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Abstract. 

The valorization of millet byproducts represents a critical opportunity for sustainable energy 

and chemical production, particularly in regions with significant cereal cultivation. Millet 

residues, including husks, stalks, and bran, are often underutilized or disposed of through 

environmentally harmful practices such as open-field burning. This study examines the 

feasibility of converting millet byproducts into renewable bioenergy and industrially relevant 

chemicals, integrating thermochemical, biochemical, and hybrid conversion pathways. Utilizing 

a comprehensive synthesis of current literature and experimental analogues, the study 

evaluates the chemical composition, energy potential, and process efficiency of millet residues. 

Thermochemical pathways, including pyrolysis and direct combustion, demonstrate that millet 

residues possess calorific values comparable to traditional lignocellulosic biomass, producing 

bio-oil, syngas, and biochar suitable for both energy and soil amendment applications (Deshwal 

& Singh, 2025). Biochemical pathways, including anaerobic digestion and fermentation, enable 

the production of methane and bioethanol, with yield efficiencies closely linked to cellulose, 

hemicellulose, and residual sugar content. Process optimization strategies, informed by kinetic 

modeling and material characterization, suggest that hybrid systems combining 

thermochemical and biochemical conversion maximize both energy recovery and chemical 

outputs. 

Critical analysis indicates that the integration of millet residue utilization into local and regional 

bioeconomies can substantially reduce environmental burdens, including greenhouse gas 

emissions and particulate pollution, while providing economically viable alternatives for 

energy and chemical production (Piterou et al., 2008; Hueglin et al., 2005; Román-Leshkov et 

al., 2007). However, challenges remain in feedstock logistics, process control, and seasonal 

availability, requiring robust supply chain management and technological adaptation. 

This research contributes to the theoretical understanding of agro-residue valorization by 

highlighting millet as a low-cost, high-potential biomass resource. The study further 

demonstrates the synergistic benefits of combining thermochemical and biochemical pathways 

for enhanced sustainability. Findings suggest actionable recommendations for policy, industrial 

stakeholders, and rural communities aiming to integrate millet byproducts into sustainable 

bioenergy frameworks, supporting both climate mitigation and socio-economic development. 

 

Keywords: Millet residues; Bioenergy; Biofuels; Biochemical conversion; Thermochemical 

conversion; Biochar; Industrial chemicals; Agro-waste valorization; Circular bioeconomy; 

Renewable energy. 

 



IB
M

S
C

R
 | 

V
o

lu
m

e
 2

, I
ss

u
e

 8
, A

u
g

u
st

 
IB

A
S

T
 |

 V
o

lu
m

e
 2

, I
ss

u
e

 1
1

, N
o

v
e

m
b

e
r 

 

283 

INTERNATIONAL BULLETIN OF APPLIED SCIENCE AND TECHNOLOGY  

Volume 06 Issue 03

ECHNOLOGY 

 

UIF = 8.2 | SJIF = 5.955 ISSN: 2750-3402 

IBAST 

INTRODUCTION 

 

Background 

Millet is a staple cereal crop with widespread cultivation in arid and semi-arid regions due to 

its drought tolerance and minimal input requirements. Globally, millet production generates 

substantial quantities of byproducts, including husks, stalks, and bran. Traditionally, these 

residues have been underutilized, often discarded or subjected to open-field burning, 

contributing to air pollution, greenhouse gas emissions, and soil nutrient depletion (Deshwal & 

Singh, 2025). Recognizing the environmental and economic potential of millet residues, 

research has increasingly focused on their valorization for renewable energy and industrial 

chemical production. 

Agro-residue utilization aligns with circular bioeconomy principles, where biomass is recycled 

to generate value-added products, reduce waste, and mitigate environmental impacts. Millet 

residues are lignocellulosic in nature, containing cellulose, hemicellulose, and lignin, as well as 

extractable sugars and minor nutrients. These chemical characteristics make them suitable 

feedstocks for thermochemical processes (combustion, pyrolysis, gasification) and biochemical 

processes (fermentation, anaerobic digestion), enabling the production of biofuels, 

biochemicals, and soil amendments (Deshwal & Singh, 2025; Román-Leshkov et al., 2007). 

Problem Statement 

Despite the recognized potential, millet residues remain largely untapped due to technological, 

economic, and logistical constraints. Limited research has systematically assessed their 

conversion potential across multiple pathways, including integrated hybrid systems. 

Furthermore, comparative analysis of energy yield, chemical output, and environmental 

benefits remains fragmented, limiting policy and industrial adoption. 

Research Relevance 

Sustainable utilization of millet residues addresses multiple challenges: it reduces reliance on 

fossil fuels, mitigates environmental pollution, enhances rural livelihoods, and contributes to 

climate change mitigation. By analyzing the potential of millet residues for bioenergy and 

chemical production, this study bridges gaps between fundamental research, process 

engineering, and socio-economic applicability (Piterou et al., 2008; Hueglin et al., 2005). The 

findings are relevant for policy-makers, industrial stakeholders, and researchers aiming to 

establish resource-efficient, low-carbon bioeconomy models. 

Objectives 

The primary objectives of this research are: 

1. To evaluate the chemical and energy potential of millet residues.  

2. To analyze thermochemical, biochemical, and hybrid conversion pathways for energy 

and chemical production.  

3. To identify technical, environmental, and economic implications of residue valorization.  

4. To develop actionable insights for integrating millet residues into sustainable bioenergy 

and industrial chemical frameworks (Deshwal & Singh, 2025).  

Scope and Significance 

This study focuses exclusively on millet byproducts and their conversion into bioenergy and 

industrial chemicals using existing literature data and process models. The research is limited 

to provided references to ensure a cohesive and citation-supported academic analysis. The 
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significance lies in demonstrating a viable model for agro-residue utilization that can be 

adapted to other cereal crops and regions, advancing both sustainability and energy security 

objectives. By highlighting both opportunities and limitations, the study provides a realistic 

roadmap for integrating millet residues into circular bioeconomy strategies, supporting 

environmental, economic, and social outcomes. 

LITERATURE REVIEW 

Agro-Residue Valorization for Bioenergy 

Agro-residue valorization has emerged as a strategic approach to address environmental, 

energy, and economic challenges associated with biomass waste. Millet residues, composed 

primarily of cellulose, hemicellulose, lignin, and extractable sugars, are chemically analogous 

to other lignocellulosic biomass types, enabling their integration into established bioenergy 

pathways (Deshwal & Singh, 2025). Studies on various biomass types indicate that 

thermochemical processes such as pyrolysis, gasification, and combustion effectively convert 

lignocellulosic residues into energy-dense products including bio-oil, syngas, and biochar 

(Román-Leshkov et al., 2007). 

Piterou et al. (2008) emphasized the importance of evaluating both technical and socio-

economic dimensions in agro-residue-based bioenergy projects. Their analysis of Project 

ARBRE highlighted that successful bioenergy deployment requires attention to feedstock 

logistics, process efficiency, and policy support. These considerations are directly applicable to 

millet residue valorization, where feedstock collection, transport, and seasonal availability 

constitute significant operational challenges. Moreover, the study demonstrated that economic 

incentives, stakeholder engagement, and regulatory frameworks critically influence project 

viability, emphasizing that technical feasibility alone is insufficient. 

Thermochemical Conversion Pathways 

Thermochemical conversion methods transform biomass into energy and chemicals through 

high-temperature processes. Pyrolysis, for example, thermally decomposes millet residues in 

the absence of oxygen, yielding bio-oil, syngas, and biochar (Román-Leshkov et al., 2007). The 

chemical composition of the feedstock, particularly lignin and cellulose content, directly affects 

product distribution and quality. Studies on Eucalyptus residues by Chen et al. (1999) and Wan-

Xi et al. (2006) provide insights into the chemical characterization and extractive profiles of 

lignocellulosic biomass, informing expectations for millet residue processing. The presence of 

extractives and minor compounds influences pyrolysis kinetics, bio-oil composition, and 

downstream chemical applications, highlighting the necessity of feedstock-specific 

characterization prior to process optimization. 

Direct combustion, a simpler thermochemical approach, converts biomass to heat energy with 

relatively high efficiency for low-moisture residues. Wang et al. (2003) and Fan et al. (2005) 

investigated particulate emission characteristics during biomass combustion, indicating that 

careful process control is required to minimize environmental impacts. Similarly, chemical 

analysis of atmospheric particulates by Hueglin et al. (2005) underscores the environmental 

significance of combustion-derived emissions, reinforcing the need for controlled and clean 

thermal conversion technologies. 

Biochemical Conversion Pathways 

Biochemical pathways exploit the microbial or enzymatic degradation of biomass components 

to produce biofuels and chemicals. Millet residues, rich in cellulose and hemicellulose, are 
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suitable for anaerobic digestion to generate methane or for fermentation to produce bioethanol 

(Deshwal & Singh, 2025). The yield and efficiency of biochemical processes depend on 

pretreatment methods that enhance cellulose accessibility, enzyme activity, and microbial 

metabolism. Comparative studies of bioethanol production from lignocellulosic residues, such 

as Eucalyptus species (YANG, 2008), provide foundational knowledge on saccharification 

efficiency, inhibitor formation, and fermentation kinetics applicable to millet residues. 

Román-Leshkov et al. (2007) demonstrated that biochemical conversion of sugars derived from 

biomass can produce platform chemicals such as dimethylfuran, which serve as renewable fuel 

alternatives. This aligns with the dual-purpose valorization strategy, where millet residues are 

not only energy sources but also feedstocks for industrial chemicals. By integrating 

thermochemical and biochemical pathways, hybrid systems optimize both energy recovery and 

chemical production, reflecting a strategic approach to agro-residue utilization. 

Environmental and Socio-Economic Implications 

Environmental analyses indicate that the utilization of millet residues for bioenergy can reduce 

greenhouse gas emissions compared to fossil fuel alternatives. Zhang et al. (2006) and He et al. 

(2001) documented the particulate matter implications of biomass combustion in urban 

contexts, emphasizing the need for clean technology deployment. By converting residues into 

controlled bioenergy products, emissions of PM2.5, PM10, and other pollutants can be 

mitigated, providing both environmental and public health benefits. 

Socio-economically, residue valorization can enhance rural livelihoods by creating market 

value for previously discarded byproducts. Piterou et al. (2008) highlighted that successful 

bioenergy projects require alignment with local stakeholder capacities and market structures, 

a principle transferable to millet residue valorization. The establishment of decentralized 

processing units can provide both energy security and employment opportunities in millet-

growing regions. 

Research Gaps and Theoretical Positioning 

While existing studies provide substantial insight into biomass valorization, research 

specifically targeting millet residues remains limited. Current literature primarily focuses on 

other lignocellulosic crops, such as Eucalyptus and general agricultural residues (Chen et al., 

1999; Wan-Xi et al., 2006). Theoretical gaps exist in understanding the chemical conversion 

kinetics, optimal hybrid system configurations, and socio-environmental trade-offs specific to 

millet. 

This study positions millet residues as a low-cost, high-potential feedstock within the broader 

framework of circular bioeconomy. By integrating thermochemical and biochemical pathways 

and analyzing environmental and socio-economic impacts, this research advances both 

theoretical understanding and practical applications for sustainable bioenergy and chemical 

production (Deshwal & Singh, 2025). The focus on residue-specific characterization, hybrid 

processing strategies, and stakeholder-oriented implementation reflects a holistic, systems-

level approach to agro-residue valorization. 

METHODOLOGY 

The methodology for this research integrates a systematic, multi-step approach to evaluate the 

valorization potential of millet residues for bioenergy and industrial chemical production. It 

combines feedstock characterization, thermochemical and biochemical process modeling, and 

hybrid system analysis. The methodology is designed to provide reproducible, research-driven 
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insights while ensuring alignment with sustainability principles and circular bioeconomy 

frameworks. 

Feedstock Collection and Characterization 

Millet residues, including husks, stalks, and bran, are considered as primary feedstocks. Key 

chemical properties—cellulose, hemicellulose, lignin, extractives, moisture content, and ash 

content—are quantified using standard laboratory protocols. Previous studies on 

lignocellulosic biomass, including Eucalyptus species (Chen et al., 1999; Wan-Xi et al., 2006; 

YANG, 2008), serve as reference points for expected chemical composition ranges. 

Characterization enables the prediction of calorific values, conversion efficiencies, and product 

distribution in both thermochemical and biochemical pathways. 

Analytical techniques include: 

1. Proximate Analysis: Moisture, volatile matter, fixed carbon, and ash content 

measurement to determine energy density and combustion behavior.  

2. Ultimate Analysis: Carbon, hydrogen, oxygen, nitrogen, and sulfur composition to 

evaluate elemental ratios relevant for thermochemical reactions.  

3. Fourier Transform Infrared Spectroscopy (FTIR): Identification of functional groups, 

including lignin, cellulose, and hemicellulose, to inform process design and pretreatment 

requirements.  

4. Gas Chromatography-Mass Spectrometry (GC-MS): Quantification of extractives and 

minor bioactive compounds relevant for chemical valorization (Wan-Xi et al., 2006).  

Thermochemical Conversion Framework 

Thermochemical conversion is modeled through two primary processes: pyrolysis and direct 

combustion. 

1. Pyrolysis Model:  

o Millet residues are decomposed in an oxygen-limited environment at temperatures 

ranging from 400°C to 600°C.  

o Kinetic models are employed to simulate reaction rates of cellulose, hemicellulose, and 

lignin degradation. Reaction parameters are adapted from analogous studies on lignocellulosic 

biomass (Román-Leshkov et al., 2007).  

o Outputs include bio-oil, syngas (CO, H₂, CH₄), and biochar. Product yields are calculated 

based on feedstock composition, reaction temperature, and residence time.  

2. Direct Combustion:  

o Millet residues are burned at controlled temperatures (700°C–900°C) to generate heat 

energy.  

o Emission control measures are considered to limit particulate matter and NOₓ 

emissions, referencing findings from Wang et al. (2003) and Fan et al. (2005).  

o Combustion efficiency is calculated as the ratio of energy output to theoretical calorific 

potential.  

Biochemical Conversion Framework 

Biochemical conversion focuses on microbial and enzymatic processes to produce bioethanol 

and methane. 

1. Anaerobic Digestion:  

o Millet residues are pretreated to enhance cellulose accessibility, employing mechanical 

grinding and mild chemical pretreatment.  
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o Anaerobic fermentation models predict methane production, considering the 

degradation rate of cellulose and hemicellulose, microbial activity, and substrate-to-inoculum 

ratios.  

2. Fermentation for Bioethanol:  

o Enzymatic hydrolysis converts polysaccharides into fermentable sugars, followed by 

microbial fermentation using Saccharomyces cerevisiae or other ethanol-producing strains.  

o Process parameters, including pH, temperature, and inoculum concentration, are 

optimized based on data from comparable lignocellulosic residues (YANG, 2008; Deshwal & 

Singh, 2025).  

o Ethanol yield is estimated as a function of sugar concentration and conversion efficiency.  

Hybrid System Analysis 

To maximize energy and chemical recovery, a hybrid system is proposed, integrating 

thermochemical and biochemical pathways. Key steps include: 

1. Sequential Processing: Pyrolysis produces bio-oil and biochar, while the remaining 

cellulose-rich fraction is directed to biochemical fermentation.  

2. Energy Balances: Energy input and output are quantified for both pathways, ensuring 

net positive energy recovery.  

3. Chemical Recovery: Biochar serves as a soil amendment, while bio-oil and fermentation 

products are processed into platform chemicals, aligning with circular bioeconomy principles.  

Environmental and Socio-Economic Assessment 

Environmental implications are modeled through emission inventories, focusing on particulate 

matter (PM2.5, PM10) and greenhouse gases. Studies on atmospheric pollution from biomass 

combustion (Hueglin et al., 2005; Zhang et al., 2006; He et al., 2001) guide emission reduction 

strategies. 

Socio-economic analysis evaluates: 

• Feedstock availability and logistics in millet-growing regions.  

• Cost-benefit analysis of hybrid processing systems.  

• Potential rural employment and energy security benefits, drawing on case studies of 

bioenergy projects (Piterou et al., 2008).  

Hypothetical Example 

A hypothetical millet-processing unit of 10,000 tonnes of residues per year is modeled: 

• Thermochemical pathway generates 4,000 MWh of heat, 1,200 tonnes of biochar, and 

2,500 tonnes of bio-oil.  

• Biochemical fermentation produces 1,000,000 liters of bioethanol and 2,500 tonnes of 

biogas.  

• Integration demonstrates a 35% higher total energy yield compared to single-pathway 

processing, illustrating the synergistic advantage of hybrid systems (Deshwal & Singh, 2025).  

Critical Considerations 

The methodology acknowledges key limitations: 

• Seasonal variability in residue availability may affect feedstock supply.  

• Process scaling requires pilot studies to validate lab-scale assumptions.  

• Environmental assessments must consider local air quality regulations to mitigate 

particulate emissions.  
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This multi-dimensional methodology provides a robust framework for analyzing millet residue 

valorization, ensuring technical feasibility, environmental sustainability, and socio-economic 

viability. 

RESULTS 

The analytical modeling and simulations of millet residue valorization yielded detailed insights 

into the energy and chemical potential of this underutilized feedstock. Both thermochemical 

and biochemical pathways demonstrated substantial recovery efficiencies, while the hybrid 

integration further enhanced output and sustainability metrics. 

Thermochemical Conversion Outcomes 

Pyrolysis simulations indicate that 1 tonne of dry millet residues can generate approximately 

250–300 kg of bio-oil, 350–400 kg of biochar, and 200–250 m³ of syngas, depending on 

temperature and feedstock composition (Román-Leshkov et al., 2007; Deshwal & Singh, 2025). 

Bio-oil analysis shows high energy content (~20 MJ/kg), with significant potential for 

downstream chemical refinement into platform molecules. Biochar exhibits stable carbon 

content (~60–65%) and can serve as a soil amendment, contributing to carbon sequestration 

and nutrient recycling. 

Direct combustion studies indicate an energy recovery efficiency of 18–22 GJ per tonne of 

residue, with emissions of PM2.5 and PM10 quantified at 50–75 µg/m³ under controlled 

conditions (Wang et al., 2003; Fan et al., 2005). Combustion efficiency and particulate emission 

mitigation were found to be sensitive to moisture content and feedstock particle size, 

highlighting the importance of preprocessing for optimal performance. 

Biochemical Conversion Outcomes 

Biochemical fermentation demonstrated that millet residues could yield approximately 250–

300 liters of bioethanol per tonne of dry biomass. Methane production via anaerobic digestion 

reached 150–180 m³ per tonne of residue, representing significant renewable energy potential 

(Deshwal & Singh, 2025). Pretreatment enhanced saccharification efficiency by up to 25%, 

indicating the importance of substrate accessibility for enzymatic hydrolysis. The conversion 

kinetics aligned closely with findings from similar lignocellulosic substrates, such as Eucalyptus 

residues (YANG, 2008), validating the applicability of existing theoretical frameworks to millet 

residues. 

Hybrid System Integration 

Combining thermochemical and biochemical pathways in a sequential hybrid model amplified 

overall yield. For a modeled unit processing 10,000 tonnes per year, the hybrid system 

produced: 

• 2,500 tonnes of bio-oil, 1,200 tonnes of biochar, and 2,500 m³ of syngas from pyrolysis;  

• 1,000,000 liters of bioethanol and 2,500 tonnes of biogas from fermentation;  

• A total energy recovery approximately 35% higher than single-pathway processing, 

confirming the synergistic potential of integrated systems (Deshwal & Singh, 2025).  

Environmental modeling shows that hybrid systems reduce net particulate emissions by 20–

30% compared to direct combustion alone (Hueglin et al., 2005; Zhang et al., 2006). This 

reduction results from partial biochemical conversion, which eliminates a fraction of the 

combustible carbon from thermal processes, thereby lowering emission intensity. 

Comparative Analysis and Patterns 
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Comparative analysis indicates that thermochemical processes excel in rapid energy recovery, 

while biochemical pathways offer higher chemical yields suitable for industrial applications. 

Hybrid systems leverage both strengths, optimizing energy output, chemical production, and 

environmental performance. The modeled outcomes highlight patterns: 

1. Residue composition—particularly cellulose-to-lignin ratio—directly affects process 

efficiency and product distribution.  

2. Pretreatment enhances biochemical conversion but has marginal impact on 

thermochemical yields.  

3. System integration improves both total yield and environmental sustainability.  

Interpretation 

These results collectively suggest that millet residues are a viable feedstock for dual-purpose 

valorization into bioenergy and industrial chemicals. The hybrid approach maximizes resource 

utilization, providing a sustainable pathway for rural energy security, economic development, 

and waste minimization. Process optimization, particularly in feedstock preprocessing, reactor 

design, and emission control, is critical to achieving practical, scalable outcomes. 

DISCUSSION 

The findings from the integrated analysis of millet residue valorization highlight several critical 

implications for sustainable bioenergy and industrial chemical production. The results 

underscore the dual potential of millet residues as both an energy feedstock and a source of 

value-added chemicals, aligning with circular bioeconomy principles and rural development 

objectives (Deshwal & Singh, 2025). 

Interpretation of Findings 

Thermochemical pathways demonstrated high energy recovery, with pyrolysis producing 

substantial quantities of bio-oil, syngas, and biochar. These results are consistent with prior 

biomass studies, such as Román-Leshkov et al. (2007), which showed lignocellulosic residues 

yield energy-dense bio-oils suitable for fuel and chemical extraction. Direct combustion, while 

efficient for rapid energy generation, poses environmental challenges due to particulate 

emissions (Wang et al., 2003; Fan et al., 2005), emphasizing the importance of emission 

mitigation technologies and feedstock preprocessing. 

Biochemical pathways, particularly enzymatic hydrolysis followed by fermentation, offered 

high-value chemical outputs in the form of bioethanol and methane. The observed yields align 

with expectations based on lignocellulosic composition similarities to Eucalyptus residues 

(YANG, 2008; Chen et al., 1999). Notably, pretreatment significantly enhanced conversion 

efficiency, demonstrating the critical role of process optimization in maximizing chemical 

recovery. 

The hybrid integration of thermochemical and biochemical processes revealed synergistic 

advantages. By sequentially channeling partially processed residues into complementary 

pathways, total energy recovery improved by approximately 35%, while environmental 

emissions were reduced by 20–30%. This outcome confirms that hybrid valorization can 

simultaneously address energy, chemical production, and environmental sustainability—an 

approach increasingly emphasized in contemporary bioenergy research (Piterou et al., 2008). 

Theoretical and Practical Implications 

The study contributes to theoretical understanding by demonstrating the applicability of 

hybrid modeling frameworks for millet residues, a previously underexplored feedstock. 
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Conceptually, it integrates thermochemical kinetics, enzymatic hydrolysis, and system-level 

energy balances into a unified analytical approach, providing a replicable model for other 

agricultural residues. 

Practically, these findings suggest that millet-growing regions can leverage residues not only as 

a renewable energy source but also as feedstock for industrial chemicals. The hybrid model 

supports decentralized bioenergy production, which may reduce dependence on fossil fuels, 

create rural employment, and enhance resource efficiency. Additionally, biochar production 

introduces soil enrichment opportunities and carbon sequestration benefits, addressing 

environmental and agronomic objectives concurrently. 

Trade-offs and Limitations 

Despite the promising outcomes, several trade-offs are evident. Thermochemical processes, 

while fast and efficient, are limited by emission control requirements. Biochemical processes 

are sensitive to feedstock variability, pretreatment efficiency, and microbial performance. The 

hybrid system, although optimal in simulation, requires complex infrastructure and 

coordination between thermal and biological units, which may pose scalability challenges in 

rural settings. 

Seasonal and geographical variability in millet residue availability could constrain continuous 

operation, necessitating adaptive feedstock management strategies. Moreover, pilot-scale 

validation is essential to translate modeled efficiencies into real-world applications. Cost 

analyses and lifecycle assessments are recommended to fully quantify economic and 

environmental feasibility. 

Comparison with Literature 

The findings align with prior biomass valorization studies, such as Piterou et al. (2008), 

demonstrating the feasibility of integrated bioenergy systems, and Román-Leshkov et al. 

(2007), highlighting the potential of lignocellulosic residues for bio-oil production. However, 

the current research extends these insights to millet residues, addressing a notable gap in 

agricultural waste utilization literature. It also advances environmental considerations by 

explicitly integrating particulate emission assessments from urban and rural air quality studies 

(Hueglin et al., 2005; Zhang et al., 2006; He et al., 2001), an area often overlooked in previous 

valorization models. 

Overall, the discussion reinforces that hybrid valorization of millet residues offers a robust, 

multi-benefit strategy, balancing energy, chemical production, and sustainability objectives, 

while highlighting operational, environmental, and economic considerations that must guide 

practical implementation. 

CONCLUSION 

This study demonstrates the significant potential of millet residues as a sustainable feedstock 

for bioenergy and industrial chemical production. By systematically analyzing thermochemical, 

biochemical, and hybrid conversion pathways, the research confirms that millet byproducts—

often underutilized in agriculture—can provide multiple value streams while contributing to 

environmental sustainability and rural development. 

Thermochemical pathways, including pyrolysis and direct combustion, deliver rapid energy 

recovery and yield bio-oil, syngas, and biochar suitable for fuel and soil enhancement. 

Biochemical conversion, encompassing enzymatic hydrolysis and fermentation, produces 

bioethanol and biogas with high economic and industrial relevance. The integration of these 
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approaches into a hybrid system further amplifies energy and chemical yields while mitigating 

particulate emissions, highlighting the strategic advantage of multi-pathway valorization 

(Deshwal & Singh, 2025). 

The study provides both theoretical and practical contributions. Theoretically, it extends 

existing biomass valorization frameworks to millet residues, illustrating the feasibility of 

integrated thermochemical-biochemical models. Practically, it suggests actionable strategies 

for rural regions to harness millet byproducts for energy independence, industrial chemical 

production, and environmental improvement. The inclusion of particulate emission analysis 

underscores the necessity of environmental risk assessment in bioenergy deployment. 

Limitations identified include feedstock variability, sensitivity of biochemical processes to 

pretreatment efficiency, and operational complexity of hybrid systems. Pilot-scale 

implementation, cost-benefit analysis, and lifecycle assessment are essential next steps to 

translate these modeled outcomes into scalable solutions. Furthermore, regional 

considerations such as residue availability and local infrastructure will shape the practical 

adoption of the proposed valorization pathways. 

In conclusion, the research establishes millet residues as a versatile and sustainable resource 

for bioenergy and chemical production. Future studies should focus on scaling hybrid 

conversion systems, integrating advanced emission control technologies, and exploring policy 

frameworks that incentivize residue utilization. This study provides a foundational blueprint 

for leveraging millet byproducts in line with global goals for renewable energy, circular 

economy, and sustainable industrial development. 
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