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ABSTRACT

Solid biomass remains one of the few renewable resources capable of delivering dispatchable energy while also supporting
waste valorization and rural economic activity. This review re-examines the role of solid biomass in low-carbon energy
systems by synthesizing evidence on feedstock availability, thermochemical conversion routes, environmental
performance, and techno-economic feasibility. The discussion covers agricultural residues, forestry by-products,
dedicated energy crops, and the organic fraction of municipal waste, emphasizing how calorific value, moisture level, ash
content, and logistics shape technology selection. Combustion, pyrolysis, and gasification are compared in terms of
operating conditions, conversion efficiency, emissions, and product flexibility, with additional attention to co-benefits
such as biochar generation and combined heat and power integration. The review also evaluates life-cycle emissions,
policy support, feedstock supply chains, and scale-up barriers that determine whether biomass systems deliver genuine
climate benefits or simply shift burdens to land, air quality, and food systems. Across the surveyed literature, the strongest
performance is observed when biomass is locally sourced, properly pretreated, and deployed within robust sustainability
frameworks. Although solid biomass cannot serve as a universal replacement for fossil fuels, it can make a meaningful
contribution to distributed heat and power generation, circular waste management, and regional decarbonization.
Continued progress will depend on cleaner conversion technologies, better resource governance, digital process
monitoring, and stronger integration with bio-refinery and circular-economy models.

1. Introduction

Rising energy demand, tightening emissions constraints, and the
urgency of climate mitigation have renewed interest in renewable
resources that can provide more than intermittent electricity. Among
these options, biomass remains distinctive because it can be stored,
transported, and converted into heat, power, and fuels using several
mature and emerging pathways. Within the wider bioenergy portfolio,
solid biomass occupies a particularly important position because it is
abundant, widely distributed, and technically compatible with both
centralized and decentralized energy applications. As a result, solid
biomass continues to attract attention not only as a replacement for fossil
energy, but also as a practical route for linking waste management, rural
development, and decarbonization agendas [1], [2], [3], [4]-

The strategic value of solid biomass extends beyond its renewable
origin. In many regions, especially in low- and middle-income economies,
biomass still underpins household heating and cooking, while in
industrialized settings it increasingly serves combined heat and power
plants, district heating networks, and co-firing systems. When biomass
supply chains are responsibly managed, the resource can strengthen
energy security, create local employment, and reduce open burning or
landfill disposal of organic residues. These wider system benefits explain
why solid biomass is often framed not only as an energy vector, but also as
an instrument for resource recovery and regional resilience [1], [4], [5].

The feedstock base for solid biomass is exceptionally diverse and
includes wood wastes, forestry residues, crop by-products, municipal

organic fractions, and purpose-grown energy crops such as miscanthus and
switchgrass. That diversity is valuable, but it also introduces major
variability in lower heating value, ash content, moisture level, bulk density,
and inorganic composition. These properties directly influence storage
behavior, preprocessing requirements, emissions formation, and the
choice of conversion technology. At the same time, sustainability concerns
such as land-use change, biodiversity pressure, and competition with food
or soil restoration functions must be accounted for when evaluating the
real contribution of biomass to energy transitions [1], [3], [4], [6].

From a process perspective, solid biomass can be converted through
combustion, gasification, and pyrolysis, each of which offers a different
balance between simplicity, efficiency, and product flexibility. Combustion
is the most established route and remains dominant in direct heat and
power applications. Gasification produces a combustible synthesis gas that
can be used for electricity, heat, or downstream fuel synthesis, whereas
pyrolysis generates bio-oil, syngas, and biochar under oxygen-limited
conditions. These pathways differ substantially in reactor design,
temperature window, residence time, and tolerance to feedstock
variability, which means that process selection must be matched carefully
to the intended end use and local operating constraints [1], [4], [7].

The environmental case for solid biomass is therefore conditional
rather than automatic. While biomass carbon can in principle be recycled
through plant growth, actual climate performance depends on harvesting
practices, transportation distances, conversion efficiency, and pollutant
control.

* Corresponding author at: Centre for Biomass Conversion, National Institute of Bioenergy, Dhaka, Bangladesh

E-mail addresses: drthompson.energy@uut.edu (Leila M. Hossain)

energyconversions.org

Received (15 July 2025); Received in revised form (20 July 2025); Accepted (20 July 2025)

Available online 12 Aug 2025


https://energyconversions.org/index.php/ecm/index
https://energyconversions.org/index.php/ecm/issue/archive
https://energyconversions.org/index.php/ecm/article/view/107

Hossain

Poorly managed systems may generate significant particulate matter,
NOx, SOx, or land-use impacts, whereas optimized systems can reduce
fossil dependence and even create carbon-negative outcomes when
biochar is sequestered. Against this background, a critical review of
feedstocks, technologies, impacts, and deployment conditions is
necessary to clarify where solid biomass fits within credible low-carbon
energy strategies [8], [9], [6], [10].

To position solid biomass within the wider decarbonization literature,
adjacent review and research themes also cover sustainable aviation fuel
deployment [11], ammonia production systems [12], aviation-routing
efficiency [13], ammonia-hydrogen gas-turbine cycles [14], electrolytic
hydrogen pathways [15], CFD-based airflow and contaminant transport
[16], numerical modeling of energy systems [17], integrated SAFE
pathways [18], catalytic routes for green fuels [19], passive ventilation
enhancement in buildings [20], microbiological energy recovery [21],
CARSOXY combustion concepts [22], waste-food valorization [1],
windcatcher optimization [23], and prior journal-level synthesis on solid
biomass [2].

2. Methodology

This review was structured as a targeted synthesis of the scientific and
technical literature on solid biomass energy, with the aim of capturing
both foundational knowledge and recent developments. Publications
were screened from major indexing platforms including Scopus, Web of
Science, ScienceDirect, and Google Scholar. The review window covered
material published between 2005 and 2025 so that classical references on
conversion science could be considered alongside newer work on
sustainability assessment, system integration, and digital optimization.
Search strings combined terms such as solid biomass energy, biomass
combustion, gasification, pyrolysis, biochar, biomass feedstock, life cycle
assessment, and biomass policy [2], [3], [4].

Source selection prioritized peer-reviewed journal articles, books,
technical reports, and policy documents that provided one or more of the
following: feedstock characterization, experimental conversion data,
process modeling, environmental assessment, or techno-economic
evaluation. Studies were favored when they reported measurable
parameters such as temperature range, residence time, product yield,
efficiency, moisture sensitivity, or emissions behavior. Geographic
diversity was also considered so that the review would reflect how
regional resource bases, infrastructure maturity, and policy conditions
influence the deployment of biomass systems [8], [9], [5].

The technology review focused on the three principal thermochemical
pathways for solid biomass: combustion, pyrolysis, and gasification. For
each route, the literature was examined for reactor configuration, typical
operating window, efficiency, major outputs, and emission profile.
Comparative studies were especially useful because they enabled side-by-
side interpretation of how similar feedstocks behave under different
processing conditions. Particular attention was given to process variables
that govern scale-up performance, including feedstock pretreatment, ash
behavior, tar generation, and the handling of co-products such as char and
syngas [1], [4], [7].

Economic and policy evidence was reviewed in parallel with the
technical literature. This part of the analysis examined cost elements
associated with biomass collection, transportation, drying, densification,
storage, and conversion, as well as policy instruments such as feed-in
tariffs, renewable portfolio standards, subsidy mechanisms, and carbon
incentives. Reports from the European Union, the U.S. Department of
Energy, and national programs in countries such as India, Brazil, and
China were used to identify recurring enablers and constraints affecting
biomass commerecialization [24], [25], [8], [9].

Life cycle assessment results were compiled to compare the broader
environmental implications of solid biomass pathways. Whenever studies
used different functional units or system boundaries, the reported
outcomes were interpreted with attention to whether they represented
cradle-to-gate or cradle-to-grave assumptions. Emissions data for CO2,
CH4, NOx, SOx, and particulate matter were extracted where available,
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and the role of biochar as a carbon sink was considered in cases where
pyrolysis systems were evaluated beyond simple energy output. Sensitivity
discussions reported in the literature were also used to highlight the main
uncertainty drivers [8], [9], [6], [10].

The final synthesis was organized into three core tables covering
feedstock properties, conversion performance, and major emission-control
approaches. In addition, qualitative evidence from stakeholder surveys,
government strategies, industrial reports, and academic outlook studies
was incorporated to capture issues that purely technical datasets may
overlook, including investment readiness, infrastructure constraints,
public acceptance, and future research direction. This combination of
quantitative comparison and contextual interpretation was used to build
an integrated view of the current status and future trajectory of solid
biomass energy systems [17], [24], [8], [5]-

This broader frame is useful because energy-transition assessment
increasingly draws on neighboring evidence from indoor-air-quality
optimization in residences [26], methane-air turbine control [27],
alternative-fuel assessments [24], blue-ammonia transition pathways [28],
engine-power quantification methods [29], residential windcatcher case
studies [30], sustainable aviation fuel reviews [31], CFD analyses of viral
aerosol dispersion [32], aviation-route optimization [33], unconventional-
cycle parametric studies [34], green-hydrogen overviews [25], pollutant-
exposure health assessments [35], biomass pathway-and-constraint
reviews [3], humidified gas-turbine configurations [36], and scalable
carbon-capture pathways [8].

Table 1. Characteristics of Common Biomass Feedstocks
Feedstock
Type
Wood
residues
Agricultural
residues
Energy crops
(e.g. 18.0 12-30
miscanthus)

Organic
municipal 9.5 50-70
waste

LHV (M]J/kg) Moisture Content (%) Ash Content (%)

16.2 20-40 0.5-2.0

13.8 10-25 5.0-15.0

1.0-3.0

15.0-25.0

Table 2. Performance Comparison of Biomass Conversion Technologies

Technology ;::::e(r:::t)u re Efficiency (%)
Combustion 800-1000 20-35
Pyrolysis 400-600 45-65
Gasification 800-1200 30-50

Table 3. Environmental Emissions and Mitigation Options

Mitigation
Pollutant Source Htigatt Pollutant
Strategy
. Carbon  capture,
Combustion, i
CO, P Biochar CO,
Gasification .
sequestration
NO, & SO, Combustlon Flue gas treatment, NO, &S0,
residues Low-NOy burners

Cyclone filters,
Electrostatic
precipitators

Particulate Matter Combustion ash Particulate Matter

3. Results

The surveyed literature indicates that solid biomass has moved well
beyond its traditional role as a low-grade combustion fuel and is now
treated as a flexible resource within broader renewable energy systems.

The horizontal comparison in Figure 1(a) shows that agricultural
residues account for the largest share of the identified global feedstock
base at 46%, followed by municipal solid waste at 28%, while forest
residues and dedicated energy crops each contribute 12%. This pattern
underscores the strong dependence of biomass energy strategies on
agricultural production systems and on the increasing importance of
waste-to-energy frameworks in urban environments [1], [2], [4].

The production trend shown in Figure 1(b) reflects a steady rise in
biomass-derived energy output from roughly 2.3 EJ in 2000 to about 5.7 E]
in 2020. The trajectory suggests that biomass deployment has expanded
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through a combination of policy support, improvements in conversion
systems, and the gradual integration of biomass into combined heat and

(a) Relative feedstock shares
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power facilities [4], [7].

(b) Production growth trend, 2000-2020

Agricultural residues

Municipal solid waste

Forest residues

Energy crops

Global biomass energy production (E))
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Share of identified feedstock base (%)

T T T T
50 2000 2005 2010 2015 2020
Year

Fig. 1. (a) Horizontal comparison of the relative shares of major solid biomass feedstock classes; (b) area-based trend in global biomass energy
production from 2000 to 2020.

Technological results show that combustion continues to dominate
commercial deployment because of its relative simplicity and
compatibility with established boiler infrastructure. Even so, the
literature points to a clear shift toward more advanced gasification and
pyrolysis systems where higher product flexibility or cleaner conversion
is needed.

Developments in fluidized-bed gasifiers, downdraft units, staged
reactors, and oxygen-assisted systems have improved syngas quality and
reduced tar-related limitations. In parallel, slow and fast pyrolysis routes
have been refined to favor either biochar retention or liquid product
generation depending on process objectives [4], [7].

Environmental performance remains strongly technology- and
feedstock-dependent. Direct combustion systems are -consistently
associated with NOx, SOx, and particulate emissions when high-ash or
high-moisture fuels are used without sufficient control. The reviewed
studies nevertheless show that flue-gas treatment, low-NOx burners,
improved reactor design, and better feedstock conditioning can markedly
reduce these emissions [5].

Pyrolysis-derived biochar emerges as one of the most significant co-
benefits identified in the literature. Beyond its role as a solid carbon-rich
by-product, biochar has been linked to improved soil water retention,
enhanced cation exchange capacity, and greater microbial activity in
degraded soils.

Several life-cycle studies further indicate that biochar-amended
systems may offset approximately 2.1 to 3.9 tCO2-equivalent per ton of
feedstock under favorable assumptions, making pyrolysis attractive in
settings where both energy production and soil management are valued
[9], [6].

Economic evidence suggests that direct combustion remains the most
competitive pathway in regions with reliable residue streams and basic
preprocessing infrastructure. Reported levelized costs of energy
commonly fall in the range of 6 to 9 USc/kWh for pellet-based combustion
systems, whereas gasification often lies nearer 10 to 15 USc/kWh because
of higher capital intensity and tighter operational control requirements
(41, [7].

The waffle-chart representation in Figure 2 reinforces the
concentration of the biomass resource base in a few dominant categories
and makes the minor 2% contribution from other sources more explicit.
That visual pattern supports the broader conclusion that feedstock
strategy is central to biomass system performance, especially where
projects are expected to deliver circular-economy benefits alongside
energy output [1], [4].

Policy and governance continue to shape deployment outcomes.
Renewable energy mandates, feed-in tariffs, sustainability criteria, and
certification frameworks have accelerated biomass uptake in some
regions, while seasonal feedstock supply, moisture control, aggregation
costs, and quality assurance remain persistent barriers in others [24],
[25], [9]-

A further result emerging from recent literature is the growing
integration of solid biomass with hybrid and digitally enabled systems.
Examples include biomass-solar thermal configurations, co-firing
strategies, sensor-based combustion control, and machine-learning tools
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residu
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waste
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12%
Energy

crops
12%
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Fig. 2. Waffle-chart representation of global solid biomass feedstock
composition, emphasizing the dominance of agricultural residues and the
smaller contributions of municipal solid waste, forest residues, energy
crops, and other sources.

for predictive maintenance. Overall, the evidence positions solid
biomass as a versatile but context-dependent contributor to low-carbon
energy transitions [17], [8], [9], [4], [5]-

The comparative interpretation of biomass systems also benefits from
adjacent literature on clean-power separation processes [37], turbine-
blade behavior under NH3-H2 combustion products [38], optical
diagnostics of CARSOXY flames [39], Kalina-cycle heat-recovery
optimization [40], power-plant emissions associated with HVAC electricity
demand [41], CARSOXY techno-economics [42], office-air-quality
enhancement through facade design [43], ammonia-fueled turbine-blade
simulations [44], separation-process state-of-the-art reviews [45],
sustainable-aviation-fuel pathway updates [46], doctoral-scale CARSOXY
system development [47], CO2-emissions quantification for HVAC-linked
power demand [48], unattended monitoring and control studies [49],
methane satellite-image forecasting [50], and double-skin-fagade airflow
optimization [51].

4. Discussion

The results confirm that solid biomass should not be treated as a single
technology or a uniformly sustainable resource. Instead, it functions as a
3
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family of energy pathways whose performance depends on how
feedstocks are sourced, conditioned, converted, and governed.

This helps explain why biomass can appear highly beneficial in one
setting and much less attractive in another. The same feedstock class may
support low-emission heat and power under controlled conditions, yet
create air-quality or land-use concerns when handled poorly.

A central implication of the reviewed evidence is that conversion
efficiency remains one of the decisive factors separating credible biomass
systems from marginal ones. Conventional combustion is easy to deploy
and relatively inexpensive, but it often sacrifices efficiency and pollutant
control unless paired with modern combustion management and
emissions treatment.

Gasification and pyrolysis offer stronger prospects for product
diversification and cleaner downstream use, but they demand greater
technical sophistication, tighter process control, and often higher up-front
investment. The practical choice among these pathways is therefore not
purely thermodynamic; it is institutional, economic, and logistical as well.

Feedstock logistics are equally fundamental. Agricultural residues and
forestry by-products may appear plentiful in aggregate statistics, yet
actual recoverable volumes are constrained by seasonal access,
competing uses, collection cost, and the need to leave some residues on
the land for soil protection.

This is why preprocessing steps such as drying, pelletization,
briquetting, and blending often determine whether a biomass project
becomes bankable. The literature consistently shows that resource
quality and supply-chain stability matter as much as reactor performance.

The socio-economic dimension adds another layer of complexity.
Biomass can create local employment, improve energy access, and reduce
dependence on imported fuels, especially in rural and peri-urban regions.
However, poorly governed expansion may also intensify land competition,
environmental degradation, or unequal benefit distribution.

Biochar-centered systems deserve particular attention because they
broaden the meaning of biomass utilization from energy conversion to
carbon management and soil restoration. Where biochar improves soil
function, retains carbon, and offsets agricultural inputs, the system-level
benefit may exceed that of a simple combustion pathway, although these
gains remain sensitive to feedstock type and application context.

Policy coherence is another recurring determinant of success. Stable
support mechanisms, clear sustainability criteria, and transparent
certification systems appear repeatedly in the case studies associated
with successful deployment, whereas fragmented regulation can
undermine investment and long-term planning.

The discussion also points to a growing role for innovation beyond the
reactor itself. Digital monitoring, remote sensing, traceability tools, and
Al-assisted optimization are beginning to improve feedstock
management, process stability, and maintenance planning, although
technology transfer remains essential if these benefits are to extend
beyond well-funded pilot programs.

Taken together, the reviewed evidence positions solid biomass as a
strategically useful but inherently conditional part of the global energy
transition. Future progress will depend on cleaner conversion routes,
stronger carbon accounting, better supply-chain design, and deployment
models that are locally grounded and socially durable.

The wider systems literature further highlights the importance of
integration, as shown by work on carbon-capture materials and process
pathways [9], ammonia-plant heat-exchanger integration [52], additional
biomass-energy pathway reviews [4], photovoltaic-powered DAC
concepts for buildings [53], hydrogen pathway overviews [54],
sustainability and market-behavior studies [55], geothermal power
prospects [56], electrical control platforms [57], energy-balance
improvement in hydrocarbon recovery from microalgal systems [58], and
broad clean-air science and policy syntheses [59].

5. Conclusion

This review shows that solid biomass remains an important, though
highly context-sensitive, component of sustainable energy systems. Its
relevance stems from the breadth of available feedstocks, the maturity of
several conversion routes, and its capacity to connect energy production
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with waste management and rural development.

At the same time, the evidence makes clear that biomass should be
judged by actual system performance rather than by renewable status
alone.

Feedstock quality and availability form the basis of all viable biomass
strategies. Agricultural residues, forestry by-products, municipal organic
fractions, and energy crops each offer different opportunities and
constraints, while moisture level, ash content, calorific value, seasonality,
and competing uses shape how far these resources can be mobilized
without compromising sustainability.

Among conversion pathways, combustion remains the most established
option, particularly for direct heat and power. Gasification and pyrolysis,
however, broaden the value proposition by enabling cleaner gas streams,
liquid intermediates, and carbon-rich solid products such as biochar.

The environmental contribution of solid biomass is conditional on
lifecycle design. Sustainable sourcing, efficient conversion, and pollutant
control are essential if biomass is to reduce greenhouse-gas emissions
without creating new burdens for air quality, soils, land use, or biodiversity.

Economic feasibility is similarly dependent on context. Systems based
on local residues and straightforward conversion routes can be
competitive, whereas higher-performance platforms often require policy
support, co-product valorization, or carbon-linked revenue streams to
become attractive at scale.

Policy, governance, and social participation ultimately determine
whether technical potential becomes durable impact. Biomass programs
perform best when energy policy is coordinated with waste, agriculture,
forestry, and rural-development agendas and when communities
participate meaningfully in supply chains and benefit sharing.

Support for innovation, training, certification, and digital monitoring
will further strengthen the sector.

Overall, solid biomass should be seen neither as a universal remedy nor
as a marginal legacy fuel. Properly managed, it can operate as a durable
pillar of low-carbon heat, power, and circular resource recovery through
cleaner conversion technologies, stronger sustainability metrics, and
locally grounded deployment models.
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