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Abstract:

The growing global emphasis on sustainable, low-
carbon energy has intensified interest in biomass as a
renewable substitute for fossil fuels, with torrefaction
emerging as an effective thermal pretreatment for
enhancing fuel properties, particularly for co-firing in
coal-based power plants. This study examines the
oxidative torrefaction of three widely available
lignocellulosic residues sugarcane bagasse, sawdust,
and rice husk processed at 200, 250, and 300 °C for 30
min under ambient air conditions to simulate oxidative
environments. Fuel quality improvements and
physicochemical transformations were assessed using
proximate analysis, calorific value measurements,
energy dispersive X-ray spectroscopy, Fourier transform
infrared spectroscopy, and thermogravimetric analysis.
The results indicate that oxidative torrefaction
significantly enhances biomass characteristics by
increasing fixed carbon content, reducing moisture and
volatile matter, and improving calorific value. Among the
materials studied, sawdust exhibited the most
pronounced enhancement, attaining a calorific value of
5941,53 kcal/kg and the highest carbon concentration,
followed by sugarcane bagasse, while rice husk showed
moderate improvement due to its higher ash and silica
content. Overall, the findings demonstrate the suitability
of torrefied biomass for integration into existing coal-
fired systems, supporting emission reduction, cleaner
energy generation, and alignment with India’s energy
transition and carbon mitigation objectives.
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1 Introduction

Globally, coal has long supported electricity generation; however, sustainability concerns have
pushed many economies towards alternatives [1; 2]. The EU enforces strict biomass
sustainability criteria under the Renewable Energy Directive Il (2023). The UK has almost
entirely converted plants such as Drax to biomass. Japan relies on biomass imports,
particularly wood pellets and palm kernel shells, through its Feed-in Tariff program, and is
piloting ammonia co-firing. In North America, biomass trials in pulverised coal and fluidised
bed boilers are shaped by renewable portfolio standards and state-level carbon policies [3-6].
Collectively, these efforts show a global shift to co-firing and biomass substitution as pathways
to balance energy security with emission reduction. To contextualise these transitions, Figure
1 presents the global primary energy demand distribution, highlighting the relative shares of
coal, oil, natural gas, nuclear energy, and renewables.
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Figure 1. Global demand growth [5]

India has followed a similar trajectory. Coal still accounts for more than 70 % of the national
power production, with the 2018 energy mix comprising coal (46 %), crude oil (29,6 %), natural
gas (6,2 %), hydro (3,9 %), nuclear (1,1 %), and renewable energy (3,4 %) [7]. To address
environmental challenges, India mandated biomass co-firing in October 2022, starting with 5
% blending and increasing it to 7 %. This policy can utilise over 700 million tonnes of crop
residues annually, reducing stubble burning and associated pollution. Despite abundant
reserves 361,41 billion tonnes as of April 2022, with 52 % proven in Odisha, Jharkhand, and
Chhattisgarh [8; 9], the effective utilization of these resources remains constrained. The
country is accelerating renewable energy and biomass integration [10-12]. Infrastructure
upgrades such as 214 million tonnes of coal washery capacity per year and 23 operating
refineries further strengthen this sector [9].

1.1  Environmental impact

Coal has long dominated global power generation, but its environmental consequences are
increasingly clear [13-15]. Emissions of SO peaked in the late 20" century across the EU and
U.S. before declining significantly with the enforcement of stringent air quality standards,
installation of flue gas desulphurisation units, and retirement of older coal-fired plants [16]. By
contrast, Asian economies, particularly China and India, have experienced rising SO
emissions in recent decades owing to rapid industrialisation and heavy dependence on coal.
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Recently, policy interventions and clean energy programmes have begun to moderate this
upward trend. Alongside SO;, global CO, emissions from coal combustion have also
increased. After decades of growth, CO, levels are beginning to decline as countries
accelerate their decarbonisation and transition towards low-carbon energy sources. This trend
is reflected in Figure 2, which shows the global coal-related CO, emissions over the past two
decades [5].
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Figure 2. Global CO2 emissions from coal combustion [3]

India mirrors these global dynamics, although with additional complexities. From a modest
1,362 MW installed capacity in 1947, India’s power generation capacity expanded to over
147,000 MW by 2008, with coal continuing to supply more than 70 % of the electricity demand
[17]. Much of this coal is of inferior quality, characterised by high ash and low calorific value
(CV), while better grades are diverted to steel and other industries. The use of poor-grade coal
aggravates SO pollution, particularly across the Indo-Gangetic plain and eastern states [18;
19]. Between 1980 and 2020, the expansion of thermal plants has caused a steep rise in SO
emissions. Similarly, Figure 3 illustrates India’s coal-based CO. emissions between 2008 and
2025, which follow a strong upward trajectory until the last few years, when renewable adoption
and national climate policies began to slow and eventually reverse the trend [20].
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Figure 3. a) trend of coal-based CO; emissions in India (2008-2025); and b) major
sectors contributing towards CO; emission [20]
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The pressing challenge of rising emissions has underscored the urgency to scale-up
renewable energy sources. Bioenergy has emerged as a key alternative energy source.
Derived from agricultural residues, forestry byproducts, and other biomass resources, it can
be transformed into useful energy via biochemical, thermochemical, or physicochemical routes
[21]. This provides a low-carbon substitute for conventional fossil fuels and contributes to
global decarbonisation. The expansion of renewable heat supplies, including bioenergy, is
illustrated in Figure 4.
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Figure 4. Growth in renewable energy consumption for heat, International Energy
Agency, IEA (2013-2024)
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1.2 Importance of co-firing

Co-firing refers to the concurrent use of coal and renewable or alternative fuels such as
biomass within a single combustion unit for energy production. Co-firing is especially appealing
in situations with limited financial and infrastructural capacity because it enables the continued
use of existing coal-based facilities with only minor system adjustments. Several plants
worldwide have been modified to conduct co-firing trials, generating operational evidence for
their technical feasibility and reliability. This method is widely accepted as a decarbonisation
tool because it requires relatively low capital investment while extending the usefulness of the
existing coal infrastructure [22-25].

Biomass feedstock typically includes wood, wood waste, and residues from agriculture and
forestry. In many regions, forest residues provide more than 70 % of the dry biomass potential
[26]. Woody biomass composed of lignin and carbohydrates from branches, bark, roots, and
leaves can be converted into energy via combustion, pyrolysis, gasification, and other
thermochemical processes [27]. Depending on the technology, co-firing can be implemented
as direct, indirect, or parallel firing with blending ratios of 5-10 % to ensure operational stability.
The benefits are extensive: reduced CO2, NOy, and SOy emissions, better utilisation of waste
biomass, improved energy security, and lower fossil fuel costs [4].

International experience provides strong evidence of its viability. The Netherlands pioneered
large-scale co-firing trials in the 1990s, achieving a biomass share of up to 30 % in ultra-
supercritical units integrated with carbon capture. Finland operates the world’s largest
circulating fluidised bed boiler (550 MW), which is capable of flexible coal-biomass firing,
whereas the UK has converted several coal stations to co-firing, with a total installed capacity
exceeding 25 GW by 2018. Comparative life-cycle assessments across Europe and the U.S.
have reported greenhouse gas reductions of up to 76 % compared with coal-only generation.
Global reviews further confirm that biomass co-firing is a proven cost-effective bridge
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technology in clean energy transition [28; 29]. Additionally, torrefaction has gained international
traction as a pretreatment method, producing a coal-like solid fuel with higher energy density,
lower moisture content, and superior grindability, enabling higher co-firing shares [30].

India’s pathways mirror these global practices. With a national mandate requiring biomass co-
firing in coal plants beginning in 2022, blending levels of 5 % and, in some cases, 7 % have
been demonstrated, such as at the National Thermal Power Corporation (NTPC) Dadri station
[9]. This policy not only reduces stubble burning by utilizing agricultural residues but also aligns
India with the experiences of the EU, UK, Japan, and North America, where co-firing has been
proven both technically and economically viable [3;4; 9; 30]. By capitalising on its vast biomass
potential, India has embedded co-firing as a cornerstone of its clean energy transition. These
global experiences demonstrate that co-firing is not only technically feasible, but also
strategically significant, setting the stage for a broader discussion of its role as a sustainable
approach to clean energy. Table 1 summarises the main biomass conversion pathways, their
feedstocks, and the associated energy outputs [31-33].

Table 1. Classification of biomass conversion technologies based on process,
feedstock, and end products

Usable end

Process Technology Feedstock product

agricultural residues
combustion woody residues heat electricity
animal wastes

rolvsis agricultural residues %Lodsézlrs O;S
. pyroly woody residues P 9
thermochemical char

conversion . . producer gas
agricultural residues

gasification woodv residues liquid fuels
y char
. . fertilizer/biofuel
. . agricultural residues
liquefaction alaal biomass syngas
9 liquid fuels
- . animal wastes Ilqu_|d fuels
anaerobic digestion sewaqe sludae biogas
biochemical 9 9 electricity
conversion agricultural residues I
. liquid fuels
fermentation sugars bioethanol
starch (bioethanol)
physicochemical e e veg(_atable olls liquid fuels
. esterification/transesterification animal fats
conversion waste oils glycerol

1.3 Biomass co-firing — a sustainable approach

Biomass co-firing is a well-established and widely adopted approach for reducing emissions
from coal-based power plants amid growing environmental concerns. Recognised by the
United Nations Framework Convention on Climate Change as a carbon-neutral energy source,
biomass enables co-firing to function as a practical, cost-effective, and sustainable strategy for
emission mitigation using existing coal infrastructure [34]. By leveraging the established energy
conversion pathways, co-firing reduces reliance on coal without major system modifications.

Globally, co-firing implementation varies, but follows the common goal of increasing renewable
penetration. In the EU, the Renewable Energy Directive (RED Ill) mandates higher renewable
shares with certified biomass as a key component. The UK has demonstrated large-scale
deployment through plants such as Drax, which has transitioned predominantly to biomass
under stringent sustainability criteria. In Japan, biomass co-firing is incentivised through the
Feed-in Tariff, which promotes fuels, such as wood pellets and palm kernel shells, alongside
pilot initiatives on ammonia co-firing. In North America, the co-firing trials of pulverised coal
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and fluidised bed plants are supported by Renewable Portfolio Standards and regional carbon
regulations [3; 4].

Recent studies have confirmed the long-term viability of co-firing. Indonesian trials showed that
blending rice husk (RH) and sawdust (SD) with coal improved combustion efficiency while
reducing air requirements and emissions [35]. Japanese studies emphasised the optimisation
of woody biomass supply chains to balance energy efficiency, economic performance, and
environmental impacts [36]. In the U.S., assessments indicate that integrating biomass with
waste coal and carbon capture can reduce CO, emissions by more than 80 %, with some co-
firing ratios achieving a negative global warming potential [37], positioning co-firing as a critical
pathway towards carbon neutrality.

In India, co-firing adoption has accelerated beyond minimum mandates. The NTPC
demonstrated 7 % biomass blending at the Dadri thermal power plant, confirming its technical
feasibility. Biomass pellets are compatible with existing pulverisation systems, such as bowl
mills, vertical roller mills, and beater mills. Supporting this transition, the Government of India
launched the Sustainable Agrarian Mission on the Use of Agro Residue in Thermal Power
Plants (SAMARTH) Mission to reduce stubble burning, mitigate air pollution, and strengthen
biomass integration into the power grid [34; 38].

Policy revisions have accelerated their deployment. The Ministry of Power updated its biomass
co-firing mandate on June 16, 2023 requiring 5 % blending from 2024-2025 and 7 % by 2025-
2026 [9]. State-wise adoption varied, with Uttar Pradesh leading at 70,977 Mt, followed by
Maharashtra (27,349 Mt), Haryana (20,969 Mt), and Madhya Pradesh (17,600 Mt). Biomass
co-firing has been implemented across 47 thermal power plants nationwide, with a cumulative
utilisation of 164,976 Mt. These initiatives demonstrate India’s alignment with global best
practices while delivering socio-economic benefits through agricultural residue utilisation. To
further enhance the biomass quality and enable higher substitution ratios, pretreatment
technologies such as torrefaction are increasingly adopted worldwide for efficient co-firing
applications.

1.4 Benefits of the torrefaction

Torrefaction is a mild thermochemical pretreatment process in which biomass is gradually
heated in an oxygen-limited or inert environment to improve its fuel properties. This process is
typically carried out at temperatures below 300 °C, resulting in a more energy-dense,
hydrophobic, and coal-like material suitable for energy applications. This process decreases
the inherent moisture content, enhances energy density, and yields a uniform and stable solid
fuel with improved grindability, handling, and storage characteristics [39; 40]. Based on the
reaction environment, torrefaction is broadly classified into non-oxidative torrefaction, which is
performed in the absence of oxygen, and oxidative torrefaction, where controlled oxygen
availability enables partial oxidation and thermal degradation. Previous studies have shown
that woody biomass generally exhibits greater structural resilience under oxidative torrefaction
than fibrous feedstocks [41]. Experimental studies further demonstrated that key operating
variables, including temperature, residence time, and oxygen concentration, govern the extent
of biomass transformation. For example, torrefaction of sewage sludge at 300 °C for 1 h
resulted in moisture levels below 3 % and an increase in fixed carbon to approximately 65 %
[42]. Similarly, steam-assisted torrefaction of SD enhanced the pellet density and CV [43],
whereas comparative studies on Gliricidia and rubberwood revealed complementary
improvements in the carbon content and heating value [44]. Additional research on corn stover,
coffee grounds, coconut shells, and sugarcane bagasse (SCB) highlights the effectiveness of
torrefaction in upgrading low-value biomass residues into energy-rich fuels [45-47].

The application of torrefied biomass in coal-fired power plants has demonstrated consistent
operational and environmental benefits. At the Seward Station in the U.S., torrefied SD co-
firing led to improved power output [48], whereas wheat straw blends reduced emissions, albeit
with minor operational modifications [49]. Stable electricity generation using locally sourced
torrefied residues was also demonstrated at King Station [50]. Enhanced biomass reactivity
following torrefaction has been linked to improved boiler performance and lower NOy emissions
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[16]. Similar trends have been reported globally: Indonesian studies showed that torrefied RH
and SD improved combustion efficiency [35]; Japanese system analyses confirmed reductions
in cost and CO- emissions through optimised supply chains for torrefied woody biomass [36];
and U.S. assessments reported CO, reductions exceeding 80 % when torrefied pine was co-
fired with waste coal in conjunction with carbon capture and storage systems [37].

Beyond power generation, torrefaction supports broader biomass valorisation pathways.
Municipal solid waste has been converted into biochar through torrefaction [51], whereas agro
residues such as coffee husks and cocoa shells have demonstrated suitability as co-firing fuels
[52]. This process also complements pyrolysis by producing high-calorific char from cotton
stalks [563] and enhancing thermal stability through hemicellulose decomposition [54].
Modelling studies suggest that torrefaction temperatures in the range of 230-270 °C are
optimal for maximising energy vyield from Calliandra wood pellets [55]. From a policy
perspective, carbon pricing instruments such as CO- taxation have been shown to be more
effective than generalised energy taxes in accelerating biomass utilisation [56], whereas the
expansion of biofuel markets, including ethanol, biodiesel, and biomethane, further
strengthens the relevance of torrefaction [57]. Recent investigations involving Kraft pulp sludge
[58] and spruce SD [59] also confirmed the ability of the process to improve fuel stability and
quality.

Globally, torrefaction is gaining prominence as a key component of decarbonisation strategies
in regions such as the EU, the U.S., Japan, and India, owing to its ability to enhance biomass
fuel quality, enable higher substitution levels in coal-based systems, and reduce challenges
related to handling, storage, and transport. In India, the widespread availability of biomass
residues, including SD, SCB, and RH positions torrefaction as a promising pathway for aligning
indigenous resources with international clean energy goals. Against this backdrop, this study
examined the fuel-upgrading potential of these three biomass feedstocks through torrefaction,
selected for their renewability, regional abundance, and strategic relevance to India’s biomass-
driven energy transition. The distinct contribution of this study lies in its systematic evaluation
of oxidative torrefaction under ambient air conditions, which offers a cost-effective and
operationally realistic alternative to conventional inert atmosphere treatments. Through a
comparative analysis of thermal behaviour, chemical modification, and fuel property
enhancement, this study provides feedstock-specific insights that directly support biomass co-
firing applications and bridge laboratory-scale thermochemical processing with large-scale
low-emission energy deployment in coal-fired power systems.

2 Methodology
2.1 Biomass collection

Three commonly available biomass types, SCB, SD, and RH, were selected for this study
because of their regional abundance and relevance in bioenergy applications. Fresh SCB was
obtained from a sugarcane refreshment hub in Chinniampalayam, Coimbatore. SD and RH
were collected from a local sawmill and rice mill, respectively, in the same locality.

2.2 Figures

Torrefaction experiments were conducted using a laboratory muffle furnace to investigate the
thermal behaviour and fuel enhancement potential of the selected biomass types. Prior to
torrefaction, the biomass samples were washed with deionised water, oven-dried at 105 °C for
24 h, and ground to a particle size range of 250-500 um. For each trial, 10 g of biomass was
placed in ceramic crucibles and torrefied at 200, 250, and 300 °C for 30 min under ambient air
conditions to simulate oxidative torrefaction [53; 60] as shown in Figure 5. After treatment, the
crucibles were cooled in a furnace to minimise oxidative degradation due to sudden air
exposure.

The post-torrefaction samples were analysed for mass yield, proximate composition (moisture,
volatile matter, ash, and fixed carbon), and CV using standard ASTM protocols [61-63] and
bomb calorimetry [64]. Comparative torrefaction was also conducted under a nitrogen
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atmosphere to examine the effects of oxidative and inert conditions on the biomass
characteristics.

Figure 5. Schematic representation of the torrefaction process: a) raw material; b)
torrefaction process; and c) torrefied sample

2.3 Visual characterization

The biomass samples torrefied at different temperatures were visually compared. Progressive
darkening, shrinkage, and structural breakdown were observed with increasing torrefaction
temperatures, indicating enhanced carbonisation and degradation of hemicellulose and
cellulose [65-67].

2.4 Proximate analysis of biomass

All proximate analyses were performed in triplicate and the reported results represent the
average values. Moisture content was determined in accordance with ASTM D4442-16 by
oven-drying biomass samples at 105 °C until constant mass was achieved. Ash content was
measured following ASTM E1755-01 by combusting the samples at 760 °C to obtain residual
inorganic matter. The volatile matter was evaluated according to ASTM E872-82 by subjecting
the samples to high-temperature heating for a specified duration. The fixed carbon content
was subsequently estimated indirectly from the measured moisture, ash, and volatile matter
contents following standard proximate analysis procedures [68].

2.5 CV determination

The higher heating value of the biomass was measured using a bomb calorimeter. The
samples were combusted in a pressurised oxygen environment within a sealed metal chamber
submerged in a water bath. The resulting increase in temperature was recorded to calculate
the CV.

2.6 Elemental analyses

Elemental analysis was performed using energy dispersive X-ray spectroscopy (EDS) to
assess the elemental composition of the biomass, including C, O, N, and S. Although EDS is
semi-quantitative and less accurate for light elements (C, O, and N), it provides valuable
surface-level insights. EDS detects the characteristic X-rays emitted from a sample upon
excitation by an electron beam [69].

2.7 Fourier Transform Infrared (FTIR) analysis

FTIR spectroscopy was used to identify the chemical functional groups on the biomass
surface. The dried samples were scanned across a range of 400-4000 cm™ with a step size of
4 cm™ and a scan rate of 40 scans per sample [60; 70]. The resulting spectra were analysed
to detect the structural and chemical changes induced by torrefaction.

2.8 Thermogravimetric Analysis (TGA)

TGA was employed to assess the thermal stability and decomposition behaviour of the raw
and torrefied biomass. The samples were subjected to a controlled heating program under
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both air and nitrogen atmospheres, and the weight loss was recorded as a function of
temperature to characterise moisture evaporation, volatile release, and thermal degradation
[71].

3 Results and discussion
3.1 Visual changes and thermal torrefaction

The torrefaction of SCB, SD, and RH was successfully carried out at three temperature levels
(200, 250, and 300 °C) for 30 min under oxidative conditions, as illustrated in Figure 6. All
biomass types exhibited clear visual and physical transformations post-treatment, including
progressive darkening of colour, shrinkage, and brittleness, indicating increased degrees of
thermal decomposition and carbonisation. At 200 °C, only mild changes were observed: the
samples retained much of their original colour and structure, suggesting partial devolatilisation
and minimal hemicellulose degradation. As the temperature increased to 250 °C, biomass
darkening intensified, with noticeable mass loss and shrinkage. This stage represents the
onset of significant hemicellulose breakdown and the increased formation of intermediate
volatile compounds. At 300 °C, the torrefied samples turned distinctly dark brown to black, with
visibly charred surfaces and enhanced brittleness. Surface changes and brittleness are
correlated with the extensive thermal degradation of hemicellulose and cellulose, increased
fixed carbon formation, and moisture/volatile matter loss, resulting in an upgraded fuel-like
character. Such structural changes are consistent with prior studies on oxidative torrefaction
[53; 72], where elevated temperatures led to an increased carbon concentration and reduced
hydrophilic behaviour of the biomass.

Tarrefaction at Tormelacticn at
200 °C 250 °C T“'Ef.“n"-“[?“ -

Figure 6. Visual changes in biomass during oxidative torrefaction at 200, 250, and 300
°C
3.1.1 Cooling strategy and oxidative control

To prevent post-torrefaction oxidation, the ceramic crucibles were cooled in the furnace and
gradually returned to room temperature under reduced airflow. This step is critical for avoiding
the unwanted combustion or re-oxidation that may occur when hot, carbon-rich samples are
exposed directly to ambient air. The visual uniformity and surface integrity of the torrefied
samples confirmed the effectiveness of the controlled cooling strategy.

3.1.2 Implications for fuel enhancement

The temperature-dependent behaviour of the biomass samples indicates that torrefaction at
300 °C for 30 min offers the most significant improvement in fuel quality, with higher fixed
carbon, lower moisture, and enhanced combustion potential as shown in Figure 7. These
findings align with the trends observed in the calorimetric and proximate analyses, as
discussed in subsequent sections.
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Figure 7. Effect of torrefaction temperature on proximate composition of SCB and SD
3.2 Proximate analysis and CV

Table 2 presents a comparative analysis of non-torrefied and torrefied SCB, SD, and RH
concerning proximate composition, combustion efficiency, and CV at 300 °C. In the raw state,
the three biomass feedstocks exhibited distinct combustion characteristics. SCB contained
10,04 % moisture, 10,82 % ash, and 4,86 % volatile matter, resulting in a fixed carbon content
of 74,28 % and CV of 4138,72 kcal/kg. SD showed superior combustion properties, with lower
moisture (5,87 %) and ash content (6,03 %) and a higher fixed carbon percentage (83,09 %)
than SCB. Its CV was correspondingly higher at 4261,01 kcal/kg. In contrast, RH presents the
highest ash content (15,54 %) and lowest CV (3593,43 kcal/kg), indicating reduced fuel quality
owing to its significant silica content [30; 73].

Table 2. Effect of torrefaction at 300 °C on fuel properties of SCB, SD, and RH

Moisture | Volatile Ash Fixed . Calorific
S Raw Combustion
No Category material content matter | content | carbon efficiency value
i (%) (%) (%) (%) (kcal/kg)
1 SCB 10,04 4,86 10,82 74,28 93,898 4138,72
2 Non- SD 5,87 5,01 6,03 | 83,09 96,462 4261,01
torrefied
3 RH 8,94 2,40 15,54 73,12 93,976 3593,43
4 SCB 8,65 2,56 5,18 83,61 95,157 5369,01
Torrefied
5 at 300 °C SD 5,72 1,08 2,36 90,84 96,904 5941,53
6 RH 7,87 1,70 8,05 82,38 95,260 3538,50

Torrefaction at 300 °C substantially enhanced the fuel properties of SCB and SD. For SCB,
the moisture content was reduced to 8,65 %, ash content decreased to 5,18 %, and fixed
carbon increased to 83,61 %. The reduction in moisture, ash content, and fixed carbon content
resulted in a 29,70 % increase in the CV, rising to 5369,01 kcal’kg. SD showed the most
significant improvement, with moisture reduced to 5,72 %, ash content reduced to 2,36 %, and
fixed carbon content reaching 90,84%. Its CV increases to 5941,53 kcal/kg, making it the most
efficient of the tested samples [72; 74]. RH demonstrated moderate improvements post-
torrefaction. The moisture content decreased to 7,87 % and the fixed carbon content increased
to 82,38 %. However, its CV slightly declines to 3538,50 kcal/kg. This outcome is likely due to
the persistence of high ash and silica contents, which limit the energy yield despite carbon
enrichment. These findings suggest that although torrefaction improves the combustion
properties of all biomass types, the degree of enhancement varies based on the inherent
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characteristics of each material. SD has emerged as the most suitable candidate for co-firing
applications because of its superior energy density and low ash content after torrefaction.

3.3 Elemental analysis

The EDS analysis was performed to examine the elemental composition of SCB, SD, and RH
before and after torrefaction. The results summarised in Table 3 highlight the changes in the
carbon, oxygen, nitrogen, sulfur, and silicon contents resulting from the thermal treatment. For
SCB, the carbon content increased from 69,08-72,76 % after torrefaction, reflecting the
removal of volatile components, leading to carbon enrichment in the solid phase. Concurrently,
the oxygen content decreased from 29,08-24,66, which is consistent with the release of
oxygen-rich volatiles such as water vapour, carbon monoxide, and carbon dioxide during
torrefaction. The nitrogen content slightly increased from 1,85-2,57 %, which may be attributed
to nitrogen fixation or the concentration of stable nitrogenous compounds. Sulfur levels
remained constant at 0,01 %, suggesting minimal transformation of sulfur-containing elements
in the SCB. No detectable silicon was observed in either the raw or torrefied SCB samples.
For SD, the results deviated from typical torrefaction trends. Carbon content decreased
unexpectedly from 72,18-58,42 %, whereas oxygen content increased from 26,07-39,06 %.
This anomaly could be due to several factors, including uneven thermal exposure, sample
heterogeneity, and possible oxidation of the partially torrefied material. The nitrogen content
increased from 1,74-2,50 %, whereas sulfur remained constant at 0,01 %, similar to that of
SCB. Silicon was undetectable in both the raw and torrefied SD samples. For RH, torrefaction
led to a moderate increase in the carbon content from 26,55-33,22 %, whereas the oxygen
content significantly decreased from 71,79-51,30 %, indicating typical devolatilisation
behaviour. The nitrogen content exhibited a slight reduction from 1,59-1,39 %, and sulfur levels
dropped from 0,07-0,01 %, indicating minimal sulfur retention. Notably, silicon, which was
undetectable in the raw RH, emerged prominently after torrefaction at 14,08 %. This increases
likely results from the relative concentration of inorganic components as the organic matrix
decomposes, a phenomenon commonly observed in silica-rich biomass such as RH. These
findings confirm that torrefaction significantly alters the elemental composition of biomass,
primarily by increasing the carbon concentration and reducing the oxygen content. However,
the extent of change is dependent on the biomass type and structure. The unusual behaviour
observed in SD suggests the need for further investigation into torrefaction conditions,
particularly temperature uniformity and exposure time, to optimise fuel quality.

Table 3. Elemental composition of biomass samples before and after torrefaction (EDS

analysis)

Biomass Reference c o N S Si

(%) (%) (%) (%) (%)

SCB Non-torrefied 69,08 29,08 1,85 0,01 NA

Torrefied 72,76 24,66 2,57 0,01 NA

SD Non-torrefied 72,18 26,07 1,74 0,01 NA

Torrefied 58,42 39,06 2,50 0,01 NA

RH Non-torrefied 26,55 71,79 1,59 0,07 NA
Torrefied 33,22 51,30 1,39 0,01 14,08

3.4 FTIR analysis

FTIR was used to analyse the chemical and structural transformations in SCB, SD, and RH
resulting from torrefaction. The FTIR spectra shown in Figure 8 reveal changes in the functional
groups, reflecting molecular breakdown, bond rearrangement, and compositional shifts
induced by heat treatment [75; 76]. In the non-torrefied samples, all biomass types exhibited
characteristic peaks corresponding to lignocellulosic structures.
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SCB showed strong absorptions at 3341,07 cm™' (O—H and C—H stretching), 2893,66 cm™ (CH.
groups), and 1724,05 cm™ (C=0 stretching in hemicellulose and lignin). Peaks at 1244,83 cm
' and 1034,62 cm™ confirmed the presence of carbohydrates like cellulose. A distinct low-
frequency band at 417,51 cm™ suggested presence of zinc oxide, possibly due to
contamination.

For SD, similar lignocellulosic features were observed with O—H stretching at 3716,16 cm™
and 3340,1 cm™', and unsaturated C=C stretches at 3019,98 cm™ and 1442,49 cm™. Carbonyl
vibrations at 1739,48 cm™ and C-O bonds at 1020,16 cm™ indicated cellulose and
hemicellulose content, and a 525,51 cm” Cu-O stretch suggested metallic traces. RH
exhibited dominant O—H stretching at 3577,31 cm™, aliphatic C-H at 2954,41 cm™, and nitrile
C=N at 2122,28 cm™'. Peaks at 1738,51 cm™ (C=0) and 1216,86 cm™ (P=0) confirmed the
presence of hemicellulose and phosphorus compounds, while 1008,59 cm™ reflected
carbohydrate C-O stretching. After torrefaction, all samples showed substantial spectral
changes, indicative of chemical restructuring.

In SCB, new peaks appeared at 3801,97 cm™ and 3461,6 cm™, reflecting modifications in
hydroxyl groups. The emergence of peaks at 3020,94 cm™ (lipid-associated C—H stretching),
1737,55 cm™ (C=0), and 1592,91 cm™ (aldehydes) points to lignocellulose degradation. The
disappearance of the ZnO signal implies changes in the inorganic phase. SD exhibited peak
shifts in O—H stretching to 3461,6 cm™ and 3014,19 cm™', alongside the appearance of 1590,02
cm™ (C—C bonding), 1436,71 cm™ (CO groups), and 1367,28 cm™' (alkanes). The presence of
peaks at 1218,79 cm™ and 1011,48 cm™ indicates residual macromolecular structures. The
loss of the Cu—O0 signal confirmed the alterations in the trace metal content.

For RH, new peaks at 3776,9 cm™ and 3596,59 cm™' were linked to altered O—H stretching,
and peaks at 3013,23 cm™ (C=C) and 2131,92 cm™ (C=C alkyne) reflected the formation of
unsaturated bonds. The retention of the 1738,51 cm™ carbonyl band and new CN stretching
at 908,31 cm™ signify both degradation and structural rearrangement. The persistence of
phosphorus signals highlighted the selective retention of the inorganic components.

Overall, the FTIR analysis confirmed that torrefaction induced significant molecular changes
across all biomass types. The reduction of hydroxyl groups, the formation of aldehydes,
ketones, and alkanes, and the emergence of unsaturated bonds suggested the breakdown of
polysaccharides and lignin into more stable, energy-dense compounds. The alteration of
inorganic spectral features, including the disappearance of the ZnO and CuO peaks and the
persistence of phosphorus in the RH, indicated changes in the mineral composition after
torrefaction. These transformations enhance the CV and improve the fuel characteristics of
biomass, thereby supporting its use in thermal energy applications.
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Figure 8. FTIR spectra of raw and torrefied SCB, SD, and RH showing functional group
changes
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3.5 TGA analysis

TGA was conducted to assess the thermal decomposition behaviours of SCB, SD, and RH
before and after torrefaction. All samples were analysed under identical conditions using a
Pyris 6 TGA instrument with a nitrogen flow of 20,0 mL/min, a heating rate of 10 °C/min, and a
final temperature of 850 °C. The thermograms shown in Figures 9-11 illustrate the distinct
differences in thermal stability between the non-torrefied and torrefied samples. For SCB, the
non-torrefied sample exhibited a 44,93 % weight loss at 351,71 °C due to the decomposition
of hemicellulose and cellulose. In comparison, the torrefied sample showed only an 11,25 %
weight loss at 333,08 °C, retaining 88,75 % of its mass, indicating significant volatile matter
removal and carbon enrichment. Similarly, SD demonstrated improved stability after
torrefaction, with the non-torrefied sample retaining 88,078 % of its mass at 329,75 °C and the
torrefied sample retaining 92,779 % at 346,88 °C, reflecting reduced volatile matter content
and increased fixed carbon content. In the case of RH, the non-torrefied sample lost 32,036 %
of its mass at 355,02 °C. However, the torrefied RH exhibited no distinct decomposition peaks,
indicating gradual weight loss and enhanced thermal stability due to prior devolatilisation.
Across all biomass types, torrefaction significantly reduced the moisture and volatile matter
contents, leading to greater thermal resistance and higher energy density. These results
confirm that torrefied biomass is more suitable for combustion and co-firing applications,
offering improved fuel characteristics and an increased fixed carbon content.
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Figure 9. TGA thermograms of: a) non-torrefied; and b) torrefied sugarcane bagasse
(SCB) under nitrogen atmosphere
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nitrogen atmosphere

4 Conclusion

This study comprehensively evaluated the thermal, chemical, and structural transformations
of SCB, SD, and RH subjected to oxidative torrefaction at temperatures of 200, 250, and 300
°C. Visual inspection confirmed progressive darkening, shrinkage, and brittleness of the
biomass, especially at 300 °C, indicating substantial devolatilisation and carbonisation.
Proximate analysis and CV assessments revealed significant improvements in fuel quality,
with reductions in moisture and ash content and increases in fixed carbon and CV. SD
exhibited the most favourable response to torrefaction, achieving the highest CV of 5941,53
kcal/kg and minimal ash content, making it the most efficient biomass for co-firing applications.
Elemental analysis using EDS demonstrated increased carbon concentrations and reduced
oxygen content in the SCB and RH after torrefaction. However, the SD showed anomalous
trends owing to potential heterogeneity or uneven heat exposure. FTIR analysis confirmed the
breakdown of hemicellulose and lignin, formation of energy-rich alkanes and aldehydes, and
structural changes in the polysaccharides. Also, selective retention or transformation of
inorganic elements, such as silicon and phosphorus, was observed. TGA further validated
these findings, showing reduced weight loss in the torrefied samples and enhanced thermal
stability due to prior volatile removal. Collectively, these results indicate that oxidative
torrefaction at 300 °C significantly improved the combustion characteristics, energy density,
and stability of lignocellulosic biomass, particularly SD and SCB. This suggests a viable
pathway for integrating torrefied biomass into co-firing systems, contributing to cleaner energy
production and reduced reliance on fossil fuels in India's thermal power sector.

Future research should focus on optimising torrefaction parameters, including temperature,
residence time, and atmospheric conditions tailored to specific biomass types to maximise
energy yield and minimise environmental impacts. Pilot- and industrial-scale co-firing trials are
essential for evaluating the real-world performance of torrefied biomass blended with various
grades of coal, particularly in terms of combustion efficiency, emission profiles, slagging, and
fouling tendencies. Additionally, comprehensive life cycle assessments and techno-economic
analyses are critical for determining the environmental sustainability and commercial viability
of large-scale torrefaction and co-firing systems. The incorporation of catalysts or additives
during torrefaction offers a promising approach for enhancing fuel properties, lowering
processing temperatures, and improving process efficiency. Further investigations into
material compatibility, storage stability, and supply chain logistics are recommended to
facilitate the large-scale deployment of torrefied biomass in energy applications.
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