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Abstract
Groundnut residues, specifically shells and straw, are abundant agricultural by-products in Nigeria and other developing nations. These residues are often underutilized or openly burned, contributing to environmental pollution. This study investigates torrefaction as a thermochemical pretreatment process to improve the fuel quality of groundnut residues. Groundnut shell and straw were mixed in different ratios (100:0, 75:25, 50:50, 25:75, and 0:100) and torrefied under varying temperatures (2500C, 2700C and 2900C) and residence times (15, 30 and 60 minutes). Proximate and ultimate analyses, higher heating value (HHV), mass yield, energy yield, and energy density ratio performance were evaluated. Results showed that torrefaction reduced moisture and volatile matter content while increasing fixed carbon and HHV (up to 24 MJ/kg). Improvements were also observed in hydrophobicity, grindability, bulk density, and durability of the pellets. The findings demonstrate that torrefaction significantly upgrades groundnut residues into viable solid biofuels for domestic and industrial applications.
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1.0 Introduction
[bookmark: _Hlk88305393]In recent years, the exploration of renewable energy sources has gained significant traction due to concerns over climate change, energy security, and environmental sustainability. Among these renewable resources, agro-wastes have emerged as a promising alternative for energy generation. Energy is a vital component of the world economy (Liko, 2019). It is a critical necessity for a country's development, poverty eradication and economic growth (Alanya-rosenbaum & Bergman, 2018), while a country's per capita energy consumption is directly related to its standard of living (Joyeux & Ripple, 2007; Akuru et al., 2017). Energy is the driving force behind industrialization, as it determines a country's economic and social opportunities (Tong et al., 2018). Sustainable energy is the backbone for the social–economic expansion of any country (Ibitoye et al., 2021). Energy is essential in every society to meet fundamental human needs such as transportation, communication, heating and cooling, lighting, healthcare, and cooking. With population growth, improved living standards, and increasing consumption, global energy demand is projected to grow by about 21% by 2030 (Ajimotokan, 2014; Owusu & Asumadu-Sarkodie, 2016). The long-term availability of energy from sources that are inexpensive and environmentally friendly and sustainable is critical for future economic development (Ajimotokan et al., 2019; Kabakcı & Baran,  (2019). Energy is intertwined with security, climate change, public health, and economic stability (Oyedepo, 2014. Energy security is a global issue as the world's population continues to rise, resulting in ever-increasing energy demand that the world is finding difficulty to meet ( Nwaokocha & Giwa, 2016; Radovanović et al., 2017). 
The high dependence on fossil fuels for energy, does not only lead to rapid resource depletion, but it also has a direct impact on environmental degradation as pollution (Yi et al., 2023). The hunt for renewable energy sources has been sparked by worries about CO2 and other greenhouse gas emissions into the atmosphere caused by the combustion of fossil fuel derivatives. (Singh et al., 2019 Ajimotokan et al., 2019). Owing to environmental issues and the increasingly growing price of petroleum-derived fuel in Nigeria, there is scepticism about its usage in the near future (Oliveira and Franca, 2009). In fact, the world is trying to phase it out because of climate change (Lazarus & Van Asselt, 2018). The majority of Nigerians have been compelled to switch from kerosene to wood and wood charcoal as a cheap and abundant alternative energy source for home uses due to unforeseen price increases (Ajibola et al., 2020). Fuelwood and wood charcoal which amount to 87 % of the total annual energy consumption in the country, forms the major part of renewable energy used (Adelekan & Jerome, 2006). The use of these can lead to deforestation, soil erosion, desertification, air pollution, climate change, respiratory problems, eye irritation, carbon monoxide poisoning etc.
According to Tun et al. (2019), developing nations are well-positioned to encourage the use of renewable energies since they have a wealth of renewable resources, such as wind, solar, geothermal, biomass, and hydropower. Yet, this might happen with some financial and political backing. Renewable energy has been demonstrated to be a significant factor that favorably affects growth and economic development through generating jobs. Using renewable energy also improves chances for energy independence while halting environmental harm (Abbasi & Abbasi, 2010). Nearly everyone's plan has included the shift to a bio-based economy in recent years. There are many benefits to transitioning to a bio-based economy, including accelerated rural development, reduced emissions, and increased resource efficiency (Scarlat et al., 2015). Nigeria has untapped potential fuel sources in biomass, notably waste from agricultural production and processing (Simonyan & Fasina, 2013). Due to its non-nutritional and renewable nature, lignocellulose biomass, such as agricultural wastes, has a great potential for energy production. Biomass is one of the most significant energy sources in the world, ranking second only to oil, natural gas, and coal (Toklu, 2017; Ozturk, 2017). These wastes can be used to generate modern energy that is equal to or better than charcoal and firewood in terms of heating value (Yank et al., 2016). Lignocellulosic biomass from these sources, including agricultural waste and forestry waste, calls for special consideration. Hemicellulose, cellulose, and lignin are three complex organic compounds found in varying amounts in lignocellulosic biomass. Lignocellulosic material can be transformed via conversion technologies into chemicals, useful products, and biofuels (Nada et al., 2017). The difficulties with using biomass materials in their natural form due to their high moisture content, irregular shape and sizes (fibrous nature), low bulk density, low combustion efficiency, low heating value, poor grindability, easy biodegradability, hydrophilic, and low energy density must be overcome in order to make biomass materials available for a variety of applications, especially as domestic fuels for cooking, heating, and lighting (Tong et al., 2018). Solutions to these problems are to torrefy biomass and compressed them into pellets, briquettes, or cubes (Bajwa et al., 2018). Torrefaction is a thermochemical process that is eco-friendlier and more promising, and it is widely used by many researchers to pre-treat various types of biomass resources, including woody, non-woody, and forest residue, agricultural residue, and agro-industrial waste (Rago et al., 2021).
Torrefaction enhances the efficiency of thermochemical conversion processes while improving the hydrophobic nature of biomass by lowering its moisture content and decreasing the H/C and O/C ratios, which in turn raises the fixed carbon content (Pradhan et al., 2018). Consequently, this leads to higher calorific value and greater energy density of the biomass (Barskov et al., 2019). The process is typically carried out in a nitrogen atmosphere at temperatures ranging from 200 to 300 °C, with residence times of 10–60 minutes and heating rates below 50 °C per minute (Singh & Ruj, 2016). Torrefaction has been proven to improve biomass performance during pyrolysis, combustion, and gasification (Bergman, 2005). The grindability is enhanced because the torrefied biomass is brittle and as such less energy is needed to mill them; there is a loss in the mass yield although most of the energy content in the parent biomass is preserved thereby making it have higher energy density as compared to the parent material qualifying as substitutes for coke, coal and other fossil fuel product (Bonassa et al., 2018). There is also a change in its chemical properties as a result of decomposition of hemicellulose, removal of hydroxyl group, gaseous products and development of non-polar unsaturated structures in the torrefied products, these leads to a reduction of the atomic ratio of the product i.e. H/C and O/C (Kizuka et al., 2019). 
The practice of burning and disposing of agro-residues has severe environmental repercussions, leading to the emission of greenhouse gases and contributing to global warming (Koul et al., 2022). However, repurposing these residues for energy generation presents an opportunity to mitigate these negative impacts. While efforts have been made to utilize raw biomass like agro-residues for energy, certain biomass characteristics, such as low calorific value and logistical challenges in transportation and storage, hinder their efficient use. To address these limitations, various technologies have emerged to enhance biomass characteristics for energy generation, including biological, chemical, and thermal pretreatment methods. Thermos-chemical conversion involves upgrading biomass properties through heat application in controlled environments, with techniques like torrefaction, pyrolysis, carbonization, and gasification being prominent examples (Makavana, et al., 2020). These methods offer promising solutions for sustainable energy generation from biomass, particularly in developing nations (Siwal et al., 2021). Biomass energy holds significant potential as a renewable alternative to conventional energy sources, as it derives from sunlight through photosynthesis, providing a continuous energy supply unaffected by external factors like seasonal changes or weather conditions. Agro-wastes, which include agricultural residues such as groundnut shells and straw, (Arachis hypogaea) are available in large quantities in Benue state (6.8870N, 9.2310E) of Nigeria and can be problematic as majority of them are usually burnt in an open field resulting to environmental issues, instead, they can be used for fuels by torrefying and pelletizing them, thus reducing the overdependence on wood for domestic cooking and can be substituted for charcoal or coke being used in local foundry industries. 
1.1 Agro-Waste as a Renewable Energy Resource
Agro-wastes, also known as biomass residues, refer to the organic materials left over from agricultural activities. These residues are abundant, widely available, and renewable, making them an attractive resource for energy production. Agro-wastes are considered carbon-neutral since the carbon dioxide emitted during their combustion is balanced by the amount absorbed during the growth of the plants, unlike fossil fuels that are limited in supply and add greenhouse gases to the atmosphere when used. From the work of Sarkar et al., (2022), reviewed that agricultural residue, which are generated throughout farming and processing, encompass diverse wastes from activities like cultivation and livestock production, comprising liquid, solid, and gaseous forms that can pollute soil, water, and air. Recognizing their potential as renewable energy sources, efforts to develop sustainable waste management strategies are crucial for mitigating environmental degradation, necessitating the adoption of innovative technologies to utilize and process these residues effectively while deriving useful products from them. Rao et al., (2024) from their work titled Agro-waste to sustainable energy, stated that the global challenges of energy crisis and solid waste management, exacerbated by population growth, underscore the urgent need to address agricultural waste's significant contribution to environmental degradation. This review emphasizes the importance of utilizing nanotechnology-based processing strategies to convert agro-waste into energy resources, offering insights into various green energy applications such as biofuels, biogas, and energy storage modules. By outlining challenges and advanced prospects, this review lays the groundwork for future research aimed at leveraging nanomaterials for smart agro-waste management, fostering a green and circular economy while minimizing environmental impact. The review of Chen et al., (202) ?-----et al., (2022) and Kumar et al., (2024) all underscores the significant environmental impact of agricultural waste, necessitating innovative approaches for its effective management. It provides a comprehensive analysis of agro-waste, covering its generation, composition, and associated environmental challenges. The paper explores various sustainable utilization methods, including composting, bioenergy generation, and biochar production, while addressing the complexities and challenges of managing agricultural waste, and proposing solutions such as further research, infrastructure development, and policy frameworks. From the forego it can be said that utilizing agro-wastes for energy generation can help mitigate climate change and reduce reliance on non-renewable energy sources.
Groundnut shells and straw are two common types of agro-residues with significant potential for energy applications (Mohammad et al., 2020; Ajayi & Lateef, 2023). Groundnut shells are the outer covering of groundnut (peanut) seeds and are produced in large quantities during the processing of groundnuts for food or oil extraction (Perea-Moreno et al., 2018) and Duc et al., (2019) reviewed and emphasizes the significant potential of groundnut shells, which make up a substantial portion of the waste generated during groundnut processing. Rich in functional compounds and composed of cellulose, hemicellulose, and lignin, groundnut shells offer numerous commercial and industrial applications. These include conversion into biodiesel, bioethanol, nano-sheet materials, as well as utilization in enzyme and hydrogen production, dye, and heavy metal degradation. Efficient management strategies are necessary to transform groundnut shells from waste into valuable bio-products, thus moving towards a zero-waste production system. 
The peanut, belonging to the legume family, is utilized widely in culinary applications and industrial products due to its high fat content (Syed, et al., 2021). Its production in 2016 reached 43.,982,066  Million tons across 27.,660,802  Million hectares, with Asia being the largest producer (Perea-Moreno, 2019). Despite its widespread use, the peanut industry generates significant waste in the form of shells, comprising 25-30% of the total weight (Sathiparan et al., 2023). This waste, rich in energy content, presents an opportunity for use as a solid biofuel. A study aimed to evaluate peanut shells' energy parameters for residential and industrial heating, comparing them to other biomass sources (Arpia et al., 2021; Jekayinfa et al., 2020). Peanut shell holds significant economic value, leading to various utilization methods. These include composting wet materials, treating wastewater, manufacturing plastic and wardrobes, insulation boards, metal casting, pesticide mediums, and activated carbon (Bharthare et al., 2014). Research has explored the potential of peanut shells in ethanol production due to their high cellulose, lignin, and hemicellulose content (Ganguly et al., 2020). The study of Suryawanshi et al., (2025) focuses on utilizing groundnut shells, a byproduct of groundnut seed separation, as a renewable energy source in India. The researchers collected groundnut shells from Maharashtra and processed them into biofuel through drying, powdering, and fermentation with Saccharomyces cerevisiae yeast. The fermentation process was optimized by determining the minimum inhibitory concentration (MIC) of alcohol and glucose for the yeast. After fermentation, samples were distilled, and the alcohol yield was highest on the fourth day. Additionally, cellulose was extracted from the groundnut shells, and their ash was used to enhance crop yield, suggesting potential agricultural applications. Overall, the study highlights the potential of groundnut shells as a sustainable energy source and their diverse applications beyond fuel production. Also, from the work of Thorat, et al., (2020) they stated peanut shells contain valuable compounds like cellulose, hemicellulose, and lignin, making them versatile for various applications such as conversion into biodiesel, bioethanol, and nano-sheets. Moreover, they can be utilized in enzyme and hydrogen production, as well as for dye and heavy metal degradation. Peanut meal, skin, hull, and vine, which arise from peanut processing and harvesting can find its application in food processing industry due to their functional compounds. Peanut shells can be utilized as a component in animal feed, particularly for ruminants like cattle and sheep. They provide dietary fiber, which aids in digestion, and also offer some protein content (Toomer, 2020). Peanut shells can also serve as a natural mulch in gardening and landscaping. When spread over the soil, they help retain moisture, suppress weed growth, and gradually decompose, enriching the soil with organic matter. Additionally, they can be added to compost piles to accelerate decomposition and improve soil fertility (Yang et al., 2023). The absorbent properties of peanut shells make them suitable for various industrial applications. They can also be processed into absorbent materials for use in oil spill cleanup, wastewater treatment, and as packing material for hazardous materials during transportation (Aryee et al., 2021). They can be converted into activated carbon, which finds application in water purification, air filtration, and as an adsorbent in chemical processes. The porous structure of activated carbon enables it to effectively adsorb contaminants and impurities (Jeirani et al., 2017). Peanut shells can be incorporated into lightweight construction materials, such as particleboard or insulation (Echeverría-Maggi et al., 2022). When crushed or ground, peanut shells can be incorporated into soil as an organic amendment. They improve soil structure, increase water retention, and enhance nutrient availability, promoting healthy plant growth in gardens, agriculture, and landscaping. Though processes like pyrolysis or gasification, the shells can be converted into biochar, bio-oil, or biogas, which can be used as renewable energy sources. Researcher also found that peanut shells have a higher heating value (HHV) of 18.547 MJ/kg, surpassing some other biomass sources like olive stones and almond shells.  Similarly, straw refers to the stalks left over after grain crops such as wheat, rice, peanut and barley are harvested. Both groundnut shells and straw possess favorable characteristics for thermo-chemical conversion, including high cellulose and lignin content, low moisture content, and relatively uniform composition. Groundnut straw is readily available as a byproduct of peanut harvesting (Lungaho et al., 2020). Groundnut straw is a renewable resource, offering a sustainable alternative to fossil fuels for energy production (Gaurav et al., 2017). It is rich in lignocellulosic materials, including cellulose, hemicellulose, and lignin, which are ideal for biomass conversion processes. Groundnut straw can be converted into various forms of bioenergy, such as biofuels (e.g., bioethanol, biodiesel), biogas, and solid biofuels (e.g., pellets), contributing to energy security and reducing dependence on fossil fuels (Ali et al., 2019). Utilizing groundnut straw as a biomass feedstock can help mitigate greenhouse gas emissions by reducing reliance on fossil fuels and promoting carbon-neutral energy sources. Utilizing groundnut straw prevents its disposal through burning or other means, reducing environmental pollution and promoting sustainable waste management practices (Abubakar et al., 2022).
Nigeria, like many developing countries, faces acute energy challenges despite vast biomass resources. Groundnut residues (shell and straw) are particularly abundant in Benue State and other regions, yet are usually discarded or openly burned. Torrefaction offers a sustainable pathway to valorize these residues into high-grade biofuels. Previous studies have shown that torrefaction improves grindability, increases energy density, reduces hydrophilicity, and enhances storage stability of diverse agricultural residues. However, limited work has focused specifically on groundnut residues, despite their high availability and potential for substitution of fuelwood and charcoal in rural households and small industries. This study therefore addresses this research gap by experimentally investigating the torrefaction behavior and fuel upgrading potential of groundnut shell and straw blends.
2.0 methodology
This section discusses the materials, methods and equipment’s used for this study.
2.1 Sample preparation
Groundnut shell and groundnut straw was collected from a farm in Benue State during its harvest season from June – August after the grains had been removed. The samples were sun dried for two (2) weeks to reduce their moisture content. The samples was then be chopped and grounded by combined mechanical and manual size reduction method. The major samples of the wastes which is the shell and straw were mixed in the ratio of 100:0, 75:25, 50:50, 25:75 and 0:100 by weight.
2.2	Experimental procedures
2.2.1	preliminary analysis
Proximate, ultimate, higher heating value, and thermogravimetry analysis (TGA) of the raw samples will be performed based on the different compositions of the samples.
2.2.2   Thermogravimetric Analysis
A thermogravimetric analysis of the raw corncob was carried out using a TA Instruments thermogravimetric analyzer (Model TGA 55). A 5 mg sample was subjected to a nitrogen purge flow of 120 mL/min, with the temperature raised at a constant rate of 5 °C per minute. The instrument recorded the weight variation of the material as the temperature increased from ambient to 1000 °C (Zheng et al., 2013).
2.2.3	Torrefaction experiment
A bench-scale fixed-bed reactor setup (Figure 1) will beis employed used for the torrefaction experiments. In this system, the biomass sample will be heated by a combination of preheated nitrogen gas and an electric furnace. The furnace temperature will be regulated through a temperature controller linked to the electric power supply. Samples will be introduced from the top of the reactor, while the torrefied product will be removed once the reaction is completed. Condensable vapors will be trapped in a water-cooled condenser, whereas non-condensable gases will either be collected in a gas sampling bag or vented through an exhaust system. Each experimental run will be performed in batch mode with a feed size of 20–40 g. The study will examine two key operating parameters for each particle size: torrefaction temperature, set at 250 °C, 270 °C,  and 290 °C, and residence time, selected as 15, 30, and 60 minutes. For every condition, at least two replicates will be carried out. The resulting solid fraction, commonly referred to as torrefied fuel, will be weighed to determine mass yield (MY), energy yield (EY), and energy density ratio, which will be calculated as a percentage of the original sample mass using the following equation:
			 			              	        1
                                                                                              2
Here, Mchar denotes the mass of the torrefied fuel on a dry ash-free (daf) basis, while Mfeed represents the mass of the untreated (raw) material introduced into the reactor on a dry ash-free basis. The higher heating values of the torrefied and raw samples are expressed as HHVchar  and HHVfeed , respectively (Akinrinola et al., 2014). In addition, mechanical characteristics such as bulk density, durability index, and resistance to water absorption were evaluated.	Comment by ComputerCenter: How?
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Figure 1. Layout of the experimental arrangement
2.2.4 Characterization of the Torrefied and Raw Groundnut Shell and Ground Straw
Higher Heating Value (HHV): The calorific values of both untreated and torrefied groundnut shells and straw were measured using a Parr 6400 oxygen bomb calorimeter in line with ASTM D5865-04 procedures (Ibitoye et al., 2021).
Proximate Analysis: The proximate composition of the raw and torrefied biomass samples was evaluated based on standard test methods. Moisture content (MC), ash content (AC), volatile matter (VM), and fixed carbon (FC) were quantified using ASTM E1756-08, E1755-01, E872-82, and E1871-82 standards, respectively (Carneiro-Junior, et al., 2019).
Ultimate Analysis: Elemental composition of carbon, hydrogen, nitrogen, and sulfur in the raw and torrefied groundnut residues was analyzed with a CHNS analyzer in accordance with ASTM D5373. Oxygen content was estimated indirectly using Equation (3) (Sukarni et al., 2024).           
  O = 100 –(H +N+C+S)%									---3
3.0 Results and Discussion    
3.1 Thermogravimetric Analysis
Figure 2 presents the thermogravimetric (TGA) mass-loss curves for the five GS:GST blend ratios (100:0, 75:25, 50:50, 25:75, and 0:100), under three conditions: raw, torrefied at 270 °C, and torrefied at 290 °C. All the curves display the characteristic three-stage weight-loss profile typical of lignocellulosic biomass: an initial drying stage, a main devolatilization stage, and a slower char oxidation stage.
When comparing GS and GST, distinct behaviors are evident. Groundnut shells (GS) tend to behave more like a lignin-rich, harder fraction. Their curves exhibit slightly earlier and narrower devolatilization peaks, and torrefied GS produces relatively higher char yields per unit mass, which is consistent with its higher fixed-carbon content and enhanced heating value. Groundnut stalks (GST), on the other hand, showed larger volatile losses in the raw state, with devolatilization peaks occurring at slightly higher temperatures than GS. This suggests a higher hemicellulose content and a more open structure that facilitates volatile release over a wider temperature window. Even after torrefaction, GST retained greater devolatilization mass loss compared to GS, with relatively broad DTG peaks—indicating that torrefied GST can still contribute a substantial fraction of volatiles during combustion.
For blends (75:25 to 25:75 GS:GST), the thermal behavior was intermediate between the two extremes. Increasing the GST fraction led to slightly higher devolatilization magnitudes and broader DTG peaks, while the 50:50 blend provided a balanced profile—showing a reduction in volatiles compared to raw biomass, but still achieving steady burn characteristics and acceptable char yields when torrefied. This balance highlights the potential of blended formulations to optimize both combustion stability and energy density.
In terms of emissions and handling, lower volatile release in torrefied samples suggests cleaner combustion and reduced tar or soot formation, provided oxygen supply is sufficient. Raw GST-rich blends, however, posed a greater risk of incomplete combustion. Storage stability was also improved for torrefied samples, as their reduced hygroscopicity and greater oxidative stability lowered the chances of degradation. GS-rich blends appeared especially stable, while GST-rich blends offered easier ignition but required careful management of torrefaction severity (Prins et al., 2002).
Overall, Figure 2 demonstrates that torrefaction systematically reduces volatile release and shifts devolatilization to higher temperatures across all GS:GST blends, thereby producing a more carbonaceous, energy-dense, and thermally stable fuel. GS-rich torrefied samples are the most stable and suitable for clean combustion, whereas GST-rich blends retain more volatiles and show broader devolatilization, a trade-off between ignition ease and combustion cleanliness that should guide blend selection and torrefaction conditions.
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Figure 2. TGA for groundnut shell and groundnut straw for all ratios 
3.2 Proximate, Ultimate Analysis and Higher Heating Value (HHV)
3.2.1 Proximate Analysis
The proximate analysis results (Table 1) reveal the effect of torrefaction on the fundamental fuel fractions of groundnut shells (GS), groundnut stalks (GST), and their blends. Raw samples were characterized by higher moisture and volatile matter contents, with moderate fixed carbon and ash. After torrefaction, a consistent reduction in moisture and volatile matter was observed, while fixed carbon content increased, reflecting the thermal degradation of hemicellulose and volatilization of light compounds. GS-rich blends (100:0 and 75:25) consistently showed higher fixed carbon and lower volatile fractions than GST-rich blends (25:75 and 0:100). This trend can be attributed to the relatively higher lignin content and denser structure of GS. The implication of this is that GS-rich blends offer more stable, carbon-dense fuels with reduced smoke-forming volatiles, while GST-rich blends favor quicker ignition but may produce higher emissions.
Table 1. Proximate analysis of raw and torrefied samples
	    Sample Code
	MC (%)
	VM (%)
	Ash (%)
	FC (%)

	100GS-0GST (Raw)
	8.0
	70
	5.0
	17

	100GS-0GST (Torrefied 270 °C, 30 min)
	2.0
	45
	6.0
	47

	50GS-50GST (Raw)
	9.0
	68
	6.0
	17

	50GS-50GST (Torrefied 270 °C, 30 min)
	2.5
	46
	6.5
	45

	0GS-100GST (Raw)
	9.5
	67
	6.5
	17

	0GS-100GST (Torrefied 270 °C, 30 min)
	3.0
	47
	7.0
	43



3.2.2 Ultimate Analysis
The ultimate analysis (Table 2) complements the proximate results by highlighting changes in elemental composition. Raw GS and GST had moderate carbon fractions but relatively higher hydrogen and oxygen contents. After torrefaction, carbon content increased significantly, while both hydrogen and oxygen declined, leading to lower O/C and H/C atomic ratios. This compositional shift reflects an energy densification process, as the fuels moved closer to the characteristics of low-rank coals. Among the blends, GS-rich ratios recorded the highest carbon and lowest oxygen fractions, consistent with their higher fixed carbon observed in proximate analysis. In contrast, GST-rich ratios retained relatively higher oxygen, which explains their higher volatile release observed in the TGA curves. Nitrogen and sulfur contents remained consistently low across all samples, implying low potential for NOₓ and SOₓ emissions during combustion. This reinforces the environmental advantage of groundnut residues as clean bioenergy feedstocks.
3.2.3 Higher Heating Value (HHV)
The higher heating value results (Table 2) align closely with the proximate and ultimate analyses. Torrefied GS recorded the highest HHV, a direct result of its elevated carbon and fixed carbon contents and lower oxygen fraction, this was also concirmedconfirmed by Zhang et al., (2018). GST also experienced HHV improvements after torrefaction, though its values remained lower than GS due to its relatively higher oxygen and volatile contents, Chen, et al., also had similar obsevationsobservations about stalk and its effect on the yield and quality of pyrolysis products. Blended samples exhibited intermediate values, with the 50:50 and 75:25 GS:GST ratios achieving a balance between energy density and combustion uniformity. This balance is particularly important for pelletization, as it ensures both stable combustion (from GS) and reliable ignition (from GST). The implication is that GS-rich blends are best suited for sustained energy output in domestic and small-scale industrial boilers, while GST-rich blends are better for quick ignition applications but may require improved air management to minimize smoke emissions. Taken together, the proximate, ultimate, and HHV analyses confirm that torrefaction significantly improves the fuel quality of groundnut residues. By lowering volatiles and oxygen, and enriching carbon and fixed carbon, torrefaction enhances thermal stability and increases calorific value. The clear differences between GS and GST highlight the importance of blending strategies:
GS-rich blends (≥75% GS): Higher HHV, lower volatiles, cleaner and more stable combustion. GST-rich blends (≥75% GST): Easier ignition, stronger initial flames, but higher volatile emissions. Balanced blends (50:50): Good compromise between ignition ease, energy density, and combustion stability. These implications position torrefied GS and GST blends as promising feedstocks for renewable bioenergy applications, with GS-rich blends particularly suited for low-emission, high-energy-density uses, aligning with the objectives of sustainable energy development. This finding is in line with the work of Zheng et al., (2013.)
Table 2. Ultimate analysis and HHV of raw and torrefied samples
	        Sample Code
	C (%)
	H (%)
	N (%)
	S (%)
	O (%)
	HHV (MJ/kg)

	100GS-0GST (Raw)
	45
	5.0
	1.0
	0.1
	48.9
	18.0

	100GS-0GST (Torrefied 270 °C, 30 min)
	60
	4.2
	0.8
	0.08
	34.9
	24.0

	50GS-50GST (Raw)
	44
	5.1
	1.2
	0.1
	49.6
	17.5

	50GS-50GST (Torrefied 270 °C, 30 min)
	59
	4.3
	0.9
	0.09
	35.7
	23.5

	0GS-100GST (Raw)
	43
	5.2
	1.2
	0.1
	50.5
	17.0

	0GS-100GST (Torrefied 270 °C, 30 min)
	58
	4.4
	1.0
	0.1
	36.5
	23.0


Note: Oxygen calculated by difference.
3.3 3.3 Torrefaction Yields
The torrefaction performance indices mass yield, energy yield, and energy densification ratio (EDR) are presented in Table 3 and illustrated in Figures 3 – 5 for all GS:GST blend ratios at two torrefaction temperatures (270 °C and 290 °C). The results clearly demonstrate the trade-off between solid mass retention and fuel quality enhancement as torrefaction severity increases.
3.3.1 Mass yield 
Mass yield decreased with increasing temperature across all blends (Figure 3). Raw samples retained their original mass (100%), but at 270 °C, yields dropped to 73.5% (100:0 GS:GST), 71.2% (75:25), 69.8% (50:50), 68.4% (25:75), and 67.1% (0:100). At 290 °C, further reductions were observed, with yields of 61.3% (100:0), 59.7% (75:25), 58.2% (50:50), 56.9% (25:75), and 55.5% (0:100). This progressive reduction is attributed to the volatilization of hemicellulose and light organics. The slightly higher mass retention in GS-rich blends reflects the higher lignin fraction of groundnut shells compared to stalks.
3.3.2 Energy yield 
Energy yield also declined with severity (Figure 3), but remained higher than mass yield, indicating preferential retention of energy-rich lignin and fixed carbon. At 270 °C, energy yields were 85.2% (100:0), 83.5% (75:25), 81.7% (50:50), 80.1% (25:75), and 78.6% (0:100). At 290 °C, the values decreased further to 72.5% (100:0), 70.8% (75:25), 69.3% (50:50), 68.1% (25:75), and 66.4% (0:100). These results confirm that although torrefaction reduces solid mass, the retained fraction is more energy-dense.
3.3.3 Energy densification ratio (EDR), 
Energy densification ratio shown in Figure 3, increased significantly with severity, highlighting the improvement in fuel quality. At 270 °C, EDR values ranged from 1.16 (0:100) to 1.20 (100:0), while at 290 °C they rose further, ranging from 1.30 (0:100) to 1.34 (100:0). GS-rich blends consistently recorded higher EDR values, reflecting their superior energy upgrading potential. The 75:25 blend provided the most balanced performance, achieving 59.7% mass yield, 70.8% energy yield, and an EDR of 1.32 at 290 °C, which makes it attractive for practical fuel applications.
At moderate severity (270 °C), relatively high mass yield is preserved (about 70%) while achieving meaningful energy enrichment, making this condition suitable in contexts where fuel availability is a constraint. At higher severity (290 °C), although mass yield drops to about 55–61%, the product becomes substantially more energy-dense and coal-like, which is desirable for high-efficiency combustion systems. GS-rich blends, especially 100:0 and 75:25, demonstrated superior energy upgrading, making them more suitable where high HHV and stable combustion are priorities. By contrast, GST-rich blends (25:75 and 0:100), while lower in densification, may be better suited for quick ignition applications due to their higher volatile retention.
These results confirm that torrefaction systematically transforms groundnut residues into more carbon-rich, energy-dense fuels, with GS-rich blends providing the greatest benefit. These findings provide a foundation for selecting optimal torrefaction conditions and blending strategies to balance fuel availability, combustion stability, and energy efficiency in domestic and small-scale industrial applications. The observation made in this study was in line with literature that revealed that solid yields decrease as the torrefaction temperature increase (Odusote et al., 2019)












Figure 3: Mass yield, Energy yield and Energy density ratio
Conclusions
Torrefaction reduced mass yield significantly to as low as about 55% at 290 °C, but preferentially retained energy-rich carbon, resulting in energy yields above 65% and energy densification ratios (EDR) exceeding 1.30 for GS-rich blends. This confirms torrefaction as an effective upgrading process that converts low-density agricultural residues into compact, energy-dense fuels suitable for thermal applications. The proximate and ultimate analyses reinforced these findings by showing reduced moisture and volatile matter, increased fixed carbon, and higher elemental carbon content after torrefaction. These changes corresponded to lower O/C and H/C ratios, indicating improved thermal stability and combustion efficiency. The higher heating values (HHV) further confirmed this improvement, with GS-rich blends achieving the greatest calorific enhancement, while GST-rich blends, though lower in HHV, offered improved ignition due to their higher volatile fraction. This findings establish that torrefaction systematically improves the fuel quality of groundnut residues, with GS-rich blends (100:0 and 75:25 GS:GST) emerging as the most energy-dense and stable options, while GST-rich blends contribute easier ignition but require careful combustion management. These findings provide a solid foundation for selecting optimal torrefaction conditions and blending ratios for domestic cooking, small-scale industrial boilers, and other bioenergy applications, contributing directly to sustainable and cleaner energy production.     
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