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Abstract

Energy agriculture is one of the ways of producing clean energy. Crop production consti-
tutes the basis for the sustainable profitability of agriculture, and agricultural products are
traded on two markets: the food market and the energy market. This article reviews the
literature on the conditions influencing biofuel production, with the aim of identifying the
arguments supporting its expansion and the challenges associated with large-scale produc-
tion. The study employs quantitative and qualitative desk research methods, the method
of deduction, analysis and synthesis, the comparative method, and the expert method.
Widespread application of biofuels requires a broader range of non-food raw materials
(such as lignocellulosic biomass) and the advancement of conversion technologies used
in bioethanol and biodiesel production. The main goal of ecofriendly energy generation
should be to increase the energy output while minimizing environmental impacts. The
findings from the literature review were collected, identified, and described as objectively
as possible. The conclusions drawn are based on the authors’ findings and expert opin-
ions. The future of biofuels depends on the optimal choice of raw materials that ensure the
highest production efficiency, low costs, and reduced emissions of harmful atmospheric pol-
lutants. Thus, intensification of agricultural production of non-food crops (lignocellulosic
biomass) for energy generation may lead to irreversible changes in the environment.

Keywords: biomass; biofuels; bioethanol; biodiesel; cellulosic ethanol; renewable feedstocks;
energy security

1. Introduction

Biomass is a renewable and locally produced energy source whose decentralized
nature reduces the economy’s vulnerability to fluctuations in energy supply. Furthermore,
biomass is not affected by the future availability of conventional energy sources, making it a
key component of a sustainable energy future. The use of biomass as a source of bioenergy
will significantly reduce anthropogenic greenhouse gas (GHG) emissions. The carbon
dioxide (CO,) released during the combustion of plants is offset by the amount of CO,
absorbed during their cultivation.

Biomass comprises all organic matter occurring in the biosphere. It includes organic
matter of plant and animal origin, as well as the products resulting from the natural and

Energies 2025, 18, 6055

https://doi.org/10.3390/en18226055


https://doi.org/10.3390/en18226055
https://doi.org/10.3390/en18226055
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-7319-1918
https://orcid.org/0000-0003-3602-3549
https://orcid.org/0000-0002-1517-7402
https://orcid.org/0000-0002-3134-9796
https://doi.org/10.3390/en18226055
https://www.mdpi.com/article/10.3390/en18226055?type=check_update&version=1

Energies 2025, 18, 6055

2 of 22

artificial transformation of organic matter [1]. Biomass is an increasingly popular renew-
able energy source with high growth potential due to its widespread availability around
the world. Biomass can be a by-product of many agricultural and industrial processes.
However, direct combustion of biomass is not always feasible in existing systems such as
internal combustion engines. In many cases, biological or physicochemical treatment of
biomass is required to ensure that the quality of the resulting biofuel is comparable to that
of conventional fuels [2]. Extensive research efforts are currently focused on developing
environmentally friendly and sustainable technologies for biofuel production. These efforts
will contribute to supplementing conventional fossil fuels [3].

Biofuel can help reduce the global dependence on oil, thus stabilizing its high and
volatile prices and enhancing social, economic and environmental sustainability [4]. For this
reason, considerable emphasis has been placed on developing renewable energy sources
that minimize our dependence on oil and reduce GHG emissions. Replacing oil and diesel
with environmentally friendly fuels offers a promising solution for reducing human impact
on the environment and dependence on oil.

Biofuels are generally classified as first- and second-generation types. First-generation
biofuels are derived primarily from food-based crops such as maize, sugarcane, and
oilseeds, whereas second-generation biofuels rely on non-food lignocellulosic feedstocks,
including agricultural residues and dedicated energy crops such as miscanthus and switch-
grass. This distinction is fundamental for evaluating biofuels’ relative sustainability and
impacts on food security [5,6].

In 2021, global biofuel production peaked at 175.9 billion L (124.9 L of bioethanol and
51.0 L of biodiesel), consuming 15.0% of maize grain, 1.2% of wheat grain, 1.7% of other
fodder cereals, and 6.1% of vegetable oil [7].

Fossil fuels account for approximately 75% of global energy consumption for heat and
electricity generation and around 20% for transport fuels [8]. Only a few countries possess
significant fossil fuel reserves, which further deepens global energy dependence. The
transport sector alone consumed about one-third of all crude oil in 2019 [9] and accounted
for nearly 37% of global CO, emissions in 2020 [10]. Although fossil fuels continue to
dominate global energy supply, their finite availability and adverse environmental effects
highlight the need for alternative sources. Current estimates indicate that conventional
oil reserves may satisfy rising demand for only the next four decades, while the transport
sector remains the least reliant on renewables [11].

Climate change, energy security, and food security are among the key global challenges
driving the search for sustainable biofuels, biochemicals, and bioenergy. Effective responses
to these issues require coherent policy support, yet policy interventions in one area often
create trade-offs in another. The concept of sustainable development emerged as a critique
of the neoclassical model of optimization, emphasizing that long-term growth depends
not on the accumulation of physical capital but on the preservation of natural capital [12].
Ensuring the non-deterioration of ecosystems has thus become a fundamental objective of
modern economic development.

The environmental and social legitimacy of biofuels has long been the subject of debate.
While biofuels are often promoted as a means of reducing GHG, numerous studies have
questioned their net environmental benefits. Research highlights potential drawbacks such
as biodiversity loss, land-use change, rising food prices, and increased competition for
water resources [13]. In regions already affected by food insecurity, large-scale biofuel
production may aggravate the problem rather than solve it.

Ensuring sustainable biomass production is therefore essential. Fertile soils should
be used primarily for food production, whereas energy crops should preferably be grown
on marginal or degraded lands. The development of sustainable biofuel systems requires
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coordinated environmental policies, appropriate feedstocks and conversion technologies
suited to local conditions, as well as efficient logistics for biomass transport to refineries.

Fischer et al. [14] emphasize that biofuels can play an important role in mitigating
climate change by reducing net GHG compared to conventional fossil fuels. However, Hill
et al. (2006) argue that the high energy inputs associated with fertilizer and pesticide pro-
duction and feedstock processing may offset these benefits and, in some cases, lead to a net
increase in GHG emissions [15]. Graham-Rowe [16] highlights that bioenergy development
involves both synergies and trade-offs with other sustainability goals, such as biodiversity
conservation, food security, and poverty alleviation. Similarly, other studies [17] note that
assessments of biofuel sustainability often neglect key agronomic and regional factors that
determine the real efficiency and environmental outcomes of biofuel systems.

The expansion of biofuels is primarily driven by rising energy demand, price volatility,
and the need to diversify energy sources and improve energy security. Biofuels also support
agricultural development by utilizing surplus crops and providing an additional source of
income for farmers. In this context, the biofuel sector represents not only a technological
innovation but also a form of social innovation aimed at enhancing rural development
and promoting renewable energy transitions. Consequently, many governments have
introduced active policy measures to stimulate biofuel production and integrate it into
broader frameworks of sustainable energy and climate strategies [18].

The principal characteristics of sustainable alternative fuels include renewability and
a lower environmental impact relative to conventional fossil fuels [19]. Various non-food
raw materials, including algae and jatropha, are being studied to assess their suitability
as alternative biofuel feedstocks. However, such plantations require considerable land
resources [20]. Therefore, the optimal alternative raw materials for biodiesel production
should be characterized by high availability and low cost.

This article reviews the literature on the conditions influencing the production of
biofuels, including biodiesel and bioethanol, with the aim of identifying the arguments
supporting its expansion and the challenges associated with large-scale production.

2. Results
2.1. Energy Security

A stable and continuous energy supply is essential for the proper functioning of
every economy. Energy is a unique commodity as it has to be continuously supplied. The
concept of energy security is strongly linked to economic factors, including employment,
income growth, the development of energy markets, and socio-economic transformations
in transport and information technology worldwide.

The definition of energy security varies depending on the context in which it is applied.
Experts often note that energy security is difficult to define due to its multidimensional and
multifaceted nature [21]. Definitional difficulties arise because countries are at different
stages of economic development and experience various degrees of climate change and
energy poverty. Each country must identify the specific challenges and threats to its energy
security [22]. Therefore, the definition of energy security will be influenced by factors
such as geographic location, international policy, technology development, environmental
protection, financial markets, or even the probability of terrorist attacks. In countries that
export energy, energy security is defined as the existence of reliable markets that ensure
stable demand and income from the raw materials supplied. In turn, in countries that
import energy, energy security implies a stable energy supply at optimal prices and a
diversified supply structure. From the perspective of transit countries, energy security
involves maintaining transmission networks and generating income from transit fees [23].
Based on a review of the literature, this article defines energy security as continuous and
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uninterrupted access to energy at prices that are affordable to the state and consumers,
as well as the rational and sustainable management of renewable and non-renewable
energy resources.

Sustainable energy security implies that energy is available and affordable, and that
different types and sources of energy are socially acceptable [24]. In Poland, since Russia’s
invasion of Ukraine in March 2022, increasing attention has been paid to the origin of
energy supplies and to how the revenues from energy sales are used [25].

The economic impacts of the Russo-Ukrainian war have heightened global awareness
of the risks associated with excessive dependence on Russian fossil fuels and of how
such dependence reinforces authoritarian rule in Russia. The energy transformation has
received considerable attention, but the measures taken so far proved to be insufficient. The
dramatic reality of the war in Ukraine highlighted that energy transformation is an absolute
necessity to safeguard the interests of economic groups, individual countries, enterprises,
and households.

The so-called “Peak Oil” marked the point at which global oil production began to
decline significantly. The above increased prices and caused many armed conflicts. In
consequence, many national governments have become concerned about their ability to
ensure energy security for their citizens. Most energy market experts agree that the era of
cheap energy is irreversibly over [26].

Energy security requires an adequate supply of electricity at affordable prices and in a
manner consistent with environmental protection laws. According to the European Union
(EU), second-generation biofuels produced from lignocellulosic raw materials provide an
effective means of reducing CO, emissions. Second-generation biofuels are produced from
waste materials that are unsuitable for food production. Second-generation biofuels are
also characterized by higher quality than first-generation biofuels and are more suitable for
use in the automotive industry [27].

Energy security is a key concern in all countries. As a cornerstone of economic growth,
energy security has attracted significant interest in both academic research and economic
practice. The challenges and threats that have emerged since the beginning of the 21st
century have underscored the growing importance of energy security.

The USA has transitioned from a net importer to a net exporter of natural gas, and
energy consumption in Asia has increased due to demographic growth and the widespread
use of electronic devices. Renewable energy sources, including food raw materials, also
make an important contribution to energy security [22].

In environmental and socio-economic contexts, the development of bioenergy may
have both positive or negative effects on the four pillars of food security: physical availabil-
ity, economic access, utilization, and stability [28]. The rapid rise in global food prices in
2007-2008 was widely attributed to biofuels, triggering broad international debate [29].

Competition for agricultural resources between food and biofuel production has long
raised concerns about rising food prices and global food security. Between 2006 and 2008,
biofuels were identified as one of the contributing factors to the global food crisis. However,
more recent analyses indicate that their influence on agricultural prices is smaller than
initially assumed [30].

The allocation of arable land to energy crops can nonetheless reduce the potential
for food production, indirectly affecting market stability. Meeting the food needs of a
projected global population of nine billion by mid-century will require a 70-100% increase
in agricultural productivity and significant changes in cropping structures [31].

The “food versus fuel” debate, addressed during the 2008 FAO High-Level Conference
on World Food Security and the G8 Hokkaido Toyako Summit, remains a central issue
in biofuel policy discussions. This competition can be analyzed at two levels: direct
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competition for food and feed products, and indirect competition for agricultural land and
resources [32].

Competition for agricultural resources involves not only land and water, but also
the use of fertilizers, pesticides, agricultural machinery, labor, and capital. In this context,
competition for farmland is the most serious problem, especially in the USA and Brazil. In
the USA, the growing demand for bioethanol has increased the price of maize. Maize and
soybeans are competitive crops, particularly in the American Midwest, and the acreage
cropped with soybeans may decrease in this region. In Indonesia and Malaysia, the demand
for biofuels has led to rapid deforestation, and 20% of biofuels in the UE are likely to be
supplied by these two countries [28]. In Brazil, the area cropped with sugarcane has
increased due to the growing demand for bioethanol. Sugarcane competes for land with
other crops, including coffee beans, oranges, cotton, and rice. These processes induce
changes in farmland use patterns, especially in the state of Sao Paulo which experienced
direct changes in land use. Moreover, competition can also lead to indirect changes in land
use in other areas. Competition for farmland can be direct or indirect [33]. Indirect changes
in land-use patterns imply that natural ecosystems may be converted into crop plantations
(for food or fodder production) to compensate for farmland lost to biofuel production.

Raw materials for the production of first-generation biofuels compete with agricultural
commodities and agricultural production. First-generation bioethanol is obtained by fer-
menting plant biomass that is also suitable for food and feed production, including cereals
(such as maize), sugarcane, and sugar beets. Ethanol is derived from the starches or sugars
contained in these plants [34]. Jatropha is cultivated in other geographic regions, including
Latin America, Asia, and Africa, and it competes with other feed crops. In addition to
farmland, jatropha competes for resources such as water, machinery, fertilizers, pesticides,
labor, and capital. Thus, the feedstocks for the production of lignocellulosic biofuels can
compete with food crops, the demand for food, and agricultural production [31,33].

According to Altieri [35], large-scale bioenergy plantations in Latin America have
undermined food security in this region, forcing people to resettle and marginalizing
farmers. Overall, large soybean monocultures in Latin America have reduced employment
in rural areas and led to greater income concentration.

Molasses is a by-product of sugar production. The use of molasses for bioethanol does
not compete with food production. Surplus sugar beet and wheat yields do not compete
with food or farmland, but they can compete in the animal feed market. Rice and wheat
straw, which are second-generation biofuel feedstocks, can also pose competition in the
feed market. Some biofuel feedstocks are also suitable for food production. For exam-
ple, in Japan, potential competition between biofuel and food markets could negatively
affect food security, but this impact is negligible given the country’s low level of biofuel
production [31].

Rising prices of food products affect lower-income consumers more severely than
affluent individuals. Less wealthy consumers spend a considerable part of their total income
on food, and staple foodstuffs constitute a large share of all food expenses in lower-income
families, which are at greater risk of undernourishment than middle- and high-income
households [31]. Competition between biofuels and food does not always have an adverse
effect on food security. By increasing the prices of farm products, competition can create
new income-generating opportunities for farmers and can promote the development of
rural areas [36]. However, the use of agricultural raw materials for biofuel production
inevitably competes with feed and food production [37].

The food-versus-fuel dilemma remains one of the key barriers to the sustainable
expansion of biofuel markets. The issue is multifaceted, combining agricultural productivity
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with land-use change and trade dynamics. Therefore, integrated policy tools that account
for both food security and energy goals are needed to address these challenges.

Land conflicts arising from the food-versus-fuel dilemma can be mitigated by grow-
ing previously uncultivated crops or non-food crops on marginal land [38]. For example,
research conducted in China demonstrated that fuel derived from biomass grown on de-
graded, infertile soils is not only as energy-efficient as maize-based ethanol but also has
a neutral [39] or negative carbon balance, unlike ethanol produced from maize. Never-
theless, due to incentives to maximize efficiency, excess nitrogen may undermine carbon
sequestration by increasing N, O emissions [39].

2.2. Major First-Generation Biofuels
2.2.1. Biodiesel

Liquid and gaseous fuels, including bioethanol, biomethanol, biodiesel, dimethyl ether,
bio-oil, biogas, and biomethane, are produced by subjecting biomass to biochemical, ther-
mochemical, and biological conversion processes. Industrial-scale production of biofuels
began in the 1980s with the introduction of transesterification. Most biofuels are produced
by alcoholic fermentation of biomass rich in starch (ethanol), municipal waste, sewage
sludge (biogas), as well as by dry distillation of wood (methanol) and transesterification
of long-chain fatty acids (biodiesel). These fuels belong to the category of first-generation
fuels, which are likely to dominate in the coming decades because they can be used in
existing, unmodified engines, and are both economically viable and easy to produce. Other
renewable feedstocks that are more difficult to process, such as cellulose, are also being
explored for biofuel production and for the development of advanced biotechnological
methods [19,40].

Alternative fuels produced from vegetable oils and animal fats, such as bioethanol
and biodiesel, can partially or completely replace fossil fuels. Biodiesel is renewable,
biodegradable, and less polluting than conventional diesel, as its combustion does not
increase the net levels of CO, and GHG in the atmosphere [41,42]. In addition, biodiesel
promotes the recycling of waste oils and has desirable properties, including higher lubricity,
density, and cetane number, as well as low sulfur emissions and ignition temperature,
which ensure reliable engine performance [43].

The growing interest in biodiesel has been driven by the demand for efficient
compression-ignition engine fuels that offer both economic and environmental benefits [44].
Raw vegetable oils cannot be used directly as fuel due to their high viscosity and fatty acid
composition. Their properties are improved by dilution with petroleum diesel, microemul-
sification with short-chain alcohols (methanol, ethanol, propanol, butanol) in the presence
of an emulsifier, or by thermal and chemical conversion processes such as pyrolysis and
transesterification. The latter, involving the exchange of glycerol with a low-molecular-
weight alcohol in the presence of an acid or alkali catalyst, remains the most effective
method of biodiesel production [44,45].

Biodiesel production has been controversial because it relies on methanol derived
from fossil fuels. Research has shown that 35% of the total primary energy requirement for
biodiesel production comes from fossil fuels [46]. Methanol accounts for about 10% of the
feedstock, indicating that biodiesel is not completely renewable [47].

A key sustainability concern in biodiesel production is the dependence on fossil-
derived methanol as the alcohol reagent in transesterification. While typical industrial
processes do not disclose exact percentages, methanol inputs can represent a non-negligible
fraction of total material input. Emerging production routes such as CO, hydrogenation
and biogas reforming to generate renewable methanol are under development and may
enable a more fully renewably sourced biodiesel value chain [48,49].
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The large-scale use of biodiesel entails high costs, with raw materials—mainly veg-

etable oils—accounting for more than 80% of total production costs [50-53]. Furthermore,

the vegetable oils employed in biodiesel production are also used in the food industry,

creating direct competition between these sectors. Used cooking oil (UCO) is a cheaper

alternative feedstock for biodiesel production [54,55]. The large-scale use of biodiesel

is hindered by difficulties in obtaining homogeneous feedstocks that ensure consistent

fuel quality [56]. The data summarized in Table 1 highlight both the progress and the

methodological inconsistencies in the assessment of first-generation biofuels. Although

recent studies incorporate broader sustainability metrics, variations in system boundaries,

data quality, and regional assumptions continue to limit cross-study comparability and

policy relevance.

Table 1. Review of selected studies on first-generation biofuels.

Authors Region/Scope Feedstock/Focus Methg;lgltz%);ﬂ“ype Main Findings/Notes Limitations
Focuses on
Comparative environ- Low net GHG benefits for early-generation
Hill et al. USA /global Corn ethanol, meital /economic some feedstocks due to technologies; limited
(2006) [15] & biodiesel analvsis upstream inputs; raised life-cycle data and
Y food—fuel concerns. outdated agricultural
practices.
Gr(e;k(’;ellrlr;-[lig;ve Global Mixed Policy review nghhghtiifs(l)(zd security Limited data integration
Hall et al. (2009, - Conceptual EROI  Identifies minimum ERO]  heoretical frameworl;
Global Various biofuels not based on empirical
2014) [57,58] framework threshold .
production data
Gomiero Socio-economic Describes “ener: Limited quantitative data;
Global Palm oil R gy lacks updated LCA
(2015) [59] assessment colonialism .
comparisons
Murphy et al. Clobal g?ﬁéresn?;?] EROI review & Harmonizes EROI Limited coverage of new
(2022) [60] bio fué:ls ’ harmonization estimates across fuels conversion technologies
Camelina as a promising
Arshad et al. Clobal Camelina (bio-based = Review on camelina  non-traditional oilseed for Limited LCA or EROI
(2022) [61] uses) valorization bio-based products and evaluation
fuels
Quantified mean carbon Meta-analysis limited by
Bouter et al. Global Biofuels (various) Meta-analysis of LCA  footprint for ethanol and inconsistent functional
2024) [62] oba 1otuels (vanous studies biodiesel; regional units and reportin;
( & P g
emission variability standards
Review and Identifies methodological Lacks differentiation
Papagianni et al. - . causes of EROI variation .
Global Ethanol, biodiesel meta-analysis of between first- and
(2024) [63] . (feedstock, system - .
EROI studies boundary) second-generation biofuels
. Sustainable Synthesizes policy drivers, -
Malik ) Global alternatives and Narrative review market dynamics and La‘.:ks quantifative
(2024) [64] li o . modeling or case analysis
policy context sustainability constraints
. Advances in routes for Focuses on process
Review on CO, . .
Kardan et al. Global Renewable hvdrogenation to renewable methanol engineering; not
5 methano relevance to biodiese integrated with biofue
2024) [65] hanol yarog 1 biodiesel integrated with biofuel

methanol

feedstock inputs)

life-cycle impacts

In summary, biodiesel and bioethanol production from first-generation feedstocks

remains constrained by competition with food resources and dependency on fossil-based

methanol inputs. Integrating life-cycle and economic assessments could improve sustain-

ability evaluation.
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2.2.2. Bioethanol

Bioethanol, namely alcohol derived from biomass, is the most popular biofuel in the
global transport sector [66]. Alcohol fermentation is the oldest and best-known biotechno-
logical process for obtaining bioethanol. Bioethanol is derived from biomass rich in sugar
and starch, and it has been produced as an energy source since the early 20th century, with
industrial-scale production beginning in the 1970s. Bioethanol derived from sugar/starch
is classified as first-generation bioethanol [67]. Since its introduction, this biofuel has been
produced from crops containing starch (cereal grains, maize, potato tubers) or sucrose
(sugarcane, sugar beets). Sugarcane is a grass plant that typically grows in tropical and
subtropical climates. Unlike the biofuel derived from starchy biomass, the production of
bioethanol from sucrose-rich crops does not require a saccharification stage because sugars
are already easily available, which simplifies the process [68]. Two-thirds of the world’s
sugar production comes from sugarcane, and a third originates from sugar beets [69]. In
some countries, including China, bioethanol is produced from crops such as cassava, sweet
potatoes, and sorghum rather than cereal grains. However, the use of non-cereal crops for
bioethanol production can also pose a threat to food security. Cassava and sweet potatoes
are not staple foods, but they are important components of the human diet, especially for
lower-income consumers. The use of sorghum in biofuel production is also problematic.
Although this crop is grown on marginal land, sorghum cultivation increases the demand
for water and fertilizers, thus reducing their availability for food production and potentially
undermining food security [70].

Compared to traditional fuels, ethanol and higher alcohols have many advantages
over petroleum derivatives, including higher combustion energy and lower toxicity. In
addition, alcohols have a higher octane number than fossil fuels. New technologies make it
possible to convert cellulosic biomass into ethanol, and they have attracted interest from
researchers [71]. A steady supply of low-cost raw materials is essential to maintain price
competitiveness and enhance production efficiency. Lignocellulosic biomass is considered
the most promising feedstock for bioethanol production due to its availability, low cost,
as well as the fact that, unlike sugar- and starch-containing biomass, it does not compete
with food production. Based on the definition of first-generation bioethanol, bioethanol
produced from lignocellulose is referred to as second-generation bioethanol or cellulosic
ethanol [72]. However, cellulosic biomass is more difficult to convert to ethanol than
feedstocks rich in sugar or starch [73].

Farrell et al. [13], Tilman et al. [74], and Sims et al. [75] argue that ethanol produced
from low-input cellulosic biomass grown on grasslands or marginal land, or derived
from waste biomass, can provide substantially greater energy yields and environmental
benefits than biofuels derived from food crops. However, the use of harvest residues
and agricultural ‘waste’ for biofuel production has stirred controversy. Some authors
maintain [76] that there is no ‘waste’ in agricultural ecosystems. Agricultural by-products
and harvest residues play a very important role as sources of organic matter and other
substances that improve soil fertility. Fields deprived of harvest residues are more prone to
soil erosion, which adversely affects agricultural productivity. In the USA, the removal of
maize residues not only led to a substantial decline in maize yields and soil quality [77],
but also contributed to an overall increase in GHG emissions.

More recent life-cycle assessments and agronomic studies emphasize that excessive
removal of agricultural residues can deplete soil organic carbon (SOC) and depress mi-
crobial activity, thereby undermining soil fertility over time [78]. For example, a study
conducted by Blanco-Canqui [79] in the USA as well as recent research [80] demonstrated
that extensive residue removal impairs soil structure and reduces long-term productivity.



Energies 2025, 18, 6055

9 of 22

For these reasons, second-generation lignocellulosic biomass constitutes alternative
feedstock for bioethanol production. Lignocellulosic biomass is inexpensive, widely avail-
able, and does not compete with food and/or feed production, making it the most promis-
ing feedstock [81]. Although the price of cellulose has decreased more than tenfold since
the 1990s, it still accounts for 20% of the cost of producing bioethanol from lignocellulosic
feedstocks [82]. Agricultural by-products (maize stover, wheat and rice straw), sugarcane
pulp, wood (hardwoods and conifers), grass, municipal waste and dedicated energy crops
(miscanthus and switchgrass) are the most popular sources of lignocellulose [83]. Maize
stover has many advantages over other energy crops. It is widely available, cheap, does not
compete with food production, and does not require the expansion of cultivated areas [84].

Unlike starch-based feedstocks for bioethanol production, cellulosic biomass is derived
from non-food crops. Ethanol prices are influenced mainly by the prices of corn grain and
gasoline. Over the past ten years, ethanol prices have fluctuated relative to gasoline and
grain. Gasoline prices rose when corn grain was relatively cheap, and ethanol trade was
linked to gasoline prices. However, as more corn grain was used in ethanol production,
the price of ethanol fluctuated in relation to crude oil prices. The correlation between the
price of corn grain and the price of ethanol is expected to weaken when large quantities of
ethanol are produced from cellulosic biomass [85].

Energy crops, particularly grasses (switchgrass and miscanthus), show great potential
as feedstocks for second-generation biofuel production [86]. Switchgrass is more drought-
tolerant and can adapt to different soil types and climates. In turn, miscanthus is a high-
yielding energy crop. Both switchgrass and miscanthus are perennial grasses with C4-
type photosynthesis and a high carbon fixation rate. These factors accelerate the rate of
photosynthesis and contribute to rapid plant growth [87]. These grasses can be cultivated
on marginal land and require little water. Together with agricultural by-products, grasses
can be used as feedstocks for biofuel production, although they cannot be grown in all
geographical regions. For example, low winter temperatures and short growing seasons
are the main factors limiting the growth of C4 grasses in northern Europe [88]. Pests and
pathogens pose a considerable challenge to the cultivation and sustainability of energy
crops [89]. However, the most serious problem that needs to be addressed is the high cost
of bioethanol production. Larger quantities of diverse types of lignocellulosic biomass
could be processed in biorefineries, which would reduce bioethanol production costs and
make bioethanol more economically competitive than fossil fuels [90].

In summary, the data on biofuel production showed that between 2010 and 2024, a
systematic increase in global biofuel production was observed, despite periodic declines in
some regions (Table 2). The total output of all biofuel types exceeded 167 billion liters in
2024, representing an increase of approximately 45% compared with 2010. North America
(primarily the United States) has remained the world’s largest producer of bioethanol.
South America—especially Brazil—also recorded dynamic growth, expanding production
from 26.2 to 36 billion liters. In contrast, the European Union experienced a stable but
slower increase, likely constrained by limited availability of arable land for feedstock
cultivation and the implementation of sustainability-oriented policies. Production in China
was more volatile, with a sharp decline in 2015 followed by a renewed upward trend
toward 2024.

In 2010, the EU was the leading producer of biodiesel. By 2024, biodiesel output in the
EU had grown by roughly 30%, while both American continents and China tripled their
production during the same period.
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Table 2. Biofuel production in selected regions (million liters).

Region 2010 2015 2020 2024
bioethanol

European Union 5300 5250 5000 6200
South America 26,200 27,260 32,500 36,000
North America 52,000 56,000 52,800 61,400

China 3150 720 5000 4540
World 86,000 116,000 105,000 118,200
biodiesel (FAME—Fatty Acid Methyl Esters)

European Union 9000 11,000 11,500 12,000
South America 3500 5000 8000 9000
North America 2500 3500 8500 9500

China 1000 1500 2000 2700
World 13,000 31,000 39,000 41,000
biodiesel (HVO—Hydrotreated Vegetable Oil)

European Union 100 300 1500 2500
South America 50 100 300 400
North America 200 800 3000 5000

China 0 50 200 300
World 400 1500 5200 8200

Source: [91-95].

Hydrotreated vegetable oil (HVO) emerged as the fastest-growing segment of the
biofuel market, increasing from 0.4 to 8.2 billion liters. North America became the clear
global leader, accounting for approximately 60% of global HVO production in 2024.

Bioethanol continues to dominate the global biofuel market, representing about 70%
of total biofuel output in 2024. While FAME biodiesel remains important, its relative share
is declining in favor of HVO, which is gaining market share due to its superior combustion
properties and better compatibility with modern diesel engines. China entered the biofuel
market later than other major regions; however, its rapid growth trajectory suggests that it
will play an increasingly important role in the coming years.

Overall, global trends indicate a diversification of biofuel sources and further develop-
ment of HVO technologies as well as second-generation biofuels, aligning with long-term
climate neutrality objectives for 2050.

2.3. Advantages and Disadvantages of First-Generation Biofuels
2.3.1. Environmental Effects

Biofuels have many technical and environmental advantages over conventional fossil
fuels, making them an attractive alternative solution in the transport sector [96]. Direct
benefits include reduced GHG emissions (mainly CO, and methane), diversification in
the fuel sector, biodegradability, improved vehicle efficiency, and development of the
agricultural produce market [97]. However, the conversion of energy crops to biofuels
requires fossil energy inputs. The well-to-wheels analysis revealed that first-generation
biofuels reduce GHG emissions by 20-70% compared with petroleum-based fuels [14].

The widespread production and consumption of biofuels bring a range of economic
benefits, including the promotion of sustainable development and fuel diversity, the cre-
ation of new rural jobs, increased tax revenues, greater investment in fixed assets in agri-
culture, and enhanced international competitiveness [98]. Proponents of production argue
that energy crops foster rural development by diverting more land to biomass production
and improving employment opportunities in the countryside [97]. Bioenergy derived from
agricultural crops can help diversify and increase farm incomes. It can also contribute to im-
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proved energy security, although biofuels derived from agricultural crops can pose a threat
to food security. Therefore, second-generation liquid biofuels, produced from non-food raw
materials such as cellulosic and lignocellulosic biomass, should be introduced as soon as
possible. However, the impact of renewable energy (including biomass) on the environment
and energy availability should not be overestimated. Sustainable energy management is
an important driver of local development. It is particularly crucial in agricultural regions,
where biomass resources are constantly renewable [99].

The impacts and effectiveness of bioenergy are difficult to assess. Most contemporary
studies on energy assessment analyze this issue within a relatively narrow scope. The
Life Cycle Assessment (LCA) is one of the most reliable and widely used tools, but it
does not capture and reflect the complexity of all processes [100]. Despite the above, LCA
remains a key research instrument that encompasses all stages of a product’s life cycle. In
the literature, the LCA approach has been applied to assess the environmental impacts of
agricultural crops and food products [101].

Numerous studies have analyzed the energy efficiency and GHG emission profile of
biofuels. Yet, the reported results are highly discrepant. Some researchers have concluded
that biofuels represent an effective alternative to petroleum, whereas others argue that
biofuels and biomass are less efficient than fossil fuels. The reasons why highly esteemed
scientists have arrived at such contradictory conclusions warrant further investigation.
The following subsections discuss the environmental, economic, and social dimensions of
biofuel production to ensure coherent assessment.

According to Ridley et al. [102], more interdisciplinary research is needed to assess the
complex trade-offs and feedback relationships associated with an energy strategy capable
of generating far-reaching consequences. Biofuels are evaluated using models that tend
to consider various issues separately, such as the negative effect of biofuel production on
food security, poverty, and GHG emissions resulting from land-use change. As a result,
considerable discrepancies exist among assessments of biofuels” effects [102].

The lack of an integrated approach not only hinders the analysis of the quality of the
applied models but can also lead to errors in data interpretation. Searchinger et al. have
recently identified serious flaws in the three key models used to formulate government
policies in the USA and Europe [103]. They concluded that the reduction in GHG emissions
attributed to biofuels was, in fact, achieved through decreased food production. The tested
models do not account for the fact that some crops diverted from food to biofuel production
are not replaced by plants cultivated in other locations.

Pimentel and Patzek [96] and Tilman et al. [74] identified the threats associated with
biofuels, particularly first-generation biodiesel and bioethanol, and presented well-reasoned
arguments to support their claims. International research on the sustainable production
of biofuels from agricultural crops has produced contradictory findings [31]. However,
none of the reviewed studies analyzed the competition between biofuel and food, or the
relationship between biofuel and food security.

Several large-scale studies of rural ecosystems [103-105] have emphasized that current
industrial agricultural management systems, which favor crop production in monocultures,
have adverse effects on rural ecosystems, including multi-crop biofuel monocultures [35].
The negative impacts of extensive grain monocultures on the environment and human
health have been well documented. For example, the demand for herbicides, including
atrazine, tends to be higher in large maize monocultures. These compounds have been
shown to cause endocrine disorders, especially in vertebrates. Furthermore, maize mono-
cultures have a high demand for nitrogen fertilizers, which leads to elevated nitrate levels
in water [105]. High levels of nitrogen fertilization also cause physiological imbalance in
plants, which contributes to pest infestations and disease epidemics that reduce yields.
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2.3.2. Economic Aspects

Raw material prices significantly influence bioethanol production costs and, depend-
ing on the type of feedstock, can account for up to 40-75% of total costs [106]. According to
other authors, raw materials account for 70-80% [107] up to 90% [108] of the total produc-
tion costs of biofuels from cereal grains. Biofuel production is often economically unviable
without financial support from the government. Biofuels, in particular biodiesel, are often
more expensive than fossil fuels [109]. Bielski [18] also concluded that the profitability of
rapeseed methyl ester (RME) production in Poland is often questionable. Financial support,
price intervention, and trade barriers play a key role in the development of biofuels [110].
With the government’s support, biofuels can become less costly than fossil fuels. For
instance, in Thailand, the E85 fuel blend was 30-40% cheaper than premium petrol in
2008, whereas the Indonesian government planned to subsidize biofuels if their prices
exceeded those of fossil fuels [111]. The competitive advantage of biofuels also depends
on the region of production. Owing to their specific characteristics, agricultural regions
producing biofuels can be more competitive than others.

The energy value of biofuels, particularly their energy return on energy invested
(EROI), has long been the subject of debate. The EROI values of biofuels are typically very
low. These values vary significantly across studies; EROI values below 1 have been reported
for processed maize grain (0.75 [96], 0.80 [112], and 0.92 [113]) and for other oilseeds such
as white mustard, spring rape, and camelina (0.5-0.8) [114]. However, in some studies, this
parameter exceeded 1, reaching 1.1 [114], 1.20 [13], 1.25 [14], 1.21-1.35 [115], 1.20-1.70 [57],
and even 5.40-5.90 or 6.85 [116], depending on the intensity of production [117]. According
to Hall et al. [58], much higher EROI values (8-10) are noted only for sugarcane produced
in Brazil. In contrast, fossil fuels have an EROI of 20-30 or more [57,99]. The fact that some
biofuels have higher EROI values does not alter the general perception that biomass has a
low energy efficiency [57]. Recent market data [8] indicate that the global average cost of
biodiesel production is 20-30% higher than that of petroleum diesel, depending on regional
feedstock prices. However, policy mechanisms such as carbon credits and renewable fuel
mandates have narrowed this gap in several EU countries. A summary of EROI indicators
for various raw materials is presented in Table 3.

Table 3. Reported EROI values for selected first-generation biofuels and fossil fuels.

Feedstock/Fuel Region Reported EROI Range Source(s)
Maize ethanol USA, EU 0.75-1.1 [63,96,112,113]
Sugarcane ethanol Brazil 8-10 [67,117]
Rapeseed biodiesel EU 1.1-1.7 [57,60,114]
Soybean biodiesel USA, South America 1.2-2.5 [63,117]
Camelina biodiesel Europe 0.5-0.8 [64,114]
White mustard biodiesel Europe 0.5-0.8 [114]
Palm-oil biodiesel Southeast Asia 2.8-4.5 [62,117]
Maize stover ethanol (residues) USA 2.0-3.5 [117]
Petroleum diesel Global 20-30 [67,117]
Petroleum gasoline Global 25-30+ [57,117]

Feedstocks used for biofuel production have low energy density, which represents a
major limitation [13,15,96]. Large quantities of biomass must be processed to obtain the
required energy output, which is both time- and capital-consuming. For this reason, some
countries, including Poland, have implemented administrative and fiscal regulations on
the biofuel market to promote biofuels, achieve social objectives such as environmental
protection and improved energy security, and support rural development by increasing the
demand for agricultural products [18].
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2.3.3. Social and Policy Dimensions

Since 2005, the global agricultural market has been destabilized by the development
of the biofuel market. The production of biofuels from agricultural raw materials has been
increasing steadily ever since. In market economies, the economic potential of agricultural
crops for biofuel production is determined by the ratio between raw-material and crude-oil
prices, as well as by the conversion factors for different types of feedstocks. Biofuels are
not economically viable when this ratio is too high. Governments have actively promoted
biofuel production to enhance energy security, mitigate climate change, and support the
agricultural sector. Government subsidies, mandates, and other policies have created a
market for biofuels and increased industrial demand for feedstock crops. As a conse-
quence, many decisions to convert agricultural crops into fuel were driven by government
incentives rather than by economic rationale [118].

Most biofuel policy instruments involve consumption subsidies (such as direct sub-
sidies or tax breaks), import tariffs, and mandatory limits specifying the minimum and
maximum shares of organic components in liquid fuels. Although the policies implemented
in different countries and regions may vary in the configuration and scope of the instru-
ments applied, they all create artificial demand for agricultural products. The above has
led to a decline in the availability of raw materials on the global market [119].

Biofuel policy regulations stimulate demand but limit its flexibility, for example by pre-
scribing minimum admixture shares in fuels. The demand for biofuels is quite inelastic as
it cannot fall below the mandatory minimum shares or rise above the limits imposed by the
combustion engine technology. As a result, prices may rise significantly and fluctuate con-
siderably under shock conditions such as drought, flooding, or overproduction [120]. The
prices of agricultural products are driven mainly by increased demand for biofuels [121].

High crude oil prices also stimulate the interest in alternative sources of energy.
Between 2014 and the Russian invasion of Ukraine in 2022, the relationship between oil
prices and agricultural prices has weakened—oil prices declined, the profitability of biofuel
production decreased, and the EU announced plans to lower the mandatory minimum
share of biofuels in transport fuels. These relationships have strengthened over time,
although their nature remains unclear. Granger causality tests have shown that oil prices
affect the prices of maize, wheat, soybeans, and sugarcane [1,11]. This effect carries over
to the prices of bioethanol and biodiesel [122]. The relationship between the prices of
agricultural products and oil can be considered not only in terms of price levels, but also
in terms of the transmission of volatility between prices. In this context, Serra et al. [123]
argued that greater volatility in the oil market after 2005 was accompanied by greater
volatility in agricultural product prices.

The development of the biofuel market affects not only the prices of raw materials [29]
but also those of other crops with minimal use in biofuel production, such as wheat and
rice. This is due to the limited supply of land and substitution relationships, i.e., potential
changes in the prices of other crops. Moreover, rising prices of cereals and oilseeds drive
up feed costs and, consequently, the prices of animal products [122].

In developing countries, large corporations and governments have long exerted pres-
sure on farmers to convert land for the cultivation of energy crops. Land-use changes have
contributed to social conflicts in countries such as Indonesia, Malaysia, Columbia, Brazil,
and Tanzania. According to reports, small farmers and local residents have been evicted
from their land, workers on large plantations have faced abuse, and food security among
the poorest populations has declined [124,125]. Energy companies such as BP, Shell, Total
(Total Energies), D1 Oils, and Sun Biofuels recognized that biofuel feedstocks could be
sourced cheaply from Africa and estimated that 30-50% of the continent’s territory was
suitable for energy crop cultivation [126]. Gomiero [59] argued that developed countries
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of the Global North are engaging in a new form of ‘energy colonialism’, exploiting the
agricultural ecosystems and cheap labor of the Global South to produce low-cost bioenergy
for their transport sectors.

The alleged environmental benefits of biofuels, particularly their potential to reduce
GHG emissions and limit the depletion of fossil fuels, are the main arguments in favor of
renewable energy policies. However, a more detailed analysis indicates that the problem
is far more complex. The apparent environmental benefits of biofuels appear to be more
limited than previously assumed. There is evidence to indicate that in some cases, biofuels
may exacerbate the existing problems. Feedstocks for first-generation biofuels require
agricultural practices that are as intensive as those applied in the production of other
crops, which has a detrimental impact on soil and groundwater and causes more pollution.
The use of harvest residues is also questionable as it entails increased consumption of
agricultural inputs. Therefore, the EU’s energy policy, aimed at reducing GHG emissions
in its Member States, may in fact lead to a net increase in emissions [59].

For biofuels to replace a small proportion of the fossil fuels that are currently consumed,
more extensive and intensive agricultural practices would need to be introduced, with
strong impacts on soil, water resources, and biodiversity. In turn, the widespread use of
agricultural chemicals causes various types of pollution, and biofuels are likely to exacerbate
these problems [104,127]. Therefore, some researchers have called for the adoption of more
sustainable and agroecological farming practices to preserve ecosystem services related
to biodiversity, mitigate agriculture’s impact on natural resources, reduce pollution, and
avert a global biodiversity crisis [128]. Extensive cultivation of crops suitable for biofuel
production would reinforce two major drivers of global biodiversity loss: the conversion of
natural areas into monocultures and the spread of invasive species [129].

To mitigate these impacts, recent research promotes agroecological practices such as
intercropping, crop rotation, and the use of cover crops, which can enhance biodiversity
while maintaining bioenergy yields [130,131].

Biomass combustion is considered carbon-neutral by some researchers. This claim
relies on rather simplified reasoning by assuming that CO; released during combustion
is completely assimilated by plants, thus yielding zero net emissions. However, there
is considerable evidence to suggest that this is not the case. In tropical ecosystems, the
conversion to energy crop cultivation leads to a loss of aerial biomass. Energy crops are
also responsible for the release of substantial amounts of soil carbon; in tropical forests,
approximately 50% of total carbon is stored in the soil. Energy crop plantations will
never store as much carbon as native ecosystems, which leads to net carbon emissions.
Conversion of grasslands to energy crop plantations will result in a net release of carbon
stored in native ecosystems. Even if energy crops are assumed to generate zero emissions,
the carbon previously stored in the ecosystem will continue to be lost and released to
the atmosphere [104,132]. Other authors have also emphasized that the production of
biofuels can generate net carbon emissions, particularly if tropical forests and previously
uncultivated land are converted to energy crop plantations [104,133].

First-generation biofuels rely on intensive agriculture. Subsidies can exacerbate the
existing problems by encouraging monocropping—such as maize in the USA—which could
pose a serious threat to agricultural ecosystems. Second-generation biofuels may alleviate
the conflict with food production, but converting large amounts of harvest residues and
agricultural waste into energy may be inefficient and could compromise the long-term
fertility and biological diversity of soil. Some of the most promising alternative non-food
crops introduced in certain countries are invasive species that can cause severe environmen-
tal damage in the future. It has long been maintained that biofuels can play an important
role in reducing GHG emissions. However, this assumption has been questioned already
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several decades ago. Recent analyses suggest that, when all factors are properly accounted
for, biofuels may not help reduce GHG emissions. On the contrary, extensive production
of energy crops can increase emissions, exacerbate global warming, and contribute to
deforestation of tropical ecosystems.

Biofuels cannot compete with fossil fuels in the energy market. Their production is
profitable only if subsidized with public funds and supported by legal mandates requiring
the blending of petrol with biofuels. Fossil fuels are also subsidized, but to a much lesser
extent. It should also be noted that agricultural externalities such as water depletion, loss
of soil fertility, environmental pollution, and carbon emissions are not taken into account.
The growing trade in biofuels may adversely affect ecosystems and food production in
biofuel-producing countries, particularly in developing economies. A broader, deeper, and
longer-term analysis is needed. Land expropriation and other social and economic prob-
lems should be monitored. Subsidies should not be granted if they can exacerbate social and
environmental problems. Instead, they should be used to support farmers in both develop-
ing and developed countries, and to adopt energy-efficient and environmentally friendly
agricultural practices that can reduce GHG emissions, prevent soil erosion, decrease water
consumption, free the environment from toxic pollutants, and protect biodiversity.

In Northern and Central Europe, including Poland, rapeseed is the dominant oilseed
crop, and rapeseed oil is used mainly for biodiesel production. The share of vegetable
oils in biodiesel production has increased significantly. The share of global vegetable oil
production used for biodiesel increased nearly six-fold, from 2.6% in 2005 to 15.4% in 2021,
and EU countries saw an increase from 27.3% to 71.2% [134]. Among biodiesel feedstocks,
oil palm plantations have the highest yields per hectare. In turn, biodiesel production costs
can be reduced by using waste products from the fat and oil industry and recycled cooking
oils [135]. According to some researchers, recycled cooking oil is an effective substitute
for vegetable oils in biodiesel production, as it reduces production costs and provides a
solution for managing used oil [136]. Emerging non-food energy crops, such as Camelina
sativa and Ricinus communis, offer promising alternatives. In particular, castor is gaining
attention as a high-oil crop adaptable to semi-arid and Mediterranean regions [137], and
camelina has been shown to perform well under Mediterranean conditions as a flexible
oilseed crop [138]. Biodiesel production from UCO is one of the most efficient and economic
methods of recycling this waste product [139]. Bobadilla et al. [140] demonstrated that
biodiesel produced from waste cooking oil was of high quality and that its fuel parameters
met international standards.

The interactions among the environmental, economic, and social factors discussed
above highlight the multifaceted nature of biofuel development. A comprehensive syn-
thesis of these aspects, supported by insights from recent studies, is presented in the
following subsection.

2.4. Synthesis and Critical Insights

The review of first-generation biofuels reveals a complex and often contradictory
body of evidence. While biodiesel and bioethanol have contributed to partial energy
diversification and reduced dependence on imported fossil fuels [17,18,56], their overall
sustainability remains under debate. The environmental benefits of biofuels, including
lower net GHG emissions compared to conventional fuels [14,15], are often offset by
indirect land-use change, biodiversity loss, and agricultural intensification [16,77]. These
impacts vary considerably by region and production system, highlighting the need for
context-specific evaluation rather than generalized conclusions [19].

From an economic perspective, biofuels have supported rural incomes and enhanced
energy security by promoting the use of domestic feedstocks [22,84]. However, their
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profitability remains highly sensitive to fluctuations in oil prices, government subsidies,
and feedstock availability [23,89]. The relatively low ERQOI of several first-generation
biofuels—estimated between 1.0 and 1.7 for maize- and rapeseed-based fuels [15,100]—
limits their long-term competitiveness unless process efficiencies are improved or renewable
methanol and waste-derived inputs are introduced [101].

The social and policy dimensions of biofuel expansion present both opportunities and
challenges. On the one hand, biofuel programs can stimulate rural development, generate
employment, and foster innovation [18,106]. On the other hand, when arable land and
water are diverted from food production, such initiatives may exacerbate social inequalities
and threaten food security [13,16,87]. These findings underscore the necessity for coherent
governance frameworks that balance biofuel expansion with climate, biodiversity, and food
policy objectives [12,86].

Synthesizing the reviewed literature reveals three critical research gaps. First, quanti-
tative models linking biofuel production intensity with national energy dependence remain
scarce and fragmented [56]. Second, existing sustainability assessments rarely integrate
environmental, economic, and social indicators into a unified analytical framework [22,99].
Third, few studies comprehensively address dynamic trade-offs among land use, food
availability, and renewable energy expansion [16,83].

Future research should therefore aim to develop integrated assessment tools combining
LCA, ERO], and socio-economic indicators. Such models would enable policymakers to
quantify trade-offs and guide the transition toward sustainable bioenergy systems that
genuinely contribute to long-term energy resilience and environmental protection.

3. Conclusions

Threats to energy security are driving investment in new technologies, particularly
renewable energy sources, including biomass conversion and distributed energy generation
systems. Recent trends indicate that renewable energy generation will be the most rapidly
growing sector with development potential in rural areas. At present, the agricultural sector
provides not only food but also biomass for energy production. Due to their decentralized
nature and reliance on local resources, renewable feedstocks can, to a certain extent, enhance
energy security and help reduce energy prices. Governments are increasingly promoting
the production of liquid biofuels for transport as a means to address major challenges such
as fossil fuel price volatility, GHG emissions, and the socio-economic development of rural
areas. The biofuel production targets adopted by different countries, and their social and
environmental impacts, warrant further research into sustainability of various biofuels.
Biofuels may offer numerous advantages, promoting the social and economic development
of rural areas through job creation and the establishment of bioenergy production facilities.

The results of this review indicate that while first-generation biofuels contribute to en-
ergy diversification, they cannot ensure long-term sustainability due to environmental and
food competition. Future research should focus on integrating life-cycle, socio-economic,
and policy frameworks to optimize feedstock use and improve energy security without
compromising food availability. Developing cost-efficient second-generation technologies
remains the most promising direction.
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