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A B S T R A C T   

The use of biodiesel as a reliable and green energy source has grown over the past few years. 
Biodiesel is sustainable and biodegradable because it is only made from vegetable contents and 
waste cooking oil. Although biodiesel has many advantages over conventional fuels, there are still 
a lot of technological issues that need to be addressed during the production process. The yield of 
biodiesel produced using conventional methods is poor and the process is time-consuming. 
Process enhancements like cavitation and microwave have thus been developed to address this 
problem. Starting with a comparison to the conventional biodiesel process, this paper has 
reviewed the most recent developments in the increase of mixture and transfer of heat in these 
two reactors. This paper examined biodiesel improvement using microwave and cavitation re
actors, including biodiesel yield, by meticulously reviewing and analyzing previous works. The 
production of biodiesel from various raw materials using a range of catalysts, energy re
quirements, as well as operating factors, activation energy, and constraints also have been dis
cussed. Additionally, the economic analysis discusses the feasibility and cost-effectiveness of 
implementing these technologies on a commercial scale. Overall, this review provides valuable 
insights into the intensification of biodiesel production using cavitation and microwave reactors 
while considering both the technical and economic aspects.   

1. Introduction 

1.1. Green energy and biomass 

Green energy is described as the energy produced utilizing modern technology and renewable energy sources (such as biomass, 
wind, solar, and geothermal). Recently, a lot of nations decided that the primary goal of the UN Climate Summit in 2019 should be to 
achieve net-zero carbon dioxide emissions by 2050 [1]. Achieving the Sustainable Development Goals (SDGs) and guaranteeing a 
sustainable future for our planet depend heavily on green growth and the energy transition [2]. Significant environmental issues that 
need immediate attention include pollution, resource depletion, and climate change [3]. The International Energy Agency (IEA) re
ports that in 2019, energy-related carbon emissions reached a record-breaking 33.2 gigatons, adding to the mounting risk of climate 
change. Nonetheless, there is increasing awareness of the substantial positive effects that green development and the shift to a 
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low-carbon economy may have on the environment, society, and economy [4]. 
According to an IEA assessment, by 2030, progressive climate efforts may generate 65 million new low-carbon employment and 

almost $26 trillion in economic benefits [5]. Because most nations rely on fossil fuels to satisfy their energy needs, green growth 
suffers, and environmental deterioration occurs [6]. The current state of the world economy demands a change to more environ
mentally friendly practices, and nations all over the world are working to achieve carbon neutrality by utilizing cutting-edge tech
nology to support green recovery. 

Green growth is a crucial metric for assessing a country’s capacity to achieve long-term goals for sustainable development [6]. 
Innovation in green technologies can help solve environmental issues by promoting sustainable economic growth while improving 
environmental management [7–9]. According to Popp [10], industrialized nations have been able to attain higher environmental 
quality because of modern technology, which has greatly decreased pollution and enhanced environmental conditions [10]. According 
to Caglar et al. (2022b), using green energy can help the US lessen its environmental impact [11]. According to research by Umar et al. 
[12], biomass energy reduces emissions from transportation in the USA whereas fossil fuels tend to increase emissions. To manufacture 
biomass-based transport fuels including methanol, ethanol, bio-crude, biodiesel, and methane that can eventually replace fossil fuels, 
strategies need to be developed and profitable advantages should be provided [12]. 

Energy produced from biomass is a more sustainable and greener alternative to energy derived from fossil fuels [13,14]]. As a result 
of this finding, using biomass for the synthesis and manufacturing of biofuels has garnered a lot of attention lately [15]. A plentiful and 
sustainable source of carbon on earth is biomass [16]. Depending on the number of lipids or carbohydrates that have accumulated, 
biomass can be converted into biofuels such as biodiesel or bioethanol. Mineral diesel may be swapped for an alternative called 
biodiesel. It burns cleaner and releases less harmful substances. It is renewable [17]. The organic components found in flowers, grasses, 
stalks, and trees are referred to as biomass [18]. Agricultural crop residues, algae, forestry residues, and wood processing residues are 
the major biomass sources for the production of bio-energy [16]. 

While the fruits, grains, and fibers that are sold for direct consumption account for a portion of the total biomass produced by 
farmlands, agricultural waste such as sawdust, sugarcane bagasse, corncob, potato haulms, oil palm waste, wheat straw, sunflower 
residue, and rapeseed oil pressing makes up a larger portion of it. Fruit peelings, shells, seeds, and pits are examples of unconsumed 
food products that belong to different types of biomass. Large-scale use of biomass is highly possible as it is a carbon-neutral, sus
tainable, and renewable energy source. In addition, it is inexpensive, widely accessible, and biodegradable. Since the 1970s, interest in 
biomass as a fuel source has grown, and in the twenty-first century, this interest is intensifying. In terms of fuel economy and its 
applications, there have been several technical advancements and inventions. Since biomass is inexpensive, abundant, sustainable, and 
renewable, it is regarded as a possible alternative to fossil fuels. Since it can be transformed into ethanol for industrial use, it has a great 
deal of promise for use as a renewable energy source [18]. 

Biofuel is an environmentally beneficial energy source. Both the developed and developing nations are turning to biofuel to address 
the problem of power disruptions and they have also constructed the infrastructure for the production of the necessary equipment for 
their domestic use [19]. Conventional biofuels generated from food crops are now the most popular choice [20], although they are 
being phased out in the EU [16] because of concerns about land use change and other sustainability hazards [21]. These numerous 
biomass wastes can be utilized in the current traditional biofuel production techniques (such as spent cooking oil) [22]. However, there 
is currently no economically viable generation of advanced biofuels based on lignocellulosic biomass leftovers, despite their relatively 
great but unidentified potential [23]. 

Scholars have elucidated that the adoption and use of sustainable energy sources, such as biodiesel, may almost eliminate 
pollution and find direct application in both household and commercial contexts [24]. The renewable nature of biodiesel and its 
environmental friendliness have made it a very popular green energy source among researchers worldwide [25]. All things 
considered, the transition to green energy and the encouragement of green growth are crucial to guaranteeing the planet’s 
sustainability in the future. The world’s overpopulation and booming economy have resulted in a need for non-renewable fossil 
fuels in many nations. The process of converting biomass into biofuels has received more attention and is viewed as an inventive 
way to achieve zero carbon emissions and minimize impacts on the environment. 

As a review paper, there is no detailed yield, energy, and economic analysis that has been done yet on biodiesel intensification using 
cavitation and microwave reactors. Therefore, this review paper offers a summary and analysis of current developments in cavitation 
and microwave reactor-based biodiesel production techniques. It explains the basic concepts and mechanisms of these technologies as 
well as how they may improve the production of biodiesel. Furthermore, this work advances our knowledge of how cavitation and 
microwave reactors could intensify the production of biodiesel. In addition, it provides details on how to optimize process parameters, 
energy efficiency, and the financial sustainability of these technologies, opening up opportunities for further developments in the 
processing of biodiesel. In general, researchers, engineers, and business experts involved in the production of biodiesel will find this 
review to be an insightful tool. It provides a thorough analysis of current scientific developments in microwave reactors and cavitation 
for the production of biodiesel. Assessing the yield increase, energy efficiency, and financial viability of various intensification pro
cesses, advances our understanding and guides academics, industry experts, scientists, and business experts in the direction of more 
economical and environmentally friendly methods of producing biodiesel. 

1.2. Biodiesel 

Fossil fuels have accounted for about 88 % of the world’s energy in recent years and have integrated into nearly every aspect of 
everyday life [26]. A good level of living and rapid technological advancement, particularly in the field of transportation, have both 
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been made possible by the use of fossil fuels [27]. Among all social areas today, transportation is devoted as the biggest energy user. 
The transportation industry accounted for 64.8 % of world oil usage in 2017, according to the International Energy Agency [28]. Most 
megacities around the world have experienced air pollution and climate change as a result of the indiscriminate use of fossil fuels. The 
non-renewability of fossil fuels will also be a major barrier to societies’ healthy growth. Governments have been forced to create new 
energy sources due to the greater percentage of fossil fuel usage in the transportation sector and its detrimental environmental effects. 
As a result, using biofuels in cars can dramatically cut on how much conventional gasoline is used and how much pollution is released 
[29]. 

However, fossil fuels are non-renewable energy sources that are constantly linked to severe environmental problems like global 
warming [30]. People have started looking for alternative fuels because of the pollution that fossil fuels create and the fact that they are 
an infinite source of energy. Furthermore, renewable fuels are more in demand than ever in today’s society due to the volatility of 
natural fuel prices. Despite the fact that fossil fuels like coal, natural gas, and other types of fuel are still used today, their dependence is 
gradually growing [31–33]. One of the main forms of green or alternative fossil fuels is biofuels. To address issues related to natural 
fuels, significant progress has been made in the production of biofuels in recent years. Without regard to their finish, the most sig
nificant qualities of biofuels are their renewability and friendliness [34]. One of the different renewable fuels that have drawn sig
nificant attention from industry and society is biodiesel [35]. 

One of the most suitable biofuels is biodiesel, which can serve as a viable substitute for common liquid fuels like diesel due to its 
high molecular similarity to petroleum diesel [36–38]. The primary benefits of biodiesel are that it is biodegradable [39], emits fewer 
greenhouse emissions than gasoline fuels [40], is non-toxic, and provides the same energy durability [41,42]. Typically, organic oils 
like sunflower, soybean, and canola oil are used to make biodiesel. However, the problems surrounding the food versus fuel issue make 
the ongoing production of biodiesel from edible oil unsustainable [43]. A fuel called biodiesel is made from long-chain monoalkyl 
esters of vegetable or animal lipids [44–46]. Biodiesel is usually produced chemically from waste or organic sources, such as food oils, 
animal fats, and even used frying oils, and is composed of long-chain fatty acid methyl esters [47–51]. Cleanliness and renewability are 
two benefits of biodiesel fuel, and it can be used in compressor combustion engines without significantly altering performance [52]. 

1.2.1. Sources for biodiesel production 
Various feed sources for oil extraction have been investigated, including veggie, animal fat, and waste cooking oil. In addition to 

these oil resources, microbial and algal oils are gaining attention due to their high oil concentration and rapid biomass production 
[53]. 

Table 1 
Different feedstocks oil quantity and composition.  

Source Oil Content of oil (wt 
%) 

12:00 14:00 16:00 17:00 18:00 18:10 18:20 18:30 References 

Canola oil (edible oil) 41–46.5 – – 5.7 – 2.6 71.78 19.12 – [57] 
Corn oil 3.2–.6 – – 10.87 – 2.1 28.80 54.77 2.26 [58] 
Coconut oil 65–68 46–55 17–22 6–9 – 3–5 6–11 1–3.4 – [59] 
Olive oil 15.2–35.3 – – 10–11 – 3–4 71–83 11–16 – [59] 
Palm oil 21–46 – 0.6–3 38–47 – 5–7 35–47 10–13 – [59] 
Peanut oil 44.-51 – – 9–10 – 3–4 48–35 23–33 – [59] 
Rice bran oil 16–22 – 0.40 21.7 – 2.0 42.9 28.30 1.4 [60] 
Soybean oil 19–21 – – 8–12 – 3–6 19–31 51–62 6–10 [59] 
Sunflower oil 36–51 – – 4–7 – 3–7 16–38 28–71 4–6 [59] 
Castor oil (non- 

edible) 
46–51 – – 1.0 – 2 4 5 – [61] 

Cotton seed oil 19–24 – – 27–27 – 0.9–1.0 21.87–27.8 – 0.3 [59] 
Jojoba oil 44–56 – 0.08 1.60 – 4.33 39.78 33.54 – [62] 
Jatropha oil 21–61 – 13.2–16.4 0–14 – – 35.1–43.6 14.2–16.1 0–0.3 [59] 
Karanja 22–51 – – 3.8–8.1 – 2.5–9.6 42.8–69.7 11.8–17.4 – [59] 
Kusum oil 11–66 0.41 0.33 9.1 – 2.4 43 5.6 – [63] 
Linseed oil 34–46 – – 5–9 – 2–6 26–42 36–42 24–58 [59] 
Neem seed oil 21–31 – – 13.2–16.3 – – 48.4–63.3 – – [59] 
Mahua oil 36–51 – – 25.0 – 22.8 57.2 11.5 1.8 [64] 
Moringa oil 32–43 – 0.09 6.20 – 5.33 68.8 0.61 0.15 [65] 
Rapeseed oil 21 – 0.11 13.33 – 7.38 38.48 18.64 4.90 [66] 
Rubber tree oil 41–61 – 2.3 11.00 – 8.1 23.7 40.0 15.7 [59] 
Chicken fat (waste 

oil) 
– – – 18.74 – 7.00 35.73 31.41 1.38 [67] 

Tallow oil – – 4.2 24.0 – 13.60 46.50 1.78 1.0 [67] 
Lard oil – – 1.4 24.4 – 12.0 42.0 14 – [68] 
Yellow grease – – 2.40 24.25 – 13.24 42.88 6.66 0.58 [69] 
Brown grease – – 1.78 21.21 – 11.87 43.06 12.00 1.2 [69] 
Botryococcus braunii 

oil 
24–76 0.51 1.56 18.68 1.44 7.20 35.44 6.10 7.33 [70] 

Chlorella sp. 29–33 – – 45.3 5.72 1.07 2.00 26.1 13.31 [71] 
Schizochytrium sp. 49–78 0.0–0.6 9–16 23–26 – 0.6–0.8 – – – [72]  
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1.2.2. Edible and inedible plant oils 
According to Bankovi-Ili et al. [53], dietary oils are used in almost 95 % of the methods used to produce biodiesel [53]. There have 

been reports of using different edible oils (such as sunflower, maize, palm, soybean, canola, rice cereal, and coconut oils) in the 
production of biodiesel [54] (Table 1). An estimate places feedstock costs at 70 % of the expense of biodiesel [55]. There have also been 
reports of the use of non-edible oils like cotton, castor, jatropha, rubber, neem, and tobacco in the synthesis of biodiesel. Vegetable oils 
are used depending on where they are readily available, such as canola in Europe and, Southeast Asia’s palm oil, India’s jatropha, the 
Philippines’ coconut oil, Brazil’s, and the United States’ soybean are common [56]. Around 5000 kg of oil is produced from palm trees 
per acre, with canola (1000 kg, 20 wt%) and sunflower (375 kg, 37–50 %) following [53]. 

Jatropha oil is regarded as the prime basic material for synthesis of biodiesel because it can be grown in any environment and with 
minimal effort [56]. 

2. General overview of applications of microwaves 

Many areas use microwaves, including the culinary, telecommunications, medicinal, and chemical sectors. Previous investigations 
have also shown the possibilities of applying microwaves in biological, hydrothermal depolymerization, or carbonization processes 
from a non-thermal perspective [73–77]. Magnetrons, with an efficiency of over 70 % and a power capacity of at least 1 kW, are used to 
generate the microwave [78]. Rapid electrical field direction change occurs 2450 million times per second for a household microwave 
with a frequency of 2450 MHz. A rapid oscillation of the substance’s free ions and dipole molecules produces a tremendous quantity of 
thermal energy, which the substance absorbs. The energy emitted by a substance as a result of alterations to the electrical structure of 
molecules is represented by fast-moving fields known as electromagnetic waves or electromagnetic radiation [79,80]. 

Through a transesterification reaction, microwave heating has demonstrated potential applications in the manufacturing of bio
diesel [81], pyrolysis-based syngas production [82–84], drying of food [85,86] production of plastic polymers, and reinforcing 
composite [87], extraction [88] as well as biogas production [89–91]. To accelerate any process’s rate of heating more quickly than 
with conventional heating, microwave irradiation is utilized [92]. Heat is produced by microwaves through the movement of charged 
protons and electrons, which emit electromagnetic waves [93]. The interactions of the substance and the electric field have an impact 
on a microwave-heated reaction mixture. Without having to heat the entire reactor, the substance is penetrated by microwave radi
ation at the molecular level, which transmits accumulated energy into the molecules [94]. When compared to conventional heating, 
the usage of a microwave minimizes the amount of time needed. For the synthesis of biodiesel, Lin et al. [95] achieved time and energy 
savings of 10 and 13 times, respectively, when compared to normal/conventional heating [95]. As a result, it would be possible to 
achieve low by-product flow, quick residence time, high product conversion and return, and effective energy [89–91,96]. In addition 
to that, in comparison to conventional approaches, Patil [97] reported a 23 times reduction in energy use [97]. 

2.1. Microwave heating over conventional heating 

To use microwave heating, it is essential to understand the dielectric characteristics of the materials that undergo microwave 
reactions [98]. When exposed to an external electric field, a substance’s molecular properties measure its capacity to prevent electron 
movement and, as a result, produce internal polarizations. Any variations in the oil’s dielectric constant could indicate that the oil has 
absorbed water, that the additive has oxidized or weakened, or that the oil’s chemistry has changed [99,100]. The effectiveness of 
microwave heating in a reaction is greatly influenced by a solvent’s or material’s dielectric properties, which rely on frequency and 
temperature [95]. Dipolar and ion polarizations are the two primary mechanisms by which microwave irradiation produces heat. 
Dipole-dipole interactions occur between the polar compounds in the reaction mixture, whereas ionic polarisation affects the free ions 
in a sample. The sample’s dipole molecules or ions are oriented in the applied electric field at microwave frequencies. Energy is 
dissipated as heat as a result of molecule friction and dielectric loss as the dipole or ion field attempts to reconnect with an electric field 
as an applied field oscillates [101]. 

Since localized heating occurs with microwave heating rather than conventional heating through conduction and convection, it 
uses considerably less energy. The internal reactor wall’s conductivity and the temperature difference between it and the reaction 
mixture determine the conventional heating. Conduction heating is influenced by the material’s characteristics, the temperature 
difference, the reactor’s cross-section, and its thickness [102]. When the fluid close to the top of the wall is hot, convection heating 
begins. The molecules subsequently acquire energy from both internal energy and heat of the reaction. When a moving fluid is given 
energy, it expands, and its density falls, which makes it rise. This cycle repeats until the thermal equilibrium is achieved [103]. The 
summary of the comparison between microwave and conventional reactors in Biodiesel synthesis is presented in Table 2. 

Table 2 
Comparison between microwave and conventional reactors [102].  

Features Conventional Microwave 

Period of reaction More prolonged processing periods Very quick, immediate heating 
Amount of solvent Little solvent No or little liquid/solvent 
Quality of product Vary Better 
Product output Vary Higher 
Separation period Very long time Very little time  
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2.2. Esterification processes through microwave reactors 

According to Bogdal [104], when methanol tries to realign under an electrical field that is continually changing, it cannot maintain 
phase with the applied field, which leads to collisions and the conversion of the absorbed energy into heat. In ionic conduction, heat is 
produced when moving ions collide, change direction, and slowdown in an oscillating electromagnetic field. The catalyst’s ability to 
absorb heat allows oil esterification to proceed and significantly shortens the processing time [104]. When compared to conventional 
heating, the non-thermal action of microwaves led to reductions in the activation energy, an improvement in the pre-exponential 
factor, and a reduction in the Gibbs’ free energy change [105,106]. Oil of free fatty acids is converted into their methyl ester dur
ing the esterification process. The mechanism of microwave heating is similar to that of conventional heating because it does not alter 
the bond at the molecular level but instead excites electrons. However, compared to conventional heating, localized superheating 
brought on by ionic conduction and dipole moments accelerates the reaction rate [96]. The esterification of oil with a high content of 
free fatty acids can be accomplished with the help of hetero poly acids (HPAs) or polyoxometalates as catalysts. In contrast to con
ventional acid catalysts, they exhibit homogenous acid sites and a high Brønsted acidity [107]. 

2.3. Intensification of biodiesel production on microwave reactors 

At present, synthesis of biodiesel frequently uses microwave irradiation. Oil extraction from certain feedstock [108,109] and the 
transesterification process of oil into biodiesel are the two primary ways that microwave energy can facilitate the production of 
biodiesel. Dipole reorientation is the mechanism that generates thermal energy [110]. In this scenario, when polar molecules are 
subjected to microwave irradiations, atomic or electronic polarisation, or the movement of electrons around atoms or nuclei, occurs 
trillions of times per second. Because of the friction created by revolving molecules, heat is produced. The Maxwell-Wagner and 
conduction systems are the other two methods of microwave heating [110,111]. 

Researchers have been examining the microwave intensification application in the synthesis of biodiesel from various basic ma
terials. Nayak et al. [112] carried out kinetic, thermal, and parametric analyses of Kusum oil microwave-assisted esterification. A 
statistical study of the effect of the methanol-to-oil molar ratio, temperature, catalyst quantity, and duration was performed to obtain 
an acceptable conversion of free fatty acid. According to the study findings, a 9:1 molecular ratio, 65 ◦C, 3.6 wt % catalysts, and a 
reaction period of 13 min resulted in 92 % conversion of free fatty acids. Using a pre-optimized 9:1 M ratio of methanol to oil and 3.6 wt 
percent of silicotungstic acid for varying times, the kinetic analysis was carried out [112]. Given that the activation energy is smaller 
and the pre-exponential component is higher, the kinetic investigation demonstrates that microwave heating is not thermal [112,113]. 
Due to the presence of the OH group, this offers polar properties as well as anchoring behavior, methanol functions best as an acyl 
acceptor for the synthesis of biodiesel using microwaves [114]. As a result, methanol molecules rotate more locally, which increases 
their capacity to superheat. In comparison to other alcohols, such as ethanol, this enables for more immediate reaction, higher 

Fig. 1. Microwave mono-mode reactor schematic for the production of biodiesel [121].  
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performance, and reduced costs [115]. A comparison between the electrical energy requirements of the microwave generator and 
mixers used in the biodiesel production process and the power provided by the combustion of the biodiesel produced allowed us to 
determine if the system using microwaves was sustainable [116]. 

Scares et al. [117] trans-esterified soybean oil in a continuous flow microwave reactor at optimal conditions (1 wt% NaOH, 9:1 
ethanol-to-oil molar ratio, 42.5 L/h flow rate, 56.4 ◦C, 33 s, 1000 W microwave power), obtaining an ethyl ester yield of 84 % [117]. 
The enzymatic microwave aid in the synthesis of biodiesel from waste cooking oil and dimethyl carbonate was also studied by Pan
adare and Rathod [118]. A yield of up to 94 % of biodiesel was produced after 4 h of reaction time [118]. A combination of Calophyllum 
inophyllum and waste cooking oil was effectively transesterified by Giuntoli [119] utilizing an Anton Paar Monowave 400 
high-performance microwave reactor (0.77 wt percent KOH, 59.6 wt percent methanol-to-oil ratio, 100 ◦C, 600 rpm and 7.15 min) 
[119]. A high conversion yield of 99.5 % was also attained by Thirugnanasambandham and Sivakumar [120] by transesterifying 
cotton seed oil in the presence of an unknown quantity of KOH (17:1 ethanol-to-oil molar ratio, 380 rpm, 70 ◦C, 12 min, and 270 W 
microwave power) [120]. 

A continuous flow method for the process intensification of FAME synthesis employing microwave was examined by Chipurici et al. 
[121] (Fig. 1). 

A Mini-flow, a mono-mode device, was employed by Bucciol et al. [122]. The reactants enter the reactor, are mixed there, and then 
come out of the reactor through the top outlet. To maintain a temperature of 40 ◦C, the heat input is automatically and continually 
controlled, while the flow rate alters the residence duration. According to the findings, the catalyst concentration has to be around 
0.25 % for the microwave strengthening effect to be very significant. However, a stationary time of 180 s is required [122]. 

In a multimode-enhanced microwave System (EMS) with instantaneous cooling, Ergan et al. [123] investigated the production of 
biodiesel using canola oil and methanol in the presence of a dolomite catalyst under constant temperatures and steady, continuous 
microwave power conditions. The experiments were conducted in the EMS using the one variable at a time method to determine the 
ideal values of 5 experiment parameters: the methanol-to-oil molar ratio, the catalyst amount, the temperature, the reaction time, and 
the absorbed MW power. These parameters’ optimal values were 9, 5 %, 65 ◦C, 120 min, and 48 W, respectively. After the EMS study, 
an experiment was run under optimal conditions in the conventional heating system (CHS). As a result, it was reported that EMS’s 
(99.1 %) yield of biodiesel during the same time was 30.2 % higher than CHS’s (76 %). Compared to the CHS, faster, better-quality, and 
more affordable biodiesel output was achieved. In EMS, a 58.2 % reduction in energy and production costs and a 30.4 % increase in 
output rate was achieved. Additionally, the active catalyst and various methyl ester concentrations benefited from the powerful 
vibratory effect of MW on dipoles and the specific and uniform heating effect on the local surface temperature of the catalyst [123]. 
Table 3 presents a comprehensive overview of the various flow types used aided by microwave reactors for the production of biodiesel. 

To produce biodiesel, Yari et al. [128], used a microwave-assisted transesterification method. Calculations resulted in 48.839 MJ 
L− 1 of total output energy and 50.866 MJ L− 1 of total input energy. In the production of microwave-assisted biodiesel, the energy was 
determined to be 1.0415 MJ, meaning that 0.0178 kg of biodiesel could be produced for every MJ of energy utilized [128]. Table 4 
provides a summary of the comparison between equivalent energy input and output during the production of biodiesel. 

Rapeseed oil and oleic acid that contained 20 % free fatty acid (FFA) were microwave transesterified and esterified using the 
heterogeneous catalyst silicon carbide/sodium hydroxide oxide-graphene oxide (SiC/NaOH-GO), which was effectively designed and 
characterized by Loy et al. [137]. The reaction conditions were optimized using the Central Composite Design (CCD) coupled response 
surface methodology. The optimal conditions for the reaction were a 13:1 mass ratio of SiC/NaOH to GO, a catalyst input of 5 %, a 
reaction temperature of 65 ◦C, and a 6-min reaction time, which produced 96 % transesterification and 92 % esterification. Addi
tionally, the researcher used the SiC/NaOH-GO bi-functional heterogeneous catalyst to synthesize biodiesel from microalgae lipids 
that had been microwave-intensified while central composite design (CCD) was used to optimize the reaction conditions. The study 
found that a methanol to lipid molecular ratio of 48, a reaction period of 5 min, a catalyst content of 4 wt percent, and a reaction 
temperature of 85 ◦C were the optimal conditions for generating fatty acid methyl ester content (FAME). In these conditions, 81 % of 
FAME and 92 % of the FFA in the algal lipid were converted [137]. The transesterification of refined sunflower oil by 
microwave-irradiated acid was optimized by Moina Athar et al. [138] using a central composite design coupled response surface 
technique. At the optimal reaction conditions of 76 ◦C reaction temperature, 30 min of reaction time, 0.09 wt% catalyst, and 9.0 
methanol to oil molar ratio, an entire conversion occurred [138]. 

Table 5 provides a general summary of the above-discussed biodiesel intensification process using a microwave reactor and 
additional findings from the literature. 

Table 3 
Biodiesel production methods aided by microwave reactor.  

System Raw material Catalyst Load Methanol: Oil Conversion Ref. 

Batch and flow Vegetable oil KOH 1.0 % 6:1 98.9 [124] 
Flow Palm oil NaOH 1.0 % 12:1 99.4 [125] 
Flow Palm oil NaOH 1.0 % 6:1 97.8 [126] 
Flow Palm oil NaOH 9.1 99.8 [127] 
Flow Sunflower oil KOH 1.0 % 6:1 96.5 [121]  
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3. Simultaneous supercritical/subcritical microwave approach 

Supercritical transesterification is catalytic-free, which simplifies the process and eliminates the need for pre-treatment or puri
fication steps. It also produces no wastewater during the process [148,149] (Fig. 2). However, high temperatures and high pressures 
are needed to perform both supercritical and subcritical reactions, which means they both use a lot of energy. Water was used as a 
common solvent under subcritical conditions to improve oil extraction from wet Jatropha seed by making the sample more porous and 
weakening its internal structure [77]. Additionally, lipid hydrolysis became more practical as a result; at a gentler setting of 523 K and 
13 MPa, transesterification of FAME was completed with less activation energy. Go et al. [77] used methyl alcohol and ethanoic acid as 
solvents to achieve a 65.1 % yield in 105 min. Without using a microwave, it took 40–45 min to reach 523 K [77]. According to other 
research, when rapeseed oil and methyl acetate were transesterified without the use of a catalyst under supercritical conditions, a 
molar ratio of 1:42 resulted in a 97 % yield in 45 min at 320 ◦C and 20 MPa [150]. 

In two stages, Mohamad Aziz et al. [102] first produced fatty acids using ethanoic acid and oil and subsequently converted FAME in 
a milder condition using supercritical methanol. After 5 min at 300 ◦C and 20 MPa and 15 min at 270 ◦C, the yield was 96 %. This has 
significantly reduced the overall process time [102]. However, a one-step biodiesel production method using methyl alcohol with 
ethanoic acid and CO2 present under milder conditions has been suggested [151]. With the application of CO2, the reaction was 
processed at 280 

◦

C, and 97.8 % yield in 90 min. In 20 min of reaction time, a yield of 98.8 % at 265 ◦C was achieved using a ratio of oil 
to methyl alcohol of 1:25 [152]. Research on the combined microwave transesterification of palm oil was conducted using dimethyl 
carbonate as the solvent [149]. With a molar ratio of 1: 9.5 for the oil to DMC, 86 % of the biodiesel yield was produced in 2.5 h at 
167 ◦C and 5 bars. While it might take longer to react in milder operating conditions, there are more energy savings and fewer hazards. 
At 300 ◦C, 20 MPa, 1:42 oil-to-DMC ratio, and 20 min, Ilham & Saka [153], achieved 97.4 % FAME yield for palm oil-based biodiesel 
under standard supercritical conditions [153]. 

According to some researchers, polar substances lose polarity or their dielectric constant as the temperature rises [154,155]. To 

Table 4 
Equivalent energy input and output for the production of biodiesel.  

Outputs and inputs Energy equivalent (MJ per unit) Ref. 

Inputs (h) 1.89 [129] 
Residual fish oil (kg) 38.6 [130] 
Methanol (solvent) (kg) 23.0 [131] 
KOH (catalyst) (kg) 18.21 [132] 
Electricity (energy) (kWh) 3.8 [133] 
Machine (hour) 63.0 [134] 
Outputs (kg) 41.8 [135] 
Methanol (solvent) (kg) 23.2 [131] 
KOH) (catalyst) (kg) 18.3 [132] 
Clean glucose (kg) 26.4 [136].  

Table 5 
Transesterification of biodiesel assisted by microwave.  

Temperature 
(
◦

C) 
Catalyst Load Molar Ratio of Reactant Product Yield (%) Conversion 

(%) 
Ref. 

50.0 1.0 % KOH methyl alcohol: oil (6:1) Ethyl ester 97.00 NA [113] 
70 dolomite methyl alcohol: oil (9:1) Methyl 

pentadecanoate 
98.20 in 
121min  

[123] 

65 1.0 % CH3ONa methyl alcohol: Oil (6:1) Methyl 
pentadecanoate 

99.80 in 6 
min 

99.10 [139] 

70 2.0 % potassium hydroxide ethyl alcohol: Oil (10:1) Ethyl acetate 81.20 in 12 
min 

NA [140] 

70 1.0 % sodium hydroxide and 2 % 
potassium hydroxide 

methyl alcohol: Oil (6:1) Methyl 
pentadecanoate 

98.40 in 12 
min 

NA [141] 

70 Heteropoly acid methyl alcohol: water beech 
oil (12:1) 

Methyl 
pentadecanoate 

97.30 in 12 
min 

NA [142] 

75 4 % CaO methyl alcohol: Soybean oil 
(7:1) 

Methyl 
pentadecanoate 

NA 97.8 in 65 min [143] 

80 305 mg 
Novozym 398 

OC (OCH3)2 (DMC): 
propylene glycol (3:1) 

Propylene 
carbonate 

NA 94 in 7 h [144] 

90 5 % zirconium tungstate methyl alcohol: Oil (45:1) Methyl 
pentadecanoate 

NA 60.00 in 20 
min 

[145] 

100 4 % Sulfuric acid methyl alcohol: Oil (8:1) Methyl 
pentadecanoate 

87.50 in 33 
min 

NA [142] 

110 2 % CH3ONa Oil: methyl alcohol (1:6) Methyl 
pentadecanoate 

NA 95.89 in 32 s [146] 

165 9 % montmoril-lonite Rapeseed oil: methyl alcohol 
(1:18) 

Methyl 
pentadecanoate 

58 in 62 min NA [147]  
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intensify the heating, Patil et al. [156] used microwave irradiation to introduce heat because of the alteration of the dielectric 
properties of methyl or ethyl alcohol during the reaction process. Microwave heating uses less than 10 % of the energy required by 
conventional heating to produce the same amount of biodiesel, according to research by Patil et al. [156]. Based on the kinetic analysis 
of transesterification, the activation energy of the microwave-assisted process is lower (13–28 kJ mol− 1) than that of conventional 
approaches (34–50 kJ. mole− 1) [156]. 

In a single stage of transesterification of biodiesel from algae using a microwave, conditions were: 265 ◦C, 80 bar, a reaction 
duration of 20 min, and a ratio of 1:9 (wt/vol) of ethyl alcohol [157]. Under extreme temperatures and pressures, the system’s ex
istence of moisture from a wet algae material boosted the solubility of non-polar molecules of organic matter, which further sped up 
the process. The absence of a combination method is justified by the fact that supercritical and subcritical conditions depend on a 
complex reactor that can endure conditions of high pressure and high temperature [102]. Table 6 provides a summary of the previously 
mentioned works. 

Fig. 2. Transesterification of palm oil triglycerides using a microwave and subcritical dimethyl carbonate [150].  

Table 6 
Transesterification of various raw materials with supercritical/subcritical solvent using or without using microwave reactors.  

Source of oil Operating Condition Ester Content/yield Energy Assessment Ref. 

Palm: Dimethyl carbonate to oil 9.4:1168 ◦C 2.4 h, 6 
bar 

86.2 % With Microwave 
(44.88 kJ/mol) 

[149] 
Solvent to dimethyl carbonate 
Waste cooking: Methanol to oil 38:2 without a microwave 91.1 % No microwave [152] 
Solvent to methyl alcohol ratio 527.0 K, 197.4 bar, 15.1 min 
Whole kernel: 487 K, 2.4 MPa, 16.1 min 66.1 % No microwave [77] 
Solvent to methyl alcohol and ethanoic acid 

ratio 
Second step: methyl alcohol and ethanoic acid 
523 K, 14 MPa, 103 min 

Algae: 1.0: 9.0 ratio of ethanol, 538 K, 81 bar, 22 min 31 % With microwave (1560 
kJ) 

[157] 
Solvent to ethyl alcohol ratio 
Microalgae: Algae: Methylating agent (1:10) >91 % with methyl 

alcohol 
53 % with dimethyl 
carbonate 
42 % with a 
methylating agent 

No microwave [158] 
Solvent to methyl alcohol and methylating 

agent ratio 
245 - 370 OC, 21 MPa, 11–78 min 

Rapeseed: Dimethyl carbonate: oil (41:1), 573 K, 21 MPa, 
18 min 

96.5 % No microwave [153] 
Solvent to dimethyl carbonate ratio 
Soybean: Methyl alcohol to oil ratio (58: 1), ethanoic 

acid to oil ratio (3:1) 
98.0 % No microwave [159] 

Solvent to supercritical methyl alcohol, CO2 

and ethanoic acid ratio 
553 K, 20 MPa, 92 min 

Rapeseed: 
Solvent: subcritical ethanoic acid and 
supercritical methyl alcohol 

Ethanoic acid to oil ratio (53:1) 97 % yield Without microwave [151] 
573 K, 21 MPa, 32 min 
Second step: to methanol ratio 
1.0:1.7 
543 K, 18 MPa, 16 min  
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4. Cavitation-assisted biodiesel production 

4.1. Ultrasonic/acoustic cavitation assisted biodiesel production 

One of the best and greatest potential technologies to replace conventional reactors is ultrasonic cavitation [160]. Due to pressure 
fluctuations, ultrasound vibrations travel through the reaction mixture in this process, causing numerous small bubbles to form. The 
expansion and contraction of these bubbles create the cavitation effect, which accelerates the transfer of masses between the oil and 
alcohol phases and lowers response time. The decreased response temperature results in lower energy consumption [161]. Addi
tionally, the utilization of catalysts and the molecular ratio of alcohol to oil is reduced in sonochemical reactors [162]. 

Fig. 3. The ultrasound-assisted optimum reaction condition for (a) BBD and (b) FFD [167].  
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In general, free fatty acids can be transesterified through heterogeneous or homogeneous enzymes in the existence of alcohol to 
produce biodiesel [163]. For transesterification, homogeneous catalysts with strong enzymatic activity include NaOH, KOH, and 
CH3ONa [164]. However, since it necessitates involved cleaning procedures to cleanse the end products, there are several disad
vantages in the production of biodiesel with homogeneous catalysts. Furthermore, a homogeneous catalyst is not generable and might 
result in equipment rusting [165]. The development of heterogeneous catalysts to replace the use of homogeneous catalysts has been 
prompted by the increasing severity of environmental and economic problems. Heterogeneous catalysts have a high catalytic per
formance, a high conversion of triglycerides to fatty acid methyl esters, and are easy to recover, which could address the issue with 
homogeneous catalysts [166]. 

Oza et al. [167] used Box-Behnken design (BBD) and full factorial design (FFD) response surface methodology (RSM) analytical 
tools to optimize the process parameters of transesterification of waste cottonseed cooking oil enhanced through the ultrasonic 
technique. At 6.160 methyl alcohol-to-oil molar ratio, 0.464 wt% KOH, and 53.274 ◦C temperature for 10 min reaction time, the BBD 
analytical tool achieved 98 % experimentally confirmed yield and 97.57 % optimal expected yield (Fig. 3a). At 6.206 methyl 
alcohol-to-oil molar ratio, 0.464 wt% KOH, and 54.596 ◦C temperature for 10 min reaction duration, the FFD analytical instrument 
obtained 98 % actual yield and 98.4 % optimal expected yield (Fig. 3b). The actual optimal yield for both models was close to the 
expected optimum yield. However, BBD has a better R-value (R = 0.993) than FFD (R = 0.991) [167]. Face-cantered central composite 
design (FCCD) linked to RSM was used to optimize the ultrasound-assisted biodiesel production process from Annona squamosa seed 
oil catalyzed by KOH. ANOVA was used to evaluate the experimental data, and a quadratic mathematical model was used to fit it. The 
model identified the following optimal reaction conditions: oil-to-methanol ratio of 5.04 mL/mL, 1.12 %wt KOH, temperature of 57 ◦C, 
and sonication period of 113 min. The optimal predicted biodiesel yield under these conditions was found to be 97.61 %. This result 
was empirically tested and found to be 98.4 %, indicating the model’s fit [168]. The effects of methoxide catalyst weight, volumetric 
flow rate, ultrasonic mixing duration, Aegle Marmelos Correa seed oil-to-methanol molar ratio, and operating temperature on ul
trasonic enhanced continuous flow microreactor biodiesel production were explored. These process parameters were optimized using 
central composite design (CCD) linked RSM. The highest yield of 98 % was obtained for the 0.3 mm microreactor under the operating 
conditions of 6.8 mL/min flow rate, 1.3 wt% sodium methoxide, 48 ◦C reaction temperature, 83s ultrasonic mixing time, and 1:9 
oil-to-methanol molar ratio [169]. 

4.2. Hydrodynamic cavitation technique for biodiesel production 

Even though the research investigation of a combination of hydrodynamic cavitation (HC) and microwave is still in its early stages, 
the use of a standalone hydrodynamic cavitation reactor resulted in a 98.1 % conversion of methyl pentadecanoater produced from 
waste cooking oil and methyl alcohol in 15 min [170]. By moving the oil-alcohol reaction combination through a constriction-like 
aperture plate and venturi tubes during the biodiesel production using HC, cavitation is formed, which causes pressure expansion 
[171]. Cavities develop when the local pressure falls below the vapor pressure of an oil-alcohol mixture, producing boundary layer 
separation and wake formation. These cavities enlarge and compress, releasing a massive quantity of energy nearby in the form of 
shock waves [172]. When the holes close, shear forces are created in the nearby bulk fluids that break molecular bonds [34]. This 

Fig. 4. Biodiesel synthesis schematic illustrated using successive ultrasound and microwave [181]. 
1) Oil container/tanker, 2) Heater, 3) Water tank, 4) Mixer, 5) valve, 6) Pump, 7) Ultrasound, 8) Microwave [181]. 
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mixing phenomenon is not realized in the conventional technique, demonstrating the importance and uniqueness of hydrodynamic 
cavitation in biodiesel synthesis [173]. 

Many scholars have used HC intensification to eliminate the diffusion resistance of immiscible oil and alcohol since it has a quicker 
response and less energy consumption than conventional stirring [174]. One of the most energy-effective processes for producing 
biodiesel, effluent remediation, and chemical synthesis is hydrodynamic cavitation (HC) [175,176]. Within 15–60 min, the hydro
dynamic cavitation method can produce enhanced outcomes with greater biodiesel yields of up to 90 % [177]. The activating cir
cumstances are comparable to ultrasonic capitations, but the intensity is different. Cavitation can be produced using the hydrodynamic 
technique by passing the reaction mixture through small limitations such as orifice plates and venturi tubes [178]. The reaction 
mixture flashes and intense cavitation occurs when the system’s overall pressure is lower than the reaction mixture’s vapor pressure. 
While regaining pressure and temperature, a huge quantity of energy is discharged [179]. This causes the immiscible reaction mixture 
to combine properly and boosts the transesterification process [170,180]. 

Using an intensification method, Gupta et al. [181] examined the synthesis of biodiesel from used cooking oil. Using a successive 
ultrasonic and microwave method for biodiesel production, the transesterification of used heating oil using KOH as a catalyst was 
investigated. The transesterification procedure was carried out in an oil tank equipped with a condenser and thermocouple, with a 
batch capacity of 4500 ml (Fig. 4). During the synthesis, the catalyst concentration ranged from 0.9 to 1.2 wt%, the methanol: oil molar 
ratio ranged from 4.5:1 to 12:1, the temperature ranged from 52 to 62 ◦C, and the reaction duration ranged from 5 to 15 min used. The 
findings indicate that the biodiesel production was 96.9 % in 5 min at the optimum process conditions of 7:1 methyl alcohol to oil 
molar ratio, 0.9 wt% catalyst concentration, and 62 ◦C temperature of the reaction. The study offers insight into the advancement of 
biodiesel production methods in terms of not only synergistic effects and possible energy and cost reductions, but also time, resilience, 
safety, and environmental effects [181]. 

Other scholars, Patil and Baral [182] investigated biofuel production using hydrodynamic cavitation (HC) using process intensi
fication. This study examined the effects of operating factors such as the molar ratio of thumba oil to methyl alcohol (1:4–1:8), the 
concentration of TiO2 (1–1.4 % by weight of oil), and the operating temperature of 50–70 ◦C [182]. 

The HC reactor that Patil and Baral [182] used is shown in Fig. 5. This closed system has a 25 L tank and a 2.23 kW reciprocating 
pump with ball valves and pressure gauges. The construction material is a plate made of stainless steel (SS-304) with a thickness of 3 
mm. The tank’s outer diameter measured 30.5 cm. The tank was 35 cm tall. A 10-bar internal pressure and a 3-bar exterior pressure 
were the specifications for the entire tank. To regulate the temperature, a cooling jacket encircles the tank. The flow pathways and 
entire construction of HC are illustrated in Fig. 5a. The geometric, systematic distribution pattern of the chosen venturi tube and orifice 
plates is shown in Fig. 5(b) and (c), respectively [182]. 

With a thumba oil to methyl alcohol ratio of 1:6, a TiO2 content of 1.2 % w/w, and a working temperature of 60 ◦C in HC reactor, 
the highest triglyceride conversion of 71.8 % was achieved in 1hr at 5 bars. In comparison to the conventional technique, the cavitation 
output for HC was 9.3 × 10− 6 mol L/J, or nearly 27 % more. 

Gholami et al. [183], produced biodiesel from chicken fat or tallow using a hydrodynamic cavitation reactor. The trans
esterification yield for poultry fat or tallow containing up to 2.5 wt percent FFA was 97 %, while the average yield was 95 % for FFA 

Fig. 5. (a) Set up hydrodynamic cavitation of; (b) Cavity generation device using orifice plates and (c) Venturi [182].  
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levels between 2.5 and 3.5 %. A conversion reactor with 99.9 % effectiveness was used in this research to simulate the HC process. The 
methyl alcohol to oil molar ratio was 4.7 to 1, the temperature was 25 ◦C, and the pressure was 100 kPa over the transesterification 
process. The catalyst concentration was 0.75 % [183]. 

Khan et al. [184] conducted another research on the synthesis of biodiesel from cannabis sativa oil using enhanced HC. An in
duction motor, pressure compressors, pressure gauge, temperature indicator, flow meter, nozzle spray cannon, control valves, throttle 
valve, and connections are included in the hydrodynamic cavitation system (Fig. 6). In this research, a nozzle spray cannon is mounted 
with an optimal shape aperture plate with 7 holes that are 3 mm in diameter [184]. 

The effects of the oil to methyl alcohol molar ratio (3:1–7:1), catalyst load (0.5–1.25 wt%), and reaction temperature between 50 
and 65 

◦

C have all been studied in this investigation using an optimized plate with seven 3 mm diameter perforations in a 10L HC 
reactor. An optimum yield of 97.5 % was completely accomplished in 20 min in a cavitation reactor with a 6:1 M ratio of oil to methyl 
alcohol, 1 wt percent of catalyst, 3 bar of operating pressure, and 60 ◦C of reaction temperature [184]. Additionally, Pal et al. [171] 
studied the homogeneous catalyst NaOH’s alcoholysis with CH3OH in hydrodynamic cavitation vessels for biodiesel production. In this 
research, non-edible thumba oil was alcoholized using CH3OH at a 1:4.5 oil-to-alcohol ratio. Within 30 min, a triglyceride reduction of 
nearly 96 % had been accomplished [171]. According to Ghayal et al. [185], a hydrodynamic cavitation reactor was used to produce 
biodiesel using frying oil and alcohol, and KOH as a homogeneous catalyst. A 10L container and a centrifugal pump were attached in a 
closed loop as part of the setup. Using KOH as a catalyst, approximately 97 % reduction was accomplished in just 20 min [185]. 
Choedkiatsakul et al. [186] demonstrated the alcoholysis of waste cooking oil in a hydrodynamic cavitation reactor with a homo
geneous catalyst, KOH. The superiority of potassium hydroxide in transesterifying waste oil resulted in a rapid increase in output 
within 30 min [186]. 

Fig. 6. Setup of hydraulic cavitation in a line illustration [184].  
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Mahshid et al. [187] observed the potential of potassium hydroxide in hydrodynamic cavitation for transesterifying palm oil. In this 
research, a yield of 96.5 % was achieved with only a 1.00 % potassium hydroxide concentration [187]. Bargole et al. [188] studied the 
alcoholysis of waste cooking oil using hydrodynamic cavitation by increasing the hole perimeter to area ratio. An orifice plate with the 
greatest number of openings and optimal size yielded approximately 99 % biodiesel output [188]. Mohod et al. [36] proposed a new 
method of the hydrodynamic cavitation device as a high-speed mixer for enhanced biodiesel synthesis from waste oil and fresh cooking 
oil [36]. Kolhe et al. [172] explained the alcoholysis of cooking oil using a molar ratio of 1:4.5 and a 0.55 % (w/w) oil concentration of 
sodium hydroxide. In this research, nearly 93.5 % conversion was obtained in 60 min [172]. Samani et al. [189] utilized the 
Box-Behnken design (BBD), a response surface methodology (RSM) analytical tool, to optimize the biodiesel process for producing it 
from safflower oil enhanced by hydrodynamic cavitation. The optimal expected to and experimentally measured optimum biodiesel 
yields were 89.11 % (Fig. 7) and 88.18 %, respectively, for the optimal reaction conditions of 63.88s reaction time, 0.94 wt% KOH 
catalyst, 8.36:1 methanol-to-oil molar ratio, and 1.53 cm rotor-stator clearance. The optimum outcomes are acceptable because these 
findings were really near to one another [189]. 

5. Microwave - cavitation combined reactor for intensification process 

5.1. Sonic cavitation and microwave coupling technology 

In transesterification of biodiesel, multiphase reaction mixtures are employed, such as the combination of oil and alcohol for the 
production of biodiesel. To increase the emulsification of two incompatible liquids in the reaction medium, chemical process inten
sification is essential. Furthermore, the transesterification process would be accelerated if reaction mixture droplets were sufficiently 
small to increase the contact surface area between the reactants. Recently, a microwave-based combination of a couple of instanta
neous reactor technologies has been investigated to improve mass and heat transfers while also having the potential to use less energy 
during the process. With either heterogeneous or homogeneous catalysis processes, ultrasonic cavitation has been extensively used to 
synthesize biodiesel in fast transesterification [160,190,191]. This technology describes the application of sound energy at pressure 
oscillation frequencies greater than 20 kHz [192]. This process can accelerate the conversion of esters at shorter reaction times and less 
expensive output by promoting homogenization between the reactants through ultrasonic cavitation [193]. Ultrasonic cavitation is the 
creation and dissolution of bubbles in liquid exposed to intense ultrasound, frequently faster than the liquid’s sound velocity [194]. 

By using synergistic microwave-ultrasonic irradiation, Yu et al. [190] investigated the transesterification of soybean oil. With 
dimensions of 450, 670, and 650 cm, the Xianghu Instrument Combined Microwave-Ultrasound with Computer Controlled System for 
Synthesis and Solvent Extraction (mXH-300A) was employed in this study (Fig. 8). The ultrasonic horn’s surface was covered with a 
particular cladding material in this reactor to stop the development of an electric arc. A 25 kHz frequency of ultrasound may be 
generated via the ultrasonic horn. A magnetic stirrer was present in the reactor in addition to an ultrasonic horn. A mechanical stirring 
paddle interface was also there but was not displayed. The two stirring units, however, were all located below the vapor tube but not 
the ultrasonic horn. Pulsed ultrasonic waves might be produced by the reactor. Three different types of ultrasonic modes were 
designated as 1:0, 1:2, and 2:1 (where 1:0 denotes continuous ultrasonic irradiation, 1:2, a single second of irradiation followed by 2 s 
of close, and 2:1, most likely, a double second of irradiation and close) [190]. 

Fig. 7. Biodiesel production process optimization with BBD-linked RSM enhanced by hydrodynamic cavitation [189].  
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The mass transfer constraint of a material’s miscibility would be reduced in the transesterification process if microwave technology 
was combined with either hydrodynamic or acoustic cavitation. Ultrasonic cavitation, which is caused by the creation and destruction 
of tiny bubbles in the shock wave, produces the accumulation of high local energy. This leads to the development of hot spots, free 
radicals, and liquid flows with high density and rapid turbulence. When a liquid starts to move through a constriction as a result of an 
increment of the velocity of flow and a drop in liquid pressure below the vapor pressure, bubbles or cavities are created. The bubbles 
and cavities downstream collapse when the pressure increases, causing the pressure to be altered. The intense energy produced by this 
quick collapse causes local heating [190]. 

Other Scholars, Ardebili et al. [195], also used ultrasound and microwave irradiation to produce biodiesel. This method could 
greatly speed up the palm oil transesterification process with optimal conditions at 58.4 ◦C, a molar ratio of 7:3.1 of methyl alcohol to 
oil, 1.1 % catalyst load, and 136 and 129 s of microwave treatment duration. The biodiesel yield was 97.5 % biodiesel [195]. 

In a two-step synthesis process, Gole and Gogate [196] studied the sequential effects of microwave and ultrasound and compared 
them to the separate ultrasound, microwave, and conventional synthesis procedures. When performing the alkaline transesterification, 
to prevent a saponification reaction, the initial acid value of the oil was reduced during the esterification process from 18.9 to 1.7 mg of 
KOH/g of oil. The esterification and transesterification steps have been optimized for the microwave, ultrasonic, and sequential ap
proaches using the molar ratio and catalyst concentration. It has been shown that the optimum molar ratio associated with esterifi
cation is 1:2, 1:3, and 1:4 for the microwave, ultrasound, and sequential approaches, respectively, but the optimum ratio for 
transesterification is 1:4, 1:6, and 1:6. When utilizing ultrasound alone, the response times for esterification and transesterification 
were 60 and 20 min, respectively, whereas when employing ultrasound sequentially, the reaction times were only 15 and 6 min, 

Fig. 8. Methanol and soybean oil transesterification in a microwave-ultrasonic reactor [190].  

Table 7 
Biodiesel production through transesterification using microwave-acoustic cavitation technology.  

Material/Source of oil Operating Parameters/Factors Ester Content Energy Assessment Ref. 

Plumeria Pudica Oil: 16 min for esterification and 7 min for transesterification, 
110–141 W 
22 kHz 118 W and molar ratio (1:2) 

NA 2.4 × 102 kJ/kg [196] 
Ratio of Catalyst to KOH 

Waste cooking oils: 3 min, 300 W and ratio of methyl alcohol to oil 
of 9:1 (v/v) 

97.6 % biodiesel yield NA [200] 
Catalyst to NaOH ratio 
Palm oil: 2.1 min, ratio of methyl alcohol to oil of 7:3.1 (v/v), 331 K 96.8 % biodiesel yield 0.46 (MJ/L) [195] 
Ratio of catalyst to potassium hydroxide 
safflower oil: 7 min, 338 K and 710 W 98.40 FAME yield NA [190] 
Ratio of catalyst to potassium hydroxide  
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respectively. The primary intensification parameter is a substantial decrease in the needed alcohol excess, which can result in sig
nificant energy savings in the subsequent separations [196]. According to Gole & Gogate [196] investigations, the sequential effect has 
the advantages of shorter reaction times and requiring less excess methanol to achieve an equivalent equilibrium state, which can 
result in significant power savings. 

Since the energy is transferred by microwave at a rate faster than the molecules, non-equilibrium conditions and high instantaneous 
temperatures are generated, which have an impact on the system’s kinetics [197]. In addition to its thermal effects, the microwave’s 
non-thermal effects also have an impact on the rate of synthesis [198], as a result of the molecules’ altered vibrational frequencies and 
an increase in the likelihood of effective molecular collisions. These effects may also result in a change in the activation energy (the 
activation energy required by the microwave is 26.5 kcal/mol [199], as opposed to the conventional 42.9 kcal/mol) [124]. 
Microwave-acoustic cavitation technique used in transesterification to produce biodiesel is summarized in Table 7. 

Additionally, Martinez-Guerra Edith et al. [96] examined how microwaves and ultrasound work together to transesterify used 
plant-based oils. According to the study, when methyl and ethyl alcohol were used as solvents, an equal rate of microwave and ul
trasonic radiation led to greater biodiesel outputs. For both ethanol and methanol, the molar ratio of 9:1 (alcohol to oil) was optimal, 
yielding 98 % and 96 % biodiesel, respectively, in 2 min. Methyl and ethyl alcohol are both excellent microwave energy collectors 
because of their polarity, but using ethanol led to higher biodiesel outputs because of its better solubility characteristics. To increase 
the output and purity of biodiesel, the experts also recommended mixing the two alcohols. Martinez-Guerra Edith et al. [96] suggested 
that the best power density must be identified for the production of biodiesel that utilizes little energy [96]. The use of this technique 
for producing biodiesel is comparatively new, even though combining microwave and acoustic cavitation technologies seems 
promising. The synthesis of biodiesel could potentially be intensified through the use of combined microwave and acoustic cavitation 
[170]. 

6. Activation energy determination in biodiesel intensification process 

The minimal amount of energy needed for the reaction to start is known as the activation energy [112]. Activation energy analysis 
helps in identifying the impact of microwave and cavitation reactor technologies on the biodiesel production process. It allows re
searchers to evaluate the effectiveness of cavitation and microwave reactors by comparing the activation energy values with tradi
tional reaction methods. If the activation energy is lower with these advanced technologies, it indicates that they can accelerate the 
reaction kinetics and improve the overall efficiency of the biodiesel production process. 

Din et al. [201] investigated Kusum oil esterification with microwave assistance from a parametric, kinetic, and thermodynamic 
perspective. The relationship between temperature dependence and rate constants is expressed by the Arrhenius equation [201]. 

k=Ae− Ea/RT (1)  

Where Ea is the activation energy (kJ/mol), R is the gas constant (J/mol.K), T is the absolute temperature, k is the reaction rate 
constant, and A is the frequency factor (min− 1). Eq. (1) can be written as Eq. (2) by using the natural logarithm: 

lnk= lnA −
Ea

RT
(2) 

Fig. 9. Plot showing (a) rate constant, k versus temperature (K), and (b) ln k versus 1/T [112].  
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The temperature and rate constant k is shown in Fig. 9a. Temperature changes the rate constant in a linear progression. Addi
tionally, the first-order kinetics of the reaction rate was supported by the R2 value of 0.9757. The plot of ln k vs. 1/T is shown in Fig. 9b. 
The activation energy and frequency factor values are given by the slope and intercept. 

The frequency factor is determined to be 219,037 min− 1, and the activation energy is 38.82 kJ mol− 1. Equation (3) represents the 
temperature dependence of the reaction rate constant [112]. 

k= 2.19∗105e− 38.82/RT (3) 

For microwave-assisted esterification, the reaction rate is demonstrated as the following (Eq. (4)). 

− rFA =
dCFA

dt
= 2.19∗105e− 38.82/RTCFA (4)  

Where CFA is fatty acid concentration. 
Depending on which chemical step makes the most use of catalysts, the reaction rate is either mass transfer limited or controlled. 

The range of activation energy for diffusion control is 10–15 kJ mol− 1, whereas the same was more than 25 kJ mol− 1 for chemical 
control [202]. It demonstrates that the chemical step is controlling the rate of the reaction [112]. Catalyst usage lowers the amount of 
energy needed to esterify oil. By employing a typical heat source, Rani et al. [203] found that a 5 wt% sulfuric acid catalyst efficiently 
lowered acid value to less than 1. Process conditions were 60:1 methanol to FFA ratio, 500 rpm, 60 ◦C, and 60-min reaction duration. A 
38.21 kJ mol− 1 estimate of activation energy was obtained [203]. 

In microwave-aided esterification, the high frequency implies effective collision and severe mass transfer between the alcohol, oil, 
and silicotungstic acid phases. Low catalyst dosage and favorable conditions for operation are encouraged by the high-frequency 
factor. The reduced activation energy and high-frequency component show that microwave heating has a non-thermal impact. 
Mazo et al. [204] concluded that the presence of a non-thermal effect that needs less time than conventional heating is confirmed by a 
10 % reduction in activation energy and a 182 % rise in the pre-exponential factor when employing a microwave heat source [204]. 

Sharma et al. [156] evaluated the activity of the biodiesel produced from waste cooking oil under MW irradiation to that of 

Fig. 10. a) difference in Gibb’s free energy between conventional and microwave heating, b) decrease in activation energy during an acid-catalyzed 
transesterification process [205,207]. 
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potassium hydroxide. The catalyst loading, reaction time, and methanol-to-oil ratio were all optimized. Additionally, by repeating the 
process at three different temperatures (45, 50, and 55 ◦C), the activation energies of the various catalysts were calculated. According 
to expectations, KOH is more active than CaO, having an activation energy of 13.05 kJ/mol compared to 28.93 kJ/mol. The activation 
energies of both materials, 34.5 and 50.4 kJ/mol, respectively, were reported to be much greater than in comparable conventional 
studies and to be efficiently activated by MW. 9.6:1 alcohol/oil ratio, 1.33 wt percent of catalyst, and 9.7 min were the optimal CaO 
conditions that produced a yield of 90.4 % [156]. When polarity increases throughout the reaction from the ground state towards the 
transition state in microwave-aided biodiesel generation, unique microwave effects may be anticipated for the polar mechanism. The 
medium and the response mechanism mostly determine how things turn out. If stabilization of the transition state is more successful 
than stabilization of the ground state, this increases reactivity by lowering activation energy (Fig. 10a) [205]. Jermolovicius et al. 
[206] observed that the esterification kinetics changed when exposed to microwave radiation [206]. 

The primary solvent utilized in biodiesel transesterification processes is methanol. Methanol is an organic solvent with strong 
polarity and has become known for its high microwave absorption capability. It follows that microwave interactions can increase the 
transesterification process involving the oil-methanol catalyst through dipolar polarisation and ionic conduction. Since water mole
cules have a dipole moment, microwave-aided supercritical reactions in biodiesel operations using water as the feedstock can cause the 
water to serve as an organic solvent. A dipole will try to rotate to align itself with the field since it is sensitive to external electrical 
fields, which can cause local superheating (Fig. 10b) [207]. 

Enhanced dipolar polarisation caused by microwave exposure to the reaction chemical substances leads to a significant decrease in 
activation energy [208]. This is accomplished by the microwaves in the reaction mixture interacting at the molecular level, causing 
ionic conduction and dipolar rotation [209,210]. The medium and reaction mechanism mostly determine how much of the activation 
energy is lowered [208]. 

According to Sarve et al. [211], an improved interfacial area between the oil and methanol phases resulted in a decreased activation 
energy of 21.75 kJ mol− 1 during ultrasound-assisted esterification of Schleichera triguga oil. The activation energy is decreased by 
micro-emulsion and local cavitation between the methanol and oil phase when ultrasound is introduced. However, it takes more than 
an hour to convert free fatty acids by 90 % [211]. Palm fatty acid distillate esterification utilizing conventional and microwave heating 
was also conducted by Lokman et al. [212]. The operation parameters were a 12:1 methanol to oil molar ratio, a reaction temperature 
of 75 ◦C, and a sulfuric acid concentration of 3 %. While microwaves achieved 96 % conversion in 15 min, conventional heating took 2 
h. Due to the close interaction of electromagnetic waves with the molecules of oil, methanol, and catalysts, less time and activation 
energy is needed compared to conventional heating. The inverted temperature gradient is brought on by microwave, which increases 
its effectiveness [212]. 

According to Ramachandran et al. [213], ultrasonic irradiation significantly improved the yield and reaction time in addition to 
other reaction parameters. When compared to similar findings obtained using a conventional stirring reactor system, it was discovered 
that the yield of biodiesel synthesized utilizing ultrasound was 30–40 % higher [213]. When comparing ultrasonic-enhanced mass 
transfer features to mechanically agitated systems, Choudhury et al. [214] showed that the ultrasound may improve the features of 
mass transport in the system with a 20 % drop in activation energy [214]. 

Liu et al. [215] have conducted a kinetic investigation to ascertain the catalyst’s activation energy and rate of reaction when 
exposed to microwave radiation. Based on the value of the coefficient of determination (R2), the statistical validity of the model was 
examined. Using Arrhenius equation (Eq. 2), the activation energy has been determined to be 11,969 kJ/mol. The catalyst’s Ea value 
may be calculated using the slope of the line. At 45, 65, and 85 ◦C, the rate constant was 0.0943 min− 1 [215]. Table 8 provides a 
summary of a kinetic investigation into the enhancement of biodiesel production using microwave and cavitation reactors, along with 
the associated activation energy values. 

Patil and Baral [182] investigated the hydrodynamic reactor’s activation energy. The bare minimum of energy required for an 
alcoholysis reaction to occur in an oil-and-methanol combination is called activation energy. From the Arrhenius equation (Eq. 2), the 
pre-exponential factor for the alcoholysis process and its activation energy were determined to be 82.26 L2 mol− 2.min− 1 and 15.44 
kJ/mol, respectively. According to Patil and Baral [182], when compared to the conventional approach, the enhanced approach to the 
synthesis of thumba methyl ester is innovative and energy-efficient [182]. 

Table 8 
Summary of a kinetic study of biodiesel intensification with corresponding activation energy.  

Source of Oil Catalyst Phase of Catalyst Method of Heating Activation Energy (kJ/mol) Ref. 

Chlorella vulgaris lipid Heterogeneous SiC–NaOH/GO Microwave 30.81 [137] 
Oil of Ceiba pentandra seed Homogenous Sulfuric acid Microwave 53.71 [216] 
Oil of Sunflower Heterogeneous MgO–La2O3 Conventional 77.6 [217] 
Oil of Soybean Heterogeneous Calcium methoxide Ultrasonic 71.25 [218] 
Oil of Campto-theca seed Homogenous Ionic liquid and Metal sulfates Microwave 37.6 [219] 
Waste cooking oil Conventional Sulfuric acid Conventional 45.93 [220]  
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7. Energy analysis of cavitation and microwave reactors 

7.1. Ultrasonic cavitation process energy consumption 

Gholami, Pourfayaz, and Maleki [221], studied on economic evaluation of rapeseed oil-based biofuel generation using ultrasonic 
cavitation. In this finding, even though mixing and heating the reactants in the ultrasonic cavitation process consumes more energy, 
the remaining operational components in this process, particularly at the transesterification step, use less energy. About three times 
less energy is used in the ultrasonic cavitation reactor than during the mechanical stirring procedure. Additionally, the ultrasonic 
cavitation process uses 26.5 % less energy during the methanol recovery stage and 1.3 % less during the biodiesel purifying stage than 
the mechanical stirring method. Since less methyl alcohol is entering these two distillation stages during the ultrasonic cavitation 
process, the decrease is caused by this. The energy and material needs are also impacted by the ultrasonic cavitation reactor, which 
consumes 25 % less methanol and nearly one-third less catalyst than a stirred-tank reactor [221]. 

7.2. Energy consumption of continuous-flow ultrasound-assisted process 

The strength of the ultrasonic must be set at a high level to accomplish full blending in a batch reactor holding an enormous 
quantity of material, which uses additional power and greatly raises the cost of the processing. By reducing energy use and retention 
time, continuous processes can increase the total conversion of biodiesel. A huge amount of vegetable oil can be processed using 
continuous ultrasonic biodiesel synthesis in a tiny vessel capacity [222]. The continuous-flow ultrasonic reactor may demonstrate 
higher productivity and lower energy usage in biodiesel synthesis than batch reactors [223]. According to Stavarache et al. [222], the 
reactor capacity and retention time were important factors in the synthesis of biodiesel. Using ultrasonic cavitation, with a residence 
time of 10–30 min, the yield of biodiesel can be produced in the much smaller reactor with an operational volume of 2.62 L as 
compared to the larger one with an operational volume of 6.35 L [222]. 

The continuous base catalytic methanolysis of waste cooking oils was devised [224], combining a two-step process with 20 kHz 
frequency ultrasound and an input power of 1 kW. The concept of multiple frequencies and multiple transducer reactors that operate in 
continuous mode represents the ultrasonic reactors of future generations [223,225]. 

Delavari et al. [226] studied synthesizing biodiesel from waste cooking oil with methyl alcohol accelerated by catalyst sodium 
hydroxide using a 20 m glass helicoidal vessel combined with a hot bath and aided by ultrasound. Two ultrasound power levels of 400 
and 1500 W were used in the different trial experiments to determine the reactor performance over time. The ratio of 8.6:1 M of methyl 
alcohol to oil, 0.5 % w/w sodium hydroxide, and a discharge rate of 1 L. min− 1 of reactants were found in optimal conditions. The 
results also showed that the continuous process was effective in contrast with conventional batch methods because of the intense 
mingling produced by the cavitation, which achieved 90 % of the biodiesel output under this condition within 150 s [226]. Effects 
caused by many variables, including irradiation distance, instrument width, sound irradiation distance of 75 mm, sensor width of 28 
mm, ultrasonic amplitude of 56 %, vibration pulse of 62 %, and reagent flow rate of 50 ml min− 1 were found. Under these circum
stances, this method could produce 91.12 % biodiesel while using only 102.4 W of energy [227]. 

7.3. Batch and continuous flow microwave-assisted reactors energy consumption 

A new technology that helps to speed up chemical processes by directly providing energy to the reactants is microwave treatment in 
the range of frequency from 0.3 to 300 GHz [116]. As a result, microwave treatment is more effective at transferring heat than 
conventional heating, and reactions can be finished much more quickly (on a small scale) [228]. In comparison to the surface, the 
electromagnetic power intensity inside a large-scale reactor with more than 1 L of operating capacity is significantly reduced. As a 
result, microwave dielectric heating does not heat the materials in the reaction vessel’s center; only airflow is used. Hence, the re
actant’s capacity grows, and more energy is needed to heat it, thereby causing greater radiation strength. Continuous-flow microwave 
reactors can be used to address these issues because they allow the mixture of chemicals to pass over the microwave at an acceptable 
flow rate without experiencing an obstacle of entry depth. According to recent research, the energy return for 1 kg of biodiesel 
synthesized on batch operation method with microwave assistance is approximately 1.7 kWh [116], which can be regarded as viable in 
real-world applications. To investigate the biodiesel production via transesterification of canola oil and sunflower oil with methyl 
alcohol at a 6:1 M ratio of methyl alcohol, a continuous circulating microwave system was established. The biodiesel output for a 
continuous-flow device was 89 % for sunflower oil and 92 % for canola oil in 7 min. Only 64 % of the biodiesel was produced when the 
operating capacity was 500 ml in the batch process, which produced 97 % of the biodiesel. This strongly suggests that, when producing 
biodiesel on a large scale, the continuous flow microwave reactor is more effective than the batch microwave reactor [229]. 

Using widely available microwave equipment, Barnard et al. [124] devised the continuous-flow method to perform the production 
of biodiesel in 4 L and 2 L volume vessels aided by microwave power of 1600W with regulated flow rates of 7.2 and 2 L min− 1. The 
approach enabled the reaction to operate under the same optimal conditions as those determined by a batch reactor. This corresponds 
to a production of biodiesel rate of 6.1 L min− 1, and the biodiesel output generated from these two reactor systems was identical at 98 
%. The transesterification reaction’s consumption of energy calculations for the continuous-flow microwave approach at flow rates of 
7.2 L min− 1 and 2 L min− 1 were 60.3 and 26.0 J L− 1, respectively, while the estimates for the conventional heating and batch mi
crowave reactor were 90.1 and 94.3 J L− 1, respectively [124]. This shows that the continuous-flow microwave method is more 
cost-effective than both conventional heating and batch mode methods. The method has also been used to produce biodiesel from 
soybean oil with butyl alcohol using potassium hydroxide and sulfuric acid as catalysts in a vessel with a 4 L working capacity. A 
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microwave output of 1600 W was used to assist with heating the reactor’s interior as the mixture of reactants was fed through at a rate 
of 2.3 L min− 1 [230]. 

Lertsathapornsuk et al. [231] studied on continuous flow microwave reactor system to transesterify used cooking palm oil with 
ethyl alcohol at a 12:1 M ratio, accelerated by NaOH (3.0 wt%). When sodium hydroxide was used to reduce and transesterify the high 
free fatty acid oil, which had a free fatty acid content of 4.5 wt percent, it produced 97 % biodiesel output in 30 s while operating at an 
800 W microwave power [231]. Encinar et al. [232] additionally developed a similar to the previous one with microwave irradiation 
assistance to study the effects of temperature (50–110 ◦C), methanol to oil molar ratios of 3:1–12:1, KOH catalyst loading of 0.5–1.5 wt 
%, and microwave output power of 70–350 W on the manufacture of biodiesel through continuous-flow mode by transesterification of 
soybean oil with methyl alcohol. At a 12:1 methyl alcohol to oil ratio and a reaction temperature of 70 ◦C in 2 min with a microwave 
output power of 200 W, a yield of over 99 % biodiesel was obtained [232]. 

Choedkiatsakul et al. [125] transesterified commercial grade palm oil with methyl alcohol catalyzed by sodium hydroxide to 
biodiesel at a methyl alcohol to oil molar ratio of 6:1–12:1, heating power from 200 to 800 W and reaction conditions of 50–70 ◦C using 
a commercial continuous flow Teflon reactor. It was stated that an output of 99.5 % biodiesel could be produced in 1.75 min using a 
12:1 methanol to oil mixture, a 400 W microwave, a reaction temperature of 70 ◦C, and a 1 % weight-per-weight catalyst. The rate of 
energy usage in the constant state of operation was also assessed. The microwave-aided continuous flow method uses 0.112 kWh of 
energy to make 1 L of biodiesel, which is less energy than the conventional chemical-catalyzed process [125]. 

The difficulty of microwave technology to permeate through huge sample sizes has been cited by several experts as one of its key 
drawbacks. This constraint makes it difficult for microwave applications to scale from small-scale synthesis in the lab to multi-kilogram 
output in industries. There are various restrictions on using microwaves to replace conventional methods. Large batch reactors have 
non-uniform temperature distribution and challenging measurement and control of temperature, which may replicate thermal cur
rents used in conventional heating. According to their dielectric characteristics, microwaves may typically penetrate absorbing ma
terials up to a few centimeters deep. As a result, in large batch-type reactors, the microwave power density substantially ranges from 
the sample material’s surface to its inside. As a result, microwave dielectric heating does not heat the components in the reaction 
vessel’s center; only convection is used. Additional issues develop when attempting to heat vast volumes of materials [233]. 

Generally, sample volume, the power of the ultrasound or microwave waves, the type of solvent used, and the depth of the reaction 
container all affect how much energy is needed. The findings show that, in comparison to individual and simultaneous operation, the 
energy needed for processing has been decreased by a factor of more than two that use the sequential method. The results of the 
consecutive ultrasonic and microwave methods have a great role in the synthesis of biodiesel with enhanced economic prospects and 
overall energy savings [181]. A comparison of the energy consumption of the various processes used to produce biodiesel is shown in 
Table 9. 

8. Economic analysis of cavitation and microwave reactors 

To determine the profitability and economic viability of the biodiesel intensification process using cavitation and microwave re
actors, a comprehensive feasibility study and financial analysis would be required. Analyzing the profitability and economics of a 
biodiesel intensification process involves considering many factors, including capital costs, operating costs, feedstock availability, and 
price. 

8.1. Economic analysis of cavitation 

8.1.1. Economic analysis of ultrasonic cavitation 

8.1.1.1. Total capital investment. The total capital investment of a biodiesel plant utilizing ultrasonic cavitation and a stirred tank 
reactor that has an annual output capacity of 50,000L and has been operational for 7920 h/yr was compared and contrasted by Ali 
Gholami et al. [221]. The size of the equipment, the length of the residence time, and the size of the plant’s footprint all affect the 
capital investment cost for biodiesel synthesis. Capital costs for ultrasonic cavitation and stirred tank reactor were compared. The 
study found that because the typical stirred tank reactor had a higher purchase cost, its overall cost was 20.8 % more than that of 
ultrasonic cavitation. The transesterification reaction, which accounted for 39 % of stirred tank reactors and 23.5 % of ultrasonic 
cavitation reactions, was the source of the higher equipment acquisition costs. This was caused by the ultrasonic cavitation reactor’s 
reduced size, which was around half that of the stirred tank reactor. The shorter residence period in the cavitation reactor was the 

Table 9 
Comparison of energy usage by various biodiesel production methods.  

Technique/Reactor Experimental 
Settings 

Energy consumed (kJ/g) Reference 

Heating/Conventional Camelina sativa oil with 10 g of oil, 14 min, 510 W 51 [234] 
Ultrasonic Vegetable oil with 54 g of oil, 30.4 min & 140 W 5.8 [235] 
Microwave Nagchampa oil with 155 W, 32 min, 21 g oil 6.4 [196] 
Simultaneous (microwave & ultrasound) Waste vegetable oil with 17 g of oil, 3 min, 110 MW 1.4 [236] 
Sequential ultrasound and microwave Waste cooking oil with 4100 g of oil, 16 min, 320 MW 2.35 [181]  
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cause of the reactor’s reduced size. The smaller the equipment, the smaller the plant’s overall footprint must be. Due to the necessity 
for a bigger capacity column to handle a larger amount of biodiesel, the cost of the distillation column in the downstream stages, which 
contributed around 23 % of the overall equipment cost, was the second greatest cost of the stirred tank reactor. Contrarily, the ul
trasonic cavitation reaction’s column purchase cost, which accounted for 29 % of the total, was the most expensive piece of equipment. 
The methanol separation stages were another piece of acquired equipment whose cost affected the purchased equipment cost. The cost 
of this separation column in the stirred tank reactor was higher by 11.3 % than the cost of an ultrasonic. This is because stirred tank 
reactors produce less unreacted methanol than ultrasonic cavitation, which results in a lower reaction yield [221]. 

Three biodiesel plants studied by Dongwoo Lee et al. [237] had an annual production capacity of 40,000 t/yr. The first plant used a 
plug flow reactor to produce biodiesel from soybean oil using the supercritical method (also called SC-PFR). The second and third 
plants used packed bed reactors catalyzed by CuO (also called Cu-based PBR) and Pd/Al2O3(also called Pd-based PBR) to produce 
biodiesel from soybean oil, respectively. Total capital expenditures for SC PFR, Cu-based PBR, and Pd-based PBR from soybean oil were 
calculated to be $29.4 million, $21 million, and $15,800,000, respectively [237]. Although the annual production capacity of the 
biodiesel plant intensified by ultrasonic cavitation was 50,000 t/yr, the total capital investment was only $4,027,000 [221], which is 
7.35 times less than the SC PFR plant, 5.25 times less than the Cu-based PBR plant, and 3.95 times less than the Pd-based PBR plant. 

8.1.1.2. Production costs. Both stirred tank reactor and ultrasonic cavitation were expected to have production costs of $56,673,000 
and $53,710,000, respectively. This meant that the ultrasonic cavitation product was 5.2 % less than that of the stirred tank reactor. 
Vegetable oil was the primary cost factor in the manufacturing of biodiesel. The oil cost was 4 % lower than the stirred tank reactor due 
to ultrasonic cavitation’s better conversion efficiency. The cost of chemicals alone in the stirred tank reactor was greater than the cost 
of ultrasonic cavitation by 2.2 %. Other product expenses, such as the cost of utilities, labor, and chemicals, were lower in the stirred 
tank reactor than in ultrasonic cavitation by 7.7 %. Utility costs were another noteworthy difference, with the ultrasonic cavitation 
process using 23 % less energy than the stirred tank reactor. This was brought on by the condenser, boiler, and electricity using more 
steam and cooling water. Additionally, stirred tank reactors used nearly three times as much energy as ultrasonic cavitation [221]. This 
was caused by the strong creation and collapse of smaller holes, which resulted in micromixing and a slower transesterification re
action time [238]. Additionally, stirred tank reactors used in the methanol separation and biodiesel purification used 26.5 % and 1.3 % 
more energy than ultrasonic cavitation. This is because less methanol was transported because of its increased efficiency, and the cost 
of waste disposal was around 20 % less than with a stirred tank reactor. The cost of producing biodiesel using ultrasonic cavitation was 
$1024/t less than the recent US pricing of $1090/t, which seems more reasonable given the current state of the economy [221]. 

8.1.1.3. Profitability. Profitability gauges how economically and practically feasible the biodiesel-producing process is. The net 
present value, payback period, and return on investment can all be used to determine profitability [239]. According to Tasic et al. 
[241] and Lee et al. [240], the homogeneously and heterogeneously catalyzed stirred tank reactor had a negative net present value 
[240,241]. However, because of decreased capital and product costs, which allowed for better sales margins at the selling price of 
$1090/t, the net present value of sunflower oil transesterification intensified by ultrasonic cavitation was positive. According to Tasic 
et al. [240] and Lee et al. [241], the payback period for homogeneously catalyzed transesterification using a stirred tank was 7.9 and 
9.2 years, respectively [240,241]. At the end of the first operating year, the ultrasonic cavitation intensified reaction’s payback period 
was 7.2 years. At the end of the first year, the internal rate of return was 18.28 %. Due to its greater internal rate of return and net 
present value, ultrasonic cavitation intensification is therefore more profitable than a stirred tank reactor. However, the problems with 
the commercial scale-up implementation have not yet been resolved. This could be resolved by combining many reactors, increasing 
the yield of biodiesel [162]. 

8.1.2. Economic analysis of hydrodynamic cavitation process 
In a separate study, Ali Gholami et al. [183] conducted an economic analysis of both of the biodiesel plants, both of which had an 

annual capacity of 33,000 t/yr and had been in operation for 7920 h per year. To produce biodiesel from sunflower oil, one of the 
plants utilized hydrodynamic cavitation, and the other one employed a mechanically stirred tank reactor [183]. 

8.1.2.1. Total capital investment. The hydrodynamic cavitation intensified biodiesel plant’s total capital investment was roughly 33.3 
% of that of the mechanically stirred tank reactor biodiesel plant. Because there were fewer and smaller pieces of equipment used in the 
process, the hydrodynamic cavitation intensification biodiesel plant required less capital investment. Hydrodynamic cavitation can 
reduce the cost of the upstream and downstream streams of the mechanically stirred reactor plant by 27 % and 47 %, respectively. In 
the mechanically stirred tank reactor, the cost of the distillation column purchased accounts for 31 %. This was due to the need for 
greater capacity columns to handle large amounts of biodiesel. The size of the column that was necessary was lowered, nevertheless, 
due to the reactor’s improved performance in the hydrodynamic cavitation system. A water washing column downstream for both 
mechanically stirred reactors and hydrodynamic cavitation was the second most expensive piece of equipment, costing 22 % and 41 %, 
respectively. The mechanically stirred tank reactor system and the hydrodynamic cavitation system both accounted for 18 % and 30 % 
of the third-highest purchased columns, respectively, which was the methanol separation column. Due to the hydrodynamic system’s 
better conversion efficiency, a distillation column with a smaller diameter was suitable, resulting in a 14 % decrease in the me
chanically stirred reactor’s column cost. In the end, the mechanically stirred reactor cost was 18 % covered by the cost of the bought 
equipment for the hydrodynamic cavitation reactor. The shorter residence period in the hydrodynamic cavitation reactor was the 
cause of this difference’s magnitude. Overall, the findings showed that the hydrodynamic cavitation biodiesel factory required around 
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65 % less capital than the mechanical stirring tank plant [183]. 
Yamuna Thoppil et al. [242] stated that the total capital investment and fixed cost for a biodiesel plant that produced biodiesel from 

soybean oil using the conventional method were $122,828,695 and $55,620,541 respectively. However, it was discovered that the 
hydrodynamic cavitation intensification biodiesel manufacturing method required $4,027,000 in total capital expenditure and $2, 
743,000 in fixed capital investment, respectively [242]. This demonstrated a notable difference between using hydrodynamic cavi
tation to reduce total capital investment and fixed capital investment. 

8.1.2.2. Total product cost. According to the study, Ali Gholami et al. [183] using a mechanical stirred tank reactor system instead of a 
hydrodynamic cavitation system allowed for a 10 % reduction in overall product cost. The raw material, sunflower oil, which 
accounted for more than 66 % of the overall cost of production, was the cause of the higher product cost. However, due to the reactor’s 
improved conversion efficiency, just a modest amount of sunflower oil was needed for the hydrodynamic cavitation system plant. As a 
result, the price of sunflower oil in the hydrodynamic cavitation plate was 5 % less than that of the manually stirred tank reactor. The 
contribution of chemicals, utilities, and labor to both biodiesel plants resulted in the second-highest product cost. In comparison to 
stirred tank reactor-based biodiesel plants, their total cost was 17 % cheaper than the hydrodynamic cavitation-based plant. 6.5 % of 
the total production costs at both sites were attributable to the cost of chemicals alone. The hydrodynamic cavitation plant’s utility 
costs were a considerable 15 % less than those of the manually stirred tank-based biodiesel facility. This was explained by the increased 
amount of steam used in the downstream process at the distillation column of the mechanically stirred tank reactor plant. The reactor 
in the hydrodynamic cavitation system used 6.37 kW while the reactor in the mechanically stirred tank reactor used 19.1 kW. This was 
owing to the efficient and vigorous microscopic mixing of methanol and oil in the hydrodynamic cavitation system brought about by 
the continual creation and collapse of bubbles. Per ton of biodiesel produced by using hydrodynamic cavitation, the total product cost 
was $975 [183]. 

The cost of producing biodiesel using fresh palm oil and a mechanically stirred tank reactor system was $1087/t, according to 
Sakdasri et al. [243]. They set the market price for palm oil at $580/t, which was 19 % less than the price of sunflower oil [243]. On the 
other side, Marchetti et al. [244] used a stirred tank reaction system and set a lower bound selling cost of $1058/t [244]. Additionally, 
Lee et al. [245] estimated that microalgae could be produced at a minimum cost of $3500/t [245]. The final product cost of closed-loop 
hydrodynamic cavitation was $986/t, suggesting that the system for intensifying hydrodynamic cavitation in the production of bio
diesel might be competitive in terms of total production costs [183]. According to Yamuna Thoppil et al. [242] the plant that produced 
2600 t/yr of biodiesel from coffee oil derived from used coffee grounds using a mechanically stirred tank reactor required a total 
production cost of cost $6,952,567 [242]. Although the facility had a 33,000 t/y annual output capacity, its total production cost was 
only $605,000 thanks to the hydrodynamic cavitation intensified reactor’s effective functioning [183]. The more effective reactor 
might use fewer raw materials and labor costs to operate. 

8.1.2.3. Profitability. To assess the profitability of these two varieties of plants, the net present value was chosen as a metric. Me
chanically stirred tank reactor-based plants had a negative net present value. It was not a lucrative plant as a result. Additionally, some 
researchers conducted economic analyses of biodiesel synthesis from canola oil catalyzed by the basic homogeneous catalyst and 
biodiesel production from sunflower oil catalyzed by the basic homogeneous and heterogeneous catalyst, reported a similar situation 
[237,240,241]. However, because hydrodynamic cavitation was more effective, the net present value was positive and had a return on 
investment of 25.6 %. Additionally, Lee et al. [237] revealed that the payback period of a hydrodynamic cavitation-based biodiesel 
facility was 3.9 and 5.2 years shorter. According to Dongwoo Lee et al. [237], the payback period for the supercritical technique of 
producing biodiesel from soybean oil was approximately 10 years, which was longer than 3 years when the hydrodynamic cavitation 
process intensifies the biodiesel production process [237]. 

8.2. Economic analysis of microwave reactor 

8.2.1. Energy input-output analysis and economic evaluation 
The scaling up to the industrial level of biodiesel production has some significant disadvantages. Research, additional knowledge of 

input-output energy, and economic analysis are important in achieving this. One technique for analyzing issues of sustainability is 
energy analysis [246]. 

8.2.1.1. Energy input-output analysis. Neda Yari et al. [128] assessed the input-output energy of the production of biodiesel from fish 
oil using potassium methoxide as the catalyst. Methanol, glycerol, biodiesel catalysts, mono and diglycerides, electrical energy, fish oil, 
methanol, potassium methoxide, and labor were considered the output energies in their study [128]. Energy productivity, which 
measures the weight of biodiesel to energy input, energy ratio, specific energy, and net energy which measures the difference between 
input and output energy was the energy input and output indicators used [246,247]. For the synthesis of microwave-irradiated bio
diesel from fish oil, the total input and output were 48.8 and 50.8 MJ per litter of biodiesel, respectively. 85.9 % fish oil, 12.2 % 
methanol, 0.4 % catalyst, 1.3 % electrical energy, 0.18 % machine energy, and 0.07 % labor force made up the input energies. 
Therefore, the higher value of the input energies was given by the fish oil. Additionally, 0.017 kg of biodiesel were produced for every 
MJ of energy, with a kilogram of biodiesel requiring 59.81 MJ of specific energy. The net energy produced by the transesterification 
reaction was 2.02 MJ/litter, and the energy ratio was 1.04. The energy ratio of 1.041 meant that for every single MJ of energy 
consumed, 0.018 kg of biodiesel was produced, yielding an output energy of 1.041 MJ. The reaction generated 2.03 MJ of net energy 
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per litter of biodiesel [128]. The fact that the net energy was positive shows that energy was used throughout the process of making 
biodiesel [246,248]. Production of microwave-intensified biodiesel from fish oil used 85.7 % renewable energy and 14.3 % 
non-renewable energy, respectively [128]. 

The share of renewable and non-renewable energies used in the conventional biodiesel production process, however, was 77 % and 
23 %, respectively [248]. This showed that the intensification of biodiesel production using microwave radiation generated more 
renewable energy than the traditional approach. From an energy perspective, it is desirable to use the microwave irradiation technique 
of biodiesel synthesis because non-renewable energy sources are not replenishable naturally [246]. According to the paper, 1.05 kg of 
fish oil, 0.263 kg of methanol, 0.009 kg of catalyst, 0.002 kWh of electrical energy, and 0.1 h of machine energy were all utilized to 
make 1L of biodiesel from fish oil that had been microwave-intensified [128]. However, Leila Naderloo et al. [246] reported that 0.033 
h of labor force, 1.184 kg of used cooking oil, 0.169 kg of methanol, 0.012 kg of catalyst, 0.002 kW h of electrical energy, and 0.1 h of 
mechanical energy were required to produce one litter of biodiesel intensified by ultrasonic device [246]. This demonstrated that 
producing 1L of biodiesel required the same amount of mechanical and electrical energy as producing the same amount of oil and 
catalyst. 

8.2.1.2. Economic evaluation. The economic worth of the process could be assessed using input-output analysis. The primary unit of 
cost assessment can be the volume of biodiesel produced. Product costs come in two flavors: fixed costs and variable costs. The price of 
chemicals, oil, labor, and electrical energy were the variable product costs of biodiesel produced from fish oil and amplified by mi
crowave irradiation, according to Neda Yari et al. [128]. The only output taken into account in their computation was biodiesel. The 
biodiesel yield was 99 %. By calculating the gross margin, the total cost of production, fixed costs, variable costs, and productivity, an 
economic analysis was carried out. The mass of biodiesel to the overall cost of the product is the ratio of economic productivity. The 
variable production cost, fixed production cost, and total production cost per liter of biodiesel for the microwave-assisted manufacture 
of biodiesel from fish oil were determined to be 0.6502$, 0.0039$, and 0.6541$, respectively. Additionally, the productivity was 
1.6637 kg/$, meaning that 1.7 kg of biodiesel from fish oil were produced for every dollar invested with the use of microwave 
irradiation. The variable production cost, fixed production cost, and total production cost per liter of biodiesel generated using the 
conventional technique were determined to be 1.197 $, 0.004 $, and 1.201 $, respectively. Additionally, the productivity was 0.946 
kg/$. Therefore, by using microwave irradiation to produce biodiesel, the cost per liter of biodiesel may be decreased by 45.6 %, 25 %, 
and 45.5 %, respectively, compared to the conventional method of production. By using microwave intensification, productivity can be 
increased by 38.5 % compared to the productivity of the conventional approach, or by 0.4637 kg/$ [128]. 

9. Conclusions 

Green technology innovation can assist in striking a balance between improved environmental management and sustainable 
economic development. Biomass is a more environmentally friendly and sustainable energy source than fossil fuels. Since biomass is 
renewable and carbon neutral, it has attracted a lot of interest in its synthesis and production as biofuels. Recent research on the 
intensification of biodiesel production using cavitation and microwave reactors indicates that these technologies have the potential to 
increase the yield, energy efficiency, and financial sustainability of biodiesel production. This paper amply illustrated the effects of 
process variables for microwave and cavitation-aided biodiesel transesterification process. It has been described in various practical 
studies that have been carried out under optimal circumstances how microwave and cavitation-aided amplification are better than the 
conventional in terms of biodiesel yield. The authors conclude that while cavitation and microwave reactors may involve higher initial 
investment costs, their improved energy efficiency, and higher biodiesel yield can lead to cost savings in the long run. Furthermore, 
activation energy analysis plays a crucial role in understanding the biodiesel intensification process using cavitation and microwave 
reactors. Moreover, the study assesses these technologies’ energy efficiency and contrasts it with conventional biodiesel production 
methods. Promising advantages such as improved product yields, shorter reaction times, lower energy consumption, and enhanced 
economic viability are provided by cavitation and microwave reactors. These advantages are attained through improving reaction 
kinetics and lowering the requirement for catalysts, doing away with the need for a lot of chemicals, and saving energy. The assessment 
also emphasizes how important it is to carry out a comprehensive review of the financial viability of employing these technologies. The 
review concludes that cavitation and microwave process intensification of biodiesel provides opportunities for future perspectives as 
well as suggestions concerning the selection criteria of raw materials, catalysts, and processing methods to make the production of 
biodiesel more affordable, quick, environmentally friendly, clean, and sustainable. 

10. Future outlook 

In addition to developing technologies for cavitation and microwave reactors in the production of biodiesel, further in-depth study 
is still needed to optimize the current technology to scale it up for use in commercial applications. Moving ahead, the biofuel sector 
should also take into account specific environmental sustainability methods like life cycle assessment and energy and exergy studies of 
production processes to assess their financial worth and environmental impact. Researchers can determine the most sustainable and 
energy-efficient methods by investigating more on those reactor designs, process variables, and feedstock sources to apply the tech
nologies in large-scale biodiesel production. Further research and development in this area could facilitate the widespread adoption of 
these technologies in the biodiesel industry. From an economic standpoint, the biodiesel production industry may experience re
ductions in costs when cavitation and microwave reactors are employed more frequently. 

Y.D. Bizualem and A.G. Nurie                                                                                                                                                                                      



Heliyon 10 (2024) e24643

23

Data availability statement 

No data was used for the research described in the article. 

CRediT authorship contribution statement 

Yonas Desta Bizualem: Writing – review & editing, Writing – original draft, Visualization, Resources, Investigation, Conceptu
alization. Amare Gashu Nurie: Writing – original draft, Visualization, Supervision, Resources, Investigation, Data curation. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

References 

[1] L.F. Chuah, et al., Marine environment and maritime safety assessment using Port State Control database, Chemosphere 304 (2022) 135245. 
[2] S. Rahim, et al., Do natural resources abundance and human capital development promote economic growth? A study on the resource curse hypothesis in the 

Next Eleven countries, Resources, Environment and Sustainability 4 (2021) 100018. 
[3] W. Chen, Y. Lei, The impacts of renewable energy and technological innovation on environment-energy-growth nexus: new evidence from a panel quantile 

regression, Renew. Energy 123 (2018) 1–14. 
[4] Z. Chen, et al., Can green credit policy promote low-carbon technology innovation? J. Clean. Prod. 359 (2022) 132061. 
[5] S. Griffiths, et al., Decarbonizing the oil refining industry: a systematic review of sociotechnical systems, technological innovations, and policy options, Energy 

Res. Social Sci. 89 (2022) 102542. 
[6] S. Afshan, I. Ozturk, T. Yaqoob, Facilitating renewable energy transition, ecological innovations and stringent environmental policies to improve ecological 

sustainability: evidence from MM-QR method, Renew. Energy 196 (2022) 151–160. 
[7] Z. Yang, et al., Alleviating the misallocation of R&D inputs in China’s manufacturing sector: from the perspectives of factor-biased technological innovation 

and substitution elasticity, Technol. Forecast. Soc. Change 151 (2020) 119878. 
[8] Z. Yang, et al., Wage distortion and green technological progress: a directed technological progress perspective, Ecol. Econ. 181 (2021) 106912. 
[9] L. Xu, et al., Heterogeneous green innovations and carbon emission performance: evidence at China’s city level, Energy Econ. 99 (2021) 105269. 

[10] D. Popp, The Role of Technological Change in Green Growth, 2012. 
[11] A.E. Caglar, M. Ulug, The role of government spending on energy efficiency R&D budgets in the green transformation process: insight from the top-five 

countries, Environ. Sci. Pollut. Control Ser. 29 (50) (2022) 76472–76484. 
[12] M. Umar, et al., The imperativeness of environmental quality in the United States transportation sector amidst biomass-fossil energy consumption and growth, 

J. Clean. Prod. 285 (2021) 124863. 
[13] M. Asadullah, et al., Optimization of palm kernel shell torrefaction to produce energy densified bio-coal, Energy Convers. Manag. 88 (2014) 1086–1093. 
[14] H.C. Ong, et al., Catalytic thermochemical conversion of biomass for biofuel production: a comprehensive review, Renew. Sustain. Energy Rev. 113 (2019) 

109266. 
[15] A.T. Hoang, et al., Progress on the lignocellulosic biomass pyrolysis for biofuel production toward environmental sustainability, Fuel Process. Technol. 223 

(2021) 106997. 
[16] A. Saravanan, et al., Recent advances and sustainable development of biofuels production from lignocellulosic biomass, Bioresour. Technol. 344 (2022) 

126203. 
[17] A.H. Alami, et al., Investigating algae for CO2 capture and accumulation and simultaneous production of biomass for biodiesel production, Sci. Total Environ. 

759 (2021) 143529. 
[18] N.S. Ab Rasid, et al., Recent advances in green pre-treatment methods of lignocellulosic biomass for enhanced biofuel production, J. Clean. Prod. 321 (2021) 

129038. 
[19] M.E. Bildirici, Economic growth, and biomass energy, Biomass Bioenergy 50 (2013) 19–24. 
[20] E. Commission, EU Agricultural Outlook for Markets, Income, and Environment, European Commission, DG Agriculture and Rural Development Brussels, 

2020, 2020–2030. 
[21] B. Kupiec, Legal Status of a Renewables Self-Consumer under Polish Law in Light of Directive (EU) 2018/2001 of the European Parliament and the Council of 

11 December 2018 on the Promotion of the Use of Energy from Renewable Sources, 2021. 
[22] A. Van Grinsven, et al., Used Cooking Oil (UCO) as a Biofuel Feedstock in the EU, CE Delft, Delft, The Netherlands, 2020 200247. 
[23] P. Ruiz, et al., ENSPRESO-an open, EU-28 wide, transparent, and coherent database of wind, solar and biomass energy potentials, Energy Strategy Rev. 26 

(2019) 100379. 
[24] M. Munir, et al., Sustainable production of bioenergy from novel non-edible seed oil (Prunus cerasoides) using bimetallic impregnated montmorillonite clay 

catalyst, Renew. Sustain. Energy Rev. 109 (2019) 321–332. 
[25] S. Sahani, T. Roy, Y.C. Sharma, Clean and efficient production of biodiesel using barium cerate as a heterogeneous catalyst for the biodiesel production; 

kinetics and thermodynamic study, J. Clean. Prod. 237 (2019) 117699. 
[26] B.R. Vahid, M. Haghighi, Biodiesel production from sunflower oil over MgO/MgAl2O4 nanocatalyst: effect of fuel type on catalyst nanostructure and 

performance, Energy Convers. Manag. 134 (2017) 290–300. 
[27] S.-Y. Chen, et al., Carbonaceous Ti-incorporated SBA-15 with enhanced activity and durability for high-quality biodiesel production: synthesis and utilization 

of the P123 template as carbon source, Appl. Catal. B Environ. 181 (2016) 800–809. 
[28] T. Kober, et al., Global energy perspectives to 2060–WEC’s world energy scenarios 2019, Energy Strategy Rev. 31 (2020) 100523. 
[29] R. Foroutan, et al., Transesterification of waste edible oils to biodiesel using calcium oxide@ magnesium oxide nanocatalyst, Waste Manag. 105 (2020) 

373–383. 
[30] M. Olkiewicz, et al., Biodiesel production from sewage sludge lipids catalyzed by Brønsted acidic ionic liquids, Appl. Catal. B Environ. 181 (2016) 738–746. 
[31] J. Van Gerpen, Biodiesel processing and production, Fuel Process. Technol. 86 (10) (2005) 1097–1107. 
[32] B. Freedman, E. Pryde, T. Mounts, Variables affecting the yields of fatty esters from transesterified vegetable oils, J. Am. Oil Chem. Soc. 61 (10) (1984) 

1638–1643. 
[33] H.C. Ong, et al., Engine performance and emissions using Jatropha curcas, Ceiba pentandra, and Calophyllum inophyllum biodiesel in a CI diesel engine, 

Energy 69 (2014) 427–445. 
[34] L.F. Chuah, et al., Kinetic studies on waste cooking oil into biodiesel via hydrodynamic cavitation, J. Clean. Prod. 146 (2017) 47–56. 
[35] B.H. Samani, et al., The rotor-stator type hydrodynamic cavitation reactor approach for enhanced biodiesel fuel production, Fuel 283 (2021) 118821. 
[36] A.V. Mohod, et al., Intensification of biodiesel production using hydrodynamic cavitation based on high-speed homogenizer, Chem. Eng. J. 316 (2017) 

751–757. 

Y.D. Bizualem and A.G. Nurie                                                                                                                                                                                      

http://refhub.elsevier.com/S2405-8440(24)00674-1/sref1
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref2
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref2
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref3
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref3
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref4
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref5
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref5
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref6
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref6
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref7
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref7
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref8
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref9
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref10
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref11
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref11
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref12
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref12
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref13
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref14
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref14
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref15
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref15
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref16
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref16
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref17
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref17
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref18
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref18
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref19
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref20
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref20
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref21
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref21
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref22
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref23
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref23
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref24
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref24
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref25
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref25
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref26
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref26
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref27
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref27
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref28
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref29
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref29
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref30
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref31
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref32
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref32
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref33
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref33
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref34
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref35
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref36
http://refhub.elsevier.com/S2405-8440(24)00674-1/sref36


Heliyon 10 (2024) e24643

24

[37] M. Farvardin, et al., Enhancement of biodiesel production from waste cooking oil: ultrasonic-hydrodynamic combined cavitation system. Energy Sources, Part 
A: Recovery, Utilization, and Environmental Effects, 2019, pp. 1–15. 

[38] T. Mahlia, et al., Patent landscape review on biodiesel production: technology updates, Renew. Sustain. Energy Rev. 118 (2020) 109526. 
[39] B.S. Caldas, et al., Supercritical ethanolysis for biodiesel production from edible oil waste using ionic liquid [HMim][HSO4] as catalyst, Appl. Catal. B Environ. 

181 (2016) 289–297. 
[40] J. Gardy, et al., Biodiesel production from used cooking oil using a novel surface functionalized TiO2 nano-catalyst, Appl. Catal. B Environ. 207 (2017) 

297–310. 
[41] A. Demirbas, Progress and recent trends in biodiesel fuels, Energy Convers. Manag. 50 (1) (2009) 14–34. 
[42] V. Singh, et al., Biodiesel production using a novel heterogeneous catalyst, magnesium zirconate (Mg2Zr5O12): process optimization through response surface 

methodology (RSM), Energy Convers. Manag. 174 (2018) 198–207. 
[43] M.K. Lam, K.T. Lee, A.R. Mohamed, Life cycle assessment for the production of biodiesel: a case study in Malaysia for palm oil versus jatropha oil, Biofuels, 

Bioproducts, and Biorefining: Innovation for a sustainable economy 3 (6) (2009) 601–612. 
[44] S. Dwivedy, K. Rayaguru, G. Sahoo, Effect of drying methods on quality characteristics of medicinal Indian borage (Coleus aromaticus) leaves, J. Food Process. 

Technol. 3 (11) (2012) 1–6. 
[45] S. Hoseini, et al., Biodiesels from three feedstock: the effect of graphene oxide (GO) nanoparticles diesel engine parameters fuelled with biodiesel, Renew. 

Energy 145 (2020) 190–201. 
[46] S. Hoseini, et al., Characterization of biodiesel production (ultrasonic-assisted) from evening-primroses (Oenothera lamarckiana) as novel feedstock and its 

effect on CI engine parameters, Renew. Energy 130 (2019) 50–60. 
[47] G.P. Pousa, A.L. Santos, P.A. Suarez, History and policy of biodiesel in Brazil, Energy Pol. 35 (11) (2007) 5393–5398. 
[48] U. Rajak, T.N. Verma, Effect of emission from ethylic biodiesel of edible and non-edible vegetable oil, animal fats, waste oil and alcohol in CI engine, Energy 

Convers. Manag. 166 (2018) 704–718. 
[49] H.C. Ong, et al., Biodiesel production from Calophyllum inophyllum-Ceiba pentandra oil mixture: optimization and characterization, J. Clean. Prod. 219 

(2019) 183–198. 
[50] A.S. Silitonga, et al., Biodiesel synthesis from Ceiba pentandra oil by microwave irradiation-assisted transesterification: ELM modeling and optimization, 

Renew. Energy 146 (2020) 1278–1291. 
[51] S. Hoseini, et al., Performance and emission characteristics of a CI engine using graphene oxide (GO) nano-particle additives in biodiesel-diesel blends, Renew. 

Energy 145 (2020) 458–465. 
[52] B. Hosseinzadeh Samani, et al., Evaluation of an enhanced ultrasonic-assisted biodiesel synthesized using safflower oil in a diesel power generator, Biofuels 11 

(4) (2020) 523–532. 
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