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ABSTRACT 
The primary aim of this review paper is to present a step-by-step detail, problem and solutions to boost the output of the 
biodiesel production by incorporating different microorganisms that have the ability of producing the enzyme to transform 
used cooking oil to biodiesel. The article discusses the current developments in biodiesel production, with an emphasis on 
the use of waste cooking oils (WCOs) as a green raw material. The existing methods of transesterification, including 
heterogeneous acid catalysts, alkali catalysts and enzyme-catalyzed reactions are also outlined. The enzymes required in 
such kinds of reactions are also addressed as well as the benefits of the enzymatic method compared to the other methods. 
The most promising enzymes to convert biodiesel are the lipases at the moment. The tenets of the circular economy are 
observed by employing waste cooking oils (WCOs) in the biodiesel production process, as well as by tackling the issues 
of poor disposal of these products. Finally, the possibility of biodiesel production through the utilization of leftover cooking 
oils provides an opportunity to decrease fossil fuel reliance, which can help advance a sustainable agenda and the use of 
the circular economy. 
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1. INTRODUCTION 
The need to discover alternative renewable fuels has led to 
more research because of the escalating energy demand and 
the estimated scarcity of fossil fuel reserves. By 2050, there 
will be a 50% rise in the world's energy use1. It is imperative 
that we move toward low-carbon, renewable energy sources 
that can take the place of conventional ones. The production 
and consumption of energy have radically altered due to the 
global quest to find sustainable sources of energy in the 
wake of climate change and the exhaustion of fossil fuels. 
The need to switch to ecologically friendly and renewable 
energy sources is becoming more pressing as worries about 
the effects on the environment increase. Biodiesel is one 
promising option in the field of renewable energy. Biodiesel 
is officially declared as a renewable fuel created in the 
transesterification of triglycerides of edible oils, non-edible 
oils and waste oils,2. Biodiesel is a long chain molecule with 
a carbon skeleton having over 12 carbon atoms and a 
compound that consists of monoalkyl esters produced by the 
long fatty acids (LCFAs). B100 is the name of this 100% 
pure biodiesel product. 
A variety of resources, both edible and inedible, from plant 
and animal sources have been used in biodiesel’s 
Production. The first generation of biofuels,3, came from 
food sources, namely oils from crops including coconut, 
canola, maize, jatropha, palm oil, mustard, rapeseed, 
soybean, peanuts, sunflower, etc. 2ndgeneration come from 
non-edible oil or used cooking oil While 3rdgeneration 
biofuels use novel biomass production techniques, such as 
using algae as a key feedstock 4,5,6. Therefore, 3rdgeneration 
biofuels, such as algae-based biofuels, offer novel 
production of feedstock’s techniques to boost yields and cut 

prices, whereas 2ndgeneration biofuels seek to avoid 
utilizing food as a fuel source. However, there are 
drawbacks to 1st to 3rdgeneration biodiesel feedstocks, such 
as limited acreage, low yield, adaptability to environment, 
high prices, and a food supply vulnerability that can raise 
the price of food products 7,8. 4thgeneration biofuels are the 
subject of ongoing research with the goal of providing green 
energy that is sustainable. 
Concerns regarding the possible competition for vital 
resources, such as energy, water, and land for the production 
of food and fuel resources have been raised by research. 
This emphasizes the necessity of locating low-cost, non-
food feedstocks for the manufacturing of biodiesel. Because 
of this, scientists have looked at producing biodiesel from 
non-food, alternative sources10,11. Waste cooking oils are 
becoming more widely acknowledged as a viable feedstock 
choice with both environmental responsibility and 
transformational promise. They provide a way to bridge the 
gap between sustainable energy generation and waste 
management while avoiding conflict with food resources. 
However, leftover cooking oil has a high concentration of 
free fatty acids that would be transformed into sap during 
the traditional trans-esterification process—a process 
known as saponification. Saponification significantly 
reduces the output and purity of biodiesel production, but it 
raises production costs since more feedstock pretreatment, 
catalyst, polishing, and purifying procedures are required. 
Used cooking oil is still a better option in comparison to 
other feedstocks to supply oil for biodiesel if biodiesel is 
converted under the techniques that prevent saponification, 
notwithstanding the drawbacks of utilizing used cooking oil 
as a feedstock. 



Waste Cooking Oil-Based Biodiesel: A Pathway toward Sustainable and Circular Energy System 
 

IJDDT, Volume 16 Issue 26s, 2026 Page 756 
 

 In different studies, researchers have used a variety of 
terminology to describe edible cooking oil. The phrase 
"waste cooking oil" (WCO)12,13. As an alternative, it has 
been referred to as "used cooking oil" (UCO)14 and "used 
frying oil" (UFO)15. 

2. WASTE COOKING OIL AS A SUSTAINABLE 
FEEDSTOCK 
Several researchers have investigated the feasibility of 
employing WCO as a prospective source for biodiesel 
synthesis, including 15,16,17,18,19. However, the sustainability 
of using WCO, or waste cooking oil to produce biodiesel 
has not been sufficiently taken into account in these studies. 
In the context of the circular economy, WCO shows promise 
as a useful resource. Significant amounts of WCO are 
present all over the planet20. However, gathering this trash 
is a significant problem because large volumes of spent 
cooking oil are illegally dumped in waterways and landfills, 

which pollutes the environment 20,21. The amount of 
vegetable oil produced worldwide was 208.8 million metric 
tons in 2021–2022, and it is anticipated to reach 217 million 
metric tons in 2022–202322. Growing demands brought on 
by the world's population expansion are blamed for this 
production boom, which has resulted in a corresponding rise 
in waste cooking oil. The amount of WCO produced differs 
greatly amongst nations due to their diverse culinary 
traditions23. 
Over 15 million metric tons of Waste Cooking Oils (WCOs) 
are expected to be produced annually worldwide from both 
residential and commercial sources. The European Union 
(EU) contributes approximately 1 million tons annually, 
which is significant in this context24. Additionally, Table 1 
shows the yearly manufacturing of waste cooking oil 
(WCO) in particular chosen nations 20,21.  

Table 1: shows the yearly manufacturing of waste cooking oil in a few chosen nation 21. 
Nation Amount (million tons annually) 
Europe 0.7-10 
China 4.5 

Canada 0.12 
Japan 0.45-0.57 

Ireland 0.153 
UK 0.2 

Taiwan 0.07 
Malaysia 0.5 

USA 10 

3. CONVERSION TECHNOLOGIES FOR WCO-
BASED BIODIESEL 

The primary processing methods for turning vegetable oils 
into fuel include mixing, pyrolysis, micro-emulsification, 
and transesterification25,26. Transesterification is by far the 
most crucial stage in converting vegetable and animal fats 
into a cleaner, safer fuel for the environment. 

3.1 Transesterification  
The most widely used process for making biodiesel is 

transesterification of oils from vegetable, which produces 
the best results 27. The process of swapping an ester 
compound's alk-oxy group with another alcohol is known as 
transesterification. As intermediary molecules, 
monoglycerides and diglycerides are produced in a series of 
three sequential, reversible reactions. The stoichiometric 
reaction calls for one mol of triglycerides and three mol of 
alcohol (Figure 1). 

 

 
Figure 1. Triglyceride transesterification reaction. 

 
Because the reaction is reversible, more alcohol is employed to move the equilibrium to the side of the products 28, 29. 
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3.2 Catalyst Used 
The transesterification process requires an alkali or acid 
catalyst, or a heterogeneous catalyst such as an enzyme 
30,31,32,33,34,35. Bases catalyze the reaction by removing a 
proton from the alcohol, whereas acids catalyze the reaction 
by adding a proton to the carbonyl group, which also 
increases its reactivity. 

Alkali catalyst 
Alkaline media are commonly used in the commercial 
production process to trans esterify the oil or fats in the 
presence of alcohol, creating glycerol and methyl esters of 
fatty acids. The exact chemical mechanism of alkali-
catalyzed transesterification has been determined to consist 
of three stages 25,36. Potassium hydroxide or sodium 
hydroxide, along with either methanol or ethanol and 
vegetable oil, make up the basic catalyst. Sodium hydroxide 
is commonly used in large-scale processing due to its lower 
cost and high product yield37. Compared to acid-catalyzed 
transesterification, alkali-catalyzed transesterification is 
substantially quicker and less damaging to industrial 
machinery. As a result, it is the most widely utilized 
commercial procedure 25,38,39 Although alkaline catalysis 
provides rapid reaction times and high conversion rates of 
triglycerides to their corresponding methyl esters, it has 
some disadvantages. The procedure requires a lot of energy, 
recovering glycerol is challenging, eliminating the product's 
alkaline catalyst is necessary, the alkaline wastewater 
produced needs to be treated, and the presence of water and 
free fatty acids significantly impedes the reaction 25,40. 

Catalytic acid 
Conventional methods of producing biodiesel also involve 
catalysing the transesterification process with an acid. 
H2SO4, sulphonic acids and HCl in methanol are the usual 
acid catalysts but the most commonly used is H2SO441,42. 
The carbonyl group of the ester is protonated during the 
acid-catalyzed transesterification of vegetable oil. This 
results in carbonation, which creates a tetrahedral 
intermediate following an alcohol nucleophilic attack. In 
order to create a fresh ester and regenerate the catalyst 29, 
these intermediate removes glycerol29. If the triglyceride 
contains more water and free fatty acids, acid catalysts are 
employed 43. 

Heterogeneous catalysts 
The transesterification of vegetable oils has also been 
catalysed by heterogeneous catalysts, including amorphous 
zirconia, enzymes, potassium zirconias and titanium, 
heterogenized on organic polymers. The additional 
expenses related to the homogeneous NaOH necessary to 
remove the catalyst following trans-esterification are 
eliminated by the heterogeneous catalyst. 

Enzyme as a catalyst 
It has recently been shown that enzymatic catalysis 
specifically synthesizes alkyl esters, producing a high-
quality item, enabling simple recovery of glycerol, full 
transesterification of the free fatty acids, and the procedure 
with yields of at least 90% under mild circumstances. Thus, 
an environmentally friendly biotechnological substitute for 
chemical catalysis is the enzymatic process 44, 45, 46. 

 
Table 2. A comparison of the various transesterification techniques used to produce biodiesel 47,48,49. 

Variables Alkali Catalyst Acid Catalyst Lipase Catalyst 
Reaction Temp (̊ C) 60 to70 55 to 80 30 to 40 

Raw materials' free fatty acids Saponified Esters of Methyl Esters of Methyl 
Water in the raw substance Interference with the Reaction Interference with the Reaction No influences 

Methyl esters' yields Average Average Higher 
Glycerol recovery Complicated Complicated Simple 

Methyl ester purification Washing repeatedly 
 

Washing repeatedly None 

Production price of catalyst Cheap Cheap Relatively Cheap 
Timing of Reaction Short Short (9 h) Long (36 h) 

 
Fatty acid alkyl ester and glycerol are the byproducts of the 
enzyme lipase, which is employed in the synthesis of 
biodiesel. It is possible to extract lipases from a variety of 
sources, including, fungus bacteria, and yeast. 
Both extracellular and intracellular lipases can perform the 
enzymatic catalyzed transesterification. Due to the 
immediate esterification of free fatty acids into biodiesel, 
lipase-catalyzed transesterification is more suitable for 
biodiesel production from feedstocks that contain high 
levels of water and free fatty acids, such as greases, waste 
or recycled oils 50,51,52,53. The desirable characteristics of this 
alternative way of producing biodiesel are 
biotechnological, environmental acceptability of the 
biocompatibility and biodegradability processes  when 

using lipase as a catalyst  38,44. 
When using lipases to catalyze the transesterification 
process for the production of biodiesel, there are two 
primary problems: the enzyme is less active than chemical 
catalysts and can be inactivated by lower alcohols. 
According to the life-cycle evaluation, the generation of 
biodiesel by enzymatic catalysis was more environmentally 
friendly, with improvements observed in all effect 
categories, including acidification, photochemical oxidation 
and global warming,. Figure 2. shows enzymatic biodiesel 
production process. Biological catalysis produces more 
favourable life-cycle assessment outcomes because to its 
lower pressures and temperatures. Table 3 lists the benefits 
and drawbacks of utilizing lipase as a catalyst in the 
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transesterification process to produce biodiesel.
 

 
Fig 2. Enzymatic technique for producing biodiesel 55,56,57 

 
Table 3. The benefits and drawbacks of employing lipases in transesterification 38,48,54. 

Benefits Drawback 
Environmentally acceptable, biodegradable, and 

biocompatible 
loss of some early activity due to the amount of the 

oil molecule 
Compared to chemical catalysts, lipases catalyse more 

precise reactions, resulting in purer products. 
Lower alcohols like methanol and ethanol destroy 

the immobilized lipase. 
Because the Immobilized residue may be remained in the 
reactor as long as the reactive flow is sustained, there is a 

chance for its regeneration and reuse. 

The quantity of support enzymes varies. 
 

Longer lipase activation is made possible by the use of 
high doses of enzymes in the reactors. 

Although the potential prices are decreasing, the 
manufacture of commercial enzymes is still too 

expensive. 
Lipase immobilization could shield it from potential 
reaction solvents and keep all of the enzyme particles 

from clumping together. 

Compared to chemical catalysts, lipase activity is 
comparatively lower. 

 
4.  ROLE OF WASTE COOKING OIL BIODIESEL IN 
CIRCULAR ECONOMY 
The circular economy is defined as a system of regeneration 
with the aim of lowering waste, consumption resource and 
energy losses, emissions58. In order to do this, material and 
energy cycles are purposefully slowed down, closed, and 
narrowed. The circular economy model for waste cooking 
oil, which emphasizes effective recycling, resource 
management and sustainability to reduce waste and increase 

usage of resource is depicted in Figure 3. This strategy 
lowers carbon emissions, waste, and pollution. Utilizing 
WCO as a renewable raw material presents a significant 
opportunity. It is anticipated that WCO production from 
residential and commercial sources will exceed annually 
worldwide. The European Union (EU) provides around 1 
million tons per year in this regard 59. Creating effective 
WCO collecting systems contributes to a reliable supply of 
feedstock. 
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Fig 3. Waste cooking oil (WCO) circular economy schematic block diagram 

 
5. FUTURE PERSPECTIVE 
Waste cooking oil has a promising future in sustainable 
energy and the circular economy. To reach their full 
potential and help create a more resource-efficient and 
environmentally friendly future, they must overcome 
obstacles and take advantage of opportunities. Future 
technology advancements and production growth will be 
key factors in unleashing the potential of used cooking oils 
for the circular economy and sustainable energy production. 
Over time, improvements in waste management techniques 
and biofuel production processes will increase cost-
effectiveness and efficiency. Additionally, programs for the 
recycling of spent cooking oils will be introduced and 
investments will be encouraged by supportive national and 
international policies. Integration into models of the circular 
economy maximizes value, reduces waste, and optimizes 
resource utilization. The economics of WCO recycling will 
be enhanced by expanding applications beyond the 
generation of biofuel, such as bio-plastics and cosmetics. 
While further innovation and research will propel greater 
advancements in applications and technology, public 
awareness and education efforts will be crucial in fostering 
wider acceptance. Used cooking oils will significantly 
contribute to sustainable energy and environmental 
protection, so overall, the future looks bright. 

6. CONCLUSION 
Compared to other procedures, the enzymatic 
transesterification process has additional benefits: there is 
little to no need for pretreatment, and the catalysts, or 
enzymes, are ecologically friendly.  
The operating conditions are generally ambient and 
moderate before transesterification. Additionally, the grade 
of the by-product glycerin is decent (greater than 90% 

purity), which will add an additional source of revenue for 
the company, and the ratio of alcohol to oil is lower than 
prior approaches, which can cut the cost of production. 
Additionally, using waste cooking oils (WCOs) as a raw 
material for biodiesel is a creative way to achieve a more 
sustainable and circular energy production. Recycling 
WCOs can help produce efficient and ecologically 
beneficial biodiesel, which is consistent with the circular 
economy's tenets. Because of its lower greenhouse gas 
emissions, cost, and ability to meet fuel requirements, it is a 
feasible substitute for fossil fuels. WCO-based biodiesel 
reduces the environmental impact by converting waste into 
energy. Despite the challenges, ongoing research promises 
the optimization of WCO-based biodiesel and the potential 
for a cleaner, more circular future. 
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