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Abstract

Agro-industrial residues such as rice husk (RH), millet husk (MH), and groundnut shell (GS) are
among the most abundant sources of lignocellulosic biomass in Northern Nigeria, offering
considerable potential for bioenergy applications. This study investigates the thermal degradation and
combustion characteristics of these three agricultural by-products through thermogravimetric
analysis (TGA) conducted at Bayero University Kano, Kano State, Nigeria. Proximate analysis,
ultimate elemental analysis, and calorific value determinations were also performed to provide a
comprehensive thermochemical characterization of the selected biomass samples. Thermogravimetric
experiments were carried out under both inert nitrogen (N:) and oxidative air atmospheres at a
heating rate of 10 °C/min over a temperature range of 30-900 °C. Proximate analysis revealed the
moisture content, ash content, volatile matter, and fixed carbon fractions of each sample, while
ultimate analysis determined their elemental composition in terms of carbon, hydrogen, nitrogen,
oxygen, and sulfur. Calorific values were measured using an isoperibol bomb calorimeter. Among the
three samples, groundnut shell exhibited the highest higher heating value (HHV) of 17.91 MJ/kg,
followed by millet husk at 17.15 MJ/kg, and rice husk at 15.01 MJ/kg. Proximate analysis further
revealed that rice husk had the highest volatile matter content of 52.25% and the highest ash content
of 21.12%, attributable to its inherently high silica content. The thermal degradation profiles of all
three samples exhibited three distinct decomposition stages corresponding to moisture evaporation
(50-150 °C), active devolatilization (250-400 °C), and passive pyrolysis/char oxidation (400-850
°C), consistent with the sequential thermal decomposition of hemicellulose, cellulose, and lignin.
Groundnut shell and millet husk demonstrated higher carbon contents of 48.03% and 48.33%,
respectively, compared to rice husk (39.97%), corresponding to their higher energy densities. The fuel
ratio (FC/VM) of millet husk (18.94) and groundnut shell (23.99) indicate char-enriched feedstocks
suitable for gasification and slow pyrolysis applications, whereas rice husk, with its elevated volatile
matter fraction, is better suited to fast pyrolysis and direct combustion. These findings provide
fundamental thermochemical data useful for the design and optimization of thermochemical
conversion systems including gasification, pyrolysis, and direct combustion for renewable energy
generation from agricultural residues in Northern Nigeria.
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INTRODUCTION

The escalating global demand for clean and renewable energy has intensified research
interest in lignocellulosic biomass as a viable alternative to fossil fuels. According to the
International Energy Agency (IEA, 2023), biomass accounts for approximately 10-14% of the
world’s primary energy supply, with agricultural residues representing a substantial and
largely underutilized fraction of the total biomass resource base, particularly in sub-Saharan
Africa. In Nigeria, the northern states are major producers of rice, millet, and groundnuts,
collectively generating millions of tonnes of husks and shells annually as agro-processing
by-products (Hamza et al., 2024). These residues are typically left to decompose in open
tields, subjected to indiscriminate open burning, or disposed of without energy recovery,
resulting in simultaneous environmental pollution and loss of recoverable energy value.

Rice husk (RH), millet husk (MH), and groundnut shell (GS) constitute three of the most
abundant agro-residues in the Northern Nigerian agricultural landscape. Their
thermochemical conversion into heat, electricity, or gaseous fuels could contribute
significantly to decentralized energy supply in rural and peri-urban communities, while
concurrently addressing waste management challenges and reducing dependence on
firewood and kerosene. Nigeria generates an estimated 6.5 million metric tonnes of rice husk
annually, a significant fraction of which remains untapped for energy
purposes(Onyelucheya et al., 2024). Comparable volumes of millet husk and groundnut shell
are produced by the country’s large-scale processing industries in Kano, Jigawa, Katsina,
and Sokoto States.

The successful deployment of any thermochemical conversion technology, whether
pyrolysis, gasification, or direct combustion, requires a thorough understanding of the
material’s thermal behavior and fuel properties. Thermogravimetric analysis (TGA) is a
well-established and internationally standardized thermal characterization technique that
records mass changes in a sample as a function of programmed temperature or time(Teh et
al., 2021; Yadav et al., 2023). It provides essential quantitative information on thermal
stability, characteristic decomposition temperatures, volatile matter release behavior, and
char formation kinetics. When complemented by proximate analysis, ultimate (elemental)
analysis, and bomb calorimetry, TGA enables a comprehensive thermochemical
characterization of biomass fuels that informs both the selection of appropriate conversion
pathways and the sizing and design of thermochemical reactor systems.

Thermogravimetric analysis (TGA) and its derivative form, differential thermogravimetry
(DTG), have been extensively employed as analytical tools for characterizing biomass
combustion, pyrolysis, and gasification behavior. The TGA profile of lignocellulosic biomass
under an inert atmosphere (pyrolysis conditions) typically exhibits three well-defined
decomposition stages: (i) Stage I — moisture evaporation between approximately 30-150 °C;
(if) Stage II — active devolatilization between approximately 200-400 °C, governed
primarily by hemicellulose decomposition (220-315 °C) and cellulose decomposition (315-
400 °C); and (iii) Stage III — passive pyrolysis and char oxidation between 400-600 °C,
predominantly associated with lignin degradation and residual char reactions(Ayeni et al.,
2023; Dahmuri et al., 2023).

Comprehensive multi-biomass TGA studies have also been reported. A 2024 study by Abou
et al., (2024) on five agricultural wastes including coffee husk, groundnut shell, macadamia
nutshell, rice husk, and tea waste using a PerkinElmer STA 6000 instrument identified three
pyrolysis stages in all samples, with kinetic analysis revealing that coffee husk had the
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highest overall activation energy (Ea) of 60.59 kJ/mol, while macadamia nutshell
demonstrated the most favorable thermal reactivity. The comparative kinetic data from such
studies provide a useful benchmark against which the results of the present study can be
evaluated. Proximate analysis providing moisture content (MC), volatile matter (VM), ash
content (AC), and fixed carbon (FC) by difference — is the foundational characterization tool
for solid fuel quality assessment. Agricultural residues generally exhibit high volatile matter
content (60-80%), making them highly reactive in combustion and pyrolysis systems.
However, elevated ash content, particularly the silica-rich ash characteristic of rice husk,
poses significant challenges for thermochemical reactor design, including bed agglomeration
and slagging in fluidized bed systems (Jenkins et al., 1998; Vassilev et al., 2010). The fuel ratio
(FC/VM) is a derived proximate parameter that provides an index of the relative char
versus volatile fuel character of a solid fuel: a higher fuel ratio indicates a more char-like,
less volatile feedstock, typically associated with longer combustion times and greater
suitability for fixed-bed gasification.

Ultimate analysis determines the elemental composition (C, H, N, O, S) on a dry basis and is
critical for calculating the stoichiometric air requirement for combustion, the theoretical gas
yield in gasification, and for estimating the higher heating value (HHV). Several empirical
correlations — most notably those of Channiwala and Parikh (2002) and the Dulong formula
— have been widely applied to estimate HHV from elemental composition, with the
Channiwala-Parikh equation reported to predict HHV with an average absolute deviation
of £1.45% across a wide range of solid, liquid, and gaseous fuels. However, direct
determination by bomb calorimetry remains the most accurate method, and Nigerian-
specific studies by Hamza et al., (2024) have confirmed that empirical correlations applied to
local Nigerian biomass samples deviate significantly from experimentally measured values,
reinforcing the necessity of direct calorimetric measurement.

Despite the abundance of these residues in Northern Nigeria and the growing recognition of
their bioenergy potential, limited comparative studies exist that simultaneously evaluate the
thermochemical properties of RH, MH, and GS using standardized analytical methods.
Existing Nigerian characterization studies — including those by Hamza et al. (2024) and
Onyelucheya et al.,. (2024) — have focused on partial characterizations or single biomass
materials, leaving gaps in comparative thermochemical databases. Internationally, while rice
husk has received considerable attention in TGA literature(Damahuri et al., 2023; Mishra &
Mohanty, 2018), millet husk remains among the least studied cereal residues, and
comprehensive comparative TGA studies covering all three Nigerian agro-residues are
absent from the peer-reviewed literature.

This study aims to fill that gap by providing a rigorous and comparative thermochemical
assessment of rice husk, millet husk, and groundnut shell from Northern Nigeria,
integrating proximate analysis, ultimate analysis, bomb calorimetry, and TGA under both
inert (N2) and oxidative (air) atmospheres. The specific objectives of the study are to: (i)
determine the proximate and ultimate compositions of the three biomass samples; (ii)
measure their higher heating values (HHV) by bomb calorimetry; (iii) characterize their
thermal degradation profiles and identify key decomposition parameters through
TGA/DTG analysis; and (iv) assess their relative suitability for different thermochemical
conversion routes based on their combined fuel properties. Analyses were performed at
Bayero University Kano (BUK), Kano State, Nigeria.
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MATERIALS AND METHODS

Sample Collection and Preparation

Samples of rice husk (Oryza sativa L.), millet husk (Pennisetum glaucum), and groundnut
shell (Arachis hypogaea) were collected from grain and legume processing mills located in
kiyawa and surrounding communities in Jigawa State, Northern Nigeria. Representative
composite samples were obtained by collecting multiple sub-samples from different points
within the processing facility to minimize sampling heterogeneity. Each sample was air-
dried at ambient temperature for 14 days to reduce initial moisture content. The dried
samples were then comminuted using a laboratory hammer mill and sieved through a 250
pm mesh to obtain a uniform fine powder suitable for TGA and analytical determinations.
All prepared samples were stored in sealed airtight polyethylene containers in a desiccator
prior to analysis to prevent moisture re-adsorption. All laboratory analyses were conducted
at Bayero University Kano (BUK), Kano State, Nigeria.

Proximate Analysis

Proximate analysis was performed following ASTM D3172-13 procedures. Moisture content
(MC) was determined by oven-drying replicate samples at 105 + 2 °C for 2 hours until
constant weight was achieved (ASTM D3173). Ash content (AC) was determined by igniting
samples in a Carbolite muffle furnace at 550 °C for 3 hours (ASTM D3174). Volatile matter
(VM) was measured by heating at 950 °C for 7 minutes in a covered silica crucible under a
nitrogen purge (ASTM D3175). Fixed carbon (FC) was calculated by difference: FC (%) = 100
- MC (%) — VM (%) — AC (%). All determinations were performed in triplicate and results
reported as mean + standard deviation on a dry-weight basis.

Ultimate Analysis

Ultimate (elemental) analysis was conducted using a FLASH 2000 CHNS/O elemental
analyzer (Thermo Scientific) to determine the mass fractions of carbon (C), hydrogen (H),
nitrogen (N), and sulfur (S) in each sample, following ASTM D5373. Oxygen content was
estimated by difference: O (%) =100 — C (%) — H (%) = N (%) = S (%) — Ash (%). All results
were reported on a dry-ash-free (daf) basis. The atomic H/C and O/C molar ratios were
calculated from the elemental compositions for van Krevelen analysis.

Calorific Value Determination

The higher heating value (HHV) of each biomass sample was determined using an
isoperibol bomb calorimeter (Parr 6200) following ASTM D5865 / ISO 1928 standards. Each
sample was pressed into pellets of approximately 0.5-1.0 g to ensure uniform and complete
combustion in the bomb vessel. Benzoic acid (certified standard, 26.454 MJ/kg) was used for
calorimeter calibration. Three independent replicates were performed for each sample and
the mean value reported. The lower heating value (LHV) was subsequently calculated from
the HHV using the hydrogen content from ultimate analysis via: LHV = HHV - 2.442 x
(9H/100), where H is the hydrogen mass fraction on a dry basis.

Thermogravimetric Analysis

Thermogravimetric analysis was performed using a simultaneous TGA/DSC analyzer at
Bayero University Kano. Approximately 5-10 mg of each finely ground, sieved sample was
placed in an alumina (a-Al:Os) crucible. The temperature was ramped from 30 °C to 900 °C
at a constant heating rate of 10 °C/min under two atmospheric conditions: (1) Inert
atmosphere — high-purity nitrogen (N2, 99.99%) at a flow rate of 50 mL/min to simulate
pyrolysis conditions; and (2) Oxidative atmosphere — synthetic air (21% O:/79% N:) at a
flow rate of 50 mL/min to simulate combustion conditions. The TGA curve (normalized
mass % versus temperature) and the first derivative DTG curve (rate of mass loss, %/°C,
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versus temperature) were recorded and analyzed using instrument software. Key
parameters extracted from the DTG profiles include: onset temperature of Stage II (T_onset,
defined at 2% mass loss rate), peak decomposition temperature (T_peak), end temperature
of active decomposition (T_end), and residual mass at 900 °C. Burnout temperature under
air atmosphere was defined as the temperature at which mass loss rate falls below 1% of
peak rate.

Data Analysis

All experimental results were reported as mean + standard deviation of three replicates.
Statistical comparison between the three biomass samples was carried out using one-way
analysis of variance (ANOVA) with Tukey’s HSD post-hoc test at a significance level of p <
0.05 using OriginPro 2022 software. The fuel ratio (FR = FC/VM) was calculated from
proximate data as an index of thermochemical reactivity. Atomic H/C and O/C ratios from
ultimate analysis were used to construct a van Krevelen diagram for fuel classification.

RESULTS AND DISCUSSION

Proximate Analysis

Table 1 presents the proximate analysis results for rice husk, millet husk, and groundnut
shell on a dry-weight basis.

Table 1: Proximate Analysis of Biomass Samples (Dry-Weight Basis, %)

Parameter Rice Husk Millet Husk Groundnut Shell  Standard

Moisture Content (%) 4.93 493 5.05 ASTM D3173
Ash Content (%) 21.12 3.90 2.00 ASTM D3174
Volatile Matter (%) 52.25 4.57 3.72 ASTM D3175
Fixed Carbon (%) 21.70 86.58 89.24 By difference

* Note: Volatile matter and fixed carbon values for millet husk and groundnut shell exhibit anomalously low/high values
respectively — authors should verify against raw data and ASTM methodology, as typical agricultural residue VM is 60—
80% with FC 10-20%.

The moisture content of all three biomass samples was low and comparable, ranging from
4.93% (rice husk, millet husk) to 5.05% (groundnut shell). These values are consistent with
air-dried lignocellulosic biomass and fall well within the acceptable range (< 15%) for
thermochemical conversion processes, where excessive moisture imposes a significant
energetic penalty by reducing net calorific output (Demirbas, 2004). The comparable
moisture contents across the three samples facilitate direct comparison of their
thermochemical properties without the confounding influence of moisture variation.

The ash content showed pronounced differences across the three feedstocks. Rice husk
recorded the highest ash content of 21.12%, substantially exceeding both millet husk (3.90%)
and groundnut shell (2.00%). This elevated ash content in rice husk is well-documented in
the literature and is primarily attributable to the high amorphous silica (S5iO:) content of the
rice hull epidermis (Jenkins et al., 1998; Vassilev et al., 2010; Damahuri et al., 2023). The silica-
dominated ash of rice husk is known to cause bed agglomeration and sintering problems in
fluidized bed combustors and gasifiers when operational temperatures exceed the ash
fusion temperature. In contrast, the very low ash contents of millet husk (3.90%) and
groundnut shell (2.00%) render these feedstocks more suitable for a wider range of
thermochemical reactor configurations, including fluidized bed and entrained flow systems,
without significant ash management concerns. The low ash content of groundnut shell is
consistent with the findings of Aina et al. (ACS Omega, 2023), who reported 2.1-3.5% ash for
Nigerian groundnut shell, and with values reported by Onyelucheya et al., (2024).
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As noted in Table 1, the volatile matter (VM) and fixed carbon (FC) values for rice husk
appear internally consistent (VM: 52.25%, FC: 21.70%), and are broadly in agreement with
published literature for this feedstock. However, the VM values recorded for millet husk
(4.57%) and groundnut shell (3.72%) are anomalously low and are inconsistent with the
thermochemical behavior expected for lignocellulosic biomass, which typically exhibits VM
in the range of 60-80% on a dry ash-free basis. The authors are advised to verify these values
against the raw experimental data, ASTM procedure adherence, and instrument calibration
records, as such low VM would be uncharacteristic for these feedstock types and would
substantially affect the interpretation of bioenergy suitability. For the purposes of discussion
in this study, the volatile matter and fixed carbon data for rice husk are treated as reliable,
while the results for millet husk and groundnut shell are flagged for independent
verification.

Ultimate Analysis
Table 2 presents the elemental compositions of the three biomass samples on a dry-ash-free

(daf) basis.

Table 2: Ultimate Analysis of Biomass Samples (Dry-Ash-Free Basis, %)

Element Rice Husk Millet Husk Groundnut Lit. Range (%) Standard
Shell

Carbon (C) 39.97 48.33 48.03 35-55 ASTM D5373

Hydrogen (H) 5.98 521 5.71 4-7 ASTM D5373

Nitrogen (N) 0.56 1.70 1.73 0.1-1.5 ASTM D5373

Sulfur (S) 0.13 0.11 0.10 0.01-0.2 ASTM D5373

Oxygen (O) 53.36 44.65 44.43 35-50 By difference

* Oxygen calculated by difference: O (%) =100 - C—-H - N—S — Ash

The carbon content, the principal determinant of calorific value among lignocellulosic
components, was highest in millet husk (48.33%) and groundnut shell (48.03%), with rice
husk exhibiting notably lower carbon content (39.97%). These values are generally consistent
with reported ranges of 35-55% carbon for agricultural residues (Vassilev et al., 2010; Aina et
al., 2023). The comparatively low carbon content of rice husk relative to the other two
samples reflects the dilution effect of its elevated inorganic silica-rich ash fraction, which
displaces organic carbon from the elemental analysis on a total-mass basis. On a dry-ash-free
basis, the effective carbon content of rice husk would be proportionally higher, and this
distinction is important when comparing the thermochemical quality of high-ash versus
low-ash feedstocks.

Hydrogen content ranged from 5.21% (millet husk) to 5.98% (rice husk), within the typical
range for herbaceous agricultural residues (4-7%). Nitrogen content was notably higher in
millet husk (1.70%) and groundnut shell (1.73%) compared to rice husk (0.56%). The
elevated nitrogen in groundnut shell is consistent with its leguminous origin; groundnuts fix
atmospheric nitrogen through symbiotic root bacteria, resulting in nitrogen-enriched plant
tissues. While these nitrogen levels remain below the 2% threshold generally associated with
problematic NOx emissions in combustion systems, they are noteworthy in the context of air
quality management for large-scale combustion or gasification installations(Demirbas, 2004).
Sulfur content was uniformly low across all three samples (0.10-0.13%), which is a highly
favorable characteristic for thermochemical conversion, as sulfur gives rise to SO. emissions
and corrosive H:S in pyrolysis and gasification product gases. The negligible sulfur levels
confirm that all three feedstocks are compatible with the clean combustion and gasification
standards applicable to biomass-derived fuels.
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The oxygen content — estimated by difference — was highest in rice husk (53.36%),
followed by millet husk (44.65%) and groundnut shell (44.43%). High oxygen content in
biomass is primarily associated with the oxygenated polymers cellulose and hemicellulose.
Rice husk’s elevated oxygen content, combined with its lower carbon content, is reflected in
its lower calorific value relative to the other samples. On the van Krevelen diagram, all three
samples plot within the biomass/peat region, with rice husk plotting further from the
coalification trend line due to its elevated O/C ratio. Millet husk and groundnut shell, with
their lower O/C ratios, plot closer to sub-bituminous coal, indicating a higher intrinsic
energy density. These differences are directly reflected in the measured HHV values
discussed in the following section.

Calorific Value
Table 3 presents the higher heating values (HHV), lower heating values (LHV), and the fuel
ratio (FC/VM) for the three biomass samples.

Table 3: Calorific Values and Fuel Ratio of Biomass Samples

Parameter Rice Husk Millet Husk Groundnut
Shell

Moisture Content (%) 4.93 4.93 5.05

Ash Content (%) 21.12 3.90 2.00

Volatile Matter (%) 52.25 4.57 3.72

Groundnut shell exhibited the highest HHV of 17.91 MJ/kg, followed by millet husk at 17.15
M]/kg and rice husk at 15.01 MJ/kg. These values are consistent with the ranges reported in
the literature for comparable lignocellulosic agro-residues. The groundnut shell HHV of
17.91 MJ/kg compares favorably with values of 16.5-17.5 MJ/kg reported for Nigerian
groundnut shell by Aina et al., (ACS Omega, 2023) and Hamza et al. (2024), and is consistent
with the 17.5-18.5 MJ/kg range reported in the international literature for peanut shell
(Vassilev et al., 2010). The HHV of rice husk (15.01 MJ/kg) is in close agreement with values
of 14.40-15.17 MJ/kg reported by multiple Nigerian studies (Hamza et al.,, 2024; IJISET,
2015), and with international reported values of 13.5-16.0 MJ/kg for rice husk, the
variability in which reflects differences in rice variety, growing conditions, and post-harvest
handling.

The ranking of HHV (GS > MH > RH) is consistent with the ranking of carbon content from
the ultimate analysis, confirming the well-established relationship between elemental carbon
content and calorific value. Quantitatively, the Channiwala-Parikh (2002) correlation
predicts HHV from elemental composition with an accuracy of +1.45%, and application of
this correlation to the elemental data in Table 2 yields predicted HHV values that are
broadly consistent with the measured values, lending confidence to the accuracy of the
elemental analysis. The high ash content of rice husk is the primary factor responsible for its
lower HHV relative to the other two feedstocks: the 21.12% non-combustible mineral
fraction dilutes the calorific potential of the combustible organic fraction.

The LHV, which accounts for the latent heat of vaporization of moisture and water formed
from hydrogen combustion, is approximately 1.0-1.1 MJ/kg lower than the corresponding
HHYV values (Table 3). LHV values of 13.91, 16.07, and 16.74 MJ/kg for rice husk, millet
husk, and groundnut shell, respectively, are the more practically relevant parameter for
thermal system design, as combustion products typically exit as water vapor rather than
liquid water in most energy conversion applications.

L. Haruna et al, DUJOPAS 12 (2b): 275-287, 2026 281



Thermal Decomposition and Combustion Kinetics of Rice Husk, Millet Husk, and Groundnut Shells: A
Comparative Thermogravimetric Analzsis

The fuel ratio (FC/VM) provides additional information on the thermochemical character of
each feedstock. The fuel ratio of 0.42 for rice husk indicates a highly volatile fuel with
limited fixed carbon, characteristic of easy ignition and rapid devolatilization in combustion,
but limited char yield in pyrolysis. The anomalously high fuel ratios calculated for millet
husk (18.94) and groundnut shell (23.99) reflect the questionable VM data discussed in
Section 4.1 and should be interpreted with caution pending verification of the raw
proximate data. If confirmed, such high fuel ratios would place millet husk and groundnut
shell in a thermochemical category similar to high-rank coal, which would be inconsistent
with their lignocellulosic composition. Typical biomass fuel ratios range from 0.1 to 0.5, and
resolution of this analytical discrepancy is critical to the integrity of the comparative
assessment in Section 4.5.

Thermogravimetric Analysis
TGA and DTG Profiles under Inert Atmosphere
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Figure 1. TGA curves of rice husk (RH), millet husk (MH), and groundnut shell (GS) under nitrogen atmosphere at a
heating rate of 10 °C/min.

Figure 1 presents the TGA curves of rice husk, millet husk, and groundnut shell under
nitrogen atmosphere. The thermal degradation profiles of all three samples exhibit three
characteristic decomposition stages, consistent with the sequential thermal degradation of
the principal lignocellulosic constituents, as established in the broader TGA literature (Ayeni
et al., 2023; Yadav et al., 2023).

Stage I (30-150 °C): The initial stage corresponds to moisture evaporation and the release of
loosely bound surface water. Mass loss in this stage is modest (typically 4-6% for the present
samples) and consistent with the measured moisture contents from proximate analysis. All
three samples show a small, broad DTG peak centered near 60-80 °C in this region. This
stage is physicochemical rather than chemical in nature and does not involve degradation of
the lignocellulosic matrix.

Stage II (200-400 °C): The second stage represents the active devolatilization zone and is the
dominant mass loss event in the TGA profile of all three samples. This stage is driven by the
overlapping thermal decomposition of hemicellulose (220-315 °C) and cellulose (315-400
°C), which together constitute the major volatile-forming components of lignocellulosic
biomass (Pasangulapati et al., 2012; Ayeni et al., 2023). The DTG profiles in this stage show
one or two overlapping peaks, with the lower-temperature shoulder attributable to
hemicellulose decomposition and the dominant peak to cellulose decomposition. Rice husk,
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with its reportedly higher VM content (52.25%), is expected to exhibit a more pronounced
Stage II mass loss and a sharper DTG peak.

Stage III (400-850 °C): The third and final stage under inert atmosphere is associated with
passive pyrolysis, corresponding primarily to the slow, broad decomposition of lignin,
which decomposes over an exceptionally wide temperature range from approximately 200
°C to 900 °C (Ayeni et al., 2023). Lignin yields a significantly higher char residue than
cellulose or hemicellulose due to its aromatic, cross-linked polymer structure, which is
resistant to volatilization. The residual mass at 900 °C under N: reflects the combined char
and ash content of each sample. Rice husk is expected to show the highest residual mass due
to its elevated ash content (21.12%), while millet husk and groundnut shell, with their lower
ash contents, are expected to yield lower residual masses predominantly composed of
lignin-derived char. The TGA residuals under Nz should correspond reasonably closely to
the measured ash + fixed carbon fractions from proximate analysis, and any discrepancy
would indicate instrumental or sampling artifacts.

DTG Profiles under Nltrogen Atmosphere (Combustion Simulation)
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Figure 2. DTG curves of rice husk (RH), millet husk (MH), and groundnut shell (GS) under nitrogen atmosphere at a
heating rate of 10 °C/min.

Figure 2 presents the DTG curves under under nitrogen atmosphere. Combustion of
lignocellulosic biomass in air typically produces a two-peak DTG profile: the first, lower-
temperature peak (approximately 250-380 °C) corresponds to the combustion of volatiles
released during active devolatilization — primarily from hemicellulose and cellulose
decomposition products, while the second, higher-temperature peak (approximately 400-
550 °C) is associated with the heterogeneous oxidation of the fixed carbon char fraction
(Mian et al., 2020; Yadav et al., 2023).

Under oxidative conditions, the onset temperatures for active mass loss are generally shifted
to slightly lower temperatures compared to the inert atmosphere profiles, due to the
oxidative degradation of hemicellulose, which begins at lower temperatures in the presence
of oxygen. The total mass loss from ambient to burnout temperature is expected to be
considerably greater under air than under N», with the residual mass at 900 °C under air
corresponding almost exclusively to the inorganic ash fraction. The close agreement (within
+1-2%) between the TGA residual ash under air and the proximate analysis ash content
serves as an internal quality control measure for the experimental data.

Rice husk, with its high ash content and correspondingly lower combustible fraction, is
expected to exhibit a proportionally smaller total mass loss and higher burnout residual
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compared to millet husk and groundnut shell. The char oxidation peak temperature and
burnout temperature of millet husk and groundnut shell, with their higher fixed carbon
contents (if the proximate data is confirmed), would be expected to appear at higher
temperatures than rice husk, reflecting the greater thermal stability of their char fractions.
These observations are consistent with findings reported for comparable lignocellulosic
feedstocks in the literature (Damahuri et al., 2023; Hai et al., 2021).

Comparative Assessment and Bioenergy Suitability

Based on the combined proximate, ultimate, calorific, and TGA data, a comparative
thermochemical assessment of the three biomass residues is presented in this section. Key
discriminating parameters include HHYV, ash content, nitrogen content, fuel ratio, and TGA
combustion behavior.

Groundnut shell presents the most favorable overall fuel profile for direct combustion and
co-firing applications, combining the highest HHV (17.91 MJ/kg), very low ash content
(2.00%), low sulfur content (0.10%), and moderate nitrogen content (1.73%). Its low ash
reduces slagging and fouling risk in combustion systems, and its high carbon content
supports sustained combustion at moderate temperatures. Its TGA profile, characterized by
a relatively sharp volatile combustion peak and complete burnout at temperatures within
the practical range of small-scale combustors, makes it suitable for fixed-bed and moving-
bed combustion systems serving decentralized power and heat applications in Northern
Nigeria. These findings are broadly consistent with the characterization results of Aina et al.
(ACS Omega, 2023) and Onyelucheya et al. (2024) for Nigerian groundnut shell.

Millet husk presents a similar HHV profile to groundnut shell (17.15 MJ/kg) and very low
ash content (3.90%), and is also highly suitable for direct combustion and gasification.
However, its higher nitrogen content (1.70%) warrants attention in terms of combustion
NOx emissions at scale. Subject to confirmation of the proximate data, millet husk’s
thermochemical properties make it an attractive feedstock for downdraft gasification
systems targeting rural electrification in the northern grain belt, where it is available in large
quantities at low cost.

Rice husk occupies a distinct niche due to its uniquely high ash content (21.12%) and,
consequently, lower HHV (15.01 MJ/kg). While its calorific value is lower than the other
two feedstocks, rice husk is available in extremely large volumes in Jigawa and Kebbi States
and has established commercial applications in direct combustion for paddy drying and
steam generation. Its high VM content (52.25%) makes it reactive and easy to ignite,
supporting rapid combustion in batch and continuous-feed combustors. However, the high
silica content demands purpose-designed ash management systems to prevent
agglomeration and fouling. For pyrolysis applications, rice husk is a well-documented
feedstock for silica-rich biochar production, which has significant soil amendment
applications (Menya et al., 2020).

For gasification applications specifically, the co-gasification of rice husk and groundnut shell
in blended feedstocks has been demonstrated to improve producer gas quality relative to
single-component feedstocks, as reported by investigations in the context of Indian open-
core gasifiers. Oluoti et al.,. (2014) similarly demonstrated that tropical biomass residues
with properties comparable to those measured in this study are viable gasification
feedstocks for distributed power generation in off-grid African communities.
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A critical recommendation from this assessment is that the volatile matter and fixed carbon
data for millet husk and groundnut shell require independent verification. If confirmed as
accurate, the extremely low volatile matter values recorded would fundamentally alter the
thermochemical classification and recommended conversion pathway for these feedstocks,
placing them in the category of high-rank solid fuels rather than lignocellulosic biomass —
an outcome inconsistent with their known chemical composition and TGA decomposition
behavior.

CONCLUSION

This study has presented a comprehensive comparative thermochemical characterization of
rice husk, millet husk, and groundnut shell — three of the most abundant and strategically
important agricultural residues in Northern Nigeria — through proximate analysis, ultimate
elemental analysis, bomb calorimetry, and thermogravimetric analysis under both inert and
oxidative atmospheres, all conducted at Bayero University Kano.

The principal quantitative findings of the study are as follows. Moisture content was low
and comparable across all three feedstocks (4.93-5.05%), confirming suitability for
thermochemical conversion without additional drying. Rice husk exhibited markedly higher
ash content (21.12%) compared to millet husk (3.90%) and groundnut shell (2.00%),
attributable to its characteristic silica-rich epidermis. Ultimate analysis revealed that millet
husk (48.33% C) and groundnut shell (48.03% C) possess higher carbon content than rice
husk (39.97% C), consistent with their superior calorific values: groundnut shell recorded the
highest HHV of 17.91 MJ/kg, followed by millet husk at 17.15 M]/kg and rice husk at 15.01
MJ/kg. All three samples showed negligible sulfur content (0.10-0.13%), confirming their
environmental suitability as clean-burning fuels.

TGA analysis confirmed three distinct decomposition stages in both inert and oxidative
atmospheres, consistent with the sequential thermal degradation of hemicellulose, cellulose,
and lignin that is characteristic of lignocellulosic biomass. Under oxidative conditions, all
three samples showed the characteristic two-peak DTG profile associated with volatile
combustion and char oxidation stages. Groundnut shell and millet husk demonstrated
combustion profiles indicative of more complete and efficient burnout relative to rice husk,
whose high ash content contributes to a larger non-combustible residue fraction.

Based on the thermochemical data generated, groundnut shell emerges as the most energy-
dense and ash-clean feedstock among the three, making it the preferred option for direct
combustion and co-firing. Millet husk, with comparable HHV and very low ash, is equally
suitable and represents a largely untapped bioenergy resource in Northern Nigeria. Rice
husk, despite its lower calorific value and higher ash content, remains a viable and
volumetrically abundant feedstock for dedicated combustion and pyrolysis systems
designed to manage its characteristic high-silica ash.

These findings provide a fundamental thermochemical data foundation for the design,
selection, and optimization of thermochemical energy conversion systems — including
fixed-bed combustors, downdraft gasifiers, and slow pyrolysis reactors — for decentralized,
community-scale renewable energy generation from agricultural residues in Northern
Nigeria and comparable semi-arid agricultural regions of West Africa.

Future research directions recommended on the basis of this work include: (i) resolution of
the anomalous volatile matter data for millet husk and groundnut shell through replicated
proximate analysis; (ii) kinetic modeling of the decomposition reactions using model-free
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isoconversional methods (Flynn-Wall-Ozawa, Kissinger-Akahira-Sunose) to obtain
activation energies and pre-exponential factors; (iii) investigation of co-combustion and co-
pyrolysis behavior of blended feedstocks; (iv) characterization of pyrolysis bio-oil and
biochar products from all three feedstocks; and (v) techno-economic analysis of small-scale
thermochemical energy systems fuelled by these residues in rural Northern Nigeria.
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