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The increase in cooking oil consumption in Indonesia has an impact on the  Accepted March 22, 2026
high volume of used cooking oil waste which has the potential to pollute the  published May 21, 2026
environment as well as become an alternative source of energy. On the

other hand, the development of microalgae as raw materials for third-

generation biodiesel offers high lipid productivity without disrupting food

sovereignty. This review article aims to map the potential of used cooking  Biodiesel,

oil and microalgae as raw materials for biodiesel through a critical Free Fatty Acid,
evaluation of the stages of conversion technology and its management Microalgae.
strategy in Indonesia. The method used was a systematic review of several

international literature in the last 5 years. The results of the analysis show

that the key to the success of used cooking oil conversion lies in the

efficiency of the pre-treatment stage and acid esterification to suppress the

level of free fatty acids (FFA) to below 2% to avoid saponification.

Meanwhile, the utilization of microalgae requires the integration of more

modern lipid extraction technology to achieve optimal yields. The use of the

latest innovations such as ultrasonic cavitation and magnetic nano catalysts

has been proven to be able to increase biodiesel yield by up to 95% with a

shorter reaction time compared to conventional methods. The conclusion of

this study emphasizes that synergy between mapping the potential of local

raw materials, the application of efficient assistance technology, and

strengthening the capacity of human resources (HR) are the main

prerequisites in realizing a sustainable national energy transition

The high consumption of cooking oil in Indonesian society is directly proportional to
the increase in the volume of used cooking oil waste produced every year. The careless
dumping of used cooking oil waste into waterways not only damages aquatic ecosystems,
but is also a huge waste of energy resources (1). On the other hand, Indonesia is working
hard to increase its renewable energy mix to reduce its dependence on fossil fuel imports
whose prices continue to fluctuate (2). The use of used cooking oil and agro-industrial waste
as alternative energy raw materials is a strategic solution to overcome environmental
problems while strengthening energy security at the regional level (3).

The use of used cooking oil waste and leftover agricultural products has been
implemented by the Government of Indonesia through mandatory biodiesel policies, such
as the B35 program which continues to be improved towards B40 (4). However, the
dependence of the national biodiesel industry on crude palm oil (CPO) often triggers
conflicts of interest between food and energy needs in the domestic market. Competition
for the use of CPO requires the diversification of raw materials through the use of second-
generation biodiesel from used cooking oil and the exploration of the third generation of
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microalgae (3). Microalgae have great potential for Indonesia as a tropical country because
of its very fast growth rate and does not require productive agricultural land. The
technological transition from waste treatment to the utilization of microalgae biomass is a
transformative step that needs to be studied immediately (5).

The transition of raw material technology has different technical challenges in the
biodiesel production process in the field. Used cooking oil often has high levels of free fatty
acids (FFA) so it requires a more intensive pre-treatment process than pure raw materials
(1). Meanwhile, the production of biodiesel from microalgae requires mastery of more
modern lipid extraction technology and significant infrastructure investment costs (6).
Understanding the differences in technical characteristics of various lipid sources is essential
for policymakers and biofuel industry players in Indonesia so that factory operations can run
sustainably (7).

Biodiesel is a renewable liquid fuel composed of fatty acid alkyl esters, especially
methyl esters, which are produced through transesterification of triglycerides with alcohol.
Chemically, this reaction breaks the thick triglyceride structure into shorter chain esters so
that it is more suitable for combustion in diesel engines. The advantages of biodiesel lie in
its renewable properties, better biodegradability, and very low sulfur content, while its
limitations arise in oxidative stability, cold flow properties, and quality dependence on
feedstock quality. In practice, biodiesel is most effectively used as a diesel blend because it
maintains engine compatibility while suppressing the weaknesses of its physical properties
(8).

Recent studies have shown that the integration of Artificial Intelligence-based control
systems is able to predict biodiesel quality in real-time based on fluctuations in the
characteristics of waste raw materials. In addition, the use of magnetic-based
heterogeneous nano catalysts has been shown to simplify the process of separating the
catalyst from the final product, significantly reducing operational costs (9). The application
of modern assistive technologies, such as ultrasonic cavitation and microwave radiation, is
also noticeably able to accelerate the rate of transesterification reactions with much lower
energy consumption than conventional heating methods (10). Recent research trends have
even begun to explore the use of environmentally friendly solvents, green solvents, and dry
washing methods to minimize liquid waste in the biodiesel purification process. However,
scientific reviews on how the potential of used cooking oil and microalgae can be synergized
in a single industrial management framework in Indonesia are still very limited. The review
now offers novelty through an analysis of the availability of local raw materials linked to the
readiness of process technology as well as the capacity of Human Resources (HR).
Therefore, this review article was conducted with the aim of mapping the potential of used
cooking oil and microalgae as biodiesel raw materials through a critical evaluation of the
efficiency of conversion technology and its management strategies to meet international
quality standards.

The method employed in this study is a systematic literature review analyzing various
relevant scientific sources published between 2020 and 2026. The reviewed literature
focuses on the technical potential, chemical conversion efficiencies, and socio-economic
feasibility of utilizing Waste Cooking Oil (WCO) and microalgae as sustainable feedstocks for
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biodiesel production. Special emphasis is placed on the Indonesian landscape, including
feedstock availability, local microalgae species, and national energy mandates.

The analysis was conducted through structured stages of data collection, selection,
synthesis, and interpretation. Data were gathered from reputable electronic databases,
including Scopus, ScienceDirect, and Google Scholar, using specific keywords related to
transesterification, lipid extraction, and renewable energy policy. The selection process
filtered articles based on their relevance to high-Free Fatty Acid (FFA) oil conversion and the
scalability of algae cultivation in tropical climates. This approach was designed to gain a
comprehensive understanding of the chemical mechanisms, factors influencing Fatty Acid
Methyl Ester (FAME) yield, and the overall impact of these two raw materials on Indonesia’s
transition toward national energy security and carbon emission reduction.

The used cooking oil supply chain involves the flow of materials from households, food
traders, restaurants, hotels, to biodiesel processing sites. The performance of the system
depends on the ability to collect, store, and ship waste oil to remain suitable for processing.
Without an organized collection system, used oil tends to be disposed of without being used
optimally (8). Waste Cooking Qil (WCO) is a liquid waste whose availability in Indonesia is
very abundant but has great challenges in terms of collection and quality standardization
(11). Chemically, used cooking oil has undergone thermal and oxidative degradation due to
repeated frying processes at high temperatures above 180°C. The process triggers complex
reactions that produce polymeric compounds, high polarity, and a drastic increase in acid
value due to the breaking of triglyceride chains into free fatty acids (12). Used cooking oil
has suffered a decline in quality due to repeated heating, exposure to oxygen, water, and
food waste. The process of degrading quality factors causes an increase in free fatty acid
levels, oil viscosity, and the formation of oxidation and polymerization compounds. The
process of making biodiesel, this condition needs to be considered because the high content
of water and free fatty acids can trigger the formation of soap, reduce production yields,
and complicate the separation process. Therefore, it is necessary to carry out an initial
inspection before further processing due to the diverse quality of used cooking oil (13). The
characteristics of WCO are greatly influenced by waste from the food service industry which
tends to be more stable than household waste which is often mixed with water and organic
spice residues. High levels of free fatty acids (FFA) make WCO a low-grade raw material that
is corrosive and difficult to process through single-stage transesterification without special
handling (14). The mechanism of thermal degradation of cooking oil into WCO (Waste
Cooking Qil) can be seen in Figure 1.
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The pre-treatment stage is the main foundation in maintaining the purity of raw
materials and extending the service life of the reactor. Pretreatment is the initial treatment
to improve the quality of used cooking oil before transesterification. Commonly applied
stages include solids filtration, water removal through heating or drying, precipitation, and
reduction of free fatty acids through initial esterification or neutralization. The pretreatment
stage needs to be carried out because the alkaline catalyst is very sensitive to water and
free fatty acids, both components promote the formation of soap and decrease the
efficiency of the reaction. Pretreatment adds to the cost and operating unit, but without
this stage it is difficult to produce biodiesel with good yield and purity (13). The pre-
treatment process begins with multi-stage filtration using a filter press or centrifuge to
separate microscopic solids and carbon residues that can inhibit catalyst activity (15). Next,
the oil must go through a vacuum thermal dehydration process at 110°C. The pre-
treatment step is crucial because even low concentrations of water molecules can trigger a
hydrolysis reaction during heating, which in turn will increase FFA levels again. In addition,
the degumming technique using phosphoric acid is carried out to bind the content of
phospholipids which are emulsifiers. These phospholipids if not removed will form a film
layer on the heterogeneous catalyst surface, which significantly decreases the active surface
area of the catalyst and inhibits the conversion reaction rate (16). The difference in
esterification and saponification reactions can be seen in Figure 2.
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Transesterification is a core reaction in which one triglyceride molecule reacts with
three methanol molecules resulting in three methyl ester molecules and one glycerol
molecule as a by-product of economic value. Base transesterification is the most widely
used biodiesel production line because of its fast reaction and relatively mature operational
technology. Oils or triglycerides react with short-chain alcohols, usually methanol, with
alkaline catalysts such as NaOH or KOH, producing methyl esters and glycerol (17). The
transesterification reaction can be seen in Figure 3.
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Mechanistically, the alkaline catalyst forms an alkoxide species that attacks the
carbonyl triglyceride group so that the initial ester bond is broken and a new ester is
formed. The success of the process is highly dependent on the FFA level, moisture content,
alcohol-to-oil ratio, temperature, reaction time, and mixing intensity (18). The latest
innovation that has become standard in modern industry is the use of ultrasonic cavitation
(9). High-frequency vibrations create a phenomenon within the liquid that generates
extraordinary kinetic energy to break down oil droplets into micro-nanoscale sizes. This
increases the area of contact between the hydrophobic and hydrophilic methanol phases,
so that the mass transfer limitation barrier can be overcome with the help of ultrasonics,
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the reaction that conventionally takes 90-120 minutes can be trimmed to less than 20
minutes with a yield above 96%. The use of magnetic CaO-based nanocomposite catalysts
also allows the catalyst recovery process to be carried out quickly using an external
magnetic field, thereby significantly reducing operational costs (2). The ultrasonic cultivation
process can be seen in Figure 4.
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Indonesia has a comparative advantage in the development of microalgae as a raw
material for third-generation biodiesel. Species such as Chlorella sp. and Nannochloropsis
sp. has a very high rate of photosynthesis, being able to capture CO; from the atmosphere
10-50 times more efficiently than terrestrial plants (19). Through cultivation methods in
closed photobioreactors, lipid accumulation in algae cells can be spurred to reach 50-60% of
dry weight through nitrogen starvation restriction strategies (20). Although the main
challenge today lies in the relatively high cost of drying and extracting oil, the development
of in-situ transesterification technology in which algae biomass is directly converted into
biodiesel without oil extraction first becomes a potential solution to reduce production
costs (21). Microalgae are microscopic photosynthetic organisms with high lipid
accumulation capabilities, so they are often positioned as raw materials for third-generation
biodiesel. Microalgae cells utilize light, carbon dioxide, water, and nutrients to build
biomass, when subjected to nutrient stress, part of the metabolism is directed to lipid
formation. The main advantages of microalgae lie in high biomass productivity, non-
competition with food land, and flexibility of cultivation in wastewater or unconventional
media. The biggest obstacle lies in the high cost of cultivation, harvesting, and lipid
extraction on a large scale (22). The potential of microalgae as biodiesel production can be
seenin Figure 5.
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Biodiesel production from microalgae is one of the renewable energy technologies
developed to partially replace the use of fossil fuels. Microalgae were chosen because they
have the ability to produce high amounts of lipids or oils, fast growth rates, and can be
cultivated on land that does not compete with food crops. In addition, microalgae are able
to utilize carbon dioxide (CO;) from industrial emissions as a carbon source for
photosynthesis so that it has the potential to help reduce greenhouse gases (23). However,
the biodiesel production process from microalgae still faces various technical and economic
challenges so that it has not been widely applied commercially. The production of biodiesel
from microalgae involves culture cultivation, biomass harvesting, drying, lipid extraction,
and lipid conversion to biodiesel. The harvesting and dewatering stages are often the most
expensive points due to the small cell size and high-water content. Once the lipid fraction is
obtained, the microalgae oil can be converted into biodiesel through transesterification or
other catalytic pathways. Conceptually, microalgae offer strong sustainability, but energy
efficiency and process economics are still major barriers to commercialization (19). The
production of biodiesel from microalgae can be seen in Figure 6.
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Used cooking oil and microalgae are two raw materials that have the potential to be
used for biodiesel production, but they have different levels of readiness. Used cooking oil is
more readily available because the raw material is readily available from household waste,
restaurants, and the food industry. In addition to being cheap, the processing technology is
also quite simple and widely used. This is because it is through the process of
transesterification (24). Biodiesel from used cooking oil can be produced at a lower cost
than other raw materials. However, the quality of used cooking oil must be controlled first
because it usually contains high levels of water, dirt, and free fatty acids due to repeated
use during the frying process. Therefore, pretreatment stages such as filtration and heating
are required before the oil is processed into biodiesel (25).

Meanwhile, microalgae have advantages in high lipid productivity, rapid growth, and
the ability to grow without the need for fertile farmland so that it is more environmentally
friendly in the long term. Microalgae can be cultivated using seawater or liquid waste so
that they do not compete with food needs (26). However, the production of biodiesel from
microalgae still faces many obstacles, especially high production costs and complicated
processing processes. Stages such as cultivation, biomass harvesting, drying, and oil
extraction require a lot of energy and technology so it is not economical to be widely
applied. Thus, used cooking oil is more realistic to be used as a source of biodiesel today,
compared to microalgae which are more suitable to be developed as an investment in
research and renewable energy technology in the future (21). The difference between used
cooking oil and microalgae as potential biodiesel production can be seen in Figure 7.
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The integration of used cooking oil (UCO) and microalgae as biodiesel feedstocks in
Indonesia presents a complex landscape of distinct technological, socio-economic, and
environmental trade-offs. UCO offers an abundant, non-food-competing resource that
mitigates waste pollution and demonstrates technical feasibility for meeting national fuel
standards at both home-industry and continuous-reactor scales (27,28). However, its
widespread commercialization is constrained by fragmented reverse logistics, low
community participation, and persistent socio-cultural barriers regarding waste
management, necessitating optimized drop-off logistics, localized educational initiatives,
and targeted digital behavioral interventions to sustain recycling compliance (29).
Conversely, microalgae capitalize on Indonesia’s tropical irradiance to deliver exceptional
lipid yields while simultaneously facilitating carbon capture and wastewater bioremediation
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(30). Despite these biological advantages, microalgal biodiesel scaling is severely
bottlenecked by energy-intensive downstream processing, high operational costs, and the
necessity for engineering innovations in harvesting, extraction, and photobioreactor design,
such as bio flocculation, microwave-assisted methods, and hybrid algal-bacterial systems co-
cultivated with agro-industrial (5). Ultimately, navigating these technical limitations requires
robust system dynamics planning and comprehensive Life Cycle Sustainability Assessments
(LCSA) to ensure that the transition away from palm-based biodiesel balances fiscal viability,
local facility logistics, and food-energy security while meeting national emission reduction
mandates (31).

The synergistic use of used cooking oil (second generation biodiesel) and microalgae
(third generation) is a strategic solution for Indonesia's energy security without disrupting
food. Successful production depends on proper initial processing to suppress FFA, while
microalgae excel due to high lipid productivity. The support of modern technology, human
resources, and an integrated supply chain system is essential for biofuels to be sustainable
and competitive.
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