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ABSTRACT 

This comprehensive review examines the pivotal role of biomass energy in the future of global power 

production, analyzing its potential as a dispatchable renewable resource critical for grid stability in a 

decarbonizing world. As global energy systems transition toward net-zero emissions by 2050, biomass is 

increasingly recognized not merely as a transitional fuel but as a cornerstone technology for difficult-to-

decarbonize sectors and negative emission strategies. This paper synthesizes data from the International 

Energy Agency (IEA), the International Renewable Energy Agency (IRENA), and recent peer-reviewed 

literature to evaluate the technical, economic, and policy dimensions of modern bioenergy. The analysis 

covers the full value chain, from sustainable feedstock mobilization and advanced supply chain logistics to 

state-of-the-art conversion technologies, including Integrated Gasification Combined Cycle (IGCC), 

Hydrothermal Liquefaction (HTL), and Bioenergy with Carbon Capture and Storage (BECCS). 
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1. INTRODUCTION 

The global energy landscape is currently undergoing a seismic shift, precipitated by the urgent necessity to 

mitigate anthropogenic climate change and limit the rise in global average temperatures to 1.5°C above pre-

industrial levels. In this rapidly evolving context, the decarbonization of the power sector has emerged as a 

primary objective for national governments and international bodies alike. While variable renewable energy 

(VRE) sources, specifically solar photovoltaics (PV) and wind power, have seen exponential growth and 

dramatic cost reductions, their inherent intermittency poses significant challenges to grid stability and reliability. 

As traditional fossil fuel-based baseload generators coal and natural gas are phased out, power systems 

increasingly require dispatchable renewable assets capable of providing firm capacity, system inertia, and 

ancillary services. It is within this niche that biomass energy, or bioenergy, asserts its critical value proposition. 

Biomass energy is derived from organic material, which stores sunlight in the form of chemical energy. Unlike 

VREs, biomass can be stored and utilized on demand, functioning effectively as a "renewable battery" inherent 

in the fuel itself. As of 2024, renewable energy consumption in the power, heat, and transport sectors is 

projected to increase by nearly 60% over the period 2024–2030. This surge boosts the share of renewables in 

final energy consumption to nearly 20% by 2030, up from 13% in 2023. Within this mix, electricity generation 

from renewable sources constitutes more than three-quarters of the overall rise. 

Despite the dominance of solar and wind in capacity additions, modern bioenergy remains the largest source of 

renewable energy globally today, accounting for almost 55% of renewable energy consumption (excluding 

traditional biomass use) and over 6% of the global energy supply. The International Energy Agency’s (IEA) Net 

Zero Emissions by 2050 (NZE) Scenario envisions a rapid increase in the use of modern bioenergy to displace 

fossil fuels. However, this pathway is not without obstacles. The sector faces a complex "trilemma" of 

challenges: proving its environmental sustainability against rigorous carbon accounting standards, achieving 

economic competitiveness in an era of cheap solar, and scaling up advanced conversion technologies that have 

historically struggled to bridge the gap between pilot and commercial operations.
 

2. GLOBAL CONTEXT AND ROLE OF BIOMASS 

The strategic role of biomass extends beyond simple kilowatt-hour (kWh) production. It is deeply intertwined 

with broader socio-economic and environmental systems, including waste management, agricultural 

sustainability, and forestry economics. In emerging economies such as India and China, biomass power 

generation is increasingly viewed as a vital mechanism for managing vast quantities of agricultural residues 

such as rice straw and wheat stubble that would otherwise be burned in open fields, contributing to severe 

regional air pollution crises. By valorizing these residues, biomass power creates a circular economy loop that 

addresses both energy security and environmental health. 
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In the European Union, the context differs significantly. Here, biomass is heavily integrated into district heating 

networks and combined heat and power (CHP) systems, particularly in Scandinavian countries like Sweden and 

Finland. This integration maximizes thermal efficiency, often exceeding 85% in cogeneration mode, and 

reduces reliance on imported fossil fuels, a priority that has gained geopolitical urgency following the energy 

crisis of 2022.
 

From a technical grid perspective, biomass power plants typically operate using synchronous generators driven 

by steam turbines. This allows them to provide "system strength"—physical inertia that resists changes in grid 

frequency. This is a crucial service for maintaining power quality in grids with high penetrations of inverter-

based resources like solar and wind, which do not inherently provide inertia. Consequently, transmission system 

operators (TSOs) and energy planners view biomass not just as a source of energy, but as a source of reliability. 

3. REVIEW OBJECTIVES AND SCOPE 

This comprehensive review aims to provide an exhaustive analysis of the current state and future prospects of 

biomass energy in global power production. It moves beyond a superficial overview to explore the complex 

interdependencies between feedstock availability, conversion efficiency, economic viability, and regulatory 

frameworks. By synthesizing recent data from 2023 to 2025, this report identifies the critical research gaps and 

deployment barriers that must be addressed to realize the full potential of biomass in a net-zero future. 

4.  CONVERSION TECHNOLOGIES 

Biomass conversion technologies are broadly categorized into thermochemical, biochemical, and physio-

chemical pathways. For utility-scale power generation, thermochemical routes are dominant. This section 

evaluates the technical maturity, efficiency, and recent advancements in these technologies. 

4.1 Direct Combustion and Co-firing 

Direct combustion remains the most mature and widely deployed technology, accounting for over 89% of the 

biomass power market in 2024. It involves burning biomass in a boiler to produce high-pressure steam, which 

drives a turbine. 

4.1.1 Combustion Technologie: 

Modern biomass combustion plants utilize various boiler designs. Stoker boilers are common for smaller 

capacities but suffer from lower efficiency. Fluidized Bed Combustion (FBC) boilers (both Bubbling and 

Circulating types) are preferred for utility-scale plants (over 50 MW). FBC technology suspends the fuel in a 

bed of hot sand and air, ensuring uniform combustion and allowing for the use of lower-quality, high-moisture 

fuels. 

4.1.2 Co-firing Challenges: 

Co-firing, burning biomass alongside coal in existing power plants is a rapid decarbonization strategy that 

leverages existing infrastructure. However, it presents significant technical challenges. Biomass typically 

contains high levels of alkali metals (potassium, sodium) and chlorine compared to coal. In the high-temperature 

environment of a coal boiler, these elements volatilize and then condense on cooler surfaces (like superheater 

tubes), leading to slagging (molten ash deposits) and fouling (sintered ash deposits). This reduces heat transfer 

efficiency and can cause accelerated corrosion. Recent studies indicate that co-firing ratios above 10-20% often 

require significant boiler modifications or the use of additives (like aluminosilicates) to mitigate these ash-

related issues. 

4.2 Gasification and IGCC 

Gasification converts solid biomass into a combustible gas mixture (syngas) comprising hydrogen (H2), carbon 

monoxide (CO), and methane (CH4) by reacting the material at high temperatures (>700°C) with a controlled 

amount of oxygen or steam. 

4.2.1 Integrated Gasification Combined Cycle (IGCC): 

IGCC systems integrate a gasifier with a gas turbine and a steam turbine (combined cycle). This configuration 

offers significantly higher electrical efficiencies (up to 40-50%) compared to direct combustion (typically 25-

35%) because it utilizes the gas turbine cycle to extract more work from the fuel. 

● Commercial Status: Despite its theoretical advantages, biomass gasification faces a "valley of death." High 

capital costs and technical reliability issues, particularly related to gas cleanup, have stalled commercial 

deployment. Recent reports note that technically successful projects in the UK and France have struggled to 

reach commercial scale due to financial barriers. 
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4.2.2 Tar Removal: 

The "Achilles' heel" of biomass gasification is tar formation. Tars are heavy hydrocarbons that condense at 

lower temperatures, clogging pipes, engines, and turbines. Research in 2024-2025 has focused on developing 

robust catalysts for in-situ tar cracking. Nickel-based catalysts and natural minerals (olivine, dolomite) are 

widely studied.  

4.3 Hydrothermal Liquefaction (HTL) 

Hydrothermal Liquefaction (HTL) is an emerging technology particularly suited for wet biomass (sewage 

sludge, algae, food waste). Unlike combustion or gasification, which require dry feedstock (and thus energy-

intensive drying), HTL processes biomass in hot, pressurized water (250–350°C, 5–25 MPa). 

● Process Mechanics: HTL mimics the natural geological process of oil formation, converting biomass into a 

"bio-crude" oil in minutes. 

● Efficiency: By avoiding the drying step, HTL improves the overall energy balance. It converts 40-50% of 

feedstock solids into bio-crude. 

● Market Outlook: The global HTL market is valued at USD 1.15 billion in 2025, with rapid growth expected. 

The resulting bio-crude can be upgraded to drop-in transportation fuels or used for power generation in diesel 

engines. 

● Challenges: Managing the aqueous phase (wastewater) generated during the process is a key challenge. Recent 

designs incorporate nutrient recovery (e.g., struvite fertilizer) to improve economics and environmental 

performance. 

Table 1 Comparison of Biomass Conversion Technologies 

Technology Electrical 

Efficiency 

Maturity (TRL) Key Feedstocks Primary 

Challenges 

Direct 

Combustion 

20% - 35% Commercial (9) Wood chips, 

Pellets, Straw 

Low efficiency, 

PM emissions 

Co-firing 35% - 40% Commercial (9) Pellets, Torrefied 

biomass 

Slagging, fouling, 

corrosion 

Gasification 

(IGCC) 

40% - 50% Demonstration (6-

7) 

Wood chips, Ag 

residues 

Tar removal, high 

CAPEX 

HTL N/A (Liquid Fuel) Early Commercial 

(7-8) 

Sludge, Algae, 

Wet waste 

High pressure, 

wastewater 

Anaerobic 

Digestion 

30% - 40% 

(Engine) 

Commercial (9) Manure, Food 

waste 

Slow kinetics, 

digestate use 

5. FUTURE OUTLOOK 

The IEA’s Net Zero Scenario requires bioenergy use to essentially double by 2050. However, current trends 

show growth is "off track".
 

● 2030 Outlook: Global renewable power capacity is set to triple, but bio-energy’s share of this growth is 

shrinking relative to solar/wind. Bio-energy is increasingly pivoting toward "hard-to-abate" sectors (aviation, 

shipping, high-grade industrial heat) rather than bulk electricity generation. 

● Emerging Pathways: Biomass gasification is expected to play a growing role in producing green hydrogen and 

bio-methanol, particularly for the marine sector. 

● Research Priorities: Future research must focus on reducing the energy penalty of BECCS, optimizing biomass 

plants for flexible "load-following" operation, and diversifying feed stocks to include algae and invasive 

species. 

6. CONCLUSION 

Biomass energy stands at a critical juncture in the global power production landscape. It is no longer viewed 

simply as a low-tech burning of wood, but as a sophisticated, multi-faceted component of the Net Zero 

transition. Its future role is distinct from wind and solar: it is the provider of firm capacity, the facilitator of 

negative emissions through BECCS, and the source of renewable carbon for fuels and chemicals. 
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However, this potential is bounded by strict physical and environmental realities. The era of unregulated 

biomass expansion is over. The future belongs to high-efficiency technologies like IGCC and HTL, and to 

supply chains that can rigorously prove their sustainability. The diverging cost trajectories with biomass 

remaining expensive while other renewables cheapen means that biomass will likely not be the primary source 

of new energy (kWh), but a premium source of capacity (kW) and carbon services. For policymakers, the 

challenge lies in designing market mechanisms that value these specific attributes dispatchability and carbon 

removal, rather than merely paying for energy generation. 
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