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ABSTRACT

Coal has traditionally played a vital role in meeting global energy demands. However, growing
environmental concerns and the shift toward cleaner energy alternatives have raised doubts
about its long-term viability. In this evolving energy landscape, coal gasification presents a
promising solution that could redefine how coal is utilized sustainably. This process converts coal
into syngas - a mixture of hydrogen, carbon monoxide, and other gases that can be used for
power generation, chemical synthesis, and as a precursor to cleaner fuels such as hydrogen
Compared to conventional coal combustion, coal gasification offers several environmental
benefits, including significantly lower emissions of sulfur dioxide, nitrogen oxides, and particulate
matter. It also facilitates more efficient implementation of Carbon Capture and Storage (CCS)
technologies, aligning with international climate goals. Additionally, Integrated Gasification
Combined Cycle (IGCC) systems enable higher thermal efficiency, improving the economic and
environmental feasibility of coal use in a carbon-constrained world. For nations with abundant
coal reserves seeking energy security and diversification, coal gasification provides a cleaner,
more responsible pathway to leverage existing resources. The future of coal, therefore, lies not in
its traditional use, but in innovative technologies like gasification that support the global
transition to a sustainable and low-carbon energy future.

Keywords: coal gasification, syngas, clean energy, carbon capture, IGCC, energy transition,
sustainable development.

1. INTRODUCTION

Coal has historically served as a primary fossil fuel resource, playing a critical role in baseload
power generation, metallurgical applications, and industrial energy supply. For centuries, it has
been a key driver of global industrialization and economic progress. However, the 21 century has
seen increasing emphasis on environmental stewardship, carbon neutrality, and the
decarbonization of energy systems. Rising awareness of anthropogenic climate change, airborne
pollutant emissions, and the finite nature of conventional energy resources has prompted
reevaluation of coal's long-term viability within the global energy portfolio. In particular, the
continued reliance on direct combustion of coal in subcritical and supercritical thermal power
plants is now widely considered unsustainable due to its high carbon footprint and pollutant
output.

In this context, coal gasification technology represents a strategic advancement in the utilization
of coal reserves. The process involves the thermochemical conversion of pulverized or crushed
coal often through fluidized bed reactors or entrained flow gasifiers - in a controlled environment
with limited oxygen and/or steam. The output is syngas (synthetic gas), primarily composed of
hydrogen (H») and carbon monoxide (CO), which can be utilized in combined cycle gas turbines,
chemical synthesis units, or upgraded via Fischer-Tropsch processes for production of liquid fuels
and hydrogen energy carriers.

One of the key advantages of gasification is its compatibility with Carbon Capture, Utilization,
and Storage (CCUS) infrastructure. The relatively concentrated CO: stream produced during
gasification facilitates more efficient capture compared to post-combustion methods. When
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integrated with Integrated Gasification Combined Cycle (IGCC) configurations, the process
achieves higher thermal efficiencies and significantly lower specific emissions than conventional
pulverized coal-fired units.

For coal-abundant countries, such as India, China, Australia, South Africa, and the United States,
coal gasification presents a pathway to ensure resource security, reduce import dependency on
natural gas or oil, and support industrial decarbonization. It offers a technologically feasible
bridge between the current reliance on carbon-intensive primary fuels and the anticipated shift to
low-emission and renewable energy systems. By transforming coal from a combustion-based fuel
into a feedstock for cleaner energy vectors, gasification redefines its role in a more sustainable,
circular energy economy.

Coal has been a dominant energy resource since the Industrial Revolution, primarily due to its
abundance, affordability, and energy density. It currently supplies a significant share of the
world’s electricity and industrial energy needs. However, the heavy reliance on coal has come at a
major environmental cost. Traditional methods of coal combustion are among the leading sources
of carbon dioxide (CO>) emissions, sulfur dioxide (SO>), nitrogen oxides (NOy), and particulate
matter, all of which contribute to global warming, acid rain, smog, and respiratory illnesses.

In light of international agreements like the Paris Climate Accord and rising public and political
pressure for cleaner energy, many countries are phasing out conventional coal-fired power plants.
This has pushed scientists, engineers, and policymakers to look for alternative methods to use coal
in a cleaner and more sustainable manner leading to growing interest in coal gasification.

2. COAL GASIFICATION

Coal gasification is a thermo-chemical process that converts coal into synthetic gas (syngas) by
reacting it with a controlled amount of oxygen and/or steam at high temperatures. Unlike direct
burning, gasification breaks down coal into its basic chemical components. The resulting syngas,
primarily composed of hydrogen (H»), carbon monoxide (CO), and methane (CHa), can be:

» Burned in gas turbines to generate electricity with lower emissions.

Used in chemical industries to produce ammonia, fertilizers, and methanol.

Converted to hydrogen, a clean fuel for fuel cells and industrial applications.

Upgraded to Synthetic Natural Gas (SNG) or liquid fuels through processes like Fischer-
Tropsch synthesis.

Y V VY

3. ENVIRONMENTAL AND ECONOMIC ADVANTAGES

Compared to conventional coal combustion, coal gasification offers several key environmental
benefits:

» Reduced air pollution: The process significantly lowers emissions of SO,, NOy, and
particulates, as these can be removed before combustion.

» Carbon capture compatibility: The CO, produced in gasification is in a more concentrated
and purer form, making it easier and more cost-effective to capture and store (CCS).

» Efficient energy conversion: Integrated Gasification Combined Cycle (IGCC) plants can
achieve thermal efficiencies of over 45%, higher than typical coal-fired power plants (33—
38%).

4. GLOBAL ENERGY CONTEXT AND FUTURE OUTLOOK

For countries like India, China, South Africa, and the United States, which possess vast coal
reserves, coal gasification presents an opportunity to utilize existing resources while transitioning
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toward a low-carbon energy future. By investing in gasification technology, these nations can:

v Improve energy security by reducing dependence on imported oil and gas.

v Promote cleaner industrial growth, particularly in sectors like steel, fertilizers, and
petrochemicals.

v Create economic opportunities in advanced manufacturing and hydrogen production.

In addition, coal gasification could play a key role in the development of a hydrogen economy,
where hydrogen produced from coal (with CCS) serves as a stepping stone toward green
hydrogen technologies powered by renewable energy.

5. CHALLENGES AND THE WAY FORWARD
Despite its potential, coal gasification faces several challenges:

e High capital costs for plant construction and technology integration.

e Technical complexity, requiring skilled operation and maintenance.

e Environmental concerns, especially regarding water usage and the safe disposal of slag
and other byproducts.

Coal gasification is a thermochemical conversion process where coal is reacted with a controlled
amount of oxygen and/or steam at high temperatures (>1,200°C) to produce syngas (synthesis
gas). This gas mainly consists of hydrogen (H»), carbon monoxide (CO), carbon dioxide (CO,),
methane (CHy), water vapor (H>O), and trace contaminants.

This process allows coal, a solid and carbon-intensive fuel, to be transformed into a cleaner-
burning, versatile gaseous fuel, which can be used for:
» Power generation
Chemical manufacturing
Liquid fuel production

Y V VY

Hydrogen production

6. MAIN REACTIONS IN GASIFICATION:

1. Devolatilization (Pyrolysis): CiH, — Volatile gases + Char
2. Combustion (Partial Oxidation): C+ O.— CO:
2C+ 02— 2CO
3. Water-Gas Reaction: C+ H:0 — CO + H2
4. Water-Gas Shift Reaction (WGS): CO + H.O — CO: + Hz
5. Methanation (at low temps): C+2H: — CH4

7. TYPES OF COAL GASIFIERS

Description: Based on the design and method of introducing reactants, there are several types:

» Fixed-bed (moving bed) gasifier (e.g., Lurgi)
» Fluidized-bed gasifier (e.g., Winkler)
» Entrained-flow gasifier (e.g., Shell, GE)

7.1 Fixed-bed (Moving-bed) Gasifier

The Lurgi gasifier is a type of fixed-bed (also known as moving-bed) gasification system
characterized by the counter-current flow of coal and gasifying agents. In this design, coal is
introduced from the top of a vertical reactor while a mixture of steam and oxygen (or air) is
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injected from the bottom. As the coal descends and the gases rise, they interact to produce
synthesis gas (syngas), which is withdrawn from the top of the reactor.

Working Principle:

Coal is fed from the top of a vertical reactor.

Steam and oxygen (or air) are injected from the bottom.

As gases move upward and coal moves downward, they interact counter-currently.
Syngas is withdrawn from the top.

YV VYV

Key Features:

% Operates at relatively low temperature (~1000°C) and high pressure.
4 Can handle large coal particles and low-reactivity fuels.
4+ Produces high methane content in syngas.

Advantages:

= High thermal efficiency.
= Suitable for coal with high ash content.

Disadvantages:

= Tar and oil formation can be high.
= Ash removal can be complex.

7.2 Fluidized-bed Gasifier

The Winkler gasifier is a typical example of a fluidized-bed gasification system that operates
under atmospheric or low-pressure conditions. In this design, finely ground coal is introduced into
a reactor where steam and oxygen (or air) are injected from the bottom. The gasifying agents
fluidize the solid coal particles, creating a turbulent bed that enhances heat and mass transfer,
thereby promoting efficient gasification.

Working Principle:

» Fine coal particles are fed into a fluidized bed of inert solids (like sand or ash) suspended
by upward-blowing gas (steam/air/oxygen).

» Provides uniform temperature distribution and good mixing.

> Syngas exits from the top, while ash is removed from the bottom.

Key Features:

» Operates at moderate temperature (~800—1000°C).

» Suitable for low-rank coal like lignite or biomass blends.

» Typically operates at atmospheric pressure.
Advantages:

» Good gas-solid contact.
» Flexible fuel input and feed rates.
Disadvantages:
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» Lower carbon conversion efficiency.
» Fine particles and dust in syngas may require extensive cleanup.

7.3 Entrained-flow Gasifier

Entrained-flow gasifiers are high-temperature gasification systems in which pulverized coal or
slurry is fed into a reactor along with oxygen and steam. The reactants are introduced co-currently
(in the same direction) and react in a turbulent flow regime, typically at temperatures above
1200°C. The syngas is rapidly cooled and withdrawn from the outlet, while molten slag is
removed from the bottom.

Working Principle:

» Pulverized coal is entrained (suspended) in high-velocity oxygen and steam jets.
» Reaction occurs co-currently in a vertical reactor at very high temperatures (1200—
1600°C).
» Syngas is rapidly withdrawn from the bottom.
Key Features:

» High temperature leads to near-complete gasification.
» Produces low-tar, low-methane syngas.
» Ash is melted and removed as slag.

Advantages:

» High carbon conversion and efficiency.
» Compact design and suitable for large-scale operations.
Disadvantages:

» Requires fine coal (high milling cost).
» More complex operation and high O&M costs.

Table 1 presents a comparative summary of the three major coal gasification technologies, fixed-
bed, fluidized-bed, and entrained-flow - highlighting their operational characteristics, syngas
quality, and typical applications. It provides insight into the suitability of each configuration
based on coal type, temperature, pressure, and end-use requirements.

Table 1. Summary Comparison

Feature Fixed-bed Fluidized-bed Entrained-flow
Example Lurgi Winkler Shell, GE

Coal Particle Size Large Medium Fine (pulverized)
Temperature (°C) ~1000 800-1000 1200-1600
Pressure High Low/Atmospheric High

Syngas Quality High CHa., tar Moderate CHa, tar Low CHa, low tar
Ash Removal Dry ash (grate) Bed drain Slag tap
Applications Ammonia, Methanol Medium scale power Large-scale power, Hz

8. GASIFICATION CHEMICAL REACTIONS

8.1 Pyrolysis (Thermal Decomposition)
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Reaction: CiH, (coal) — Volatile gases + Char (solid carbon)

Pyrolysis is the initial step in coal gasification, occurring at temperatures between 400-600°C in
the absence of oxygen. During this thermal decomposition process, coal breaks down into volatile
matter (e.g., CO, CHa, Hz, light hydrocarbons, and tar) and a solid carbon-rich residue known as
char. The volatile components may participate in subsequent gas-phase reactions, while the char
undergoes further gasification.

8.2 Partial Oxidation (Combustion Reaction)
Reaction: C + 02 — 2CO

Partial oxidation is an exothermic reaction in which a controlled amount of oxygen or air is
introduced to combust part of the coal or char. This reaction provides the thermal energy
necessary to sustain endothermic gasification reactions and primarily yields carbon monoxide.

8.3 Water-Gas Reaction (Steam Gasification)
Reaction: C + H.O — CO + Hz

This is a key endothermic reaction in which steam reacts with carbon (char) at high temperatures
(typically 900-1000°C) to produce carbon monoxide and hydrogen— the fundamental
constituents of syngas. This reaction plays a central role in enhancing the hydrogen yield in
gasification systems.

8.4 Water-Gas Shift Reaction (WGS)
Reaction: CO + H.0 2 CO: + H:

The water-gas shift reaction is a reversible, catalytic process used to adjust the H2/CO ratio in
syngas. It is particularly important in applications where hydrogen is the desired product, such as
in hydrogen fuel production or ammonia synthesis. Additionally, this reaction facilitates CO-
capture in carbon capture and storage (CCS) systems.

8.5 Methanation

Reactions: C+2H>—CHa4
CO + 3Hz — CHa4 + H20

Methanation involves the conversion of carbon or carbon monoxide into methane in the presence
of hydrogen. These exothermic reactions typically occur at lower temperatures (300—400°C)
under catalytic conditions. Methanation is especially relevant in processes aimed at producing
Synthetic Natural Gas (SNG), where methane is the primary desired product.

9. COAL GASIFICATION PLANT: MAJOR PROCESS UNITS

A coal gasification plant (Figure 1) comprises a series of integrated process units that work
collectively to convert raw coal into synthesis gas (syngas). This syngas, primarily composed of
carbon monoxide (CO) and hydrogen (H:), can be utilized for power generation, hydrogen
production, or as a feedstock for chemical synthesis. The core units involved in this process are
described below.
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Figure 1. Process Flow Diagram of a Coal Gasification Plant

9.1 Coal Preparation Unit

Function: Prepares raw coal to meet the physical and chemical specifications required for
gasification.

Process Steps:
e Crushing and Grinding: Reduces coal to the desired particle size.
e Drying: Removes excess moisture to improve gasification efficiency.
e Screening: Ensures uniform particle distribution for consistent reactor feeding.
Output: Sized, clean coal or coal slurry (for slurry-fed gasifiers), optimized for gasifier performance.

9.2 Gasification Unit

Function: Converts prepared coal into raw syngas by reacting it with a controlled supply of
oxygen (or air) and steam under high-temperature conditions.

Process Steps:
e Coal is introduced into the gasifier (e.g., entrained-flow, fluidized-bed systems).
e Qasification occurs at temperatures ranging from 1000—-1600°C.

e Produces raw syngas containing H2, CO, CO2, CHa, H2S, NHs, and particulates.

Byproduct: Ash or molten slag is removed from the reactor bottom, depending on operating
conditions.

9.3 Gas Cleanup Unit

Function: Removes contaminants from raw syngas to make it suitable for downstream
applications such as combustion, chemical synthesis, or hydrogen extraction.

Key Subsystems:
e Cyclones and Filters: Eliminate solid particulates and fly ash.

e Acid Gas Removal (AGR): Removes H2S and CO: using chemical solvents (e.g., amines).
o Ammonia Scrubbers: Absorb NH; from the syngas stream.
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e Trace Contaminant Removal: Activated carbon or other media used to capture mercury and
heavy metals.

Output: Clean syngas with enhanced CO and H: concentration, suitable for final use.
9.4 Syngas Utilization: Final Product Pathways
A. Power Generation (Integrated Gasification Combined Cycle — IGCC)

e C(lean syngas is combusted in a gas turbine to produce electricity.

e Exhaust heat is recovered in a heat recovery steam generator (HRSG) to drive a steam
turbine.

e Results in a highly efficient combined-cycle power generation system.

B. Chemical Synthesis and Hydrogen Production

e Methanol Synthesis: Syngas is catalytically converted into methanol.

o  Ammonia Production: Via the Haber—Bosch process, using nitrogen and hydrogen.

e Hydrogen Production: Through the water-gas shift reaction followed by hydrogen separation
(e.g., pressure swing adsorption).

e Liquid Fuels: Conversion of syngas into synthetic fuels via Fischer—Tropsch synthesis.

The coal gasification plant integrates several core units that work together to convert raw coal into
syngas, which is then cleaned and used for power generation, hydrogen production, or chemical

synthesis. The summary of flow stages are given in Table 2.

Table 2 Summary Flow Stages

Stage Inputs Outputs
Coal Preparation Raw coal, air Pulverized or sized coal
Gasification Coal, O2, Steam Raw syngas, ash/slag
Gas Cleanup Raw syngas Clean syngas, removed impurities
Product Utilization Clean syngas Electricity, H2, Methanol, etc.
10. CONCLUSIONS

Coal gasification represents a significant advancement in the sustainable utilization of coal resources.
Unlike conventional combustion, which results in high levels of greenhouse gas emissions and
environmental degradation, gasification offers a cleaner, more efficient, and versatile pathway for coal
conversion. By transforming solid coal into syngas - a valuable mixture of hydrogen and carbon
monoxide, this technology opens up multiple downstream applications including -electricity
generation, hydrogen production, synthetic fuels, and chemicals.

The integration of Carbon Capture and Storage (CCS) with coal gasification, especially in Integrated
Gasification Combined Cycle (IGCC) systems, further enhances its environmental compatibility by
reducing CO, emissions. This makes gasification a promising transitional technology in the global
shift toward low-carbon energy systems.
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For coal-rich nations, coal gasification offers a practical route to energy security and industrial
diversification while aligning with international climate commitments. Despite challenges like high
capital investment, water usage, and complex operation, ongoing advancements in process design,
materials, and emission control are steadily improving its economic and technical feasibility.

In conclusion, coal gasification not only provides a cleaner use of coal but also repositions it as a
strategic resource in the emerging landscape of sustainable and diversified energy systems.
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