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Abstract: Taking the importance of Pakistan’s dire need for energy breakthrough, in this paper, we
explore how the country’s vast estimated reserves of 175 billion tons of Thar coal is a useful source
for the clean and efficient production of good quality liquid fuel. Coal to liquid (CTL) technology
has gathered increasing attention among many countries with a sufficient volume of coal reserves,
and this technology can also be implemented in Pakistan, which in result can also reduce harmful
greenhouse gas (GHG) emissions in the environment. In this study, the Fischer Tropsch Synthesis (FT)
liquefaction method was used, and the reactor design, chemical reactions, syngas ratio fraction, and
Anderson-Schulz-Flory and Langmuir model were all obtained from the Aspen Plus simulation. The
results showed that, at the optimum syngas flow rate of 9 Kg/s, the FT model produced diesel fuel
at 0.00134 Kg/s. Per this calculation, the massive amount of Thar coal reserves can be transformed
into 123.22 million barrels of diesel. The design of the reactor is very critical, and, in this study, it
was prioritized to design a reactor that produces liquid fuel only of composition C12+; during the
production of liquid fuel, the quantity of methane is not high; and it can still be further reduced on
optimized conditions. On the other hand, CO2 gas, which is a sole contributor of GHG emissions,
was also reduced by up to 98%.

Keywords: coal; Fischer Tropsch Synthesis; greenhouse gas; Aspen Plus Simulation

1. Introduction

We live in a world where the majority of primary energy is supplied by fossil fuels
(oil, coal, gas), but it comes to no surprise that these finite resources are declining at an
unprecedented rate [1,2]. Pakistan has faced a huge demand and supply gap in its energy
sector for the last two decades, and due to this, the country is heavily dependent on the
import of oil and gas, as many of its indigenous resources are depleting quickly. This article
analyzed the trends in primary energy demand for fossil fuels in Pakistan, which has a
domestic fuel resource base largely dependent on pocket reservoirs. When we speak of
the countries having more than 70% of global fuel reserves, and while they also continue
to find the deposits for their energy needs and compare them with countries such as
Pakistan having insufficient deposits [3], where demand and supply have been increasing
sharply due to increasing population and rise in energy demand, at this time we realize that
Pakistan is facing severe energy crisis [4]. Pakistan is at the center stage for importing the
majority of its energy needs during the last many years, and per the International Energy
Agency (IEA), the country needs to have less dependence on imported energy resources
and an uninterrupted availability of energy resources for long term energy security [5].
The country’s indigenous crude oil production is at around 85,000 bbsl/day [6] against
its total consumption of 504,000 bbls/day [7]. For gas, huge deposits were discovered at
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Sui Baluchistan in 1952 [8], and gas infrastructure was established for domestic supply,
industrial use, and power generation. However, the gas resources started to deplete due to
the excessive usage of natural gas and inadequate exploration of new gas reserves; to fill
up this gap, Pakistan resorted to importing liquified natural gas (LNG) from Qatar [4].

In the case of countries with fossil fuel-rich economies, where the extensive production
and consumption of fossil fuel resources has been practiced, the risk of the exhaustion of oil
and gas commodities has always been there, along with the tremendous threat of climate
change and global warming [9]. To comply with international climate change protocols,
this leaves mainly two options for these economies, leave the fossil fuels in the ground or
apply carbon capture and storage technologies (CSS) [3].

On the other hand, Pakistan is also blessed to have a vast amount of coal reserves
estimated at 175 billion tons [4], and a major volume of these coal resources is located in
the Thar district in Sindh. Numerous efforts have been made to the utilize coal resources in
Pakistan. Among them, coal to liquid (CTL) technology is the developed technology that
has the potential to utilize coal resources from the traditional form of coal consumption
to the clean consumption of coal by increasing the efficiency of the process and reducing
its environmental impacts [10]. CTL is a coal-based liquid fuel that is synthesized by
Fischer Tropsch (FT), also called the Fischer Tropsch Synthesis (FTS) method. If the source
and distribution of coal reserves are huge, the FT method is considered the cost-effective
method [11].

In the FTS process [12], syngas, a mixture of hydrogen and carbon monoxide produced
from coal, combines with a catalyst inside the reactor to produce clean liquid hydrocarbons.
FTS can be a high temperature Fischer Tropsch (HTFT) or a low temperature Fischer Tropsch
(LTFT) process, which depends on the required product. HTFT uses an iron-based catalyst
at high temperatures ranging from 300 ◦C to 350 ◦C for the production of gasoline. LTFT
operates on both cobalt and iron-based catalysts at temperatures ranging from 200 ◦C to
250 ◦C for the production of wax and diesel [13]. There are two stages for this FT reaction,
In the first stage, the catalyst is used to create straight-chain hydrocarbons (paraffin, olefins,
etc.) as well as water and/or carbon dioxide [14]. Hydrocracking is employed in the second
stage to create the products and split them into liquid fuel. Various catalysts such as Fe, Co,
Ru, and Ni have been utilized to boost production [12]. Long chains of hydrocarbons are
generated as a result of polymerization processes, resulting in the production of gasoline
and diesel products. The conditions and the catalysts involved in this process have a
big impact on these chains and ranges of organic molecules. The chain of (-CH2) in the
foregoing reaction displays methylene, which serves as the unit cell for bigger organic
molecules. Furthermore, the WGS process converts the CO product, HO, into carbon
dioxide and hydrogen when combined with CO. Some of the main reactions in the FTS
process are shown in Equations (1)–(4) [15].

nCO + (2n + 1)H2 → CnH2n+2 + nH2O (1)

nCO + 2nH2 → CnH2n + nH2O (2)

CO + H2O→ CO2 + H2 (3)

nCO + 2nH2 → CnH2n+2O + (n− 1)H2O (4)

As mentioned earlier, the FTS process can be used to produce hydrocarbon chain prod-
ucts from C5–C11 (gasoline) and C12–C22 (diesel) and can produce valuable transportation
fuel. In this article, we focus on producing diesel fuel only, as producing gasoline from these
reserves requires further extensive processing of this coal due to its lower grade. Mean-
while, research efforts are being undertaken to reduce the cost of processing in producing
diesel, gasoline, and other valuable products to make these products more feasible for
indigenous production, which may also reduce the dependency of its imports. This article
is more focused on the production of diesel fuel from Thar coal as a resource and using the
Aspen Plus tool for process designing and simulation purposes. The performed simulation
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work in Aspen Plus can also assess the performance of the CTL process, which in turn can
replace the traditional liquid fuel, especially for the FT method [16]. Using this tool, it is
possible to select any preferred gasifier for different sections such as gasification, drying,
or pyrolysis sections, and the availability of many models also allows the user to treat the
coal as a conventional unit [17]. The reactor operating conditions, syngas ratio, and other
operating conditions are fixed in the Aspen Plus simulation results as per the standard of
diesel production. Additionally, one may have to address that plants producing [18] liquid
fuels from coal emit a massive amount of greenhouse gas (GHG) emissions, which have
adverse effects on the environment as well as on human life [19,20].

It is expected that, if Thar coal is utilized for liquid fuel production, then the impact of
these GHG emissions increases in Pakistan. Hence, it is necessary to implement capture and
storage (CCS) technology to reduce this environmental impact. Although Pakistan has only
a small share of global GHG emissions, the country has still been increasing efforts to reduce
the overall impact of climate-induced vulnerabilities while implementing robust restoration
efforts, including the Ten Billion Tree Tsunami Programme (TBTTP) project governed by
the Pakistan Ministry of Climate Change [21]. The abundance of Thar coal manifold, which
can be integrated with CCS technology along with other environment conservation projects,
can play a big role in fulfilling the energy requirement of the country [22].

2. Materials and Methods
2.1. Design Specifications

The property-method RK-SOAVE was used to evaluate the physical properties of
mixed conventional and CISOLID components. For enthalpy and density calculations of
nonconventional compounds, respectively, the HCOALGEN and DCOALIGT models were
chosen. Equation (5) describes the RK Soave Equation.

p =
RT

Vm − b
− a

Vm(Vm + b)
(5)

where
P = pressure of gas, R = real gas constant,
T = temperature, Vm = molar volume,
a and b = constants for the attractive potential of molecules and volume.

a = ∑
i

∑
j

xixj(aiaj)
0.5(1− kij

)
(6)

b = ∑
i

xibi (7)

ai = αi0.42747
R2T2

ci

Pci

(8)

bi = 0.08664
RTci

Pci

(9)

αi(T) = [1 + mi

(
1− T0.5

ri

)
]
2

(10)

mi = 0.48 + 1.57wi − 0.176w2
i (11)

The HCOALGEN enthalpy model includes non-conventional compound element prop-
erties. The DCOALIGT density model requires two attributes: ULTANAL and SULFANAL.
Enthalpy and density were measured using the same approach and models [23–25].

# Proximate analysis results (PROXANAL in Aspen Plus);
# Ultimate analysis results (ULTANAL in Aspen Plus);
# Sulfur analysis results (SULFANAL in Aspen Plus).
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The Langmuir model is responsible for the conversion of the products in the liquified
form, as described in Equation (12).

Ri = 0.278ki exp ·
(
−Ei

RT

)
·Pm

coPn
H2

(12)

The distribution of N-Paraffin products is determined by the probability that the
chain continues to polymerize instead of terminating, and this probability is defined as α.
Commercial catalyst α varies between 0.5 and 0.90 (Equation (13)). Product distribution was
performed by the Anderson-Schulz-Flory distribution weight fraction by carbon number

−W = (1 − α)2αn−1 (13)

According to the Anderson–Schulz–Flory (ASF) distribution, diesel is produced as the
major component, with a value of roughly 0.9 using LTFT. Gasoline requires slightly lower
values of 0.7–0.8 under HTFT circumstances [26].

∝=
(

0.2332·
(

yCO
yCO + yH2

)
+ 0.633

)
·(1− 0.0039·((T(◦C) + 273)− 573)) (14)

The ASF model is illustrated in Equation (14) to determine the “α”. The “α” is
determined using the gradient of the linearized expression in the log Mn/n against the n
plot, which is given as Equations (15) and (16) [27]. The ASF value of α (0.90) was added
during the simulation of the process.

Mn
n

= (1− α)2·α(n−1) (15)

ln α = n ln α + ln

[
(1− α)2

α

]
(16)

2.2. Coal-Gasification Products

Pakistan is considered one of the top coal-rich countries, and their abundant coal
reserves located in the Thar district mainly consist of lignite to sub-bituminous, which has
a lower rank and high moisture and volatile content when compared to the higher rank
coal of other countries [22]. When the coal gasification process is carried out in a gasifier,
useful product gases are formed (Equation (17)). In a gasifier, at constant temperatures
ranging from 500 to 1200 ◦C, carbon monoxide moles result in a drop in syngas ratio in all
circumstances. The surplus carbon dioxide produced during gasification and combustion
processes is effectively consumed in the combined gasification process, resulting in overall
lower carbon footprints. Pure syngas (CO + H2) fed into the FTS reactor.

H2O is used to increase the temperature inside the reactor as it is converted into steam.
In this paper, leftover gases such as CO, CH4, C6H6, and N were considered inert gases and
fed to the FTS reactor as inert gases. Ash and char were lifted back from the downside of
the gasifier.

Coal → CO + H2 + CO2 + H2O + S + N2 + CH4 + C6H6 + Char + Ash (17)

S and CO2 were captured from the gaseous product after gasification. In this way,
pure syngas was collected. Alkyl amine solutions were used in a counter-flowing pattern
with the flue gas. This solution absorbs the pollutant at 35 ◦C, and the amine solution
becomes rich, which again is stripped back at 80 ◦C. Because there is no surplus nitrogen in
the final synthesis gas when oxygen is used instead of air, the final synthesis gas contains
more useful components. This would not have been the case if the air had been employed
as the gasifying medium. External energy is required to complete the process, which
can be achieved through extreme conversion in mixed gasification. However, in some
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circumstances, carbon conversion can be accomplished at low temperatures, and the
resulting syngas does not include significant nitrogen fractions [28,29]. The process is also
referred to as “thermo-neutral gasification”.

2.3. Syngas Ratio

The syngas ratio is a crucial and major element in the manufacturing of petroleum
and other petrochemicals via FT synthesis. The syngas ratio must be kept low in the range
of 1–3 for the production of useful products through the FT synthesis of syngas.

2.4. Modeling of FT Reactor

Temperature, catalytic conditions, pressure, gas flow rate, and ratio in moles of CO/H2
are the important factors that were taken into account when designing the reactor. FTS
at high or low temperatures, such as (HTFT) and (LTFT), are performed under varied
conditions and this may also depend on product composition. Due to a difference in boiling
temperatures, heavier components are collected in separator 1, while lighter products are
collected in separator 2. To heat the reactor to the desired temperatures, an electric heater
is spiraled around the reactor. Figure 1 shows the schematic diagram of the FTS reactor.
FTS operation and reactor types are leading factors that control product distribution. Low
temperature FTS reactors are classified into tubular fixed bed, micro channel, and slurry
bubble column reactors [30]. In this paper, the tubular fixed-bed reactor was selected
because of its low cost. In addition, their different characteristics and conversion rates per
path are shown in the Table 1.
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Table 1. Reactor properties.

Reactor Conversion per Path
(%)

Capacity per Reactor
(bbl/day) Characteristics

Tubular
fixed-bed 30–35 ≤6000 ≤30,000 tubes with catalyst

pellet or extradites

2.5. Heat Transfer Coefficient

The operative heat transfer coefficient (hwall) is responsible for interacting with solids,
liquids, and gases within the reactor tube. Because the volumetric flow rate of liquids is
far lower than that of gases, there is very little contact between these two. Because more
of the reactor’s wall does not have any liquid contact in flow patterns with less gas to
liquid interaction, the hwall approaches solely single-phase (gas to solid) interaction. As a
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result, the model employs the gas-to-solid heat transfer wall relationship. As a result, the
gas/solid equation was employed to model the reactor state [31].

h
Cpµρ

(
Cpµ

K

) 2
3
=

0.458
εb

(
ρudp

µ

)−0.407

(18)

2.6. Parametric Analysis

This model simulates the production of bituminous and lignite coal. The lignite coal
data utilized in the model come from the Thar coal literature [32], whereas the coal feed
analysis and operating conditions for bituminous coal are from Wen et al. The reactions of
devolatilization and pyrolysis were investigated because they can be used to transform coal
into gaseous products at high temperatures. Chemisorption reactions were investigated for
the removal of CO2 and H2S. Twenty phases were chosen to reach the permitted limitations.
Clean goods were fed into the liquefaction reactor. The grade of the coal, heating value,
temperature, and pressure all influence the composition of the liquefied yield following
pyrolysis and FT reactions [33].

Lower-ranked coals, such as Thar lignite, have more volatile matter (VM) and create
more gaseous products with a lower tar content than bituminous coal. Normally, the
products of volatiles increase in proportion to the temperature. Increased pressure is also
influenced by the composition of product gases. Under ambient conditions, the vacuum
pyrolysis of coal produces a higher percentage of heavy hydrocarbons and a lower number
of lighter gases. The greater size of particles increases the overall reaction rates as well as
minimizes the rates of heat and mass transfer. In terms of quantity and quality, the character
of the resulting gases changes dramatically. Table 2 shows the Thar coal composition.

Table 2. Thar coal composition.

Content Carbon Oxygen Hydrogen Sulphur Nitrogen Moisture Ash

(%) 27.1 11.0 2.1 1.4 0.4 38 20

3. Results and Discussion
3.1. Syngas Component Profile “Lignite Coal” Thar Coal Pakistan

Currently, lignite coal of Thar reserves with a steam/carbon (S/C) mass ratio of
1.48 and an oxygen/carbon (O/C) mass ratio of 0.4 were employed as feed in the gasifier
model. The temperature in the pyrolysis zone was 900 K. Individual component profiles
were evaluated from top to bottom across the gasifier height, which includes the gasification
and combustion zones, at the above-mentioned feed and temperature circumstances. In the
gasification zone, the greatest mole fraction of hydrogen (H2), carbon dioxide (CO2), and
carbon monoxide (CO) was found. This refers to the high temperature in the combustion
zone, resulting in a high value of factor Z, as carbon monoxide (CO) is negligible in less
than half of the gasifiers. Figure 2 shows the results of syngas fraction of bituminous coal.

In this region of the gasifier, complete char burning occurred, using the majority of
the oxygen supplied as the gasifying medium from the gasifier’s bottom. At the top of
the gasification zone, the rate of coal solid flow was highest, and at the bottom of the
combustion zone, it was lowest. In lignite-Thar coal, sulfur is at a minimum and is thought
to be transformed only to hydrogen sulfide, H2S. The separated gases, which include H2,
O2, and N2, were fed into the gasifier’s back end and collected alongside feedstock O2
and H2O. Separated solid components, such as C, S, and ash, were invited to participate
in the reactions with RCSTR sequences. Every RCSTR had the same volume, which is
equal to the entire gasifier volume divided by the RCSTR sequence number. A heat stream
characterized the heat dissipation between the bed and the wall. The concentration of
CO dropped at first since the reaction rate was high in the beginning, but subsequently,
it stabilized as the reaction rate lowered. It depicts the change in the H2 mole fraction
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along the reactor’s length. The trend was nearly identical to that of CO, but with a lower
slope. This indicates that H2 was the limiting reactant because it was utilized more quickly
during the reaction. H2 was converted relatively quickly, which means there was no more
hydrogen available for further conversion. As a result, the syngas ratio increased in the
quest for an optimal ratio for both hydrogen and carbon monoxide conversion. The loss of
hydrogen and carbon monoxide can be predicted using this approach. The syngas ratio
and length of the reactor has a great impact on the product yield. For better understanding
different syngas ratios vs. reactor length, data were added into the attached Supplementary
Information. The syngas ratio of 2.1 was better for complete conversion, and there was a
better possibility of obtaining the most products. The limiting reagent was hydrogen when
the syngas ratio was held at 2 or below 2; otherwise, CO was the limiting reagent. Figure 3
shows the results of syngas fraction of Thar lignite coal.

C 2022, 8, x FOR PEER REVIEW 7 of 16 
 

characterized the heat dissipation between the bed and the wall. The concentration of CO 

dropped at first since the reaction rate was high in the beginning, but subsequently, it 

stabilized as the reaction rate lowered. It depicts the change in the H2 mole fraction along 

the reactor’s length. The trend was nearly identical to that of CO, but with a lower slope. 

This indicates that H2 was the limiting reactant because it was utilized more quickly dur-

ing the reaction. H2 was converted relatively quickly, which means there was no more 

hydrogen available for further conversion. As a result, the syngas ratio increased in the 

quest for an optimal ratio for both hydrogen and carbon monoxide conversion. The loss 

of hydrogen and carbon monoxide can be predicted using this approach. The syngas ratio 

and length of the reactor has a great impact on the product yield. For better understanding 

different syngas ratios vs. reactor length, data were added into the attached Supplemen-

tary Information. The syngas ratio of 2.1 was better for complete conversion, and there 

was a better possibility of obtaining the most products. The limiting reagent was hydro-

gen when the syngas ratio was held at 2 or below 2; otherwise, CO was the limiting rea-

gent. Figure 3 shows the results of syngas fraction of Thar lignite coal. 

 

Figure 2. Syngas fraction of bituminous coal. Figure 2. Syngas fraction of bituminous coal.

C 2022, 8, x FOR PEER REVIEW 8 of 16 
 

 

Figure 3. Syngas fraction of Thar lignite coal. 

3.2. Importance of Steam Flow Rate 

At a constant pyrolysis zone temperature and O/C mass ratio, the steam flow rate 

was changed for optimization. After the Char-Dec block in the gasification and combus-

tion zone, steam and oxygen were introduced into the model. Because the coal feed con-

tained less oxygen and moisture in the elemental analysis, the S/C and O/C ratios for bi-

tuminous coal were kept higher for the parametric analysis. At 15 kg/s, the highest levels 

of hydrogen and carbon monoxide in the resulting gas were reached. The temperature of 

the product outlet gas was 989 K. The mass ratio of steam to coal was 2.8 to 4, while the 

mass ratio of oxygen to coal was 0.64. The resultant gas had a mass enthalpy of 8.64 MJ/kg. 

Figure 4 shows the results of syngas fraction of Thar lignite coal with constant steam flow 

rate. 

3.3. Optimization of Steam Flow with Thar Coal 

At a constant pyrolysis zone temperature and an O/C mass rate, the steam flow rate 

was changed for optimization. For the parametric analysis of lignite coal, the S/C and O/C 

ratios were kept low because the coal supply already contained higher oxygen and mois-

ture in the elemental analysis. At 9 kg/s, the highest levels of hydrogen and carbon mon-

oxide in the resulting gas were reached. The temperature of the product’s output gas was 

1009 K. The mass ratio of steam to coal was 1.48 to 2.22, and the mass ratio of oxygen to 

coal was 0.4. The resultant gas had a mass enthalpy of 7.5 MJ/kg. Figure 5 shows the gas-

eous fraction of Thar lignite coal.  

Figure 3. Syngas fraction of Thar lignite coal.



C 2022, 8, 63 8 of 15

3.2. Importance of Steam Flow Rate

At a constant pyrolysis zone temperature and O/C mass ratio, the steam flow rate
was changed for optimization. After the Char-Dec block in the gasification and combustion
zone, steam and oxygen were introduced into the model. Because the coal feed contained
less oxygen and moisture in the elemental analysis, the S/C and O/C ratios for bituminous
coal were kept higher for the parametric analysis. At 15 kg/s, the highest levels of hydrogen
and carbon monoxide in the resulting gas were reached. The temperature of the product
outlet gas was 989 K. The mass ratio of steam to coal was 2.8 to 4, while the mass ratio of
oxygen to coal was 0.64. The resultant gas had a mass enthalpy of 8.64 MJ/kg. Figure 4
shows the results of syngas fraction of Thar lignite coal with constant steam flow rate.
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3.3. Optimization of Steam Flow with Thar Coal

At a constant pyrolysis zone temperature and an O/C mass rate, the steam flow rate
was changed for optimization. For the parametric analysis of lignite coal, the S/C and
O/C ratios were kept low because the coal supply already contained higher oxygen and
moisture in the elemental analysis. At 9 kg/s, the highest levels of hydrogen and carbon
monoxide in the resulting gas were reached. The temperature of the product’s output gas
was 1009 K. The mass ratio of steam to coal was 1.48 to 2.22, and the mass ratio of oxygen
to coal was 0.4. The resultant gas had a mass enthalpy of 7.5 MJ/kg. Figure 5 shows the
gaseous fraction of Thar lignite coal.

3.4. Product Yield

The FTS model received syngas for product liquefaction at a 9 kg/s optimum flow rate.
At 0.00132 kg/s, diesel fractions were produced. Thar has a total of 175 million tons of coal
reserves. This massive amount of coal, according to the model, can be transformed into
123.22 million barrels of diesel. This variant produces the most diesel (C12+ hydrocarbon
production), which is the reactor’s most desirable product. The yield of methane, an
unwanted product, was not very high and can be further lowered in optimized conditions.
The produced CO2, which is a GHG and a by-product of the FTS process during the water
gas shift reaction, was also minimized to a permissible limit, just as it is in the gas cleaning
system, and can be further reduced by up to 98 percent. The length of the tube depicts the
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conversion’s eligibility requirements. Figure 6 illustrates the product yield of diesel C12 to
C15 hydrocarbons, which was highest at a reactor length of 30 sccm in the model. During
FTS, gasoline is the least preferred hydrocarbon, while C12+ hydrocarbons, which are mostly
diesel, are the most desirable. The findings show that utilizing a catalyst with a promotor
and activator in a fixed bed reactor for FTS results in a higher hydrocarbon output.
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3.5. Reduction of GHG Emissions in CTL FTS Process

Pakistan is a country with a huge coal reserve, which has not been used extensively as
an energy source, and with the continuing upward trend in crude oil prices, the possibility
of producing syngas for liquid fuel using the FTS process has been gaining much importance
for energy security in the country. Although the CTL FTS process is environmentally
friendly in most respects, it produces much more GHG emissions [34] when compared
to processes of petroleum refining producing the same fuels. The challenge of efficient
utilization and the green processing of coal at a manageable cost is of interest to many
research scholars nowadays. There are several processes that are also technologically
proven, through which this CTL FTS process can be transformed into producing low to
almost zero GHG emissions.

The most important process to reduce GHG emissions from coal to produce liquid
fuel is adapting to the carbon capture process. One preprocess measure that can be taken to
reduce carbon footprints in the CTL FTS process is adding a moderate amount of biomass to
coal for liquid production. The coal-biomass to liquid (CBTL) process has been practiced not
only for its carbon neutrality, but this process also has been catalyzed for its low cost. In the
operational process, syngas is produced in the biomass/coal-fed co-gasifier, then the H/C
ratio is achieved in the water gas shift (WGS) reaction, which is needed in the syngas feed
to the FT unit. Using a dual-stage selective physical solvent-based process, a considerable
amount of CO2 can be captured before the FT reactor. In the FT unit, a Fe-based catalyst is
used in the low-temperature FT (LTFT) reactor; however, in the case of the post-FT carbon
capture process, three technologies, namely Selexol, monoethanolamine (MEA), and methyl
diethanolamine/piperazine (MDEA/PZ) technologies are preferred [35].

Another process includes the catalytic dehydrogenation (CDH) of liquid fuels from
coal to minimize carbon emissions, and this process is applicable where syngas produced
from coal has a lower H/C ratio. Using a water gas shift (WGS) reaction for obtaining a
higher H/C ratio results in the production of large GHG emissions. In this process, the
catalytic dehydrogenation of gaseous C1–C4 products of FT synthesis and the recycling
of hydrogen to the syngas steam results in a higher H/C ratio with little or no carbon
emissions. All carbon removed from this process is in the form of value-added by-products,
also called multi-walled carbon nanotubes (MWCNT), which can also be utilized in many
applications such as removing toxic metals and being used in fire retardant coatings and in
fibers and ropes for use in transmission lines and cables, etc. [36].

The other process includes the use of Underground Coal Gasification (UCG) tech-
nology. This process is mainly utilized in power plants for the generation of electricity;
however, UCG is also an attractive option for the CTL FTS process, not only in protecting
the environment from hazardous gases but also in terms of economic gains. Preliminary
studies conducted in the Thar block of Pakistan have already shown some positive signs of
this technology [37]. UCG gasifies coal seams into syngas in situ and extracts the syngas to
the surface for its subsequent use. In this way, coal is utilized efficiently in old mines and
deep coal seams, and more importantly, the coal ash, residues, and other pollutants left
after coal gasification remain below the ground [38].

The production of CO2 is highly dependent on the temperature and pressure condi-
tions, the type of reactor, and the catalyst of the FTS reactor. Measures are taken, such as
the low temperature Fischer Tropsch reactor, to mitigate the CO2 production. The condition
for CO2 conversion is favored by the Boudourd Reaction.

C + CO2 → 2CO (19)

In any case, it is unlikely that this reaction is able to remove all of the carbon dioxide.
Amine treatment is used to capture the surplus CO2, which is recovered to 98% approx.
Figure 7 shows the amine treatment process in Aspen Plus. Captured CO2 is utilized by
first being sequestrated into the deep sea by shipping it there. Secondly, it can be used
in geological formations. Thirdly, it can be used for enhanced oil recovery. Lastly, it can
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be used in many industrial processes. There are a variety of techniques present in the
market for the removal of problem-creating materials, but in our case, CO2 and H2S are
available for troubleshooting. An aqueous solution of alkyl-amine solution is used to
eradicate these gases. The world is confronted with issues such as global warming and
climate change. In order to overcome this difficulty, the control of emissions such as CO2 is
essential. Therefore, the world is speculating about carbon capture and storage techniques
and processes.
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Amine treatment is one of the most dedicated technologies for the handling of CO2 and
H2S from hydrocarbon streams. This process is known as acid gas removal (AGR) or the
sweetening process. For this purpose, different primary, secondary, and tertiary solvents
such as mono-ethanolamine (MEA) and di-ethanolamine (DEA) are extensively utilized
for acid gas removal. The purification percentage achieved by this process is ninety-eight,
which is a bigger achievement regarding CO2 recovery. In general, MEA has the specialty
of eradicating CO2 and H2S. Though DEA and MDEA are more appropriate in terms of
economics and corrosive properties, solvents were developed to be more prevalent. CO2
capture and H2S removal are very crucial for many industries and power plants, such as the
steel industry, cement industry, iron industry, food industry, tobacco industry, and chemical
industries. The flue gas/sour gas is fed to the contactor tower and rises to the descending
Diethanol amine solution. After absorption, the sweet gas flows out from the top of the
tower, and the remaining amine solution is perceived as a rich solution as it carries the gases
absorbed in it. The second step is the heat exchange, through which both lean and rich
amines pass. The rich amine obtains heat while the lean is cooled down. This rich amine is
further heated by the steam provided by the reboiler in the regeneration unit. This stripping
process untightened the CO2 and H2S gases, and the amine was regenerated, recycled, and
reused throughout the cycle. For a better understanding, the following Figure 8 (dedicated
to carbon dioxide removal) describes the acid gas removal process [39,40].

Coal to liquids via the FTS process is an alternative technology for oil production,
utilizing vast Thar coal resources in Pakistan. The technology can also play a key role in
countering booming imports of these hydrocarbon liquids in the country. However, energy
usage and GHG emissions of FTS plants are relatively very high due to their long-chain
production and low energy efficiency in the energy cycle.
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Processes such as CCS and CDH can be an economic and environmentally friendly
way for coal-to-liquid, technology which simultaneously satisfies the requirements of hy-
drocarbon liquid supply and CO2 emissions reduction in Pakistan. In 2020, CO2 emissions
for Pakistan were 217 million tons. Between 1971 and 2020, CO2 emissions in Pakistan grew
substantially from 18.1 to 217 million tons, rising at an increasing annual rate that reached a
maximum of 15.38% in 1987 and then decreased to −0.43% in 2020. From 153,083.7 million
tons to 56,152 million tons, CO2 emissions were also reduced. Every single unit in Pakistan
follows the SOPs to deal with greenhouse gases. Chemical equilibrium is of great impor-
tance when considering the condition of chemical equilibrium. By controlling this reaction,
gas composition can be altered as it follows thermodynamic applications, which is quite an
easy task. The type of gasifier, the hydrogen to carbon monoxide ratio, and the conditions
where the gasifier operates play a very critical role pertaining to shift reaction. This shift
reaction has a very small impact on heating value. One of the discrete features of fixed-bed
gasifiers is that an nH2/CO ratio of 1.7 to 2.0 is formed straight, which is appropriate for
the Fischer–Tropsch synthesis without the need for extra water–gas shift change to regulate
the H2/CO ratio, and this embraces a price benefit.

3.6. Discussion

The FTS prototype can detect the trend of n-paraffins as well as the conversion of
hydrogen and carbon monoxide. The FTS kinetics are said to be particularly difficult to
understand. It sells gasoline, diesel, alcohol, aldehyde, ketone, waxes, and a variety of
other items. N-paraffins and 1-olefins are found in primary products, while branched
hydrocarbons, 2-olefins, and oxygenates are found in secondary products. Temperature,
pressure, flow velocity, and catalyst conditions are all controlled to create the desired results.
In this method of synthesis, the catalyst plays an important role in creating the desired
product. WGS activity and olefin content are high in cobalt and ruthenium catalysts, and
cobalt and ruthenium create ore waxy products. These catalysts can be used to convert CO
to methane. Small additions can be added to the catalyst to help it reduce and therefore
increase activity.

Pakistan coal reserves in Thar (Sindh) regarded as the largest coal reserves in Asia,
carry around 175 billion tons of Coal reserves at this location. Many analyses and studies
have been conducted to estimate the total energy output that can be produced from this coal
source in the form of electricity generation and other forms of energy means. One study
revealed that the estimated coal reserves are capable of producing 100,000 MW of power
for the next 250 years. The exploitation of this source also means that Pakistan’s long-term
energy planning would also attract foreign direct investment and reduce the country’s de-
pendence on imported fuel for the sustainable development of energy needs [41]. However,
the use of coal is also considered the biggest source of greenhouse gas (GHG) emissions, and
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coal ash residue, which is the large volume of waste produced by coal-fired power plants,
signifies a high potential for global warming and environmental contamination [42,43].

Although, in the wake of new technology, the green and sustainable processing of
coal utilization has become possible with negligible negative impacts on the environment.
One such technology is coal to liquid (CTL), in which coal is converted into valuable liquid
hydrocarbons through a proven method known as the Fischer-Tropsch synthesis (FTS)
process. From its initial days of development, the FTS process has improved through
improved catalyst selection. Preliminary studies of the FTS process for coal utilization and
its conversion to liquid fuels have also been performed in Pakistan [37].

The FTS process commercialization and its cost estimation depend mainly on the
price of the products, i.e., hydrogen (H2) and carbon dioxide (CO2) obtained from the FTS
process. Detailed performance analysis has been carried out for a broad range of prices for
H2 and CO2, and for the range of potential CO2 credits, the results revealed that the H2
price has the largest impact on the selling price of FT fuels. Hence, the commercialization
prospects of the FTS process in any country could focus on improving the H2 and CO2
recycle contributions and FT fuel conversion ratio [44].

Pakistan plans to increase the use of environmentally friendly technologies and renew-
able energy for power generation in the energy mix. the country has been increasing efforts
to reduce the overall impact of climate-induced vulnerabilities, while also considering that
Pakistan has only a little share of global GHG emissions. Projects, such as the Ten Billion
Tsunami Programme, are governed by the Pakistan Ministry of Climate Change [21], and
they pledged to set an overall target of 50% reduction of emissions by 2030, along with
aiming to increase their share of using electric vehicles to 30%. Shifting their 60% power
generation capacity on renewable energy in its Nationally Determined Contributions (NDC)
is very ambitious [45].

4. Conclusions

Despite international sanctions, and restrictions on its use, coal can still play a big
role in taming the energy crisis in Pakistan. The use of Thar coal in its compositional
rank has many limitations associated with environmental impacts and thermal efficiency;
however, technology such as CTL with the help of the FT method allows this source of
energy to utilize a more clean and sustainable form for the production of efficient liquid
fuel of energy. As much-needed attention has been given to climate change and GHG
emissions, the production capacity of CTL has increased in the last few years around the
world. However, the technology has not been fully commercialized yet, which makes it
difficult to estimate the economic parameters of the operation of CTL with FT with or
without a carbon capture system. Pakistan’s recently announced NDC targets aim to shift
to 60% on renewable energy in power generation by 2030, along with a complete ban on
imported coal; hence, in the context of this undertaking, there is a dire need to use new and
critical technologies such as CTL, which has the potential to uplift domestic coal resources
and meet the energy needs of the country. Pakistan benefitted economically from CPEC
with their financing of coal-fired power plants, which also helped to solve the electricity
shortage in the country, but that also comes at the cost of environmental harm. Hence,
it would be prudent to change direction a little because, instead of obtaining financing
for imported coal-fired power plants, energy projects that involve the use of coal must
implement CTL technology, which should also be designed to maximize the efficiency
of water use. At the policy level, the policy that favors boosting the indigenous energy
resources of the host country is also the need of the hour, which also removes any barriers
that come in the way of making Pakistan a key player in low carbon development.
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