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Abstract:

Plant-based food additives, mostly derived from
agricultural products, have become a substitute for
synthetic additives in food industry in recent years. Thy
are safer, more metabolic compatible and more effective
in antioxidant and antimicrobial effects. However, the
environmental performance of these additives remains
insufficiently quantified. This study employs Life
Cycle Assessment (LCA) to illustrate their ecological
impacts across production, processing, and application.
Especially pay attention to green extraction processes
such as supercritical CO- extraction, ultrasound-assisted
extraction, and valorization of agricultural by-products.
Results indicate that plant-based additives generally
achieve lower carbon footprints and reduced ecotoxicity
compared with synthetic food additives, while supporting
circular economy pathways through the renewable
recourses. Nevertheless, there are several challenges hinder
industrial-scale adoption, high production costs and the
lack of unified safety and quality standards. Addressing
these barriers requires a combination of technological
innovation, standard-setting, and policy incentives such
as carbon pricing and green certification. By integrating
environmental, industrial, and societal perspectives,
this research highlights the potential of plant-based
food additives to advance sustainable food systems and
contribute to global climate and health goals.

Keywords: plant-based food additives; LCA; environ-
mental assessment.

1. Introduction

Plant-based food additives are naturally derived com-
pounds obtained from agricultural resources such as
fruits, vegetables, and seeds. Compared with syn-
thetic additives, they are more readily metabolized

by the human body, present higher safety levels,
and provide additional bioactive functions including
antioxidant and antibacterial effects [1]. Their ap-
plications are already extensive in the food industry,
where natural preservatives, emulsifiers, and colo-
rants have replaced synthetic counterparts in many
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products. For instance, rosemary extract serves as a natu-
ral antioxidant in place of BHT/BHA, while citrus-derived
pectin is widely used in low-fat formulations [2]. With
the dual drivers of consumer demand for health-conscious
products and global interest in environmental sustainabil-
ity, the importance of plant-based additives is expected to
continue growing. Technological innovation, particularly
in green extraction and waste valorization, is becoming a
core factor for industrial competitiveness.

Despite these advantages, current research has not suf-
ficiently quantified the environmental benefits of plant-
based additives. In particular, gaps remain in the system-
atic assessment of green extraction technologies such as
supercritical CO: and ultrasound-assisted extraction. The
lack of comparative carbon footprint data and standard-
ized evaluation methods hinders scalability and broader
adoption across industries. This study therefore aims to
(i) analyze the application challenges and standardization
gaps in applying Life Cycle Assessment (LCA) to plant-
based additives, (ii) quantify the environmental impacts—
including carbon footprint and ecotoxicity—of major
categories such as colorants, preservatives, and sweeten-
ers, and (iii) evaluate the emission reduction potential of
advanced green processing technologies, including the
valorization of agricultural by-products.

This research makes contributions at multiple levels. Ac-
ademically, it extends beyond traditional functionality-fo-
cused studies by applying LCA to quantify ecological im-
pacts, thereby integrating food science with environmental
science and green chemistry. From an industry perspec-
tive, the high-value utilization of agricultural residues—
for example, the 100 million tons of food by-products
generated annually in the European Union—offers an op-
portunity to enhance efficiency while reducing waste. At
the societal level, the adoption of natural additives aligns
with the circular economy model and supports the United
Nations Sustainable Development Goal 12 (Responsible
Consumption and Production) by reducing pollution, en-
hancing food safety, and meeting consumer expectations
for health and sustainability.

2. Literature Review

Existing research has demonstrated that Life Cycle As-
sessment (LCA) is an effective and widely recognized
tool for evaluating the environmental performance of food
systems, as it enables a comprehensive quantification
of resource consumption and ecological impacts across
the entire product lifecycle. By considering stages from
raw material extraction through processing, distribution,
consumption, and disposal, LCA provides an integrated
perspective that supports more informed decision-making

in the pursuit of sustainable development. Within the food
sector, LCA applications have expanded rapidly, particu-
larly in areas such as dairy products, beverages, and pack-
aging materials. These studies have consistently highlight-
ed critical environmental hotspots, including high energy
use, greenhouse gas emissions, and significant waste gen-
eration during agricultural production, industrial process-
ing, and logistics. In the beverage industry, special atten-
tion has been directed toward the ecological implications
of raw material sourcing, production processes, and water
use efficiency, while packaging analyses have compared
the carbon footprints and recyclability of plastic, glass,
and metal alternatives, thereby offering guidance for more
sustainable material choices.

Building on this methodological foundation, research on
plant-based food additives has shifted the focus toward
both environmental and nutritional dimensions. Numerous
studies underline their dual advantages: as natural com-
pounds derived from fruits, vegetables, nuts, and other
plant sources, they not only reduce reliance on synthetic
chemicals but also deliver health-promoting effects. Clin-
ical and epidemiological evidence suggests that regular
consumption of such bioactive compounds can protect
against oxidative stress, cardiovascular disease, and gas-
trointestinal disorders [3]. Lycopene, for instance, illus-
trates these benefits well, functioning simultaneously as a
natural colorant, an antioxidant, and an immune-enhanc-
ing agent. Nevertheless, the translation of these advantag-
es into large-scale industrial application faces persistent
challenges. Production costs remain high, exemplified by
natural vanillin, which can be an order of magnitude more
expensive than its synthetic counterpart. Safety concerns
also arise, particularly where usage limits of colorants
such as beet red remain ambiguous, and technical bot-
tlenecks in purification processes continue to depend on
conventional solvents like acetone, which pose potential
environmental and health risks [4].

Although recent findings affirm that natural additives can
improve the nutritional quality and safety of processed
foods—including meat products—current evaluations still
reveal limitations. Many studies rely on high-purity mono-
mer compounds under controlled laboratory conditions,
whereas additives employed in real-world food systems
are typically complex mixtures. This discrepancy reduces
the reliability of existing safety assessments. Moreover,
insufficient attention has been paid to the interactions be-
tween plant-based additives and other food components,
making it difficult to predict their stability, bioavailability,
and overall functional performance in diverse matrices.
These limitations highlight the pressing need to strength-
en both technological and regulatory frameworks. On the
technological side, innovation in green extraction and pu-



rification methods could lower costs and reduce reliance
on harmful solvents, thereby promoting scalability. On
the regulatory side, more rigorous and standardized safety
evaluation protocols, as well as clearer guidelines on per-
missible usage levels, would enhance consumer trust and
industry accountability.

Ultimately, the sustainable development of plant-based
food additives requires not only scientific and technical
advances but also closer collaboration among academia,
industry stakeholders, and regulatory bodies. Such coop-
eration can accelerate industrialization by driving down
production costs, enhancing product competitiveness,
and facilitating the integration of natural additives into
mainstream food systems. With coordinated efforts, plant-
based additives hold the potential to bridge the dual goals
of improving public health and reducing the environmen-
tal footprint of the food industry, thereby aligning with
broader global objectives of sustainable consumption and
production.

3. Methodology

This study adopts a systematic literature review ap-
proach covering the period from 2010 to 2024 in order
to synthesize existing knowledge on the environmental
assessment of plant-based food additives. The research
design was structured around targeted keyword searches,
including “Life Cycle Assessment (LCA),” “plant-based
food additives,” “natural food additives,” and “green food
processing technology.” These terms were selected to cap-
ture both the specific domain of plant-derived additives
and the broader conceptual framework of food additives
within sustainable development. The retrieval logic was
based on hierarchical expansion: starting from plant-based
food additives, then extending to the broader category of
natural food additives, and finally linking to the food addi-
tives. Pay more attention to studies addressing sustainabil-
ity themes such as carbon footprint accounting, life cycle
analysis in food production and ecological evaluation of
extraction processes. This strategy ensured comprehensive
covering of both functional and environmental aspects,
while also integrating insights from several fields includ-
ing food science, green chemistry, and environmental en-
gineering.

4. Results

The results indicate that plant-based food additives hold
clear advantages in terms of safety and consumer ac-
ceptance, largely because they are derived from natural
sources and are generally perceived as environmentally
friendly. Beyond their direct functional roles in food prod-
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ucts, these additives align with growing consumer demand
for cleaner labels and sustainable production practices.
Life Cycle Assessment (LCA) further emphasizes that the
development and application of green extraction technolo-
gies—such as supercritical CO: extraction, ultrasound-as-
sisted extraction, and other innovative valorization pro-
cesses—play a crucial role in reducing the environmental
burden associated with additive production. These meth-
ods help minimize or even eliminate the use of harmful
organic solvents, improve extraction efficiency, and allow
for the valorization of agricultural by-products, thereby
transforming potential waste into valuable resources.
Practical applications also reinforce these findings. Case
studies have demonstrated, for example, that rosemary
extract can serve as an effective natural substitute for
synthetic antioxidants such as BHT and BHA, delivering
comparable preservation effects while avoiding potential
health concerns associated with synthetic chemicals [5—7].
Similarly, pectin derived from citrus waste has proven to
be an efficient natural emulsifier in low-fat food formu-
lations, not only improving texture but also contributing
to healthier product profiles. Agricultural residues such
as fruit peels, grape skins, and olive leaves contain abun-
dant bioactive compounds, particularly polyphenols and
flavonoids, which can extend product shelf life, reduce
oxidative deterioration, and enhance nutritional value. By
integrating these natural resources into food production
systems, it is possible to promote both food safety and
environmental sustainability, achieving benefits across
ecological, industrial, and consumer dimensions.

The results also reveal several challenges that constrain
the broader industrialization of natural additives. High
production costs remain a major obstacle, as advanced ex-
traction technologies often require specialized equipment
and substantial energy input. In addition, the absence of
unified safety standards and clear regulatory frameworks
complicates their market adoption, leading to inconsis-
tencies in quality control and safety assurance across
different regions. These limitations highlight the tension
between promising laboratory-scale achievements and the
practical realities of large-scale commercial application.
Overall, the findings confirm that plant-based food ad-
ditives offer ecological and functional advantages, with
strong potential to replace synthetic counterparts in di-
verse food products. At the same time, they underscore the
necessity of ongoing technological innovation to improve
efficiency, reduce costs, and develop greener extraction
methods. Equally important is the establishment of stan-
dardized safety assessment protocols and international
regulatory guidelines, which together can ensure product
reliability and facilitate wider acceptance. Only through
coordinated progress in these areas can the full potential
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of plant-based food additives be realized, supporting the
transition toward more sustainable, safe, and consum-
er-friendly food systems.

5. Conclusion

This study proves that plant-based food additives, ow-
ing to their natural ingredient, display clear advantages
over synthetic alternatives in terms of safety, consumer
acceptance, and ecological performance. The application
of LCA reveals that green extraction methods, such as
supercritical CO: and ultrasound-assisted extraction, can
effectively reduce environmental impacts by reducing re-
liance on hazardous solvents and facilitating the reuse of
agricultural by-products. Nevertheless, the transformation
from laboratory-scale processes to industrial application
remains restricted by economic and other difficulties,
including high production costs, considerable energy con-
sumption, and the absence of standard safety and quality
policy.

While previous studies primarily emphasized the nutri-
tional and functional properties of plant-based additives,
they often ignored a systematic evaluation of their envi-
ronmental consequences. By applying LCA, this research
fills that gap and demonstrates the necessity of consider-
ing full life cycle impacts in sustainability assessments.
The findings may carry implications at multiple levels: ac-
ademically, they promote the combination of food science
and environmental science; industrially, they reveal the
potential of green technologies to enhance market compet-
itiveness and consumer trust; and at the policy level, they
urge stronger regulatory frameworks, environmental stan-
dards, and incentive mechanisms to accelerate sustainable
transformation.

This research is constrained by its reliance on laborato-

ry-scale data, which limits the representativeness of the
results for industrial realities. Moreover, existing LCA
databases lack sufficient coverage of plant-based addi-
tives, particularly regarding regional variations and raw
material diversity, which reduces comprehensiveness. Fu-
ture research should focus on building more robust LCA
databases, conducting long-term studies that integrate
toxicological and ecological perspectives, and advancing
large-scale implementation of green extraction and waste
valorization technologies. In addition, further exploration
of policy instruments such as carbon credit trading, green
finance, and sustainability certifications will be essential
to support industrial scaling and ensure the sustainable de-
velopment of plant-based food additives.
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