Arabian Journal for Science and Engineering (2022) 47:15133-15151
https://doi.org/10.1007/s13369-022-07121-9

REVIEW ARTICLE-MECHANICAL ENGINEERING ")

Check for
updates

Current Technologies and Future Trends for Biodiesel Production:
A Review

Ridha Ennetta’® - Hakan Serhad Soyhan?3 . Cemil Koyunoglu* - Veli Gékhan Demir®

Received: 5 March 2022 / Accepted: 29 June 2022 / Published online: 4 August 2022
© King Fahd University of Petroleum & Minerals 2022

Abstract

Increasing use of rapidly developing technology in daily life, people’s commitment to comfortable living and rising prosperity
increases the need for energy day by day and makes energy essential for human beings. Today, the level of energy consumption
has become an indicator of economic development and power for countries, and the sharing of existing energy resources has
been one of the main factors that play a role in the formation of the world politics and conjuncture. The majority of the
total energy consumption in the world consists of fossil fuels, which are burned in the internal combustion engines (ICE) in
the transport sector. The disadvantages of fossil fuel use in ICEs lead researchers to work on new engine designs that will
increase combustion efficiency and reduce harmful emission gas output, and to develop renewable and green fuels that can be
used in these engines. Biodiesel is the most suitable alternative to petroleum diesel used as conventional fuel in compression
ignition engines (diesel engines), which is the most widely used ICE in the transportation sector. In this review paper, a
general view of the biodiesel production technologies is addressed to focus on the most valuable strategy, mainly, for ICEs in
transportation industry sector. After reviewing a wide range of data, it has been observed that microwave assisted biodiesel
production technology is not well-known in low-income countries and should be emphasized about its RandD technology
in these countries. This technology has advantages to solve aforementioned problems. The main objective of this paper is to
present and discuss the current and future technologies for biodiesel production. Biofuels, in general, are initially presented,
then an emphasis is placed on the processes for obtaining biodiesel, on raw materials origins and characteristics and on
biodiesel proprieties when used as fuel. Finally, biodiesel production methods from past to present are discussed. A special
focus is given to microwave technology as an emerging solution for biodiesel production.
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1 Introduction

While the importance of energy is increasing day by day,
the search for solutions for two main problems in energy
production and consumption continues within the scope of
clean and sustainable energy policies. The first of these prob-
lems is that fossil fuels, which have the largest share among
the sources, used in energy production, cause environmental
damages and cause irreversible climate changes. The sec-
ond major problem is the limited availability of fossil fuels
reserves and their rapid depletion.

In particular, the introduction of environmental restric-
tions on energy consumption, such as the Kyoto agreement
and the 2017 Carbon agreement, and the lack of a stable
energy policy in the world despite the increasing need for
energy are of concern. For this purpose, RandD studies with
a vision of energy policy should be spread around the world
by taking the use of sustainable, domestic and renewable
energy sources as an example. However, there is a need to
focus on the development of new fuels/systems that reduce
emissions of harmful species and the efficient use of existing
energy sources [1].

Biodiesel, usually produced from renewable energy
sources such as vegetable oils, does not have a high toxic
effect in nature. Biodiesel could be used as a fuel alternative
in diesel engines to reduce emissions of pollutants as car-
bon monoxide (CO), hydrocarbons (HC), particulate matter
(PM), sulfur oxides (SOy), and to increase combustion effi-
ciency [2-5]. The use of biodiesel as an alternative fuel has
been investigated by many researchers and the studies on the
engine performance, combustion characteristics and exhaust
emission values of biodiesels produced from different raw
materials are still being investigated by using experimen-
tal and numerical methods (Computational Fluid Dynamics
tools for simulations) [6—8]. The most important reason why
biodiesel usage, which has many advantages compared to
diesel, is still not widespread at the desired level today is the
high production cost compared to diesel [9, 10]

Current research topics include the search for different raw
materials (waste oil, animal fat, etc.) to reduce the biodiesel
cost production, in addition to use more efficient new tech-
nologies (microwave, ultrasonic heating, etc.) to improve
the production processes [11]. In scientific literature, it was
stated that biodiesel production using microwave technology
was quite fast compared to conventional production meth-
ods and also some increase in product yield was observed
[12-14]. However, the limited penetration depth and safety
conditions were considered to be the main reason why the
microwave could not be used in the production of large-scale
commercial biodiesel. Studies on this subject are continuing,
but large volume biodiesel reactors with microwave technol-
ogy have not yet emerged in the industrial sector.
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2 Methodology

In the following sections, a general view of biofuels is ini-
tially presented, then, their advantages and disadvantages are
displayed, and finally, their production methods from past
to present are discussed. A special focus has been given to
microwave technology as an emerging solution in biodiesel
production.

3 General View of Biofuels

Renewable energy is the energy obtained by using the
existing energy flow in the natural processes that oper-
ate continuously. Therefore, there is no risk of extinction
of the source. As it is obtained through natural processes,
the negative impact on the environment is negligible. The
most important renewable energy sources are geothermal,
wind, solar, hydropower and biomass. Nowadays, countries
or international communities put into effect legal and encour-
aging RandD studies in order to increase the utilization rate
of the most suitable renewable energy sources in relation
to their economic, geographical and social characteristics.
For example, the European Union (EU) has been working
on privatizing energy policies and establishing a competi-
tive market since 1990 in order to increase the energy supply
security and to minimize the energy production/use environ-
mental impacts [15]. Energy policies in the EU have been
determined since 1995 according to White Paper, Kyoto Pro-
tocol and Green Book reports. In order to prevent climate
change, a package known as 20-20-20 was adopted in the
European Parliament on 17 December 2008. In this package,
the energy targets in the EU by 2020 have been determined.
According to this:

e 20% of the energy used is renewable. This ratio is 35% for
electrical energy.

e It was decided to reduce the greenhouse gas emission level
by 20% from its 1990 level.

e 20% improvement in energy efficiency is targeted. In addi-
tion, renewable energy production which is targeted to be
reached in 2020 is stated as 550-600 TWh.

Biomass has the greatest energy potential, among the
sources of renewable energy. According to WBA Global
Bioenergy Statistics 2018 of the World Bioenergy Associ-
ation [16], globally, bioenergy is the principal renewable
energy source in the world. In 2016, the total primary energy
supply of biomass resources constituted 70% of the share
among all renewable energy sources.

Biomass energy sources are all substances of plant and
animal origin with carbohydrate compounds. Using biomass
energy sources, three basic biofuels can be produced: Biogas,
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Biodiesel and Bioethanol. The most widely used renewable
alternative fuels in common areas are biogas, bioethanol and
biodiesel, respectively.

3.1 Biogas

Biogas is a type of gas obtained by decomposition of
biomass under anaerobic conditions and is produced only
from organic raw materials containing carbohydrate, pro-
tein, fat, cellulose and hemicellulose as the main component.
Domestic, industrial and agricultural product wastes and
animal manure are the main raw materials used in biogas
production. Similar to natural gas, the main components of
biogas are methane (CHy) and carbon dioxide (CO;) gases.
By removing CO; in the crude biogas, a purified biogas is
obtained, of which 98% is composed of CH4. Biogas is a
renewable biofuel that can be used directly in electricity gen-
eration, heat generation and vehicle fuel. Biogas can be used
wherever natural gas is used as an alternative fuel to natural
gas or mixed with natural gas [17]

3.2 Bioethanol

Bioethanol is a biofuel that can be extracted from plants
such as corn, sweet sorghum, sugar beet, wheat, sugar cane,
potatoes, woody waters or agricultural wastes and domes-
tic wastes containing cellulose. Besides the transportation
sector, it can be used in heat and electricity production,
cogeneration applications and also in the production of chem-
icals. Bioethanol can be used by blending with gasoline, with
any proportion in dedicated spark ignition engines, as it is a
common practice in Brazilian cars (flex fuel vehicles) or in
certain proportions without making any changes in existing
gasoline engines [18].

3.3 Biodiesel

Biodiesel is a biofuel, for diesel engines, obtained from
renewable energy sources such as vegetable or animal oils.
Biodiesel can be used in conventional diesel engines without
any modifications, and it is, generally, mixed with petroleum
fuels. The chemical structure of the biodiesel consists of
methyl or ethyl esters containing medium length Cj6-Cig
fatty acid chains unlike diesel and contains about 11% oxy-
gen by weight. The most important advantages of biodiesel
are engine lubrication improvement, biodegradability, low
toxicity, low emission profile and production from renew-
able sources [19].

Biodiesel is generally described as a mono alkyl ester of
fatty acids chain obtained by reacting vegetable, animal or
waste oils, a monohydric alcohol (methanol, ethanol, etc.)
and a catalyst. The word “bio” means that the fuel is renew-
able and biological, and the term “diesel” specifies it is

dedicated to diesel engine. Biodiesel is defined as the ester
of the raw material (oil source) reacted according to the type
of alcohol used in its production. It is called methyl ester if
a methyl alcohol is used and ethyl ester if an ethyl alcohol
is used. For example, canola oil methyl ester, soybean oil
methyl ester, canola oil ethyl ester, soybean oil ethyl ester
and so on. Biodiesel can be used in diesel engine in pure
form and as a mixture with diesel in various ratios. The per-
centage of biodiesel in the mixture is expressed as "BXX".
"XX" herein refers to the ratio of biodiesel used in the mix-
ture to the volume percentage. For example, B20 refers to
a mixture of 20% by volume of biodiesel and 80% diesel,
B100 refers to pure biodiesel, and BO to pure gasoline fuel.
In general, it is an alternative, renewable, clean and environ-
mentally friendly diesel fuel that can be used without any
changes in diesel engines. Biodiesel is superior to diesel in
terms of emissions, cetane number and flash point. Lubrica-
tion of biodiesel is one of the important properties. In low
sulfur diesel fuels, it is possible to increase the reduced lubri-
cation using biodiesel [20].

In addition, biodiesel, especially in rural agricultural coun-
tries contributes to the economic structure, to the strength-
ening of job opportunities and to the development of the
industry as well.

4 Biodiesel Production

The most important factor for sustaining biodiesel production
with domestic resources is the supply of raw materials. When
the countries that are the biggest biodiesel producers in the
world are examined, it is seen that they choose the raw mate-
rials used in biodiesel production from the oils grown in their
own countries and which have more food supply. In this title,
the situation of biodiesel in the EU, USA and other rapidly
developing countries that have a say in biodiesel produc-
tion and directs the sector is summarized. With the biofuels
directive 2003/30/EC published in the EU [21], which is the
largest producer of biodiesel in the world (see Fig. 1),in 2010,
5.75% of the fuel used in the transportation sector across the
EU was targeted to be supplied from biofuels. In 2009, this
target was revised to 10% by 2020 with a new directive. In
order to achieve these goals, energy agriculture is economi-
cally supported, and tax deduction is applied to biodiesel fuel
in EU countries. Biodiesel production capacity increased by
360% between 2006 and 2009 with the incentives prepared in
EU and increased by 4-5% on average in 2010 and after. Low
crude oil prices, high vegetable oil prices, rising imports and
the financial crisis since 2008 are cited as the reasons for this
decline. Although the increase in biodiesel production rate
has decreased slightly, EU biodiesel production capacity has
continuously increased and continues to increase over the
years. The latest data presented are up to 2015 and when the
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Fig. 1 Liquid biodiesel production in 2016 [16]

EU’s biodiesel production for the last 10 years is analyzed,
the annual production increased from 3,673,700 tons of oil
in 2006 to 11,076,800 tons of oil in 2015. Germany, which
is the largest producer of biodiesel in the EU member states
with 28 members, realized 24.97% of EU total biodiesel pro-
duction alone in 2015. The most widely used biodiesel raw
material in the EU is canola (rapeseed) oil [16].

Various techniques are used in the production of renewable
diesel fuel from oils. These are usually; Direct use of oils,
microemulsion, pyrolysis (separation) and transesterification
(reesterification) and biodiesel production methods. These
techniques are discussed below.

4.1 Microemulsion Method

This method, used to reduce the viscosity of oils, is to
form a microemulsion of the oil with short chain alcohols
such as methanol, ethanol or 1-butanol. The microemulsion
is the equilibrium distribution of optically isotropic liquid
microstructures having dimensions between 1-50 nm and
is normally formed by the combination of two immiscible
liquids and one or more amphiphiles (active substances).
Although positive results such as decreases in viscosity of
the fuels obtained by this method and improved spray char-
acteristics have been recorded [22], their volumetric thermal
values and cetane numbers are lower due to alcohol con-
tent than diesel. In addition, microemulsions tend to degrade
the mixture at low temperatures. The high latent evaporation
temperatures of alcohols have a cooling effect on the com-
bustion chamber. This has the effect of reducing the heavy
carbon build-up around the injector orifices and the exhaust
valves [23].

4.2 Pyrolysis

Pyrolysis or cracking is the process of breaking the chem-
ical bonds of one substance to form smaller molecules and

%% @ Springer

converting it into another substance by applying heat energy
in an oxygen-free environment. The equipment required for
pyrolysis is quite expensive, but it is considered as the most
economically reasonable process to produce biodiesel with
lower GHG emissions49 [23].

Furthermore, while pyrolysis products are chemically
similar to diesel fuel and petroleum-derived gasoline [24],
the oxygen removal during the thermal treatment eliminates
the using of an oxygen fuel environmental benefit.

According to Mahanta and Shrivastava [25], pyrolyzed
vegetable oils contain acceptable quantities of water, sulfur,
sediment; however, ash as well as carbon residue amounts,
and spillage points are unacceptable. Therefore, the motor
tests of pyrolyzed vegetable oils are limited to short-term
tests.

4.3 Transesterification

Transesterification is a chemical process used to transform
the triglycerides of oils or fats into methyl or ethyl esters
using an alcohol, generally methanol or ethanol.

Transesterification is considered as the main convenient
method to produce biodiesel from oil and fat feedstock types
[26, 27]. Thus, transesterification is the most frequently used
method, for commercial purposes, to transform vegetable oils
into an environmentally friendly and clean fuel i.e., biodiesel
[28].

The most widely used method in biodiesel production is
the transesterification reaction in the presence of catalyst
[29]. The main reasons for this are as follows:

e Realization at low pressures and temperatures,

e High conversion in short reaction times,

e Direct biodiesel is obtained without intermediate/side
components.

In the three reaction steps of transesterification, theoret-
ically, in the presence of catalyst, 1 mol of triglyceride and
3 mol of methanol, respectively: 1 mol of diglyceride + 1 mol
of FAME, 1 mol of monoglyceride + 1 mol of FAME and
1 mol of glycerol and 1 mol of FAME are obtained (Fig. 6).

The transesterification reaction breaks down the triglyc-
eride, the essential component of the oil, to remove the high
viscosity and viscous glycerol from the oil structure and to
re-esterify the fatty acids with a short chain alcohol such
as methanol. Catalyst is used to accelerate the reaction. As
a result, glycerol-based triesters, is transformed to FAMEs,
also called biodiesel, whose molecular weight is reduced by
three times and viscosity by about eight times. In addition,
the volatility of the reaction is improved somewhat.

As shown in Fig. 2, a 3:1 molar ratio is sufficient in
a theoretical transesterification reaction. However, since
transesterification is a reversible equilibrium reaction, it is
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required to either use more alcohol than in theory or to remove
one of the products from the mixture in order to advance
the reaction to the desired products. Therefore, molar ratio
greater than 3:1 is generally used in transesterification reac-
tions. In the literature, when 100% excess alcohol (6:1 molar
ratio) is used, reaction rate and ester conversion are maxi-
mized; it is stated that increasing the alcohol ratio more than
a certain value does not improve the ester conversion and
makes the separation of glycerol difficult and requires extra
process and cost to remove residual alcohol from the product
at the end of the reaction [30].

Due to its economic and physico-chemical advantages
(short-chain and polar alcohol) in the transesterification reac-
tion, the most preferred alcohol is methyl alcohol, also known
as methanol. Methanol reacts rapidly with triglycerides, and
the catalysts used in the reaction are more readily soluble in
methanol than other alcohols. Apart from methanol, differ-
ent types of alcohol can also be used, such as ethanol, butyl
alcohol and isopropyl alcohol. However, it is stated that the
reaction conditions change, and the production of biodiesel
becomes difficult in the presence of different alcohols. In
addition, no significant difference was found in the engine
performance of biodiesel produced from different alcohols.

In transesterification, base (NaOH, KOH, alkali metal
alkocytes), acid (HySO4, HCI) or enzymatic catalysts can be
used as catalysts. Acid and enzyme catalysts are much slower
than base catalysts. When the same amount of acid and base
catalyst is used as the catalyst for vegetable oils transesterifi-
cation in the presence of methyl alcohol, the reaction can be
up to 4000 times faster for the base catalyst [31]. In addition to

all these advantages of base catalysts, the base catalyst should
not be used if the FFA content is above 0.5% (acid value is
1 mg KOH/g). Because FFAs react with base catalyst, they
consume the catalyst and cause the formation of soap which
reduces ester conversion and prevents the decomposition of
ester, glycerol and wash water. In addition, soaps increase the
viscosity and lead to gel formation. In these cases, the oil is
pretreated (esterification). When the FFA value of the oil falls
below 0.5% with the pretreatment process, transesterification
process is started for high-speed biodiesel production.

5 Biodiesel Raw Materials

Vegetable oils, animal oils, algae and bacteria, waste oils and
oil refining waste are used as biodiesel raw materials [32].
Vegetable oils are the most preferred among these raw mate-
rials. The production of biodiesel from waste, non-renewable
and animal oils is advantageous compared to the use of veg-
etable oils in terms of biodiesel raw material costs. However,
the production process from these oils is more difficult than
from vegetable oils, as it usually requires many additional
processes and esterification. Furthermore, there is a possibil-
ity that the biodiesel produced may not meet the relevant fuel
standards.

Since biodiesel standards are based on the most produced
oil seeds in that country (canola, soybean oil, etc.), the fuel
performance and cold flow characteristics of the biodiesel are
mostly based on these oil sources. Although various types of
oils are used to produce biodiesel, the chemical structure

Springer
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Table 1 Some vegetable oils acid compositions [33]

Oil Type Fatty acid composition (mass%)
14:0 16:0 18:0 20:0 22:0 24:0 18:1 22:1 18:2 18:3
Sunflower 0 3 0 0 0 17 0 74 0
Rapeseed 0 1 0 0 0 64 0 22 8
Soybean 0 12 3 0 0 0 23 0 55 6
Corn 0 12 2 - 0 0 25 0 6 -
Cotton 0 28 1 0 0 0 13 0 58 0
Table 2 Some vegetable oils
properties [34] Oil Type Viscosity Higher heating Pour point. Flash Point. Density
(38 °C, value (MJ/kg) (°C) (°C) (g/em?)
mm?/s)
Sunflower 339 39.6 - 15.0 274 0.9161
Rapeseed 37.0 39.7 - 317 246 09115
Soybean 32.6 39.6 - 122 254 0.9138
Corn 349 39.5 - 40.0 277 0.9095
Cotton 335 39.5 - 15.0 234 0.9148

of the oils is similar because the basic structure of the oils
consists of 90-98% triglycerides, small amounts of di and
monoglycerides and glycerol. Fuel properties of biodiesels
produced from different raw materials vary mainly according
to carbon chain lengths and unsaturation rates of raw fatty
acids used (see Tables 1 and 2). In the case of transesterifi-
cation process, Triglyceride is prepared by esterifying 3 mol
of fatty acids with 1 mol of glycerol; likewise, diglyceride
and monoglyceride are formed by esterification of 2 mol and
1 mol of fatty acids with 1 mol of glycerol, respectively. Fatty
acids are called free fatty acids (FFAs) if they are free and
not bonded. On average, the mass of glycerol in a triglyceride
molecule is about 41 g and the masses of fatty acid radicals
are about 650-790 g. Therefore, it can be said that fatty acid
radicals, which make up 94-96% by mass of triglyceride
molecules, will significantly affect the chemical and physi-
cal properties of fats.

Biodiesel has the highest thermal value among biological
materials. Vegetable oils are therefore the closest biological
substances to conventional liquid fuels and have higher heat
energy than non-fat biomaterials. Oily biological materials
enable a sustainable biodiesel production with its renew-
able structure. Other advantages of vegetable oils include
the ability to grow oil seed plants as biodiesel sources
in many climatic zones, ease of processing, utilization of
residues and by-products formed after processing. There are
more than 4000 types of plants extracted from the world.
These products differ according to agricultural inputs and
cultivation techniques. The most suitable and commercially
preferred vegetable oils for biodiesel production are soy,

S @ Springer

canola, sunflower (high oleic type), palm and cottonseed oil,
which generally contain monounsaturated fatty acids. Table
3 presents the carbon, hydrogen, oxygen and heating values
of some vegetable oils and diesel. According to this, carbon
and hydrogen values of vegetable oils are similar to diesel,
oxygen values are higher and thermal values are lower.

The following sections are devoted to briefly introduce
sunflower, soybean and canola oils, which are widely used
in biodiesel production worldwide as raw materials.

5.1 Sunflower

Sunflower oil is a type of oil obtained from the seeds of
Helianthus annuus plant which has a grain rate of 35-50%.
Most sunflower cultivation countries worldwide are Rus-
sia, Ukraine, Argentina, Hungary, France, Spain, India, and
Turkey. Fatty acid composition of sunflower oil; genetic
structure, planting time, growing area-climate conditions,
harvest time and varies according to the nutritional status
of the plant. Sunflower oil is the third most produced oil
after soybeans and rapeseed oils in the world rankings. The
Worldwide sunflower seed production in 2020/2021 was near
50 million metric tons [35].

5.2 Soybean

Soybean oil is produced from soybean seeds with a grain con-
tent of 18-20%. It has a wide range of consumers worldwide.
Soybean oil accounts for 90% of the total oilseed production
in the US [36] and Europe, and 80% in Canada. Soybean
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Table 3 Basic components of
diesel fuel and some vegetable Unit Diesel Rapeseed (Canola) Soybean Olive oil
oils [34]
Carbon, C %o 86 71.7 77.8 77.6
Hydrogen, H %o 13 12.0 11.8 11.7
Oxygen, O % 0.4 10.9 10.7 11.1
Sulfur, S % 0.3 - - -
Lower Heating Value Ml/kg 41.6 35.8 36.1 36.2

oil is the most widely used biodiesel raw material in the
USA. Soybean oil is the most produced type of oilseed. In
2020/2021, more than 75 million metric tons of soybean oil
was produced worldwide58 [35]. Indonesia and Malaysia are
the major exporter of this type of oilseed [37].

5.3 Rapeseed

Rapeseed (canola) oil is obtained from the seeds of the rape-
seed plant with a grain content of 30—42%. The erucic acid
content of rapeseed oil containing less than 5% erucic acid
was reduced to less than 2% as a result of the improvement
of B. napus and B. rapatures. Canola oil has a higher rate
of unsaturated fat than all liquid oils with 93% unsaturated
fat. Canola oil is widely consumed throughout the world due
to its relatively low price and a healthy type of oil. Canola
plant can be considered as the most advantageous compared
to other oil plants. Further, Rapeseed is composed of 6.3%
saturated, 62.4% monounsaturated and 31.3% polyunsatu-
rated fatty acids [38]. This composition content allows canola
oil biodiesel cold flow properties to exhibit better cold flow
properties than biodiesel from other plants [39]. The canola
biodiesel conforms to the biodiesel fuel standards, making it
the most widely used oil in Europe for biodiesel production
[40].

6 Biodiesel Fuel Properties

Although biodiesel is largely diesel-like, it exhibits minor
changes in some basic fuel properties due to physical and
chemical structure differences. To give an example to the
most important ones; therefore, the thermal value of biodiesel
is slightly lower than diesel. This leads to loss of power as a
result of combustion in the engine and an increase in specific
fuel consumption values. Many studies [41-50] have been
conducted on the effects of biodiesel fuels on the efficiency
(emissions, performances) of compression ignition engines.
All the studies showed a reduction of the engine power and
an important rise of specific fuel consumption through the
entire speed range [51].

The biodiesel density and viscosity are slightly higher than
that of diesel fuel. The high viscosity and density of the fuel

adversely affect the injection rate at the injection tip and
the disintegration of the fuel, i.e., atomization, and combus-
tion. In addition, the density and viscosity of biodiesel are
relatively high, allowing more fuel to be taken into the com-
bustion chamber, resulting in less power loss in the engine
compared to the difference in biodiesel—diesel thermal value
[52]. Biodiesel cetane number is higher than diesel. This
ensures that the biodiesel self-ignition capability is higher
than that of diesel [53, 54]. The oxygen-containing structure
of the biodiesel and the high cetane number compensate for
the negative effects of high density and viscosity of the diesel
fuel on combustion and increase the combustion efficiency,
thus causing biodiesel to have an equivalent combustion
characteristic with respect to diesel [55]. One of the most out-
standing features of biodiesel compared to diesel is its high
flash point. In engine performance, the flash point is usually
related to the safety and storage of the fuel and did not create
an effective change [56]. The most important two problems
encountered in the biodiesel usage are its cold flow proper-
ties and its low oxidation stability. Cold flow properties and
oxidation stability of biodiesel, which are worse than diesel,
cause contamination of the injectors of the engine, fuel filter
clogging deposits and deposits in the chamber of combustion
as well as various the fuel system components [57]. With the
addition of natural and synthetic additives, these properties
of biodiesel can be improved and negative effects against the
engine can be eliminated.

6.1 Biodiesel Fuel Specifications

Nowadays, most diesel engines use direct and high-pressure
injection fuel technology. These engines are extremely
affected by the quality of the fuel bundle than indirect spray
engines. It is desirable that the biodiesel to be used should be
as close to diesel as possible in terms of fuel properties. In
diesel engines, various international quality standards have
been established for the smooth use of biodiesel. The most
widely used biodiesel standards in the world are EN 14,214
(EU) [58] and ASTM D6751 (USA) [59]. Developing engine
technology requires some changes in the fuel used so that
the fuel standards can be revised accordingly. Biodiesel stan-
dards in force today are EN 14,214: 2012 + A1: 2014 updated
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Table 4 International biodiesel

and diesel fuel standards [60] Property Unit EN14214 EN590 (Diesel)
(Biodiesel)
Density kg/m? (15 °C) 860-900 820-845
Kinematic viscosity mm?/s (40 °C) 3.5-5.0 2-4.5
Flash point °C 101 min 55 min
Sulphated ash content Weight, % 0.02 max 0.01
Cold filter clogging point °C - — 15 Winter + 5
Summer
Sulfur mg/kg 10 max 10 max
Carbon residue Weight, % 0.30 max 0.30 max
Cetane number - 51 min 51 min
Total pollution mg/kg 24 max 24 max
Copper strip corrosion 3h (50 °C) No.l max No.1 max
Oxidation stability hours (110 °C) g.m3, hour 8.0 min- - 20-25
Water mg/kg 500 max 200 max
Acid value mg KOH/g 0.50 max -
Number of Iodine - 120 max -
Monoglyceride content weight, % 0.7 max -
Diglyceride content weight, % 0.2 max -
Triglyceride content weight, % 0.2 max -
Free glycerol weight, % 0.02 max -
Total glycerol weight, % 0.25 max -
Ester content weight, % 96.5 min 7 max (V/V)
Linolenic acid methyl ester weight, % 12 max -
Phosphorus content mg/kg 10 max 10 max
Group 1 Metals (Na + K) mg/kg 5 max 5 max
Group 2 Metals (Ca + Mg) mg/kg 5 max -

for the EU in 2013 and ASTM D6751-12 updated for the US
in 2012.

Table 4 provides a comparison of EN 14,214 biodiesel
standards and EN 590 diesel fuel standards (up to 7%
biodiesel content allowed) for diesel in force in the EU.

7 Pros and Cons of Biodiesel
7.1 Advantages of Biodiesel

The properties of biodiesel are highly affected by the oil
source and alcohol type. Therefore, the ignition, combustion
and emissions levels of each biodiesel vary slightly. Gener-
ally speaking, the oxygen-containing structure of biodiesel
significantly reduces the formation of HC, CO and soot emis-
sions by providing the necessary oxidant in the combustion
zones [61, 62]. The structure of conventional diesel contain-
ing aromatic compounds and sulfur causes soot and particle
emissions to occur. An increase in particle and soot (smoke
darkness) emissions occurs in proportion to the amount of
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aromatics added to the diesel. The fact that biodiesel con-
tains, typically, no aromatic and sulfur compounds, results in
a significant reduction in polyaromatic hydrocarbon (PAH)
and soot emissions [63].

The general view in the literature is that HC, CO and
soot emissions are significantly reduced, and NOx emissions
increase slightly when biodiesel is used [64].

The high amount of oxygen in biodiesel composition
enhances the combustion process resulting in more complete
combustion reactions, which leads to lower pollutant emis-
sions of CO and soots. But a rise in NOx values has been
observed, due to higher temperatures and oxygen content
[65, 66] (see Fig. 3).

Biodiesel, which is generally obtained from oilseed plants,
is not considered to increase the greenhouse effect because it
converts CO» by photosynthesis and accelerates the carbon
cycle. The CO; released into the atmosphere by burning the
produced biodiesel is consumed by the oil plant to be used in
biodiesel production. In this opinion, biodiesel produced and
used as a fuel serves as a natural sink that traps CO; emissions
and contributes to the solution of greenhouse effect caused
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by CO; emissions and global warming problems. Biodiesel
is evaluated in terms of environment and safety; it is a non-
toxic fuel for acute oral toxicity and has 10 times less toxicity
than table salt. Biodiesel has been found to cause a very mild
irritation of 4% on human skin after 24 h, which is less than
the effect of soap-water solution. Tests for the determination
of aquatic toxicity showed that the 96-h lethal concentration
(LC) test results were slightly greater than 1000 mg/L. The
lethal concentration at these levels is considered insignifi-
cant. In terms of biodegradability, biodiesel can be broken
down 4 times faster and easier in 28 days than diesel.

7.2 Disadvantages of Biodiesel

As it is a solvent and organic-based fuel, storage conditions
of biodiesel are of great importance. Biodiesel should be
kept in clean and dry tanks, avoiding excessive heat. Also,
the place to be stored in should be dark and not exposed
to sunlight. The rate of oxidation of biodiesel exposed to
light increases; oxidized biodiesel resins and causes block-
ages in the injector [67]. Biodiesel has a dissolving effect
on copper-containing metals (bronze, brass) and tin, lead,
galvanized, and zinc coated surfaces. Biodiesel contact with
these materials will cause sediment formation. Copper strip
corrosion shows the corrosion effect of biodiesel on metal.
Soft steel, stainless steel, fluorinated polyethylene and flu-
orinated polypropylene can be selected as the tank material
in the warehouses where biodiesel will be stored [68]. The
use of certain elastomers, natural and butyl rubbers in storage,
transport and motor materials is inconvenient, since biodiesel
is a good solvent and disintegrates them. For use above the
B20 ratio, the use of biodiesel compatible viton B-type elas-
tomeric materials is also recommended [69].

When used as a fuel, it has been reported that biodiesel
significantly reduces the engine performance compared to
pure diesel fuel operation. [70-72] For example, Boubahri
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et al. [66] have obtained approximately a 5% diminution of
engine torque and power (see Figs. 4 and 5), comparatively
to pure diesel fuel, for each 10% of methyl ester (ME) added
to diesel fuel. However, an increase in fuel consumption was
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observed (see Fig. 6): approximately 6% for each 10% of
ME added to diesel fuel.

The following figures present the effect of biodiesel blends
(from BO to B40) on the performance (torque, power and
fuel consumption) of V8 cylinders diesel engine, at various
engine speeds. BO refers to pure diesel fuel and BX refers to
biodiesel blend with X% the volumetric content of biodiesel
in pure diesel fuel [39].

To overcome the disadvantages of using BD on engine per-
formances, researchers have investigated several solutions.
One of the promising solutions is the adding of nanoparticles
(NPs) to the BD fuels. Sateesh et al. [73], Gavhane et al. [74],
and Soudagar et al. [75, 76] reported that these BD nanoflu-
ids (NFs) prepared using, for example, aluminum oxide
(A1203) NPs, zinc oxide (ZnO) NPs, strontium-zinc oxide
NPs (Sr@ZnO), multi-walled carbon nanotubes (MWCNT),
etc. additives improve engine performance and reduces emis-
sions. A notable increase in the brake thermal efficiency and
a decrease in NOx emissions was generally recorded.

8 Conventional Technologies for Biodiesel
Production

Under this section, biodiesel production studies using con-
ventional thermal heating, basic catalysts (NaOH, KOH,
CH30ONa, CH30K) and methanol are discussed due to their
high efficiency and low cost in commercial biodiesel produc-
tion.

Dias et al. [77] investigated the effects, on fuel quality, of
different base catalyst species (KOH, NaOH and CH3ONa);
refined soybean, sunflower, and waste frying oils used to
produce, by transesterification, various biodiesel samples. In
general, for all types of catalysts, the yield of refined oils
(highest 97%) was higher than that of waste frying oil (high-
est 92%). According to the results of the experiment, in order
to ensure the viscosity limit value of EN 14,214 standard
of 5 mm?/s, it is sufficient to use 0.6% KOH by mass in
refined oils and this ratio has increased to 0.8% KOH in
waste frying oil. However, it has been reported that 0.4%
NaOH or CH30ONa should be used in refined oils to achieve
this viscosity value and that both catalysts should be used at
a rate of 0.6% for waste frying oil. In the experiments, the
highest ester content was obtained using 1.2% KOH. In his
study, Fedai [78] examined optimum reaction conditions for
biodiesel production using canola oil. The samples produced
for this purpose; ester content, linolenic, mono-, di-, triglyc-
eride, free and total glycerol amounts, viscosity, density, filter
obstruction point, and flash point of cold were analyzed and
their changes according to reaction parameters were investi-
gated. According to the results of the study, optimum reaction
conditions in canola oil methyl ester production were deter-
mined as 55 °C, 25% (by volume) methanol, 1.05% (by
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mass) NaOH and 1 h reaction time. The amount of ester
in biodiesel produced under these conditions was reported
to be 99.22%. Vicente et al. [79] have used, in their stud-
ies, sunflower oil for the production of biodiesel. NaOH,
KOH, CH30Na and CH3O0K catalysts, used in all transes-
terification reactions, have obtained biodiesel samples with
nearly 100% ester content. The researchers found that only
the methoxide catalysts (CH3ONa and CH3OK) in biodiesel
yielded close to 100% product yield and that the yields were
slightly lower due to side reactions such as saponification
when using KOH and NaOH. The fastest completed reaction
in the experiments continued for 30 min at 65 °C using 6:1
molar methanol and 1% by mass NaOH. Cildir and Canakg¢1
[80] used sunflower, corn and rapeseed oil in the transester-
ification reactions of various vegetable oils. They observed
the effects of various reaction parameters such as the amount
of alcohol and catalyst ester conversion efficiency, kinematic
viscosity, density, yield point, acid value and the flash point.
Methanol was used as alcohol and NaOH was used as cata-
lyst. According to the test results, the highest ester conversion
rate (99.65% of corn oil methyl ester); was obtained at tem-
perature 60 °C, NaOH 0.3% of the oil mass and methanol:oil
ratio 6:1 (molar). The duration of the reaction was 60 min.
Also, in the production of methyl esters of corn, rapeseed and
sunflower oil, it was found that viscosity and flash points of
esters decreased as oil/alcohol molar ratio increased, density
decreased with increasing catalyst amount, but saponifica-
tion increased when catalyst amount was above 1% of the
oil mass. Azcan and Danigsman [81] produced biodiesel
from cottonseed oil by transesterification method both by
conventional method in heated magnetic stirrer and under
microwave radiation using microwave synthesis unit. In the
microwave synthesis unit, the highest conversion efficiency
(92.7%) and the highest ester content (99.7%) were obtained
by reaction at 60 °C reaction temperature, 1.5% KOH (mass)
and 6:1 molar methanol:oil. 91.4% conversion efficiency and
99.9% ester content were achieved by conventional methods
under the same reaction conditions. Sabudak and Yildiz [82]
used a biodiesel reactor with a volume of 50 L in the study
of pilot scale biodiesel production. In this study, first of all,
collected restaurant oils were pretreated and the FFA values
were reduced to the appropriate level for transesterification.
The resulting raw material was then reacted in the transester-
ification reaction with 20% by weight of methanol (average
6:1 molar methanol:oil) and 1% by mass of CH30Na at
58 °C for 1 h. In the fuel analyzes carried out after differ-
ent purification processes, the density of 885 g/cm? (15 °C)
and 4.4088 mm?/s (at 40 °C) viscosity values of biodiesel
produced after purification with pure water are in compliance
with EN 14,214 standards. Methyl ester content was found to
be below the standard value of 95.6%. Meher et al. [83] iden-
tified optimum reaction conditions for biodiesel production
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from tropical Pongamia pinnata oil, which is generally pro-
duced in the shadow of Asia. Optimum production efficiency
according to working outputs were 6:1 molar methanol:oil
and 1% mass KOH. Under these conditions, biodiesel was
produced from Pongamia pinnata oil with 96% conversion
efficiency. Ozsezen [84], in his study, designed a conven-
tional biodiesel reactor with a capacity of 100 L, heated by
electric resistance, and produced biodiesel for use in motor
tests. Waste palm oil was used as raw material in the study
(50 kg). The reactant and production parameters used in this
study were: alcohol:oil molar ratio 6:1 methanol (1134 g),
KOH up to 1% by mass (500 g) of the oil and at 60 °C
and 240 min, respectively, reaction temperature and time.
The fuel properties of the biodiesel sample purified by wash-
ing four times using distilled water at 60 °C were measured
as 875 g/em? (15 °C) density, 4.401 mm?/s (40 °C) kine-
matic viscosity and 96.5% ester content. In their study on
the determination of optimum transesterification parameters
for pilot scale biodiesel production from mustard oil, Bouaid
etal. [85] used methanol as alcohol and KOH as catalyst. The
reactor tank of the pilot scale plant is designed with a volume
of approximately 200 L. Optimum reaction data at the end
of the study are 1.5% KOH by mass, 6:1 methanol:oil ratio
(molar), 25 °C as reaction temperature and 60 min reaction
time. It was found that the biodiesel produced under these
conditions contained 97.1% methyl ester by mass and also
important fuel properties such as viscosity, density, water
content and acid value were in compliance with EN 14,214
biodiesel standards. Alptekin et al. [86] carried out biodiesel
production by transesterification method from different veg-
etable and animal oils in pilot scale biodiesel reactors. In
the works, after the pre-treatment of waste oils, corn oil was
directly transesterified reaction. From refined corn oil, they
produced methyl ester at reaction temperature of 60 °C. in
the presence of 1% by mass of KOH and 6:1 molar methanol
with a yield of 91% conversion after 120 min of reaction.
The fuel produced has a density of 886 g/cm? at 15 °C, a
4.18 mm?/s kinematic viscosity at 40 °C as well as a higher
heating value of 39.878 kJ kg~ .

9 New Biodiesel Production Technologies

Despite the many advantages of biodiesel, the high cost of
production is shown as the biggest factor limiting the usage
rate in industry [87]. To reduce this cost, researchers are
focusing on various aspects of the production process by
using new raw materials, testing recoverable and renewable
catalysts and applying non-conventional techniques such as
plasma, ultrasonic, microwave-assisted methods for getting
rapid conversions [88, 89].

According to Palm et al. [90] these non-conventional tech-
niques can reduce significantly the reaction time as well as
improve the biodiesel production yields.

In the following, these new technologies will be
briefly discussed. A particular emphasis will be placed on
microwave technique as the most promising method, eco-
nomically and technically.

9.1 Plasma-Assisted BD Production Method

Plasma is defined as an ionized gas constituted by electrons at
high-energy levels, free radicals, positive ions, and ultraviolet
light [91], making it suitable for biological dissociation.

Non-thermal plasma (NTP) is mostly used to produce very
high concentrations of the chemically active species at ambi-
ent temperature and pressure.

NTP is generally applied using corona discharge plasma
technology which is more suitable for lab-scale usage. For
industrial applications, requiring high energy, plasma jets are
more appropriate thanks to their versatility and low-cost oper-
ation [92].

In biodiesel production, plasma has been used to operate
transesterification at low temperature. A high biodiesel con-
version yield, near 98%, has been reported by several authors
[93, 94].

9.2 Ultrasound-Assisted BD Production Method

Ultrasound application in biodiesel production has gained
great interest in the last years due to the high homogeniza-
tion of the reagents by acoustic cavitation. This phenomenon
increases the reaction speed by increasing the medium tem-
perature. Consequently, the amount of catalyst is reduced,
and the reaction duration drops from hours to few minutes
[95].

Typically, the ultrasonic frequency ranges between 20
and 50 kHz at a relatively high power (usually more than
200 W). Recently, more economical ultrasonic devices have
been developed. Giving satisfactory conversion yields, this
equipment’s require powers less than 50 W [96].

According to Shinde and Kaliaguine [97], it was reported
that the conversion rate of oil into FAME is better under
ultrasound than using mechanical stirring. Stavarache et al.
[98] showed that using high ultrasonic frequency (40 kHz),
the transesterification reaction speed increases rapidly, with
a positive effect on biodiesel yield. Shinde et al. [99] per-
formed a parametric study of ultrasound-assisted biodiesel
production, they found that the effect of ultrasonic waves
on the reaction conversion rate is concentrated in the small
volume at the vicinity of the sonotrode tip.

Recently, Oliveira et al. [100], applied a high frequency
(from 1 to 3 MHz) and low power (from 6 to 9 W) ultrasound
to produce biodiesel from soybean oil. They concluded that
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the increase in either ultrasonic power or frequency increases
the reaction conversion rate.

9.3 Microwave Assisted Technology

Microwave is one of the most effective methods to pro-
duce biodiesel, in very concise time, with high production
yields [27, 101]. It was indicated that the reaction times
of 60 to 240 min, required in conventional technique, are
reduced to 0.5 to 7 min, and higher conversion efficiencies
can be obtained by conducting transesterification reactions
in microwave synthesis units instead of conventional heating
systems [102].

Several studies demonstrated that biodiesel produc-
tion with conventional heating needs more power than
microwave-assisted heating. Soltani et al. [103] explained
this by the fact that, in this method, the heat is not applied
directly to the reactants but through the material surface of the
reactor and it is transferred by molecule to molecule from out-
side. While in microwave systems thermal energy is directly
transferred into molecules interior of the reactants and the
heat is distributed uniformly throughout the fluid as shown
in Fig. 7.

Microwave-assisted biodiesel production, which does not
currently have large scale production potential, is described
below.

In the chemical reactions carried out using microwave,
many important advantages are observed, such as very short
reaction time, reduced side reactions and improved selec-
tivity (inertness of non-polar substances to the microwave).
Thanks to these advantages, microwave systems are becom-
ing increasingly widespread and improved, despite that how
the microwave-induced effects that are advantageous for
chemical reactions and the operating mechanisms are still
unknown [104].

According to a recent study of Khedri et al. [105] biodiesel
production using microwave technology could be affected
by several parameters, including power of the microwave
system, temperature of the reaction, stirring velocity, catalyst

@ Springer

When the solvents interact with microwaves, it is observed
that they boil at atmospheric pressure at 13-25 °C higher
than normal boiling points compared to conventional heat-
ing (thermal). The effect of this increase is defined as the
super heating effect. Overheating is thought to be the main
source of increased reaction rates [ 106]. In conventional heat-
ing, heat energy is usually first transmitted to the wall of the
reaction vessel. Conventional boiling is related to the pres-
ence of bubbles and the presence of cavities/scratches on the
inner surface of the container. The mass of liquid in the con-
tainer holds air bubbles in the cavities. As the pressure in the
air bubbles increases, the bubble begins to grow and once
the forces holding the bubbles on the ground are defeated,
the bubbles are separated from the cavity and boiling begins.
In microwave heating, all the material in the container heats
up by absorbing the microwave energy. The formation of
bubbles in the container wall is delayed by heating (due to
penetration) from the inside out. Therefore, the temperature
of the liquid rises above the normal boiling point, but no
boiling occurs. In these conditions, the onset of boiling at
transient temperatures is called a delayed boiling point. For
example, methanol boiling at 65 °C with conventional heat-
ing under normal conditions, begins to boil at 84 °C under
microwave irradiation. This value is called the delayed boil-
ing point of methanol.

9.3.2 Hot-Point/Hot-Spot Effect

The hot-spot effect is defined as the thermal microwave effect
caused by overheating. Even at low temperatures, it is consid-
ered that there are hot spots in the reaction mixture that occur
locally continuously and disappear. With the mixing of the
mixture, the formation of these spots continues to emerge,
albeit to some extent. It is assumed that the reaction rate
increases due to the increase in temperature value at these
points. On the other hand, this effect is an unproven assump-
tion because the hot spot temperatures cannot be measured,
and a mathematical approach to this effect has not yet been
developed. In relation to the hot spot assumption, Berlan
etal. [107] showed that the Diels—Alder reactions occur much
faster than microwave heating and conventional heating at
the same hot value and explained this rate increase by the hot
spots formed in the reaction mixture and the overheating of
the solvent [106]. The chemical reactions of the microwave
showed that the acceleration of 6—40 times was caused by
the formation of hot spots of many ions.
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9.3.3 Kinetic Effect (Specific Effect)

Several theories have been formulated about the existence
of non-thermal microwave effects and the sources of these
effects. For example, it has been found that the speed of some
organic and inorganic reactions carried out with microwave
power of 560 W is higher than that of conventional reactions
with the same temperature. The researchers stated that this
increase cannot be achieved by increasing the temperature
under microwave radiation, the effect of the microwave on
the reaction is very complex and this effect is mostly observed
in unstable systems. Non-thermal effects of microwaves are
studied under the name of kinetic effects. In recent years,
kinetic studies have been carried out with precise tempera-
ture measurements in order to investigate non-thermal effects
in order to determine the reason for accelerating the chemical
reactions of microwaves. Since the results of the studies on
the subject are variable, there is no clear consensus on the
existence of specific microwave effect [ 108]. This is because;
the same temperature values under microwave irradiation are
faster reactions than thermal conditions, as well as other
reactions at the same temperature in both microwave and
thermal conditions are proceeding at equal speeds. In order
to compare the reactions carried out by microwave and ther-
mal methods, it has been found that it must be in exactly
equal conditions. To this end, studies using isothermal sys-
tems have gained speed and importance in recent years.

9.3.4 Screening Effect of Microwave Energy (Lattice Effect)

A solvent that increases the polarity of the medium (¢”’) is
usually added to the reaction mixture for decomposition reac-
tions of azobisisobutyronitrile (AIBN). The AIBN molecules
encapsulated by the added solvent were less able to absorb the
microwave because the solvent was substantially absorbed,
so that the reaction was carried out by the heat transmitted by
the heated solvent. As aresult, a reaction rate close to the ther-
mal reaction rate was formed under microwave radiation. The
different microwave reactions in which the solvent is added
have different microwave effects and different reaction rates
have been described as the shielding of the microwaves by
the solvent.

10 Microwave Assisted Transesterification
for Biodiesel Production

In the following section, biodiesel production using trans-
esterification reactions, under microwave radiations are dis-
cussed.

In their study, Azcan and Danigman68 [86] carried out
biodiesel production from cottonseed oil by transesterifica-
tion method both by conventional method in heated magnetic

stirrer and under microwave radiation using microwave syn-
thesis unit. In the microwave synthesis unit, the highest
conversion efficiency (92.7%) and the highest ester con-
tent (99.7%) were obtained by reaction at 60 °C reaction
temperature, 1.5% KOH and 6:1 molar methanol:oil; 91.4%
conversion efficiency and 99.9% ester content were achieved
by conventional methods under the same reaction conditions.
In another study by Azcan and Danigman [109] investigated
the effects of catalyst rate, reaction temperature and time
on biodiesel production by transesterification method using
microwave heating system from rapeseed oil. As a result of
the study, optimum reaction conditions where 93.7% conver-
sion efficiency and 97.8% ester content were obtained; 1.0%
by weight of the basic catalyst, 6:1 molar methanol, 50 °C
reaction temperature and 5 min reaction time. Duzetal. [110]
started lab station using microwave heating in a laboratory-
scale chemical synthesis reactor with 1% for NaOH:oil ratio
(mass), 1:10 for oil:methanol molar ratio and 6 min reaction
time as a result of their transesterification process with 98.4%
methyl ester content of safflower oil and viscosity, density,
cloud point, flash point, such as cetane number have obtained
biodiesel in accordance with EN and ASTM standards of
basic fuel properties. Sherbiny et al. [111] obtained methyl
ester from jatropha oil with high FFA value in microwave
synthesis unit. In their studies, the researchers primarily used
the esterification method, a pre-treatment method, to make
jatropha oil suitable for use in transesterification. In the sec-
ond stage of the study, the reactant contents of the FFA values
were 1:7.5 oil:methanol molar ratio and 1.5% KOH transes-
terification reaction and they completed biodiesel production
at 65 °C temperature in 2 min. They were able to produce
biodiesel with similar fuel properties in 60 min by using
conventional heating methods under the same reaction condi-
tions. Kumar et al. [112] produced biodiesel under laboratory
conditions using Pongamia pinnata oil, microwave heating
system, 1:6 oil:alcohol ratio (molar), 60 °C heating temper-
ature and different catalyst ratios and reaction times. The
researchers stated that 1% KOH by mass and 97% conversion
in 10 min reaction time, 0.5% NaOH and 96% conversion
efficiency were obtained in 5 min reaction time. Encinar
et al. [113] compared conventional heating and microwave
irradiation transesterification reactions in soybean biodiesel
production. The researchers used 6:1 molar ratio methanol,
1% KOH by mass, to produce 96.6% ester content biodiesel
with a density of 0.879 g/cm? and a viscosity of 4.23 mm?/s
after 60 min at a temperature of 65 °C; They achieved to pro-
duce biodiesel with similar properties (96.5% ester content,
0.881 g/cm3 density and 4.41 mm?/s viscosity) after 3 min
reaction with 200 W output power in microwave unit.
Another biodiesel production study using microwave-
assisted heating from Pongamia pinnata oil was presented by
Venkatesh et al. [114]. In this study, firstly the oil with high
FFA value was subjected to pre-treatment by using H,SO4
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and the oil which reached the appropriate FFA value was
converted to biodiesel in the presence of KOH and methanol.
As a result, optimum reaction conditions (89.9% conversion
yield); The molar ratio of 9.3:1 methanol:oil was determined
as 1.33% KOH by mass and a 150 s reaction time. Chen
et al. [115] produced biodiesel using a microwave synthesis
unit, from waste cooking oil. In their parametric study, 6:1
molar methanol, 0.75 mass % CH3ONa were reacted with
waste oil under microwave irradiation for 3 min to obtain
97.7% conversion efficiency. In the conventional production
carried out under the same reaction conditions, the highest
conversion efficiency (96.6%) was obtained in 90 min reac-
tion time. Hernando et al. [116] produced methyl esters from
rapeseed and soybean in their transesterification reaction in
a continuous flow microwave synthesis unit. They stated that
the reaction conditions should be 60 °C reaction temperature,
1.13% NaOH, 15:1 molar methanol and 1 min reaction time
in order to obtain the highest biodiesel product yield (97%).
In order to make comparisons, the researchers carried out
biodiesel production with conventional methods under sim-
ilar conditions and reported that microwave technology is a
much faster and effective method for biodiesel production.
Boldor et al. [117] tried to determine the optimum reaction
parameters and reactant species to produce biodiesel from
soybean and rice husk oils using a batch microwave system.
Ethanol and methanol were used at reaction temperatures
of 60, 70 and 80 °C, during 5-, 10-, 15-, and 20-min reac-
tion times and in the presence of 0.15-0.18% by mass of
catalyst. A 96% conversion rate was obtained in all reac-
tions. The 20-min transesterification reaction carried out at
80 °C reaction temperature resulted in the highest conver-
sion from oil to biodiesel, and the fuel obtained from the
measurements was found to comply with ASTM standards.
In these reaction parameters, soybean oil was converted to
biodiesel by 98.64% with methanol and 98.32% with ethanol;
rice husk oil was converted to 98.82% with methanol and
97.78% with ethanol. In this study, it has been found that the
use of methanol in microwave biodiesel production is a more
suitable alcohol type than ethanol with its higher conversion
efficiency and lower cost.

11 Future Trends on Biodiesel Production
Techniques

The combination of microwaves and ultrasounds to pro-
duce biodiesel has been recently reported in several studies
[118-120]. Simultaneous use of both techniques has been
stated to reduce reaction time and improve the efficiency of
biodiesel production [121]. Martinez-Guerra and Gude [122]
investigated microwave and ultrasound effects on biodiesel
production, both separately and simultaneously. This study
was performed under 100 W microwave radiations, for 2 min,
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using waste oils and methanol as raw materials. As a result,
a maximum biodiesel conversion efficiency of 98% has been
reached when microwave and ultrasound were combined
using 0.75 wt% of sodium hydroxide as catalyst and 6:1
as methanol:oil ratio. Accordingly, Chipurici et al. [123]
focused on the production of biodiesel using acoustic cavita-
tion (hydrodynamic or ultrasonic) or continuous flow systems
supported by microwaves. The goal is to design end-user
small or medium-sized farm-scale equipment that can pro-
duce enough fuel for agricultural machinery using locally
produced renewable or waste raw materials.

Supercritical alcohol transesterification is a promising
solution to cut down the high cost of biodiesel production
since there is no need for catalysts [27]. Thus, the complex-
ity and the costs related to the separation and recuperating of
the catalyst are eliminated. Furthermore, there is no saponi-
fication reactions and no need for rinsing water. According
to Deshpande et al. [ 124], the supercritical transesterification
reaction is very fast, occurring in few minutes versus hours
in the traditional method, and the biodiesel yields is higher.

Saka and Kusdiana [125] were the pioneers of using this
technology in biodiesel production. They used supercritical
methanolysis of rapeseed oil at a pressure ranging from 448
to 648 bars and a temperature near 450 °C. The reaction time
was 4 min and the yields reached 95%. After that, several
studies have conducted on this technology [126—129] and
demonstrated the feasibility of this technology.

On the other hand, supercritical transesterification
requires very high temperatures and pressures conditions
which reduces the life of the equipment used and consid-
erably increases investment costs. [124]

According to Singh et al. [130] the high energy consump-
tion is the main downside of the supercritic transesterification
process.

Supercritical transesterification technology is a very
promising biodiesel production method; however, it still
needs optimization and improvements to make it more cost-
effective and to bring it to the commercial level. To overcome
the limitations of this technique, attempts are made to com-
bine it with other methods such as microwave. Patil et al.
[131] demonstrated the feasibility of microwave mediated
supercritical transesterification, but more efforts are needed.

12 Conclusions

This paper presents a comprehensive review on biodiesel
production technologies. This general view was addressed
to focus on the most valuable strategy to be adopted by
developing countries in order to increase their energy sup-
ply security and to minimize the environmental impacts
of fossil fuels by using a new generation substituting fuel.
Many aspects of biofuels, especially of biodiesels, have been
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emphasized in this review. The origins of biodiesel fuels,
their properties, their advantages and disadvantages and their
production techniques have been discussed. The scientific
literature in relation with conventional and new methods of
biodiesels production has been examined. The efficiency of
these methods was discussed in detail. A special emphasis
has been given to the microwave assisted technology. This
novel technic was recently discussed in several studies and
publications. All of these studies have proven the high con-
version efficiency and the low production time of microwave
technique compared to conventional heating methods. How-
ever, there is a big lack of information about many aspects
of this novel technic that must be unveiled, mainly in indus-
trial applications. Indeed, most of these studies are limited
to laboratory-scale experiments, but large-scale studies are
not covered. So, it is important, in future, to more study
microwave assisted biodiesel production systems on a large
scale in terms of providing new environmental solutions.
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