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Abstract

This integrative critical review examines how biomass and bioenergy can contribute to
energy diversification while accounting for constraints related to climate mitigation, energy
security, resource availability, and technology readiness. The review combines a targeted
literature synthesis with expert-informed insights from the international seminar Energy
Transition and Biofuels held at the Federal University of Itajubá in October 2025. The semi-
nar and COP30-related discussions were used as contextual and conceptual inputs, while
peer-reviewed literature, policy documents, and technical reports provided the evidentiary
basis for the analysis. The manuscript evaluates biomass and biofuels utilization, refinery
integration, sustainable aviation fuels, biochar, BECCS, hydrogen synergies, life-cycle as-
sessment, artificial intelligence, and logistics. The synthesis indicates that biomass is not a
universal substitute for fossil fuels. Still, it has distinctive value in applications requiring
renewable carbon, dispatchable energy, process heat, liquid fuels, carbon removal, and
compatibility with existing infrastructure. The analysis also shows that these contributions
are contingent on feedstock governance, land and water safeguards, logistics, fertilizer
inputs, technology maturity, and verified life-cycle performance. The food–fuel discussion
is therefore reframed as a context-specific problem of land-use, access, productivity, and
governance rather than a simple competition between energy and food production. The
study concludes that bioenergy can most credibly support the energy transition when
deployed through differentiated pathways tailored to regional resources, sustainability
constraints, and sector-specific decarbonization requirements.
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1. Introduction
The energy consumption of a country is closely linked to its socioeconomic develop-

ment [1]. Therefore, access to a sufficient, safe, continuous, and adequate energy supply
is essential for anthropogenic activities and general social development. Demographics
and an increase in quality of life are the main drivers for economic growth and a sustained
increase in energy demand (Figure 1).

Human civilization has relied, for close to a century, on carbon-based fossil fuels to
achieve prosperity, which in turn has led to and continues to cause severe environmental
and climate imbalances [2]. The Copernicus Climate Change Service stated that January
2025 was the world’s warmest month ever registered [3]. The worldwide average surface
air temperature was 13.23 ◦C, 0.79 ◦C higher than the average from 1991 to 2020 and
1.75 ◦C above the pre-industrial (1850–1900) level [3]. Given the existence of La Niña
conditions, which generally have a cooling effect on global temperatures, this represents a
significant deviation.

Figure 1. Regional fossil energy consumption per capita [4].

The global energy landscape has undergone successive transformations (from biomass
to coal to petroleum), whose origins lie in the inadequacies and unsustainability of preced-
ing systems [5]. The same is happening with the present transition, which is driven by the
petroleum industry’s difficulties in expanding, including severe environmental impacts,
technological innovation, energy security and declining renewable energy cost [6]. The
production of light oil has been stagnating for almost 20 years now, and most of the growth
is due to the production of heavy oils, which are more expensive to extract and to refine
(Figure 2). At the same time, oil’s share of the global energy mix has declined. This decline
is not driven solely by the expansion of renewable energy, but also by increased use of
coal and natural gas. By 2024, oil’s share had fallen from about 50% to 33.6%, while coal
and gas rose to 27.9% and 25%, respectively [7] and some countries consider natural gas a
“transition fuel” to support the shift toward a lower-carbon energy system [8].

While global food production has surged, leading to sharp price depreciations and
subsequent agricultural sector attrition [9], the geopolitical concentration of petroleum
continues to constrain economic growth in oil-importing nations. Conversely, many of
these oil-deficient regions possess substantial arable land, positioning them as strategic
leaders in the emerging bioeconomy [10]. Furthermore, decarbonizing industrial heat
supply remains a critical challenge, necessitating robust alternatives to fossil fuels for
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thermal energy generation. Consequently, the prevailing narrative, that environmental
concerns and government mandates are the sole drivers of the current energy transition,
must be re-evaluated; rather, this shift is also characterized by a resource-driven evolution
analogous to historical energy transitions.

Figure 2. Historical world crude oil production for conventional oil [11].

Biomass is the only renewable source for carbon-based fuels, chemicals, and materials.
It is not only an alternative but also a necessary evolution in humanity’s energy paradigm, as
evidenced by the historical trajectory of energy transitions, which shows a clear progression
toward renewable sources. [12,13]. Large-scale economic development was not supported
by the pre-industrial energy sources, which were typified by a reliance on “traditional
use” of biomass, animal labor, and primitive mechanical systems. While the Industrial
Revolution’s shift to a coal-based energy system that led to unprecedented industrial growth
and urbanization, it also set a troubling precedent by prioritizing economic expansion ahead
of public health and environmental concerns [14]. The coal era’s legacy of air pollution,
global warming, respiratory illnesses, ecological degradation, and air pollution highlights
how important this shift has failed to consider long-term sustainability metrics.

The twentieth-century switch to petroleum and natural gas, despite providing higher
energy density sources and operational flexibility, only reinforced and even intensified the
underlying problems of wide reliance on fossil fuels. It has consolidated world economies
in a carbon-intensive framework that has sparked the current global climate change is-
sues [12]. The continuation of this energy paradigm is untenable due to the scientific
consensus on anthropogenic climate change consequences, growing evidence of resource
depletion, and geopolitical instability surrounding access to fossil fuels [12]. Petroleum-
derived fuels have low oxygen content and relatively high hydrogen-to-carbon ratios,
which contribute to their thermal stability and high energy density compared with many
untreated biomass-derived intermediates.

Within this context, the contemporary transition to renewable and low-carbon energy
sources can be understood as both an environmental necessity and an industrial restruc-
turing process. Bioenergy can contribute to this restructuring when integrated with forest
and agricultural systems, solar, wind, hydroelectricity, and low-carbon hydrogen. Its most
defensible role is not as a singular replacement for fossil fuels, but as a complementary
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renewable carbon source for dispatchable energy, low-carbon liquid fuels, process heat,
bio-based materials, and selected carbon dioxide removal pathways. These benefits remain
conditional on demonstrable life cycle advantages and safeguards against indirect land-use
change, water stress, food-system disruption, and ecosystem degradation [15].

The novelty of this work is the integrative and constraint-driven analysis of bioenergy
pathways within the context of the energy transition. Unlike conventional reviews that
assess technologies in isolation, this study systematically connects multiple dimensions,
including resource availability, technology readiness levels (TRL), life cycle impacts, supply
chain constraints, cost structures, and infrastructure compatibility, to evaluate the realistic
role of bioenergy in decarbonization strategies. The 2025 Energy Transition and Biofu-
els International Seminar at UNIFEI, held on the eve of COP30, provided a structured
expert-discussion platform that helped identify the themes, controversies, and bottlenecks
examined in the review. The evidentiary analysis was then grounded in scientific articles,
policy documents, and technical reports. The manuscript is therefore positioned as an
integrative critical review, not as a systematic review or consensus statement. It also builds
on the 2009 paper “Biofuels: Environment, Technology and Food Security” [16] and on
the authors’ long-term collaborations in BRICS-related projects, SUSTBIO-WFE, Horizon
Europe SUSTEPS, and partnerships across Brazil, the United States, Colombia, Turkey,
South Africa, China, and Russia.

2. Methodology
This study employs an integrative critical review methodology. The aim was to

synthesize evidence across technological, environmental, economic, and policy domains
that are often treated separately in the bioenergy literature. The review process was
organized in four steps: (i) definition of the analytical scope; (ii) targeted retrieval of
scientific and technical literature; (iii) thematic classification of evidence based on expert
analysis; and (iv) cross-pathway synthesis of contributions, constraints, and uncertainties.

The literature search focused on peer-reviewed articles, review papers, policy docu-
ments, and technical reports related to biomass, biofuels, sustainable aviation fuels, biochar,
bioenergy with carbon capture and storage, hydrogen-biomass integration, refinery co-
processing, life cycle assessment, artificial intelligence, and bioenergy logistics. Searches
were conducted on Web of Science database and institutional energy-agency repositories
using combinations of terms such as ‘bioenergy transition’, ‘biomass energy security’,
‘biomass-to-liquid’, ‘sustainable aviation fuel’, ‘biochar carbon capture’, ‘BECCS life cycle
assessment’, ‘hydrogen biofuel upgrading’, ‘food fuel nexus’, ‘biomass logistics’, ‘land
use bioenergy’, and ‘water footprint bioenergy’. Priority was given to studies published
from 2000 onward, while older foundational sources were retained where they established
historical, conceptual, or methodological context.

Sources were included when they addressed at least one of the following criteria:
relevance to energy-transition bottlenecks, quantified resource or emissions estimates,
technology-readiness assessment, life cycle or techno-economic implications, policy rele-
vance, or documented environmental trade-offs. Sources were excluded when they were
unrelated to biomass or bioenergy pathways, lacked methodological transparency, dupli-
cated evidence already covered in more comprehensive reviews, or made claims that could
not be linked to a verifiable scientific, technical, or institutional source. Because the review
integrates multiple types of evidence, the results are interpreted qualitatively rather than
through statistical aggregation.

The international seminar and COP30-related discussions were used to identify practi-
cal questions and contested themes, including the role of petroleum-industry dynamics, the
food–fuel nexus, refinery integration, low-carbon hydrogen demand, biochar applications,
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and BECCS feasibility. These inputs were treated as expert-informed framing rather than
as independent empirical evidence. The thematic matrix categorized the energy transi-
tion challenges into four core bioenergy solution areas: (i) advanced liquid biofuels and
refinery integration, (ii) sustainable aviation fuels for hard-to-abate sectors, (iii) biochar as
an engineered material for carbon capture and valorization, and (iv) hydrogen synergies
within biomass conversion chains. Cross-cutting issues such as land use, water demand,
food security, logistics, life cycle impacts, and regional policy conditions were then used to
evaluate each pathway. The detailed methodological procedure is presented in Figure 3.

Figure 3. Methodological framework for the review process.

3. Biomass as a Pillar of Energy Diversification: Potential Contributions
and Constraints

This study adopts the term energy diversification to describe the current dynamics
of the energy transition. Energy diversification is considered an enabling strategy within
the broader energy transition framework. The gradual incorporation of renewable energy,
biomass, hydrogen, ammonia, and hybrid energy systems increases the diversity and
resilience of energy supply. At the same time, the long-term objective remains the transition
toward low-carbon and net-zero energy systems. The rationale is that policy and research
efforts should prioritize catalyzing the expansion of new, clean energy sources rather than
framing the process as a complete substitution. While renewable technologies are expected
to grow rapidly, the fossil fuel industry will remain, for the foreseeable future, a significant
component of the global energy matrix. By emphasizing diversification, this perspective
underscores the coexistence of emerging and conventional energy pathways and highlights
the importance of balanced strategies that foster innovation while acknowledging structural
realities. The identified constraints facing the energy transition, as presented in Figure 4,
are considered the foundational multidimensional drivers for this study. These factors
enable the assessment of the potential contributions of biomass and biofuels, alongside

https://doi.org/10.3390/en19133162

https://doi.org/10.3390/en19133162


Energies 2026, 19, 3162 6 of 42

their associated limitations. Foremost, among these is the challenge of renewable energy
variability, which requires dispatchable power sources to ensure grid stability.

Figure 4. Biomass contribution and constraints vis-à-vis the current challenges of energy transition.

Furthermore, sectors such as aviation and maritime transport remain resistant to
electrification due to high energy-density requirements, as do cement and steel production,
which use carbonaceous feedstocks in their intrinsic trans-formation processes. Simul-
taneously, the nascent green hydrogen economy faces high production costs, while the
scarcity of critical raw materials such as lithium and cobalt threatens the electrification of
transport. Addressing these bottlenecks requires energy sources that are versatile, storable,
and capable of bridging the gap between carbon neutrality and carbon negativity.

Biomass offers a renewable carbon source that can drive defossilization and support a
more resilient energy mix. The challenge is not the sudden disappearance of petroleum,
but the speed at which clean alternatives can be scaled to meet demand while cutting
emissions. Framing the issue this way highlights the urgency of accelerating the adoption
of sustainable technologies without ignoring the continued role of fossil fuels in the near
term [17]. Numerous technologies aim to harness biomass for electricity generation and
biomass synthesis (e.g., gasification plants), for synthetic aviation fuel (SAF) production,
and for carbon storage (e.g., biochar). In addition, biomass acts as a natural CO2 sink
through photosynthesis. A Study [18] estimated that terrestrial ecosystems currently
remove approximately 13 GtCO2 per year from the atmosphere, compared to approximately
50.6 MtCO2 per year by artificial carbon capture and storage technologies [19].

It is important to note that not all energy demand is electrical. Many important
industrial processes require thermal energy, and biomass can serve as a low-GWP alter-
native in these sectors. Even within renewable electricity generation, solar and wind face
dispatchability challenges, complicating grid management, especially in countries with
precarious planning. The unique role of biomass as a renewable carbon source for fuels
and chemicals production suggests a critical role in the production of liquid fuels and
carbon-rich materials. Starting with biomass as a carbon source offers unique advantages
compared with all the technologies that start with CO2 and electricity.
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Despite its potential, the commercial viability of bioenergy remains elusive due to
significant logistical and technical barriers, as highlighted in Figure 4. The utilization
of agricultural, municipal, and forestry waste is straightforward. Yet it faces challenges
related to feedstock heterogeneity, spatial distribution, seasonal availability, technological
issues (especially from lignocellulosic materials), and supply chain logistics. Beyond these
logistical hurdles lie issues of cost, scalability, and Technology Readiness Levels (TRL).
Therefore, any viable biomass strategy must navigate a delicate balance between potential
contribution and operational reality.

This framework forms the basis of the discussion presented in this study, which further
examines how advanced optimization and assessment tools, such as Artificial Intelligence
(AI) and rigorous Life Cycle Assessment (LCA) can help assess the true potential of these
bio-systems. The Main issues will be discussed further throughout this paper.

Policy Drivers and Global Initiatives

As highlighted in Figure 4, the currently intended energy transition requires robust
research support and programmed incentives. Currently, several major international
alliances and national mandates are driving this transition. Table 1 synthesizes these key
regulatory and geopolitical initiatives of these organizations.

Table 1. Bioenergy policy frameworks, programs, and alliances drivers.

Program Analytical Note Policy Instrument Region Relevance Limitation

Fuels of the Future
[20]

National industrial-policy
instrument combining
mandates, investment
incentives, and market
creation for low-carbon
transport fuels.

Regulatory framework,
mandates, fiscal incentives,
and investment support

National (Brazil)

Directly supports SAF,
green diesel, biomethane,
ethanol, and refinery
integration, making it one
of the clearest examples of
policy-driven biofuel
scale-up.

Success depends on
investment delivery,
feedstock availability,
certification capacity,
infrastructure readiness, and
the enforcement of
sustainability safeguards.

RenovaBio [21]

Market-based
decarbonization policy
using life-cycle
carbon-intensity
certification and tradeable
carbon credits.

Carbon intensity
certification and tradable
decarbonization credits

National (Brazil)

Rewards biofuel producers
with better life-cycle
performance and links
biofuel expansion to
quantified
emission-reduction targets.

Effectiveness depends on
carbon-credit price stability,
robust LCA verification,
transparency, and avoidance
of indirect land-use impacts.

Global Biofuels
Alliance [22]

Geopolitical coordination
platform intended to
harmonize standards,
support trade, and expand
international biofuel
adoption.

International cooperation
platform, standards
harmonization, capacity
building

Global

Can reduce barriers to
biofuel markets by
promoting common
sustainability criteria,
technical standards, and
international cooperation.

Mainly a coordination
platform; practical impact
depends on national
implementation, enforceable
standards, and financing
mechanisms.

Biofuture
Platform/Clean
Energy Ministerial
(CEM) [23]

International
knowledge-sharing and
policy-support initiative
for the broader
bioeconomy.

Knowledge sharing, policy
guidance Global

Broadens bioenergy
beyond fuels by including
biomaterials, chemicals,
residues, and sustainable
biomass value chains.

Influence is indirect;
outcomes depend on whether
guidance is translated into
binding policies, investment,
and measurable deployment.

Mission Innovation
(MI) [24]

Public R&D coalition
focused on accelerating
clean-energy technology
breakthroughs.

Research and development
funding, partnerships Global

Supports innovation in
advanced biorefineries,
integrated biomass
conversion, SAF pathways,
and low-carbon fuel
technologies.

R&D support does not
guarantee commercialization;
scale-up depends on
demonstration funding,
market incentives, and
private-sector adoption.

Global Bioenergy
Partnership [25]

Sustainability-governance
platform providing
indicators for assessing
bioenergy impacts.

Sustainability indicators,
international coordination Global

Important for evaluating
food security, land use,
environmental
performance, and
socioeconomic effects of
bioenergy systems.

Provides guidance rather
than enforcement; uptake
varies by country and
depends on data availability
and institutional capacity.

Sustainable Energy
for All (SEforALL)
[26]

Energy-access initiative
focused on modern,
affordable, and sustainable
energy services.

Energy access partnership,
technical assistance, policy
support

Global, with
focus on
developing
economies

Relevant to modern
bioenergy in the Global
South, especially clean
cooking, decentralized
biomass systems, and rural
energy access.

Bioenergy benefits depend on
avoiding traditional
inefficient biomass use and
ensuring health, gender,
forest, and air-quality
safeguards.
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Table 1. Cont.

Program Analytical Note Policy Instrument Region Relevance Limitation

IEA Bioenergy
Technology
Collaboration
Programme (TCP)
[13]

Technical collaboration
network for research
exchange, data synthesis,
and technology
assessment.

Technical assessment, data
synthesis, and knowledge
exchange

Global/IEA
member and
partner countries

Provides technical
evidence on biomass
resources, conversion
pathways, sustainability,
and deployment barriers.

It does not, by itself, create
markets; policy uptake
depends on member-country
priorities and on translating
technical findings into action

Sustainable
Aviation Fuel (SAF)
Grand Challenge
[27]

Targeted
aviation-decarbonization
program designed to scale
SAF production through
coordinated R&D, policy,
and industry action.

SAF production target,
partnership, research, and
development

National (United
States)

Relevant for
biomass-derived SAF,
especially HEFA,
alcohol-to-jet,
Fischer–Tropsch, and
residue-based pathways.

SAF remains constrained by
cost, limited sustainable
feedstocks, certification
requirements, hydrogen
demand, and competition
with other biomass uses.

International
Renewable Energy
Agency (IRENA)
Bioenergy Program
[28]

Renewable-energy
roadmap and
policy-advisory platform
supporting bioenergy in
national energy planning.

Renewable Energy
Roadmap, policy advisory,
and capacity building

Global

Helps position bioenergy
within broader
renewable-energy
strategies, including power,
heat, fuels, and industrial
applications.

Roadmaps are advisory;
actual deployment depends
on national policy design,
financing, infrastructure, and
sustainability governance.

ReFuelEU Aviation
[29]

The EU regulatory
mandate requires an
increase in the share of SAF
in aviation fuel.

SAF blending obligation,
and binding regulatory European Union

Creates long-term demand
certainty for SAF and can
stimulate investment in
biomass-derived and
synthetic aviation fuels.

Compliance may be limited
by SAF availability, high
production costs, feedstock
sustainability, and the need to
balance bio-SAF with e-fuels.

Mapping the programs and initiatives in Table 1 reveals that the current bioenergy
policy architecture is broad but uneven in implementation strength. Most international ini-
tiatives operate as advisory frameworks, R&D coalitions, technical networks, sustainability-
guidance platforms, or coordination mechanisms [13,25,26,28]. Only a limited subset creates
direct binding obligations or compliance-oriented market signals. ReFuelEU Aviation and
Brazil’s Combustíveis do Futuro [20,29] are the clearest examples of mandate-based instru-
ments. At the same time, RenovaBio occupies a distinctive position as a legally established
market-based decarbonization mechanism that links tradeable carbon credits to certified
life-cycle carbon intensity. This distinction is important because it shows that the absence of
institutions does not limit international bioenergy governance, but rather that the uneven
translation of institutional guidance into enforceable deployment mechanisms, investment
certainty, certification capacity, and infrastructure development does.

4. The Food–Fuel Nexus: From Competition to Synergy
The discourse surrounding biofuels is often dominated by a contentious ‘food versus

fuel’ debate. This concern should not be dismissed, because poorly governed bioenergy
expansion can intensify land pressure, water use, biodiversity loss, fertilizer demand, and
indirect land-use change. At the same time, the relationship between food production and
biofuels is not necessarily a simple zero-sum competition. It depends on crop choice, land
type, yield growth, residue use, governance, market conditions, and whether bioenergy is
integrated with food production or displaces it. The purpose of this section is, therefore, to
move from a generalized opposition between food and fuel toward a more differentiated
assessment of when synergies are possible and when trade-offs are likely [30].

The global agricultural land area has increased by 78 million hectares since 2021,
with cropland expanding by 160 million hectares and permanent meadows and pastures
decreasing by 150 million hectares. The growth in cropland was primarily driven by regions
with fast population growth (Africa, South America, and Southeast Asia). North America
and Europe experienced cropland contractions [31]. Since 1961, global average corn yields
have tripled, rising from 1.9 t/ha to 5.7 t/ha, and sugarcane yields have increased from
50.3 t/ha to 73.7 t/ha, with some countries achieving over 100 t/ha [32]. Over the same
period, inflation-adjusted (real) corn prices have generally declined, reflecting sustained
productivity gains in agriculture. Without diversification and the creation of new markets,
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many farmers will be out of business [33,34]. This is a very serious issue often not discussed
in the food vs. fuel debate.

An analysis of global agricultural output from 1961 to 2020 (Figure 5) shows that
total food production has generally outpaced population growth [35]. During this period,
the global per capita food supply increased by nearly 50%. However, this global trend
should not be interpreted as evidence that production constraints are irrelevant in all
regions. Hunger and malnutrition arise from interacting drivers, including poverty, conflict,
governance failures, distribution barriers, price shocks, climate impacts, unequal access
to land and jobs, and local production deficits. Therefore, attributing hunger primarily to
biofuel production is an incomplete diagnosis, but so is assuming that bioenergy expansion
is automatically benign. The relevant question is how bioenergy systems can be designed to
avoid worsening local food insecurity while improving rural income, residue valorization,
and energy access.

Figure 5. Indices of food production, population, and per capita food production, 1961–2020 [9,35].

A second argument concerns the finite availability of arable land. Agroecological
assessments indicate that meaningful bioenergy production may be possible on marginal,
degraded, underutilized, or integrated agricultural lands, but the feasible area is scenario
dependent. Estimates of 50–200 million hectares for 100–200 EJ/year should be interpreted
cautiously because they depend on yield assumptions, biodiversity safeguards, water
availability, soil quality, governance, diet patterns, food waste reduction, dietary habits
and protection of high-carbon ecosystems [36–38]. Therefore, land is not a fixed, absolute
barrier, but neither is it a free resource. Sustainable deployment requires spatial planning,
exclusion of high conservation-value areas, the protection of soil carbon, and the monitoring
of indirect land-use effects.
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Furthermore, researchers have evaluated the sustainable potential for bioenergy pro-
duction by 2050, in some cases considering the use of residual biomass. The estimates
vary across studies because they rely on different assumptions about land availability,
yield improvements, residue removal rates, environmental protection, food demand, and
technology conversion efficiency. Ref. [39] found that without environmental policies,
global advanced bioenergy potential could reach 245 EJ/year, but this drops to 149 EJ/year
under full environmental protection. Ref. [30] projected a range of 64–313 EJ, representing
7.5–37% of global primary energy demand. Similar variability is documented extensively
in previous studies [15,37,39–43]. This explains the differences observed in Figure 6, which
indicates the significant potential of bioenergy. Likewise, the wide range observed in
Figure 6 indicates that bioenergy potential is conditional, rather than fixed. Water demand,
nutrient inputs, irrigation exposure, soil organic matter, and local ecosystem impacts must
therefore be evaluated before translating global potential into regional deployment targets.

Figure 6. Studies on sustainable biofuel production [15,30,39–43].

Further analysis of Brazil, which has one of the most advanced bioenergy strategies,
reveals that between 1975 and 2025, bioenergy supply increased by a factor of 69.4, while
maize and soybean production grew by factors of 5.4 and 13.6, respectively, outpacing both
population growth (factor 2.0) and GDP expansion (factor 3.3) [44,45]. This is confirmed
by global data. While biofuel production increased by a factor of 1.46 between 2000 and
2020 [46], the world hunger crisis decreased by a factor of 1.49 [47] (Figure 7).

This evidence gives a perspective that the agricultural products and energy relation-
ship is not a zero-sum game, in which if one wins, another must necessarily lose; there
may be room for both to thrive under appropriate governance and land-use planning. This
means that biofuel production will allow sufficient diversification of the agroindustry to
remain competitive and to secure a good standard of living for farmers.
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Figure 7. Historical world hunger crisis and biofuel production.

4.1. Food Wastes

As global production has expanded and living standards have improved, the volume
of waste, particularly food waste, has grown substantially. When disposed of improperly,
these wastes pollute soil, water, and air; yet they also represent valuable bioresources for
bioenergy production [48]. Over the past few decades, broad economic and social changes
have also reshaped the composition of agricultural waste. The rapid rise in agricultural
output has increased waste generation across all production stages. Furthermore, improved
living conditions have led to higher waste levels at the consumption stage [48].

Figure 8 shows the change in the energy potential of agricultural waste suitable
for energy use over a 50-year period. The data on agricultural waste were obtained
through calculations based on information about crop yields [49] and the proportions of
waste at various stages growing, harvesting, processing, storage, and consumption [50,51].
Sugarcane is not included in the calculation, as there is no data on the share of sugarcane
for the food and excess energy. The dynamics of the share of food waste at the household
consumption stage are proportional to the indicator of household consumer expenditures
(at constant 2015 prices) [52].

Figure 8. Historical world theoretical energy potential of agricultural waste and biofuel
production [52].
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The overall energy potential of agricultural waste (excluding sugarcane) increased by
a factor of 3.2 (from 7.1 to 22.9 EJ). The energy potential of waste from fruits, vegetables,
and others grew by a factor of 5.2, oilseeds and legumes by a factor of 4.7, cereals by a
factor of 3.0, tubers and roots by a factor of 1.6. As shown in Figure 8, the total potential of
crops (even excluding sugarcane) is more than twice the volume of biofuel production.

4.2. Biofuels and Energy Security

The modern petroleum industry is undergoing a profound transition, shifting from
pure extraction to gradual integration of diverse feedstocks, including biomass-derived
pyrolysis oils and lipids. In fact, there are good examples in which the complementary
strengths and the needs of the petroleum industry drove the evolution of the biofuels
industry. For instance, ethanol became the standard U.S. octane enhancer primarily due
to a lack of viable petroleum-based alternatives [53]. Historically, the global economy
avoided the catastrophic “peak oil” predictions not by discovering infinite reserves, but
by achieving radical efficiency improvements. For example, the U.S. energy intensity has
declined 60% since 1950, and vehicle fuel economy has doubled [54]. Without these gains,
alongside the rise in biofuels, current oil demand would have far exceeded supply, driving
prices to untenable levels.

However, the geopolitical fragility of petroleum supply remains a critical liability. Oil
reserves are geologically concentrated in a limited number of regions, rendering global
prices sensitive to regional instability. This structural vulnerability has historically ne-
cessitated immense military expenditures and, in some cases, armed conflicts to secure
supply lines, underscoring the strategic risks associated with continued dependence on
fossil fuels. Furthermore, the extraction model fails to account for the lack of resource
regeneration, effectively imposing a scarcity tax on future generations [55,56]. In contrast,
bioenergy offers a pathway to decentralized energy security. Biological resources are dis-
tributed globally, particularly in developing nations, thereby reducing the geopolitical
friction that fuels conflict [57]. This dynamic is evident in the Indonesian case; while facing
environmental criticism, its aggressive biodiesel mandates are a strategic necessity for a
nation transitioning to net-oil importer status [58]. Similarly, Brazil has secured sovereignty
by leveraging its biological assets. Shifting from concentrated mineral fossil deposits to
distributed bioresources is not merely an environmental imperative but a prerequisite for
long-term global economic growth, stability, and peace [59].

Indonesia is a case study in the growth of palm oil production for biofuels. Today,
close to 40% of Indonesia’s palm oil is used to meet its biodiesel mandate. Biofuels and
bioproducts are a legitimate diversification strategy for this industry. This is evident in
the palm oil prices, which often respond to crude oil prices [60]. Energy security concerns
drive industry growth. The question of the trade-offs between food and fuel production is
certainly very important and deserves further attention. However, it must be complemented
and expanded to answer, for example, what would have happened to the current price of
corn if a fraction of it had not been converted to ethanol? What would have been the price
of gasoline today if ethanol were not used as an octane enhancer? What would the price
of transportation fuels be today without all the increases in car efficiency, electrification,
and biofuels? What is the current economic, social, and environmental impact in Indonesia
of the palm oil industry? Understandably, those who are not familiar with or sensitive to
Indonesia’s economic and social needs, and who are more attuned with the environmental
crisis facing the planet, will gauge these developments from their perspective. However, the
academic community must analyze each bioenergy experience with curiosity to identify the
positive aspects that can inform the development of best practices, as well as the drawbacks
and weaknesses to avoid.
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5. Pathways for Refinery Integration of Liquid Biofuels
The preceding discussion shows that the credibility of bioenergy depends not only

on aggregate feedstock potential but also on how biomass is converted, governed, and
integrated into existing energy systems. For this reason, the next discussion will focus
on refinery integration, in which biomass-derived intermediates can potentially use exist-
ing processing assets while facing constraints related to hydrogen demand, fuel quality,
certification, and lock-in risk. The integration of liquid biofuels into conventional oil re-
fineries, therefore, represents a critical pathway for scaling renewable fuels within existing
infrastructure. In this section, the specific processes, the synergies with hydrogen, and the
integration of biofuels into biorefineries, including the production of sustainable aviation
fuels (SAF), will be discussed.

5.1. Biomass to Liquid (BtL) Conversion Technologies

The conversion of solid lignocellulosic biomass into liquid hydrocarbon fuels, Biomass-
to-Liquid (BtL) technologies typically require depolymerization to a liquid or syngas,
followed by a process in which the final hydrocarbon is obtained from the oxygenated inter-
mediate. The objective is to transform a solid, heterogeneous, high-oxygen feedstock into a
liquid, homogeneous, low-oxygen fuel fully compatible with existing infrastructure (drop-
in fuel). The technological landscape is branched into thermochemical and biochemical
pathways, each governed by distinct reaction kinetics and thermodynamic constraints [61].
The thermochemical route, particularly gasification coupled with Fischer–Tropsch (FT)
synthesis, is widely regarded as the most versatile pathway for producing drop-in synthetic
fuels, such as green diesel and sustainable aviation fuel (SAF) [62]. Other alternatives to FT
include biomethanol, dimethyl ether, and synthetic natural gas (SNG) synthesis, syngas
fermentation, methanol-to-gasoline (MtG), and dimethyl ether-to-gasoline (DtG) [63].

A detailed explanation of the biomass gasification process is carried out in the work
of [64]. However, one major technical barrier in biomass gasification is the formation
of tars (tar range 1–100 g/Nm3), which can damage downstream equipment and cause
catalyst poisoning. Technologies for tar removal include catalytic reforming (with Ni
and other metal catalysts) and physical scrubbing (using organic solvents). The cleaning
requirement for FT synthesis is extremely stringent, often requiring clean syngas with ppb-
level impurities to prevent catalyst poisoning [65,66]. Once cleaned, the syngas undergoes
Fischer–Tropsch synthesis, a catalytic polymerization process that converts CO and H2 into
long-chain alkanes.

Fast pyrolysis and the hydrothermal liquefaction (HTL) process are considered direct
BtL processes. Fast pyrolysis involves the rapid thermal decomposition of organic matter
in the absence of oxygen at moderate temperatures (450–550 ◦C) and very short residence
times (<2 s). This regime maximizes the yield of liquid bio-oil (up to 75% by weight). The
process typically utilizes fluidized bed reactors, where biomass particles are rapidly heated
by hot sand [65]. However, crude pyrolysis oil is chemically distinct from crude petroleum.
It is a highly oxygenated emulsion containing water, acids, and reactive aldehydes. It
has a lower heating value (LHV 16–19 MJ/kg), is acidic (pH 2–3), and is unstable over
time (aging/polymerization). Consequently, it cannot be used directly in standard refinery
units or engines except if it undergoes upgrading via hydrodeoxygenation (HDO), which
requires a significant quantity of hydrogen to remove oxygen as water. The economic
viability of this pathway is inseparably linked to the cost of low-carbon hydrogen [67].

HTL addresses the moisture limitation of gasification and pyrolysis routes. It processes
wet biomass (e.g., algae, sewage sludge) in hot compressed water (250–374 ◦C, 10–25 MPa).
Near the critical point of water (374 ◦C, 22.1 MPa), the physicochemical properties of
water change drastically: the dielectric constant drops, making it a non-polar solvent that
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dissolves organic compounds, while the ionic product increases, thereby catalyzing acid-
base reactions. HTL produces a biocrude, a complex mixture of oxygenated hydrocarbons,
with lower oxygen content (10–20%) than pyrolysis oil, and it separates from the aqueous
phase. This allows for easier upgrading. Recent techno-economic analyses suggest that HTL
may achieve lower fuel selling prices for wet feedstocks by eliminating the energy-intensive
drying step required for gasification or pyrolysis [67,68]. Table 2 therefore compares BtL
and related liquid-fuel pathways.

Table 2. Summarized BtL processes and their TRL.

Technology Pathway Technology Readiness
Level (TRL)

Current Status/Key
Characteristics Limitations/Challenges

Gasification +
Fischer–Tropsch (FT)

TRL 6–7 (Demonstration
to first commercial units)

Demonstrated at pilot and
pre-commercial scale; projects
such as Comstock Fuels are
advancing lignocellulosic
conversion from TRL 6–7 toward
larger integrated facilities.

High capital cost, stringent syngas
purity requirements, feedstock
variability, and scale-dependent
economics. Life-cycle performance
is sensitive to biomass transport
distance, residue removal
assumptions, and carbon capture
integration

Syngas Fermenta-
tion/MtG/DtG

TRL 5–7 (Pilot to early
demonstration)

Offers alternative upgrading of
syngas to ethanol, gasoline-range
hydrocarbons, or ethers;
biologically and catalytically
flexible pathways.

Sensitivity to syngas impurities,
lower carbon efficiency than FT,
and complex downstream
separation. Commercial scale-up
depends on gas-cleaning costs,
microbial/catalytic stability,
product separation energy, and
consistent feedstock supply.

Fast Pyrolysis
5–7 (Pilot to early
commercial
demonstration)

Direct production of bio-oil with
yields up to 75 percent; uses
fluidized bed systems with rapid
heating (450–550 ◦C, <2 s).

Bio-oil is highly oxygenated, acidic
(pH 2–3), unstable, and
incompatible with refinery units; it
requires hydrodeoxygenation
(HDO) with high hydrogen
demand; economic viability
depends on low-cost, low-carbon
hydrogen.

Hydrothermal
Liquefaction (HTL) 5–6 (Pilot)

Processes wet biomass in hot
compressed water (250–374 ◦C,
10–25 MPa); near-critical water
enhances depolymerization;
biocrude has lower oxygen
content (10–20 percent) and
separates easily from water.

High-pressure reactors increase
capital cost; catalytic upgrading is
still required; scaling challenges
remain; and long-term operational
data are limited. Water handling,
aqueous-phase treatment, catalyst
durability, and high-pressure
operation remain major issues for
scale-up.

HVO/HEFA
(Hydrotreated Vegetable
Oils & Hydroprocessed
Esters and Fatty Acids)

TRL 9 (Fully commercial)

Most mature renewable diesel
pathway; widely deployed in
existing refineries; high-quality
drop-in fuels.

Strongly feedstock-constrained,
relying on limited lipid/fat
resources; difficult to scale to
aviation fuel demand.

Emerging
Lignin-Derived
Pathways

TRL 4–6 (Lab validation to
pilot scale)

Focus on lignin depolymerization
and selective production of
jet-fuel aromatics; progressing
toward stable pilot operation.

Catalyst instability, complex
reaction networks, challenges in
product selectivity, and need for
integration with full biorefinery
systems.

The production cost of BtL diesel remains higher than that of fossil diesel, typi-
cally ranging from 1.5 to 3 times the price under typical techno-economic assumptions
(e.g., large-scale plants in Europe, lignocellulosic feedstocks, moderate oil prices, and no
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strong policy support). However, results are sensitive to feedstock costs, hydrogen prices,
carbon taxation, and system boundaries [69,70]. As noted in market reports, demand for
Sustainable Aviation Fuel (SAF), driven by mandates like the EU’s RefuelEU Aviation,
is creating a premium market that may subsidize the scale-up of these technologies [71].
Efforts are needed to increase the TRL of BTL technologies through advanced research and
implementation of commercial-scale plants.

5.2. Hydrogen and Biofuels Synergies

The synergistic integration of hydrogen into biofuel production represents a promising
short-term strategy to mitigate current challenges associated with hydrogen storage and
transportation. When incorporated into biomass conversion pathways, biofuels effectively
serve as liquid carriers of renewable energy. This dual functionality addresses two critical
objectives: (i) overcoming logistical barriers to hydrogen deployment, and (ii) enhancing
both the yield and quality of biofuels.

5.2.1. Enhancement of Yield and Quality Improvement

The addition of low-carbon hydrogen in thermochemical processes, including gasifi-
cation and FT synthesis, can improve the efficiency of biofuel production. As illustrated
in Figure 9, hydrogen plays a pivotal role in biofuel upgrading by facilitating carbon re-
tention. Conventional biomass conversion routes typically remove oxygen in the form
of CO2, resulting in significant losses of biogenic carbon. By contrast, the introduction of
external H2 enables oxygen removal as H2O, thereby altering the reaction stoichiometry in
favor of higher carbon preservation [72]. This adjustment can increase production yield
up to 3–4 times the baseline liquid fuel yield, depending on process configuration, hydro-
gen availability, and operating conditions, as a greater proportion of feedstock carbon is
retained within the hydrocarbon chains of the final product [73,74]. Moreover, hydrogen
saturation via hydrotreatment and isomerization is indispensable for producing drop-in
fuels, such as diesel and kerosene, that are oxygen-free and chemically stable.

 

Figure 9. Hydrogen utilization for biofuel improvement.

5.2.2. Upstream Agricultural Synergy

The hydrogen–biofuel synergy extends beyond conversion facilities to the agricultural
systems that sustain bioenergy production. Bioenergy feedstocks are inherently input-
intensive, particularly with respect to nitrogen fertilizers, which are conventionally derived
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from fossil-based hydrogen and ammonia [75]. As depicted in Figure 10, hydrogen can be
used to produce low-carbon ammonia, biomethanol, and biodiesel sustainably. Substitut-
ing fossil-derived inputs with low-carbon hydrogen, sourced from biomass gasification
or renewable electricity (e.g., solar and wind), reduces the overall Carbon Intensity (CI)
of crops as bioenergy feedstocks. This upstream integration establishes a circular decar-
bonization loop, simultaneously lowering emissions at the agricultural input stage and
at the downstream fuel combustion stage. In doing so, hydrogen utilization not only
enhances the sustainability of biofuel production but also contributes to broader climate
mitigation objectives.

Figure 10. Hydrogen-biomass integration prospect for low carbon emission in oil and gas refinery.

The economic implications of replacing fossil-derived hydrogen in fertilizer produc-
tion are important for bioenergy systems. Nitrogen fertilizer is both a productivity input
and a life-cycle emissions hotspot because conventional ammonia synthesis relies heavily
on natural gas-derived hydrogen and releases additional emissions from energy use and
downstream nitrous oxide formation. Low-carbon hydrogen could reduce the upstream
carbon intensity of fertilizer used for energy crops and food crops. Still, its adoption will
depend on electricity prices, electrolyzer utilization, ammonia plant integration, transport
and storage costs, carbon pricing, and certification of low-carbon fertilizer. In the near
term, this means bioenergy supply chains should not assume immediate decarbonization
of fertilizer. Instead, life cycle assessments should evaluate scenarios that include conven-
tional fertilizer, partially decarbonized ammonia, precision nutrient management, organic
residues, and reduced nitrogen losses.

5.3. Biomass and Biofuels Utilization in the Oil & Gas Sector

Currently, the oil and gas sector contributes significantly to global emissions, with 15%
of global energy-related Greenhouse Gas (GHG) emissions from production, processing,
and transportation activities, and another 40% from its use [76]. As long as there is
energy demand, there will always be production to meet this demand [77]. One promising
approach in decarbonizing this sector is to integrate biomass and low-carbon hydrogen
technologies to reduce carbon intensity across the value chain.

Oil refineries consist of a sequence of interconnected processes designed to convert
crude oil into marketable fuels and chemical feedstocks. Hydrogen plays a central role
in refining operations, primarily as a reactant for hydroprocessing. Its major applications
include hydrotreating, hydrocracking, and catalytic reforming; through these processes,
hydrogen enhances fuel quality [78]. Most of the hydrogen used in these processes is
produced through Steam Methane Reforming (SMR), and the hydrogen is referred to as
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grey hydrogen. While SMR is cost-effective, it is carbon-intensive, generating approximately
9–12 kg of CO2 per kg of hydrogen produced [79,80].

Integration of biomass into the oil refinery process can provide an alternative and
renewable feedstock, as shown in Figure 10. Biomass can strategically displace this carbon-
intensive hydrogen through biohydrogen production (application presented in detail in
Figure 11), generated via thermochemical conversion [61,81], or biochemical conversion
process such as dark fermentation [82,83]. When combined with carbon capture, utilization,
and storage (CCUS), these systems can achieve negative emissions, offering a double cli-
mate benefit: offsetting refinery emissions while removing CO2 from the atmosphere [61].
Likewise, biomass-derived feedstocks can be co-processed into a liquid bio-crude or py-
rolysis oil. This bio-crude can then be fed directly into existing refinery units, such as
hydrotreaters, and processed alongside traditional crude oil fractions. This pathway lever-
ages existing capital-intensive infrastructure to produce lower-carbon fuels [84].

Figure 11. Biohydrogen/low-carbon hydrogen use in a refinery.

Although the technology readiness level (TRL) of biomass-to-hydrogen and other
low-carbon conversion technologies remains relatively low, oil and gas companies face
a strategic dilemma: whether to invest heavily in bioenergy systems or to pursue tech-
nological innovations that prolong the use of fossil resources while minimizing their
environmental footprint through options such as carbon capture and utilization (CCU).
Because integrating these emerging processes into existing refinery operations would in-
evitably increase production costs, particularly in fuel refining, where margins are already
tight [85]. Additionally, biomass could be processed to produce ethanol and biodiesel,
which could be blended with fossil fuel at different ratios to reduce emissions from the
use of fossil fuel, with the potential to reduce GHG emissions up to 86% compared to
fossil fuel [86]. While such integration offers a practical route for near-term emissions
reduction, it should be considered a transitional strategy. In particular, co-processing and
blending within existing refinery infrastructure may reinforce reliance on conventional fuel
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systems, thereby reducing the incentive to invest in fully decarbonized alternatives such as
electrification, green hydrogen, or advanced synthetic fuels. This can lead to technological
lock-in, where incremental improvements delay the deployment of more transformative
low-carbon pathways.

However, for biomass integration to become a practical decarbonization route, three
critical questions must be addressed with scientific and economic clarity: (i) what types
of biomass feedstocks are most suitable for refinery applications, and (ii) at which stages
of the refining process can these feedstocks be effectively introduced to maximize both
technical compatibility and carbon reduction potential, and (iii) What is the transitional
strategy to avoid infrastructural lock-in?

5.4. Sustainable Aviation Fuels (SAF): Decarbonizing a Hard-to-Abate Sector

In the energy transition, some sectors have been identified as hard-to-decarbonize
sectors. These sectors include long-distance transportation, the steel and cement industries,
and others. The aviation sector is of particular interest because it requires high-energy-
density fuel, and given the weight of batteries, electrification is impractical [87]. As a result,
aviation represents one of the few transport sectors for which liquid hydrocarbon fuels are
not a transitional option but a structural necessity. Research into alternative fossil-based
fuels for use in these sectors has intensified recently due to the climate crisis [62]. In
2008, the Sustainable Aviation Fuel User Group (SAFUG) was formed, and Virgin Atlantic
conducted the first test flight using a blend of conventional and biofuel [88]. Since then, the
first SAFs have been approved and are only permitted for use as a blending component.
The main specifications are maintained by the American Society for Testing and Materials
(ASTM) D7566 [89]. Furthermore, it must be certified by ASTM D1655 [90] after blending
with conventional jet fuel, such as Jet A or Jet A-1 [91]. However, current usage still accounts
for less than 0.3% of jet kerosene consumption [92].

Considering the predicted growth in aviation, the global demand for SAF is expected
to be around 360 million tons in 2050 under a net-zero aviation scenario [92]. This scale
implies a transformation of fuel supply chains comparable to the historical rise of petroleum
refining, rather than a niche substitution. Therefore, there is an urgent need to increase SAF
penetration to meet the energy transition goal.

To date, eleven SAF production pathways have been approved by ASTM. Of these,
eight are directly biomass-derived routes certified under ASTM D7566, while three are
co-processing pathways integrated into conventional refinery operations under ASTM
D1655 [93]. These pathways, shown in Table 3, could be classified by biomass feedstock
compositions: lipid-based, sugar-based, gas-based, and alcohol-based, with varying ma-
turity and applicability. These certified pathways are extensively discussed in the study
of [91,94]. However, to maintain eligibility under the Carbon Offsetting and Reduction
Scheme for International Aviation (CORSIA), SAF produced via these certified pathways
must additionally comply with sustainability criteria and certification requirements, such
as demonstrating lifecycle GHG emission reductions relative to the baseline, meeting land-
use and feedstock sustainability criteria, and being certified through an ICAO-approved
Sustainability Certification Scheme [95].

Other pathways, such as hydrodeoxygenation synthetic kerosene (HDO-SK), hy-
drodeoxygenation synthetic aromatic kerosene (HDO-SAK), High-freeze-point hydro-
processed esters and fatty acids synthetic kerosene (HFP HEFA-SK), and integrated hydro-
pyrolysis and hydro-conversion (IH2), are in various stages of approval process for commer-
cial aviation use because of the stringent requirements of SAF properties, such as viscosity,
freezing point, flash point, etc., to ensure flight safety and reliability [91,96,97].
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Table 3. ASTM-certified pathways.

Tag Pathway Name Blend Limit Key Characteristics & Trade-Offs

Annex A1
Fischer–Tropsch Hydroprocessed
Synthesized Paraffinic Kerosene (FT
SPK)

50%

High Flexibility/High Cost: Offers strong
feedstock flexibility and long-term
scalability. However, suffers from high
capital intensity and process complexity.

Annex A2
Synthesized Paraffinic Kerosene from
Hydroprocessed Esters and Fatty
Acids (HEFA SPK)

50%

Commercial Standard (TRL 9): Currently
the most widely deployed pathway.
Limited long-term by the availability of
sustainable lipid stocks.

Annex A3 Synthesized Iso-Paraffins (SIP) from
Hydroprocessed Fermented Sugars 10%

Niche/High Quality: Innovative biotech
approach with attractive fuel properties,
but restricted by low blending limits, high
costs, and limited commercial readiness.

Annex A4
Fischer–Tropsch Synthesized
Kerosene with Aromatics (FT
SPK/A)

50%

Drop-in Solution: Overcomes the aromatic
deficiencies of standard FT-SPK, enabling
full drop-in capability, while retaining
high FT process costs.

Annex A5 Alcohol-to-Jet Synthetic Paraffinic
Kerosene (ATJ-SPK) 50%

Supply Chain Integration: Leverages
established alcohol supply chains
(isobutanol/ethanol). Challenges include
high energy intensity and sensitivity to
sustainability.

Annex A6 Catalytic Hydrothermolysis Jet (CHJ) 50%

High Yield/Immature: Promising direct
lipid-to-jet route with high yields, but
currently remains relatively immature at
commercial scale.

Annex A7

HC-HEFA for the production of
paraffins from bio-derived lipids
from a microalgae species
(Botryococcus braunii)

10%

Fast-Tracked: First fast-track approved
pathway (Botryococcus braunii), but limited
by low blend limits and current algae
cultivation scale.

Annex A8 Alcohol-to-Jet Synthetic Kerosene
with Aromatics (ATJ-SKA) 50%

Full Drop-in: Allows C2–C5 alcohols;
separate production of
aromatic/non-aromatic components
enables full drop-in capability.

D1655 (A1) Co-processing of Lipids in Petroleum
Refineries 5%

Requires hydrotreatment; approved via
amendment to ASTM D1655; widely used
in European refineries

D1655 (A1) Co-processing of Fischer–Tropsch
Liquids in Petroleum Refineries 5% Currently limited to 5%; increasing to 30%

under ASTM subcommittee review

D1655 (A1) Co-Processing of HEFA 10% Hydroprocessed esters/fatty acids from
biomass

Table 3 detailed the trade-offs between technological maturity, scalability, and de-
carbonization impact across ASTM-certified pathways. Currently, lipid-based pathways
(HEFA-SPK) dominate the market (TRL 9) but are constrained by feedstock availability [95].
Conversely, FT-SPK/SPK/A and ATJ-SPK/SPA/A pathways offer greater long-term scala-
bility and feedstock flexibility, though they face economic hurdles related to capital intensity
and energy consumption [98]. While co-processing offers a low-cost transitional solution, it
has limited potential for deep decarbonization compared to dedicated Power-to-X (PtX)
routes, which theoretically offer unlimited feedstock supply despite their currently high
operating costs [99].
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As shown in Table 3, blending ratios for certified pathways allow only 5–50% mixing,
depending on the conversion process. One key limitation arises from the low aromatic
content of many SAF components, such as paraffinic fuels, which differs from conventional
jet fuel. Aromatic compounds play a critical role in maintaining elastomer compatibility,
particularly by ensuring sufficient seal swelling in components such as nitrile O-rings.
In the absence of sufficient aromatics, elastomers may shrink, potentially leading to fuel
leakage and safety concerns. For this reason, ASTM specifications (e.g., D1655 and D7566)
require a minimum aromatic content in blended fuels, which constrains the allowable SAF
blending ratios. However, recent advances, including the development of synthetic aro-
matic components and the use of alternative elastomer materials (e.g., fluorocarbon-based
seals), are beginning to reduce these constraints. These developments may enable higher
blending ratios and potentially the certification of 100% SAF [100]. In 2023, Virgin Airlines
performed a successful demonstration flight using 100% SAF in one of its engines with
a blend of two SAFs from HEFA (Hydroprocessed Esters and Fatty Acids) and Synthetic
Paraffin Kerosene (SPK) [101].

SAF deployment remains at a very early stage, currently accounting for less than
0.3% of global aviation fuel consumption, with HEFA pathways dominating supply and
blending limited to 50% under existing standards. In that regard, achieving net-zero-
aligned penetration levels will require a substantial scale-up of investment, strong policy
support, and effective regulatory frameworks. Market uptake is therefore largely policy-
driven, relying on production incentives and blending or emissions mandates. As a result,
continued R&D into advanced biofuel pathways using agricultural residues, dedicated
energy crops, and waste streams, together with longer-term e-fuel options based on green
hydrogen and CO2, is essential, despite their remaining commercialization challenges. At
the same time, for this technology to successfully implement the energy transition goal,
some fundamental questions need to be answered. These are: if distributed facilities process
highly variable biomass, which target intermediates are easy to collect and transport? In
the optimization process for feedstock allocation to meet 100% SAF, how will the additional
cost associated with 100% SAF production be distributed? What is the long-term effect of
SAF on engine lifespan, etc.?

5.5. Carbon Sequestration and Fixation Using Microalgae in Bio-Refineries

Microalgae are considered separately from other biomass feedstocks due to their
unique dual functionality as both a carbon capture platform and an energy feedstock,
offering a pathway to couple biofuel production with active carbon capture. Recent litera-
ture suggests that integrated biorefinery models, which combine microalgae cultivation,
Hydrothermal Liquefaction (HTL), and catalytic hydrogenation, represent a paradigm shift
in biofuel production (Figure 12). By coupling the photosynthetic efficiency of microalgae
with the thermodynamic advantages of HTL, this pathway addresses the critical energy bal-
ance and fuel quality bottlenecks that have hindered algae biofuels [102,103]. The SUSTEPS
Project (Sustainable, Secure and Competitive Energy Through Scaling Up Advanced Biofuel
Generation), funded by the EU, is intended to solve the bottlenecks of algae biorefineries
based on HTL/HT processes: biocrude quality and upgrading, high costs and scale-up
risks, sustainability/logistics (CO2, nutrients, water), and certification/policy barriers.

By definition, carbon fixation is the process of making organic molecules from CO2,
and sequestration is the process of storing those organic molecules (or captured CO2) away
from the atmosphere [104]. While terrestrial crops are limited by lower photosynthetic
efficiency, microalgae leverage rapid carbon fixation rates, 10 to 50 times higher than
terrestrial plants, to effectively sequester atmospheric CO2 into lipid-rich biomass [103,104].
By utilizing waste streams (such as wastewater or industrial flue gas), the system lowers
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the carbon intensity of the feedstock before conversion even begins. The resultant algae
biomass, comprising approximately 50% carbon by dry weight, serves as a dense carrier of
chemical energy, effectively locking captured CO2 into a manageable solid form.

Figure 12. Algae bio-refinery process.

A critical discussion point in the valorization of algae biomass and oil is the drying
penalty. Traditional conversion methods such as gasification or pyrolysis often require dry
feedstock, necessitating energy-intensive pre-processing that erodes the net energy return
on investment (EROI). Hydrothermal Liquefaction (HTL) circumvents this by utilizing
subcritical water (250–450 ◦C, 100–350 bar) as both a reaction medium and a catalyst. By
processing wet biomass directly, HTL eliminates the latent heat of vaporization penalty
associated with drying compared to other thermochemical processes. The process effec-
tively depolymerizes the complex matrix of intracellular proteins, lipids, and carbohydrates
into a biocrude oil [105]. This phase represents the primary transformation of sequestered
inorganic carbon (CO2) into distinct organic energy vectors.

While HTL biocrude is energy-dense [68], it is chemically distinct from petroleum
crude due to high concentrations of heteroatoms (oxygen: 5–20 wt.%, nitrogen, and sulfur).
Direct use is infeasible due to acidity, instability, and corrosivity. Therefore, catalytic hydro-
genation (hydrodeoxygenation and hydrodenitrogenation) is not optional but fundamental
to the pathway [102]. This step uses hydrogen to strip heteroatoms, saturate olefinic bonds,
remove oxygen, and increase the H/C ratio. The result is a drop-in hydrocarbon fuel (naph-
tha, diesel, jet fuel) that meets ASTM specifications (Figure 12). This allows the renewable
fuel to leverage existing distribution infrastructure, lowering the barrier to adoption in the
energy transition. Other identified constraints are presented in Table 4.

Table 4. Summary of limitations in the use of microalgae.

Limitation Type Key Challenges/Limitations Sources

Economic

High feedstock cost (>$600/ton for farm-cultivated algae)

[103,105]
High capital investment cost for conversion (50–76% of total conversion cost)

Low Energy Return on Investment (EROI ≈ 1 or less)

Market constraints for co-products limiting scalability
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Table 4. Cont.

Limitation Type Key Challenges/Limitations Sources

Product Quality

High oxygen (5–20 wt.%) and nitrogen content in biocrude

[102,103]
Biocrude exhibits strong acidity, corrosiveness, high viscosity, and low
stability

Need for extensive and costly upgrading steps (hydrotreatment)

High heteroatom content causes catalyst poisoning and deactivation

Technical/Engineering

Scaling challenges in heat transfer and temperature uniformity

[68,102,105]

High operating pressure (>2400 psig/165.47 bar) poses safety risks and
increases capital costs

Fouling and clogging risk in heat recovery systems (heat exchangers)

Difficulty in solid–liquid separation at the industrial scale

Variable quality of cost-advantaged feedstocks (high ash, low energy density)

6. Biofuels for Power and Heat Generation
Biofuels are increasingly valued in modern power systems not for bulk, baseload

electricity, but for their ability to deliver dispatchable, flexible capacity as grids become
saturated with variable renewable energy. Biomass power plants, operating through
technologies such as the Steam Rankine Cycle, gasification/ICE system, and emerging
Organic Rankine Cycle systems, provide controllable output that complements solar and
wind during low-resource periods [106]. Their role is particularly critical in countries
like Brazil, India, and parts of the EU, where local agricultural residues offer both energy
security and socioeconomic benefits [107].

At the microgrid scale, biofuels address the core technical weakness of inverter-based
renewable systems, which lack physical inertia. Hybrid PV–battery–biofuel architectures
benefit from synchronous generators driven by liquid or gaseous biofuels, improving
frequency stability, lowering the rate of change in frequency, and providing ride-through ca-
pability during faults. Advanced energy management systems, including model predictive
control, coordinate the operation of solar, storage, and biofuel generators to minimize fuel
consumption and battery degradation while maintaining reliability. Biofuel generators also
reduce the required battery capacity, lowering system capital cost and enhancing resilience
in rural or islanded microgrids [107,108].

6.1. Biofuel in Internal Combustion Engines (ICE)

Biofuels remain essential for decarbonizing ICE, which continues to dominate indus-
trial power generation, agriculture, and backup systems. Their interaction with engine
hardware reflects complex relationships among combustion chemistry, fuel injection dy-
namics, material compatibility, and emissions pathways.

A critical distinction exists between Fatty Acid Methyl Esters (FAME) and Hy-
drotreated Vegetable Oil (HVO), as FAME is chemically distinct from drop-in hydrocarbon
fuels. FAME offers good combustion characteristics but introduces challenges such as a
reduction in engine power, increased emissions of NOx, material degradation, poorer cold
flow properties, and the risks of oil dilution in engines equipped with particulate filters.
Engineering mitigation requires material upgrades, revised maintenance practices, and
recalibrated injection timing to control NOx emissions [109].

HVO, by contrast, behaves as a premium synthetic diesel, with a high cetane number,
excellent storage stability, and full drop-in compatibility. Its superior ignition quality
reduces pressure rise rates and lowers particulate emissions, positioning it as the preferred
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biofuel for microgrid generators and standby power systems [110]. These properties
highlight the broader argument that feedstock choice and fuel chemistry shape both engine
performance and emission profiles, influencing the practical scalability of biofuel use in
decentralized energy systems.

6.2. Industrial Heat Demand from Biofuels

In energy-intensive industries, biofuels and solid biomass offer one of the few carbon-
neutral pathways to high-temperature process heat. Cement manufacturing has pioneered
the use of biomass residues through co-processing, in which solid waste and biomass re-
place the petroleum coke or coal coke in rotary kilns. The technical success of co-processing
depends on burner design, aerodynamic control, and careful management of volatile alka-
lis and chlorine, which can otherwise disrupt kiln operation [111]. Computational fluid
dynamics plays an increasingly important role in optimizing flame stability and particle
trajectories to ensure complete combustion and high clinker quality [112].

In the iron and steel sector, the search for low-carbon reductants has renewed interest
in torrefied biomass and charcoal as partial substitutes for fossil coke. While raw biomass
lacks the mechanical strength and carbon structure required for blast furnace operation, tor-
refaction and carbonization improve grindability, energy density, and fixed carbon content,
enabling injection through the nozzle, as in Pulverized Coal Injection. Although hydrogen-
based Direct Reduced Iron represents the long-term decarbonization goal, bio-coke offers
an immediate intermediate strategy that leverages existing metallurgical infrastructure
while reducing reliance on fossil carbon [110].

7. Carbon Management and Negative Emissions
7.1. CO2 Separation Technologies

CO2 separation is a critical component of the Carbon Capture, Utilization, and Storage
(CCUS) value chain. While Figure 13 categorizes the fundamental separation mechanisms
(such as absorption, adsorption, and membranes), the selection of a specific technology
relies heavily on operating conditions, specifically pressure and partial pressure, dictated
by the capture pathway. Table 5 summarizes how these mechanisms are integrated into
pre-combustion, post-combustion, and oxy-fuel systems and their TRL [113].

 

Figure 13. CO2 separation technologies.

Pre-combustion captures CO2 from syngas before fuel utilization. Following gasi-
fication and the water–gas shift reaction, the stream has a high CO2 partial pressure
environment [114]. This thermodynamic condition allows for the use of physical solvents
(e.g., Selexol) and H2-selective membranes rather than energy-intensive chemical reactions.
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This pathway effectively produces a hydrogen-rich stream, serving as a bridge to deep
decarbonization by handling inlet concentrations of 15–50% [115].

Post-combustion capture, conversely, treats flue gas after burning, where CO2 is highly
dilute (5–15%) and at low pressure. To overcome these limitations, chemical absorption
with reactive solvents (such as amines) is the standard, as they bind CO2 effectively even
at low partial pressures [113]. While energetically demanding, this method offers vital
flexibility, allowing retrofits on existing infrastructure without immediate asset retirement.
Research highlighted in Table 5 is increasingly focusing on adsorption and polymeric
membranes to improve efficiency in these low-pressure applications.

Table 5. CO2 capture technologies, their separation mechanisms, and their associated TRL [113,115].

CO2 Capture Mechanism
(Classification)

Separation Mechanism/Core
Process TRL Maturity Status

Chemical Absorption
(Post-Combustion,
Pre-Combustion)

Chemical reaction between CO2
and a solvent (e.g., MEA, PZ) 9

This is the most widely used and
mature technology. Chemical
absorption techniques
monoethanolamine (MEA)-derived
solvents, are employed in all
commercial post-combustion CO2
capture facilities.

Physical Adsorption
(Post-Combustion)

Uses solid, porous materials
(activated carbon, zeolites,
MOFs) to physically absorb CO2
(e.g., PSA, TSA, VSA)

7
Considered a promising approach, but
it is less mature than chemical
absorption.

Membrane Separation
(Post-Combustion,
Pre-Combustion)

Relies on pressure differentials
across materials (polymeric,
ceramic, hybrid) to separate
gases

6

Features high selectivity, but the
technology is still developing. Recent
advancements have enhanced the
selectivity and permeability of these
membranes.

Cryogenic Capture
(Post-Combustion, Oxy-Fuel)

Cools the flue gas to condense
and liquefy CO2

5
This method is energy-intensive and
considered to be of low maturity for
widespread deployment.

Bio-based Technologies
(Utilization/Capture)

Uses microorganisms
(e.g., microalgae) for
photosynthesis to fix CO2 into
biomass

4

This is an emerging field that faces
hurdles related to cost and scalability,
often requiring extensive land and
resource availability.

Oxy-fuel combustion circumvents the separation difficulty by burning fuel in pure
oxygen and recycled flue gas, eliminating nitrogen from the input. This results in a
high-purity stream composed primarily of CO2 and water vapor. Separation is achieved
primarily through physical condensation and cryogenic purification rather than chemical
solvents (Table 5). While this significantly simplifies the backend separation, it shifts the
energy penalty to the upstream air separation units required for oxygen production [114].

7.2. Biochar and Carbon Capture

The foundational principle of biochar production is the thermochemical conversion of
biomass feedstock (mostly residual) in an oxygen-limited environment. These processes
could be gasification (750–1200 ◦C), fast pyrolysis (around 500 ◦C), or slow pyrolysis
(300–550 ◦C). For ages, biochar has been of important use in human development. This is
shown in Figure 14 [116].
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Figure 14. Historical application of biochar in human development [116].

Recent studies in biochar production have moved beyond simple carbonization to
advanced functionalization, which is the intentional engineering of a biochar’s proper-
ties. This engineering can be achieved through two primary routes: (1) in situ mod-
ification, where the carbonization process itself is selectively controlled [117,118], and
(2) post-production modification, where the pristine char is treated chemically, physically,
or biologically to enhance surface functional groups (e.g., -OH, -COOH, -NH2) [119–121].
This signals a maturation of the industry, from a waste disposal model to one of advanced
materials science.

Table 6 summarizes these improvement techniques and their specific applications.

Table 6. Biochar improvement techniques.

Technique Primary Goal
(Functionalization Type) Typical Application Stage Specific Uses/Applications Source

Chemical Activation
(e.g., KOH, NaOH)

Pore Engineering: Creates a
high specific surface area
(SSA) and optimizes pore
size distribution.

Both (In situ or
Post-production): Can be
applied to raw biomass (in
situ) or pristine biochar
(post-production).

Adsorption, water
purification, catalyst
support, supercapacitors.

[122]

Templating & Molten
Salt

Pore Engineering: Creates
highly ordered, controlled,
and hierarchical porous
structures.

Primarily in situ: The
biomass precursor is
pyrolyzed with the template
or in the salt bath.

Supercapacitors (fast
electrolyte diffusion),
advanced catalysts.

[122]

Heteroatom Doping
(e.g., N, P, S)

Surface Chemistry
Modification: Modifies
electronic properties,
improves wettability, and
adds redox-active sites.

Both (In situ or
post-production): e.g.,
Pyrolyzing N-rich biomass
(in situ) or treating char in
NH3 gas (post-production).

Supercapacitors (Faradaic
reactions), electrocatalysis,
and adsorption.

[122]

Enhancing
Graphitization

Electrical Conductivity
Enhancement: Increases
crystallinity and forms
ordered graphitic (sp2)
domains.

Both (In situ or
Post-production): Catalytic
graphitization with metals
(in situ) or high-temp
annealing >2000 ◦C
(post-production).

Batteries (ion intercalation),
electrocatalysis, conductive
composites.

[123,124]

Metal Impregnation

Composite Material
Creation: Adds active
metallic sites to the carbon
matrix.

Both (Primarily
Post-production): Soaking
pristine biochar in metal salt
solution (post-production)
is most common.

Wastewater treatment
(oxy-anion adsorption),
electrocatalysts, fuel cells.

[122,125]

Enhanced mineral
carbonation (e.g., MgO,
CaO)

Chemical surface
modification via CO2
exposure or mineral
carbonation

Post-production: Biochar is
treated with CO2 before
mixing into concrete.

Improves bonding with
cement matrix, enhances
compressive strength and
sequesters CO2 in stable
mineral form

[111]
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7.2.1. Role of Biochar in Carbon Capture and Soil Amendment

Biochar’s significance to carbon capture and negative emission strategies is multi-
layered (Figure 15), extending far beyond its traditional use as a simple soil amend-
ment [126]. Its primary contribution is twofold. First, it functions as a durable carbon
sink [119]; the pyrolysis process converts fugitive, short-cycle biogenic carbon into a stable,
recalcitrant form that, when sequestered in soil, remains locked away from the atmo-
sphere for centuries [122]. Second, it serves as a powerful mitigation tool, as the process
intercepts organic waste streams. By pyrolyzing biomass that would otherwise decay in
landfills, biochar production actively prevents the generation of potent greenhouse gases,
particularly methane and carbon dioxide, associated with anaerobic decomposition [125].

Figure 15. Improved biochar and its application in energy transition.

However, this “passive” sequestration and mitigation function is now being aug-
mented by an “active” materials science approach. Biochar’s inherent porous structure
makes it a viable candidate for the direct adsorption of CO2 from industrial flue gas or
the atmosphere [127]. This capability is significantly enhanced through functionalization.
While pristine biochar relies on weaker physisorption, engineered biochar, particularly
material doped with alkali metals or heteroatoms, creates chemically basic sites on the
surface. These sites promote stronger, more selective chemisorption, elevating biochar from
a bulk material to a targeted adsorbent [128].

The most advanced application, however, reframes biochar’s role entirely, moving
from simple carbon capture to active carbon valorization. As a catalyst or catalyst support
in the electrochemical CO2 reduction reaction (CO2RR), biochar is a key component of
a carbon-negative circular economy [129]. In this model, captured CO2 is not merely
stored but is instead converted into valuable fuels and chemicals. This transition marks a
critical evolution: biochar is maturing from a passive sequestration tool into a sophisticated,
engineered platform that can actively capture, concentrate, and convert CO2, transforming
it from a liability into a resource.

7.2.2. Biochar as a Catalyst in Biomass Thermochemical Conversion

Thermochemical processes, such as pyrolysis and gasification of biomass, often face
challenges in reaction kinetics and product selectivity, which typically require catalytic en-
hancement. Owing to its high specific surface area (SSA), abundant functional groups, and
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complex network structure, biochar serves as an effective carbon-based catalyst and catalyst
support. Furthermore, its inherent alkali and alkaline earth metal species (AAEMs) can
augment catalytic activity [130]. Biochar catalysts are not only active but also cost-effective
and easy to prepare, thereby improving the overall economics of biomass conversion.
Additionally, the deactivated biochar can be directly burned or gasified [131].

In gasification, biochar catalysts can promote the cracking of tar into lighter gases,
thereby increasing syngas yield and purity while reducing downstream purification costs.
For example, [132] reported that a gasification char catalyst reduced tar content from 39.9
to 11.7 g Nm−3 at 650 ◦C and 51 vol.% steam [132]. Biochar can also catalyze the water-gas
shift reaction, thereby adjusting the H2/CO ratio to meet specific synthesis requirements,
such as for Fischer–Tropsch synthesis or methanol production [133]. During pyrolysis,
biochar catalyzes deoxygenation, reducing the oxygen content and acidity in the resulting
bio-oil [134]. Chen et al. prepared N-doped biochar from N-enriched biomass for catalytic
pyrolysis of bamboo waste, significantly increasing the yields of phenols and aromatics
(up to 82% of bio-oil) [135]. In hydrothermal liquefaction (HTL), biochar-based catalysts
facilitate depolymerization and hydrodeoxygenation reactions, improving bio-oil quality.
Wang et al. demonstrated that such catalysts increased hydrocarbon content, H/C value,
and heating value while decreasing the O/C ratio during HTL of low-lipid microalgae [136].

Although biochar can be produced through various methods, materials obtained
via simple pyrolysis or gasification often exhibit limited surface functionality, porosity,
and specific surface area. However, these properties can be readily modified to enhance
biochar’s suitability as a catalyst [137]. Common modification strategies focus on two key
aspects: (1) tuning surface properties through doping, functionalization, or recombination,
and (2) tailoring pore structure via in situ methods or post-activation. Functionalization can
also introduce additional active sites. For applications such as tar cracking and reforming,
Ni@BC is widely employed. Compared to alternatives containing Cu, Co, K, and Mo,
Ni-loaded catalysts offer the advantages of lower cost and reduced toxicity [138]. Typical
synthesis routes involve impregnation using nickel precursor solutions, such as Ni(NO3)2.

Currently, small-scale gasification plants remain economically unviable without gov-
ernment subsidies. Should these subsidies be withdrawn, it becomes essential to identify
alternative strategies for maintaining business profitability [137]. One such strategy is to
improve plant efficiency while valorizing all outputs. For instance, biochar, as the primary
solid byproduct of gasification, can be developed as a catalyst for Fischer–Tropsch syn-
thesis (FTS). Unlike conventional oxide supports, which can be overly reactive and form
mixed oxides with active metals, inert carbonaceous carriers (such as biochar) facilitate the
reduction of metal precursors to their zero-valence state, thereby enhancing FTS catalyst
activity [139].

7.3. Bioenergy with Carbon Capture and Storage (BECCS)

In the quest to achieve the energy transition goal, one of the technologies that is actively
receiving great attention is bioenergy with carbon capture and storage (BECCS) [140].
BECCS is a process that extracts and stores CO2 generated during the conversion of
biomass into energy forms such as heat, electricity, or biofuels. Unlike conventional
carbon capture from fossil fuels, which only prevents additional CO2 emissions, BECCS
actively removes existing CO2 from the atmosphere. A key advantage of BECCS is its
ability to deliver reliable, dispatchable renewable energy, whereas other negative emissions
technologies, such as direct air capture (DAC), typically require energy input [141]. As a
result, BECCS offers a more cost-effective pathway for carbon removal when compared to
alternative approaches.
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Some technological pathways for BECCS implementation are illustrated in Figure 16.
The BECCS value chain can be categorized into three segments: (1) the upstream segment
consisting of cultivation, production, and processing of biomass; (2) the midstream segment
consisting of transportation and preprocessing of biomass; and (3) the downstream segment
consisting of bioenergy conversion, carbon capture, CO2 transport, and storage.

 

Figure 16. Technological pathways for BECCS implementation [140].

BECCS holds significant potential for achieving negative emissions; however, several
researchers have raised concerns regarding its true carbon removal capacity and its implica-
tions for the energy–food–water nexus. For instance, the Innovation for Cool Earth Forum
(ICEF) has cautioned that many reported estimates of carbon removal through BECCS are
overly optimistic and may not be technically or economically attainable [142]. Similarly,
Ref. [143] argues that large-scale deployment of BECCS could intensify competition for land
and water resources, increase fertilizer use, and raise questions about its overall economic
feasibility [140].

The simplicity of this value chain, however, masks significant and pathway-dependent
technical hurdles. Carbon capture, for instance, is not a single technology; its viability
differs drastically depending on the conversion route. Capturing the pure CO2 stream from
biofuel fermentation is relatively simple, due to its higher concentration, whereas separating
dilute CO2 from the flue gas of a biomass-burning power plant (post-combustion capture)
is a far more energy-intensive and costly process [144]. Furthermore, the storage step is
a massive logistical and economic challenge in itself. It refers to geologic sequestration,
which requires compressing the captured CO2 into a supercritical fluid and transporting it
via an extensive, costly pipeline network to suitable deep-underground formations, which
are often not co-located with biomass resources [145].

These unstated engineering and logistical complexities are central to the debate. The
entire negative emission premise also hinges on the upstream and midstream segments
being, at minimum, carbon-neutral. This assumption is heavily contested, as a full life-cycle
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assessment must account for emissions from land-use change, nitrous oxide (N2O) from
fertilizers, and fossil fuels used in transport and processing, all of which can significantly
erode or even negate the final carbon balance.

8. Biofuel and Hybrid Technology for Mobility
While research has favored electric vehicles in the drive to achieve carbon neutrality in

emissions and accelerated energy transition, a recent study by [146] supports a reframing
of mobility decarbonization strategies by demonstrating that the coupling of hybrid vehicle
architectures with sustainable biofuels can outperform a purely battery electric pathway
when assessed through a full life cycle perspective. The author studied hybrid vehicles
(non-plug-in or plug-in), and battery electric vehicles (BEV). Life cycle assessment results
challenge the widespread assumption that BEVs are intrinsically the lowest-emission option,
showing that non-plug-in HEVs fueled with biomethane achieve the lowest greenhouse
gas intensity at 59.5 gCO2e per kilometer, substantially below that of BEVs even in Brazil’s
comparatively clean electricity system [146].

The relevance of this result is reinforced by the proposed “distance efficiency” metric,
which highlights that biofuel-powered hybrids deliver significantly more mobility per unit
of climate impact than BEVs, particularly when grid carbon intensity or battery manufactur-
ing emissions are considered [147]. The hybrid-biofuel pathway offers systemic advantages,
including reduced reliance on critical minerals due to smaller batteries, compatibility with
existing fuel infrastructure, and enhanced energy security through the circular use of
agricultural residues for biomethane production [146,148].

9. Assessment Tools: Life Cycle Assessment, AI, and Supply
Chain Management

Life Cycle Assessment (LCA) has contributed to energy transition by providing com-
prehensive environmental performance insights for bioenergy technologies while simulta-
neously revealing both potential and limitations in sustainable energy development, and
helps to identify unclear sustainability criteria. LCA gives a holistic view of the environ-
mental and energy load of a production cycle [149]. Life Cycle Assessment (LCA) emerged
as the definitive solution to this problem. It is an internationally standardized methodology,
with its principles and frameworks codified in ISO 14040 [150] and its requirements and
guidelines in ISO 14044 [151,152]. This standardization transformed subjective environmen-
tal debates into a structured, semi-objective methodological process. The ISO framework
mandates four distinct, iterative phases for any credible LCA as presented in Figure 17.

Modern energy analysis now couples LCA models with techno-economic (TEA) and
energy system models, and even uses prospective LCA to assess the future impacts of
emerging technologies that do not yet exist at scale [153,154]. Despite its central role, LCA
has known limitations in bioenergy contexts. A recent review identifies common shortcom-
ings that many bioenergy LCAs lack site-specific data (e.g., using generic national averages),
fail to account for consequential changes (market effects), and use inconsistent functional
units or system boundaries [155]. Such issues can make LCA results hard to compare. For
example, two LCA studies might draw different conclusions on ethanol production from
corn because they assume different functional units or co-product allocation methods. Be-
yond these methodological variances, the actual GHG emissions performance of biofuels is
heavily influenced by technical characteristics and local supply chain conditions, affecting
carbon intensity to differing degrees at every stage (Figure 18) [156].
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Figure 17. ISO framework for Life Cycle Assessment (LCA).

Figure 18. Main parameters considered in carbon intensity calculation for a typical biofuel supply
chain [156].

Despite these methodological challenges, LCA remains our best tool for identifying
hotspots in the supply chain and validating emission reductions. The synthesis of studies
presented in Table 7 illustrates the potential of various waste-to-energy pathways when
rigorously assessed.

Table 7. Comparative LCA outcomes of some bioenergy pathways.

Target Pathway Feedstock Reference Scenario
(Baseline)

Critical Hotspot
Identified

Mitigation Strategy
(Technical Lever) Net GWP Reduction Reference

Aviation
Biofuel
(HEFA-Jet)

Soybean/Palm
Oil

Fossil-based
Hydrogen +
Conventional
Farming

Upstream:
N-Fertilizer intensity
& fossil H2
production

Integration of
renewable H2
(electrolysis)

57–94% (vs. Fossil
Jet) [157]

Waste-to-
Chemical

Municipal Solid
Waste (MSW)

Sanitary Landfill
(with biogas
recovery)

Avoided Burden:
Uncontrolled
methane leaks from
the landfill

Diversion to
Methanol Synthesis
(Circular Use)

87% (vs. Landfill) [158]

Distributed
Generation MSW Incineration

Process Efficiency:
Low thermal
efficiency of small
units

Gasification at scale
(>capacity lowers
unit cost)

High Efficiency
(recovers 80% of
incineration energy)

[159]
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Identifying environmental hotspots helps to find fractures in an assumed perfect
alternative. While a product like biofuel might be green on the surface, the LCA reveals
exactly where the emissions are occurring.

Likewise, LCA studies assume that biogenic CO2 would record net zero emission and
deem it climate-neutral, but fail to account for the time it will take to recoup the CO2, thereby
creating a temporal carbon debt that could influence near-term climate outcomes [160].
Policymakers have recognized this gap, e.g., by discounting biomass emissions or requiring
payback period assessments. However, it highlights that LCA’s simplifying assumptions
can sometimes overstretch when applied to complex bioenergy policy issues [161].

Despite the shortcomings, LCA has helped researchers to understand full system
perspective analysis, comparative analysis, and understand consequences beyond CO2

emission. For example, considering third-generation bioenergy (microalgae), several stud-
ies have shown that the production process is extremely energy-intensive. As a result,
the life cycle GHG emissions of algal biofuels are currently higher than those from fossil
fuels [162–164].

9.1. Artificial Intelligence (AI) and Machine Learning (ML) Application in Bioenergy

AI represents a comprehensive concept involving machines or computers executing
tasks typically associated with human intelligence. Likewise, machine learning is a specific
approach or technique that allows computers to learn from data. This learning process
enhances their ability to perform certain tasks over time without direct programming. ML
employs statistical techniques to help machines improve through experience [165]. AI
and machine learning (ML) are widely used in bioenergy value chain to predict biomass
properties, optimize conversion processes, predict syngas composition, and forecast biofuel
yields. Techniques such as artificial neural networks (ANN), genetic algorithms, and deep
learning models have improved the accuracy of modeling complex, nonlinear relationships
in biofuel production, leading to higher yields and better quality fuels [166,167]. Beyond
the reactor scale, predictive models are increasingly applied to optimize biomass logistics
and supply chains and to support life cycle assessment (LCA) for evaluating environmental
impacts across the bioenergy system.

Another interesting application of AI is the digital twin-driven (DT) optimization of the
bioenergy value chain to enhance production, improve reliability, and cut emissions [168].
DTs enable real-time monitoring, process simulation, and dynamic optimization of biomass
conversion, often integrated with Internet of Things (IoT) sensors and ML to adjust operat-
ing conditions for maximum yield and efficiency. Systematic reviews of energy DTs report
energy savings of up to ~30% and bioprocess productivity increases of 10–15% [169,170].
Furthermore AI-driven models can optimize parameters like temperature, catalyst con-
centration, and feedstock selection, reducing trial-and-error experimentation in biomass
conversion processes [171–173]. Table 8 shows the major AI applications in bioenergy
and biofuels.

Table 8. Major AI applications in bioenergy and biofuels.

Application Area AI/ML Techniques Used Impact/Outcome Citations

Biomass & Biofuel Property
Prediction

ANN, Deep Learning,
Regression

Improved yield, quality, and process
efficiency [166,167]

Process Optimization Genetic Algorithms, ML Reduced costs, optimized parameters [171,172]

Supply Chain & Logistics Predictive Analytics, ML Efficient resource use, reduced waste [166]

Microalgae Cultivation ML, Automation Higher productivity, C02 capture,
automation [174,175]
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Table 8. Cont.

Application Area AI/ML Techniques Used Impact/Outcome Citations

Sustainability Assessment Data Analytics, LCA Lower emissions, waste reduction,
and policy alignment [176,177]

A recent study by [178] applied an AI computational framework to predict the spec-
troscopic signatures of cellulose char produced at 500 ◦C. By integrating Density Func-
tional Theory (DFT) and Neural Network (NN) algorithms, the authors generated a spec-
tral database for 32 representative molecular fragments, covering X-ray photoelectron
spectroscopy (XPS), Raman, infrared (IR), and Nuclear Magnetic Resonance (NMR) spec-
troscopy. This study presents a new frontier for AI applications in bioenergy because it
bridges the gap between atomistic structures and experimental spectral data to improve
the characterization of complex carbonaceous materials like char. This study links the
atomic arrangement directly to the spectral output. This allows researchers to understand
what they are making, not just how much they are making. This approach paves the way
for future integration of Machine-Learned Interatomic Potentials (MLIPs), which promise
to maintain quantum-level accuracy while enabling large-scale simulations of complex
cross-linked networks.

Despite these advances, AI/ML applications in bioenergy face several limitations,
including challenges related to data availability and quality, limited generalizability be-
yond trained datasets, and uncertainties in extrapolating model predictions to industrial-
scale systems. Furthermore, the reliability of these models depends on rigorous experi-
mental validation, which remains a key requirement for their deployment in real-world
bioenergy applications.

9.2. Supply Chain Management and Logistics

Biomass Supply Chain Management (SCM) represents the critical bottleneck in the
energy transition, as logistical operations constitute a considerable fraction of total bioen-
ergy costs. The economic viability of biomass as a fossil fuel alternative is currently
constrained by its low density, high moisture content, and seasonal variability, which drive
up transportation and storage expenses [179]. Furthermore, inefficient logistics jeopardize
environmental sustainability, as emissions from transport and handling can reduce the
carbon benefits of bioenergy [180]. Therefore, achieving a viable energy transition re-
quires transforming the supply chain from a linear, cost-heavy operation into an optimized,
densified, and multi-feedstock system that ensures year-round reliability [179].

The question now is; how can biomass supply chains be spatially and temporally
optimized to minimize cost and life cycle emissions while ensuring availability? Addressing
this requires integrated methods, including Geographic Information System (GIS)-based
spatial analysis to locate biomass and reduce transport distances, life cycle assessment to
quantify environmental trade-offs, and multi-objective optimization models such as linear
programming or genetic algorithms to balance economic and environmental performance.
In addition, Multi-Criteria Decision Analysis (MCDA) can be applied to systematically
evaluate and rank alternative supply chain configurations, feedstock options, and facility
locations by simultaneously considering cost, emissions, reliability, land use, and social
acceptability, thereby supporting transparent and evidence-based decision-making. Agent-
based modeling can further capture real-time dynamics of supply variability, enabling
adaptive and resilient biomass logistics systems.
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10. Capacity-Building and Expertise Development Programs in Bioenergy
The successful implementation of the advanced bioenergy technologies discussed

in previous sections (e.g., HTL, SAF, and AI-driven optimization) depends not only on
technological maturity but also on the availability of a skilled, interdisciplinary workforce
capable of integrating these complex systems. The formation of bioenergy specialists
typically happens through advanced graduate programs (like PhDs and master’s degrees),
interdisciplinary training in energy and sustainability, and research collaborations between
universities and industry [181,182]. These programs prepare experts to lead the transition
from fossil fuels to biomass-based energy. In addition, training of researchers in the field of
bioenergy is fragmented and needs to be improved to meet current needs. This is due to a
lack of experts who truly understand bioenergy [183]. This shortfall is attributed to a scarcity
of experts and educators who possess a truly systemic understanding of bioenergy. Unlike
conventional energy sectors, bioenergy requires a convergence of agronomy, chemical
engineering, environmental science, and policy analysis. The current lack of experts with
this cross-sectoral fluency perpetuates a cycle where new graduates are ill-equipped to
address the multifaceted challenges of sustainable implementation.

11. Conclusions
This review shows that biomass can contribute to energy diversification, but its con-

tribution is pathway-specific and conditional. Its strongest role is in applications where
renewable carbon, liquid fuels, dispatchable heat and power, carbon-rich materials, or
compatibility with existing fuel infrastructure are required. Sustainable aviation fuels, BtL
routes, refinery co-processing, biochar, BECCS, biofuel-hybrid mobility, and hydrogen-
biomass synergies each provide different opportunities and face different constraints.

For sustainable aviation fuels and other drop-in liquid fuels, the main constraints are
feedstock availability, hydrogen cost, carbon intensity, certification, capital requirements,
and competition among end uses. Hydrogen is essential for hydrotreatment and upgrading
because it removes oxygen and increases the H/C ratio of biomass-derived intermediates.
Therefore, the scalability of many advanced biofuels will depend not only on biomass
availability, but also on the availability of low-carbon hydrogen at competitive cost.

Biochar has evolved from a soil amendment into a functional material for adsorption,
catalysis, and carbon management. However, its climate value depends on feedstock origin,
pyrolysis conditions, permanence, avoided emissions, and end-use performance. BECCS
can provide negative emissions in principle, but its net removal capacity is sensitive to
land-use change, fertilizer-related N2O, biomass logistics, capture energy penalties, storage
integrity, and system boundaries. Similarly, HTL offers advantages for wet biomass such as
algae and sewage sludge, but high-pressure operation, aqueous-phase management, and
capital costs remain important barriers.

The food–fuel nexus cannot be resolved through global aggregate production data
alone. The evidence suggests that food and energy production can coexist under strategic
land use, residue utilization, yield improvement, waste reduction, and strong governance.
However, local food security, water consumption, biodiversity protection, soil carbon,
fertilizer inputs, and indirect land-use change must be explicitly assessed before expansion.
Assessment tools such as LCA, techno-economic analysis, GIS, MCDA, and artificial intelli-
gence are therefore central to identifying where biomass deployment is credible and where
it is environmentally or economically weak.

In conclusion, biomass should be treated neither as a marginal option nor as an
indispensable solution in all contexts. It is best understood as a differentiated renewable-
carbon platform whose value depends on matching feedstocks, technologies, regions, and
policies. Future work should prioritize research in areas that include the development
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of region-specific life cycle assessments, robust feedstock certification frameworks, the
assessment of hydrogen availability and infrastructure, low-carbon hydrogen integration,
and the optimization of biomass supply chain logistics.
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