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Abstract

The generation of fine coal particles during mining and processing presents significant en-
vironmental and logistical challenges, particularly in coal-dependent, developing countries
like South Africa (SA). This review critically evaluates the technical viability of fine coal
briquetting as a sustainable waste-to-energy solution within a SA context, while drawing
from global best practices and comparative benchmarks. It examines abundant feedstocks
that can be used for valorization strategies, including fine coal and agricultural biomass
residues. Furthermore, binder types, manufacturing parameters, and quality optimization
strategies that influence briquette performance are assessed. The co-densification of fine
coal with biomass offers a means to enhance combustion efficiency, reduce dust emissions,
and convert low-value waste into a high-calorific, manageable fuel. Attention is also given
to briquette testing standards (i.e., South African Bureau of Standards, ASTM International,
and International Organization of Standardization) and end-use applications across do-
mestic, industrial, and off-grid settings. Moreover, the review explores socio-economic
implications, including rural job creation, energy poverty alleviation, and the potential
role of briquetting in SA’s ‘Just Energy Transition’ (JET). This paper uniquely integrates
technical analysis with policy relevance, rural energy needs, and practical challenges
specific to South Africa, while offering a structured framework for bio-coal briquetting
adoption in developing countries. While technical and economic barriers remain, such as
binder costs and feedstock variability, the integration of briquetting into circular economy
frameworks represents a promising path toward cleaner, decentralized energy and coal
waste valorization.

Keywords: coal briquettes; fine coal; binders; biomass; bioenergy; waste valorization

1. Introduction

The rapid industrialization and urbanization of developing nations have significantly
increased global energy demand, driving continued reliance on non-renewable sources
such as petroleum, natural gas, and coal [1]. In SA, coal remains the primary energy source,
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supplying around 72% of total energy needs as of 2023, despite a global decline in coal
dependency from 29% to 26% over the past decade [1,2]. Coal supports several key sectors
in SA (Figure 1), with 53% used for electricity generation, 33% for petrochemicals (mainly
by SASOL), 12% in metallurgy, and 2% for domestic use. While global usage trends share
some similarities, notable differences exist; for instance, electricity generation globally
accounts for 68% of coal use, significantly higher than SA’s 53%, and most countries do not
rely on coal for petrochemical production to the extent seen in SA.

Distribution of coal utilization Globally and across South Africa

Worldwide ith Africa

Coal-fired power plants (CFPPs) are the
dominant sgurce of electricity in South
Africa due to coal abundance in the
country.

= Electricity = Industry (Steel & Cement Electricity up
# Petrochemicals Domesfic use  Metallurgical Industry - Domestic use

Figure 1. Percentage distribution of coal utilization across major economic sectors in South Africa
(2023) compared to global sectoral coal consumption [1-3].

Despite coal’s continued dominance, SA’s energy system remains deeply flawed and
unequal. According to the 2021 General Household Survey, 11% of households, mostly
in rural areas, lack grid access [4]. Those with access face frequent outages due to aging
infrastructure and a post-pandemic 11.2% drop in coal output [5], leading to persistent load
shedding by the local Electricity Supply Commission, ESKOM [6]. The International Energy
Agency (IEA) forecasts a 3.4% annual rise in energy demand through 2026, worsening
this crisis [1]. Furthermore, environmental concerns compound the issue. South Africa
generates approximately 60 million tons of sulfur-rich coal mine waste (CMW) annually,
stored across more than 200 active tailing dams [7]. Of this, fine coal accounts for an
estimated ~10 million tons per year based on beneficiation losses reported in large-scale
washing plants and historical production assessments [7-9]. Fine coal refers to coal particles
smaller than 2 mm. Although some literature distinguishes ‘ultrafine coal” as particles
below 150 pum, this review uses ‘fine coal” as an umbrella term to encompass both fine
and ultrafine fractions relevant to briquetting applications. The fine coal contains high
ash (~45%), moisture (~25 wt.%), and sulfur (~5%), making it unfit for direct use [9,10].
Improper disposal poses serious environmental and health risks.

Nonetheless, coal will remain central to SA’s energy mix due to its abundance and
affordability. Progress in renewables has been slow, hindered by infrastructure gaps and
policy delays [6,11]. As a result, attention is shifting toward sustainable, circular solutions
that improve coal’s environmental and economic footprint. One such strategy is the co-
densification or briquetting of fine coal with biomass. This process compresses fine coal
and biomass into dense, easy-to-handle briquettes with lower emissions and higher energy
density, termed bio-coal briquettes [12]. Binders such as molasses, starch, or gum Arabic,
often sourced locally, are used to enhance briquette strength and cohesion [13,14]. Bio-
coal briquettes can offer rural communities a cleaner, low-smoke alternative to traditional
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fuels like firewood or dung cakes and may also serve in the agriculture and construction
sectors [15-17]. Given their local production potential and broad applicability, further
research is needed to optimize the process for decentralized, low-cost energy delivery.

This review provides a SA-focused analysis of bio-coal briquetting, supported by a
global body of literature to ensure technical relevance and contextual depth. It explores the
technical viability of bio-coal briquetting in a global context, with the aim of enhancing its
applicability and implementation in developing countries such as Africa, in general, and
more specifically, SA. The focus is on feedstocks, binder selection, process parameters, and
implementation challenges. It highlights how this technology can contribute to sustainable
energy access, waste valorization, and economic diversification, particularly in rural and
underserved regions.

2. Valorization Strategies of Fine Coal
2.1. Sources and Characteristics of Fine Coal

Fine coal is a byproduct generated during various stages of coal mining, handling, and
processing operations. It typically consists of coal particles smaller than 2 mm in diameter,
although in some contexts, the classification extends to particles under 5 mm [17,18]. In
Figure 2, the primary sources of fine coal, i.e., (a) mining, (b) coal preparation (crushing
and screening), (c) beneficiation waste, and (d) stockpiles and weathering, are highlighted.
Across these sources, the composition of fine coal is heterogeneous and often influenced
by geological origin, mining techniques, and beneficiation processes [18-20]. It is typically
composed of high ash (~45%) and moisture content (HHV) (up to 25%), and often, elevated
sulfur and trace metals [21-23]. Its low higher heating value, low bulk density, and high
surface area impede combustion and handling, necessitating valorization approaches such
as briquetting.

Mining

Coal preparation plants

Beneficiation waste (tailings)

Primary sources of fine coal in SA

Stockpiles & Weathering

o

5 10 15 20 25 30 35 40 45
Approximate contributions (%)

Figure 2. Estimated contributions of key operations to fine coal generation across the coal production
chain in South Africa [1,20-26].

(@) Mining: Fine coal is initially generated during mining operations, particularly in
underground settings. Mechanical actions such as blasting, cutting, and continu-
ous extraction break coal into smaller particles [22,23]. SA coals, being friable, are
especially prone to fragmentation during these processes [20,21].
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(b) Coal Preparation (Crushing and Screening): Crushing and screening operations fur-
ther contribute to fines generation due to particle abrasion and breakage [27]. High-
speed crushers and dry screening are particularly associated with increased fines,
with equipment type and operational settings playing a significant role [22,27,28].

(c) Beneficiation waste: Processes like dense medium separation, spirals, and flotation
generate ultrafine particles through attrition and turbulence [22,25,28]. These fines
are often unrecovered, ending up in slurry ponds or tailings, representing a major
inefficiency in coal beneficiation [24,29,30].

(d) Stockpiles and weathering: Storage and handling exacerbate fines formation as coal
degrades due to compaction, oxidation, and environmental exposure [20,25]. Weath-
ering from rain, wind, temperature changes, and microbial activity further fragments
the coal, especially when stockpiles are unprotected [20,29].

2.2. The Necessity of Developing Valorization Strategies for Fine Coal

Globally, the coal industry faces mounting pressure to adopt sustainable and circular
waste management practices, particularly for fine coal, which is often stored in tailing dams.
These storage methods pose significant environmental risks, as evidenced by catastrophic
failures at Mount Polley (Canada, 2014), Bento Rodrigues (Brazil, 2015), and Brumadinho
(Brazil, 2019) [30-33]. In response, organizations like the International Council on Mining
and Metals ICMM) now emphasize waste minimization through valorization [24].

In SA, where coal remains a critical energy source, the urgency is heightened. The
2022 Jagersfontein tailing dam collapse caused fatalities and property loss, illustrating
the dangers of long-term fine coal storage [34]. At the same time, the country’s deepen-
ing energy crisis, characterized by frequent blackouts and unreliable grid access, leaves
many rural communities dependent on polluting fuels such as firewood, dung, and coal
dust [35,36]. Valorizing fine coal into useful products like briquettes addresses both chal-
lenges: reducing environmental hazards and delivering cleaner, decentralized energy. As
global momentum shifts toward sustainable mining, SA must prioritize fine coal valoriza-
tion as a strategic environmental and socio-economic intervention.

In SA, briquetting is gaining traction as a key valorization strategy. The Council
for Scientific and Industrial Research (CSIR), as well as other collaborators (Coaltech),
have been exploring waterless coal beneficiation, including briquetting, to improve fine
coal usability for more than a decade [21,25,26]. Additionally, SASOL has partnered
with EESTech Inc.© (Brisbane, Australia) to develop briquetting solutions for surplus fine
coal [37]. These efforts reflect growing national interest in briquetting as a sustainable
pathway for coal waste management. Among the various fine coal valorization strategies,
briquetting emerges as particularly well-suited for SA. With abundant fine coal waste and
a growing need for affordable, cleaner-burning solid fuels, briquetting offers a practical,
scalable, and relatively low-cost solution. Unlike other technologies that require complex
infrastructure or face adoption barriers, briquetting is adaptable for both industrial and
domestic use. Its ability to convert fine coal into compact, transportable, and cleaner-
burning briquettes makes it a strong candidate for widespread application.

Despite the growing interest, no prior review has comprehensively analyzed the
full technical, environmental, and policy dimensions of fine coal briquetting specifically
tailored to SA’s conditions. This review is, therefore, novel in its integrated approach,
merging feedstock and binder optimization with local implementation strategies aligned
to national goals such as the JET and decentralized energy access. Thus, the remainder of
this review will focus on examining the technical viability of briquetting in SA, including
manufacturing methods; feedstocks; binders; quality testing; applications; and its potential
to address the country’s energy, environmental, and socio-economic challenges.
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3. Technical Viability of Fine Coal Briquetting in South Africa
3.1. Briquetting Process

Briquetting is a key densification technique that can convert fine particulate materials
such as fine coal or biomass residues into compact, solid briquettes with enhanced handling,
combustion, and transport characteristics. The process typically consists of several inte-
grated stages: size reduction (crushing), mixing (biomass-binder—fine coal), densification,
drying, and packaging, as illustrated in the simplified process flow diagram (Figure 3).

A - Fine coal - size reduction

« Conversion of a filter
cake to crushed coal

[
o

0

8\ ¢

0

« Incorporation of Agri-

* Binder formulation « Pillow shaped bio-

biomass « Screw mixing bio- briquettes
« Milling (size binder & fine coal » Domestic use
reduction) + Molding/compaction * Large
: mining/metallurgy-
industry

C - Binder incorporation

B - Biological product producers

D - End users (Industry & domestic use)

Figure 3. Process flow of bio-coal briquetting using a binder, showing key steps: fine coal and biomass
preparation, binder formulation, mixing, briquetting, curing, and final packaging [38—42].

In the presented scheme, raw coal in the form of filter cake from coal preparation plants
is first subjected to mechanical crushing, reducing its particle size to uniformly fine coal
with improved surface area and packing density suitable for briquetting. Simultaneously, a
binder formulation, which may include organic, inorganic, or green biobinders (as in this
illustration), is prepared and fed into a screw mixer, where it is homogenized with the fine
coal. Proper mixing ensures uniform binder distribution, which is essential for achieving
consistent briquette strength and quality [38,39]. This uniform mixture is then transferred
to a coal briquetting machine, which applies pressure to form compact briquettes of the
desired shape and size. During this stage, physical bonding and chemical interactions
between particles occur, forming briquettes with a defined shape and size [40—42]. The
freshly formed briquettes are passed through a drying and curing stage, which helps to
remove excess moisture and enhance structural stability [41]. Proper drying is crucial to
avoid microbial degradation, improve storage life, and ensure clean combustion [20,29,42].
Finally, the dry briquettes are transferred for storage and packaging, ready for transport, dis-
tribution, or end-use application. This process can be tailored depending on the feedstock
characteristics, intended end-use, and type of binder applied. In the SA context, the ability
to adapt this process using efficient briquetting technologies and locally available feed-
stocks and binders presents significant opportunities for sustainable energy development
and fine coal valorization.

3.2. Methods of Briquetting

Briquette compaction methods are central to determining the efficiency, durability,
and combustion performance of solid fuels derived from fine coal and biomass [39,42].
These technologies vary in operational parameters, product characteristics, and suitability
for different feedstocks. Primary briquetting methods include (a) mechanical densification,
(b) piston press, (c) screw extrusion, and (d) roll press compaction. Each offering distinct
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technical and economic trade-offs, discussed below, with conclusions made relevant to the
SA context.

(@) Mechanical densification compresses loose materials like sawdust, rice husks, ground-
nut shells, and fine coal into dense, transportable briquettes using pressure with or
without heat [43—46]. This improves bulk density, reduces MC, and enhances han-
dling [45,46]. Heated systems activate thermoplastic components like lignin, enabling
binderless briquetting with improved strength [47]. Although energy-intensive, the
method produces durable briquettes with high combustion efficiency [44].

(b) Piston press technology is widely adopted in developing countries due to its low
cost, simplicity, and adaptability to various biomass types [39,48]. A reciprocating
piston compresses dry, fibrous feedstock such as straw and husks inside a die, gen-
erating frictional heat that softens lignin to act as a natural binder [48]. The result
is dense, cylindrical briquettes suitable for domestic heating and cooking [39,43,49].
Efficient operation requires uniform particle size and low MC to minimize wear and
maintain quality.

(c) Screw extrusion involves feeding biomass through a rotating screw into a heated die,
compressing it under high pressure and temperature (150-300 °C) [39,43,48]. This
partial carbonization improves combustion properties and lowers volatile content [48].
Notably, high-quality briquettes can be produced without binders, as demonstrated
by Sundar et al. [48], who achieved a higher heating value (HHV) of 16.73 MJ /kg. The
resulting briquettes often have a central hole that enhances airflow and combustion
efficiency, making them ideal for clean cooking stoves. However, screw extruders
are mechanically complex and maintenance-intensive, limiting their suitability for
low-resource environments.

(d) Roller press briquetting involves feeding fine material between two counter-rotating
rollers equipped with small dies of ~30 mm [39,50]. This method is prevalent in
industrial applications involving uniform, fine materials like fine coal [39,43]. It
accommodates a variety of binders to enhance strength and moisture resistance,
offering high throughput, making it suitable for continuous processing lines [42].
However, it demands the pre-conditioning of feedstocks, including precise moisture
control and particle size reduction, to ensure consistent briquette quality [39,50].

Each of these technologies influences the final briquette’s structure, HHV, MC, and
combustion profile [39]. In the SA context, the country is characterized by plentiful fine
coal, biomass residues, and varied energy demands. Hence, the choice of briquetting
technology must balance technical performance with cost and scalability. For rural and
off-grid communities, piston press briquetting stands out due to its low maintenance needs,
affordability, and compatibility with locally available feedstocks. When paired with natural
binders such as starch or microbial agents, it can produce clean-burning briquettes suitable
for heating, cooking, and decentralized electrification [51,52].

Conversely, for industrial-scale operations like those at SASOL, roll press compaction
is more appropriate. Its capacity for continuous production, binder flexibility, and structural
precision makes it ideal for integration into advanced thermochemical systems, including
gasification and pyrolysis [39,42,50]. Ultimately, the choice of briquetting method depends
on feedstock properties, end-use requirements, and local infrastructure. Each of these
offers unique opportunities for valorizing SA’s fine coal in a sustainable, economically
viable manner.

3.3. Potential Feedstocks Used for Briquetting

The successful implementation of briquetting technologies in SA depends largely on
the nature and quality of locally available feedstocks. Co-densified briquetting, where fine
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coal is blended with biomass, offers a particularly compelling opportunity in the SA context
due to the country’s simultaneous abundance of fine coal and lignocellulosic residues.
Understanding the properties, availability, and suitability of these feedstocks is essential
for designing briquetting systems that are both technically viable and socioeconomically
aligned with national needs.

3.3.1. Properties of South African Fine Coal

South Africa, a top global coal producer, generates over 250 million tonnes of coal
annually, with ~60 million tonnes discarded, ~10 million tonnes of which is fine coal [53-55].
Typically stored in slurry ponds or tailing dams, these fines pose environmental risks such
as leaching, dust, and spontaneous combustion [30]. Despite being treated as waste, fine
coal retains substantial energy value (8-24 MJ/kg) [54], making it a promising feedstock
for briquetting, especially when co-processed with biomass to improve binding and com-
bustion properties [20]. These fines come from anthracite, bituminous, sub-bituminous,
and lignite coals (Table 1), with SA national availability estimated at 20%, 15%, 10% and
<5%, respectively [55-57].

Table 1. Availability and suitability of fine coal for briquetting in South Africa.

Fine Coal . . cepers
q : q Processing Raw Coal Fine Coal Suitability for
Coal Type (Eenerahon Size Range Typical Uses Methods HHV (MJ/kg) HHV (MJ/kg) Briquetting References
(% of Total)
<6 mm (fines); Reductants, Screening, High—low
Anthracite ~20% <0.15 mm filtration, and drying, and 30-33 20-25 moisture; strong [1,58,59]
(ultrafines) domestic heating briquetting structure
Power gen., Dense medium .
0.15 mm-6 mm; export, cement cyclones High—commonly
Bituminous ~15% . 4 o s & 24-30 17-24 briquetted [1,25,56]
<0.15 mm kilns, and spirals, flotation, loball
industrial boilers ~ and dewatering & y
Power
~ - . generation Screening,
|t ~10% Ol ararie (Eskom) and flotation, and 18-23 15-20 WpsleEiEzt o e
bituminous <0.15 mm ] ] additives/drying
synthetic fuels drying
(Sasol)
Low-grade fuel Minimal Low—high
Lignite <5% <6 mm; <0.15 mm (limited ruma 10-18 8-14 moisture, poor [1,57]
. processing e
economic use) binding

Bituminous fine coal is best suited for binderless briquetting due to higher volatile
matter (VM) and thermal plasticity [21,25,56]. Conversely, sub-bituminous and lignite fines
have lower energy content, higher MC, and poor cohesion, requiring strong binders [53,57].
Anthracite, though rich in fixed carbon, lacks agglomeration properties, often necessi-
tating additives or blending with biomass [25,58,59]. Optimizing briquette performance
requires tailored feedstock selection and densification strategies aligned with these specific
coal types.

3.3.2. Biomass Residue Availability and Suitability

South Africa also has an abundant and diverse biomass base, much of which remains
underutilized or unmanaged. According to the Department of Forestry, Fisheries and th
Environment (DFFE), the country produces over 30 million tonnes of agricultural and
forestry residues annually [60]. These biomass residues, if properly harnessed, could be
redirected from burning or decay toward sustainable energy production via briquetting.
Table 2 presents common biomass types that have been utilized in various co-densification
strategies and their suitability for co-densification with fine coal.
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Table 2. Availability and suitability of feedstocks for briquetting in South Africa.
Biomass Type Source Regions Availability (Est.) Suitability Physiochemical Characteristics References
Mpumalanga Moisture: 10-50%
Sawdust .and Eastern Cape, and >440 kilotonnes/annum High heating  Higher Heatmg M 16_28 MJ/kg [61-63]
wood chips KwaZulu-Natal value; low ash. Mineral content: 1-3%
Bulk density: 160-190 kg/m?
Readil Moisture: 45-55%
B KwaZulu-Natal and >7 million . 4 Higher Heating Value: 15-19 MJ/kg
agasse M 1 kil available from . 120 [63-66]
pumalanga ilotonnes/annum susar mills Mineral content: 1-3%
& ’ Bulk density: 150-300 kg/m?
Moisture: 10-15%
Wheat/maize Free State, North Fibrous; good  Higher Heating Value: 13-15 M] /kg
straw West, and Gauteng AU o et el structural filler. Mineral content: 5-8% [63,67]
Bulk density: 80-120 kg/m?>
Moisture: 8-12%
Sunflower husks North West and ~733 kilotonnes/annum .GOOd blep d Higher Heatmg Value: 16_1§ Mj/kg [68,69]
Limpopo with coal fines. Mineral content: 2-3%
Bulk density: 160-200 kg/m3
Improves Moisture: 12-20%
Corn cobs/Stalks iz i, .North >8 million tonnes/annum combustion liE e Heatmg Vel 14_1? Mj/kg [63,66]
West, and Limpopo officienc Mineral content: 2—4%
¥ Bulk density: 180-220 kg/m?
High energy Moisture: 6-10%
Macadamia Mpumalanga and 68 kilotonnes,/annum density; low Higher H'eatlng Value: .18—200 M]/kg [70,71]
shells Limpopo sulfur Mineral content: <1%
' Bulk density: 350-450 kg/m?
Alien invasive Ecological Moisture: 15-35%
biomass—black fNatlomal (Working ~130 kllo-hgctars benefit + fuel Higher Heatmg Value: .16—13 MJ/kg [72-74]
wattle or Water program) (commercial) value. Mineral content: 1-3%

Bulk density: 200-300 kg/m?

The following biomass residues are particularly promising for blending with fine coal

in SA, based on their availability, proximity to coal mining operations, and physicochemical

compatibility:

(a)

(b)

(©

Sawdust and wood chips: It is generated in abundance by the SA commercial forestry
sector and sawmills, particularly in Mpumalanga and KwaZulu-Natal, the same
provinces where coal mining is concentrated, reducing logistics costs [1,2]. It offers
high carbon content and low sulfur, and has been shown to contribute to briquette
structural integrity [61,62]. Manyushi et al. [20] produced briquettes with improved
HHYV (25-26 M]/Kg) when blending sawdust with fine coal and molasses as binder.
However, the high MC variability (10-50%) may necessitate pre-drying or moisture
control to ensure briquette consistency.

Bagasse: A fibrous byproduct of sugarcane processing, produced in sugar mills, espe-
cially in KwaZulu-Natal. Bagasse has good energy content and blends well with fine
coal [63]. According to Costa et al. [75], the HHYV ranges between 15 and 18 MJ/kg.
Bagasse is a year-round residue and often treated as waste, offering high potential for
circular economy value [63,65]. Despite this, bagasse’s high initial MC (45-55%) re-
quires drying or blending with lower-MC materials to prevent poor briquette stability.
Wheat Straw: A fibrous byproduct of wheat grain cultivation, wheat straw is abundant
in the Western Cape and Free State provinces of SA. Although it is naturally low in
density, its briquetting performance can be enhanced through pre-treatment methods
such as chopping or pelletizing [63,67]. Due to its lignocellulosic composition, wheat
straw not only blends well with fine coal but also serves as an effective natural
binder [63,76]. According to Kumar et al. [77], incorporating wheat straw into fine
ash coal improves both the ignition index (2.81 to 5.14 mass?/min? °C%) and the
overall combustion index (3.58 to 8.11 mass/min? °C3). Nevertheless, its low bulk
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(d)

()

()

(8)

density (80-120 kg/m?) poses challenges for cost-effective transport and storage unless
pre-compacted

Sunflower husks: A byproduct of oilseed processing that remains when the seeds are
taken out. In SA, it is readily available in the Free State and Northwest provinces. Char-
acterized with relatively low mineral content (2-3%) and moderate HHV (16-18 M] /kg),
it makes excellent biomass partners for blending with fine coal, especially for rural
or agro-industrial zones [68,69]. Nikiforov et al. [78] recently showed that a percent
ratio of 70/30% of sunflower husks and fine coal dust yielded the best combination
of strength (80.95%), density (901.48 kg/ m?), and HHV (21.33 MJ/ Kg). However,
their loose structure can affect briquette density and integrity, often requiring stronger
binders or higher compaction pressures

Corn Cobs/stalks: The remaining hard core of maize. Corn is SA’s most cultivated
crop with 16 million tonnes produced in 2024 /25 [63,66]. The cobs generated from this
offer good structural properties for briquettes and moderate HHV (14-16 M] /kg) [66].
Their porous nature supports efficient combustion, while their seasonal abundance
allows for storage and batch processing. Lu et al. [79] showed that corn stalks blending
with fine coal improved briquette quality, with compressive strength increasing by
3.33 MPa. Still, their seasonal availability may result in inconsistent feedstock supply,
necessitating stockpiling and drying facilities.

Macadamia shells: Hard and tough shells are generated during the production of
macadamia nuts. In SA, it is primarily produced in Limpopo and Mpumalanga
provinces [70]. The shells are high in fixed carbon and dense, yielding durable bri-
quettes with moderate HHV (18-20 MJ/kg) [71]. Thermogravimetric analysis studies
conducted by Bada et al. [80] showed that the co-firing of macadamia shells with coal
in various ratios (20/80, 50/50, and 80/20%) all resulted in higher reactivity than
coal alone. Additionally, this co-firing has found local commercial application, with
the company SHISA-Eco briquettes©, which claims to produce a blended briquette
product with 80% less fine particles and 75% less carbon monoxide. Yet, their hardness
may cause excessive wear on briquetting equipment, often requiring pre-crushing
and screening.

Invasive biomass (i.e., black wattle): These are actively removed in ecological restora-
tion projects and offer a dual benefit: restoring native ecosystems and providing
bioenergy feedstock. The Working for Water program identifies over 10 million tonnes
of potential biomass annually from alien species alone [72,74]. Additionally, the coun-
try allows the commercial production of ~130 kilo-hectars of black wattle [72-74].
Although studies on the co-densification of wattle with fine coal are limited, its high
lignin content, low ash yield, and widespread availability in SA present a significant
opportunity for efficient and sustainable briquette production. However, inconsistent
harvesting cycles and the lack of established supply chains may limit scalable and
year-round availability.

Comparatively, sawdust and macadamia shells exhibit the highest energy content and

combustion efficiency, making them ideal for urban and industrial applications. Bagasse

and corn cobs, while moderate in HHV content, offer strong binding potential due to

their fibrous structure, which could ease rural briquette production with minimal binder

use. Conversely, wheat straw and sunflower husks, though abundant, may require binder

enhancement or densification pre-treatments to achieve mechanical durability and moisture

resistance in humid climates. These differences should inform feedstock selection based on

briquette application and geographic location.

These biomass types are not only geographically and economically suitable but also

chemically compatible with fine coal, making them strong candidates for integration
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in local waste-to-energy systems. Sawdust, corn cobs, bagasse, and invasive species
biomass are particularly well-suited as feedstocks for blending with fine coal due to their
HHY, high local availability, and low-cost accessibility. Utilizing these materials not only
addresses pressing energy security and waste management issues but also aligns with
national strategies for green industrialization and climate-smart development [81]. The
integration potential of fine coal and biomass residues into co-briquetted fuels addresses
key national priorities such as energy access, waste valorization, job creation, and climate-
smart development [11,81]. Such strategies align with SA’s Green Economy Strategy
and Industrial Policy Action Plan (IPAP), offering localized energy solutions that reduce
dependence on fossil fuels and open new avenues for rural industrialization [82].

The effectiveness of bio-coal briquettes depends not only on the inherent properties of
the coal and biomass feedstocks, but also on the choice and compatibility of binders used.
The interaction between these materials plays a key role in determining the briquette’s
structural strength, combustion efficiency, and resistance to degradation during storage
and transport. For example, fibrous or low-lignin biomass types may require stronger
external binders to compensate for weak self-binding capacity, while some high-starch
or lignocellulosic residues may partially self-bind under pressure. The following section
explores various binder types and their specific roles in enhancing briquette performance,
with a focus on those relevant to SA conditions.

3.4. Binders in Fine Coal Briquetting

Binders are integral to the briquetting process, especially in the densification of fine
coal and biomass mixtures. It plays a critical role in improving the mechanical integrity,
thermal properties, and storage stability of the final briquettes. This section presents a
detailed overview of the mechanisms by which binders facilitate bonding, followed by
a classification of binder types, including organic, inorganic, synthetic, and emerging
green biobinder options, and concludes with guidelines for binder selection relevant to the
SA context.

3.4.1. Binding Mechanism

The mechanism of binding in the briquetting process is governed by a combination of
mechanical pressure, particle rearrangement, binder chemistry, and moisture dynamics,
all contributing to the formation of durable briquettes. According to Zhang et al. [12],
primary bonding mechanisms include mechanical interlocking, solid bridge formation, and
intermolecular attractions such as Van der Waals forces and hydrogen bonding. Under
sufficient pressure, particles deform and reposition to create a dense matrix, while binders
fill gaps and promote adhesion between surfaces [12,83]. Butler et al. [84] note that this
contact is particularly enhanced in the presence of moisture, which helps mobilize and
activate water-soluble or gelatinizing binders such as starch or molasses, thereby improving
bond formation.

Additionally, Oladeji [85] notes that during densification, especially under elevated
pressure and temperature, natural binders such as lignin can be softened or released
from biomass and re-solidified upon cooling, contributing to structural integrity through
thermoplastic bonding. Similarly, Tumuluru et al. [86] highlight that diffusion and capillary
forces may also contribute to particle cohesion in fine materials, while chemical reactions,
particularly in the presence of reactive additives, can form cementitious bonds that enhance
stability, especially in systems employing inorganic binders.

For optimal performance, it is important to recognize that binder effectiveness is
significantly influenced by process variables such as binder concentration, particle size
distribution, MC, and compaction pressure [12,84,87]. Tumuluru et al. [86] further highlight
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that plastic deformation and the viscoelastic behavior of biomass particles under sustained
pressure play a vital role in densification, particularly for lignocellulosic feedstocks. Ulti-
mately, the interplay of these physical and chemical mechanisms governs the mechanical
strength, durability, water resistance, and combustion characteristics of the final briquette
product. Given this complexity, careful selection of an appropriate binder is essential. This
begins with understanding the classification of available binders and their respective roles.

3.4.2. Classification and Selection of Binders

The selection of binders is influenced by several factors, including feedstock character-
istics, end-use requirements, environmental regulations, cost, and local availability. Binders
can be broadly categorized into five main types: (1) organic binders, (2) inorganic binders,
(3) synthetic binders, (4) emerging green binders, and (5) compound binders. Each class
offers advantages and limitations, which are explored below.

(1) Organic Binders

Organic binders are favored for their renewability, combustibility, and environmental
compatibility. They generally produce briquettes with good mechanical strength, though
they may degrade or fail at elevated temperatures [84,87]. Common organic binders include
Lignosulphates, molasses, biomass-derived tar pitch, and natural polymers such as starch.
Table 3 shows the commonly used binders along with their advantages and disadvantages.

Table 3. Classification of binders for fine coal and biomass briquetting.

Binder Type Examples Characteristics Advantages Limitations References
Molasses, starch, Renewable, C(l:an—:tgir:}llr;g I;(;o;t(};e;n(lsl St;]i}gt)y’
Organic Binders lignin, tar pitch, combustible, and . B g & 8 . ’ [88-90]
. improves cohesion; and tar-based binders
and gums biodegradable .
renewable sources. emit pollutants.
Readily available; Increases mineral
Bentonite clay, Non-combustible improves content, reduces the
Inorganic Binders cement, lime, and and thermally mechanical higher heating value, [91-93]
gypsum stable strength and water and unsuitable for
resistance. domestic use.
Bltu'men, eSS, Industrial-grade High performance  Expensive, potential
: . sodium silicate, strength and . . . -
Synthetic/Chemical . . in metallurgical for toxic emissions, [94-96]
PVA, and synthetic chemically . .
. settings. and not eco-friendly.
polymers engineered
Microbial Biodegradable, Eco-friendly; Still under research,
Emerging/Green .b1opoly¥ners, carbonjneutral supports circular performance may [97-101]
biochar binders, potential, and economy; often vary, and scalability
and waste binders locally sourced cost-effective. challenges.
. Combination of Balanced Requires
Molasses + lime; organic and erformance; optimization, and
Compound Binders starch + clay; and T8 . P - P . ¢ [102,103]
. - inorganic or tailored to specific may increase
biomass + bentonite . L "
synthetic types applications. complexity or cost.

Among the binders shown in Table 3, the common organic binders are briefly dis-
cussed below:

(a) Molasses: A sticky, carbon-rich organic binder derived as a byproduct of the sugar
industry that enhances both the energy value and cohesive strength of briquettes [63].
Manyuchi et al. [20] showed that the addition of molasses in the co-densification of
fine coal with sawdust increased the HHV and compressive strength of briquettes by
16% and 50%, respectively. This organic binder is extensively used in countries such as
India, China, and SA, particularly in molasses-lime compound systems where its per-
formance is complemented by the addition of lime to improve water resistance [104].
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(b)

(©

(d)

(e)

(®)

However, its hygroscopic nature may compromise briquette stability under humid
conditions unless combined with water-resistant additives like lime [105,106].
Starch: The most widely used organic binder derived as a carbohydrate reserve from
plants such as maize, cassava, and wheat [12,87]. This binder is clean-burning, making
it suitable for high-quality briquettes used in indoor applications [36,87]. Chinyere
et al. [90] observed an improved HHYV from briquettes produced from sawdust when
the amount of binder was increased from 30 mL per 100 g to 40 mL per 100 g, rising
from 38.20 M] /kg to 41.17 M] /Kg. However, starch is relatively costly, which can limit
its use in large-scale or low-budget operations. Its high hygroscopicity may also affect
briquette stability in humid conditions, necessitating costly waterproofing additives.
Lignin: Naturally present in lignocellulosic biomass. It can act as a self-binder during
high-pressure briquetting processes [107]. Mardiyati et al. [108] showed that binder-
less, all lignin briquettes from black liquor waste have a 99.7% drop-shatter index
(DSI) and HHYV equivalent to coal briquettes. In many systems, especially in Europe
and North America, additional lignin is introduced to reinforce briquette durability.
While effective, its utility is largely confined to woody biomass or feedstocks with
high lignin content.

Vegetable oils: These include sunflower oil, palm oil, bio-oil, cooking oil, and castor oil.
They are occasionally used as auxiliary binders or combustion enhancers [89]. In the
co-densified briquetting of biomass, Zhang et al. [89] showed that the lubricating and
combustible nature of both bio-oil and cooking oil can improve the ignition and burn-
ing behavior of briquettes. However, they are not primarily used for their binding ca-
pacity, as they often lack the cohesive strength necessary for durable briquettes [12,87].
Furthermore, their cost and variable quality are affected by factors like oxidation and
purity, limiting their large-scale adoption in industrial briquetting [12,63,87,89].
Plant gums: These are polysaccharide-based organic compounds with natural adhe-
sive properties, including guar gum, gum Arabic and acacia gum [109]. These are
especially prevalent in artisanal and small-scale briquetting operations, including
in rural or indigenous contexts [109]. Their biodegradability and non-toxic nature
are advantageous, but their performance can be inconsistent due to MC sensitivity,
microbial degradation, and relatively high costs. In line with this, Hassan et al. [110]
observed that briquettes produced using gum Arabic as binder lowered the HHV of
raw sawdust from 17.1 MJ/Kg to 15.7 MJ /kg.

Tar pitch: This organic binder is derived from coal tar distillation. It has historically
been used in coal briquetting due to its strong adhesion, hydrophobicity, and ability to
produce high-strength briquettes [88,111]. Zhong et al. [111] observed that using tar
pitch to bind fine coal resulted in briquettes with improved DSI (x50/1 m) and
a compressive strength of 6.43 MPa. However, tar pitch is not environmentally
friendly, which restricts its use, as it releases toxic and carcinogenic compounds
upon combustion [87,111].

Overall, organic binders are most suited to rural domestic use or SMME-scale opera-

tions where the ease of sourcing outweighs durability under harsh storage conditions.

@)

Inorganic Binders

Inorganic binders are typically mineral-based materials known for their thermal

stability and strong binding capabilities. They are widely used where mechanical strength

and water resistance are prioritized over HHV or combustion purity [12,41,87]. However,

since these binders are non-combustible, they contribute to increased mineral content and

a reduction in fuel efficiency.

Among the binders shown in Table 3, the common inorganic binders are briefly

discussed below:
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(a)

(b)

()

(d)

Bentonite Clay: Naturally occurring aluminosilicates are among the most com-
mon inorganic binders used in coal and biomass briquetting [87,91]. They are in-
expensive, abundant, and enhance the structural strength and water resistance of
briquettes [8,91,112]. These properties make them particularly useful in applications
where briquettes are exposed to handling, moisture, or transport stress. However,
their significant downside lies in their contribution to non-combustible residue. Bello
et al. [91] recently analyzed the performance of clay as a binder and saw that the
briquettes have poor flame propagation within the combustion chamber and delayed
ignition time (7-10 min). These limitations make clay-based briquettes less ideal for
residential combustion, where quick ignition and clean burn are preferred. As such,
they are more suited to industrial or metallurgical briquettes than to those intended
for residential or clean [8,112].

Lime (Ca(OH),): Often used in its hydrated form (Ca(OH),), lime acts as a binding and
stabilizing agent, particularly in combination with organic binders such as molasses.
It is frequently used in SA and Southeast Asia for improving the water resistance
and long-term durability of bio-coal briquettes. Lime also helps neutralize acidic
components and can slightly enhance combustion behavior. However, like other
inorganic additives, lime increases mineral content and does not contribute to fuel
value, requiring the careful optimization of dosage. Recently, Das et al. [92] compared
various briquettes made of both organic (molasses, starch, pitch, and dextrin) and
inorganic binders (lime and bentonite) to those made of fly ash bonded flue dust
and observed that lime-based briquettes had the poorest compressive strength. Thus,
blending it with other binders in a compound manner is a better option than using
it solely.

Cement: This inorganic material is employed in briquetting processes where extreme
mechanical strength is required, such as in metallurgical briquettes or construction-
grade fuel blocks [14,15]. It has been shown to provide excellent compressive strength
and resistance to handling damage. Ikelle [93] reported that coal briquettes formulated
with cement exhibited exceptional durability but had significantly elevated ash levels
(19.18-28.83%) and a long ignition time at 46 s. These trade-offs restrict cement’s use
primarily to non-combustion or industrial applications where fuel purity is not the
primary concern. In addition, the carbon footprint associated with cement production
presents a drawback from a sustainability standpoint.

Gypsum: It is occasionally added to briquette formulations, particularly in coal-
based systems, for its sulfur-binding properties. It serves to reduce emissions such as
sulfur dioxide during combustion, which is relevant for environmental compliance in
industrial settings. However, like other inorganic binders, gypsum adds weight and
ash to the final product and is not typically used in domestic fuel applications.

Overall, inorganic binders are better suited for industrial or metallurgical applications

where strength and durability outweigh energy performance.

®)

Synthetic and Chemical Binders

Synthetic binders are often derived from petroleum or industrial chemical processes

and utilized primarily in high-value or technically demanding briquetting applications

such as steelmaking, metallurgy, or the production of composite fuels [12,87]. They are

notable for their high performance in terms of mechanical strength, resistance to environ-

mental degradation, and high-temperature stability. However, their cost, potential for

harmful emissions, and lack of biodegradability restrict their broader adoption, especially

in residential or sustainable energy systems [109].

Among the binders shown in Table 3, the common synthetic/chemical binders are

briefly discussed below:
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(b)
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(d)

Bitumen and resin-based binders: These are widely used in industrial briquette
applications where structural integrity must be maintained at high temperatures or
under mechanical stress. These binders are particularly effective in forming coke or
metallurgical briquettes. Bitumen, being hydrophobic, also imparts water resistance.
However, its combustion releases polycyclic aromatic hydrocarbons (PAHs), making
it unsuitable for household energy use. A study by Mousa et al. [94] demonstrated
that incorporating 2% bitumen as a partial replacement for cement in blast furnace
briquettes achieved sufficient mechanical strength and improved reduction rates,
highlighting its potential in metallurgical applications.

Sodium silicate: This binder is used in niche applications. It provides excellent water
resistance and binding strength, especially in composite or refractory materials [92]. Its
chemical stability and fire resistance make it valuable in specialized industries [12,92].
A study on blast furnace dust briquettes conducted by Han et al. [95] found that
a 2% addition of sodium silicate, combined with corn starch, enhanced both low-
temperature and high-temperature strength, with compressive strength reaching up
to 1796 N at 1250 °C. Nonetheless, sodium silicate is brittle when dry, can alter pH
balance, and lacks environmental compatibility [87,92].

Polyvinyl alcohol (PVA): This is a water-soluble synthetic polymer sometimes included
in the organic binder category due to its carbon-based composition and potential
biodegradability under specific conditions [113,114]. It provides excellent adhesive
strength and clean-burning properties, making it suitable for premium briquettes [115].
PVA was used as a binder by Henning et al. [113], producing briquettes with a 7%
increase in compressive strength at 5% formulation. However, PVA is relatively expen-
sive and thermally unstable above 200 °C, limiting its utility in high-temperature or
large-scale industrial applications [12,115]. Moreover, it must be produced under con-
trolled chemical processes, making local sourcing in resource-limited regions difficult.
Other synthetic polymers: These may include acrylic resins, epoxy compounds, and
phenol-formaldehyde resins, which are occasionally used in advanced briquetting
systems [87]. While these binders offer customizable properties, such as high heat
resistance and moisture control, their use is limited to high-cost, high-precision appli-
cations due to environmental, safety, and cost concerns.

Overall, synthetic binders are limited to niche industrial applications; not viable for

decentralized rural energy systems.

4)

Emerging and Green Binders

Amid increasing global interest in sustainability, significant research has turned toward

the development of environmentally friendly and biodegradable binder alternatives. These

green binders aim to minimize environmental impact, reduce reliance on fossil-derived

materials, and improve compatibility with circular economy models.

Among the binders shown in Table 3, the emerging and green binders are briefly

discussed below:

(a)

Microbial biopolymers: Polymers such as xanthan gum, exopolysaccharides (EPS’s),
and bacterial cellulose are produced through fermentation processes involving bac-
teria like Bacillus spp. or Xanthomonas spp. [97,98]. These binders offer excellent
water-binding properties and biodegradable profiles, making them attractive for bio-
coal briquetting [99,100,116]. In SA, institutions like the universities and local R&D
institutions are actively exploring the production of these biopolymers using local
microbial strains and agro-waste substrates. While promising, these binders are still
undergoing pilot-scale testing and require further validation for commercial viability.
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(b) Biochar-based binders: Biochar represents another frontier in green binder technology.
It is made from pyrolyzed biomass, producing a carbon-rich, structurally stable binder
that can enhance the overall carbon content and HHV of briquettes [117]. Their
compatibility with a wide range of feedstocks and their potential to serve as carbon-
negative materials makes them highly attractive, particularly in regions focused on
carbon trading or climate commitments [87,117,118].

(c) Waste-derived binders: These include binders made from paper sludge, sawdust
waste, distillery effluents, or other industrial byproducts [87,119]. They are being
evaluated for their binding potential in countries like India, Brazil, Kenya, and Indone-
sia [87,102,119]. These binders support waste valorization while offering cost-effective
alternatives to synthetic or imported materials. Their performance varies widely
depending on the source material, processing, and formulation, and standardization
remains a challenge.

Overall, green binders are promising for pilot-scale trials and municipal or industrial
partnerships where infrastructure and feedstock consistency can be ensured.

(5) Compound binders

Compound binders are two or more binders that come with some added advantage
over the traditional use of single binders. The combined strengths of each type of binder
come into effect to improve the overall properties of the briquettes. Inorganic binders like
bentonite can be used to improve the mechanical properties of the briquettes when mixed
with organic binders [120]. Various combinations have been studied, including molasses—
lime blend [104], starch—clay blend [103], and various organic biomass binder blends with
bentonite [120]. These binders are best suited for customized local formulations, especially
in regions with access to agro-waste and small-scale processing infrastructure.

Among the available options, molasses and microbial biopolymers emerge as the most
promising binders for widespread application in SA. Molasses, a byproduct of the country’s
well-established sugar industry, is readily available, especially in sugarcane-producing
regions such as KwaZulu-Natal and Mpumalanga, which also host major coal mining
operations. Its sticky, carbon-rich nature makes it highly compatible with both fine coal and
biomass, enhancing both energy content and briquette cohesion. Additionally, molasses is
biodegradable, relatively inexpensive, and aligned with circular economy goals. On the
other hand, microbial biopolymers such as xanthan gum and EPS produced by Bacillus
spp. or Xanthomonas spp. offer biodegradable, non-toxic binding capacity with strong
mechanical performance [97,98]. These biopolymers can be locally cultivated using agro-
industrial waste streams such as molasses itself, distillery waste, or agricultural residues,
supporting low-cost, decentralized production models. South Africa’s active research
infrastructure, particularly institutions like the CSIR, could provide support for piloting
and scaling biobased production. The combined use of molasses and microbial biopolymers
as a compound binder system can offer several synergistic advantages:

e Improved mechanical strength and moisture resistance of briquettes, particularly
under variable storage and transport conditions;

e  Enhanced combustion performance with reduced toxic emissions, supporting cleaner
energy transition goals;

e Reduced reliance on expensive or imported synthetic binders;

e  Local value addition through the utilization of byproducts and biotechnology, stimu-
lating rural and industrial economies.

In the SA context, where diverse feedstocks, ranging from coal fines to agricultural
waste, coexist with industrial and research capabilities, the strategic development of
molasses—biopolymer compound binders offers a technically viable, economically accessi-
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ble, and environmentally responsible solution for scalable bio-coal briquetting. Pilot studies
are needed to validate this combination’s effect on improving briquette HHYV, structural
integrity, and environmental sustainability.

3.4.3. Binderless Briquetting

In contrast to the binders discussed above, binderless briquetting is a densification
process that relies solely on the natural binding components present in the feedstock [57].
These primarily include lignin, MC, and thermal-softened cellulose without the addition
of external binders [57,121,122]. This method is particularly suitable for feedstocks with
high lignocellulosic content, such as woody biomass and certain types of agricultural
residues [56,57,108].

Under high pressure (>100 MPa) and elevated temperatures (ranging from 100 to
200 °C), lignin within biomass becomes thermoplastically active and acts as a natural
binder. This phenomenon, known as thermoplasticity, allows particles to fuse, producing
structurally cohesive briquettes [57,108].

In comparison to binder-based briquetting, binderless briquetting offers several advantages:

e  C(Cleaner combustion: No added binders means no external emissions from binder
combustion, improving air quality and reducing mineral content [56,57].

e  Simplified supply chain: Eliminates the need to procure, store, and handle binders,
lowering production complexity and operational costs.

e  Sustainability: The process aligns with circular economy principles by avoiding non-
renewable or environmentally harmful additives.

However, binderless briquetting also has significant technical constraints:

e  Feedstock specificity: Only feedstocks with sufficient lignin content (e.g., wood, straw,
and bagasse) are viable; fine coal or low-lignin biomass requires binders [57].

e  Higher energy requirements: Elevated pressures and temperatures increase the energy
input and mechanical wear on equipment [56,57].

e  MC sensitivity: Binderless briquettes can suffer from poor water resistance and de-
grade under humid conditions unless post-treated [21,56].

In the SA context, binderless briquetting may be well-suited to regions with abundant
woody biomass or sugarcane bagasse (e.g., Mpumalanga and KwaZulu-Natal), but coal-
dominated feedstocks and high ash biomass residues prevalent in SA often require binder
augmentation to meet mechanical and combustion standards. While binder selection plays
a central role in determining briquette quality, optimal performance also depends heavily
on key manufacturing parameters such as pressure, temperature, and particle size. These
parameters are explored in the next section.

3.5. Manufacturing Parameters and Process Optimization

The quality, strength, and combustion efficiency of fine coal briquettes are significantly
influenced by key manufacturing parameters such as pressure, temperature, MC, particle
size, and residence time [87]. Each of these variables governs the degree of densification,
inter-particle bonding, and ultimately the physical and thermal properties of the final
product [39,85]. Optimization of these parameters is critical for achieving consistent bri-
quette performance using heterogeneous feedstocks like fine coal and biomass. This section
discusses the role of these process variables and introduces optimal material parameters
that directly affect briquette efficiency, particularly in co-densification systems.

3.5.1. Key Manufacturing Variables

The briquetting process is governed by several interdependent manufacturing vari-
ables that influence the physical integrity, energy content, and combustion behavior of the
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final briquettes. Optimizing these parameters is particularly important, where feedstock

heterogeneity and infrastructure limitations require process adaptability. The key variables

(a) pressure, (b) temperature, (c) moisture content, (d) particle size and (e) mixing, and

(f) residence time are summarized in Table 4 and discussed below.

Table 4. Key manufacturing variables in fine coal briquetting.

Variable

Optimal Range Function/Effect References

Pressure

Facilitates particle bonding through
80-150 MPa plastic deformation, friction, and van [51,87]
der Waals forces.

Temperature

Enhances binder reactivity and softens

Ambient to 200 °C biomass lignin in binderless [89,106,123]

briquetting.

Moisture Content

Acts as binder activator and lubricant;
8-15 wt% affects compaction and drying [14,123,124]
behavior.

Impacts packing density and

Particle Size <3 mm (ideal: 0.5-2 mm) . . [125,126]
inter-particle contact area.
Ensures uniform binder dispersion
Mixing Time Mixing: 5-30 min and sufficient bond formation under [79,118]
pressure.
Residence Time 1-5 s (press dwell time) Allows stress relaxation and bond [39,49,51]

formation during compression.

(a)

(b)

(©

(d)

Pressure: Compaction pressure is one of the most critical factors affecting briquette
strength and durability. High-pressure systems (>100 MPa), such as piston and
roller presses, facilitate strong inter-particle bonding through mechanisms like plastic
deformation, van der Waals forces, and mechanical interlocking [51,87]. Optimal
pressure levels vary depending on feedstock composition and binder type, with
a common effective range of 80-150 MPa for coal-biomass blends [51]. However,
excessive pressure can lead to equipment wear and high energy consumption. In
SA, where high-rank coal fines dominate, pressure must be carefully optimized to
overcome coal’s natural rigidity without causing excessive equipment wear or energy
consumption.

Temperature: Although the briquetting of coal fines is commonly conducted at ambient
temperatures, moderate thermal input (100-200 °C) can significantly improve binding.
This was confirmed by Nurek et al. [123], who produced briquettes with higher
durability at 72 °C compared to an ambient temperature of 22 °C. In binderless
systems, this heat softens lignin in biomass, enhancing cohesion [57]. For binder-
based compound systems such as molasses—lime blends widely used in SA, elevated
temperatures accelerate chemical curing, improving briquette integrity [92]. However,
excessive heat may lead to premature MC loss and material degradation.

Moisture Content: Moisture plays a dual role as both a lubricant during compaction
and an activator for certain binders [18,127]. Many researchers have identified that the
optimal MC range typically lies between 7 and 15 wt% depending on binder type and
feedstock characteristics [14,123,124]. Insufficient moisture reduces compressibility
and cohesion, while excess moisture promotes steam formation, cracking, and strength
loss during drying [123,124].

Particle Size: Feedstock particle size has been found to directly impact packing density
and binding surface area [125,126]. These in turn influence both compressive strength
and energy density of the briquettes [126]. Particles <3 mm have been observed to
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enhance compaction, but excessive fines (<0.2 mm) can impair permeability and slow
drying, thereby reducing production efficiency and increasing energy input during
curing [86,125,128]. A well-graded particle size distribution, often achieved via crush-
ing and screening, ensures the homogeneity and structural stability of the briquettes. A
well-graded distribution, typically 0.5-2 mm is optimal. Mani et al. [129] showed that
optimizing particle size improves briquette density, strength, and combustion. Haidai
et al. [130] emphasized the need to evaluate granulometric composition in composite
fuels to control ash behavior and compaction. This study noted that variations in
particle size distribution significantly affect compaction, higher heating value, and ash
behavior. Additionally, Nati et al. [131] highlighted how screen selection and blade
wear affect size uniformity and energy efficiency. In the SA context, standardizing
crushing and screening, coupled with PSD-binder compatibility trials, could enhance
briquette quality and process efficiency.

(e) Mixing time: Uniform mixing of binders and feedstocks is essential for producing
consistent and high-quality briquettes. Adequate mixing promotes the homogeneous
distribution of the binder across all particles, enhancing inter-particle contact and
matrix cohesion [83]. Mixing times typically range from 5 to 30 min depending on the
binder type, moisture level, and feedstock composition [86,87].

(f) Residence time: Residence time refers to the duration that the material remains under
compression within the briquetting chamber. Sufficient residence time is crucial to
allow stress relaxation and promote the physical and chemical bond formation between
particles [39,83]. This becomes particularly important when using temperature or MC-
sensitive binders such as starch, molasses, or microbial biopolymers, which require a
short but controlled period to set effectively under pressure.

In SA, optimizing these parameters requires careful consideration of the local coal
profile, which typically features high mineral content and variable levels of VM and
sulfur [21,56,132]. Regional pilot studies conducted by organizations such as Coaltech©
and the University of Pretoria have demonstrated that compaction conditions must be
tailored to feedstock type [9,21,25]. For example, in KwaZulu-Natal and Mpumalanga,
where bagasse and sawdust are commonly blended with fine coal, adjustments in MC and
extended dwell times are necessary due to the fibrous, lignin-rich nature of the biomass.

3.5.2. Optimal Quality Parameters

Beyond process conditions, the intrinsic properties of the briquette feedstock and final
product significantly influence combustion behavior, handling characteristics, and energy
efficiency. The following parameters are critical to assess and optimize:

(a) Higher Heating Value: A key metric for energy output, the target HHV for bio-coal
briquettes ranges between 18 and 26 MJ/kg [133]. Blending high HHYV fine coal
(20-25 MJ/kg) with lower HHV biomass (<15 M]J/kg) must be balanced to achieve a
competitive fuel value.

(b) Moisture Content: Target MC in final briquettes should not exceed >10% to ensure
good ignition and minimize transport cost [87,134]. Excessive moisture lowers HHV
and combustion efficiency [87].

(c) Volatile Matter: Higher VM (20-35%) enhances the ease of ignition and flame propaga-
tion [135]. Biomass typically increases VM in the blend, which compensates for the
low reactivity of high-rank coal.

(d) Fixed Carbon (FC): Indicates the solid carbon available for sustained combustion.
Optimal FC (>50%) ensures steady heat release during industrial or domestic use [136].
Biomass has lower FC, so the coal content needs to be sufficient to maintain heat value.
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(e) Bulk Density: Higher bulk density (0.9-1.2 g/cm?) improves energy density, trans-
portation economics, and storage efficiency. This is especially important for off-grid or
rural distribution in SA.

(f) Burning Rate and Combustion Time: These parameters are influenced by both VM
and structural integrity [95,136]. Ideal briquettes should burn uniformly with minimal
sparking or fragmentation, suitable for both household stoves and industrial furnaces.

(g) Mineral content and Composition: Lower mineral content (<15%) is preferred to
reduce residue disposal and enhance thermal efficiency [91,137]. Inorganic binders
like clay or lime raise ash levels, and hence should be used cautiously. In SA, the coal
is often ash-rich, necessitating careful blending and binder selection to stay within
optimal limits [76].

Optimizing the manufacturing parameters, such as pressure, temperature, moisture,
particle size, mixing, and residence time, is essential to achieve briquettes with high
mechanical strength, consistent combustion properties, and durability under storage and
transport conditions. These variables must be tailored to the specific characteristics of
SA fine coal and locally available biomass feedstocks, with due consideration to binder
type and end-use application. Pilot-scale demonstrations in regions like Mpumalanga
and KwaZulu-Natal underscore the importance of site-specific adjustments, especially
given the variability in coal mineral content, VM, and sulfur levels. Once briquettes are
produced under optimized conditions, it becomes essential to assess their physical and
thermal performance to ensure suitability for end-use. The subsequent section outlines
the key testing methods and relevant standardization frameworks necessary to guarantee
quality and regulatory compliance.

3.6. Testing and Standardization
3.6.1. Performance Testing of Coal Briquettes

The evaluation of briquette quality is critical for ensuring performance consistency,
user safety, and regulatory compliance. This section outlines the key physical (durability
and strength) and thermal testing protocols used to assess briquette strength, durability,
and combustion behavior (Figure 4). It also explores existing standards such as those from
the South African Bureau of Standards (SABS), International Organization for Standard-
ization (ISO), and ASTM International, identifying the current gaps and opportunities for
developing context-specific testing frameworks to support industrial adoption and rural
deployment of briquetting in SA.

Physical tests evaluate the mechanical integrity and handling resilience of briquettes
during storage, transport, and end-use. These tests are essential to ensure briquettes can
withstand physical stresses without excessive fragmentation, which could reduce combus-
tion efficiency and increase fines loss. Thermal testing evaluates the energy performance
and combustion characteristics of briquettes, which are vital for comparing them to tradi-
tional coal and for meeting user expectations in both domestic and industrial applications.
Some of the main quality tests are detailed below:

(a) Drop Resistance Index: Drop strength tests simulate accidental handling shocks. The
test involves dropping briquettes from a standard height (typically 2 m) onto a hard
surface multiple times and measuring the percentage of mass retained. ASTM D-
3038 for DSI of coke provides procedures for solid biofuels, while local protocols in
SA use simplified adaptations for fuel evaluations [138]. However, the tests are rarely
standardized across labs, reducing data comparability. SABS should define uniform
drop protocols for rural settings.

(b) Abrasion Resistance: This test determines the friability of briquettes under abrasive
conditions (e.g., during transit). It is especially relevant for dusty or loosely bound
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formulations. ISO 17831-1 standards are often used for wood pellets and biomass
briquettes and can be adapted to fine coal applications [115,139]. South African labs
such as SABS have begun to incorporate these methods in bio-coal quality assur-
ance protocols.

Water resistance: This test indicates the briquette’s durability in humid or wet con-
ditions. This is particularly important due to possible open-air storage and seasonal
rainfall. Water-resistant briquettes retain their shape and strength after short-term
water exposure. Testing typically involves immersing briquettes in water for a set
time (e.g., 30 min-1 h) and evaluating swelling, disintegration, or strength loss [140].
According to Richards [140], optimum resistance is stability beyond 1 h, which is
globally accepted. Hydrophobic binders (e.g., pitch and wax emulsions) and additives
like lime improve water resistance. However, SA lacks a formal moisture durability
index for bio-briquettes, despite molasses and starch-based binders being hygroscopic.
A local ‘wet integrity test’ could guide binder formulation optimization.
Compressive Strength: This test measures the maximum load a briquette can with-
stand before failure. It is a key indicator of structural integrity, especially during
stacking or bulk handling. According to ISO 4700 (originally developed for met-
allurgical pellets but commonly adapted for solid fuels), a compressive strength
above 1.0-1.5 MPa is generally considered acceptable for bio-coal briquettes [141].
South African studies often use similar thresholds when testing molasses- or starch-
bound briquettes.

Shear Strength: This test evaluates the internal cohesion and resistance to sliding
between particles in a briquette under lateral stress, complementing compressive
strength assessments [142]. It is particularly relevant for briquettes made with low-
viscosity or bio-based binders (e.g., molasses and starch), which may exhibit good
compressive integrity but shear failure during handling or bulk transport. Shear
strength is commonly measured using a direct shear apparatus based on ASTM
D3080, originally developed for soil testing but increasingly adapted for assessing
low-cohesion solid fuels [142]. Although no formal threshold exists for briquettes,
preliminary studies suggest a minimum shear resistance of 0.5-1.0 MPa to ensure
stability under stacking and loading stresses. Integrating shear strength testing can
guide binder and feedstock optimization, particularly in humid or rural settings where
briquettes face non-uniform stresses during storage and handling.

Higher Heating Value (HHV): The HHV measures the energy released during combus-
tion and is the most important indicator of fuel efficiency. Standard methods include
ASTM D5865 and ISO 1928, which use bomb calorimetry [143]. In SA, labs affiliated
with universities (e.g., Wits and Stellenbosch) and organizations like SABS apply these
methods for both raw coal and bio-coal blends. Target HHV for bio-coal briquettes
is 18-26 M] /kg depending on the blending ratio. However, most tests do not isolate
combustion synergy between biomass and coal, which may under- or overestimate
real-world efficiency.

Ignition Time and Burn Rate: These tests determine how quickly briquettes ignite
and how long they sustain combustion. Biomass-rich briquettes tend to ignite faster
due to higher VM content [77,80,87]. Standard protocols for these properties are less
uniform but often draw from ISO 18123 (for proximate analysis) and ASTM E870-82
(2019) (wood fuel testing) [144]. Local tests in SA often involve field-based stove trials
or controlled combustion chambers to assess real-world performance. Field stove
trials or ceramic pot stove (CPS) setups should be standardized for rural contexts to
measure practical performance [63,87].
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(h) Mineral content: High mineral content reduces HHV and complicates ash disposal.
Measurement follows ASTM D1102 and locally for coal-biomass mixtures, SANS
5924 may also be adapted [145]. South African coal typically contains 25-45% ash,
necessitating optimized blends with low-ash biomass and careful binder selection [56].

(i) Emissions Testing: Although not nationally mandated in SA, emission testing (e.g., CO,
50;,, NOy, and particulate matter) is gaining relevance for regulatory compliance and
environmental health. Internationally, ISO 14064 provides guidelines for measurement
setups for greenhouse gases [146].

— Drop Resistance Index

— Durability tests — Abrasion resistance

— Water resistance

Compressive strength

Strength tests

Shear Strength

Briquette perfomance tests
|
|

— Higher Heating Value

— Thermal tests —1— Ignitin time & Burn Rate

— Emissions Testing

Figure 4. Overview of key briquette performance tests across routine, durability, strength, and
thermal evaluation stages.

While current testing protocols from SABS, ASTM, and ISO provide useful benchmarks
for assessing briquette quality, such as moisture content, density, compressive strength, and
higher heating value, these standards were primarily developed for either conventional
coal or biomass fuels. As such, they may not fully account for the unique physico-chemical
behavior of hybrid bio-coal briquettes, particularly those incorporating bio-based binders.
For instance, the existing durability indices may not reflect the mechanical stability of
briquettes with organic binders under humid storage conditions, and standard heating
value protocols often overlook synergistic effects between coal and biomass during co-
combustion [147]. Although bio-based briquettes are ultimately evaluated for performance
alongside those made with conventional binders, there is a critical gap in testing protocols
that specifically address the properties and degradation mechanisms of bio-based formula-
tions. This lack of tailored standards may unfairly disadvantage bio-binder technologies
despite their sustainability benefits, hindering their adoption at scale.

To improve standardization, targeted adaptations could include the following;:
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e  The development of hybrid testing protocols that evaluate co-firing emissions, volatile
matter interactions, and ash fusion characteristics specific to coal-biomass blends;

e  The introduction of dedicated water resistance and hygroscopicity indices, particu-
larly for briquettes using bio-binders, which are prone to moisture absorption and
mechanical degradation;

e  The inclusion of field-appropriate drop strength tests and weathering resistance as-
sessments for SMME and rural production settings;

e  The calibration of minimum performance thresholds by SABS (e.g., acceptable density,
HHYV, and durability ranges) based on real-world end-use conditions in informal or
decentralized markets.

Establishing these adapted standards in collaboration with institutions such as SABS
and academic research hubs would not only enhance quality assurance but also ensure that
bio-based innovations are assessed on a level playing field, thereby enabling the broader
commercialization and credibility of bio-coal briquettes.

3.6.2. Standardization Frameworks for South Africa

Standardization ensures that briquettes meet performance, safety, and environmental
criteria suitable for domestic and industrial applications. While SA currently lacks a
comprehensive national briquette standard, several international and regional frameworks
provide essential benchmarks for assessing product quality.

In SA, the SABS provides limited direct standards for densified solid fuels. However,
SANS 17246 is often used as a proxy for grading and evaluating coal-based briquettes [148].
Institutions such as CSIR, Coaltech©, and local universities involved in coal research must
contribute to developing local or project-based quality benchmarks, particularly for bio-coal
applications, to meet the growing demands of the industry in the country. There remains a
pressing need for formal briquette-specific standards tailored to local feedstocks and com-
bustion technologies. To harmonize with global trade and emission norms, SA could adapt
international standards while factoring in local variations. Developing national briquette
standards under SABS would support product certification, consumer confidence, and
cleaner fuel policies. Furthermore, it is recommended that SABS and academic consortia
develop a simplified testing toolkit for rural or decentralized settings, including manual
drop-shatter tests, basic calorimetry using portable bomb calorimeters, and low-cost water
resistance assays using standardized immersion protocols.

Beyond the technical feasibility, the true value of bio-coal briquetting lies in its potential
integration into SA’s evolving energy policies. The next section examines how briquetting
aligns with national priorities under the Just Energy Transition framework.

3.7. Integrating Bio-Coal Briquetting into South Africa’s Just Energy Transition Framework

South Africa’s energy landscape is undergoing a significant transformation under the
Just Energy Transition (JET) framework, which aims to shift from fossil fuel (especially
coal) dependency to a low-carbon economy while safeguarding jobs and promoting social
equity [149]. Bio-coal briquetting offers a compelling entry point into this transition,
particularly for rural and marginalized communities that are often left behind by centralized
energy reforms.

Fine coal waste, abundant in mining provinces like Mpumalanga and Limpopo, repre-
sents a localized feedstock that can be valorized through low-cost briquetting operations.
When combined with biomass residues (e.g., sugarcane bagasse, macadamia shells, or corn
cobs) and regionally sourced binders (e.g., molasses or starch), briquette production can
generate jobs across the value chain, from biomass collection and binder processing to
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briquette manufacturing and distribution. Further, it enables knowledge transfer for rural
communities to repurpose waste such as fine coal.

This decentralized model aligns with DFFE’s Circular Economy Action Plan and
the objectives of the Presidential Climate Commission, which emphasize inclusivity and
community-driven clean energy projects [60]. Small-scale briquetting enterprises could also
reduce pressure on forests (by replacing firewood), improve respiratory health by reducing
indoor air pollution, and unlock economic activity in underdeveloped regions.

Moreover, the integration of briquetting into coal mine closure plans could enable
affected communities to transition toward sustainable livelihoods. By valorizing existing
waste streams and engaging informal labor, briquetting complements the JET principles of
equity, access, and local empowerment.

To address key implementation barriers and fully realize this potential, the following
strategic actions are recommended:

e Investin local R&D focused on low-cost, biodegradable binders, particularly those
derived from agricultural or agro-industrial waste such as molasses and starch, and
explore the use of microbial exopolymers.

e  Promote decentralized briquetting enterprises in coal-rich but energy-poor provinces
(e.g., Limpopo and Mpumalanga) to empower SMMEs, support rural livelihoods, and
enhance energy security.

e Incentivize briquetting initiatives through inclusion in national waste-to-energy
schemes, mine closure plans, and the broader Just Energy Transition framework.

e Collaborate with standards bodies (e.g., SABS) to develop performance-based test-
ing protocols specific to bio-coal briquettes, including water resistance, combustion
behavior, and long-term durability.

e  Strengthen public—private partnerships to improve market access, scale up infras-
tructure, and align briquetting initiatives with carbon offset programs and green
procurement mandates.

Having considered policy integration and strategic implementation, it is equally
important to understand the practical applications of briquetted products across different
sectors. This is elaborated in the following section [60,149].

4. End-Use Applications

Coal briquetting serves as a practical solution to the global challenge of fine coal
utilization, transforming dusty, combustible waste into dense, manageable fuel or feedstock.
Briquettes offer improved handling, reduced dust emissions, and more efficient combustion.
This is particularly valuable in SA, which produces over >10 million tonnes of fine coal
annually, much of which is underutilized.

Globally, coal briquettes are used in domestic heating, small boilers, metallurgical
processes (e.g., COREX/FINEX), and coke ovens to improve productivity and reduce
costs [39,89,150]. In SA, historical applications included Sasol’s experiments with binderless
briquetting for gasification and Iscor’s pitch-bound briquettes for blast furnace coke [37].
While these were discontinued due to cost factors, the current efforts increasingly align
with circular economy goals, valorizing coal waste through briquetting and reducing
environmental impact. Table 5 below summarizes key applications both globally and in the
SA context. Despite economic challenges, especially binder costs, coal briquetting remains
a promising strategy to convert CMW into useful energy products.
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Table 5. Applications of coal briquettes in global and South African contexts.
Source Agglomeration  Application/End : ]
Sector Material Tt Product Key Benefit Region References
. . ) . Improved
Residential and Coalifmfes and Briquetting Domestic fue% for combustion and Global /SA [17]
Small Industry lignite stoves and boilers . .
easier handling
. . Coke oven Enhanced coke
M?;igelggy Flﬁi; 2?111323 bripiféﬁiln feedstock (e.g., strength and SA [80,122,132]
P q & Iscor) reduced dust loss
Feedstock
Energy Fine coal High-pressure  Gasifier feedstock  densification and SA [14,21,56,57]
Conversion (binderless) briquetting (e.g., Sasol) binder cost e
reduction
Co-firing fuel in Renewable
Industrial Coal‘ fines and Briquetting boilers and blending and Global/SA [87,89,127]
Processes biomass reduced
furnaces .
emissions
- Waste
Circular Coal wasteand  Agglomeration Fuel oradditives valorization and
. . . for other . SA [150]
Economy rejects and briquetting industries reduced disposal

cost

5. Opportunities and Challenges

While bio-coal briquetting holds great promise, translating this potential into real-
world impact requires a critical understanding of both the opportunities it presents and the
practical challenges it faces. This section discusses key barriers and enabling factors that
influence implementation.

5.1. Overview

The world is seeking alternative energy resources because of the depletion of fossil
fuel reservoirs like crude oil, coal, and natural gas in the next few decades. Worldwide
coal mining and processing operations inevitably result in tonnes of accumulation of fine
coal (<1 mm) and ultrafine coal (i.e., <100 pm), which commonly end up in slime dams
and landfills, which is environmentally unsustainable. At research institutes, efforts focus
on sustainable product and process development, and one such initiative is the efficient
usage of waste energy resources such as fine coal. In this aspect, unutilized coal waste and
sustainable biomass are considered major energy contributors to convert biomass-blended
fine coal into high-quality solid briquettes. Furthermore, the beneficiation of fine coals is
the main purpose of valorization projects, whereby the focus is on integrating different
bio-based binders for briquette processing technologies.

Research around the world is shifting focus to the incorporation of bio-based binders
in briquette production, which is advantageous as biomass feedstocks usually end up as
waste will be redirected, and further, it is aligned with local and global initiatives focusing
on sustainable production and circular economy strategies. In addition, it is envisaged that
in this project, this new coal briquette could yield and improve combustion characteristics
compared to traditional coal briquettes and reduce mineral content. The overall benefit
is twofold: environmental sustainability and cost effectiveness. These processes make
briquettes environmentally ‘cleaner” and also enhance human health by reducing the
exposure to harmful pollutants/chemicals. In addition, the integration of eco-friendly
raw feedstocks enables participation in the global green energy market, which is projected
to reach over 60 billion USD by 2034 [151]. In SA, these briquettes also offer SMMEs
and rural households a cleaner, cost-effective alternative to electricity amid a persistent
4000-6000 MW power deficit [2]. While these developments signal progress, widespread
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adoption remains constrained by several logistical, economic, and market-related barriers,
particularly in rural or under-resourced regions.

5.2. Practical Implementation Challenges and Opportunities

Despite its technical feasibility, the real-world adoption of bio-coal briquetting in
SA faces several barriers. However, several initiatives have been implemented by the
government to incorporate the use of locally manufactured biobased binders and involve
research grants (CoalTech/Sasol/ESKOM) to simultaneously achieve ‘green’ biobased
coal and other value-added products [152]. Key among these is feedstock logistics, as
biomass residues are often seasonal, scattered, or located far from coal mining zones. This
raises transportation and storage costs, undermining cost-efficiency for rural producers. In
addition, the high cost and inconsistent supply of binders such as molasses, gum Arabic,
and water-resistant binders (i.e., polymers) limit scale-up, especially where agricultural
supply chains are underdeveloped.

Scalability is also constrained by the lack of access to briquetting equipment and
reliable electricity in off-grid areas. While manual briquetting methods offer a low-cost
entry point, they often yield lower-quality briquettes, hindering market competitiveness.
Market development remains weak due to limited consumer awareness, the absence of
product certification, and competition from subsidized alternatives like coal or firewood.

Despite the growing urgency for cleaner solid fuel alternatives, SA’s domestic bio-
coal sector remains underdeveloped. For example, SASOL, one of the country’s largest
coal users in the petrochemical industry, has recently shown interest in pivoting toward
briquettes. However, the company currently relies on imported products from U.S.-based
EESTech®© due to the absence of suitable local suppliers. While a few SA companies such
as E&C Charcoal©, SHISA Eco Briquettes©, Bosveld Charcoal©, and Eco-Coal®© are active
in biomass-based briquetting, none have yet developed products compatible with the
technical and volumetric requirements of large-scale gasification operations like those
at SASOL.

To address these limitations, the establishment of decentralized production hubs
near biomass and coal sources should be prioritized. These hubs could be supported
through public—private partnerships or integrated into municipal waste-to-energy pro-
grams. Strategic collaboration between institutions such as CSIR, Coaltech, SASOL, ES-
KOM, and research-intensive universities is critical for co-developing robust briquetting
technologies that serve both industrial-scale operations and household energy needs. Sup-
porting both the existing and emerging SMEs in the bio-coal sector is essential to unlocking
SA’s circular energy potential through a coordinated innovation axis that links SA based
industies, and local universities, where targeted support can be provided in the form of
pilot funding, technology transfer, technical incubation, and quality assurance. This col-
laborative framework can accelerate the development of SME-led briquetting enterprises
capable of meeting both industrial-grade specifications and rural household needs while
simultaneously fostering local job creation and resilient energy solutions.

Capacity building, particularly among women and youth in rural areas, is critical.
Also, to overcome rural equipment barriers, it is recommended that SA’s SETA and TVET
college networks be engaged in the manufacturing and servicing of manual briquetting
presses under public—private innovation grants. Lastly, policy mechanisms such as green
procurement mandates or inclusion of bio-coal in carbon offset programs for every coal
mine could catalyze adoption and unlock circular economy synergies.
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6. Conclusions and Recommendations
6.1. Conclusions

Bio-coal briquetting presents a technically feasible and environmentally aligned strat-
egy for valorizing South Africa’s vast reserves of fine coal waste, especially when co-
densified with locally available biomass residues. This review highlights that co-briquetting
not only improves the fuel properties of low-grade coal (e.g., higher heating value, lower
ash content, improved structural integrity), but also supports decentralized energy produc-
tion, reduces environmental hazards associated with tailing dams, and creates inclusive
economic opportunities in underdeveloped regions. In conclusion, bio-coal briquetting of-
fers a transitional pathway toward a cleaner, more inclusive energy system in South Africa,
bridging environmental management with rural industrialization and energy security.

Key findings demonstrate the following:

1. SA possesses diverse biomass resources including macadamia shells, sugarcane
bagasse, and corn cobs that are suitable for blending with fine coal.

2. Organic binders like molasses and starch, along with emerging microbial biopolymers,
are particularly promising for low-emission, high-performance briquettes.

3.  Optimal briquetting parameters (pressure, particle size, and MC) directly influence
briquette quality and need to be localized based on coal type and biomass blend.

4.  Integration into the JET, mine closure plans, and circular economy policies enhances
socio-economic relevance.

6.2. Recommendations

To support the large-scale adoption and long-term success of bio-coal briquetting in
SA, targeted policy and industry interventions are required. These should address gaps
in technology commercialization, standardization, enterprise development, and market
integration, particularly in historically marginalized regions or areas that are coal-rich but
energy-poor. The following recommendations are proposed:

Policy and industry recommendations include the following;:

1.  Investing in local R&D for cost-effective biodegradable binders derived from agro-waste;

2. Establishing decentralized briquetting enterprises in energy-poor, coal-rich provinces
to support SMMEs and job creation;

3. Local research institutes must collaborate with SABS to develop standardized testing
protocols tailored to hybrid briquettes;

4. Including bio-coal briquetting in national waste-to-energy schemes and carbon offset
mechanisms;

5. Strengthening public—private partnerships to scale infrastructure and stimulate rural
energy markets.

In parallel, supporting, advancing bio-coal briquetting technologies will require sus-
tained research to validate technical performance, improve economic feasibility, and ensure
long-term environmental and social sustainability. The following areas are recommended
for future investigation:

Future research should focus on the following;:

1.  Pilot-scale validation of compound binder systems (e.g., molasses + microbial EPS);
Long-term field performance of briquettes under varied storage, weather, and com-
bustion conditions;

3. Lifecycle and techno-economic analyses to assess cost-effectiveness and climate impact;

A robust future research agenda will be essential for optimizing feedstock blends,
enhancing briquette durability under real-world conditions, and enabling local enterprises
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to scale with confidence. These studies will also help align briquetting innovations with
national energy, environmental, and socio-economic development goals.
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