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1. Introduction

Essential oils are volatile, aromatic compounds extracted from plants, widely used in various industries such as cosmetics,
perfumery, pharmaceuticals, and food processing. As demand for these oils continues to grow, the need for scalable, sustainable,
and cost-effective extraction methods becomes more critical ™. Traditional extraction methods, such as steam distillation and
solvent extraction, have been widely used in the industry for years. However, these methods often come with high energy
demands and result in waste products that have a significant environmental impact. As the essential oil industry expands, the
need for sustainable process design and cost optimization is becoming even more pressing. Addressing environmental concerns
and improving production efficiency are key challenges that the industry must navigate 21,

The environmental impact of essential oil production is multi-dimensional. For instance, solvent extraction, which uses organic
solvents to isolate essential oils, can result in residual chemical waste that, if not properly managed, may pollute local ecosystems
Bl Similarly, steam distillation requires considerable energy input, often derived from non-renewable sources, which contributes
to greenhouse gas emissions 1. As both regulatory pressures and consumer demand for sustainable products increase, essential
oil producers are faced with the challenge of optimizing extraction processes to reduce costs while improving
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Sustainability. Advanced extraction methods, such as
supercritical fluid extraction (SFE), microwave-assisted
extraction (MAE), and ultrasound-assisted extraction (UAE),
are being explored for their potential to meet these
sustainability and efficiency goals. These technologies aim
not only to minimize environmental impacts but also to
improve extraction efficiency, yield, and quality of the oils
5]

This review examines current industrial approaches to
essential oil extraction, with a focus on strategies for
sustainable process design and cost optimization. By
evaluating the benefits and limitations of different methods,
this review aims to provide a comprehensive understanding
of how the essential oil industry can adopt more sustainable
practices without sacrificing profitability. Additionally, case
studies and comparative analyses are included to highlight
how process improvements and cost-effective solutions can
help address the environmental and economic challenges
facing the industry. This study is guided by the following
objectives: to collect relevant information from scientific,
industrial, and academic sources on sustainable practices and
cost-optimization techniques in essential oil extraction; to
analyze various extraction methods and identify sustainable
process designs suitable for industrial applications; to assess
and compare the cost factors involved in different extraction
methods; to present a comparative analysis of technologies,
focusing on both sustainability and cost efficiency; and to
identify gaps in current research and suggest areas for future
study.

2. Literature Review

2.1 Conventional extraction techniques

Steam distillation is one of the most widely used methods for
extracting essential oils, known for its simplicity and
effectiveness. In this method, steam is passed through plant
material to vaporize the volatile compounds, which are then
condensed to collect the essential oil. Although effective,
steam distillation requires high energy input and operates at
elevated temperatures, which can degrade heat-sensitive
compounds. Although suitable for many types of essential
oils, steam distillation often results in lower yields compared
to modern techniques and is limited in its ability to extract
non-volatile compounds [ 71,

Solvent extraction, on the other hand, involves the use of
organic solvents such as hexane to dissolve and isolate
essential oils from plant material. After the extraction, the
solvent is removed through evaporation, leaving behind
concentrated essential oil €1, Solvent extraction typically
yields more oil than steam distillation, but it carries
environmental risks, such as the use of potentially toxic
solvents that may leave residual impurities in the final
product. This method is particularly suitable for extracting
delicate compounds that may be degraded by heat, but it
poses sustainability challenges, making it less ideal for eco-
conscious production processes [ 19,

2.2 Modern extraction technologies for sustainability and
cost optimization

Supercritical fluid extraction (SFE), particularly supercritical
CO: extraction, is becoming increasingly popular due to its
environmental benefits and high extraction efficiency. This
method uses carbon dioxide in a supercritical state as a
solvent, which exhibits characteristics of both a gas and a
liquid, allowing for efficient extraction at lower temperatures.
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CO: is non-toxic, non-flammable, and easily recyclable,
making SFE a more sustainable alternative [, It has been
shown that SFE can yield purer essential oils with fewer
residual solvents while maintaining the stability of
temperature-sensitive compounds. However, the initial cost
of SFE equipment and the energy required to maintain
supercritical conditions can present barriers to widespread
adoption. Nevertheless, as renewable energy costs decrease,
SFE is becoming an increasingly viable option for large-scale
sustainable production 2141,

Microwave-assisted extraction (MAE) has emerged as an
energy-efficient and environmentally friendly extraction
method. It uses microwave energy to heat the plant material
directly, thus enhancing the rate of extraction. By eliminating
the need for external heating and reducing the use of solvents,
MAE minimizes both energy consumption and operational
costs [ 181, Studies indicate that MAE is especially effective
for extracting essential oils from plant materials with high
moisture content, offering faster extraction times and better-
quality oils. However, it may require optimization to prevent
the degradation of heat-sensitive compounds, which limits its
applicability to certain essential oil types [*7- 18],
Ultrasound-assisted extraction (UAE) utilizes ultrasonic
waves to induce cavitation in the extraction solvent, which
enhances mass transfer and increases cell wall permeability.
This method operates at lower temperatures, which helps
preserve volatile and heat-sensitive compounds, ultimately
improving both the yield and quality of essential oils. UAE
also requires less solvent and energy, making it a cost-
effective and environmentally friendly option. However,
scalability remains a challenge, as specialized equipment
may be required to handle large volumes of plant material.
Research indicates that combining UAE with other methods,
such as SFE, can further enhance extraction efficiency and
sustainability [19-24,

2.3 Emerging hybrid extraction methods

Hybrid extraction methods combine conventional and
modern techniques to optimize both efficiency and
sustainability.  Microwave-assisted  steam  distillation
(MASD) integrates microwave heating with traditional steam
distillation, reducing extraction time and energy
consumption. MASD has shown promising results in
producing high-quality essential oils while reducing the
environmental footprint. Its scalability and relatively low cost
make it an appealing option for industrial applications.
Furthermore, MASD has been shown to reduce extraction
time by up to 50% compared to conventional steam
distillation, leading to lower energy consumption and
potentially higher throughput 22 231,

Ultrasound-enhanced solvent extraction combines ultrasonic
waves with solvent extraction to improve yield and reduce
solvent usage. This hybrid method is especially useful for
extracting delicate compounds that may be damaged by high
temperatures. Research shows that this approach not only
increases solvent efficiency but also reduces the
environmental impact by minimizing solvent waste. Hybrid
extraction methods demonstrate how combining modern
techniques with traditional processes can address the
limitations of each. These methods optimize resource use,
reduce extraction time, and lower energy costs, making them
a viable solution for sustainable and cost-effective essential
oil production [24-261,
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2.4 Cost optimization strategies in essential oil extraction
Cost optimization in essential oil extraction focuses on both
equipment costs and operational efficiencies. Reducing
energy consumption is crucial to lowering operational costs
in essential oil extraction. By implementing energy-efficient
equipment and optimizing extraction parameters, energy
requirements can be significantly reduced. Techniques like
MAE and UAE require less energy than traditional methods,
which directly impacts operational costs 271,

Another key cost-saving strategy is waste reduction and
recycling. Solvent recovery and recycling, especially in SFE
and solvent extraction processes, can reduce both solvent
costs and environmental impact. Research shows that
recycling CO: in SFE, for example, can cut solvent costs and
reduce environmental harm by up to 70% [,

Automation in essential oil extraction processes can also lead
to cost optimization by ensuring precise control over
extraction parameters, minimizing waste, and reducing
overall production costs. Automation improves process
consistency, which enhances oil quality and decreases
production variability, ultimately adding value to the final
product 231,

2.5  Environmental
considerations
Essential oil extraction processes, particularly those using
solvents, can have significant environmental impacts. Issues
such as solvent residue disposal, high water usage, and
energy consumption contribute to the overall environmental
footprint of essential oil production. Modern extraction
methods like SFE, MAE, and UAE offer more sustainable
alternatives by reducing waste and conserving energy.
Additionally, as consumer demand for sustainably produced
essential oils rises, using environmentally responsible
methods can provide a competitive market advantage 32 331,
The adoption of sustainable practices and green chemistry
principles is increasingly being encouraged within the
essential oil industry. Certifications for organic and
sustainable production, such as I1SO 14001, are helping
ensure that essential oil producers meet environmental
standards. These certifications promote eco-conscious
practices, from sourcing raw materials to operating extraction
facilities, supporting the industry's transition toward more
sustainable production models [34 331,

impact and  sustainability

3. Methodology

The research methodology for this study involves a
comprehensive exploration of existing literature, data
collection from credible sources, systematic analysis, and the
critical synthesis of sustainable process designs and cost-
optimization strategies in essential oil extraction. The
methodology is structured into several phases to ensure a
thorough understanding of industrial trends, technological
advancements, and economic feasibility. Figure 1 illustrates
the flowchart of the process analysis for sustainable essential
oil extraction.

3.1 Literature review and data collection

The literature for this research was gathered from reputable
sources, including scientific journals such as the Journal of
Essential Oil Research, Industrial Crops and Products, and
Chemical Engineering Journal. In addition, conference
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Proceedings and industry reports from respected institutions
like the International Federation of Essential Oils and Aroma
Trades (IFEAT) were used. The search strategy involved
using electronic databases such as Scopus, Web of Science,
ScienceDirect, and IEEE Xplore, focusing on peer-reviewed
articles published within the last 15 years. Keywords used in
the search included “sustainable essential oil extraction,”
“cost optimization in essential oil production,” “green
technology in essential oil extraction,” and “industrial
extraction methods for essential oils.” Inclusion criteria for
the studies focused on traditional and advanced essential oil
extraction methods, sustainable process design, cost-
efficiency measures, and environmental impact. Studies
lacking quantitative data or those published before 2008 were
excluded unless they offered foundational knowledge or
valuable insights into the development of extraction
technologies [36, 37].
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Fig 1: The flowcharts representing the process analysis on
sustainable essential oil extraction

3.2 Extraction technologies and sustainable process
design

The gathered literature was categorized based on extraction
technologies, including traditional methods such as steam
distillation and hydro distillation, as well as advanced
techniques like supercritical CO: extraction, microwave-
assisted extraction (MAE), ultrasonic-assisted extraction
(UAE), and solvent-free microwave extraction (SFME). Each
technology was evaluated using sustainability metrics such as
energy consumption, solvent use, yield efficiency, and
environmental footprint. The research prioritized studies that
quantified these sustainability metrics to provide a basis for
comparison, with particular focus on energy consumption in
MAE and solvent recyclability in supercritical CO: extraction
38 31 Additionally, process improvements and
optimizations, including automation, process integration, and
equipment design modifications, were examined. Studies
exploring how process optimization can reduce material
wastage, time, and energy consumption were considered
valuable for both sustainability and cost reduction.
Environmental impacts were assessed using life-cycle
assessment (LCA) studies, which compared parameters such
as greenhouse gas emissions, water use, and energy intensity
to highlight the most sustainable extraction methods.
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3.3 Cost optimization and economic analysis

A comprehensive cost framework was developed to
systematically analyze costs by breaking down operational
expenses, such as energy, labour, maintenance, equipment
costs, raw materials, and ancillary costs, including
environmental compliance and waste management. The
analysis prioritized studies that provided quantitative data on
cost-efficiency, such as research on solvent-free extraction's
cost-effectiveness. To evaluate the economic feasibility of
each extraction method, metrics such as return on investment
(ROI), payback period, and yield-to-cost ratios were used.
Reports detailing financial data for large-scale essential oil
production were referenced to assess the commercial viability
of various extraction technologies. For example, ROl metrics
from supercritical CO: extraction in the fragrance industry
were compared with conventional steam distillation methods
to demonstrate financial differences. Case studies involving
companies adopting sustainable technologies, such as
supercritical CO: extraction in the perfume industry, were
included. Industry benchmarks were used to contextualize the
cost-efficiency of methods such as microwave-assisted
extraction and ultrasonic-assisted extraction 10-421,

3.4 Comparative analysis and synthesis

A Multi-Criteria Decision Analysis (MCDA) approach was
employed to weigh the benefits of each extraction method
across several metrics, including cost, sustainability, and
efficiency. This structured analysis helped rank the extraction
technologies, with CO: extraction ranking high for
environmental sustainability but low on cost. Conversely,
steam distillation was favored for its cost-effectiveness but
scored lower in terms of efficiency and environmental
impact. Each technology was further assessed through a
SWOT (Strengths, Weaknesses, Opportunities, and Threats)
analysis to evaluate key factors influencing its industrial
viability. For example, steam distillation's strengths, such as
its low initial cost and scalability, were compared with its
weaknesses, including high energy demand and limited
selectivity. Thematic synthesis of the literature revealed
common themes, such as energy efficiency, solvent
recyclability, and waste minimization, which helped identify
sustainable practices and cost-optimization strategies across
different extraction methods.

3.5 Critical evaluation and gap analysis

The limitations of advanced extraction technologies, such as
supercritical CO: and MAE, were critically evaluated,
focusing on scalability, cost, and energy consumption.
Studies highlighting operational challenges at industrial
scales were reviewed to understand the practical constraints
of implementing these technologies in large-scale production
settings. Research gaps were identified, particularly in areas
where cost and environmental data were limited or where
technologies lacked standardization for industrial
applications. Key gaps included the need for cost-benefit
analyses of hybrid extraction methods and scalability studies
for newer technologies like UAE. The analysis recommended
future research into hybrid extraction techniques that
combine the benefits of multiple methods, such as CO:
extraction with UAE, and in the development of low-energy
designs suitable for small-scale, decentralized essential oil
extraction (31,
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4. Results and Discussion

4.1 Overview of essential oil extraction technologies
Essential oils are traditionally extracted through several key
technologies, each with varying degrees of efficiency,
environmental impact, and cost implications. The most
widely used methods in the industry include hydro
distillation,  steam  distillation, solvent extraction,
supercritical COz extraction, and cold pressing 41, Hydro
distillation (HD) is a conventional technique where plant
material is submerged in water and heated to release essential
oils. While HD is simple and relatively inexpensive, it
consumes large amounts of water and energy, making it less
sustainable for high-volume applications. Steam distillation
(SD) is a preferred method in many industries because it
avoids direct water contact, preserving the quality of essential
oils. However, SD can have high operational costs due to the
energy required for continuous steam generation and is
generally slow, which impacts productivity [“¢ 471, Solvent
extraction uses non-polar solvents like hexane to extract oils
from delicate plant materials that may not withstand heat.
Although effective, solvent residues, energy-intensive
recovery processes, and environmental concerns limit its
applicability in sustainable practices. Supercritical CO-
extraction is an advanced technique that uses supercritical
CO: as a solvent, providing high extraction efficiency at
lower temperatures. While this method is expensive to set up,
it reduces thermal degradation and solvent use, making it
more sustainable than conventional solvent methods. Cold
pressing is commonly used for citrus oils, where oils are
mechanically separated without heat, preserving their natural
scents and qualities. However, cold pressing is limited in
applicability to high-oil-content plants and is inefficient for
low-yield materials 18501,

When balancing cost, sustainability, and oil quality,
supercritical CO: extraction and steam distillation emerge as
optimal choices for industrial essential oil production.
Supercritical CO: extraction is ideal for high-value oils that
require preservation of bioactivity, while steam distillation
remains economical for large-scale production of less
delicate oils. However, the limited scalability and
environmental impact of solvent extraction highlight the need
for process redesigns or alternative extraction techniques,
particularly in industries focused on sustainability [*8 552,

4.2 Cost optimization in essential oil extraction

Cost optimization in essential oil extraction focuses on
reducing expenses related to energy, materials, and labour
without compromising product quality. Several techniques
are used across the industry to achieve this. Energy efficiency
improvements can address the high energy consumption in
traditional methods like HD and SD by integrating heat
recovery systems and utilizing renewable energy sources,
such as solar energy, for steam generation. Studies have
shown that energy recovery systems can reduce operational
costs by up to 20%, depending on scale and local energy
prices. Batch processing is commonly used in many essential
oil extraction facilities; however, it is labour-intensive and
less efficient for high-demand markets 153 54, Transitioning to
continuous processing systems, particularly those with
automated temperature and pressure controls, improves
throughput and reduces labour costs, although the initial
setup costs can be high. Waste minimization and by product
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Recovery are also crucial strategies for cost optimization. By-
product like hydrosols and plant residues can be reprocessed
into value-added products or bioenergy, offsetting waste
disposal costs and generating additional revenue streams. For
example, hydrosols can be sold for cosmetic and therapeutic
purposes, while residues can be used as biofuel or fertilizers.
Additionally, alternative solvents in supercritical CO:
systems can help reduce operating costs by adjusting
temperature and pressure to optimize solubility for each type
of essential oil. Sustainable solvents like ethanol, though
more expensive initially, allow for safer disposal and avoid
regulatory costs associated with traditional solvents [55-57],
Energy-efficient upgrades and continuous processing present
upfront costs, but they yield significant savings over time,
especially for high-volume operations. Waste minimization
and by product recovery offer additional revenue, enhancing
overall cost efficiency. Industries that invest in waste
valorization and energy recovery systems often benefit from
a circular economy model, where waste is minimized, and
additional product lines contribute to profitability 58 5,

4.3 Sustainability in essential oil extraction processes
With rising demand for natural products, the need for
environmentally sustainable extraction processes has become
more urgent. Sustainability in essential oil extraction can be
analyzed across three key areas: energy use, solvent choice,
and waste management. Traditional methods like HD and SD
have high energy demands, often powered by non-renewable
sources. However, solar-assisted distillation systems have
been developed, particularly in regions with high solar
irradiance, to reduce reliance on fossil fuels and cut
greenhouse gas emissions. Supercritical COz systems, while
requiring substantial initial energy, can be run efficiently with
renewable sources, further lowering carbon footprints [0 611,
The selection of solvents is another critical factor for
sustainability. Solvent extraction using chemicals like hexane
is effective but poses environmental risks due to toxic
residues. Supercritical CO: is a greener alternative, as CO2 is
recoverable and non-toxic. Ethanol, while more expensive,
provides an eco-friendly solvent option that can be
sustainably sourced and reused, aligning with environmental
regulations and enhancing product marketability. In terms of
waste reduction, advances in essential oil extraction
increasingly focus on valorizing waste streams, where plant
residues are repurposed for energy or bio products. Using
bio-based solvents and developing compostable or recyclable
packaging for extracted oils further reduces waste, supporting
a more circular economy approach [62-631,

Sustainable extraction processes like solar-assisted
distillation and supercritical CO: extraction are key to
achieving low environmental impacts in essential oil
production. Supercritical CO: extraction, in particular, offers
an optimal balance of efficiency and sustainability, although
its high setup costs remain a barrier. Ongoing research into
affordable, green solvents and circular waste management
practices will be essential in making sustainable extraction
methods more accessible to smaller producers [60- 64,

4.4 Quality and vyield optimization in essential oil
extraction

The quality and yield of essential oils are crucial for industrial
profitability, and optimization relies on fine-tuning process
parameters to preserve the bioactivity and chemical
composition of extracted oils. In both SD and supercritical
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CO: systems, maintaining optimal temperature and pressure
is essential for extracting high-quality oils without degrading
delicate compounds. Supercritical CO: extraction, in
particular, allows precise control over these parameters,
leading to better preservation of heat-sensitive compounds
and higher yields compared to other methods 6> 61, Particle
size and moisture content also play an important role in
optimizing yield. Smaller particle sizes increase the surface
area available for extraction, enhancing yield in HD and SD
methods. Moisture content in plant material is another key
factor; for example, dry plant materials can lead to higher
extraction efficiency in CO: systems by improving solvent
penetration and reducing water vapour interference. Mild
extraction techniques like supercritical CO: also allow for the
co-extraction of valuable compounds such as antioxidants,
phenolic, and flavonoids, which can be marketed as added-
value products in the cosmetics and health industries. This
approach not only enhances profitability but also meets the
growing market demand for multifunctional products 64 671,
Yield and quality are often enhanced through careful control
of process variables. Supercritical CO2 extraction provides
the ability to fine-tune these parameters to maximize yield
and quality, although its high setup costs limit its use to high-
value oils. Steam distillation remains effective for less
sensitive oils, while adjustments to particle size and moisture
content further improve vyield, offering cost-effective
solutions for varying industry needs [8],

4.5 Challenges and future directions

Despite significant advancements in sustainable process
design and cost optimization, the essential oil industry faces
ongoing challenges, including high upfront costs for
advanced extraction systems and regulatory constraints on
solvent use. Future directions for essential oil extraction
include research into green solvents, such as bio-based and
naturally derived solvents like deep eutectic solvents (DES),
which offer potential for greener extraction processes.
Further research is needed to understand their effectiveness
and scalability for industrial applications [69-71]. Hybrid
extraction systems, which combine methods like microwave-
assisted steam distillation or ultrasound-assisted CO:
extraction, could improve efficiency and yield while
minimizing energy and solvent use. Hybrid systems may
provide customized solutions for different plant materials,
but further studies are required to assess their cost-
effectiveness. Implementing process automation and digital
monitoring systems could also improve the precision of key
parameters, reducing waste, lowering energy consumption,
and enhancing product consistency. Automation would also
reduce labour costs, making the extraction process more
efficient [2741,

The industry is moving toward hybrid and automated
solutions to improve efficiency and sustainability. While
barriers remain, particularly for small- and medium-scale
producers, technological advancements and green solvents
offer promising prospects for a future where high-quality,
sustainably produced essential oils are economically feasible
across various scales of production 5771,

5. Conclusion

This review of industrial approaches and technologies for
essential oil extraction highlights the importance of
sustainable process design and cost optimization in an
industry that continues to grow and diversify. Essential oils
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are in high demand for their applications across food,
cosmetics, pharmaceuticals, and wellness, but traditional
extraction processes—such as steam distillation, solvent
extraction, and cold pressing—often face challenges related
to energy efficiency, environmental impact, and operational
cost. To meet these demands, sustainable process design is
essential to reduce energy consumption, minimize
environmental footprint, and optimize costs, while
maintaining the quality and yield of essential oils.

Emerging extraction methods, including supercritical CO:
extraction, microwave-assisted extraction (MAE), and
ultrasound-assisted extraction (UAE), show promise in
enhancing both sustainability and cost-effectiveness. These
innovative methods reduce extraction time, use fewer
solvents, and often achieve higher yields with greater
efficiency. Additionally, integrating green solvents and
renewable energy sources into extraction processes aligns
with the industry's shift toward sustainability. Process
intensification techniques, such as combining UAE and
MAE, have further optimized the yield and purity of essential
oils in a cost-effective manner.

Optimization models and tools, including life cycle
assessment (LCA) and techno-economic analysis (TEA), are
proving invaluable for quantifying the environmental and
economic impacts of different extraction processes. These
tools provide insights into energy use, waste generation, and
cost distribution, guiding stakeholders in choosing the most
efficient and sustainable extraction processes. However, the
complexity of scaling up laboratory results to industrial
applications remains a challenge, particularly with newer
extraction technologies that require specialized equipment
and higher initial investment.

To further enhance the sustainability and cost-effectiveness
of essential oil extraction, future research should focus on
several key areas. One area is the development and
optimization of hybrid extraction technigques, which combine
methods like supercritical CO: extraction with microwave or
ultrasound assistance. These hybrid systems can enhance
yield, reduce extraction time, and improve energy efficiency.
Research should explore the optimal configurations for such
systems and their performance across a variety of plant
materials, aiming to standardize techniques for broader
industrial application.

Another important area is the exploration of green and
biodegradable solvents. Green solvents, such as ionic liquids
and deep eutectic solvents, present an eco-friendly alternative
to traditional organic solvents. While these solvents have
shown promise in lab settings, further studies are needed to
assess their effectiveness, scalability, and economic viability
for industrial-scale essential oil extraction. This includes
investigating the environmental impact of solvent disposal
and recovery.

Integrating renewable energy sources, such as solar, wind, or
biomass energy, into extraction processes is another
promising avenue. This integration could reduce the carbon
footprint and operational costs of essential oil production.
Studies should focus on designing extraction facilities that
can incorporate renewable energy sources efficiently, as well
as assessing the economic and operational feasibility of these
integrations at different scales.

In addition, conducting detailed techno-economic and
environmental assessments on newer extraction methods like
subcritical water extraction and enzyme-assisted extraction
will help provide a clearer picture of their long-term
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sustainability and cost-effectiveness. Comparative studies
across extraction methods using TEA and LCA models will
also help identify the most efficient options for different types
of plant materials and essential oil applications.

Scaling up sustainable extraction methods for industrial use
presents another challenge. Bridging the gap between
laboratory-scale experiments and full-scale industrial
applications requires addressing challenges related to
equipment, safety, and process consistency. Future research
should focus on pilot-scale studies to determine the
operational parameters, economic feasibility, and quality
control measures needed for large-scale implementation of
sustainable extraction methods.

The development of industry-wide standards to quantify both
product quality and environmental impact is essential as the
focus on sustainable production increases. These standards
would support transparency, enhance consumer confidence,
and guide producers in adopting sustainable practices.
Establishing protocols for monitoring the purity, chemical
profile, and sustainability metrics of essential oils obtained
through different extraction methods would be crucial for
ensuring consistency and meeting consumer demand. Finally,
investigating waste valorization and by-product utilization
holds significant promise. Essential oil extraction often
generates a significant amount of biomass waste. Future
studies should examine how this biomass can be valorized
through bioenergy production, extraction of secondary
products, or conversion into fertilizers. These practices would
create a circular economy within essential oil extraction
facilities, reducing waste and potentially creating new
revenue streams.
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