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Abstract

The urgent global transition towards renewable energy has positioned biodiesel
as a pivotal alternative for decarbonizing industrial sector. Moving beyond the
contentious “food-versus-fuel” dilemma of first-generation biofuels, this review
focuses on the sustainable production of biodiesel from non-food biomass, including
agricultural residues, non-edible oilseed crops (e.g., Jatropha curcas and Pongamia
pinnata), waste streams, and microalgae. The chapter provides a systematic analysis
of the entire value chain, beginning with a classification of biofuel generations and a
critique of food-based feedstocks’ socio-economic and environmental limitations. It
then details the typology of advanced non-food feedstocks and the technological evo-
lution in conversion processes, highlighting breakthroughs in heterogeneous catalysis
and microwave-assisted and ultrasonic transesterification that enhance efficiency and
sustainability. The analysis further addresses critical technological and environmental
challenges, such as feedstock variability and emission profiles.
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1. Introduction

The global energy landscape is undergoing a profound transformation, driven by
the imperative to mitigate climate change and enhance energy security. This shift is
accelerating the development of sustainable alternatives to fossil fuels, with biodiesel
emerging as a critically important solution for decarbonizing the transportation
sector [1]. Unlike conventional diesel, biodiesel derived from non-food biomass offers
significant environmental advantages, including substantial lifecycle greenhouse
gas emission reductions, while strategically avoiding competition with global food
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supplies [2-8]. The biofuel industry has evolved through distinct generations, each
aiming to overcome the limitations of its predecessor. First-generation biofuels, pro-
duced from edible crops like corn, sugarcane, and vegetable oils, ignited a widespread
debate over the “food-versus-fuel” dilemma, raising concerns over food security,
land-use change, and ultimately, their net carbon benefit. This has catalyzed a pivotal
re-evaluation, propelling the industry towards more sustainable feedstocks. Second-
generation biofuels derived from lignocellulosic biomass and third-generation fuels
from algae and photosynthetic microorganisms represent a more sustainable pathway
by utilizing non-food resources, agricultural and forestry residues, and waste streams
[4]. This chapter comprehensively explores the frontier of non-food biodiesel. It
begins by establishing the conceptual framework, defining biofuel generations, and
outlining biodiesel’s role within the broader global energy transition. It then criti-
cally examines the socio-economic and environmental limitations of food-based
feedstocks, building a compelling case for the necessity of non-food alternatives. The
core of the chapter provides a detailed typology of non-food biomass—from resilient
energy crops like Jatropha and Pongamia to waste cooking oils and algal species—and
delves into the technological advancements revolutionizing their conversion into
biodiesel. This includes a critical analysis of the evolution from homogeneous to
heterogeneous catalytic systems and the application of process intensification tech-
nologies like microwave and ultrasound. Finally, the chapter addresses the persistent
technological and environmental challenges, such as feedstock variability and NOx
emissions that must be overcome for widespread commercialization. By synthesizing
the current state of knowledge and technology, this review aims to provide a holistic
understanding of the opportunities and hurdles in non-food biodiesel production,
charting a path for its integration as a sustainable and equitable component of the
future energy system.

2. Conceptual framework and global issues
2.1 Definition and classification of biofuels (first, second, and third generations)

Biofuels are liquid or gaseous fuels derived from biomass, such as agricultural
crops including corn, sugarcane, rapeseed, and sunflower, and represent a renew-
able alternative to fossil fuels [9]. They are typically classified into three generations
based on the feedstock and conversion processes involved (Figure 1). First-generation
biofuels are produced from food crops like corn, sugarcane, and vegetable oils, yield-
ing bioethanol and biodiesel through fermentation and transesterification [10-17].
However, the use of biofuel, instead of minimizing gas emission, it contributes to
several environmental and societal problems. A global agricultural model reveals that
corn-based ethanol nearly doubles greenhouse gas emissions over 30 years rather
than achieving the expected 20% reduction. Similarly, switchgrass biofuels grown on
U.S. corn lands raise emissions by 50% due to land-use changes [17]. Furthermore,
diverting large portions of crops to fuel production raises concerns over food secu-
rity and price volatility [13, 14]. Policies are evolving to address these concerns: the
European Union has capped first-generation biofuels at 7% of transportation energy
consumption to limit land-use impacts. Similarly, the U.S. Renewable Fuel Standard
has shifted focus towards advanced biofuels derived from non-food sources, moving
away from conventional corn-based ethanol to reduce environmental drawbacks
[18-20]. Despite these challenges, first-generation biofuels may maintain relevance
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Figure 1.
Evolution of biofuel generations: feedstocks and characteristics.

in specific applications through enhanced catalytic conversion technologies that
improve efficiency, integration into combined food-energy production systems that
optimize land use, and strategic utilization of agricultural residues and waste materi-
als rather than dedicated food crops [21-24]. Second-generation biofuels attempt to
overcome food-versus-fuel and environmental challenges by utilizing lignocellulosic
biomass such as agricultural residues, forestry waste, and energy crops [25, 26]. These
feedstocks avoid direct competition with food production while providing opportuni-
ties for waste valorization. Lifecycle analyses suggest lower GHG emissions than fossil
fuels due to carbon sequestration during growth [27]. Yet, commercialization remains
difficult because lignocellulosic biomass is structurally resistant, necessitating

costly pretreatments like steam explosion or acid hydrolysis [28]. Progress has been
achieved through innovations in nanostructured enzymes and bifunctional catalysts
[29]. While enzymatic hydrolysis and fermentation dominate current approaches,
thermochemical methods such as pyrolysis and gasification show promise for diverse
feedstocks [30]. Successful projects in Brazil, using sugarcane bagasse [31], and in
Sweden, with forestry residues, demonstrate the importance of supportive policy
frameworks [32]. Third-generation biofuels, derived from algae and photosynthetic
microorganisms, represent a more sustainable alternative by avoiding food crop com-
petition and requiring less arable land [33-36]. Algae can be cultivated in freshwater,
seawater, or wastewater, achieving high productivity while absorbing carbon dioxide
[37-39]. Their primary limitation lies in high production costs, driven by cultivation,
harvesting, and processing complexities [40-43]. Advances in metabolic engineer-
ing, synthetic biology, and nanotechnology are being explored to enhance efficiency,
strain performance, and energy return [44]. Despite challenges, algae-based fuels
promise significant GHG reductions with minimal impact on food systems or land
use, provided research and development efforts continue [45, 46].

2.2 The global energy context and biodiesel role in the energy transition

The global energy landscape is undergoing a profound transformation, driven by
technological advancements, policy shifts, and growing environmental concerns.
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According to the International Energy Agency (IEA) World Energy Outlook 2023,
demand for traditional fossil fuels—coal, oil, and natural gas—is projected to peak
before 2030 under the Stated Policies Scenario (STEPS). This anticipated milestone
represents a major departure from over a century of fossil fuel dominance, during
which these sources consistently supplied about 80% of global energy needs [47],
highlighting the world’s gradual but decisive shift towards diversified, low-carbon
energy systems. Within this transition, biodiesel is emerging as a viable and strategi-
cally important alternative fuel, particularly for decarbonizing the transportation
sector, which remains one of the largest contributors to global CO, emissions. Road
transport alone accounts for a substantial portion of fossil fuel consumption, mak-
ing it a prime target for emission reduction strategies. Research indicates that even a
modest 10% increase in biodiesel’s share of transport fuels could significantly slow
the growth rate of CO, emissions from road vehicles. This positions biodiesel not
merely as a supplementary fuel, but as an immediately deployable mitigation tool in
the global effort to meet climate targets. The environmental performance of biodiesel,
however, is highly dependent on the choice of feedstock. For instance, life cycle
assessment (LCA) studies on rapeseed biodiesel generally report substantial reduc-
tions in greenhouse gas (GHG) emissions compared with conventional fossil diesel.
However, the extent of these emission savings varies considerably depending on
factors such as agricultural practices, fertilizer application, crop yield, and the energy
intensity of biodiesel production and processing stages [48, 49]. This wide range of
reported values indicates that the environmental performance of rapeseed biodiesel
is highly dependent on how the feedstock is cultivated and converted. These results
underscore the critical importance of feedstock selection and management in maxi-
mizing the environmental advantages of biodiesel. In addition, sustainability assess-
ments should not be limited to emission reductions alone, but should also account for
broader impacts, including land-use changes, soil and water resource management,
and potential ecological consequences. Therefore, ensuring that biodiesel feedstocks
are sourced from environmentally responsible and socially equitable supply chains is
essential for biodiesel to effectively contribute to long-term clean energy and decar-
bonization strategies.

2.3 Limitations of food-based feedstocks and the case for non-food biomass

The production of first-generation biofuel, derived from food crops such as
corn, sugarcane, soybean, and palm oil, has sparked significant debate due to its
social, environmental, and economic implications. One of the most prominent
concerns is the competition between fuel and food production. Diverting staple
crops to fuel manufacturing can limit their availability for human consumption and
livestock feed, driving up global food prices. Such price increases disproportion-
ately affect low-income populations, particularly in developing nations where food
expenditures account for a large share of household income [50]. Beyond economic
impacts, the rising demand for biofuel feedstocks has contributed to large-scale
land acquisitions, or “land grabbing,” especially in parts of Africa, Asia, and
Latin America. These transactions often involve foreign investors or corporations
acquiring vast tracts of land for biofuel crop cultivation, displacing local farmers
and indigenous communities. The result is not only the loss of livelihoods but also
cultural disruption and increased social tensions [51]. Environmental drawbacks are
also substantial. Expansion of agricultural land to meet biofuel feedstock demand
has driven deforestation, habitat loss, and ecosystem degradation. Land-use change
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releases large amounts of stored carbon dioxide, potentially offsetting the climate
benefits of biofuels. In countries like Indonesia and Brazil, clearing forests or drain-
ing peatlands for oil palm or sugarcane plantations has become a major source of
GHG emissions [51].

Intensive monoculture farming associated with these crops also consumes
significant water resources and relies heavily on fertilizers and pesticides, which can
degrade soil quality, contaminate water supplies, and reduce long-term agricultural
sustainability. Recognizing these limitations, many governments and international
bodies have reassessed their biofuel strategies. Some have introduced caps or phase-
out timelines for first-generation biofuels, while others are actively promoting alter-
natives with lower environmental and social risks. This has accelerated interest in
non-food biomass as the foundation for second-generation biofuels. Such feedstocks
include agricultural residues (e.g., straw, corn stover), forestry residues, organic
municipal waste, and non-edible energy crops (Figure 2) [52]. Second-generation
biofuels offer several advantages: they reduce competition for arable land, make use
of abundant lignocellulosic materials that are otherwise underutilized, and enable
the valorization of waste streams. Converting residues and organic waste into fuel
not only reduces reliance on food crops but also supports circular economy principles
by minimizing landfill use and lowering methane emissions from decomposition.
Nonetheless, technical and economic barriers persist. Processing lignocellulosic
biomass requires complex pretreatment to break down the rigid structure of plant
cell walls, followed by enzymatic hydrolysis and fermentation. These steps can be
costly and energy-intensive. However, advances in biotechnology, catalyst design,
and process engineering are gradually improving conversion yields and reducing
costs. With sustained research and development, the transition from food-based to
non-food feedstocks could become both commercially viable and environmentally
superior, reinforcing the role of biofuels as a sustainable component of the global
energy transition.

~
« Jatropha, Pongamia, and castor are leading candidates due to high oil yields and
adaptability to marginal lands. Traditional plants like neem and mahua, alongside
agricultural byproducts such as rubber seeds, further diversify feedstocks. These
sources collectively promise renewable energy, foster environmental conservation, and
stimulate rural economies, driving a sustainable energy future [53].

S/

~N

«Waste cooking oil (WCO) is a key organic waste for biodiesel production, offering an
eco-friendly fuel and waste solution. Innovations in catalysts and reactor designs
enhance its conversion efficiency and yield, making it a sustainable and economically

S viable feedstock despite challenges like high infrastructure costs.

J

+ Algal biodiesel research is rapidly advancing, utilizing diverse examples like Caulerpa’,
racemosa macroalgae and microalgae such as Chlorella vulgaris and Scenedesmus
obliquus. These feedstocks possess valuable properties, including significant lipid
content and favorable fatty acid profiles, enabling superior fuel characteristics like high
cetane numbers. Innovations in cultivation, like stress induction and co-culturing, boost
lipid yields, while efficient processing technigues like in situ transesterification reduce
production costs, positioning algae as a promising sustainable biofuel source. J

Microalgae and
macroalgae.

Figure 2.
Typology of non-food biomass.
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3. Typology of non-food biomass

The systematic classification of non-food feedstocks for biodiesel production is a
critical step in advancing sustainable bioenergy systems, particularly in the context
of global energy transitions. Such classification enables a clearer understanding
of feedstock availability, conversion potential, and environmental performance,
while helping to minimize competition with food resources and reduce associated
socio-economic and ecological impacts. These renewable resources are typically
categorized into three groups: non-edible crops, organic waste, and microalgae/
macroalgae (Figure 2). Each category presents distinct opportunities and chal-
lenges across the biofuel value chain. Rising global demand for renewable energy
has stimulated interest in non-edible crops, which avoid competition with food
resources. Unlike edible oils such as soybean or palm oil, these crops can yield
substantial oil without compromising food security. Many non-edible crops are
well-suited to marginal lands, requiring minimal water and fertilizers, enhanc-
ing both their economic viability and environmental sustainability [53]. Their
oils contain fatty acids suitable for transesterification, producing biodiesel with
properties comparable to conventional diesel. Non-edible biodiesel also reduces
greenhouse gas emissions and enhances energy independence. Research continues
to optimize oil extraction, engine performance, and cost efficiency, positioning
non-edible crops as key players in the future of clean energy. These crops have
gained attention as sustainable feedstocks, offering an eco-friendly alternative to
conventional diesel without competing with food production. For example, Jatropha
curcas (Figure 3) is particularly promising due to its high oil content and ability
to thrive in arid conditions with minimal inputs [54]. Similarly, Pongamia pin-
nata provides comparable oil yields while improving soil fertility through natural
nitrogen fixation (Figure 3) [55]. Castor plants offer high oil content but require
careful handling due to toxic compounds. Traditional resources such as neem and
mahua remain important where naturally abundant. Agricultural byproducts, like
rubber seeds, also represent viable biodiesel sources. Collectively, these non-edible
feedstocks support renewable energy production on marginal lands, promote

Figure 3.
Jatropha as a non-edible feedstock for biodiesel production [54].
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environmental conservation, enhance energy independence, and create economic
opportunities in rural areas. Their continued development mitigates reliance on
fossil fuels and reduces the food-versus-fuel dilemma. Jatropha curcas, in particular,
offers 27-40% oil content, tolerance to marginal lands, and no competition with
food crops [54-58]. The plant’s oil can be converted through transesterification into
biodiesel meeting standard fuel specifications and international EN and ASTM
standards [59]. Key advantages include its substantial oil yield, non-edible status
that preserves food security, and capacity to grow in poor soil conditions with
minimal water requirements [60-63]. Environmentally, Jatropha cultivation offers
carbon sequestration benefits while reclaiming degraded lands [64-66]. However,
challenges persist including high production costs from labor-intensive harvesting,
seed toxicity requiring careful handling, and variable yields impacting economic
viability [67-69]. Recent technological advances are addressing these limitations
through improved transesterification processes using novel catalysts [70]. The crop
demonstrates significant socioeconomic potential by creating rural employment
opportunities and enhancing energy security, particularly in developing regions
[71, 72]. Recent studies demonstrate that biodiesel derived from Pongamiapinnata,
offers a viable alternative to fossil diesel, balancing engine performance with
environmental benefits [73-79]. For example, Gaur and Goyal found that a 20%
blend of mixed biodiesel (waste cooking oil and Pongamia oil) reduced CO and HC
emissions by 30% while maintaining engine compatibility, though NOx emissions
increased due to higher oxygen content [73]. Similarly, Mulla and Shah reported that
Pongamia biodiesel produced via CaO nanocatalysts achieved 95% yield, with B20
blends showing a 5.7% increase in indicated power (Figure 4) [74]. Biocatalysts,
such as banana waste-derived nanocatalysts, further optimized transesterification,
yielding 96.3% biodiesel from Jatropha-Pongamia blends in just 10 minutes [75].
Dolomite-based catalysts also proved effective for Pongamia, achieving 92.3%
yield while supporting afforestation and SDGs [76]. Coating engines with thermal
barriers improved combustion efficiency for Pongamia-Azadirachta blends, reduc-
ing HC and CO emissions but increasing NOx by 9% [77]. Statistically optimized
Pongamia biodiesel met ASTM standards, with a 78.3% yield under mild reaction

Figure 4.
Pongamia tree flowering 1.5 years after planting in a trial plot in Buntoi, PulangPisau, Central Kalimantan [55].
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conditions (55°C, 60 minutes) [78]. Lemongrass oil (LGO) has emerged as a promis-
ing non-edible biodiesel feedstock, demonstrating competitive engine performance
and emission characteristics compared to conventional diesel (Figure 5) [79].
Experimental studies on 3.5-5.2 kW diesel engines reveal that LGO blends (10-30%
v/v) achieve brake thermal efficiency (BTE) comparable to diesel (LG20 ~ diesel)
but exhibit higher specific fuel consumption (SFC) due to lower calorific value
[80]. Emission analyses show significant reductions in nitrogen and carbon oxides
[80-82], attributed to LGO’s oxygenated combustion and lower peak flame tempera-
tures. Advanced formulations, such as LGO biodiesel with dibutyl ether additive,
further optimize performance at compression ratio 17.5, reducing CO, CO,, and NOx
while maintaining mechanical efficiency [83]. Recent studies have explored novel
approaches that incorporate bio-based multi-wall carbon nanotubes into lemongrass
oil (LGO) emulsions, revealing multiple performance enhancements. Specifically,
this addition has been shown to significantly reduce the ignition delay by 17.6% and
shorten the overall combustion duration by 18.5% [84]. These improvements are pri-
marily attributed to the superior thermal conductivity of additive, which promotes
more efficient heat transfer within the fuel droplets, leading to faster vaporization,
improved atomization, and more complete combustion. Consequently, integrating
BMWCNTs into LGO emulsions not only enhances combustion efficiency but may
also contribute to reduced pollutant formation and better engine performance.
Another promising non-edible biodiesel source is neem (Azadirachta indica) oil,
which contains 30-40% oil in its seeds and can be converted to biodiesel through
transesterification [85, 86]. Optimizing reaction parameters, such as temperature,
methanol-to-oil ratio, and catalyst concentration, is crucial to achieving high
biodiesel yield [86]. The resulting neem biodiesel exhibits fuel properties, including
density, kinematic viscosity, and calorific value, that comply with ASTM standards,
making it suitable for diesel engines [87, 88]. Studies on biodiesel blends enhanced
with alumina nanoparticles demonstrate improved combustion efficiency and
reduced emissions of CO, HC, and particulate matter [89]. Machine learning models
have been applied to predict engine performance and emission behavior with high
accuracy, reinforcing the feasibility of neem biodiesel as a sustainable fuel [89].
Additionally, neem butyl ester produced via acid-catalyzed transesterification
has shown comparable performance and emission characteristics to conventional
diesel in compression ignition engines [90]. Furthermore, the use of organic waste-
derived feedstocks, such as waste cooking oil, provides an eco-friendly and low-cost
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Figures.
Lemongrass plant (A), lemongrass oil (B), and lemongrass stalks (C) [79].
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alternative for biodiesel production, aligning with circular economy principles [89,
91]. Contemporary research has significantly advanced waste cooking oil (WCO)
biodiesel production through innovative reactor designs and catalytic processes.
Jarungwongsathien et al. demonstrated the efficacy of a rotating tube reactor (RTR)
system, achieving 89.72% biodiesel yield in just 11.23 minutes while reducing
free fatty acid (FFA) content from 6 to 1.89% - with economic analysis showing
aremarkably short 3.1-year payback period due to reduced operating costs [92].
Catalyst development has been particularly transformative, as shown by Alahmar
et al. who engineered a bifunctional Ce/Mn/y-Al,O; catalyst that attained 97%
conversion of high-FFA WCO through simultaneous esterification and transesterifi-
cation, leveraging its high basicity (1.543 mmol/g) and surface area (143 rnz/g) [93].
Further innovations in nanocatalysts include Rezaeifar et al’s aFe;03/CuO com-
posite RSM optimization showed the methanol/WCO ratio was the most impactful
variable yielding a 94.27% biodiesel yield under optimal conditions. The catalyst
exhibited strong reusability, demonstrating its potential as an effective hetero-
geneous catalyst [94]. Green chemistry approaches have also emerged, with Sahu
et al. synthesized a heterogeneous CaO nanocatalyst using watermelon peel extract
for the transesterification of soybean oil into biodiesel. Optimal conditions (20:1
methanol:oil ratio, 8% catalyst, 2.5 h at 65°C) resulted in a high biodiesel yield [95].
Selvam et al. evaluated pentanol-blended WCO-biodiesel. The B30+ blend dem-
onstrated superior performance compared to pure diesel, improving combustion
(higher heat release and pressure). Crucially, this blend achieved substantial reduc-
tions in CO (31.75%), HC (20.28%), and NO (14.82%) compared to other biodiesel
blends, proving it to be a sustainable and highly efficient automotive fuel [96]. The
integration of artificial intelligence has further optimized performance parameters,
as Biberci et al. investigation utilized artificial neural network (ANN) and Response
Surface Methodology models to predict and optimize the performance and exhaust
emissions of a diesel engine fueled by a blend of diesel and waste oil biodiesel.
The RSM model achieved high accuracy successfully maximizing brake thermal
efficiency (BTE) while minimizing consumption and emissions. Optimal engine
operation was achieved at an injection pressure of 180 bar and 100 percent biodiesel
ratio, demonstrating that the combined use of RSM, ANN, and advanced algorithms
offers a highly accurate optimization framework [97]. Comparative feedstock
analyses by Liew et al. using non-edible oils such as soapnut seed kernel oil (SKO)
and used cooking oil were studied [98]. SKO was extracted via Soxhlet at varying
durations and characterized for pH, density, and acid number. Transesterification
produced biodiesel, with SKO outperforming UCO, showing suitable pH (6.5),
density (780 kg/m3), and acid number (2.43 mg KOH/g) [98].

However, infrastructure costs, particularly for bio-refineries, remain a major
barrier to large-scale biodiesel production. Innovative feedstock strategies, such
as integrating waste cooking oil with microalgae, have shown promise in enhanc-
ing process efficiency and reducing overall production costs [99, 100]. Dejene
demonstrated that hybrid biodiesel feedstocks combining microalgae and WCO can
achieve high conversion efficiencies while maintaining desirable fuel properties,
suggesting a feasible approach for sustainable biodiesel supply chains [100]. These
collective advancements position WCO biodiesel as a technically mature alterna-
tive, though challenges persist in NOx mitigation, cold flow properties, and scaling
heterogeneous catalyst production [92-99]. Recent studies demonstrate significant
progress in algal biodiesel production through innovative cultivation and process-
ing techniques [100]. Aboueldahab et al. [101] analyzes eight Red Sea seaweed
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species for biodiesel potential. Seasonal biochemical analysis revealed significant
variations in lipids, carbohydrates, and proteins. Caulerpa racemosa was the most
promising, with high, consistent lipid yields (up to 12.76% CDW) and a favor-

able fatty acid profile rich in saturated fats like palmitic acid. Predictive models
indicated excellent fuel properties, including high cetane numbers and suitable
cold-flow characteristics, confirming the seaweed’s strong potential as a sustain-
able biodiesel source [101]. For microalgae, the comparison of Chlorella vulgaris
biodiesel proves that the in situ transesterification reduced capital costs by 31%
($3.48 M vs. $5.05 M) and achieved a shorter payback period (1.72 years) compared
to solvent extraction [102]. Engine performance studies reveal promising results:
Allasi et al. showed Scenedesmus obliquus biodiesel with 20% n-butanol additive
improved brake thermal efficiency while reducing CO and hydrocarbon emissions
though NOx increased due to higher combustion temperatures [103]. Supply chain
optimization is critical for scalability, as demonstrated by Panwar et al. , whose
genetic algorithm model reduced costs by prioritizing facility placement and utiliz-
ing mixed feedstocks (macroalgae/WCO), though production facilities [104]. Life
cycle assessments by Liu et al. revealed wastewater-cultivated microalgae reduced
environmental impacts by 52% compared to freshwater systems, with carbon
sequestration potential during cultivation offsetting 69.8% of supply chain emis-
sions [105].

Sun et al. [106] tested Dunaliella salina microalgae biodiesel blends (DSB10-
DSB30) in a diesel engine. Brake thermal efficiency was highest for pure diesel
(DSBO), but biodiesel blends showed better performance between 2000 and
2500 rpm due to higher oxygen content, enhancing combustion. However, specific
fuel consumption increased with biodiesel concentration. Emissions analysis revealed
lower CO but higher CO, and NOx for biodiesel blends, particularly at higher speeds
due to increased combustion temperatures [106]. Advanced cultivation techniques
further improve yields. Poh et al. [107] investigated post-harvest stress on Chlorella
vulgaris to increase lipid content for biodiesel. Applying one day of nutrient starva-
tion combined with salinity (6.0 g/L) in darkness achieved the highest lipid yield of
38.8-40.28% by dry weight. The extracted lipids contained suitable fatty acids (lin-
oleic, linolenic, and palmitic acid), similar to conventional vegetable oils, confirming
their viability as a biodiesel feedstock [107]. Co-culture systems offer additional
gains. By combining Chlorella pyrenoidosa and Cutaneotrichosporonoleaginosum,
Wau et al. [108] achieved a lipid concentration of 18.15 g/L and a lipid productivity of
4.03 g/L/day. The system enabled pH self-regulation and nutrient synergism, scaling
effectively even with cassava starch hydrolysate and demonstrating pH self-regulation
and nutrient synergism [108].

4. Technologies for converting non-food biomass into biodiesel

The shift from fossil fuels to renewable energy has accelerated the develop-
ment of technologies for converting non-food biomass into biodiesel. While the
core chemical process of transesterification remains constant, the methods of
its execution have evolved significantly to address the limitations of traditional
approaches and improve overall sustainability and economic viability. This evolu-
tion has led to the development of advanced processes utilizing heterogeneous
catalysts, microwave, and ultrasonic technologies, each offering distinct advan-
tages over the classic use of homogeneous catalysts. Historically, homogeneous
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catalysts, such as sodium hydroxide and potassium hydroxide, have been the
standard for biodiesel production. These catalysts dissolve completely in the
reaction mixture, ensuring excellent contact with the reactants and leading to
fast reaction rates and high conversion yields. However, this method has signifi-
cant drawbacks. The main challenge lies in the complex and energy-intensive
downstream processing required to separate the catalyst and purify the biodiesel.
This typically involves multiple washing steps, which not only consume a lot of
energy but also generate a large volume of contaminated wastewater, creating
environmental and disposal challenges. Furthermore, since these catalysts cannot
be recovered and reused, the process becomes less economically and environ-
mentally sustainable in the long run. The limitations of homogeneous catalysts
led to a strong push for heterogeneous catalysts. These are solid catalysts that

do not dissolve in the reaction mixture, which simplifies the separation process
immensely. They can be easily removed by filtration or centrifugation and, most
importantly, can be reused, reducing operational costs and waste generation.
This reusability also facilitates continuous-flow production systems, making the
technology more scalable for industrial applications. Recent research has yielded
remarkable results with heterogeneous catalysts [109-124]. For example, Santoso
et al. [111] optimized biodiesel synthesis from waste cooking oil using a Na,O/y-
AlLO; catalyst and ultrasonic assistance. The best yield (83.51%) was achieved
with a 3% catalyst loading, a 12:1 methanol-to-oil molar ratio, at 65°C for 15 min-
utes. The main biodiesel components identified were methyl elaidate, methyl
palmitate, and methyl linoleate. The catalyst’s crystal size was 30.59 nm, and the
process successfully reduced free fatty acids for efficient transesterification [111].
The development of green synthesis methods has also emerged, with research-
ers successfully creating calcium oxide (CaO) nanoparticles from waste orange
peel extract to achieve a 93.4% biodiesel yield from WCO [113]. Other notable
examples include a nano-magnetic CaO/Fe,0s/feldspar catalyst that provides high
yields from various wild plant seed oils, with the added benefit of easy magnetic
separation and reusability [118]. A significant breakthrough is the creation of
catalysts, like hierarchical porous y-Al,O; modified with MoV metal oxides, that
can perform simultaneous esterification and transesterification in a single step,
which simplifies the process and enhances cost-effectiveness [123]. Microwave-
assisted transesterification is essential for process efficiency. Unlike conventional
heating, which heats from the outside in, microwaves directly and rapidly heat
the polar molecules in the reaction mixture. This targeted and instantaneous
heating dramatically accelerates reaction kinetics, reducing reaction times from
hours to mere minutes [124]. This technology offers improved energy efficiency
by minimizing heat loss. It is particularly effective for in situ transesterification
of microalgae, as it combines oil extraction and conversion into a single step,
which is ideal for large-scale, sustainable biofuel production. The use of ultra-
sonic waves is another powerful method of process intensification. Ultrasound
operates on the principle of acoustic cavitation, where sound waves create and
collapse microscopic bubbles in the liquid. This violent collapse generates local-
ized high temperatures and pressures, effectively breaking down the immiscible
oil and alcohol phases and significantly enhancing mass transfer between the
reactants. This physical action leads to a considerable increase in reaction rate
and efficiency. Studies have shown that ultrasonic-assisted transesterification can
achieve high yields while also reducing energy consumption by up to 85% com-
pared to conventional methods [125-128].
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5. Technological and environmental challenges

Feedstock variability poses a dual challenge and opportunity for the widespread
adoption of biodiesel derived from non-food biomass. Unlike petroleum, a relatively
uniform raw material, non-food biomass is a diverse and inconsistent collection
of materials, including dedicated oilseed crops, agricultural residues, and organic
wastes. This variability is a defining characteristic of the bioenergy sector, impact-
ing every stage of production from collection and pretreatment to the final quality
of the biodiesel. The primary challenge stems from compositional differences, such
as variations in oil content, fatty acid profiles, and impurity levels (e.g., free fatty
acids and moisture) across different feedstocks. These variations can be influenced
by species, growing conditions, and storage duration. For example, a feedstock with
a high free fatty acid content may require a two-step transesterification process
to prevent soap formation, whereas a different feedstock with lower FFA levels
might be processed using a single step [129]. This lack of uniformity in feedstock
composition directly hinders the standardization of conversion processes. A process
optimized for a specific type of biomass may be inefficient or fail when applied to
another, leading to increased capital and operational costs. Facilities must be flexible
enough to handle various feedstocks, requiring more related to feedstock variability
in biodiesel production.

6. Summary of key points

This chapite [part 1] highlights for the critical biodiesel production role in tran-
sitioning towards a sustainable energy future. The findings presented across various
sections of this paper demonstrate that non-food feedstocks—including dedicated
crops, agricultural wastes, and algae—offer a compelling solution to the “food-ver-
sus-fuel” dilemma, while simultaneously providing a pathway for waste valorization.
Technological advancements in transesterification have been instrumental in this
progress. The shift from classic, environmentally problematic homogeneous catalysts
to more efficient and sustainable heterogeneous catalysts has significantly improved
biodiesel yields and simplified purification processes. Modern techniques like micro-
wave and ultrasonic assisted transesterification further intensify these processes,
drastically reducing reaction times and energy consumption. These innovations,
combined with the strategic application of artificial intelligence and advanced model-
ing, are making non-food biodiesel a technically viable alternative to fossil fuels.
However, several key challenges remain that must be addressed for widespread adop-
tion. The variability in feedstock composition requires flexible and robust processing
technologies to ensure consistent biodiesel quality. The economics of production are
heavily dependent on optimizing the entire value chain, from feedstock sourcing
and collection to the valorization of co-products in an integrated biorefinery model.
Furthermore, the environmental impacts of biodiesel must be continuously evaluated
using life cycle assessments to ensure that benefits such as reduced greenhouse gas
emissions are not offset by negative effects like increased NOx emissions or unsus-
tainable land use. Finally, the logistical and infrastructural challenges of building a
new supply chain for a diverse set of biomass feedstocks remain a significant hurdle.
In summary, the transition to non-food biodiesel is a complex but necessary journey.
With continued research and development focused on innovative catalysts, efficient
processing technologies, and integrated, circular-economy-based supply chains,
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non-food biodiesel is well-positioned to become a cornerstone of the global energy
transition, providing a renewable, cleaner, and more sustainable fuel for the future.
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