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Abstract: In the pursuit for sustainable energy solutions, biodiesel has come to prominence as an alternative to petroleum-derived
diesel. This review delves into cutting-edge developments in production of biodiesel, emphasizing use of waste cooking oils (WCOs) as
an environmentally friendly raw material. Incorporating waste cooking oils (WCOs) into the biodiesel production process not only
tackles environmental issues associated with improper disposal but also adheres to the principles of a circular economy. This
manuscript covers various methods and technologies for converting WCOs into high-quality biodiesel, emphasizing economic viability
and environmental benefits. It discusses the potential of WCO-derived biodiesel to meet stringent fuel standards and reduce greenhouse
gas emissions. Significant progress has been made in using waste cooking oils to generate sustainable energy, aligning with broader
initiatives focused on renewable energy and circular economy principles. In summary, the utilization of waste cooking oils for biodiesel
production presents an opportunity to shift away from reliance on fossil fuels, thereby fostering circular economy practices and
sustainability goals.
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1. INTRODUCTION
The growing need for energy and the anticipated depletion of fossil fuel reserves have spurred research into renewable
alternative fuels. By 2050, there will be a 50% increase in the world's energy demand [1]. There is a pressing requirement
to shift towards renewable, low-carbon alternatives capable of replacing traditional energy sources. The worldwide quest
for sustainable energy sources amid climate change and the diminishing availability of fossil fuels has prompted a
fundamental shift in the way energy is produced and consumed.

As concerns about environmental impact grow, the need of transition to renewable and environmentally friendly
energy sources becomes more urgent. One promising avenue within the renewable energy landscape is biodiesel. As
defined by [2], biodiesel is formally identified as a "renewable fuel obtained through the transesterification process of
triglycerides derived from edible oils, non-edible oils, and waste oils." Biodiesel is made up of monoalkyl esters derived
from LCFAs (long- chain fatty acids) and has an elongated molecular structure with more than 12 carbon atoms in its
carbon skeleton. This 100% pure biodiesel product is known as B100.

Biodiesel has been manufactured using diverse materials, including those from both plant and animal origins, whether
edible or non-edible. According to [3], the first-generation biofuels were derived from edible sources, specifically oils
obtained from crops such as canola, coconut, jatropha, maize, mustard, palm oil, peanut, rapeseed, soybean, sunflower, etc.
Second-generation biofuels utilize non-edible sources for production [4], while third-generation biofuels employ
innovative biomass production methods, notably utilizing algae as a primary feedstock [5-6]. So while second-generation
biofuels aim to avoid using food as fuel, third-generation biofuels like algal biofuels bring new feedstock production
methods to increase yields and lower costs. However, first- to third-generation, biodiesel feedstocks have disadvantages,
including a vulnerability in the food supply that can increase the cost of food products, low vyield, limited acreage,
environmental adaptability, and high cost are barriers to producing biodiesel from some of the earlier feedstocks [7-8].
Ongoing research is dedicated to fourth-generation biofuels, aiming to offer more sustainable green energy solutions.

Research has raised worries about the potential conflict for essential resources like water, energy, and land for food
and fuel production, as highlighted in studies by [9]. This highlights the need to find inexpensive, non-food feedstocks for
biodiesel production. As a result, researchers have explored making biodiesel from alternative, non-food sources [10-11].
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Waste cooking oils are increasingly recognized as a promising feedstock option with transformative potential and
environmental responsibility. They offer a solution that sidesteps competition with food resources while simultaneously
bridging the gap between waste management and sustainable energy generation. Researchers have employed various terms
to refer to edible cooking oil in different studies. [12-13] have used the term "waste cooking oil" (WCO). Alternatively,
[14] have denoted it as "used cooking oil" (UCO), while [15] have utilized the term "used frying oil" (UFO).

This manuscript presents a comprehensive review of the paradigm shift enabled by waste cooking oils, highlighting
their role in promoting sustainable energy generation and contributing to the principles of circular economy. By exploring
the technical advancements, economic viability, environmental benefits, and real-world case studies, this manuscript offers
a holistic understanding of how waste cooking oils can transform the biodiesel landscape.

2. WASTE COOKING OILS: AN ABUNDANT RESOURCE

Numerous investigators, such as [15, 16, 17, 18, 19] have explored the viability of using WCO as a promising source for
the production of biodiesel. Nevertheless, these investigations have not adequately considered the sustainability aspect
associated with the utilization of waste cooking oil (WCO) in biodiesel production. WCO exhibits potential as a valuable
resource within the framework of the circular economy. Math et al. [20] have reported that substantial quantities of WCO
can be found worldwide. Nevertheless, the collection of this waste poses a notable challenge, with substantial amounts of
used cooking oil being illicitly disposed of in landfills and rivers, contributing to environmental pollution [20-21].
According to [22], global vegetable oil production was 208.8 million metric tonnes in 2021/2022 and is expected to exceed
217 million metric tonnes in 2022/2023. This surge in production is attributed to growing demands driven by global
population growth, leading to a proportional increase in waste cooking oil. Because different countries have different
culinary traditions, the amount of WCO produced varies significantly across them [23].

Worldwide, the annual production of Waste Cooking Oils (WCQs) from both residential and commercial sources is
projected to surpass 15 million metric tons. Research conducted by [24] indicates that the European Union (EU)
contributes roughly one million tons per year, which is noteworthy in this context. Furthermore, as indicated by the study
referenced in [20] and [21], Table 1 presents the annual generation of waste cooking oil (WCO) in specific selected
countries.

Table 1: Annual waste cooking oil (WCQ) generation in some selected nations [21]

Country Quantity (million tons/year)
Canada 0.12

China 4.5

Europe 0.7-10

Ireland 0.153

Japan 0.45-0.57

Malaysia 0.5

Taiwan 0.07

UK 0.2

USA 10

In Africa, with a specific focus on Nigeria, the continent's most populous country, WCO stands out as one of the
substantial wastes produced in hotels, restaurants, and pubs. Disposing of this waste poses a significant challenge [25].
Regrettably, unlike developed nations, Nigeria lacks an information management authority that systematically records the
generation of WCO, as noted by [15]. In addition to inadvertent social practices and the absence of comprehensive
regulations for proper used oil disposal in numerous countries, the recovery of waste materials, particularly used cooking
oil (WCO), remains suboptimal [26].

Africa has abundant sources of WCO that can be converted to biodiesel to meet increasing energy needs. Studies at
universities in Africa, particularly in Nigeria, have shown that efficient methods for producing high-quality biodiesel can
be produced from waste oils from hotels, cafeterias and households [27-28]. African researchers are at the forefront of
exploring the use of WCO as a viable feedstock for biodiesel production, driven by continent's growing interest in
sustainable energy solutions and environmental protection. Studies such as those by [29-32] have investigated various
aspects of WCO-based biodiesel production, including the characterization of raw materials and production techniques.
Amenaghawon et al. [30] have conducted optimization studies on the use of WCO for the biodiesel production process to
maximize efficiency and minimize environmental impact. For example, researchers have investigated various catalysts and
reaction conditions to improve transesterification of WCO into biodiesel while ensuring cost efficiency and sustainability.
Various studies conducted by African researchers have demonstrated biodiesel yields of over 80% by optimizing key
transesterification reaction parameters such as temperature, methanol ratio and reaction time [29-30]. Environmentally
friendly and economically viable biodiesel low-cost feedstock like WCO can be crucial to Africa's energy sustainability.
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However, further research initiatives and knowledge exchange are needed between African researchers and international
partners who have played a crucial role in advancing research in this area. By promoting interdisciplinary collaboration and
the integration of Stakeholders African researchers continue to contribute to the development of sustainable energy
solutions that address both environmental concerns and socio-economic development needs across the continent.

2.1 Waste Cooking Oil Sourcing and Collection Strategies

Efficiently collecting waste cooking oils from widespread generators remains an operational and economic challenge
[33]. Multi-tiered collection networks and bulk transport optimization can help consolidate waste volumes. The majority of
waste cooking oil (WCO) is sourced from residential kitchens [26; 34; 35]. The unregulated disposal of waste cooking oil
leads to adverse environmental effects and economic losses. Improperly disposing of waste cooking oil has negative
impacts on the environment and can result in financial losses. Conversely, properly collecting and managing waste cooking
oil is beneficial not only for the environment but also economically attractive [36]. [33; 37] have categorized sources of
waste cooking oil into two sources namely commercial (hotels, restaurants, canteens, food processing industries, catering
etc.) and households. Unfortunately, just a small per cent of the total WCO generated is recovered indicating significant
room for improved collection systems. According to [23], setting up public collection points in places that are easily
accessible (such as schools, supermarkets, parking lots, government buildings, recreational facilities, etc.) is by far the
most popular collection option. Collecting and recycling waste cooking oil (WCQ) helps address three environmental
challenges: decreasing waste through product reuse/recovery, lessening dependence on fossil fuel energy, and mitigating
emissions of pollutants, as mentioned in [33].

Therefore, dedicated oil storage tanks or containers in conjunction with routine private used oil collectors are crucial
for the collection of used cooking oil. In addition, several countries have enacted regulations and mandated residents to
safely dispose of commercial WCO to authorized collectors rather than to sewers [35]. Furthermore, researchers have
proposed implementing policies to regulate the recycling, transportation, collection, and reuse of WCO. This could assist in
reducing environmental problems and dangers stemming from inadequate management of waste cooking oil [38].Overall, a
distributed collection infrastructure with community participation, business incentives, and effective storage and
transportation coordination is required to take advantage of the diffuse global availability of WCO.

There remains a significant gap in the academic literature regarding effective planning and infrastructure development
for collecting used cooking oil waste. Previous studies by [39] have noted insufficient research in this area has given rise to
several theoretical issues and practical hurdles in implementing waste cooking oil collection programs. Furthermore,
analysis by [40] suggests existing collection schemes fail to fully realize the societal and sustainability gains offered by
repurposing domestically sourced waste oils. Addressing this knowledge shortage through new studies could provide
models to maximize the environmental and social benefits of reusing this form of post-consumer waste. A systematic
infrastructure planning methodology is critically needed to unlock potential of localized WCO recycling initiatives.

2.2 Pretreatment Requirements and Methods

In contrast to pure vegetable oils, WCO contains increased amounts of free fatty acids (FFA), moisture, solid particles,
glycerides, polymers, oxidized compounds and other contaminants [41]. This is due to thermolytic, oxidative and
hydrolytic degradation of the triglyceride structure during cooking at high temperatures in the presence of air and water
[21]. High FFA content results in soap and water formation during the conventional base-catalyzed transesterification
process [42]. This creates emulsions and increases separation costs. Water causes hydrolysis competing with
transesterification. Particulates can clog reactors and poison catalysts. The presence of diglycerides, monoglycerides and
oxidized lipids also lowers biodiesel yields. Collected oils undergo a series of pre-treatment steps before conversion to
biodiesel. Chemical and physical methods are used to remove contaminants including high FFAs, water, and solid food
particles. The integration of different pre-treatment technologies allows for the optimization of feedstock purity, stability,
and quality. Table 2 displays various characteristics of waste cooking oils (WCQs) as documented by different researchers.
As indicated in Table 2, the attributes of WCO’s documented in the three studies exhibited some variability, likely
stemming from differences in the source of oil, cooking techniques employed, and conditions of storage prior to analysis.
However, the overall property values were largely comparable and were within an acceptable range for WCO’s.
Substantial variances were observed in the level of unsaturation, oxidation, free fatty acids, and viscosity, indicating
disparities in the degradation of the oils. But overall, the oils had the expected properties that could be considered as raw
materials for renewable fuels or other uses to recycle used cooking oils. Despite their origin from different regions and
different methods, the studies confirm that used cooking oils are valuable potential resources with characteristic properties
that make them suitable for further processing and use.

2.2.1. Methods for pre-treatment of waste cooking oil (WCO)

EUBIA [21] discovered that pre-treatment techniques for WCO involve physical processes to eliminate suspended
solid impurities and chemical methods primarily for deacidification. WCO’s can contain approximately 10-20% solids by
volume [21, 45]. The first phase of treatment of WCOs involves removal of particles and suspended solids, including food
residues (such as skin, bones, leftover food, etc.), paper, cardboard, plastics, carbonized materials and aggregates [38].
According to [46], the pretreatment strategies aimed at eliminating particulates and suspended solids from used cooking oil
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before its conversion into biodiesel encompass various methods such as filtration, gravity sedimentation, absorption
treatment, and centrifugation.

Table 2: Waste cooking oil (WCO) properties reported by various researchers

Properties [18] [43] [44]
Density (g/mL) 0.93 0.927 £ 0.02 0.80 £ 0.06
Acid value (mg KOH/qg) 578 £0.11 1.4 +0.06 9.41+0.19
Saponification value 172.65+0.31 180.6 £ 0.45 208.18 £0.40
lodine value 95.85 + 0.55 103 +0.55 76.14 £0.34
Peroxide value 11.30 +0.34
Sediments 1.17+0.01

Humidity 1.34+0.03

Dynamic Viscosity 449 +0.02

Kinematic viscosity 455+05

Water content (wt %) 0.0252 +0.003 0.90 +1.02
Refractive index 145+ 0.12
Free fatty acid-FFA (wt %) 0.7+0.08 5.27 £0.75
HHV (kJ/kg) 40 480

i. Filtration/settlement

As outlined by [46], the initial stage involves subjecting waste cooking oil (WCO) to heat and subsequent filtration
through sieves. During the settling phase in a designated tank, impurities such as dirt and water segregate and
accumulate at the bottom. The utilization of heat serves a dual purpose, both reducing moistness and preserving
inherent quality of the oil [47].

ii. Centrifugation

This approach effectively tackles solid impurities and reduces water content in the oil, as indicated by [38]. It is a
prevalent method in the large-scale production of biodiesel from vegetable oils, as noted by [48]. Nevertheless, it is
essential to acknowledge that capital and operating costs associated with this process are relatively high.

2.2.2. Waste cooking oil FFA reduction methods
Free fatty acid pretreatment options commercially available include esterification; adsorption; neutralization;
distillation/deodorization; and glycerolysis [38, 46].

i. Esterification

In this method, used cooking oil is combined with enzymes, specifically lipases, or an acid catalyst [38]. The aim is
to convert free fatty acids (FFA) and other acidic compounds into esters. Nevertheless, this method is accompanied by
several limitations, including challenges related to catalyst recovery, susceptibility of equipment to catalyst corrosion,
and relatively elevated processing costs, as articulated by [46].

ii. Adsorption

Waste cooking oil is treated with a specific material to selectively remove constituents such as polar molecules [38,
49], efficiently removes free fatty acids (FFA), moisture, and other polar chemicals, including peroxides [50]. During
the adsorption process, various commonly utilized adsorbents are employed, including activated carbon, aluminium
hydroxide, aluminium silicates, clays, ion exchange resins, magnesium oxide, silica gel, zeolite, among others. This
approach is known for its cost-effectiveness.

iii. Neutralization
The chemical neutralization method involves the blending of WCO with alkaline solutions such as NaOH or KOH.
This chemical reaction converts FFA to solid soap, which, being insoluble in the oil, is removed through series of
washing steps involving water spray, and followed by decantation or centrifugation. As elucidated in the studies
conducted by [38, 46, 50], this method effectively reduces the levels of FFA’s in WCO.

iv. Distillation/deodorization
As [46] point out, vacuum and stripping distillation are extensively used in vegetable oil sector to remove FFA.
This method is also effective in clearing other contaminants, as indicated in the work of [50]. In industrial settings,
distillation is frequently paired with adsorption to handle removal of polar complexes [50]. However, as stated in [46],
the need for vacuum equipment, high energy consumption, and rising temperatures make distillation more expensive to
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set up and run than other pretreatment techniques. Therefore, the distillation process is considered more complex and
costly than other pretreatment processes.

v. Glycerolysis

The process involves combining glycerol, a by-product from biodiesel production, with WCO having a substantial
free FFA concentration, typically exceeding 5% [46]. At elevated temperatures, glycerol undergoes a reaction with
FFA resulting in formation of glycerides. This process offers distinct advantages, including the ready availability of
glycerol, the exclusion of alcohol (unlike esterification methods), and the immediate vaporization of water generated
during the reaction [51]. However, it's essential to note that this method requires high temperatures and exhibits a
relatively slow reaction rate [46].

vi. Other FFA reduction techniques
Cardenas et al. [38] have listed supercritical fluid extraction, biological treatment, membrane separation, solvent
extraction among others as alternative techniques for reducing/removing FFA from WCO.

3. BIODIESEL CONVERSION PROCESSES

Traditional techniques for deriving biodiesel from oils and fats encompass utilizing the oil directly, creating
microemulsions, employing pyrolysis, and conducting transesterification reactions [52]. Extensive research indicates that
transesterification is widely acknowledged as the most practical and commonly employed technique for deriving biodiesel
from oil/fat feedstocks [52-53]. Consequently, transesterification has become the predominant method in commercial
applications for transforming vegetable oils into environmentally sustainable and clean fuel, exemplified by biodiesel [52].
After the pre-treatment phase, the biodiesel production process utilizing WCO adheres to established conventional methods
employed in the processing of native vegetable oils, as elucidated in the research done by [54].

In the conventional biodiesel synthesis process, a pivotal step is the transesterification of vegetable oil. This
fundamental procedure involves the conversion of triglycerides present in fats and oils into biodiesel and glycerol. The
efficiency of this reaction is influenced by presence or absence of a catalyst, a topic extensively discussed by [21].
Specifically pertaining to WCO, the transesterification process occurs when the oil reacts with alcohol, predominantly
methanol, in the presence of a catalyst. This reaction yields biodiesel (FAME) and by-products such as glycerin. Methanol
is favoured due to its rapid reactivity with triglycerides and its compatibility with a catalyst, expediting the process [46].
Utilizing a catalyst accelerates the transesterification process, whereas non-catalytic methods necessitate elevated
temperatures and pressures [46]. To foster a comprehensive understanding of the properties inherent in waste cooking oil
(WCO) biodiesel, a series of analyses have been meticulously conducted by researchers. The outcomes of these analyses
are meticulously delineated in Table 3, where the acquired results are systematically compared against the established
standards. This comparative assessment serves to elucidate the distinct characteristics of WCO biodiesel as investigated by
various scholars in the field.

A comparison of reported biodiesel property values with established standards in Table 4 shows good agreement on
several critical parameters, while others show some degree of variability. In particular, the reported values for specific
gravity, kinematic viscosity and cetane number are within the specified ranges indicating compliance with the
specifications of these standards. In particular, the reported flashpoints of 135 °C and 150 °C exceed the minimum
thresholds specified in [2] and [58], thereby meeting safety requirements. In terms of cold flow property, the biodiesel
variants derived from WCO exhibit satisfactory cloud and pour points that meet [2] standards. However, [58] did not
specify any explicit limit values in this regard.

The acid values, which range between 0.14 and 0.5, closely correspond to the <0.5 mg KOH/g limits set by [2] and [58]
standards, indicating a low FFA. Furthermore, with a sulfur content of 0.0094%, well below [2] limit of 0.05%, the
biodiesel has the characteristics of an ultra-low sulfur fuel. Although no specific pH standards have been defined, the
recorded value of 7.43 suggests that the WCO biodiesel is neutral. Importantly, [43] determined a distillation temperature
of 345 °C, a value very close to the 360 °C specified in [2]. This agreement underlines the general agreement of the
reported biodiesel variants with key indicators such as density, cetane number, flash point and acid number confirms their
compliance with the strict specifications and quality standards set out in both [2] and [58].

3.1 Conventional Transesterification Limitations

Conventional transesterification is a prevalent method of manufacturing biodiesel. It requires processing triglycerides
with an alcohol in the presence of a catalyst to make glycerin and biodiesel. This approach is commonly employed, but it
faces some obstacles and restrictions that prevent it from reaching its full potential. These include but are not limited to,
raw material limitations, process inefficiencies, catalyst costs, energy intensity, separation difficulties, soap formation and
methanol recovery. The operational efficiency of conventional transesterification is intricately influenced by the specific
nature and concentration of the catalyst utilized, as expounded upon in the studies of [59-60]. Catalytic transesterification
reactions are conducted through the application of either chemical or enzymatic catalysts. Chemical catalysts are classified
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as either homogeneous or heterogeneous [60]. As shown in Table 4, research has documented the benefits and drawbacks
of several types of catalysts used in the manufacture of biodiesel.

Table 3;: WCO biodiesel Properties

. [57]
Properties [46] 541 551 D61 o AsTMD6751  [58] EN 14214
Specific Density @15 °C 0.88 0.887 0.870 0.88 0.86 - 0.90
Kinematic viscosity @ 40 °C (mm%s) 4.2 4.2 48 5.2 1.9-6 3.5-5.0
Cetane number(CN) 47.6 47.7 -59.8 49.84 47 Min
pH
Diesel index(DlI) 55.33
Flashpoint (FP) (°C) 135 150 180 96 130 Min 101 Min
Pour point(PP) (°C) -3 7 -1 -15t0 -16 -
Cloud point (CP) (°C) -3 10 - 9 -3t0-12 -
Aniline point (AP) (°C) 87.5
API gravity 29.2
Heat combustion (cal/g)
Distillation temperature (°C) 345 360 -
Lower Calorific Value 39.26 — 40.57
Acid value(AV) (mg KOH/qg) 0.14 0.45 0.497 0.5 Max 0.5 Max
Free Fatty Acid(FFA) 0.76
lodine value(IV) (mg 1,/1009) 113 83 - -
Saponification value(SV) 207 370 max.
Water and sediment 0 08-1.9 0.01 0.02 0.005 vol. % 500 mg/kg
Sulphur content (%) 0.00 0.0143 Max 0.05

3.2 Transformative Biodiesel Conversion Technologies

Despite its inherent drawbacks, conventional biodiesel transesterification is an essential step in creating a sustainable
fuel. Due to all the issues with traditional biodiesel transesterification, new alternative production techniques are always
being discovered. These techniques include enzymatic transesterification, ionic liquids as catalysts, microbial conversion,
microwave method, plasma-assisted conversion, supercritical transesterification method, and ultrasonic-assisted method
[63]. These cutting-edge conversion technologies point the path toward a future where biodiesel production is more
environmentally friendly.

3.2.1 Catalytic distillation

Catalytic distillation is an emerging environmentally friendly reactor technology that combines chemical reactions and
product separation in a single step [64-65]. This approach allows simultaneous execution of reactions and separation,
contributing to higher product yield and overall productivity [66]. Catalytic distillation offers advantages like mitigating
catalyst hotspots, improving temperature control, and enhancing energy integration. Recent research touts it as a
breakthrough in efficient and cost-effective biodiesel production [65]. Neupane [64] notes a drawback, emphasizing the
dependence of the conversion process and solvent use on catalyst recovery.

3.2.2 Enzymatic transesterification

Enzymatic transesterification, using lipases as catalysts, shows promise for converting WCO into biodiesel, offering an
eco-friendly alternative to fossil fuels [67]. This process operates under mild conditions, with low energy consumption and
the potential use of lower-quality feedstocks like WCO [68]. Despite challenges such as enzyme cost and potential
deactivation, enzymatic transesterification is considered more environmentally friendly and sustainable than traditional
chemical methods [69].

3.2.3 Hydrodynamic Cavitation

According to [70], hydrodynamic cavitation stands out as an energy-efficient method for alkyl ester (biodiesel)
synthesis. The process involves creating cavities by reducing pressure as liquid flows through constriction, generating
cavitation bubbles that break down triglycerides into biodiesel and glycerol. In the words of [70], key operational variables
influencing conversion and yield include oil-to-alcohol molar ratio, kinetics, cavitation number, inlet pressure, reaction
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temperature, and system geometry. These variables are crucial in determining the efficiency of the hydrodynamic
cavitation process for biodiesel synthesis. According to study conducted by [71], the hydrodynamic cavitation technique
for biodiesel was characterized as a straightforward, efficient, time-saving and environmentally friendly thereby affirming
its practical feasibility in industrial applications.

Table 4: The advantages and disadvantages of various types of catalysts used in biodiesel production.

Catalysts type Examples Advantages Disadvantages References
Homogeneous NaOH, KOH, High catalytic activity, The FFA requirement is low, [61-62]
H,SO,, HCI affordable, good kinetics, and the conditions are anhydrous,
mild. saponification takes place,
emulsion is formed, more
Preferred method for low- wastewater is  generated
quality raw materials during  purification,  and
everything is disposable.
Unlike heterogeneous
catalysts, hazardous to
environment.
Hygroscopic nature (NaOH,
KOH)
Equipment deterioration,
increased neutralization waste,
challenges with recycling,
extended  reaction  times,
elevated reaction
temperatures, and low
catalytic activity.
Heterogeneous. Cao, MgO, Environmentally friendly, Lower FFA  requirement, [61-62]
CaTio, recyclable, less problematic to anhydrous conditions, higher
WO3/Zr0,Si  dispose of, easily separated, wastewater treatment, high
0,/Zr0, more selective, and having a reaction temperature  and
longer catalyst lifetime. pressure, diffusion limitations,
high cost and high alcohol to
Enable both transesterification oil molar ratio required.
and esterification at the same Diffusion limitations, low
time to prevent the production microporosity, low acid centre
of soap. concentrations and high cost.
Biocatalyst or Lipozyme, Prevent the production of Exceedingly costly and
enzyme catalyst lipozyme soap, non-polluting, and make potentially cause the enzyme [61-62]
TLIM, the purification and catalyst- to become denatured.
novozym 435, product separation process
lipozyme simpler. a very slow reaction rate
RMIM resulting in a long processing

Recognize that free fatty acids
and water are present. i.e.
High likelihood of catalyst
regeneration and reuse.

time.

3.2.4 lonic liquids as catalysts

The process involves catalysis using ionic liquid-supported acids/bases or enzymes [72]. lonic liquids, modern
materials with organic salts or eutectic blends of anions and cations, remain in a liquid state below 100 °C [73]. They offer
both homogeneous and heterogeneous catalytic properties, making them potential alternatives to traditional catalysts in
biodiesel synthesis [74]. lonic liquids have unique features, such as solubility, non-volatility, and environmental
friendliness, positioning them as substitutes for alkali catalysts [75]. Challenges like cost and recovery processes limit their
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broader use in biodiesel production [75-76]. Categorized by cations, popular types include quaternary ammonium and 1-
alkyl-3-methylimidazolium ionic [77]. Moreover, [78] have stated that specific ionic liquids, such as 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide, are gaining popularity as environmentally friendly solvents in
biodiesel production. These ionic liquids exhibit versatility in various applications for biodiesel synthesis across diverse
feedstocks.

3.2.5 Microbial conversion

Microbial biodiesel production utilizes oleaginous microorganisms like bacteria, yeast, and fungi to convert organic
materials into biodiesel through metabolic pathways, offering a sustainable approach [79]. The process involves the
microbial conversion of renewable materials into microbial oil, further used in biodiesel production via transesterification
[79]. Two primary methods, direct and indirect microbial conversion, are employed based on the microorganism and
starting material [80]. Despite challenges, such as low conversion yields and technical complexities, microbial biodiesel
production holds promise due to its flexibility, emission reduction potential, and cost-saving opportunities [79]. Ongoing
research aims to enhance microbial biodiesel production's potential.

3.2.6 Microwave-assisted transesterification

The utilization of microwaves for heating and catalyzing reactions has emerged as promising and innovative
methodology, offering substantial advantages over conventional approaches [81-82]. This technique proves to be
advantageous as it accelerates the reaction kinetics and minimizes energy consumption as it can utilize the thermal
conductivity within the reaction mixture [83]. Microwave-induced heating enhances heat transfer efficiency, resulting in
significantly reduced reaction durations, especially beneficial in the context of microwave-assisted transesterification for
biodiesel synthesis.

The microwave heating methodology is distinguished as an environmentally friendly and sustainable technology with
versatile applications, spanning waste treatment, soil remediation, sediment management, and water purification, owing to
its inherent rapidity and energy efficiency [84]. However, the realization of these advantages is not without challenges, as
considerations of equipment, safety protocols, catalyst selection, and downstream processing require meticulous attention.
A notable drawback is the substantial cost associated with the microwave method, primarily attributable to the significant
capital investments required for acquiring and maintaining the requisite equipment [85].

3.2.7 Plasma-assisted conversion

Plasma-assisted conversion, a novel technology in biodiesel production, utilizes ionized gas generated under specific
conditions, offering advantages over conventional methods. These include milder reaction conditions, faster reaction times,
versatility in feedstock, and catalyst usability without deactivation, even in presence of impurities [52, 86]. Plasma reduces
viscosity, enhancing oil, alcohol, and catalyst mixing in transesterification at low temperatures, achieving high biodiesel
conversion yield of around 98% [87]. Despite its promise, challenges such as optimizing plasma parameters and scaling
need addressing before widespread adoption. Ongoing research and development indicate the significant potential of
plasma-assisted conversion in revolutionizing biodiesel production for a more sustainable biofuel industry.

3.2.8 Supercritical fluid transesterification

In comparison to traditional catalyst transesterification, research by [63; 88] reveals that supercritical transesterification
offers faster and more environmentally friendly biodiesel production with higher conversion rates. This method eliminates
the need for catalyst preparation and separation, using supercritical fluids like carbon dioxide (CO,) instead of methanol.
Additionally, it allows the simultaneous conversion of free fatty acids (FFA) and triglycerides, accommodating various
feedstocks with minor deviations from quality standards [89]. Despite its advantages, supercritical transesterification has
drawbacks such as high molar ratios, temperatures, and pressures, which increase expenses [70, 90]. Despite concerns,
supercritical transesterification remains a high-conversion, fast, and environmentally friendly production process [63].

3.2.9 Ultrasound-assisted technique

Ultrasound-assisted biodiesel production employs high-frequency ultrasound waves to enhance the transesterification
reaction, typically operating at frequencies between 20 and 50 kHz with power exceeding 200 W [52, 91]. This technique
induces cavitation bubbles, leading to localized high temperatures and pressures that accelerate the reaction. Advantages of
ultrasound-assisted biodiesel production include increased reaction speed, higher biodiesel yield, and lower energy
consumption, reduced catalyst requirements, and simplified product separation. Recent research by [92] demonstrated
biodiesel production from soybean oil using both high-frequency ultrasonography (1 to 3 MHz) and low-power
ultrasonography (6 to 9 W).
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4. CIRCULAR ECONOMY INTEGRATION AND SUSTAINABILITY
In a study carried out by Geissdoerfer et al.[93], circular economy is described as a regenerative system with the goal
to reduce resource consumption, waste, emissions, and energy losses. This is accomplished by intentionally slowing down,
closing, and narrowing material and energy cycles. Figure 1 illustrates the circular economy model for WCO, emphasizing
efficient resource management, recycling, and sustainability to minimize waste and maximize resource utilization. This
approach reduces waste, pollution, and carbon emissions.

Collection
(WCO is collected households,
restaurants, and food processing

facilities)

Processing facilities:
WCO undergoes treatment (filtration
and purification to remove impurities
and contaminants).

l

Conversion
Processed WCO is converted into various
products through different pathways

= Biodiesel

» Bio-based products (soaps)
= Animals feeds

l

Products utilized in various industries
and applications

l

End-of- useful life

I N

Recycle and Waste Education and
reuse management awareness

Figure 1: Schematic block diagram of circular economy of waste cooking oil (WCOQ)

A great opportunity lies in the use of WCO as a renewable raw material. Globally, yearly production of WCO from
residential and commercial sources is expected to surpass 15 million metric tons. In this context, the European Union (EU)
contributes around one million tons annually [94]. Developing efficient WCO collection systems helps provide a consistent
feedstock source. Policies mandating WCO collections and recycling from large generators like residential homes,
restaurants, hotels and institutional food services companies have been enacted in South Korea and Taiwan [34, 95].
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Several factors contribute to the resurgence of interest in WCO’s as a biodiesel feedstock. Their abundance resulting from
widespread use makes them a readily available and renewable resource. Furthermore, the economics of biodiesel
production from waste cooking oils are improved due to the comparatively lower costs compared to native vegetable oils.
Used cooking oils, often discarded after culinary use, have traditionally posed a challenge to waste management as they
can clog drainage systems and contribute to environmental pollution. However, these oils are increasingly recognized for
their untapped potential within a circular economy framework. Sadly, the considerable amount of improperly disposed
cooking oil poses threats to both human and animal health when consumed. Furthermore, if not managed adequately, it can
also have detrimental effects on the environment [12, 96]. The by-products that emerge predominantly through the
oxidation mechanisms of the WCO have been characterized for their carcinogenic attributes [97]. An oil layer on water
surfaces reduces oxygen absorption, leading to marine life decline. The oil-water mixture raises chemical oxygen demand
(COD), making water toxic from oil degradation by-products. Carcinogens taken up by marine organisms enter the human
food chain, posing health hazards [84, 98].

The use of used cooking oil (WCO) in biodiesel production contributes significantly to the Sustainable Development
Goals (SDGs), particularly Goal 7 (Affordable and Clean Energy), Goal 12 (Responsible Consumption and Production)
and Goal 13 (Climate Action). By repurposing WCO into biodiesel, renewable energy sources are promoted [99], aligning
with Goal 7. This practice also embodies sustainable consumption and production patterns by transforming waste into a
valuable resource, in line with Goal 12 [99]. Moreover, WCO biodiesel reduces carbon emissions, thus aiding in climate
change mitigation efforts, which resonates with Goal 13 [99]. Therefore, use of WCO in biodiesel production contributes
significantly to advancing these SDGs, promoting renewable energy, responsible consumption, and climate action [99].

Converting waste oils into biodiesel minimizes their environmental impact. Rather than discharging used cooking oils
into waterways and sewers where they cause pollution, these oils can be collected and recycled into sustainable biodiesel
production. This provides an alternative way to utilize waste cooking oils while avoiding harmful clogging of drainage
systems and damage to aquatic ecosystems. Diverting WCOs into biodiesel provides waste management and renewable
energy benefits. WCO biodiesel can also compete economically with petro-diesel at scale. WCO holds promise as a
valuable resource in the circular economy. Through proper collection and management, conversion to biofuels, and
utilization in diverse industrial applications, WCO contributes to resource efficiency and waste reduction. Addressing
challenges and promoting research in this area can lead to a more sustainable and circular approach to WCO management.

5. ECONOMIC VIABILITY AND MARKET DYNAMICS

As [100] highlights, the economic dynamics of biodiesel production is significantly influenced by raw material costs. It
is crucial to explore low-cost raw material options including WCO, animal fats and inedible oil crops. According to [101],
biodiesel derived from vegetable oil faces higher production costs, prompting increased interest in exploring more cost-
effective feedstocks. WCO emerges a viable option for biodiesel synthesis. Thorough techno-economic studies carried out
by researchers, utilizing lipase, acid, and base as catalysts, revealed a significant decrease in the cost of biodiesel
production when acid and base catalysts were employed. Acid catalysts were identified as the most economically
favorable, while lipase catalysts were considered the costliest [101]. The alkaline-catalyzed transesterification process is
recognized as the most economically efficient method for large-scale production of biodiesel [100,102].

Economic viability factors for biodiesel production facilities include feedstock costs, equipment expenses, and
biodiesel selling price, glycerin revenue, and production capacity [100]. The economic analysis conducted by [103] and
[104] on the use of WCO for biodiesel production are summarized in Table 5 and Table 6, respectively.

Tables 5: Economic analysis of biodiesel production using WCO

Cost and revenue components Cost

Total Capital investment Rs. 1,615,133,000
Operating cost Rs. 2,075,333,000/year
Main revenue Rs. 2,261,222,000/year
Other revenues Rs. 104,373,027/year
Total revenues Rs. 2,365,586,000/year

Cost basis annual rate 40,499,171 kgl/year

Unit production cost Rs. 51.24/kg
Net unit production cost Rs. 51.24/kg
Unit production revenue Rs. 58.41/kg

As presented in Table 4, the capital investment of Rs 1.6 billion establishes a biodiesel facility with 40.5 million kg per
year capacity utilizing waste cooking oil feedstock. Annual operating expenses are projected at Rs 2.1 billion, while
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revenues from 40.5 million kg biodiesel sales and by-products amount to Rs 2.4 billion. The unit production cost is Rs
51.24 per kilogram of biodiesel, matching the net cost without subsidies. Against this, the unit revenue from biodiesel sales
is Rs 58.41 per kg, enabling profitable operations.

Table 6: Economic analysis of biodiesel production using WCO

Cost and return components Cost
Gross production value ($L™) 2.499
Variable production cost ($L7) 1.197
Fixed production cost (L) 0.004
Total production cost ($L™) 1.201
Total production cost ($Kg™) 1.057
Gross return($L™Y) 1.302
Net return (L% 1.298
Benefit to cost ratio 2.081
Productivity ($Kg™) 0.946

The data presented in Table 5 indicate that biodiesel production from waste cooking oil is a profitable process with
attractive margins. Specifically, with a gross production value of $2.499 per litre, total production costs of $1.201 per litre,
gross and net returns of $1.302 and $1.298 per litre respectively along with a benefit-cost ratio of 2.081, the analysis
demonstrates robust economics. Every dollar invested in production generates over two dollars in revenues. Additionally,
the high productivity of 0.946 kg biodiesel output per kg of waste cooking oil input signifies an efficient conversion
process with minimal losses.

The economic viability of biodiesel production from waste cooking oil, as evidenced by studies conducted across
different regions, underscores its potential as a profitable and sustainable alternative to conventional diesel. Despite
varying feedstock costs, production expenses, and market prices, all studies unanimously conclude that biodiesel
production from waste cooking oil is financially feasible, yielding positive returns on investment.

6. FUTURE PERSPECTIVE

Waste cooking oil has a bright future in the circular economy and sustainable energy. Overcoming challenges and
seizing opportunities will be key to achieving their full potential and contributing to a greener and more resource-efficient
future. In the future, unlocking the potential of used cooking oils for sustainable energy production and circular economy
will be driven by technological advances and expansion of production.

Enhancements in biofuel production methods and waste handling approaches will boost both efficiency and cost-
effectiveness over time. In addition, supportive measures at national and international levels will encourage investments
and the introduction of initiatives for the recycling of used cooking oils. Integration into circular economy models further
optimizes resource use, minimizes waste and maximizes value. Diversifying applications beyond biofuel production, such
as bio-plastics and cosmetics, will improve the economics of WCO recycling. Public awareness and education campaigns
will play a critical role in promoting widespread adoption, while ongoing research and innovation will drive further
advances in technology and applications. Overall, the future prospects are promising, as used cooking oils will make a
significant contribution to sustainable energy and environmental protection.

7. CONCLUSION

An innovative approach to achieving a more sustainable and circular energy production involves utilizing waste
cooking oils (WCQOs) as a raw material for biodiesel. The recycling of WCOs can contribute to the production of
environmentally friendly and efficient biodiesel, aligning with the principles of the circular economy. It is a viable
replacement for fossil fuels due to its affordability, capacity to fulfil fuel regulations, and lower greenhouse gas emissions.
Biodiesel made from WCO is a valuable resource for sustainable energy solutions in global fight against climate change.
Although scalability, catalyst development, and purification techniques continue to be obstacles, recent technological
developments offer prospects for small-scale distributed production. Demonstrating the viability of biodiesel over
conventional biodiesel requires field testing. The ecological footprint is decreased by WCO-based biodiesel, which turns
waste into energy. It becomes more appealing within the circular economy due to advancements in pretreatment, catalysts,
and process optimization. The optimization of WCO-based biodiesel and the possibility of a cleaner, more circular future
are the promises of ongoing research, notwithstanding the obstacles.
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