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Abstract 

Biomass energy represents one of the oldest and most versatile renewable energy sources available to humanity. As 
global energy demands increase and concerns about climate change intensify, biomass has emerged as a promising 
alternative to fossil fuels. This paper examines the fundamental principles of biomass energy, conversion technologies, 
environmental impacts, economic viability, current applications, and future prospects. Through comprehensive analysis 
of pre-2019 literature, this study demonstrates that biomass energy can play a significant role in the global transition 
toward sustainable energy systems, provided that sustainability concerns related to land use, emissions, and resource 
management are adequately addressed. 
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1 Introduction 

The global energy landscape is undergoing a fundamental transformation driven by the dual imperatives of meeting 
growing energy demand and mitigating climate change. Fossil fuels, which currently account for approximately 80% of 
global primary energy consumption, are finite resources that contribute significantly to greenhouse gas emissions 
(McKendry, 2002). In this context, renewable energy sources have gained prominence as viable alternatives for 
sustainable energy production. 

Biomass energy, derived from organic materials of recent biological origin, represents the fourth-largest energy source 
globally after coal, oil, and natural gas (Demirbas, 2001). Unlike fossil fuels formed over millions of years, biomass is 
continuously replenished through photosynthesis, making it a renewable resource. The International Energy Agency 
estimates that biomass accounts for approximately 10-14% of global primary energy supply, with traditional uses in 
developing countries comprising the majority (IEA, 2017). 

The fundamental advantage of biomass energy lies in its carbon-neutral potential. During combustion or conversion 
processes, biomass releases carbon dioxide that was recently absorbed from the atmosphere during plant growth, 
theoretically resulting in no net increase in atmospheric CO₂ (Parikka, 2004). However, the actual carbon footprint 
depends on various factors including cultivation methods, transportation distances, and conversion efficiency. 

Biomass feedstocks encompass a diverse range of materials including energy crops (e.g., switchgrass, miscanthus), 
agricultural residues (e.g., corn stover, wheat straw), forestry residues (e.g., wood chips, sawdust), municipal solid 
waste, and animal waste (Demirbas, 2004). This diversity allows for regional adaptation and utilization of locally 
available resources. 

http://creativecommons.org/licenses/by/4.0/deed.en_US
https://wjarr.com/
https://doi.org/10.30574/wjarr.2022.14.1.0304
https://crossmark.crossref.org/dialog/?doi=10.30574/wjarr.2022.14.1.0304&domain=pdf


World Journal of Advanced Research and Reviews, 2022, 14(01), 654-664 

655 

Table 1 Classification of Biomass Feedstocks 

Category Examples Typical Moisture Content 
(%) 

Energy Density 
(MJ/kg) 

Energy Crops Switchgrass, Miscanthus, Willow 10-20 17-19 

Agricultural 
Residues 

Corn stover, Wheat straw, Rice 
husks 

10-15 15-17 

Forestry Residues Wood chips, Bark, Sawdust 20-50 12-19 

Animal Waste Manure, Poultry litter 60-90 2-8 

Municipal Solid 
Waste 

Organic fraction, Paper, 
Cardboard 

20-40 10-16 

Source: Adapted from McKendry (2002) and Demirbas (2004) 

This paper aims to provide a comprehensive overview of biomass energy as a renewable power source, examining the 
technologies available for conversion, environmental implications, economic considerations, and the role biomass can 
play in future energy systems. 

2 Biomass Conversion Technologies 

Biomass can be converted to useful energy forms through various technological pathways, broadly categorized into 
thermochemical, biochemical, and physicochemical processes. The choice of conversion technology depends on 
feedstock characteristics, desired end products, scale of operation, and economic considerations. 

2.1 Thermochemical Conversion 

Thermochemical conversion processes utilize heat and chemical reactions to transform biomass into energy-dense 
products. The primary thermochemical pathways include combustion, gasification, pyrolysis, and liquefaction. 

Combustion is the most straightforward and widely used method, involving the complete oxidation of biomass in excess 
air at temperatures between 800-1000°C (McKendry, 2002). Direct combustion accounts for approximately 97% of 
bioenergy production worldwide (Demirbas, 2001). Modern biomass combustion systems achieve thermal efficiencies 
of 20-40% in power generation applications, comparable to small-scale coal-fired plants. 

Gasification converts biomass into a combustible gas mixture (syngas) primarily composed of carbon monoxide, 
hydrogen, and methane through partial oxidation at temperatures between 800-900°C (Bridgwater, 2003). Gasification 
offers several advantages over direct combustion, including higher conversion efficiency (up to 60%), reduced 
emissions, and the versatility of syngas for power generation, heat production, or as a feedstock for liquid fuel synthesis. 
The primary gasification reactions can be represented as: 

• C + O₂ → CO₂ (Combustion) 
• C + CO₂ → 2CO (Boudouard reaction) 
• C + H₂O → CO + H₂ (Water-gas reaction) 

Pyrolysis involves thermal decomposition of biomass in the absence of oxygen at temperatures ranging from 300-700°C, 
producing solid char, liquid bio-oil, and combustible gases (Bridgwater et al., 1999). Fast pyrolysis, characterized by 
rapid heating rates and short vapor residence times, maximizes liquid yield (60-75 wt%) and has attracted significant 
research interest. Bio-oil can be upgraded to transportation fuels or used directly in stationary combustion applications, 
though its high oxygen content and acidity present challenges. 

2.2 Biochemical Conversion 

Biochemical conversion utilizes microorganisms or enzymes to break down biomass through biological processes, 
primarily anaerobic digestion and fermentation. Anaerobic digestion employs microorganisms to decompose organic 
matter in oxygen-free environments, producing biogas composed primarily of methane (50-75%) and carbon dioxide 
(25-50%) (Weiland, 2010). The process occurs through four stages: hydrolysis, acidogenesis, acetogenesis, and 
methanogenesis. Anaerobic digestion is particularly suitable for wet feedstocks with moisture content exceeding 80%, 



World Journal of Advanced Research and Reviews, 2022, 14(01), 654-664 

656 

including animal manure, sewage sludge, and food waste. Biogas can be used directly for heat and power generation or 
upgraded to biomethane for injection into natural gas grids or use as vehicle fuel. 

Fermentation converts sugars and starches into alcohols, primarily ethanol, using yeast or bacteria. First-generation 
bioethanol production utilizes food crops such as corn and sugarcane, while second-generation processes target 
lignocellulosic biomass (agricultural and forestry residues) (Balat, 2011). The latter requires pretreatment and 
enzymatic hydrolysis to release fermentable sugars from cellulose and hemicellulose, making the process more complex 
and costly. Ethanol production can be represented by the simplified equation: 

C₆H₁₂O₆ → 2C₂H₅OH + 2CO₂ 

 

Figure 1 Schematic Representation of Biomass Conversion Pathways 

Table 2 Comparison of Major Biomass Conversion Technologies 

Technology Operating 
Temperature (°C) 

Primary 
Products 

Conversion 
Efficiency (%) 

Suitable Feedstock 
Moisture (%) 

Combustion 800-1000 Heat, Electricity 20-40 <50 

Gasification 800-900 Syngas, Heat, 
Electricity 

40-60 <15 

Pyrolysis 300-700 Bio-oil, Char, Gas 50-70 <10 

Anaerobic 
Digestion 

30-60 Biogas, Digestate 50-70 >80 

Fermentation 30-35 Ethanol, CO₂ 80-95 Variable 

Source: Compiled from McKendry (2002), Bridgwater (2003), and Balat (2011) 
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2.3 Physicochemical Conversion 

Physicochemical processes combine physical and chemical methods for biomass conversion. Transesterification is the 
primary example, used to produce biodiesel from vegetable oils, animal fats, or algal lipids (Demirbas, 2009). The 
process involves reacting triglycerides with an alcohol (typically methanol) in the presence of a catalyst to produce fatty 
acid methyl esters (biodiesel) and glycerol. Biodiesel can be used in conventional diesel engines with minimal 
modifications and offers reduced emissions compared to petroleum diesel. 

3 Environmental Impacts and Sustainability 

The environmental implications of biomass energy are complex and multifaceted, influenced by feedstock selection, 
cultivation practices, conversion technology, and system boundaries. While biomass is often promoted as carbon-
neutral, comprehensive life-cycle assessments reveal nuanced environmental trade-offs. 

3.1 Greenhouse Gas Emissions 

The carbon neutrality assumption for biomass rests on the premise that CO₂ released during combustion is reabsorbed 
by new plant growth. However, actual greenhouse gas (GHG) emissions depend on the complete life cycle, including 
land-use change, cultivation inputs, harvesting, transportation, and processing (Cherubini et al., 2009). Life-cycle 
studies indicate that biomass energy systems can achieve GHG emission reductions of 30-90% compared to fossil fuels, 
depending on feedstock and conversion pathway (Thornley et al., 2009). Second-generation biofuels from agricultural 
and forestry residues generally show superior GHG performance compared to first-generation biofuels from food crops. 
For instance, cellulosic ethanol can reduce emissions by 85-95% relative to gasoline, whereas corn ethanol achieves 
only 10-30% reductions (Hill et al., 2006). Land-use change presents a critical concern. Converting forests or grasslands 
to energy crop production releases substantial carbon stocks, creating a "carbon debt" that may require decades to 
centuries to repay through avoided fossil fuel emissions (Fargione et al., 2008). Consequently, sustainable biomass 
production prioritizes marginal lands, agricultural residues, and waste materials rather than displacing natural 
ecosystems. 

3.2 Air Quality and Emissions 

Biomass combustion emits various air pollutants including particulate matter (PM), nitrogen oxides (NOₓ), carbon 
monoxide (CO), and volatile organic compounds (VOCs). Emission levels vary significantly based on combustion 
technology, fuel quality, and pollution control measures (Nussbaumer, 2003). Modern biomass power plants equipped 
with advanced emission control systems (electrostatic precipitators, baghouse filters, selective catalytic reduction) can 
achieve emission levels comparable to or lower than fossil fuel facilities. However, small-scale residential biomass 
heating and traditional cooking stoves in developing countries contribute substantially to indoor and outdoor air 
pollution, causing significant health impacts (Demirbas, 2004). 

3.3 Water Resources and Land Use 

Biomass production requires water for irrigation and processing, potentially competing with food production and 
ecosystems. Water requirements vary widely among feedstocks, with perennial grasses like switchgrass requiring less 
irrigation than annual crops (Berndes, 2002). Estimates suggest that producing 1 liter of bioethanol requires 1,000-
4,000 liters of water, depending on the crop and regional conditions (Gerbens-Leenes et al., 2009). 

Land requirements for biomass energy also raise sustainability concerns. Meeting projected bioenergy targets could 
require hundreds of millions of hectares globally, intensifying competition for agricultural land and potentially driving 
deforestation (Haberl et al., 2010). Sustainable biomass strategies emphasize high-yielding crops on marginal lands, 
multi-functional landscapes, and cascading use principles where biomass serves material purposes before energy 
recovery. 
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Figure 2 Life-Cycle GHG Emissions Comparison (kg CO₂-eq/GJ) 

3.4 Biodiversity and Ecosystem Services 

Large-scale monoculture energy crop plantations can reduce biodiversity and disrupt ecosystem services compared to 
natural habitats or diverse agricultural systems (Tilman et al., 2006). Conversely, perennial energy crops on former 
cropland may enhance biodiversity relative to annual crops and provide ecosystem services including soil carbon 
sequestration, erosion control, and wildlife habitat. 

Table 3 Environmental Performance Indicators for Selected Biomass Systems 

Biomass System GHG Reduction vs. 
Fossil (%) 

Land Use 
(ha/TJ/yr) 

Water Use 
(m³/GJ) 

Biodiversity Impact 

Forestry Residues 70-90 0.5-1.0 0.5-2 Low (utilizes waste) 

Switchgrass 60-85 1.5-3.0 2-5 Medium-High (perennial) 

Corn Ethanol 10-30 4-6 5-10 Negative (annual crop) 

Sugarcane 
Ethanol 

70-90 2-3 3-6 Medium (intensive) 

Biogas from 
Manure 

80-95 0.1-0.3 1-3 Positive (waste 
utilization) 

Oil Palm Biodiesel 30-60 1-2 2-4 Very Negative 
(deforestation) 

Source: Compiled from Berndes (2002), Cherubini et al. (2009), and Haberl et al. (2010) 

4 Economic Viability and Market Dynamics 

The economic competitiveness of biomass energy depends on feedstock costs, conversion technology efficiency, capital 
investment requirements, operating expenses, policy support, and fossil fuel prices. Economic viability varies 
significantly across regions, technologies, and market conditions. 
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4.1 Cost Structure and Economics 

Feedstock costs typically represent 40-60% of total biomass energy production costs, making feedstock availability and 
price critical determinants of economic feasibility (McKendry, 2002). Agricultural and forestry residues offer cost 
advantages as by-products, with prices ranging from $20-$60 per dry tonne, whereas dedicated energy crops cost $40-
$100 per dry tonne depending on yield and production inputs (Junginger et al., 2006). 

Table 4 Economic Comparison of Biomass Energy Technologies 

Technology Typical Scale 
(MW) 

Capital Cost 
($/kW) 

O&M Cost 
($/MWh) 

LCOE 
($/MWh) 

Capacity Factor 
(%) 

Biomass 
Combustion 

10-50 3,000-4,500 15-25 80-120 70-85 

Biomass 
Gasification 

5-20 3,500-5,000 20-30 100-150 60-75 

Anaerobic 
Digestion 

0.5-5 4,000-6,000 25-40 120-180 80-90 

Bioethanol Plant 100-400 (million 
L/yr) 

1.50-2.50 ($/L 
capacity) 

0.30-0.50 ($/L) 0.70-1.20 
($/L) 

85-95 

Biodiesel Plant 50-200 (million 
L/yr) 

0.80-1.50 ($/L 
capacity) 

0.20-0.40 ($/L) 0.60-1.00 
($/L) 

85-95 

Source: Adapted from IRENA (2012) and Junginger et al. (2006) 

Capital costs for biomass power plants range from $2,000-$5,000 per kW installed capacity, generally higher than 
conventional fossil fuel plants of similar scale (IRENA, 2012). However, economies of scale significantly impact costs, 
with larger facilities (>20 MW) achieving substantially lower per-unit costs than small installations. Combined heat and 
power (CHP) systems improve economic performance by utilizing waste heat, achieving overall efficiencies of 70-90% 
compared to 20-40% for electricity-only generation. 

The levelized cost of electricity (LCOE) from biomass ranges from $60-$180 per MWh, depending on technology, scale, 
and regional conditions (IRENA, 2012). This cost range is competitive with fossil fuel generation in some markets, 
particularly where carbon pricing or renewable energy incentives apply, but remains higher than wind and solar 
photovoltaic in many regions. 

4.2 Policy Support and Market Mechanisms 

Government policies play crucial roles in biomass energy deployment through renewable energy mandates, feed-in 
tariffs, tax credits, carbon pricing, and biofuel blending requirements (Sims et al., 2010). The European Union's 
Renewable Energy Directive, the United States Renewable Fuel Standard, and various national bioenergy strategies 
have driven significant market growth. 

Feed-in tariffs guarantee premium prices for renewable electricity, improving investment certainty for biomass 
projects. Carbon pricing mechanisms, such as the EU Emissions Trading System, enhance biomass competitiveness by 
internalizing fossil fuel emissions costs. However, policy support must carefully balance energy security, climate 
mitigation, and sustainability concerns to avoid unintended consequences such as indirect land-use change or food-fuel 
competition. 

4.3 Employment and Rural Development 

Biomass energy systems generate more jobs per unit energy produced than fossil fuel industries, particularly in rural 
areas where feedstock production and harvesting occur (Domac et al., 2005). Studies estimate that biomass energy 
creates 5-20 jobs per MW installed capacity compared to 1-3 jobs for fossil fuel plants. Employment spans feedstock 
production, harvesting, transportation, conversion facility operation, and equipment manufacturing. This labor 
intensity represents both a social benefit and a cost challenge, though it supports rural economic development and 
energy access in developing countries. 
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5 Current Applications and Global Deployment 

Biomass energy applications range from traditional cooking and heating in developing countries to sophisticated power 
generation and advanced biofuel production in industrialized nations. Global biomass energy utilization reached 
approximately 55 EJ in 2015, accounting for about 10% of total primary energy supply (IEA, 2017). 

5.1 Traditional Biomass Use 

Traditional biomass combustion for cooking and heating, primarily using fuelwood, agricultural residues, and animal 
dung, comprises approximately 60% of global biomass energy use (Demirbas, 2001). An estimated 2.7 billion people 
rely on traditional biomass, predominantly in sub-Saharan Africa and developing Asia. However, inefficient combustion 
in open fires and rudimentary stoves causes indoor air pollution responsible for millions of premature deaths annually. 
Improved cookstove programs and cleaner biomass energy technologies represent critical development priorities. 

5.2 Modern Biomass Power Generation 

Modern biomass electricity generation capacity reached approximately 100 GW globally by 2017, concentrated in 
Europe, the United States, Brazil, China, and India (IRENA, 2018). Dedicated biomass power plants, often utilizing 
forestry residues or agricultural wastes, typically range from 10-50 MW capacity. Co-firing biomass with coal in existing 
power stations provides a cost-effective pathway for renewable energy integration, with some European plants co-firing 
up to 10-15% biomass by energy content. 

Combined heat and power (CHP) applications improve overall efficiency and economic performance, particularly for 
industrial facilities with process heat requirements. The pulp and paper industry exemplifies successful biomass CHP 
integration, utilizing black liquor and wood residues to generate process steam and electricity, often achieving energy 
self-sufficiency. 

 

Figure 3 Global Biomass Energy Consumption by Sector (2017) 

5.3 Transportation Biofuels 

Global biofuel production reached approximately 140 billion liters in 2017, with ethanol and biodiesel comprising 75% 
and 25% respectively (REN21, 2018). The United States leads ethanol production, primarily from corn, followed by 
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Brazil using sugarcane. Biodiesel production concentrates in Europe, Indonesia, and Brazil, utilizing rapeseed oil, palm 
oil, and soybean oil. 

First-generation biofuels from food crops have generated controversy regarding food security, land use, and actual GHG 
emission reductions. Second-generation biofuels from lignocellulosic biomass and waste materials promise improved 
sustainability performance but face technical and economic challenges that have slowed commercial deployment. 
Several demonstration and early commercial cellulosic ethanol facilities began operation in the United States and 
Europe between 2012-2014, though production volumes remain modest relative to conventional biofuels. 

5.4 Biogas and Biomethane 

Anaerobic digestion facilities number in the thousands globally, particularly in Europe, China, and India. Germany alone 
operates over 8,000 agricultural biogas plants producing electricity and heat through CHP systems (Weiland, 2010). 
Biogas applications include: 

• Agricultural digesters: Processing animal manure and energy crops 
• Industrial digesters: Treating food industry waste and wastewater 
• Landfill gas recovery: Capturing methane from municipal solid waste decomposition 
• Sewage treatment: Digesting sewage sludge at wastewater treatment facilities 

Biomethane upgrading, which removes CO₂ and impurities to achieve natural gas quality, enables grid injection and use 
as compressed natural gas (CNG) for vehicles. Several European countries have developed significant biomethane 
industries, with Sweden achieving notable success in powering public transportation with upgraded biogas. 

Table 5 Leading Countries in Biomass Energy Deployment (2017) 

Country Total Biomass Energy 
(EJ) 

Primary Applications Notable Achievements 

United 
States 

4.2 Bioethanol, power generation, industrial 
CHP 

56 billion L ethanol/yr 

Brazil 3.8 Sugarcane ethanol, bagasse power 27 billion L ethanol/yr 

China 8.5 Traditional use, biogas, pellets 17 million household 
digesters 

India 6.2 Traditional use, biogas, power 5 million household 
digesters 

Germany 1.4 Biogas, biodiesel, pellets 8,000+ biogas plants 

Indonesia 2.1 Traditional use, biodiesel 3 billion L biodiesel/yr 

Source: Compiled from IEA (2017) and REN21 (2018) 

6 Future Prospects and Research Directions 

Biomass energy is projected to play an increasingly important role in global energy systems, with potential 
contributions ranging from 100-300 EJ annually by 2050 under various scenarios (IPCC, 2011). Realizing this potential 
requires addressing technical, economic, and sustainability challenges through continued research, development, and 
deployment efforts. 

6.1 Advanced Conversion Technologies 

Research priorities include improving conversion efficiency, reducing costs, and enabling utilization of diverse 
feedstocks. Key development areas include: 

Advanced gasification: Integrating gasification with gas turbine combined cycles could achieve electrical efficiencies 
exceeding 45%, comparable to modern natural gas plants (Bridgwater, 2003). Development of catalysts and reactor 
designs to handle biomass heterogeneity and contaminants remains critical. 
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Fast pyrolysis and bio-oil upgrading: Improving bio-oil stability and developing cost-effective upgrading processes to 
produce drop-in transportation fuels or chemical feedstocks represents a significant research focus (Bridgwater et al., 
1999). Catalytic pyrolysis and hydrotreating show promise for producing high-quality liquid fuels. 

Algae biofuels: Microalgae offer theoretical advantages including high productivity, minimal land requirements, and 
lipid accumulation for biodiesel production. However, significant technical and economic barriers to commercial-scale 
production persist, requiring breakthroughs in cultivation systems, harvesting methods, and downstream processing 
(Chisti, 2007). 

Biochemical conversion advances: Consolidated bioprocessing, which combines cellulase production, hydrolysis, and 
fermentation in a single step using engineered microorganisms, could substantially reduce cellulosic biofuel costs. 
Synthetic biology approaches targeting improved enzyme systems and microbial strains continue advancing (Balat, 
2011). 

6.2 Integration with Emerging Technologies 

Bioenergy with carbon capture and storage (BECCS) represents a potentially transformative approach for achieving 
negative emissions. By capturing and geologically storing CO₂ from biomass conversion, BECCS could remove 
atmospheric carbon while generating energy (Rhodes and Keith, 2008). Climate mitigation scenarios limiting warming 
to 2°C often assume significant BECCS deployment, though practical implementation faces technological, economic, and 
storage capacity challenges. 

Power-to-gas systems could integrate biomass gasification with electrolysis, using renewable electricity to produce 
hydrogen for co-feeding with syngas, enhancing methane yield while storing surplus renewable energy (Götz et al., 
2016). 

Biorefinery concepts pursue integrated production of energy, fuels, chemicals, and materials from biomass, analogous 
to petroleum refineries. Cascading use principles maximize biomass value by extracting high-value products before 
energy recovery. The emerging bioeconomy envisions biomass as a foundation for sustainable chemical and materials 
industries alongside energy applications. 

6.3 Sustainability Certification and Standards 

Ensuring sustainable biomass production requires robust certification schemes addressing GHG emissions, 
biodiversity, soil and water quality, land rights, and social impacts. Organizations such as the Roundtable on Sustainable 
Biomaterials and the Forest Stewardship Council have developed certification frameworks, though comprehensive 
implementation and verification remain challenging (Scarlat and Dallemand, 2011). 

Life-cycle assessment methodologies continue evolving to capture indirect effects including land-use change and soil 
carbon dynamics. Consensus on accounting methods and sustainability thresholds will support informed policymaking 
and investment decisions. 

6.4 Resource Assessment and Sustainable Potential 

Estimating sustainable biomass potential involves complex trade-offs among food production, ecosystem conservation, 
water availability, and energy needs. Global studies suggest sustainable technical potentials ranging from 100-500 EJ 
annually, with substantial uncertainty regarding assumptions about land availability, productivity improvements, and 
sustainability constraints (Haberl et al., 2010). 

Priority strategies for sustainable biomass mobilization include: 

• Utilizing agricultural and forestry residues without compromising soil organic matter 
• Developing marginal and degraded lands for energy crop production 
• Improving agricultural productivity to free land for energy crops 
• Cascading biomass use with energy recovery from waste streams 

• Advancing breeding and biotechnology for higher-yielding, stress-tolerant energy crops 
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Table 6 Projected Biomass Energy Potential and Deployment Scenarios (2050) 

Scenario Global Biomass 
Energy (EJ/yr) 

Share of Primary 
Energy (%) 

Key Applications Critical Requirements 

Conservative 100-150 12-18 Power, heat, biogas Residue mobilization, 
efficiency 

Moderate 150-250 18-30 Power, fuels, 
chemicals 

Energy crops on marginal 
land 

Optimistic 250-350 30-45 Integrated 
biorefineries, BECCS 

Productivity gains, 
sustainable intensification 

6.5 Policy and Investment Needs 

Achieving biomass energy potential requires supportive policy frameworks addressing market failures, internalizing 
externalities, and providing investment certainty. Policy priorities include: 

• Carbon pricing mechanisms reflecting climate mitigation benefits 
• Targeted support for advanced biofuel and biorefinery development 
• Integration of biomass into broader renewable energy and climate strategies 
• International cooperation on sustainability standards and trade 
• Research and development funding for breakthrough technologies 

Private and public investment in biomass energy technologies, infrastructure, and feedstock production systems must 
increase substantially. Risk-sharing mechanisms, loan guarantees, and public-private partnerships can mobilize capital 
for innovative projects and commercial-scale demonstration facilities. 

7 Conclusion 

Biomass energy represents a diverse, versatile renewable resource with significant potential to contribute to global 
energy transitions and climate change mitigation. Unlike other renewables constrained by intermittency, biomass 
provides dispatchable energy and enables production of liquid fuels, heat, and chemicals alongside electricity. The 
global biomass resource base, while substantial, is finite and faces competing demands, necessitating careful resource 
management and prioritization. Technical feasibility of biomass energy conversion is well-established, with mature 
combustion and anaerobic digestion technologies deployed globally and promising advanced pathways under 
development. Economic competitiveness varies significantly by technology, scale, and regional conditions, with policy 
support often required to overcome cost barriers relative to fossil fuels. However, declining conversion costs, carbon 
pricing, and fossil fuel price volatility are improving biomass energy economics. Environmental sustainability remains 
the critical challenge for biomass energy systems. While theoretical carbon neutrality offers climate benefits, actual 
performance depends on comprehensive life-cycle factors including land-use change, cultivation practices, and 
conversion efficiency. Sustainable biomass strategies must prioritize residue utilization, marginal land development, 
and integration with food production while avoiding natural ecosystem conversion. Future prospects for biomass 
energy appear promising but uncertain. Climate mitigation scenarios project substantial biomass contributions, 
potentially 100-300 EJ annually by 2050, though realizing this potential requires technological advances, supportive 
policies, and rigorous sustainability governance. Advanced conversion technologies, biorefinery integration, and 
innovative applications such as BECCS could transform biomass energy's role in sustainable energy systems. Biomass 
energy cannot single-handedly solve global energy and climate challenges but constitutes an important element of 
diversified renewable energy portfolios. Success requires balancing multiple objectives: energy security, climate 
mitigation, economic development, food security, and ecosystem conservation. With appropriate technological 
development, policy frameworks, and sustainability safeguards, biomass energy can make significant, lasting 
contributions to a renewable energy future. 
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