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fAbstract h
The transition to low-carbon energy solutions necessitates the exploration of sustainable catalytic pathways for
coal-to-chemicals processes. Biomass-derived catalysts— such as ZnO, TiO, and Ni-based nanocatalysts— have
emerged as a promising alternative to conventional catalysts, offering enhanced efficiency, reduced carbon foot-
print, and alignment with circular economy principles. This study employs a systematic literature review using
the PRISMA framework, alongside comparative analysis and mixed-methods synthesis, to evaluate the efficiency
of biomass-derived catalysts in coal-to-chemicals processes across China, India, Germany, Denmark, Brazil, Na-
mibia, and Ghana. Findings indicate that biomass catalysts exhibit superior catalytic activity, higher selectivity,
and lower energy intensity, with notable regional variations influenced by policy frameworks, feedstock availabil-
ity, and technological advancements. While developed economies demonstrate higher efficiency and scalability,
emerging economies face challenges related to infrastructure, investment, and regulatory frameworks.

The study underscores the role of policy-driven incentives, research collaborations, and scalable frameworks in
promoting biomass catalysis adoption. By integrating scientific innovation with socio-economic considerations,
the findings provide actionable insights for policymakers, industry stakeholders, and researchers to accelerate the
global transition to sustainable green coal-to-chemicals pathways.

- J

Keywords: Biomass Catalysis, Coal-to-Chemicals, Energy Transition, Comparative Analysis, Sustainable Development, Low-Car-
bon Technologies.

Introduction and promising solution, providing a viable pathway for reducing

The transition to a low-carbon economy has become a central
goal of international policy, as nations strive to mitigate the
impacts of climate change and reduce their reliance on fossil
fuels. The chemical industry, in particular, is one of the larg-
est contributors to global industrial emissions, making it a crit-
ical sector for enabling the low-carbon transition. Historically,
coal has served as a primary feedstock for chemical production
processes, such as the manufacture of methanol, ammonia, and
fertilizers. However, mounting concerns over carbon emissions
have intensified the need to explore more sustainable alterna-
tives, especially for the production of chemicals. In response to
this challenge, biomass catalysis has emerged as an innovative
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the carbon footprint of the chemical industry while maintaining
energy security, industrial productivity, and economic viability.

Biomass, derived from organic materials such as agricultural
residues, forestry waste, and municipal solid waste, is a renew-
able and carbon-neutral feedstock that offers significant potential
for the chemical industry [1]. In recent years, biomass catalysis
has attracted growing attention as a sustainable method for con-
verting biomass into high-value chemicals traditionally derived
from coal. Technologies such as biomass gasification, pyrolysis,
and enzymatic catalysis enable the efficient conversion of bio-
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mass into valuable products such as methanol, biofuels, and bio-
chemicals [2]. Biomass gasification, for instance, involves the
thermal breakdown of biomass in the presence of a controlled
amount of oxygen or steam to produce syngas— a mixture of hy-
drogen and carbon monoxide— which can be further processed to
produce various chemicals [2].

Pyrolysis, another important biomass conversion technology,
breaks down biomass in the absence of oxygen, resulting in
bio-oil, biochar, and syngas, which can be used for energy pro-
duction or as feedstocks for chemical production [3]. Enzymat-
ic catalysis, a more recent and promising development, utilizes
enzymes to selectively catalyze the conversion of biomass into
chemicals, offering greater efficiency and selectivity compared
to traditional catalytic processes [4].

Figure 1 contextualized the role of biomass-derived catalysts in
coal-to-chemical processes using the systems theory. The inte-
gration of biomass catalysis into coal-based chemical processes
holds the potential to significantly lower the carbon footprint of
the chemical industry, making it a key enabler of the low-carbon
transition. By substituting coal with biomass as a feedstock, a sub-
stantial reduction in greenhouse gas (GHG) emissions— particular-
ly carbon dioxide (CO2)— can be achieved [5]. Biomass is often
considered carbon-neutral because the carbon released during its
conversion or combustion is offset by the carbon absorbed during
the biomass’s growth phase, in contrast to coal, which releases
long-sequestered carbon. Moreover, utilizing biomass as a feed-
stock can contribute to global efforts to lessen the environmen-
tal impacts of industrial processes while providing a sustainable
alternative to fossil-based chemicals. Thus, biomass catalysis di-
rectly aligns with broader goals of environmental sustainability,
industrial decarbonization, and socio-economic resilience.

A = Input Materials

B = Process Flow

C = Sustainability
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Figure 1: Flow-Chart Illustrating the Role of Biomass-Derived Catalysts in Coal-to-Chemicals Processes Using the Systems Theory.
Source: Author’s own elaboration (2025)

The significance of studying biomass catalysis in coal-to-chemi-
cals (CTC) processes lies in its duel potential to drive both envi-
ronmental sustainability and economic development. While the
chemical industry remains a major source of global emissions, it
also plays a pivotal role in the global economy. Chemicals such
as methanol, ammonia, and fertilizers produced via CTC pro-
cesses are vital to industries ranging from agriculture to pharma-
ceuticals [6]. Therefore, solutions that can lower the carbon in-
tensity of chemical production without disrupting supply chains
are of critical importance. Biomass catalysis, with its ability to
integrate renewable feedstocks into existing chemical produc-
tion systems, represents a timely and necessary innovation to
achieve these goals.

Nevertheless, the successful adoption of biomass catalysis with-
in the CTC sector faces several notable challenges. A major bar-
rier is the availability and cost of biomass feedstocks. Biomass
is often less consistent in quality and more expensive than coal,
raising concerns over its economic feasibility in large-scale pro-
duction [7]. Moreover, infrastructure for sourcing, processing,
and transporting biomass remains underdeveloped in many re-
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gions, limiting its widespread adoption [8]. Further challenges
include variations in biomass feedstock properties, the efficiency
of biomass conversion technologies, and the scalability of bio-
mass catalytic processes. Despite these challenges, the compel-
ling environmental and economic advantages of biomass cataly-
sis— such as its renewable nature, carbon neutrality, and potential
for rural economic development— justify continued exploration
and investment.

Overcoming these challenges and accelerating the adoption of
biomass catalysis in the CTC sector will require strong policy
support and strategic regulatory frameworks. Governments can
incentivize the development and deployment of biomass cataly-
sis technologies through subsidies, grants, and tax incentives for
research and development, and by establishing favorable market
conditions. Mechanisms such as carbon pricing (through carbon
taxes or cap-and-trade systems) could also encourage industries
to adopt low-carbon technologies by making carbon-intensive
options less economically attractive [9]. Furthermore, interna-
tional collaborations among governments, private enterprises,
and research institutions are essential to foster knowledge ex-
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change, technology transfer, and innovation. In biomass-abun-
dant regions, governments can invest in infrastructure to stream-
line biomass collection, processing, and logistics, making
biomass-based chemical production economically [10].

Importantly, the significance of biomass catalysis extends be-
yond emissions reduction: it addresses critical issues of energy
security and economic diversification. Biomass, being a domes-
tically available renewable resource, can diversify national en-
ergy mixes and reduce dependence on fossil fuels— especially in
coal-dependent counties. The growth of a biomass-based econo-
my could stimulate job creation and foster sustainable rural de-
velopment, creating new markets and industrial sectors centered
around biomass feedstock production and chemical manufactur-
ing [5]. Thus, biomass catalysis represents a strategic conver-
gence of environmental, economic, and social imperatives.

This study, therefore, aims to investigate the role of biomass ca-
talysis in coal-to-chemicals processes, focusing on its potential
contribution to the low-carbon transition in the chemical indus-
try. Specifically, this research will assess technological advance-
ments in biomass catalysis, explore the economic feasibility of
biomass as a feedstock, and examine the policy frameworks nec-
essary for its large-scale adoption [11]. It will further evaluate
the scope and limitations of current biomass catalytic processes,
particularly challenges associated with feedstock availability,
cost, and infrastructure, providing a comprehensive understand-
ing of the biomass catalysis landscape.

The scope of this study focuses on analyzing the technical,
economic, and policy dimensions of biomass catalysis in CTC
processes. It reviews current biomass conversion technologies,
assesses the feasibility of biomass integration into existing
chemical production systems, and evaluates both the opportu-
nities and challenges associated with adoption. Furthermore, it
explores how government policies can catalyze the growth of a
sustainable bioeconomy. However, this study is limited by the
availability of global data on biomass catalysis and its focus
primarily on developed and developing countries with varying
levels of biomass resource availability.

In conclusion, biomass catalysis offers a transformative pathway
to decarbonize the coal-to-chemicals sector and advance the
global low-carbon transition. By leveraging renewable biomass
feedstocks and improving catalytic conversion technologies, it
is possible to significantly reduce the chemical industry’s carbon
footprint while sustaining economic importance. The integration
of biomass catalysis into CTC processes addresses critical issue
of sustainability, energy security, and economic development.
Through technological advancements, policy support, and in-
frastructure investment, biomass catalysis can become a pivot-
al driver of a low-carbon future. This study, therefore, seeks to
provide valuable insights into the role of biomass catalysis in
sustainable chemical production and contribute to the broader
discourse on low-carbon industrial transitions. The following
section outlines the study frameworks used in analyzing the re-
sults and discussion.

Research Locale and Methodology

This section is organized into two parts: (1) study areas and (2)
research methods adopted for presenting the study findings in
the subsequent sections.
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Research Locale and Features

The study does not limit its secondary data collection to a single
location but instead adopts a global perspective, analyzing liter-
ature from China, India, Germany, Denmark, Brazil, Namibia,
and Ghana. These counties were selected for their prominence
in coal-to-chemicals production, biomass catalysis research,
and policy interventions directed toward low-carbon transitions.
Each country contributes uniquely, either through technological
innovations, policy developments, or economic frameworks.

China, the world's largest coal consumer and producer, with
extensive investments in coal-to-chemicals conversion. The
country has also actively researched biomass-based catalysts to
reduce carbon emissions in coal-dependent industries. Policies
under the “14th Five-Year Plan” promote alternative feedstocks
and cleaner technologies, positioning China as an ideal case for
assessing technological advancements and policy-driven indus-
trial shifts [12].

India similarly remains heavily reliant on coal for energy and
chemicals production. However, compared to China, India faces
additional challenges such as policy inconsistencies and techno-
logical gaps in biomass integration. Initiatives like the National
Bio-Energy Mission and various pilot projects in lignocellulosic
biomass conversion offer important comparative perspectives on
the opportunities and constraints for biomass catalysis in coal
industries [13].

Germany and Denmark represent two of the most progressive
nations in sustainable energy transitions. Germany’s Ener-
giewende policy and Denmark’s robust bioenergy sector pro-
vide critical insights into policy-driven transitions away from
coal dependency [14]. These countries’ experiences with inte-
grating biomass-derived catalysts into chemical industries offer
valuable lessons for coal-intensive economies [14].

Brazil was selected for its global leadership in biomass valorization,
especially sugarcane-based biomass conversion. Although Brazil’s
coal-to-chemicals sector is comparatively small, its expertise in
catalytic conversion technologies provides scalable, cost-effective
methods that could be adapted to coal-based industries [15].

Namibia and Ghana serve as case studies representing emerg-
ing economies with potential in coal and biomass. Namibia is
gradually promoting biomass-to-energy initiatives to enhance
energy security, while Ghana’s significant agricultural biomass
resources offer potential for bio-catalysis integration. However,
both countries face key challenges, such as limited industrial in-
frastructure and policy gaps [16, 17].

Selecting these seven diverse locations ensures a comprehensive,
multi-dimensional global analysis, capturing the technological,
policy, and economic dynamics related to biomass catalysis in
coal-dependent industries.

Research Methodology

This study employs a systematic literature review (SLR) meth-
odology following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) framework to critically
assess the integration of biomass catalysis within CTC indus-
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tries across different global regions [17-19]. A comparative,
mixed-methods approach combining qualitative and quantitative
elements was applied to ensure a holistic evaluation of policy
effectiveness, technological advancements, and economic fea-
sibility. The choice of China, India, Germany, Denmark, Brazil,
Namibia, and Ghana facilitates a balanced exploration across
varying industrial and policy environments.

Following PRISMA’s four-phase process: identification, screen-
ing, eligibility, and inclusion [18, 19]- the literature search

Table 1: Screening and Selection Process

strategy employed a systematic protocol using databases such
as Scopus, Web of Science, Google Scholar, ScienceDirect, and
SpringerLink. Boolean search terms included: “biomass ca-
talysis AND coal-to-chemicals,” “low-carbon transition AND
bio-catalysts,” “biomass catalysis in [country name]” and “poli-
cy mechanisms AND biomass catalysis in coal industries.” The
search initially yielded 349 articles, which were screened for
relevance by title, abstract, and full-text review, resulting in the
final inclusion of 43 high-quality studies (Table 1).

Phase and stage Number of articles Filtering criteria
Initial search or identification 349 Boolean search applied in databases
Title/abstract screening for removal of duplicates 208 Relevance to biomass catalysis in CTC
Eligibility based on inclusion/exclusion 98 Experimental, economic, or policy focus
Full-test review or final inclusion 43 High-quality, peer-reviewed sources

Source: Author’s Construct (2025)

A comparative framework was designed to examine policy,
economic, and technological dimensions of biomass catalysis
adoption across the selected countries, structured to address the
study’s key research questions. The analysis incorporated: (1)
qualitative and (2) quantitative analysis. The qualitative anal-
ysis involved using NVivo software, thematic coding was con-
ducted to identify recurring patterns related to catalyst efficien-
cy, regulatory frameworks, industrial barriers, and cost-benefit
evaluations [18]. Quantitative content analysis encompasses de-
scriptive statistical trends, measuring variables such as biomass
catalyst efficiency rates, emission reductions, and economic vi-
ability [18, 19].

The sample size of 43 studies was determined through strict in-
clusion and exclusion criteria to ensure methodological rigor.
Only peer-reviewed journal articles, policy reports, and indus-
trial case studies published within the past five years (£5 years
for seminal works) were included. Studies needed to provide
empirical data on biomass catalysis efficiency, emissions reduc-
tions, or cost analysis. Excluded were opinion pieces, non-peer-
reviewed literature, and studies lacking direct relevance.

Qualitative data extraction categorized studies by research fo-
cus, methodology, key findings, and regional scope. Quantita-
tive data extraction measured policy effectiveness, industrial im-
plementation success rates, and economic feasibility, ensuring
triangulation across different contexts. This integration of qual-
itative and quantitative dimensions provided a balanced evalua-
tion of biomass catalysis in coal-based industries.

Triangulating qualitative policy analysis with quantitative per-
formance metrics thus allowed for a nuanced understanding of
biomass catalysis feasibility and scalability in the CTC sector.
Despite its strengths, the SLR methodology has certain lim-
itations. First, reliance on published literature may exclude re-
al-time industrial developments or unpublished policy interven-
tions. Second, balancing diverse contexts sometimes made direct
comparisons challenging. However, these were mitigated by
methodological transparency i.e. the use of multiple high-qual-
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ity data sourced literature which integrate both explanatory and
descriptive analyses. Overall, this study’s methodology inte-
grates a systematic literature review, comparative framework,
and mixed-methods synthesis, ensuring rigorous evaluation of
biomass catalysis in CTC transitions. By applying the PRISMA
framework and balancing scientific and socio-economic dimen-
sions, the study offers comprehensive and actionable insights for
policymakers, researchers, and industry stakeholders committed
to advancing low-carbon energy transitions.

Theoretical Perspectives

The transition to biomass-derived catalysts in coal-to-chemi-
cals processes is anchored in multiple theoretical frameworks:
sustainability transitions theory, innovation diffusion theory,
socio-technical systems theory, and circular economy theory.
These perspectives provide an analytical foundation for under-
standing the technological, institutional, and economic dynam-
ics associated with the adoption of biomass catalysis, especially
in emerging economies.

Sustainability transitions theory offers a lens to explain how
large-scale shifts in industrial systems occur over time, driv-
en by technological innovations, policy interventions, and so-
cio-economic pressures [20].

Within this study, sustainability transitions theory frames the
transition from fossil-based to biomass-derived catalysts, with
emphasis on drivers such as climate policies, technological de-
velopment, and stakeholder engagement. The multi-level per-
spective (MLP) model of this theory— encompassing niche inno-
vations (e.g., biomass catalysts), socio-technical regimes (e.g.,
coal-to-chemicals industry practices), and socio-technical land-
scapes (e.g., global energy and climate imperatives)— is used to
conceptualize the layered and interactive dynamics influencing
technological shifts [21].

Diffusion of innovations theory by Rogers further enriches the
analysis by examining how new technologies spread across dif-
ferent sectors and regions. Adoption of biomass-derived cata-
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lysts is conceptualized through the five attributes identified by
Rogers: relative advantage, compatibility, complexity, trialabil-
ity, and observability [22]. This framework aids in evaluating
adoption patterns by industry actors and governments, consid-
ering variations in infrastructure, policy support, and economic
incentives across regions such as Germany, Denmark, Ghana,
and Namibia [22-24].

The socio-technical systems approach underscores the intri-
cate interplay between technology, policy, market structures,
institutional practices, and societal norms [25]. This perspec-
tive supports the evaluation of systemic enablers and barriers
affecting biomass catalyst deployment, including regulatory
environments, industrial lobbying, research and development
ecosystems, and market risks. It highlights that successful tech-
nological transitions involve not just technological advances but
also significant institutional and cultural change [26].

Finally, the circular economy framework serves as a normative
basis for assessing how biomass catalysis contributes to sustain-

ability goals. Biomass-derived catalysts are aligned with circular
economy principles through their emphasis on resource efficien-
cy, valorization of organic and agricultural waste, and reduction
of dependency on finite fossil-based inputs [27]. This theoretical
framing positions biomass catalysis as a strategy for achieving
industrial decarbonization while promoting closed-loop, regen-
erative production models that support both economic growth
and environmental stewardship [28, 29].

Figure 2 illustrates the conceptual integration of these four the-
oretical perspectives, emphasizing their combined influence on
understanding and promoting the adoption of biomass-derived
catalysts within coal-to-chemicals processes. These frameworks
collectively inform the subsequent analytical approach used to
interpret the patterns, drivers, and barriers observed in different
regional contexts, while recognizing the methodological bound-
aries related to varying definitions of efficiency and technology
adoption rates across literature sources.

-

¢ Industrial practices
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. o _ « Technological
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Figure 2: Conceptual Framework Underpinning the Adoption of Biomass-Derived Catalysts in Coal-to-Chemicals Processes.
Source: Author’s own elaboration (2025)

Results and Discussion

Having introduced the analytical and theoretical frameworks,
this section presents the research findings and discusses the
efficiency of biomass-derived catalysts in coal-to-chemicals
(CTC) processes across the selected study regions. By inte-
grating systematic literature review, comparative analysis, and
mixed-methods synthesis, this study provides a robust evalua-
tion of catalyst performance, policy effectiveness, and region-
al feasibility. The PRISMA framework ensured a transparent
and replicable selection process for relevant studies, while the
comparative approach enabled an understanding of regional dis-
parities in catalyst adoption, technological innovation, and sus-
tainability metrics. The results are structured to reflect both the
scientific and socio-economic dimensions of biomass catalysis
in low-carbon energy transitions.
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Biomass-Derived Catalysts in Coal-to-Chemicals

The first step in advancing biomass catalysts in coal-to-chemi-
cals (CTC) processes is to evaluate the efficiency of biomass-de-
rived catalysts across the selected regions. This section address-
es the research question: how do biomass-derived catalysts
enhance the efficiency of coal-to chemicals processes across
different regions, and what comparative insights can be drawn
regarding their catalytic performance, economic feasibility, and
environmental impact? The results reveal that biomass-derived
catalysts have gained increasing attention in CTC transitions due
to their potential to reduce carbon footprints, enhance reaction
efficiency, and promote economic sustainability [30].

The efficiency of these catalysts, however, varies significantly
across different regions, influenced by factors such as feedstock
availability, industrial adoption rates, and supportive policy
frameworks [31, 32]. This section evaluates the performance of
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biomass catalysts based on conversion rates, reaction selectivity,
process stability, and environmental impact within the selected
study areas.

A systematic comparison of biomass catalyst efficiency reveals
clear disparities among China, India, Germany, Denmark, Bra-
zil, Namibia, and Ghana, driven by technological advancements,
regulatory policies, and feedstock utilization strategies. China
and Germany have demonstrated the highest catalyst efficiency
due to advanced research and development (R&D) in catalyst
synthesis and strong governmental support [33-35]. In contrast,
Namibia and Ghana exhibit lower efficiency rates due to limited
industrial integration and inadequate biomass processing infra-
structure [33-35].

China has emerged as a global leader in biomass-derived cat-
alyst applications in CTC processes, largely due to its strong
governmental funding, industrial-scale pilot projects, and ad-
vanced catalyst engineering [36, 37]. Studies indicate that Chi-
na has achieved catalyst conversion efficiencies exceeding 85%
for lignocellulosic biomass feedstocks, with optimized reaction
selectivity reaching 92% for Fischer-Tropsch synthesis [36,
37]. Furthermore, China’s integration of artificial intelligence
(Al)-assisted catalyst design has improved process stability,
minimizing deactivation and ensuring long-term operational
feasibility [38].

Germany follows closely behind China in catalyst efficiency,
benefiting from a robust circular bioeconomy framework and
stringent emission regulations. German studies have reported
biomass catalyst efficiency rates of 82-88%, with significant
advancements in bifunctional catalysts for methanol-to-olefins
(MTO) processes [39]. The country’s extensive focus on green
hydrogen integration further enhances the efficiency of biomass
catalysis, particularly in syngas-to-liquid (STL) processes [40].

India’s catalyst efficiency lags behind China and Germany, pri-
marily due to heterogeneous biomass feedstock quality and in-
adequate industrial scaling. However, studies indicate notable
progress in agro-residue-derived catalysts, achieving conversion
efficiencies between 75-80% [41]. India’s government has re-
cently introduced bio-refinery incentives, aiming to enhance cat-
alyst application in coal-to-methanol (CTM) processes.

Denmark has pioneered sustainable biomass catalyst integration,
leveraging its advanced bioenergy policies and research-driven
innovation. Danish research institutions have developed highly
selective zeolite-based catalysts, achieving 85-90% efficiency
in biomass-to-olefin (BTO) conversion [42]. The country’s em-
phasis on catalyst recyclability and circular economy principles
ensures long-term sustainability.

Brazil’s catalyst efficiency benefits from abundant biomass feed-
stocks, particularly sugarcane bagasse, which has demonstrated

conversion efficiencies of 80-85% in catalytic pyrolysis pro-
cesses [43]. However, the reliance on first-generation biomass
feedstocks presents a challenge, necessitating advancements in
second-generation lignocellulosic catalysts to further optimize
performance.

Namibia and Ghana face significant barriers to biomass cata-
lyst efficiency due to limited technological adoption and policy
gaps. Studies show that current catalyst conversion rates in these
countries range between 55-65%, with challenges related to bio-
mass pre-treatment inefficiencies and lack of catalyst regenera-
tion strategies [44, 45]. However, recent pilot projects in Ghana
have demonstrated potential in localized bio-catalyst develop-
ment, particularly using waste-derived biochar catalysts [46].

The efficiency of biomass-derived catalysts has profound en-
vironmental and economic implications, influencing carbon
mitigation strategies, energy security, and cost-effectiveness.
High-efficiency catalysts, such as those in China and Germany,
have significantly reduced greenhouse gas (GHG) emissions,
lowering carbon dioxide (CO2) output by up to 40% in coal-
to-liquid (CTL) applications [47]. Additionally, cost-benefit
analyses indicate that optimized biomass catalysts can reduce
operational costs by 15-25%, improving the economic viability
of CTC industries [48].

Conversely, countries with lower catalyst efficiency, such as
Namibia and Ghana, struggle with higher carbon footprints and
economic constraints, requiring policy interventions and invest-
ment in biomass processing infrastructure [49]. The implemen-
tation of regional knowledge-sharing initiatives could bridge the
efficiency gap and foster collaborative advancements in catalyst
technology [50].

Ultimately, the comparative analysis underscores the critical
role of biomass-derived catalysts in optimizing CTC processes,
with significant variations in efficiency across different regions.
While China and Germany lead in catalyst performance and in-
dustrial integration, emerging economies such as Namibia and
Ghana require targeted policy interventions, R&D investment,
and cross-regional collaboration to enhance efficiency. Future
research should focus on developing next-generation catalysts
with enhanced selectivity, stability, and recyclability, ensuring
a sustainable and economically viable transition to low-carbon
energy systems.

As Table 3 summarizes the role and efficiency of biomass-de-
rived catalysts in coal-to-chemicals processes, it is important to
note that addressing these regional disparities, biomass catalysis
in CTC transitions can achieve high efficiency, sustainability,
and economic feasibility. Thus, paving the way for a low-carbon
energy future.

Table 2: Regional Efficiency of Biomass-Derived Catalysts in Coal-to-Chemicals Processes

Region Efficiency (%) Key strengths Challenges
China 85-92 Al-assisted catalyst design, strong R&D High initial investment cost
Germany 82-88 Green hydrogen integration, policy support Complex catalyst regeneration
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India 75-80 Agro-residue catalysts, bio-refinery incentives Heterogeneous feedstock quality
Denmark 85-90 Circular economy integration, catalyst recyclability High-cost of advanced catalysts

Brazil 80-85 Abundant biomass, optimized pyrolysis processes | Dependence on first-generation biomass
Namibia 55-65 Emerging pilot projects, waste-derived catalysts Limited industrial adoption

Ghana 55-65 Localized biochar catalysts, policy potential Infrastructure and R&D gaps

Source: Literature Reviewed Analysis (2025)

To strengthen the results above, this section presents the findings
from the 2024 United Nations Sustainable Development Goals
(UN-SDGs) report proposed by Sachs et al. [51]. In measuring
the achievement of SDG 7 (affordable and clean energy), four
specific indicators were used to access the affordability, reliabil-
ity, sustainability, and modern energy for all. These includes:
(1) population with access to electricity, (2) population with ac-
cess to clean fuels and technology, (3) CO2 emissions from fuel
combustion per total electricity output, and (4) renewable energy

share in total final energy consumption respectively. As present-
ed in Table 4, it is important to note that the overall achieve-
ment of goal 7 in China, India and Ghana represent moderately
improving with significant challenges remain while Germany
illustrate moderately improving with challenges remain. Den-
mark’s remain on track to maintaining SDG i.e. SDG achieved
while Brazil moderately improving towards maintaining SDG 7,
whereas Namibia lacks progress in increasing at less than 50%
of required rate with major challenges remain.

Table 3: Regional Variations in Goal 7 Indicators and Biomass Catalyst Efficiency

Region Goal 7 indicators measure score*
China 1-High: Index achieved
2—High: Index on track to achievement but challenges remain
3—High: Index on track to achievement but significant challenges remain
4-Low: Index lack progress with significant challenges remain
Germany 1-High: Index achieved
2—-High: Index achieved
3—Moderately improving but challenges remain
4-Moderately improving but significant challenges remain
India 1-High: Index achieved
2—High: Index on track to achievement but challenges remain
3—Low: Index lack progress with major challenges remain
4—Moderately improving but significant challenges remain
Denmark 1-High: Index achieved
2—High: Index achieved
3—High: Index achieved
4-High: Index achieved
Brazil 1-Low: Index lack progress but on track to achievement
2—-High: Index achieved
3—High: Index achieved
4-High: Index achieved
Namibia 1-Low: Index lack progress with major challenges remain
2—Low: Index lack progress with major challenges remain
3—Low: Index lack progress with major challenges remain
4—Low: Index lack progress but challenges remain
Ghana 1-High: Index on track to achievement but significant challenges remain
2—Low: Index lack progress with major challenges remain
3—High: Index achieved
4-Very low: Index decline in progress with significant challenges remain

Is used where 1 is access to electricity, 2 is access to clean fuels
and technology, 3 is CO2 emissions from fuel combustion, and 4
is renewable energy share.

Source: Modified from Sachs et al. (2024)

Reading from Table 4, the results reveal that the assessment of
biomass catalyst efficiency is closely linked the 3rd and 4th in-
dicator i.e. CO2 emissions from fuel combustion and renewable
energy integration respectively [51]. As these factors determine
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the feasibility of transitioning to low-carbon technologies thus,
align with the preceding results and discussion. The findings in-
dicate that Denmark and Brazil exhibit the highest efficiency in
biomass catalyst adoption within CTC processes. Both countries
demonstrate a high share of renewable energy and significant re-
ductions in CO2 emissions from fuel combustion [20, 51]. Den-
mark, in particular, has achieved all goal 7 indicators, reflecting
strong policy frameworks, industry adoption, and technological
feasibility for biomass catalysis in coal-to-chemicals appli-
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cations. Brazil follows closely, benefiting from its established
bioenergy sector, which supports efficient biomass-derived cata-
lysts in CTC processes.

Germany and China also show strong advancements in biomass
catalyst efficiency. While Germany has a moderately improv-
ing score for CO: emissions reduction and a renewable energy
transition facing challenges, the country’s well-developed ener-
gy policies and industrial commitment to sustainability enable
substantial improvements. China, despite achieving high scores
in electricity access and clean fuel technology, faces challenges
in reducing CO: emissions and increasing its renewable energy
share. The efficiency of biomass catalysts in China remains con-
strained by the country’s dependence on coal and the slow pace
of renewable energy integration in heavy industries [20-51].

India, Ghana, and Namibia present lower efficiency levels in
biomass catalyst adoption [51]. India has a low score in CO:
emissions reduction, indicating major challenges in decarbon-
izing its coal-to-chemicals sector, despite progress in renewable
energy. Ghana demonstrates high CO. emissions reduction but
a very low renewable energy share, signifying potential ineffi-
ciencies in integrating biomass catalysts within a predominantly
fossil-fuel-driven energy mix. Namibia ranks the lowest in all
indicators, with major challenges in electricity access, clean fuel
adoption, CO: emissions reduction, and renewable energy inte-
gration. This suggests that the country’s transition towards bio-
mass catalyst efficiency is hindered by infrastructural and policy
constraints [20].

The comparative analysis reveals that regions with strong re-
newable energy integration and effective CO: emissions control
may exhibit higher efficiency in biomass catalyst utilization [20-
51]. Policymakers and industry stakeholders must address these

disparities by enhancing policy support, incentivizing research
and development in biomass catalysis, and investing in renew-
able energy infrastructures to facilitate an efficient low-carbon
transition.

Conversion Processes for Clean Energy

Having analyzed research objective one, this section now pro-
ceeds to address the research question: how do gasification,
coal-to-liquids (CTL), and coal-to-gas (CTG) processes contrib-
ute to emission reduction and energy efficiency across different
regions? Results reveal that the integration of biomass cataly-
sis in coal-to-chemicals transitions has already been assessed
concerning its efficiency in various regions. However, a more
granular examination of specific coal-to-chemicals processes,
including gasification, CTL, and CTG, is necessary to under-
stand their role in mitigating carbon emissions and enhancing
energy efficiency. These processes form the core of coal conver-
sion technologies and are pivotal in determining the sustainabil-
ity of coal-derived products. Gasification is widely regarded as
a cleaner alternative to direct coal combustion, as it enables car-
bon capture and storage (CCS) while improving fuel conversion
efficiency [52]. CTL and CTG technologies provide alternative
pathways for utilizing coal resources but are often scrutinized
for their high carbon footprints unless integrated with renewable
energy inputs or advanced catalytic methods [53].

Interpretation from Table 5 revel that the performance of gasifi-
cation, CTL, and CTG technologies varies significantly across
different regions based on policy frameworks, industrial adapta-
tion, and available technological advancements. The table below
provides an assessment of these technologies concerning ener-
gy efficiency improvements and CO- emission reduction across
China, Germany, India, Denmark, Brazil, Namibia, and Ghana.

Table 4: Comparative Assessment of Gasification, CTL, and CTG Technologies

Variables: (1) region, (2) gasification — energy efficiency, (3) gasification — emission reduction, (4) CTL — energy efficiency, (5)
CTL — emission reduction, (6) CTG — energy efficiency, and (7) CTG — emission reduction

1—China;
2-High: Advanced IGCC adoption;
3—Moderate: CCS implementation lagging;
4-High: Large-scale CTL plants improving efficiency;
5—-Low — High emissions due to coal dependency;
6—Moderate: Expanding CTG infrastructure;
7-Low — High methane emissions from coal-derived syngas.

1-Germany;
2—-High: Gasification integrated with renewables;

3—High: CCS successfully implemented;
4—Moderate: CTL used minimally due to sustainability concerns;
5—High: Limited application due to EU emission policies;
6—Moderate: Experimental CTG projects improving efficiency;
7-High: Methane management regulations in place.

1-India;
2—Moderate: Gasification projects emerging;
3—Low: Limited CCS adoption;
4-High: CTL expansion driven by energy security needs;
5—Low — High carbon footprint due to lack of renewables integration;
6—Moderate: CTG under development;
7-Low: Significant methane leakage issues.
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1-Denmark;
2—High: Biomass co-gasification used;
3—High: Carbon-negative potential through BECCS;
4-Low: CTL discouraged due to policy restrictions;
5—High: Transitioning away from coal;
6—High: Renewable hydrogen integrated with CTG;
7—High: Strict carbon regulation minimizing emissions.
1-Brazil;
2—-High: Gasification coupled with bioenergy;
3—High: Emission reduction through biomass utilization;
4-Moderate: CTL mainly used for industrial needs;
5—Moderate: Partial decarbonization with CCS potential;
6—Moderate: Emerging CTG pilot projects;
7—High: Strong regulatory oversight on emissions.

1-Namibia;
2-Low: Limited infrastructure;
3—Low: No significant emission reduction measures;
4-Low: Minimal CTL infrastructure;
5—Low — High reliance on coal with no mitigation strategies;
6—Low: CTG implementation absent;
7-Low: No methane reduction policies.

1-Ghana;
2—Moderate: Developing gasification projects;
3—Low: Emission reductions hindered by outdated technology;
4—-Low: CTL projects still in early stages;
5—-Low — High coal dependency;
6—Low: Limited CTG adoption;
7-Low: No structured policies for emissions control.

Source: Modified from Sachs et al. (2024)

The analysis indicates that Germany and Denmark are leading in
integrating gasification, CTL, and CTG with emission reduction
strategies and energy efficiency improvements [20-54]. Germa-
ny’s adoption of integrated gasification combined cycle (IGCC)
technology and CCS policies has led to substantial reductions in
coal-related emissions while maintaining high energy efficiency
[55].

Denmark, leveraging biomass co-gasification and bioenergy
with carbon capture and storage (BECCS), has achieved sig-
nificant progress in both emission reductions and efficiency
improvements, reinforcing its strong policy framework for coal
phase-out [56]. China, despite being a leader in large-scale coal
gasification and CTL projects, faces major challenges in emis-
sion reduction. While the country has invested heavily in IGCC
and CTG, the lack of effective CCS implementation limits the
emission reduction potential of these technologies. China’s CTL
processes are among the most advanced globally, but they con-
tinue to suffer from high carbon intensity due to their depen-
dence on conventional coal-based syngas instead of biomass-de-
rived alternatives [54].

India's performance remains moderate in energy efficiency but
low in emissions control, as CTL expansion is driven primarily
by energy security concerns rather than sustainability goals. The
lack of stringent CCS regulations and the continued reliance on
coal for synthetic fuels contribute to significant CO: emissions.
Gasification projects are emerging in India, but adoption is slow
due to high costs and limited policy incentives [57]. Brazil has
achieved moderate efficiency in CTL and CTG processes while
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integrating biomass into gasification, resulting in high emission
reduction potential. The country’s experience with bioethanol
production and bio-based gasification provides a blueprint for
integrating renewables into CTC transitions. However, CTL ap-
plications remain limited due to cost constraints, and CTG proj-
ects are still in the experimental phase [58].

Namibia and Ghana exhibit low performance across all indi-
cators, reflecting limited infrastructure, lack of policy frame-
works, and technological constraints. Namibia’s heavy reliance
on traditional coal combustion methods and lack of investment
in gasification and CTL technologies limit its ability to reduce
emissions. Ghana, despite showing interest in developing gasifi-
cation projects, has yet to implement effective emissions control
mechanisms, particularly for CTL and CTG technologies [59].

A critical takeaway from this comparative analysis is that tech-
nological advancements alone are insufficient for achieving
emission reduction and energy efficiency in gasification, CTL,
and CTG processes. Policy support, financial incentives, and
regulatory enforcement are equally important in driving sustain-
able transitions. Countries like Denmark and Germany demon-
strate that a combination of renewables integration, carbon pric-
ing, and stringent emission controls leads to significant progress.
On the other hand, China and India highlight the challenges of
scaling up coal-to-chemicals technologies without adequate car-
bon management strategies. For developing regions such as Na-
mibia and Ghana, international collaboration and investment in
green coal conversion technologies could provide the necessary
momentum for achieving energy efficiency and emission reduc-
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tion targets. Encouraging biomass co-gasification, implement-
ing CCS, and adopting best practices from successful regions
can serve as viable pathways for improving the sustainability of
coal-based industries in these countries.

The comparative analysis of gasification, CTL, and CTG pro-
cesses reveals significant disparities in energy efficiency and
emissions control across different regions. While developed
nations such as Denmark and Germany have effectively inte-
grated biomass catalysis and emission reduction technologies,
countries like China and India struggle with high carbon foot-
prints despite advancements in coal conversion. Emerging econ-
omies, particularly Brazil, show promise in utilizing biomass
integration to mitigate emissions, whereas Namibia and Ghana
require substantial investment in infrastructure and policy devel-
opment to make meaningful progress. Moving forward, a global
strategy combining technological innovation, policy support,
and cross-border collaboration will be essential for achieving a
low-carbon transition in coal-to-chemicals processes.

Policy Frameworks for Clean Energy and Technology

To harness the power of green coal-to-chemicals, this section
unpacks comparative options for promoting global sustainabil-
ity goals. It addresses the third research question: what are the
comparative policy strategies promoting clean coal technologies
across case studies? It is significant to note that the transition to
clean coal technologies (CCTs) has been driven by a combina-
tion of regulatory, economic, and technological policies aimed
at reducing carbon emissions and improving energy efficiency.
Governments and industries worldwide have pursued various
strategies to integrate biomass catalysis in coal-to-chemicals
processes while aligning with broader sustainability goals. This
section compares policy approaches across key study regions—
China, Germany, India, Denmark, Brazil, Namibia, and Gha-
na— to evaluate their effectiveness in fostering innovation and
mitigating environmental impacts.

Policy interventions in China have been predominantly state-
led, with extensive subsidies and mandates promoting the in-
tegration of cleaner coal-based energy systems. The country’s
central government has implemented stringent emissions stan-

dards under its “14th Five-Year Plan,” emphasizing carbon cap-
ture and utilization (CCU) and biomass co-processing in CTC
pathways [60]. By contrast, Germany has adopted market-driv-
en mechanisms, including carbon pricing and feed-in tariffs, to
incentivize industries toward greener alternatives. The Europe-
an Union’s Emissions Trading System (ETS) further reinforces
emission reduction targets, compelling coal-based industries to
explore alternative catalytic solutions [61].

India’s approach to CCTs balances economic growth and envi-
ronmental sustainability, relying on public-private partnerships
(PPPs) and tax incentives to drive adoption. The Indian govern-
ment has launched initiatives such as the National Mission on
Clean Coal Technologies (NM-CCT), which integrates biomass
catalysts into coal gasification and CTG pathways [62]. In Den-
mark, policy strategies have emphasized renewable integration,
with coal-derived syngas being phased into bioenergy projects.
The country’s Green Energy Transition Plan mandates the grad-
ual replacement of coal with bio-based catalysts in industrial
applications [54].

Brazil’s CCT policies focus on bioenergy co-firing and sec-
toral agreements, leveraging its vast biomass resources. Regu-
latory frameworks such as the RenovaBio program encourage
industries to blend biomass catalysts into coal-to-chemicals
conversion, thus reducing dependency on conventional fossil
feedstocks [63]. In contrast, Namibia and Ghana face policy im-
plementation challenges due to limited infrastructure and invest-
ment. While Namibia’s Energy Policy Framework acknowledg-
es the potential of clean coal technologies, financial constraints
hinder large-scale adoption [64]. Similarly, Ghana’s National
Energy Transition Plan recognizes the role of biomass catalysts
but struggles with enforcement due to insufficient regulatory
oversight [65].

The comparative analysis highlights distinct policy trajectories
shaping the future of clean coal technologies. Countries with
robust institutional frameworks and financial incentives tend to
advance more rapidly in implementing biomass catalysis in CTC
pathways. Table 6 below presents a summary of policy strategies
adopted across the study regions.

Table 5: Comparative Policy Strategies for Clean Coal Technologies

Region Policy strategy Regulatory framework Incentives and challenges
China State-led mandates and emissions standards | 14th five-year plan, CCU inte- | High subsidies but regulatory
gration complexity
Germany | Market-driven incentives and carbon pric- | EU ETS and national feed-in | Effective but high compliance
ing tariffs costs
India PPPs and tax incentives NM-CCT and clean coal initia- | Encouraging innovation but slow
tives implementation
Denmark | Renewable integration to green transition | Green energy transition plan | Successful phase-out of coal, yet
mandates costly
Brazil Bioenergy co-firing and sectoral agreements Renova Bio program Strong bioenergy deals but infra-
structure gaps
Namibia Emerging clean coal policies Energy policy framework Limited funding and investment
constraints
Ghana National energy transition policies Ghana energy transition plan | Regulatory oversight challenges

Source: Policy Document Analysis (2025)
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This comparative analysis underscores the critical role of policy
in shaping the adoption of biomass catalysis in CTC pathways.
Countries with well-structured financial mechanisms and regu-
latory clarity tend to witness greater success in advancing CCT
adoption. However, developing economies such as Namibia
and Ghana require targeted investments and policy support to
overcome infrastructural and regulatory hurdles. Moving for-
ward, harmonizing global CCT policies could enhance knowl-
edge sharing and technological transfer among nations [66]. By
fostering international collaborations, policymakers can align
industry incentives with decarbonization goals, ensuring a sus-
tainable transition to low-carbon coal-to-chemicals production
[66, 67].

Scalable Frameworks for Emerging Economies

To harness the power of green coal-to-chemicals, the final sec-
tion scales up a blueprint or roadmap for achieving goal 7 and its
related sustainability objectives. It addresses the fourth research
question: what scalable frameworks can be recommended for
emerging economies to adopt best practices in clean coal tech-
nology? Interpretation from the research findings denote that
emerging economies face unique challenges in transitioning to
low-carbon coal-to-chemicals pathways due to financial, tech-
nological, and infrastructural constraints. However, leveraging
scalable frameworks that integrate innovative policies, robust
regulatory mechanisms, and market-driven solutions can facil-
itate a sustainable transition. This section explores how devel-
oping nations can implement best practices in clean coal tech-
nology while ensuring energy security, economic viability, and
environmental sustainability.

A successful framework for clean coal technology adoption in
emerging economies should encompass three key dimensions:
technology transfer and innovation, policy and governance, and
financial mechanisms [68-74]. Each of these components must

be tailored to the socio-economic and energy landscape of the
respective country.

1. Technology Transfer and Innovation: This dimension fo-
cuses on facilitating the adoption of best-in-class gasifica-
tion, coal-to-liquid (CTL), and coal-to-gas (CTG) process-
es, ensuring emission reduction and energy efficiency.

2. Policy and Governance: Effective policies should provide
regulatory incentives, stringent emissions standards, and
enforcement mechanisms to encourage clean coal technol-
ogies.

3. Financial Mechanisms: Developing countries need to
establish funding models through international climate fi-
nance, public-private partnerships, and carbon credit mech-
anisms to support clean energy transitions.

The Table 7 below presents a comparative framework for adopt-
ing clean coal technology in emerging economies. In other to
visually depict the interconnected elements of the proposed
framework, Figure 3 also illustrates how technology, policy, and
finance integrate into a holistic adoption model for clean coal
technology in emerging economies. The paradigm begins with
policy enablers because government regulations and incentives
set the foundation for clean coal adoption. Followed by key
technological solutions such as biomass catalysis, gasification,
and carbon capture utilization and storage (CCUS), which are
crucial for reducing emissions. The third step represents eco-
nomic enablers like green financing, carbon credit systems, and
infrastructure investments, which help scale technology adop-
tion. The global case studies to compare how different coun-
tries apply clean coal technologies, emphasize lessons that can
be transferred to emerging economies. Lastly, the end-goal is
to advance a sustainable, low-carbon, and economically viable
coal-to-chemicals industry.

Table 6: Scalable Framework for Clean Coal Technology in Emerging Economies

Framework component

Strategies for implementation

Expected outcomes

Technology transfer and innovation

Develop local R&D centers for clean coal
technology; facilitate knowledge exchange
with developed economies; and implement
pilot projects before nationwide deployment

Enhanced technical capacity-increased
adoption of efficient CTL and CTG process-
es

Policy and governance

Enforce carbon pricing and trading mecha-
nisms; implement stringent emission regula-
tions with compliance incentives; and foster
regional cooperation for technology sharing

Reduced GHG emissions; and strengthened
regulatory oversight

Financial mechanisms

Attach international funding for clean coal

initiatives; establish PPPs for infrastructure

investment; and deploy carbon credit financ-
ing and green bonds

Increased investment in clean energy; and
long-term financial sustainability

Source: Document Analysis (2025)
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Figure 3: Biomass Catalysts for Clean Coal Technology Adoption Framework
Source: Author’s own elaboration (2025)

To strengthen the blueprint, the following key policy recommenda-
tions are essential for advancing green coal-to chemicals processes.

1. Align National Policies with Global Climate Agreements:
Emerging economies must align their coal-to-chemicals
policies with the Paris Agreement targets to ensure long-
term sustainability.

2. Develop Indigenous Technological Capabilities: Invest-
ments in research and development (R&D) and collabo-
rations with international technology leaders will enhance
innovation in clean coal technologies.

3. Enhance Regulatory Certainty and Investor Confidence:
Governments must provide clear policy roadmaps, ensuring
a stable investment climate for clean coal projects.

4. Leverage International Climate Finance and Green Bonds:
Countries should explore multiple financing options, in-
cluding concessional loans, green bonds, and carbon market
mechanisms.

5. Promote Regional and South-South Cooperation: Cross-bor-
der partnerships can facilitate shared learning, technology
exchange, and joint investments in sustainable energy solu-
tions.

The transition to clean coal technology in emerging economies
requires a well-structured framework integrating technological
innovation, policy enforcement, and financial investment. By
adopting scalable best practices and leveraging global partner-
ships, developing nations can accelerate their progress toward
achieving SDG 7 and related sustainability goals. The proposed
framework provides a roadmap for policymakers, industry
stakeholders, and international organizations to collaborate in
ensuring a sustainable energy future.
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Implications and Conclusion

The findings from this study provide significant implications for
policymakers, industry stakeholders, and researchers striving to
advance sustainable coal-to-chemicals (CTC) transitions. The
comparative analysis across China, India, Germany, Denmark,
Brazil, Namibia, and Ghana highlights the varied trajectories in
clean coal adoption, energy efficiency improvements, and emis-
sion reduction strategies. This section discusses the practical,
policy, and research implications that emerge from the study’s
evaluation of biomass-derived catalysts, gasification processes,
policy strategies, and the proposed framework for clean coal
technology adoption.

The study underscores the importance of strong regulatory
frameworks in driving the adoption of clean coal technologies.
Countries like Denmark and Germany, which have achieved
significant success in integrating biomass catalysis and carbon
capture utilization and storage, exemplify the role of stringent
policies and consistent government incentives. Their models
serve as blueprints for emerging economies, where regulatory
inconsistencies often hinder technology adoption. The findings
suggest that governments in developing economies should pri-
oritize policy harmonization, carbon taxation, and long-term
investment in research and innovation to promote low-carbon
transitions.

In emerging economies such as Namibia and Ghana, where coal
use is still at an early stage, the lack of progress in clean coal
adoption signals the need for regional policy collaborations and
knowledge transfer mechanisms. International partnerships,
such as those within the United Nations sustainable development
goals (SDGs) framework, could facilitate technology transfers
and capacity building, enabling these nations to leapfrog directly
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into sustainable coal-to-chemicals practices without heavy reli-
ance on outdated methodologies.

The study reveals a stark disparity in biomass catalyst efficiency
and clean coal adoption across regions. China and India, despite
their high energy demand, face significant environmental chal-
lenges due to coal dependency. However, both countries have
made strides in integrating biomass catalysis and gasification
technologies to optimize efficiency and reduce emissions. The
study highlights that investment in gasification, coal-to-liquid
(CTL), and coal-to-gas (CTG) processes should be coupled with
advanced carbon capture techniques to maximize benefits.

Germany and Denmark demonstrate that sustainable industri-
al transformation is feasible through technology-driven policy
support. Their experiences suggest that successful adoption of
clean coal technology requires a tripartite collaboration between
governments, private sector players, and research institutions.
This insight is particularly crucial for industrial players in de-
veloping nations, where financial constraints often limit access
to advanced technological solutions. Establishing public-private
partnerships (PPPs) can alleviate financial burdens and encour-
age sustainable coal processing methods.

The study also indicates that transitioning towards sustainable
CTC processes can generate significant economic and social
benefits. By improving biomass catalysis efficiency, regions
with abundant biomass resources— such as Brazil and parts of
sub-Saharan Africa— can develop localized clean energy in-
dustries, fostering job creation and economic diversification. A
shift from conventional coal usage to clean coal technologies
could also mitigate energy poverty, particularly in rural areas of
emerging economies.

Moreover, the study highlights that a green transition approach is
necessary to balance economic benefits with environmental sus-
tainability. The experiences of coal-reliant economies like China
and India show that abrupt transitions without proper workforce
reskilling programs can lead to job losses and socio-economic
inequalities. Therefore, governments should incorporate edu-
cation and training programs for coal sector workers into their
long-term clean energy transition plans to ensure social stability.

While this study provides a comprehensive evaluation of bio-
mass catalysis and clean coal technologies, several areas require
further research. The effectiveness of biomass-derived catalysts
in specific coal compositions needs additional experimental vali-
dation across different industrial settings. Future research should
also explore hybrid technologies that integrate solar, wind, and
biomass energy with clean coal technologies, offering a more
holistic approach to reducing emissions and achieving energy
efficiency.

Moreover, regional case studies on financial mechanisms— such
as green bonds and carbon credit markets— could provide deeper
insights into how emerging economies can mobilize resources
for sustainable coal transitions. Further research should also
investigate the long-term environmental and health impacts of
clean coal adoption, ensuring that short-term gains do not lead
to unforeseen consequences in the future.
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This study has provided an in-depth analysis of the efficiency of
biomass-derived catalysts, gasification and CTL/CTG processes,
policy strategies, and scalable frameworks for clean coal adop-
tion. The findings demonstrate that while significant progress
has been made in some regions, the overall transition towards
cleaner coal technologies remains uneven, with emerging econ-
omies facing persistent challenges. These key findings include:

Biomass Catalyst Efficiency in Coal-to-Chemicals Processes

*  The study found that biomass-derived catalysts significant-
ly improve energy efficiency and reduce carbon emissions
when integrated into coal-to-chemicals processes.

e Countries like China and India have successfully imple-
mented these catalysts but require further optimization and
policy support for large-scale industrial adoption.

Comparative Analysis of Gasification, CTL, and CTG Processes

*  Germany and Denmark have achieved high levels of energy
efficiency and emission reduction through advanced gasifi-
cation technologies and CCUS.

* India and China, while investing heavily in gasification and
CTL, face high upfront costs and carbon leakage risks, ne-
cessitating further innovation in carbon capture and storage
(CCS).

Policy Strategies for Clean Coal Adoption

*  Countries with strong regulatory frameworks and financial
incentives (Germany, Denmark) have demonstrated suc-
cessful clean coal transitions.

*  Developing economies (Namibia, Ghana) require enhanced
policy coordination and international partnerships to over-
come financial and technological barriers.

Scalable Framework for Emerging Economies

e Astructured framework integrating policy enablers, techno-
logical advancements, economic mechanisms, and industry
best practices is essential for sustainable CTC transitions.

*  Ajust transition strategy, ensuring workforce reskilling and
economic inclusivity, is critical for sustainable develop-
ment.

The findings align with existing research on sustainable energy
transitions and clean coal technologies. Studies by the Interna-
tional Energy Agency (IEA) and the Intergovernmental Panel on
Climate Change (IPCC) similarly highlight the importance of
gasification and CCUS in decarbonizing coal industries. Howev-
er, this study uniquely contributes by offering a comparative re-
gional perspective, demonstrating that policy effectiveness and
technology adoption rates differ across economies.

Additionally, while prior studies have focused extensively on
developed nations, this research bridges the knowledge gap
by incorporating emerging economies, particularly Namibia
and Ghana, which are often underrepresented in clean coal dis-
course. The findings suggest that a one-size-fits-all approach to
clean coal transitions is ineffective, advocating instead for re-
gion-specific solutions tailored to economic and resource avail-
ability contexts.
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As the global community strives toward achieving goal 7 (af-
fordable and clean energy) and related SDGs, clean coal technol-
ogies will play a pivotal role in bridging the gap between fossil
fuel dependency and full renewable integration. While biomass
catalysis and gasification offer short-term solutions for emission
reduction, the long-term sustainability of coal-to-chemicals pro-
cesses will depend on continued technological innovation, ro-
bust policy frameworks, and international cooperation.

Ultimately, this study underscores that clean coal is not a contra-
diction but a transition strategy, serving as an intermediary step
toward a future of carbon-neutral energy systems. For emerging
economies, adopting scalable, policy-backed clean coal frame-
works could offer a pathway to energy security, economic resil-
ience, and sustainable development.
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