom, where ash and syn-
thesis gas exit from the upper section. The ash remains
in the water and is later removed, while the saturated
synthesis gas is drawn from above the water. Although
commercial petroleum-based gasifiers are designed to
operate at pressures up to 80 atmospheres, the coal-
based pilot unit is designed for a maximum pressure of
28 atmospheres [18].

2.1.3 Physical properties and feed specifica-
tions

In this project, the Redlich-Kwong-Soave (RK-
SOAVE) method is used to calculate the physical prop-

erties of conventional mixture components as well as
Conventional Insoluble Solid (CISOLID) components.
To evaluate the unconventional components, the En-
thalpy Coal Generate (HCOALGEN) and Density Coal
Ignore Trace (DCOALIGT) models are employed for
determining enthalpy and density, respectively. The
HCOALGEN model requires three key analyses for the
unconventional components:

e Proximate Analysis (PROXANAL): Provides
the weight fractions of moisture, fixed carbon,
volatile matter, and ash.

e Ultimate Analysis (ULTANAL): Gives the weight
percentages of ash, carbon, hydrogen, nitrogen,
chlorine, sulfur, and oxygen.

e Sulfur Analysis (SULFANAL): Breaks down the
sulfur content into pyritic, sulfate, and organic
sulfur fractions.

Table 2 presents the characteristics of the coal compo-
nent used in the base model, adopted from the model-
ing work of Wen and Chuang [16,17]. Based on these
specifications, the coal’s enthalpy and density are cal-
culated. The same procedure is applied to the char
and ash produced during coal conversion; their en-
thalpy and density are determined using the same mod-
els, with analysis results obtained from a mass balance
based on the original coal analysis data and the amount
of gasified product. Since Aspen Plus does not offer a
dedicated graphical block for a gasifier, several reactors
are used for the simulation. For example, when coal
enters the gasifier, it first undergoes pyrolysis to con-
vert into volatile products and char. The corresponding
chemical reaction is shown in Equation (1):

Coal — Char + CO + H, + H,0 + CO,
+CH, +H,S+ Ny, + CgHg (1)

Table 2. Feed Coal Specifications [16,17]

Proximate analysis Ultimate analysis Sulfur analysis
Element Value (wt.%) | Element | Value (wt.%, dry basis) | Element | Value (wt.%, dry basis)
Moisture (wet basis) 0.2 C 74.05 Pyritic 0.59
Fixed carbon (dry basis) 58.01 H 6.25 Sulfate 0.59
Volatile matter (dry basis) 26.46 N 0.71 Organic 0.59
Ash (dry basis) 15.53 Cl 0.37
S 1.77
O 1.32
Ash 15.53

In the presented model, the volatile components
include CO, H,, Water (H,0), CO,, CH,, Hydrogen
Sulfide (H,S), Nitrogen (N,), and Benzene (CgHg). A

separate reactor is designated for these reactions, and
the yield of coal conversion into char and volatiles is
presented in Table 3 based on laboratory results by
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Wen and Chuang. For a more precise outcome, Equa-
tion (2) can be employed and the conversion yield ad-
justed according to the reactor’s operating pressure (24
atm) [16,17].

Vo=Vi(l—alnP;) (2)

where V; is total yield of volatiles at 1 atm, V5 is total
yield of volatiles at the pressure of the real gasifier, P,
is pressure in real gasifier (atm.), and « is a constant.
In this model, o = 0.066.

Table 3. Coal Conversion Yield to Char and
Volatiles at 1 atm [16,17].

Components | Yield (mass basis on original coal)
CO 0.0059
H, 0.0084
CcO, 0.003
H,O 0.0079
H,S 0.0094
N, 0.0035
CH, 0.1637

CsHg 0.071
Char 0.7272
Total 1

2.1.4 Unit flow sheet

Figure 1 presents the overall flow of the coal gasifica-
tion process. In this model, the cooling section for the
hot gas is not simulated. The function of each block is
detailed in Table 4, while additional feed specifications
are provided in Table 5. Blocks B1 and B2 are used for
simulating coal pyrolysis, Block B3 models the volatile
combustion process, and Block B7 is dedicated to coke
gasification. The remaining blocks assist in simulating
these three main processes. As shown in Table 5, the
coal is preheated to a temperature range of 100-300 °C,
which facilitates easier transfer and improves gasifica-
tion efficiency [16,17].

2.1.5 Examination of the base simulation re-
sults

Based on the input conditions provided in the previ-
ous section, the gasifier output results were obtained
and are presented in Table 6 as part of the Aspen
Plus model. For comparison, the results from Wen and
Chaung’s work are also shown in the table. It is evident
that Wen and Chaung’s results more closely match the
experimental data. In the base simulation, the CO flow
rate and carbon conversion are slightly higher than the
experimental values, while the CO, flow rate is some-
what lower.

Table 4. Explanation of the Base Simulation Blocks

Block | Model
B1 RYield

Function
Simulation of coal pyrolysis based
on pyrolysis test results at 1 atm
pressure.

B2 RYield | Adjustment of each product’s yield
from the pyrolysis test pressure
(i.e., 1 atm) to the actual gasifier
pressure.

Stoichiometric modeling of volatile

gas combustion.

B3 RStoic

B4 Sep2 Separation of gases and char.

B5 RStoic | Conversion of char into C, Hy, O,,
N,, S, and ash.

B6 Mixer | Mixing of the feed and steam.

B7 RGibs | Gasification of the feed mixture.

The discrepancies in the CO and CO, flow rates
and carbon conversion may stem from several factors:
the use of Gibbs free energy instead of stoichiomet-
ric relations, the lack of direct consideration of reactor
dimensions and residence time, and the higher gasi-
fier outlet temperature calculated by base model. In
the presented model, the outlet temperature is 1766 K
compared to around 1422 K in the Wen and Chaung
model. The higher temperature accelerates the reac-
tions between solid carbon and gases (i.e., Equations
(3) to (6)), resulting in a higher carbon conversion than
observed experimentally. Additionally, differences in
the CO and CO, flow rates are linked to Equation (7),
an exothermic reaction. A temperature increase causes
this reaction to shift in the reverse direction — leading
to a higher production of CO and a lower production
of CO,. Consequently, the elevated temperature re-
duces the simulated CO, flow rate while increasing the
simulated CO flow rate.

1 1 2
c+o2—>2(1>co+(1>co2 3
® ¥ ®

(
C+H,0 — CO +H, (
C+CO, — 2CO (5
C+2H, — CH, (
CO +H,0 — CO, + H, (

 is a coefficient that depends on the diameter of coal
particles. There are two reasons why the base sim-
ulation results in a higher gasifier temperature. The
first reason is the coal combustion heat (HCOMB). In
the base model, the HCOMB of the coal is calculated
using the Boie correlation in Aspen Plus due to the
lack of precise experimental data. However, HCOMB
has a significant impact on the coal’s enthalpy; an in-
accurate value for HCOMB may lead to an incorrect
coal enthalpy, and consequently, a substantial devia-
tion in the gasifier temperature. The second reason
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is the amount of heat loss in the gasifier. In the base
simulation, the model is simulated under adiabatic con-
ditions, whereas in Wen and Chaung’s model, heat loss

to the environment is considered. Therefore, the com-
bination of these two factors may result in a higher
gasifier temperature in the base model.

» (2] \\Bs B7
> (i
m mw
1]
7]

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

Bs

A

Fig. 1. Base Simulation Flow Sheet.
Table 5. Specifications of Feed Streams in the Base Simulation

Feedstock | Stream ID Parameter Value Unit
Flow rate 76.66 g/s

Temperature 505.22 K
Coal 1 Pressure 24 atm
Diameter of particle 350 pm
Velocity entering into gasifier 3 m/s

Ratio of oxygen to coal flow rates 0.866 | dimensionless
Oxygen 2 Temperature 298 K
Pressure 24 atm
Ratio of steam to coal flow rates 0.241 | dimensionless

Steam 9 Temperature 696.67 K
Pressure 24 atm

Table 6. Comparison of Base Simulation Results, Experimental Data, and Wen & Chang’s Model [8,9].

Experimental Wen arrfogeliaung’s Aspen Plus model a Aspen Plus model b
Flow Mole Flow Mole Flow Mole Flow Mole
Parameters rate | fraction (%, rate fraction (%, rate fraction (%, rate fraction (%,
(g/9) dry basis) (g/9) dry basis) (g/s) dry basis) (g/s) dry basis)
CcO 123.77 57.57 123.94 56.60 127.7 58.69 124.57 57.55
H, 6.01 39.13 6.23 39.84 6.02 38.48 5.94 38.16
CO, 9.985 2.95 10.04 2.92 6.92 2.02 10.16 2.98
CH, 0.15 0.12 0.20 0.16 0.013 0.010 0.62 0.499
H,S 0.133 0.06 0.726 0.27 1.44 0.54 1.44 0.54
N, 0.53 0.12 0.454 0.208 0.54 0.25 0.54 0.25
Carbon cony. 98.64 98.88 100 100
(%)
Temp. (K) - 1421.9 1766.25 1416.47

set to 13,416 Btu/lb.

**In model a, HCOMB is calculated using the Boie correlation; whereas in model b, the coal HCOMB is manually
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To further investigate the above explanation —
which leads to differences in the CO and CO, flow rates
and carbon conversion due to the higher temperature
in the base model — in case b, HCOMB for the coal is
manually entered so that the gasifier outlet tempera-
ture from the base simulation matches that of Wen and
Chaung’s work.

When HCOMB is manually set to 13,416 Btu/lb
(compared to the coal HCOMB calculated as 83,/14080
Btu/lb using the Boie correlation), the gasifier outlet
temperature becomes 1416 K, which is in good agree-
ment with the 1422 K reported in Wen and Chaung’s
work. Under these conditions, the flow rates of CO and
CO, also closely match the experimental data. These
observations indicate that the product gas composi-
tion and carbon conversion are highly dependent on the
gasifier temperature, and that both the coal HCOMB
and heat loss are key parameters in determining the
gasifier temperature.

2.2 Simulation of the gasification unit

In this section, based on the model derived from the
base simulation and incorporating information from
other studies, first, some existing issues are examined
before the simulation of the gasification unit is carried
out.

2.2.1 Feed specifications for Tabas Coal

Comparison of the analysis results presented in vari-
ous studies [19-21] shows that coal analysis can vary
depending on the location, stratum, and sampling con-
ditions. For instance, the moisture content reported in
the study by Talakoub and Rajabzadeh is about 1%,
whereas in the report by Rayegan and Eskandari it is
9%. Considering the more comprehensive report by
Rajabzadeh et al. [20] an adjusted average of the data
from this report has been used as the reference analysis
for the simulation, as shown in Table 7.

Table 7. Proximate and Ultimate Analysis of Tabas Anthracite Coal According to Rajabzadeh et al. [17].

Proximate analysis (% by wt)

Ultimate analysis (% by wt)

Forms of sulfur

FC (d) | M (ad) | V (daf) | A (d) | O (daf) | H (daf)

N (daf) | C (daf) | St (d) | Sp (d) | Ss (d) | So (d)

54.075 0.8 22.475 | 23.45 6.34 15.8

7.38 64.64 5.84 4.46 0.17 1.21

** FC, fixed carbon, M, moisture; VM, volatile matter; Ash, ash yield; O, Oxygen H, hydrogen; N, nitrogen; C, carbon;
St, total sulfur; Sp, pyritic sulfur; Ss, sulfatic sulfur; So, organic sulfur; ad, air-dry basis; d, dry basis; daf, dry and

ash-free basis.

Table 8. The specifications of Tabas coal, which serve as the input data for the software.

Proximate analysis Ultimate analysis Sulfur analysis
Element Value (wt.%) | Element | Value (wt.%, dry basis) | Element | Value (wt.%, dry basis)
Moisture 0.8 Ash 23.45 Pyritic 3.41
Fixed carbon (dry basis) 54.075 Carbon 49.48 Sulfate 0.14
Volatile matter(dry basis) 22.475 Hydrogen 12.1 Organic 0.92
Ash (dry basis) 23.45 Nitrogen 5.65
Chlorine 0
Sulfur 4.47
Oxygen 4.85

The specifications of Tabas coal, which serve as the
input data for the software, are ultimately presented in
Table 8.

2.2.2 Simulation assumptions

In this simulation, the following assumptions have been
applied: The process is carried out under steady-state
conditions. Ash is considered an inert material with
no catalytic activity and does not participate in the
gasification process. Both heat and pressure losses are
neglected. All reactions are assumed to reach equilib-

rium, and reaction kinetics are not taken into account.
Drying and pyrolysis occur simultaneously, with the
volatile products consisting of H,, CO, CO,, CH,, and
H,0. The operating conditions are based on an En-
trained Flow gasifier (with a pressure range of 20 to
50 atmospheres and temperatures above 1000°C). In
this model, the RK-SOAVE method is used to calcu-
late the physical properties of conventional components
and CISOLID components, while the HCOALGEN and
DCOALIGT models are used to calculate the enthalpy
and density of the unconventional components, respec-
tively. Since Aspen Plus does not provide a dedicated
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graphical block for a gasifier unit, several different re-
actors are used to simulate the gasifier. The air separa-
tion unit and feed preparation unit are not simulated;
instead, oxygen and coal are directly fed into the gasi-
fier in this modeling. The reactions occurring in the
gasifier are as follows [22]:

1
C+ 50, — CO (9)

1
H, + 502 — H,0 10

C+H,0 — CO + H, 11

(
(
C+2H,0 — CO, + 2H, (12
C+COy —»2CO (13
C+2H, — CH, (14
CO + H,0 — CO, + H, (15
(
(

)
)
)
)
)
)
CO+3H, — CH, + H,O 16)
)

C+H,0 — %CH4 + %COQ 17
Most of the oxygen injected into the gasifier is con-
sumed in reactions (8) to (10) to supply the required
heat for drying the fuel, breaking chemical bonds, and
raising the reactor temperature to achieve the gasifica-
tion reactions (reactions (11) to (17)). An oxygen-to-
coal ratio of 0.8 and a steam-to-coal ratio of 0.3 have
been considered [23,24]. The total coal feed is cal-
culated based on the process flow diagram (PFD) of
the Ghaenat Steel Complex in South Khorasan and
is designed for an inlet synthesis gas flow rate of ap-
proximately 77000 Nm? /hr to the DRI furnace for the
production of 110 tons per hour of sponge iron.

2.3 Operational units

This section thoroughly examines the essential opera-
tional units required in the post-gasification process.
These units include the Water-Gas Shift Unit, crucial
for adjusting the hydrogen to carbon monoxide ratio;
the Acid Gas Separation Unit, which removes unde-
sirable compounds like hydrogen sulfide and carbon
dioxide; the Dehydration Unit, responsible for extract-
ing moisture from the syngas; and finally, the Pressure
Regulation Unit, which prepares the syngas for subse-
quent applications.

Water-gas shift unit. The synthesis gas produced
in the gasifier must be reprocessed before it can be uti-
lized in downstream units. WGSR is employed to ad-
just the chemical composition of the synthesis gas and
increase the hydrogen to carbon monoxide ratio. In
fact, the water-gas shift reaction is a vital step in coal

gasification, where the synthesis gas is passed over a
fixed-bed reactor containing shift catalysts, converting
CO and H,O into CO, and H, [25]:

CO + H,0 —» CO, + H, (18)

This reaction is typically catalyzed by various materials
depending on the operating temperature [26—28].

High-temperature synthesis gas from the gasifier
can be processed in one of two ways:

e Direct water quenching: The gas is rapidly cooled
through direct water contact, saturating it with
steam and eliminating the need for additional
steam in the water-gas shift reaction. This
method is commonly used in hydrogen and am-
monia production facilities [18].

e Gas cooling via a gas cooler: The gas is cooled
using a gas cooler, which generates a separate
high-pressure steam stream.

Furthermore, the water-gas shift (WGS) reactor
can be placed either before sulfur removal (acid shift)
or after it (sweet shift). In the acid shift, operat-
ing at 232-260 °C with a cobalt-molybdenum catalyst,
the water-saturated gas converts CO and H,O into
CO, and H, while also transforming COS into H,S,
thus easing subsequent sulfur removal. Although the
sweet shift can operate at higher temperatures (HT:
288-482 °C) with iron-based catalysts or at lower tem-
peratures (LT: 204-260°C) with copper-zinc-alumina
catalysts, it often demands additional steam injection.
For coal gasification, the acid shift is generally pre-
ferred because the moisture recovered from the water
scrubber effectively drives the reaction to achieve the
desired H,/CO ratio [1].

Acid gas separation. Acid gas separation units us-
ing amine gas treating are employed to remove acid
gases, such as H,S and CO,, from gas streams (e.g.,
natural gas or synthesis gas). This process operates
on the principle of chemically absorbing the acid gases
into amine solutions [29-32]. In Iran, companies like
SAZEH, PIDEK, ODCC, and EIED are active in con-
structing petrochemical facilities, while the domestic
technology and capability now exist to build both
water-gas shift and acid gas separation units.

Dehydration unit. The dehydration unit in the coal
gasification process plays a critical role in removing
moisture and water vapor from the synthesis gas (syn-
gas) exiting the gasifier reactor (Table 9). This opera~
tion is essential to prevent problems such as corrosion,
gas hydrate formation, and disruptions in downstream
processes (e.g., chemical synthesis or combustion). Tri-
ethylene glycol (TEG) is the most commonly used gly-
col for syngas dehydration due to its non-corrosive
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properties, high boiling point, anti-foaming character-
istics, low vapor pressure, low cost, and the ability to
regenerate up to 98% [33-37]. In this project, based
on the process requirements, the glycol dehydration
method was selected.

Pressure regulation unit. To reduce the pressure
of the synthesis gas stream from 24 bar to 1.5 bar,

several technical options are available. These options
differ in terms of installation cost, maintenance cost,
energy efficiency, and operational considerations. A
comparative outlining these options is provided in Ta-
ble 10. Based on the considerations outlined in table,
an expander turbine will be used in this project for
regulating the pressure of the synthesis gas.

Table 9. Comparison of Dehydration Methods [33—37].

Parameter Glycol (TEG)

Molecular Sieve Condensation

Moisture output ~ 0.1% volume

~ 0.001% volume ~ 5% volume

Capital cost Medium

High Low

Energy consumption | Medium (reboiler)

High (high-temp regen)

Low (cooling only)

Application Natural gas/Syngas

Petrochemical Industry

Pre-treatment

Table 10. Overall Comparison of Pressure Regulation Methods

Option Installation Cost | Maintenance Cost | Energy Efficiency Recoglm.ended
Application
PRV (Pressure Relief Valve) Low Low Low Low—cap§c1‘.cy systems /
Budget-limited setups
Expander turbine Very high High Very high High-capacity systems /
Y y Energy recovery needs
Flow control valve Very low Very low Very low Temporary / EI.nergency
pressure reduction
. . . . Pressure reduction with
Multi-stage system Medium Medium Medium . . . .
minimal noise/vibration

3 Results and Discussion

The blocks in the simulated PFD of the gasification
unit are depicted in Figure 2. The corresponding block
naming conventions are provided in Table 11, while the
simulation results are presented in Table 13 (See sup-
plementary).

3.1 Sensitivity analysis

This section presents a sensitivity analysis of crit-
ical parameters influencing the gasification process.
Specifically, the analysis investigates the impact of the
Oxygen-to-Coal and Water-to-Coal Ratios, as well as
the Effect of Coal Type, on the overall gasification per-
formance and syngas characteristics.

3.1.1 Oxygen-to-Coal and Water-to-Coal ra-
tios

As discussed in the literature review, the H,/CO ratio
in the syngas produced from coal gasification is influ-
enced by several factors, including the O,/Coal and
Water/Coal ratios:

e O, /Coal ratio: Increasing the oxygen-to-coal ra-
tio typically results in greater production of CO
and H,. However, the CO increase is generally
more significant, which may reduce the Hy/CO
ratio [38].

o Water/Coal ratio: Raising the water-to-coal ra-
tio enhances the water-gas shift reaction, produc-
ing more hydrogen. This leads to an increased
H,/CO ratio, as more hydrogen is generated rel-
ative to carbon monoxide [39,40].

The effect of increased oxygen input is illustrated
in Figure 3, while the impact of increased water in-
put on the H,/CO ratio in the gasifier outlet stream is
shown in Figure 4. Variations in these parameters alter
the H,/CO ratio, and the results align with previous
research findings [38—40].

3.1.2 Effect of coal type

The type and quality of coal, as the primary feedstock
in the process, have a significant impact on the amount
of water required to achieve the desired H,/CO ratio.
For instance, a simulation has been conducted based
on the coal used in the Lurgi project and Jindal com-
pany [25] (Table 12, Figure 5).
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Table 11. Specifications of simulation blocks

Table 12.

Analysis of Indian Coal in the Lurgi

Project and Jindal Company [25].

Block | Model Function
B1 RYield | Simulates coal pyrolysis Element | PROXANAL | ULTANAL | SULFANAL
Separates ash from other pyrolysis Moisture 7 - -
B2 Sep2 products FC 34.4 - -
B3 Mixer Mixes feed, steam, and oxygen VM 27.96 - -
B4 RGibs | Gasifies the feed mixture Ash 37.63 37.63 -
. Combines raw syngas and water to Carbon - 48.02 -
B5 Mixer . ° . .
achieve 200 °C (quench simulation) Hydrogen - 3.12 -
B6 RStoic Water-gas §h1ft unit to adjust the Nltrogen - 0.94 -
H,/CO ratio Chlorine - 0 -
BT Cooler Heat exchanger to oreduce Sulfur _ 0.62 _
temperature to 50 °C Oxygen - 9.67 -
B8 Sep Separates syngas and liquids Pyritic _ N 0.62
B9 Sep Removes acid gases in the amine Sulfate _ - 0
tower Organic - - 0
B10 Sep Del}ydrates syngas by removing
moisture.
Raises syngas temperature before
B11 Heater | entering the pressure regulation
unit to prevent condensation.
B12 Turbine | Regulates syngas pressure.
B13 Heater | Adjusts syngas temperature.
Gasifier o Water-Gas Shift Acid Gas Removal Condition Modification Unit
Steam BJ Quench Water —
P 02 B11
from sy L2} > )
[E =
Prepared Coal C>——{1}———
[2]
d
B3 Bustle Gas
Fig. 2. PFD of the Gasification Unit.
6 - 2 -
5 1.9 4
1.8 4
4 p
9 S 17 -
< 3 A >
o 16
21 15 1
1 4 14 4
[
0 T T T T T T 13 T T !
20 40 60 80 100 120 140 20 40 60 100
O, Mass Flow (Tonne/hr) Water mass flow (Tonne/hr)
Fig. 4. Effect of Increased Water Input on the

Fig. 3. Effect of Increased Oxygen Input on the

H,/CO Ratio in the Gasifier Outlet.

H,/CO Ratio in the Gasifier Outlet.
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Fig. 5. PFD of the Indian Coal Gasification Unit (This process flow diagram (PFD) illustrates the Indian
coal gasification unit, including mass flow rates (tons/hour), temperatures, and volumetric flow rates.)

The simulation results indicate that, assuming sim-
ilar conditions at the gasifier outlet to meet volumetric
and operational requirements (temperature of 839°C
and pressure of 1.4kg/cm? gauge) for Ghaenat Steel
Complex South Khorasan PFD, approximately 40 tons
per hour of Indian coal are required. This amount is
roughly double the quantity of Tabas coal needed to
achieve similar conditions.

It is essential to note that comparing two systems
solely by changing the type of coal is not sufficient. For
a stable process (particularly in terms of temperature
in the gasifier), other parameters, such as the steam-to-
coal and oxygen-to-coal ratios, must also be adjusted.
It should be noted that, apart from the type of gasifier,
the quality of the input coal significantly influences the
amounts of water and oxygen required. Lower-quality
coals generally demand higher quantities of both water
and oxygen [41,42]. Consequently, the use of lower-
quality coal leads to an increase in water consumption.

3.2 Limitations

It is important to acknowledge certain limitations of
the current study to provide a complete context for
the presented results. Firstly, the simulation is based
on thermodynamic equilibrium assumptions, meaning
kinetic effects are not fully considered, which may lead
to deviations from real-world dynamic behavior. Sec-
ondly, for simplification, ideal mixing conditions and
negligible heat and pressure losses within the gasifier
and downstream units were assumed, potentially influ-
encing the accuracy of energy balance and temperature
predictions. Thirdly, while the model was rigorously
validated against a comprehensive reference study, ex-
perimental data specifically from pilot-scale Tabas coal
gasification under the exact modeled conditions were
not available for direct comparison. Lastly, this study

primarily focuses on the process modeling and opti-
mization of syngas yields, without incorporating de-
tailed economic analysis or a comprehensive environ-
mental impact assessment, which are crucial consider-
ations for full industrial feasibility.

4 Conclusions

This study successfully simulated the complete coal
gasification unit required for syngas production at the
Ghaenat Steel Complex in South Khorasan using As-
pen Plus V14 software. The findings demonstrated that
approximately 22 tons per hour of coal is required un-
der the operational conditions (839°C and 1.4kg/cm?
gauge pressure) to produce 77000 Nm?/h (131130 m3 /h
in the operational conditions) of syngas for the DRI
furnace, which in turn results in the production of 110
tons/hour of sponge iron. Process water consumption
in the gasifier is around 0.3 times the coal input, ex-
cluding utility and auxiliary water. For cooling and
quenching syngas, the water-to-coal ratio is approxi-
mately 1.7, with most of this water being treated and
reused within the system. Notably, additional water
input is not required for the water-gas shift reaction
due to syngas quenching in the gasifier. Finally, the
study concluded that high-quality Tabas coal demands
lower amounts of oxygen and water for syngas produc-
tion compared to lower-grade coals, making it a more
efficient feedstock.
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A Supplementary

Table 13. Simulation stream information

Units 1 2 3 7] 5 6 7 9 10 11
From Bl B2 B2 B3 B4 B5 B6
To Bl B3 B3 B2 B3 B4 B5 B5 B6 B7

Temperature C 232 24.85 42352 1050 1050 1050 799.02 13933 25.0 230.00 230.00
Pressure kg/sqcm  24.80 24.80 24.80 2480 24.8 2480 24.80 2480 24.80 2480  24.80

Mass vapor .00 1.00 0.8 0.36  0.74 1.00 1.00 1.00
fraction

Mass l%qmd 1.00
fraction

Mass solid 1.00 072 100 064  0.26
fraction

Mass flows | tonne/hr  21.88 17.51  6.56  21.88 5.0 16.79 40.86  40.86 37.16  78.03  78.03

Mass Fractions (%)
Coal 100
Ash 2326 100
C 49.08 63.96  26.20
H, 12.00 1564 643 5.52 2.89 2.94
N, 5.60 730 3.0 3.00 1.57 1.57
Cl,
S 4.43 5.78  2.37
0, 100 4.81 6.27  45.42
cO 53.52 28.03  27.41
CO, 12.20 6.39 7.37

Methane 0.01
Water 100 0.80 1.04 1649 2322 100  59.79  59.39
H,S 2.52 1.32 1.32

Volume flow cum/hr 547.1 839.34 6445 6445  8578.5 14950 7798.7  7800.8

Unit 12 13 14 15 16 17 18 19 20 21

From B7 B3 BS B9 B9 B10 B10 Bll B12 B13
To BS B9 B10 B11 B12 B13

Temperature C 50.00  50.00 50.00  50.00  50.00  50.00  50.00  200.00 9.31 84

Pressure kg/sqcm  24.80  24.80 24.80  24.80  24.80  24.80 24.80  24.80 1.40 1.40

Mass vapor 0.41 1.00 1.00 1.00 1.00 1.00 1.00 1.00

fraction

Mass liquid 0.59 1.00 1.00

fraction

Mass solid

fraction

Mass flows | tonne/hr  78.03  46.16 31.87  6.716  25.10 020  24.01 24.91 24.91 24.91

Mass Fractions (%)

Coal

Ash
C
H, 2.9 000009  7.19 9.13 9.20 9.20 9.20 9.20
N, 15  0.00001  3.85 4.80 1.92 1.92 1.92 1.92

Cl,

S 0.00003

O,

CcO 2741  0.00025  67.11 85.20 85.86  85.86 85.86 85.86

CO, 7.37  0.00637  18.03  84.94

Methane 0.01 0.01 0.01 0.01 0.01 0.01

Water 59.39  99.96582  0.61 0.78  100.00

H,S 132 0.02743  3.20 15.06

Volume flow | cum/hr 2340 2339.7 157.18 2171.0 2161.2 3172.53 332670 131130.0
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