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Abstract

Biodiesel synthesis processes including pyrolysis,
direct blending, transesterification, and advanced
technologies such as microwave- and ultrasound-
assisted and supercritical processes from palm oil
mill effluent (POME) are reviewed to highlight the
significance and advances in terms of process sus-
tainability and cost. POME as the most contami-
nated waste can be effectively utilized for biodiesel
production. Supercritical transesterification offers
more advantages over the other processes including

higher reaction rate, without catalyst constraint,
producing pure glycerol, and simple product
separation process. The addition of co-solvents like
CO2 should be investigated for supercritical bio-
diesel production from POME. Although POME is
an inexpensive source to synthesize biodiesel, inno-
vative processes are needed to maximize the oil
recovery from POME. Optimization of transesterifi-
cation parameters is required for high production
yields and sustainable processing.
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1 Introduction

The demand of the world’s energy is rising steeply due to mas-
sive economic and population growth. Therefore, the reliability
of energy on fossil fuel usage for economic growth having envi-
ronmental issues is a question on its extensive usage [1]. The
increase in oil prices, depletion of fossil fuel, low engine perfor-
mance, threats of global warming, and crude oil reserves
require better alternatives that must be renewable, economic,
and environmentally friendly [2]. With the increase in pollu-
tion due to fossil-based fuels, mainly coal and natural gas,
renewable sources such as biofuels are currently under consid-
eration [3]. There has been a continuous increase in pollution
and ozone depletion caused by these non-renewable energy
fuels. The usage of fossil fuels-based energy reserves over many
years has led to a rising global temperature, causing global
warming due to the extensive release of carbon dioxide (CO2).

There are two solutions recommended by researchers to
overcome these issues. The first solution is to implement the
use of renewable energy sources including wind, solar, tidal,
nuclear, and geothermal energy to minimize the emission of
greenhouse gases. The second way is to produce renewable
fuels from wastes to minimize pollution [4]. Industrialists and
researchers are more concerned with renewable energy resour-
ces to meet the energy demand as well as secure energy supply

for an improved standard of living and environmental protec-
tion [5].

Among all renewable energy resources, biodiesel is a signifi-
cant substitute fuel for conventional engines, being one of the
biofuels with numerous advantages over fossil fuel diesel. It is
biodegradable, nontoxic, and free from polluting compounds
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such as oxides of sulfur and aromatics. The characteristics of a
fuel largely affect engine performance and emissions. The
burning of fossil fuels is responsible for 85 % of the CO2 emis-
sions and 64 % of the total greenhouse gas emissions. The use
of renewable and sustainable fuel such as biodiesel can lower
the emission of toxic compounds due to complete combustion,
thus having a strong potential to eliminate the energy crisis [6].

The release of the carbon-based compounds from the burn-
ing of biodiesel in the engines is less and has a much lower
contribution in the emissions as compared to petroleum diesel.
The burning of biodiesel emits CO2 by 4.5 and 3 times lesser
than gasoline and petroleum diesel, respectively [7]. However,
despite less CO2 emission, the NOx emission from the combus-
tion of biodiesel is slightly higher than that of petroleum diesel
[8]. Nevertheless, biodiesel is an environmentally friendly fuel
that significantly reduces the overall carbon emission and
protects the climate. Moreover, it contains enough amount of
oxygen needed for complete combustion. The characteristics of
biodiesel are presented in Tab. 1.

Tab. 1 presents the physiochemical characteristics of stand-
ard and pure diesel. The density, pour point, kinematic viscos-
ity, and flash point of biodiesel and pure diesel are in a similar
range. However, biodiesel has a higher cetane number in com-
parison with conventional petroleum diesel. There are plenty
of feedstocks that can be utilized for the synthesis of biodiesel
including algae oil, animal fats, vegetable oil, palm oil mill
effluent (POME), and microbial sources [11]. Biodiesel pro-
duced from diverse feedstocks has different properties, e.g.,
structure, composition, purity, and cetane number [12]. There-
fore, feedstock selection is the strategic stage for the biodiesel
production process, which affects various factors, e.g., composi-
tion, cost, yield, and purity of biodiesel. A list of commonly
used substrates for biodiesel synthesis is given in Tab. 2.

Biodiesel can be synthesized from numerous substrates in-
cluding edible oils, non-edible oils, and waste oils as presented
in Tab. 2. But, the use of edible oils is always an argument and
creates a competition between food availability and fuel [19].
The use of edible oils as a substrate has negative effects on the
environment due to its requirement of a larger area of land for
feedstock cultivation. This causes deforestation especially in
tropical regions including Indonesia and Malaysia, supplying

more than 75 % of the total palm oil supply to the world. Con-
tinuation of this practice would damage flora and fauna, with
influences culminating in weather changes. The application of
non-edible oils to synthesize biodiesel is considerably beneficial
in comparison with edible oils to avoid food crisis and make
biodiesel a cost-effective process. However, oil extraction and
processing for biodiesel synthesis is a complex process that
increases the overall production cost [20].

Waste/crude oils are the cheapest feedstocks available for
biodiesel synthesis. The reason behind using these feedstocks is
to divert the attention of using edible and non-edible feed-
stocks because of the higher cost of biodiesel synthesis. Nowa-
days, research is conducted on the utilization of waste resour-
ces as feedstocks for energy production as well as for the
synthesis of catalysts to commercialize biodiesel production
and minimize its cost. Waste oils are broadly classified into
three groups, i.e., waste oil generated from food factories, non-
food industry, and from houses and restaurants. Various types
of waste oils, e.g., waste cooking oil (WCO), waste frying oil
(WFO), crude palm oil, and grease oil have been utilized.

1.1 Palm Oil Mill Effluent

Waste oils including WCO and POME generated from palm oil
mills can be utilized for biodiesel synthesis. The production of
POME is directly dependent on the production of palm oil
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Table 1. Physicochemical characteristics of biodiesel [9, 10].

Properties ASTM D6751 ASTM D6751

Density at 15 �C [kg m–3] 820–900 837.90

Cetane number, min 58 53.30

Acid number, max [mg KOH g–1] 0.50 0.12

Water and sediment, max [vol %] 0.05 –

Pour point [�C] –15 to –16 –13

Kinematic viscosity at 40 �C
[mm2s–1]

1.9–6.0 2.67

Flash point, min [�C] 100–170 68

Table 2. Commonly used feedstocks for sustainable biodiesel
synthesis [13–18].

Edible oil Non-edible oils Animal fats Other oil
sources

Canola Mahua Fish Poplar

Palm Castor Poultry fat Microalgae

Peanut Jatropha Pork lard Fungi

Soybean Karanja Chicken fat Algae

Sunflower Neem Beef tallow Olive stones

Barley Rubber seed Animal tallow Biomass
pyrolysis

Groundnut Tall Miscanthus

Wheat Petroleum nut

Rice bran Jojoba

Sesame Babassu tree

Tigernut Silk cotton tree

Walnut Sylbum marianum

Rapeseed Linseed

Olive Pumpkin seed

Raddish Tobacco seed

Mustard
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using fresh palm fruit bunches. The global palm oil production
is high and Malaysia and Indonesia are the top two suppliers of
palm oil to the world by contributing 55.3 % and 33.7 % (27
million MT and 16 million MT), respectively, to the palm oil
export globally in 2017/18 [21]. Palm tree cultivation and oil
production was started in Malaysia in 1960. Palm oil produc-
tion significantly increased from 0.1 million MT in 1960 to
16.05 million MT in 2018. Malaysia is exporting palm oil to
more than 190 markets worldwide including West Asia, Africa,
and the Indian subcontinent [22].

The exponential positive growth of the palm oil sector has
made the palm oil industry to be one of the largest contributors
to Malaysia’s export, contributing more than 5 % to Malaysia’s
gross domestic product (GDP) [23]. The export revenue of Ma-
laysia from palm oil is RM 64.24 billion, annually. The palm oil
exports are expected to increase to 25.6 million MT annually in
2050. Palm oil requires less cultivation land, i.e., 0.26 ha, to
produce 1 t of oil as compared to soybean, sunflower, and rape-
seed requiring 2.2, 2.0, and 1.5 ha, respectively [24]. Malaysia
exhibited an overall palm oil export of 29.4 %, utilizing 0.1 % of
the global agricultural land. The higher demand for palm oil
has increased the number of palm oil-producing mills in
Malaysia. At present, more than 500 palm oil mills are operat-
ing. The palm oil sector provides job opportunities and sup-
ports two million livelihoods [10, 25].

The types of products obtained from palm oil mills, namely,
palm oil and palm kernel oil, have a wide range of applications
in food industries. The cost of palm oil is influenced by several
factors including export duty, demand and supply, and nature
of the palm oil production process. The price per ton of palm
oil was RM 2136 and RM 2664 in 2015 and 2018, respectively
[26]. The increment in cost was observed due to the rising de-
mand for oil from importers including Egypt, the Philippines,
and Pakistan. Due to the high price of palm oil in 2018, indus-
trial biodiesel production decreased [27]. However, the produc-
tion of biodiesel from palm oil was raised to 1 million MT in
2020.

It is clear that POME production will be proportionally in-
creased by the supply of palm oil to the world [28]. About
90 wt % of fresh fruit bunches are discarded as wastes after palm
oil production [29]. Moreover, only 10 wt % of palm fresh fruit
bunches are converted to palm oil and the remaining 90 wt %
goes directly to the waste in the form of sludge palm oil, palm
fatty acid distillate, and POME. POME is a pollutant containing
a high amount of oil and grease (4000–8000 mg L–1), which is
extremely high as compared to the allowable discharge limit,
i.e., 50 mg L–1. POME is a colloidal suspension containing
95–96 % water, 0.6–0.7 % oil, and 4–5 % total solids including
2-4 % suspended solids. The pH and total solids in POME are
4.7 and 40 500 mg L–1, respectively. The physicochemical char-
acteristics of POME are given in Tab. 3.

To reduce the oil content to the acceptable limit, several in-
novative technologies were considered by palm oil industries to
process POME including aerobic and anaerobic decomposition
or facultative digestion. Other than the organic treatment, the
evaporation process has been recommended to process POME.
Generally, the palm oil industrial waste is discharged into open
ponds, allowing anaerobic digestion which produces methane.
However, anaerobic digestion releases greenhouse gases like

CO2 into the atmosphere [31]. Nevertheless, methane is a val-
uable energy source; its application is limited to electricity pro-
duction in industries and domestic purposes. Tab. 4 compares
the both wastes, POME and WCO. WCO has a lot of disadvan-
tages besides its benefits such as complex oil extraction process
and difficult waste oil collection.

One ton of palm oil produced from fresh fruit bunches
(FFB) gives 240 L of POME. The amount of POME produced
every year in Malaysia is increasing, i.e., in 2015, 60.88 million
tons of POME was produced in Malaysia. The anaerobic diges-
tion of POME leads to the formation of methane gas. Approxi-
mately 1 t of POME generates 28 m3 of methane gas. The in-
appropriate methane gas release causes global warming.
Therefore, researchers are searching for an alternative process
to utilize POME waste to synthesize biodiesel.

1.2 POME as an Industrial Waste

As discussed in the previous section, the palm oil sector is con-
sidered as the backbone of the Malaysian economy, and the
enormous quantity of POME has raised public and govern-
ment concerns [10]. The current research is focused on the
proper handling of this waste generated due to the synthesis of
palm oil [32]. The implementation of significant techniques to
convert the high quantity of biomass into valuable green energy
sources or by-products are important for various applications.
The residual material and energy sources of processed waste
are taken for biomass production, fertilizers, animal feedstock,
carbon capturing, fermentation medium, and biofuel and bio-
gas production [33].

The generated waste from the palm oil industry can be clas-
sified into four main classes, i.e., POME, sludge palm oil, palm
acid oil, and palm fatty acid distillate. POME is directly pro-
duced from palm oil mills while palm acid oil is extracted from
POME. The palm fatty acid distillate is considered as a
co-product of the palm oil industry rather than a generated
waste. Similarly, sludge palm oil is contemplated as residual oil
having different compositions of free fatty acid. Therefore, the
wastewater and by-products can be produced as renewable
energy sources [34]. They have the potential to generate renew-
ables like biodiesel at reasonable cost of the overall process.

There are two types of palm oil industries including process-
ing plants and refining plants. The wastewater produced from
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Table 3. Characteristics of POME as a biological waste [30].

Parameter/element Value

pH 4.7

Chemical oxygen demand (COD) [mg L–1] 50 000

Oil and grease [mg L–1] 4000–8000

Biochemical oxygen demand (BOD) [mg L–1] 25 000

Total solids [mg L–1] 40 500

Suspended solids [mg L–1] 18 000

Total volatile solids [mg L–1] 34 000
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the refining plant is less polluted as compared to that of the
milling plant due to the unavailability of oil, grease content,
and less organic content. The wastewater produced from the
milling plant is more contaminated due to the presence of
water, palm waste oil, microorganisms, solid fats, and other
toxic impurities [35]. Although wastewater generated from
palm oil milling plant is nontoxic, it must be processed due to
the high acid content and biological oxygen demand.

In the synthesis of biodiesel, 75 % of production cost is
covered by the feedstock itself. Therefore, the use of low-grade
industrial waste palm oil can significantly decrease the produc-
tion cost. The sludge palm oil recovered from POME has a
high oil content that can be processed for biodiesel synthesis

[36]. The remaining POME has biological components that
can be further converted into biogas. The positive energy yield
ratio is one of the major factors to consider the sustainability of
biodiesel. The palm biodiesel exhibits an output to input energy
of 3.53 which is significantly higher as compared to other sub-
strates used for biodiesel production [37]. Moreover, palm bio-
diesel production is environmentally safer and releases 38 %
less CO2 per liter of burning.

The present review highlights comparative studies on biodie-
sel production processes along with the research gaps for
POME as a substrate [33]. The advantage of supercritical tech-
nology is also emphasized, and recommendations to utilize the
POME as a feedstock are critically reviewed and focused on.
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Table 4. Comparison of POME and waste cooking oil as a potential substrate.

Palm oil and its waste Waste cooking oil

Advantages

4000 kg ha–1 of palm oil is produced. It gives food security a guarantee and energy security.

Indonesia and Malaysia contribute 85 % of palm oil production. Direct and indirect jobs.

The high amount of palmitic acid is suitable to produce biodiesel.
It gives a biodiesel yield of ~ 96.5 %.

70 % of waste cooking oil can be recovered and converted to bio-
diesel.

Palm biodiesel shows good storage properties. Emission of gases is low, 48 % less CO, 47 % less particulate matter,
and 67 % less HCs.

The CO2 emission from the burning of palm biodiesel is 38 % lower
as compared to waste cooking oil biodiesel [9].

Good low-temperature flow properties.

Palm trees can be an excellent sink of CO2 than rainforests.
It consumes 64.5 t CO2 ha–1.

Waste of palm oil industry (POME) can be utilized as a low-cost feedstock
to produce biodiesel.

POME is available in large amounts and recovery of crude palm oil is higher.

Palm oil-related industrial sectors have given benefits to six million people
around the world.

Disadvantages

Biodiesel from palm oil is not enough to compensate for global biofuel
production.

Waste cooking oil to biodiesel conversion process is complex.

It creates competition between food sources and oil prices. The storage properties of WCO biodiesel are poor.

Land disputes and social challenges The flow properties of WCO biodiesel are not poor as compared to
palm biodiesel.

Balance is needed between market demands and consumer perceptions. Manpower is required for transportation, storage, and installation
purposes.

Low recovery rate.

Limited availability of feedstock.

Lack of efficient economic incentives.

The biodiesel cost synthesized from waste cooking oil will be
higher.

Biodiesel purification is needed which diminishes the advantage
of waste cooking oil.
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The advantages of using palm oil waste effluent for biodiesel
synthesis are discussed in detail along with techno-economic
analyses. The economic factors affecting biodiesel production
using supercritical technology are comprehensively described,
expressing the suggestions to utilize it in an effective way of
synthesizing biodiesel. Therefore, the originality of this over-
view lies in the economic feasibility as well as future recom-
mendations based on supercritical biodiesel synthesis.

2 Processes of Biodiesel Synthesis from
POME

Various technologies have been developed for producing bio-
diesel from POME. The POME can be processed as a substrate
via various transesterification technologies such as direct
blending, microemulsion, pyrolysis, microwave-ultrasound-
assisted, and supercritical methods as illustrated in Fig. 1 (see
Sect. 2.4).

2.1 Direct Blending

The application of pure edible oils and residual palm oil
extracted from POME as a diesel fuel blend was common in
the 19th century. But research in the mid of the 20th century
proved that the direct usage of blending of edible oils and
residual oil extracted from POME is inappropriate for engines
causing intrinsic failure [38]. Gad et al. [39] reported the per-
formance of blending pure palm oil and biodiesel synthesized
from it with various blending ratios. The volume percentages
of diesel, biodiesel, and palm oil blends were kept at 20 % and
100 % as B20, B100, and PO20. The physicochemical character-
istics were analyzed and found to be identical to pure diesel.
The thermal stability of biodiesel and its blends were reported
lower than that of conventional diesel [39].

Fuel consumption via direct blending was higher because of
the lower energy value of biodiesel and its various mixtures.
The toxic emissions were found to be lowered for biodiesel
blends but enhanced for palm oil blends compared to petrole-
um diesel [40]. This occurred due to the cleaner and environ-
mentally safer nature of biodiesel and its blends. Prabhu et al.
[41] investigated the performance of diesel engines using palm
oil blending with pure diesel. The palm oil was continuously
heated at 60 �C to ensure the homogeneity of the blended mix-
ture [41]. The study was focused on the exhaust emissions to
compare the performance with the engine working on pure
diesel. It conducted for palm oil subjected to heat, diesel blends
(PO20, PO30, and PO40), and pure diesel under a constant
stirring of 1500 rpm [41]. The results indicated that PO20 was
the appropriate blend among the blends studied.

Ge et al. [42] investigated the performance of diesel engines
operated on palm oil recovered from POME via blending with
conventional diesel. The engine performance and combustion
properties of the B30 blend showed the potential to effectively
reduce the particulate matter emissions and simultaneously
kept NOx emissions at minimized levels. Bari and Hossain [43]
studied the physicochemical characteristics of biodiesel derived
from palm oil and evaluated the engine exhaust characteristics

operating on sludge palm oil. The emissions of carbon monox-
ide (CO) and unburnt hydrocarbons (HC) were better with
sludge palm oil diesel (POD) having CO 51 % and HC 55 %
lesser emissions as compared to the petrodiesel operating
engine, respectively [43]. However, the NOx emission with
POD was 33 % higher than that with petrodiesel. The engine
operated with POD performed smoothly, did not show any
startup problems, and no audible engine knocking was ob-
served.

Uslu [44] studied the performance of direct blending with
various palm oil-diesel blends tested on single-cylinder diesel
engines under the influence of various engine loads. This study
was conducted for optimization using response surface meth-
odology. The responses were observed as 69.11 %, 196.25 ppm,
0.126 %, and 189.764 ppm, respectively, for smoke, NOx, CO,
and HC with 17.88 % blending [44]. The energy consumption
for the engine using unblended oils was identified as fossil
fuel diesel because both exhibit the same calorific value
(45.5 MJ kg–1). The oil-to-diesel blending ratio of 1:10 to 1:20 is
successful for proper combustion in the engines [45]. However,
the use of residual palm oil extracted from POME as a direct
fuel in diesel engines demands engine modifications, including
change of construction material, otherwise the engine opera-
tion time is lowered, maintenance costs are also higher due to
the increase in wear, and the chances of engine failure are aug-
mented. Some diesel engines run on unblended edible oils like
direct fuel ignition and compression engines, but these are not
commonly applied in public transport vehicles which limits the
use of this technique.

2.2 Microemulsion

The application of vegetable oil as a direct fuel is not safe for
engines due to their high viscosity that can damage the engine
through choking and incomplete combustion. This problem
was solved by microemulsions using methanol, ethanol, and
1-butanol of biodiesel. In biodiesel microemulsion, there are
different components present like a surfactant, alcohol, vegeta-
ble oil, and cetane improver. Short-chain alcohols are generally
used as viscosity-suppressing agents. Similarly, the longer-chain
alcohols are commonly applied as surfactant agents and alkyl-
based nitrates are added to increase the cetane number. For this
purpose, the microemulsion process with the help of some
alcoholic solvents has been investigated.

Devarajan et al. [46] analyzed the combustion characteristics
and exhaust properties of a refined palm oil biodiesel (POBD)
blended with pure diesel using silver oxide (Ag2O) as a fuel
additive [46]. The experimental findings exhibited that the
addition of Ag2O particles to POME enhanced the combustion
characteristics due to the increased surface area. Besides, the
addition of Ag2O nanoparticles to POME resulted in enhanced
brake thermal efficiency [46]. The findings also indicated that
Ag2O nanoparticles improved the emission levels of smoke,
NOx, HC, and CO [46]. Prabhu et al. [41] reported on the in-
fluence of microemulsion on palm oil blending with conven-
tional diesel. For this purpose, n-butanol (20 vol %) was mixed
with a 20 % palm oil diesel blend [41]. The CO emission from
palm oil diesel and butanol was observed to be 37.5 % lower,
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whereas the NOx release was 1.9 % higher than from conven-
tional fuel. Moreover, the smoke emission was found 13 %
lower, compared to petroleum diesel [41].

Charoensaeng et al. [47] studied the combustion characteris-
tics of palm-biodiesel blends using ethanol as a microemulsi-
fier, methyl oleate as a surfactant, and alkanols as a cosurfac-
tant. The evaluated microemulsion enhanced the burning of
fuel and decreased the NOx emissions and exhaust gas temper-
ature. However, no considerable change in CO emission was
observed. Apart from various advantages, the drawback of
using the microemulsion process is carbon deposition and
incomplete combustion of fuel in the diesel engines. The
incomplete fuel combustion in the engine leads to huge energy
loss and higher consumption of fuel.

2.3 Pyrolysis

Pyrolysis is the breakdown of a longer-chain molecule into
smaller-chain molecules using thermal energy in the absence of
oxygen or employing heat using the catalyst. In this technique,
larger molecules are broken, and the formation of smaller mol-
ecules takes place. This technique is more prominent in the
areas where the hydroprocessing industry is well grown
because of the similar nature of technology to the petroleum
refining process [48]. The pyrolysis of soybean, palm, POME,
and castor oils have been evaluated in the past [49–51]. Yang
et al. [52] studied the pyrolysis of palm oil to produce CO,
CO2, H2, and CH4. The yield of H2, and CH4 increased with
residence time. However, the overall yield of pyrolysis was
70 %. This happened due to the side reactions taking place,
produced CO and CO2 which were not the desired products
[52].

Chow et al. [53] studied the pyrolysis of empty fruit bunches
and POME to produce bio-oil. Due to the sludge present in
POME, a lower bio-oil yield was observed as the sludge per-
centage was increased from 0 % to 100 %. Teoh et al. [54]
studied the co-pyrolysis of empty fruit bunches and palm
kernel shell (PKS) with POME pyrolysis. Pyrolysis and co-

pyrolysis were performed at 60 �C. The bio-oil yield obtained
from PKS was 44.5 + 0.7 wt %. The bio-oil yield for co-pyroly-
sis of PKS and POME sludge showed a negative effect on
bio-oil.

Lam et al. [55] conducted pyrolysis to effectively utilize
POME. The biochar was produced and then utilized as an ad-
sorbent to remove the impurities from POME. A removal effi-
ciency of 57 % was achieved for POME. Thermal cracking and
pyrolysis are disadvantageous for a moderate biodiesel produc-
tion capacity, especially for developing countries. The pyrolysis
process is considered a multipart process because of various
complex reaction paths [56].

2.4 Transesterification

The most commonly applied way of synthesizing biodiesel is
transesterification, in which the alcohol and oil reaction takes
place using a catalyst to synthesize biodiesel and glycerol [57].
The common reaction between oil and alcohol to produce bio-
diesel is depicted in Fig. 1.

Fig. 2 demonstrates the common transesterification reaction
for biodiesel synthesis. The conversion of triglycerides to digly-
cerides is the first step of alcoholysis, which are then converted
into monoglycerides. Monoglycerides are finally converted into
glycerol, yielding one mole of fatty acid methyl ester in each
step.

2.5 Catalytic Transesterification of POME

Transesterification of triglycerides occurs by heating them with
alcohol as a catalyst. The catalysts are generally categorized in
two general classifications, i.e., homogeneous and heteroge-
neous types as presented in Fig. 3. The homogeneous and
heterogeneous transesterification can be catalyzed by acid and
alkali catalysts. The enzymatic-catalyzed transesterification
involves the use of extracellular and intracellular enzymes to
boost up the biodiesel yield [59].
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Figure 1. Production of biodiesel
from POME using various technolo-
gies.
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2.5.1 Homogeneously Catalyzed Transesterification

A biodiesel yield of more than 99 % can be obtained using ho-
mogeneous catalysts [60]. There are two types of homogeneous
catalysts that are employed to synthesize biodiesel including,
namely, homogeneous alkali catalysts and homogeneous acid
catalysts. Fig. 4 displays a schematic flow diagram for general-
ized homogeneously catalyzed transesterification.

According to Fig. 4, base-catalyzed transesterification in-
volves the use of a base catalyst to enhance the productivity of
the reaction. However, the application of such catalyst causes
soap formation due to the presence of triglycerides, contami-
nating the product [61]. Therefore, glycerol and alcohol are
separated by gravity separation and vacuum distillation follow-
ing the separation of soap from the product.

2.5.1.1 Homogeneous Alkali-Catalyzed
Transesterification

Biodiesel production commonly takes place using base catalysts
because of several advantages over acid catalysts. The base-

catalyzed transesterification pro-
vides a faster reaction rate, it is
4000 times faster than acid-cata-
lyzed transesterification if the same
amount of acid catalyst is used
[62, 63]. The homogeneous alkali-
catalyzed transesterification is ap-
plied for industrial biodiesel pro-
duction due to several reasons:
faster reaction rate, higher activity
of catalyst, and widely available
and economically feasible process
[64]. The most commonly used
alkali catalysts are NaOH, KOH,
and sodium methoxide. Other alka-

li catalysts include sodium ethoxide [65], potassium methoxide
[66], sodium iso-propoxide [67], and sodium butoxide [60].

Metawea et al. [68] investigated the use of sludge palm oil to
produce biodiesel via homogeneous alkali catalysis. The operat-
ing parameters were analyzed and optimized in a batch reactor.
The effect of extended baffles present in the reactor on the yield
of biodiesel was evaluated. The optimized transesterification
conditions giving the highest biodiesel yield (97 %) were meth-
anol-to-oil molar ratio of 6:1, 60 �C reaction temperature,
catalyst concentration 1 wt % NaOH, and a mixing speed of
250 rpm [68]. Mujtaba et al. [69] examined the influence of
KOH on the transesterification of residual palm oil using
response surface methodology. The biodiesel yield was 96.61 %
under the optimized parameters of reaction time of 38.96 min,
methanol-to-oil ratio of 60 vol %, and KOH loading of
0.70 wt %.

Manurang et al. [70] reported on the synthesis of biodiesel
using sludge palm oil via NaOH-catalyzed transesterification.
The operating conditions for transesterification reaction were:
1 wt % NaOH catalyst, mixing rate of 400 rpm, and 1 h reaction
time. The biodiesel yield of 83.19 % was achieved under the
optimized conditions. In another study, Boonpoke et al. [71]
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Figure 2. Transesterification process to produce biodiesel [58].

Figure 3. Classification of transesterification for biodiesel production [58].
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evaluated the influence of alkali-catalyzed transesterification of
residual palm oil. The operating conditions were 1 wt % KOH
catalyst, reaction temperature of 60 �C, agitation rate of
300 rpm, and 60 min reaction time resulting in the optimized
yield of 84.0 % [71]. It can be noted that the biodiesel yield
using KOH was higher as compared to NaOH due to the lower
KOH affinity towards soap formation.

Hayyan et al. [72] determined the effect of p-toluene-4-sul-
fonic monohydrate acid to synthesize biodiesel from residual
palm oil for the reaction conditions of 1 wt % KOH, reaction
temperature of 60 �C, agitation speed of 400 rpm, and 60 min
reaction time, resulting in the optimized yield of 76.60 %. A sig-
nificant lower yield was observed as compared to Boonpoke
et al. [71]. Sianipar et al. [73] studied the homogeneous alkali-
catalyzed transesterification of sludge palm oil recovered from
palm oil mill waste. Transesterification was performed by vary-
ing the reaction conditions of KOH loading of (0.5–2.5 wt %) at
60 �C and an agitation speed of 300 rpm for 1 h reaction time.
The optimum molar ratio of methanol to palm oil sludge was
20:1 resulting in 93 % biodiesel yield.

Ilham et al. [74] investigated the production of fatty acid
methyl esters via alkaline transesterification of residual palm
oil. The maximum biodiesel yield of 95 % was achieved under
the optimum transesterification conditions of alcohol-to-oil
molar ratio of 6:1, 1 wt % NaOH loading, reaction temperature
of 60 �C, and reaction time of 30 min. Aworanti et al. [75]
described the production of biodiesel from POME in the pres-
ence of KOH. The process parameters were varied including

methanol-to-oil ratio (1:1–12:1), catalyst
loading (0.1–2 wt %), and reaction time
(30–150 min). The optimized conditions
were a molar ratio of 12:1, catalyst loading
of 1.5 wt %, and 30 min reaction time. A
biodiesel yield of 61.20 % was achieved
under the optimized conditions [75].

The limitations of the process include its
sensitive nature to the purity of reactants,
free fatty acid (FFA) content as well as the
moisture content of the feedstock. The
basic catalyst that affects the separation of
biodiesel and glycerine cause to increase in
the wastewater generated during the purifi-
cation step [76, 77].

2.5.1.2 Homogeneous Acid-Catalyzed
Transesterification

The homogeneous acid catalysis includes
hydrochloric acid (HCl), sulfuric acid
(H2SO4), sulfonic acid, ferric sulfate, and
organic sulfonic acid. Among these acids,
HCl [78], H2SO4 [79], and sulfonic acid are
the most commonly used [80]. Hayyan
et al. [81] reported the transesterification of
sludge and residual palm oil under the
operating conditions of H2SO4 loading of
0.75 wt %, reaction temperature of 60 �C,
methanol-to-oil molar ratio of 8:1, mixing

speed of 400 rpm, and 60 min reaction time. The biodiesel yield
of 83.1 % was achieved under these conditions.

The operating conditions of this study were kept the same as
the literature work discussed for homogeneous alkali-catalyzed
transesterification. The achieved biodiesel yield was compara-
ble with homogeneous catalysts. Davies et al. [82] investigated
the esterification of POME using H2SO4. A biodiesel yield of
89 % was attained under the optimized conditions of reaction
time (15 min), catalyst loading (0.8 wt %), and reaction temper-
ature (60 �C). The findings indicated that the optimized condi-
tions were a methanol/oil molar ratio of 10:1 and a reaction
temperature of 60 �C giving 95 % biodiesel yield.

Nikhom et al. [83] produced biodiesel from residual oil
recovered from POME. The ester and FFA recovery were
56.9 wt % and 38.1 wt %, respectively, proving the potential to
be used as a substrate in the esterification process. The opti-
mized conditions for the esterification of the recovered oil were
5 wt % H2SO4, alcohol-to-oil molar ratio of 2:1, a reaction tem-
perature of 70 �C, and a reaction time of 120 min. Under the
optimum conditions biodiesel having the purity and yield of
97.7 wt % and 98.5 wt.% could be produced. dos Santos et al.
[84] described biodiesel synthesis from hydro-esterification of
crude palm oil using methanol as a solvent. The study was con-
ducted in a batch reactor under the optimum conditions of re-
action temperature of 250 �C, reaction time of 120 min, 100:1
water-to-oil molar ratio, and mixing speed of 700 rpm. The re-
sults indicated the highest biodiesel yield of 86 % [84].
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Figure 4. Schematic diagram for homogeneously catalyzed transesterification.

These are not the final page numbers! &&



Sundaryono et al. [85] reported on the esterification of
sludge palm oil extracted from POME using H2SO4. The reac-
tion was carried out varying the reaction conditions of metha-
nol-to-oil molar ratio of 6:1, 1 wt % catalyst loading of H2SO4,
reaction time of 3 min, and reaction temperature of 60 �C. The
maximum biodiesel yield of 75.3 % was achieved under these
conditions. The limitations of homogeneous acid-catalyzed
transesterification lie in the corrosion of equipment, extensive
waste generated from neutralization, difficult recycling, forma-
tion of by-products, elevated reaction temperature, higher reac-
tion time, and lower catalyst activity [86, 87].

2.5.2 Heterogeneous Acid- and Alkali-Catalyzed
Transesterification

Heterogeneous catalysis is more advantageous than homogene-
ously catalyzed transesterification. In heterogeneous catalytic
transesterification, it is much easier to collect the product from
the catalyst after reaction completion. The heterogeneous cata-
lytic process is presented in Fig. 5. The series of unit operations
involved in the production of biodiesel using acid as a catalyst
is illustrated. Transesterification in the presence of a catalyst
produces biodiesel and glycerol [88]. Glycerol is separated by a
gravity separator and alcohol by vacuum distillation.

The application of alkali catalysts dominates the other tech-
niques since the catalysts are reusable and environmentally
safer than heterogeneous acid catalysts [89]. These catalysts
can be easily extracted from cheaper sources like limestone and
calcium hydroxide. Ho et al. [90] reported the influence of a
CaO catalyst on the alcoholysis of sludge palm oil. The operat-
ing conditions of 6 wt % catalyst loading, alcohol-to-oil molar
ratio of 6:1, reaction temperature of 45 �C, 3 h reaction time,
and 700 rpm mixing rate led to a biodiesel yield and fatty acid

methyl ester (FAME) conversion of 79.76 % and 97.09 %,
respectively [90].

Nur et al. [91] investigated the transesterification of palm oil
using modified Malaysian dolomite as a catalyst and compared
the findings with the inactivated ZnO catalyst. The results indi-
cated that the maximum conversion of 99.98 % under the reac-
tion conditions of 15:1 methanol-to-oil molar ratio in 4 h in
comparison with the ZnO-doped catalyst was achieved. The
biodiesel yield was quite higher as compared to other heteroge-
neous alkali inactivated catalysts [91]. More active sites present
on the catalyst surface caused the increase in biodiesel yield.

Hidayat et al. [92] examined the influence of the catalyst
ZrO2/SO4

2– on the transesterification of sludge palm oil recov-
ered from POME. The catalyst was synthesized by sulfonation
of rice husk. The influences of alcohol-to-oil molar ratio
(4:1–10:1) and reaction temperature (40–60 �C) were investi-
gated for the conversion of triglycerides to optimize the operat-
ing conditions [92]. Manurung et al. [70] produced biodiesel
from SPO at an oil-to-alcohol molar ratio of 1:2, reaction tem-
perature of 80 �C, and mixing speed of 400 rpm, and reaction
time of 1 h. The maximum biodiesel yield of 83.19 % was found
under the optimized conditions [70].

Uprety et al. [93] evaluated the effect of Al2O3 as catalyst
support in the presence of CaO as a heterogeneous catalyst for
the transesterification of residual palm oil. CaO/Al2O3 and
CaO gave the highest biodiesel yields of 97.66 % and 96.75 %,
respectively. The aluminum support provided to the catalyst
significantly increased the biodiesel yield. Feng et al. [94] pro-
duced biodiesel from residual palm oil using acid ionic liquid
[CyN1,1PrSO3H][p-TSA] as a heterogeneous catalyst. The opti-
mum operating conditions were: methanol-to-oil molar ratio
of 24:1, catalyst concentration of 3.0 wt % of oil, reaction tem-
perature of 120 �C, and 150 min reaction time, resulting in
98.4 % biodiesel yield [94]. The findings showed a significant
increase in biodiesel yield in 2.5 h for a Brønsted acid ionic
catalyst and proved its potential to catalyze the transesterifica-
tion reaction.

Usman et al. [95] synthesized biodiesel from palm oil using
ash-impregnated zeolite (Sn-PBA-zeolite) as a heterogeneous
catalyst. The optimized conditions for alcoholysis by using
Sn-PBA-zeolite of 1:4:1:25 weight ratio were: palm oil-to-
methanol molar ratio of 1:6, catalyst loading 3 wt %, and reac-
tion time of 3 h [95]. The maximum biodiesel yield of 76.21 %
was reported under the optimized transesterification condi-
tions.

Ngaini et al. [96] reported on the transesterification of
POME using a silica-based catalyst prepared from Imperata
cylindrica sp. imperatacid. The optimum transesterification
conditions were alcohol-to-oil molar ratio of 1:1, catalyst con-
centration of 10 wt %, and reaction temperature of 65 �C result-
ing in 80 % biodiesel yield. The reported biodiesel yield is lower
due to the milder reaction conditions kept during the reaction
[96]. In another study, the transesterification of palm fatty acid
distillate was described by Ngaini et al. [97] using the hetero-
geneous silica-based catalyst prepared from rice husk. A bio-
diesel yield of 91.6% was achieved under the optimized esterifi-
cation conditions of PFAD:MeOH ratio of 1:1 and catalyst
loading of 5 wt %, followed by transesterification at an
oil:MeOH ratio of 1:1 giving 97.5 % biodiesel yield in 30 min.
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Figure 5. Schematic diagram for heterogeneously catalyzed
alcoholysis for biodiesel synthesis.
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Ding et al. [98] produced biodiesel from palm oil using
[HSO3-BMIM]HSO4 as a heterogeneous catalyst. The transes-
terification reaction occurred under microwave heating. The
highest yield of 98.93 % was observed when the methanol-to-
oil molar ratio, catalyst concentration, microwave power, and
reaction time were 11:1, 9.17 %, 168 W, and 6.43 h, respectively.
Balan et al. investigated the esterification of palm oil using a
heterogeneous catalyst derived from rice husk in the presence
of methanol. Rice husk 600 (RH600) was employed to catalyze
the esterification reaction and gave an overall biodiesel yield of
97 % [99].

Hasanudin et al. [100] obtained biodiesel from residual palm
oil using tungstate-zirconia as a heterogeneous catalyst. The
optimized transesterification conditions were: catalyst loading
of 10 %, methanol-to-oil molar ratio of 8:1 resulting in trigly-
cerides-to-biodiesel conversion of 74.88 %. The heterogeneous
catalyst activity is similar to that of alkali catalysts under the
effect of the same reaction conditions. However, heterogene-
ously catalyzed transesterification reaction is facing issues, i.e.,
it is slower in nature [101] and the catalyst is needed to activate
at high temperatures.

2.5.3 Enzymatic-Catalyzed Transesterification
(Biocatalysts)

The enzyme catalyst, also known as biocatalyst, is considered a
green-energy method for biodiesel production. The usage of a
biocatalyst is advantageous due to its capability to remove the
downstream unit operations needed in base-catalyzed reac-
tions. Biodiesel of high purity can be obtained using enzyme-
catalyzed transesterification [102]. Rakkan et al. [103] opti-
mized the synthesis of biodiesel from POME in the presence of
methanol via enzymatic-catalyzed transesterification. The opti-
mized conditions for biodiesel synthesis include enzyme con-
centration of 40 kUnit, methanol-to-oil molar ratio of 6:1, agi-
tation speed of 250 rpm, reaction temperature of 40 �C, and
reaction time of 12 h. The maximum biodiesel yield of 91.45 %
was achieved under the optimized reaction conditions. Due to
the slower nature of enzymatic-catalyzed transesterification the
reaction was completed with in 12 h, making it not feasible for
biodiesel synthesis.

Matinja et al. [104] produced biodiesel from POME using
Candida rugosa lipase enzyme and methanol as a solvent. The
highest triglyceride conversion was achieved at an agitation
speed of 300 rpm, oil-to-alcohol molar ratio of 1:6, and 5 h
reaction time. The properties of biodiesel produced using the
enzymatic-catalyzed transesterification were according to the
ASTM standards of biodiesel. Louhasakul et al. [105] cultivated
Yarrowia lipolytica in POME for biodiesel production and
achieved 97 % biodiesel yield at 72 h reaction time and 60 �C.

Rachmadona et al. [106] investigated the effect of lipase and
ethanol to synthesize biodiesel from POME. The optimum
conditions were 2100 U lipase loading, ethanol-to-triglycerides
molar ratio of 4:1, 40 �C reaction temperature, 24 h reaction
time, resulting in 97.43 % biodiesel yield. However, there are a
lot of constraints of this process especially when implemented
for commercial-scale production such as the high cost of the
enzyme, slow reaction rate, and enzyme deactivation [107].

2.5.4 Microwave-Assisted Transesterification

Microwave heating is non-contact heating that avoids the
chances of overheating the material. It has several advantages
like direct energy transfer instead of heat transfer, reduced ther-
mal gradients, faster response regarding the start-up and shut-
ting, and reversible thermal effects [108, 109]. The microwave-
assisted heating process is explained in Fig. 6.

The conventional heating via hot plate heats the outer layer
of the bulk of the liquid and afterwards it penetrates with the
help of convection. However, the microwave heating phenom-
enon takes place due to the effect of microwaves and heating
occurs in the entire liquid at one time. Therefore, microwave
heating is faster than conventional heating, causing a higher
biodiesel yield in minimum time. Davies et al. [82] reported
the single-step esterification-transesterification of POME for
biodiesel production via microwave heating. The reaction con-
ditions were kept at reaction temperatures of 100–150 �C, cata-
lyst loading of 0–1, and reaction time of 0–30 min. The maxi-
mum biodiesel yield of 89 % was achieved at 150 �C and a
reaction time of 15 min. The microwave heating significantly
reduced the time to obtain the highest biodiesel yield as com-
pared to conventional heating.

Muanruksa et al. [111] used sludge palm oil extracted from
POME for biodiesel production to utilize it as a low-cost sub-
strate at reaction temperatures of 30–50 �C, molar ratios of
methanol to oil of 1:1 to 5:1, mixing speeds of 100–300 rpm,
and reaction time of 4 h. Equilibrium was reached at the reac-
tion temperature of 40 �C, methanol-to-oil molar ratio of 3:1,
and mixing speed of 200 rpm. Under the optimized reaction
conditions, a maximum biodiesel yield of 91.30 % was
achieved. Rakkan et al. [103] optimized the synthesis of bio-
diesel from POME in the presence of methanol via enzymatic-
catalyzed transesterification under the influence of microwave
heating. A maximum biodiesel yield of 91.45 % was found
under the optimal reaction conditions.

Bakar et al. [112] investigated the synthesis of biodiesel from
sludge palm oil and compared the findings with biodiesel pro-
duction using conventional heating. A maximum biodiesel
yield of 95.1 % at a methanol-to-oil molar ratio of 6:1, reaction
temperature of 65 �C, reaction time of 15 min, and 2 wt % KOH
loading using microwave heating was achieved compared to
the conventional method for which a yield of 81 % was gained
under the same reaction conditions.
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Figure 6. Heating mechanism comparison for conventional and
microwave methods [110].
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Apart from the advantages of microwave-assisted biodiesel
production, it is not easy to upgrade from laboratory small-
scale synthesis to commercial multi-ton plant capacity. The
main drawback is associated with the depth of the penetration
of microwave radiation into the absorbing materials, which is
only a few centimeters, depending on their dielectric character-
istics [113]. A summary of biodiesel production from residual
palm oil using various homogeneous and heterogeneous cata-
lysts is presented in Tab. 5.

The maximum biodiesel yield and triglyceride conversion
can be obtained using heterogeneous solid-acid catalysts in the
presence of methanol at the reaction temperature of 60 �C and
alcohol-to-oil molar ratio of 15:1. The application of biocata-
lysts is advantageous over homogeneous and heterogeneous
transesterification, but the overall enzymatic catalytic transes-
terification process is expensive [114]. The best technology to
convert POME into biodiesel known at the moment is the
supercritical technology. The production of biodiesel from
POME is discussed in detail in the next section.

2.5.5 Supercritical Biodiesel Synthesis Using POME

Biodiesel production using supercritical transesterification is
advantageous over the other biodiesel production processes.
The production of biodiesel by this technology from POME is
an advanced technique that can be implemented for industrial-
scale production.

Anaerobic digestion of POME produces methane and CO2

having significant negative effects on the ozone layer. There-
fore, to minimize the CO2 emission and meet the energy de-
mand, POME should be converted into biodiesel by using
supercritical technology instead of anaerobic digestion. Among
the available technologies to produce biodiesel, the supercritical
technology seems to be the best option. Song et. al [115] used
POME to produce biodiesel without any catalyst in a batch
reaction with supercritical methanol. The methyl oleate content
was increased by raising the molar ratio of the supercritical

solvent. The increase in temperature beyond 350 �C resulted in
a reduction in biodiesel yield due to the thermal degradation of
methyl esters [115]. It can be observed that the supercritical
reaction has a high energy requirement when POME was used
as feedstock.

da Costa et al. [116] studied the influence of co-solvent and
transesterification reaction parameters for biodiesel synthesis
from residual oil extracted from palm oil waste. The yield of
99 % was achieved for FAMEs with optimum conditions of
methanol-to-oil molar ratio of 42:1, 350 �C, and 5 min. The
maximum biodiesel yield was obtained within 5 min which is
significantly lesser time as compared to conventional catalytic
transesterification.

Klabsong et al. [117] studied the supercritical methanolysis
of POME without the application of a co-solvent. The reaction
took place at 220–250 �C, 30 bar, and reaction times of 1–4 h.
The optimum yield of 77.64 % was reported for optimum reac-
tion conditions of 229 �C and 30 bar [117]. A lower biodiesel
yield was obtained due to the lower temperature, i.e., below
supercritical temperature. The most appropriate temperature
for biodiesel production using supercritical technology is
350 �C.

Sootchiewcharn et al. [118] investigated the influence of tem-
perature in the range of 330–370 �C on the transesterification
of refined palm oil extracted from POME under a pressure of
200 bar and oil-to-alcohol ratio of 1:50. The optimum biodiesel
yield of 78.3 % was achieved at 350 �C. Tab. 6 presents the
research work done on the synthesis of biodiesel from POME
using supercritical technology in the past.

Tab. 6 indicates that supercritical biodiesel production takes
place at high temperature and pressure, requiring a significant
amount of energy. Moreover, it also demands high startup costs
and costs associated with the recovery of supercritical solvents.
Therefore, the process optimization is inefficient and time-con-
suming because of the consumption of waste as substrate for
biodiesel production. However, the presence of CO2 as a co-
solvent decreases the severity of the reaction, giving maximum
biodiesel yields [45].
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Table 5. Literature summary of biodiesel production using different catalysts.

Feedstock Solvent Catalyst Conditions Yield [%] Ref.

Sludge palm oil Methanol NaOH 65 �C, 6:1, 250 rpm 97 [68]

Sludge palm oil Methanol KOH 39 min, molar ratio (60 vol %) 96.62 [69]

POME Methanol KOH 60 �C, 400 rpm, 60 min 76.6 [72]

Residual palm oil Methanol KOH 60 �C, 300 rpm, 60 min 84 [71]

POME Methanol H2SO4 60 �C, 400 rpm, 60 min 83.1 [81]

POME Methanol H2SO4 60 �C, 15 min 89 [82]

Sludge palm oil Methanol CaO 45 �C, 700 rpm, 180 min 79 [90]

Sludge palm oil Methanol Modified dolomite 60 �C, 15:1, 240 min 99.98 [95]

POME Methanol – 40 �C, 720 min, 250 rpm 91.45 [103]

POME Methanol Crude lipase 6:1, 300 min, 300 rpm – [104]

POME Methanol Yarrowia lipolytica 60 �C, 72 h 97 [105]
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An approximately complete conversion of triglycerides can be
achieved within the reaction time of 30 min without using any
solvent. However, very limited work has been done on the pro-
duction of biodiesel apart from the fact that it can be utilized as a
cheaper feedstock [122]. Hence, biodiesel synthesis using POME
as a feedstock in supercritical transesterification is an unex-
plored area and more research is needed to make the supercriti-
cal process cost-effective. This will help to implement this tech-
nology on an industrial level as well as to fulfil the energy needs
to fully replace fossil fuel energy. Tab. 7 presents the advantages
and disadvantages of biodiesel production from POME.

3 Factors Influencing the Supercritical
Biodiesel Production from POME

3.1 Reaction Temperature and Time

Reaction temperature along with the reaction time plays a sig-
nificant part in the reaction rate via supercritical technology.

For the results reported for methanol and ethanol, triglyceride
conversion to biodiesel mainly was enhanced due to the
increase in reaction time and temperature. The temperature
influence on the yield of biodiesel using the supercritical meth-
anol was first studied by Kusdiana and Saka [123]. They inves-
tigated the influence of temperature and pressure ranging from
200 �C and 7 MPa to 487 �C and 105 MPa and concluded that
at a temperature below 250 �C the conversion of triglycerides
was lower due to the subcritical state of methanol. The maxi-
mum conversion of palm oil to biodiesel was observed at
350 �C after 4 min giving a biodiesel yield of 95 %. The com-
plete conversion was reported for 2 min reaction time at
400 �C. However, FAMEs started decomposing at a temperature
of above 400 �C.

Similar findings were reported by Rathore and Madras
[124], Imahara et al. [125], and Lin et al. [126]. Almeida et al.
[116] analyzed the influence of temperature and time for the
supercritical alcoholysis of residual oil extracted from palm oil
industrial waste. The reaction temperature and time were
varied between 250–350 �C and 5–25 min, respectively. The
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Table 6. Literature summary of POME as a substrate for biodiesel synthesis.

Feedstock Solvent Co-solvent Conditions Process Yield [%] Ref.

POME Methanol CO2 65 �C, crude lipase catalyst Flask reactor 92.07 [116]

POME Methanol – 229 �C Noncatalytic transesterification 77.64 [117]

Refined palm oil Ethyl acetate – 350 �C, 20 MPa Supercritical microreactor 78.3 [118]

Palm oil Methanol – 350 �C, 15 MPa Continuous
process

96 [119]

Sludge palm oil Methanol – 400 �C, 15 MPa Continuous
process

80 [120]

Sludge palm oil Methanol – 400 �C, 15 MPa Continuous
process

90 [121]

Table 7. Advantages and disadvantages of various transesterification processes.

Transesterification Advantages Disadvantages

Homogeneous acid cata-
lytic transesterification

No soap formation takes place. Acid catalysts can catalyze
the esterification and transesterification at a time.

The use of such catalysts causes corrosion to the
reactors. The activity of acid catalysts is lower.

Basic-catalyzed
(KOH, NaOH)

Higher catalytic activity and transesterification rate,
low cost, and easier availability.

Soap formation takes place causing product
contamination.

Heterogeneous
acid-catalyzed

There are no chances of soap formation. Heterogeneous
catalysts can be reused efficiently. They can catalyze the
esterification and transesterification simultaneously.

Higher cost and lower catalyst activity. Diffusional
problems are observed with such catalysts.

Basic-catalyzed (CaO,
CaCO3, Al2O3)

The use of these catalyst causes no corrosion. They are
recyclable for a long time, giving higher selectivity.

Higher cost, high energy requirement, sensitivity to the
presence of water, low diffusion, and hence lower yield
of biodiesel.

Enzymatic-catalyzed No side reactions take place. They can be easily separated.
The enzymatic-catalyzed transesterification process is
environmentally friendly.

Slow reaction rate, degradation and higher cost of
enzymes used.

Supercritical Higher reaction rate, catalyst-free process, and products
can be easily separated from the reaction mixture.

Very high operating cost due to the elevated temperature
and pressure needed to achieve the supercritical
conditions.
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biodiesel yield was 95 % at 250 �C within 5 min reaction time.
When the temperature was increased to 350 �C, approximately
100 % biodiesel yield was achieved.

Sootchiewcharn et al. [118] investigated the influence of tem-
perature and time on the alcoholysis of refined palm oil
extracted from POME. A higher biodiesel yield was achieved
by increasing the temperature from 330 �C to 370 �C, giving the
highest fatty acid ethyl ester (FAEE) yield of 63.6 % and bio-
diesel yield of 78.3 %. However, the rise in biodiesel yield was
observed till 350 �C. At a temperature of above 350 �C, thermal
decomposition of triglycerides also took place as reported by
Marulanda et al. [127].

Fig. 7 demonstrates the thermal decomposition of triglycer-
ides under supercritical conditions. It can be observed that the
decomposition of triglycerides occurs above 400 �C. Consider-
ing the decomposition effect of triglycerides on biodiesel yield,
the reaction temperature of 350 �C is suggested for biodiesel
production to use short-chain alcohols under supercritical con-
ditions.

3.2 Effect of Oil-to-Alcohol Ratio

Triglycerides react with three moles of methanol for a complete
transesterification reaction. However, since biodiesel produc-
tion through transesterification is a reversible process, a higher
amount of alcohol is added to avoid the reversibility of the pro-
cess [116]. The study of the influence of oil-to-alcohol molar
ratio ranging from 1:3.5 to 1:42 was done by Kusdiana and
Saka [123]. It was found that for a lower oil-to-alcohol ratio
(6 or less), incomplete conversion of triglycerides occurred.
However, at a higher methanol molar ratio (42), complete con-
version of triglycerides with methyl ester yield of 95 % was ob-
tained. Similar findings were presented by Varma and Madras
[128], Song et al. [115], He et al. [129], and Tan et al. [130].
The influence of oil-to-alcohol molar ratio is presented in
Fig. 8.

da Costa et al. [116] investigated the influence of the alco-
hol-to-oil ratio on the overall yield of biodiesel production
from residual oil. The alcohol-to-oil molar ratio was varied be-
tween 24:1 to 42:1. The highest yield of FAMEs was obtained at
a ratio of 42:1 keeping the other process parameters constant at
a reaction temperature of 350 �C and reaction time of 5 min.
The oil-to-alcohol molar ratio affects the equilibrium, and a

higher alcohol molar ratio for the same quantity of triglycerides
shifts the chemical equilibrium to the product side. The opti-
mum ratio of alcohol to oil of 40 is recommended in the case
of supercritical biodiesel synthesis. It is important to consider
that the addition of more alcohol cannot enhance the yield
once the reaction has been completed, and will render the
removal of alcohol from the product more difficult and energy-
demanding.

3.3 Effect of Pressure

Pressure is one of the most important parameters influencing
the biodiesel yield since it alters the supercritical fluid charac-
teristics including density, viscosity, and hydrogen bond inten-
sity. Tan et al. [130] studied the influence of pressure on
biodiesel production in a batch reactor at 335 �C and oil-to-
methanol molar ratio of 1:45. It was found that a pressure in-
crease from 15 to 20 MPa resulted in the maximum biodiesel
yield which was constant for pressures beyond 20 MPa. Similar
findings were described by Goembira and Saka [132].

Klabsong et al. [117] determined the pressure influence on
biodiesel yield for the residual oil extracted from POME and
PKS. For this purpose, the pressure was varied between 10 and

30 MPa. The biodiesel yield of 80 % was observed
at 14 MPa. Upon further pressure increase, no in-
crement in biodiesel yield was achieved due to the
equilibrium establishment of the reaction. The in-
fluence of pressure on supercritical biodiesel syn-
thesis using various solvents and feedstocks is indi-
cated in Tab. 8.

Tab. 8 demonstrates that the performance of
palm oil recovered from POME was significantly
higher as compared to other feedstocks. The high-
est biodiesel yield was observed at a relatively low
temperature in comparison with rapeseed oil. The
pressure effect on chemical equilibrium can be
neglected due to the same number of molecules.
The density dependence of the pressure affects the
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Figure 7. Thermal cracking of triglycerides above 400 �C.
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Figure 8. Effect of oil-to-alcohol ratio on biodiesel yield [116].
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chemical reaction due to the solubility of supercritical alcohol
and oil. As investigated by Anitescu et al. [133], pressure can
significantly influence the mixing rate of reactants. A homoge-
neous phase of the reaction mixture can be attained if the oper-
ating pressure is optimized appropriately. Therefore, a pressure
around 20 MPa is optimal for the production of biodiesel utiliz-
ing supercritical short-chain alcohols.

4 Techno-Economic Analysis for
Biodiesel Production Technologies
Using POME as Feedstock

Biodiesel has become more attractive in recent years due to its
availability, carbon-neutral influence, and environmental ad-
vantages. However, the economic feasibility of biodiesel is the
main concern to synthesize it on an industrial scale. The pro-
cessing of POME for value-added products is presented in
Fig. 9.

Fig. 9 indicates the processing of POME for biodiesel and
bioethanol production. POME contains a lot of solid impur-
ities, making it necessary to perform various downstream oper-
ations such as sedimentation, filtration, and evaporation. The

clean water is extracted from POME. The extracted biomass
from POME during pretreatment is processed to synthesize
useful chemicals such as glycerol and triacetin. The value-
added chemical production depends on the nature of the sol-
vent. The lipids and carbohydrates of biomass are converted
into biodiesel and bioethanol, respectively.

4.1 Factors Affecting Biodiesel Production
Economics

The economics of biodiesel depends on several factors, e.g.,
type of technology chosen, operating cost, type and cost of
feedstock used, and biodiesel selling rate. The total capital in-
vestment includes fixed capital investment and operating cost
[137]. The fixed capital investment cost contains the installa-
tion cost of the equipment with all utilities, which are necessary
for smooth operation whereas the operating cost includes raw
materials cost, utility cost, and labor costs for biodiesel produc-
tion at a given capacity.

Currently, liquid biomass resources including palm oil
by-products and effluent are gaining significant attention to
meet the energy demand of the world and have been estimated
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Table 8. Influence of pressure on biodiesel synthesis with various solvents.

Solvent Feedstock T [�C] P [MPa] Time [min] Molar ratio Yield [%] Ref.

Methanol Palm oil 280 8.7 30 1:42 56.13 [129]

10.5 63.87

12.5 76.89

15.5 81.76

21 86.55

25 90.92

36 91.51

Ethanol Rapeseed oil 300 10 20 1:42 76.03 [131]

20 77.86

30 80.46

40 82.75

Methyl acetate POME 350 5 30 1:42 0 [132]

10 9.85

15 19.37

20 84.31

30 85.71

Methanol POME 220 10 4 1:24 60.1 [117]

12 63.5

14 67.8

16 70.4

18 70.9
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to contribute by one-half of the total global energy needs by
2050 [138]. POME as an extensively generated waste in palm
oil-producing countries can prove to be an excellent and
cheaper substrate for biodiesel production. The implementa-
tion of supercritical technology can lower the cost of biodiesel
synthesis from palm oil and its wastes. The separated water is
used for utility purposes in distillation columns and heat ex-
changers. Moreover, POME can be directly employed for the
transesterification reaction due to no pretreatment required in
the process. The separation of the catalyst is also not needed
when POME acts as a substrate. The simple processing of
POME would significantly lower the cost giving a way forward
to cheaper and green energy production.

4.1.1 Total Capital Investment

The total capital investment cost includes the cost of equip-
ment and direct plant costs. The latter cover the costs related to
the equipment installation, piping, instrumentation, electrical
facilities, and cost of auxiliaries. The calculation of the cost of all
components is based on equipment total cost and installation
cost. Moreover, the estimation of total capital investment cost
depends on how the purchasing cost of equipment is found. Cost
estimation concerning capital investment is a crucial process. It
includes designing of the process flow, selection of the equip-
ment types and size, and type construction material.

Different researchers use various techniques to determine
the total equipment cost. The formula to estimate the reactor
cost made of stainless steel and having a volume from 0.1 up to
20 m3 is CR = 15 000V0.55 where V is the reactor total volume.
The total capital investment cost incorporates further costs in
addition to the purchasing cost of the equipment, which in-
clude labor cost, installation material costs, indirect costs such
as taxes, transportation, taxes, contractor’s fee, and plant over-
heads. For preliminary cost analysis, estimation is done based
on total equipment purchasing cost [139].

Several techniques are available that can be applied to esti-
mate the total capital investment including the Peter and
Timmrhaus method, Chilton method, and Silla method [140].
The Peter and Timmrhaus technique considers the equipment
purchasing cost from which the other costs can be calculated
using percentages allocated based on the purchasing cost.

As discussed in biodiesel economics, the use of POME does
not involve complex unit operations for biodiesel synthesis.
Therefore, the maintenance cost is reduced due to the limited
number of unit operations involved. This would lower the
capital investment required for industrial production of bio-
diesel using POME. Tab. 9 presents the total capital invest-
ment cost calculation methods based on equipment purchasing
cost.
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Figure 9. Processing of POME for value-added production [134–136].
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4.1.2 Operating Cost

The operating cost includes the expenses for feedstocks, utili-
ties, labor, maintenance, and depreciation costs. The raw mate-
rial mainly consists of feedstock, catalyst, alcohol, and water
used for washing. In all biodiesel synthesis methods, the cost of
raw material includes operating cost [142, 143]. The economic
analysis of biodiesel synthesis showed that raw materials and
utilities covered 86 % of the total operating cost. Moreover, the
mass balance is used as a reference to determine the quantity of
raw material required to meet the necessary production capaci-
ty [144]. Similarly, the consumption of utilities is based on the
type of process applied. It is usually calculated by the energy
balance of the process.

Haas et al. [145] stated that the major contribution of the
cost comes from the cost of raw materials needed, covering
about 88 % of the overall cost. The overall cost was found to be
linearly dependent on the feedstock quantity [146]. The total
investment cost also depends on the type of process used.
Harahap et al. [135] analyzed case studies to produce biodiesel
from empty fruit bunches and POME. The observed operating
cost for biodiesel synthesis using POME was lower as com-
pared to other edible oils. About 80 % of the total biodiesel syn-
thesis cost is covered by the feedstocks but POME comprised
50 % of the operating cost for biodiesel synthesis [135]. This
demonstrates the cost competitiveness of biodiesel synthesis
using POME as a low-cost substrate.

4.1.3 Plant Capacity/Production Scale

The profitability of biodiesel synthesis is dependent on the total
production capacity of the production plant because the same
substrate at different production capacities could exhibit differ-
ent oil yields [141]. Very few investigations have been done on
how the production capacity influences the feasibility and eco-
nomics of the biodiesel synthesis process. Van Kasteren et al.
[147] performed a comparative analysis using supercritical
transesterification. The results of this study showed that the

unitary biodiesel production cost decreased because of increasing
plant capacity. The same findings were reported by Apostolakou
et al. [141], who studies on vegetable oil conversion to biodiesel
using alkali-catalyzed transesterification. They found that an
increase of the plant capacity up to 60 000 t per year would be in
favor of the sustainability of the process since the unit synthesis
cost could be notably decreased. However, the increase of the
capacity beyond 60 000 t per year would not be profitable.

Marchetti et. al [148] and Sakai et. al [149] conducted a sen-
sitivity and cost-estimation analysis for biodiesel synthesis
using waste cooking oil. They reported $0.51/L and $0.98/L
cost via homogeneous catalysis and supercritical process,
respectively. The investigation of transesterification of residual
palm oil was done by Hass et al. [145] and You et al. [150]
using homogeneous alkali-catalyzed transesterification with
costs of $0.58/L for a 36 kt biodiesel capacity plant. Sotoft et al.
reported $2.04/L cost of biodiesel with enzymatic-catalyzed
transesterification.

Harahap et al. [135] analyzed case studies to produce bio-
diesel from empty fruit bunches and POME. The selected plant
capacity was kept at 30 kt POME. The capital cost of technol-
ogy or plant is annualized considering the lifetime of 25 years
and 6.8 % interest rate. The total cost of production for this
study was found to be 22 038 thousand USD/year. The cost to
produce conventional diesel was 23 126 thousand USD/year.
The cost of production using POME was significantly lower as
compared to the conventional method. Tab. 10 presents the
cost comparison of biodiesel using various feedstocks.

The catalyst effect is also important in considering the
overall cost of biodiesel synthesis. Sundaryono et al. [85] deter-
mined the effect of catalyzing the biodiesel synthesis from palm
fatty acids with a cheaper catalyst synthesized from coconut
shell biochar. It was observed that sulfonating coconut shell
biochar using H2SO4 can increase the acid activity of the pre-
pared catalyst. This in turn enables to catalyze the low-value
and cheaper substrate to produce high-quality biodiesel effi-
ciently.

4.1.4 Market Value

The influence of a market variable would not be similar among
two or more technological alternates available due to the
amount and quality of the market variables, i.e., input materials
and products could not necessarily be identical for different
technologies available. A lot of research has been done to study
the effect of variables on the sustainability of biodiesel using
various technologies with varying market scenarios with re-
spective capacities of production [157, 158]. Mulugetta et al.
[159] stated that the influencing market variables, which can
significantly influence the profitability of biodiesel synthesis,
include the selling rate of biodiesel, purchasing cost of feed-
stock, and oil extraction cost. The cost of oil feedstock, as
reported by many researchers, is the major market variable
influencing the sustainability of the biodiesel business [160].
When supercritical transesterification of methanol is imple-
mented for synthesizing biodiesel, the major variables that
directly influence the economics are plant capacity, glycerol
selling price, and capital cost.
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Table 9. Total capital investment costs based on equipment
purchasing cost [141].

Cost item Calculation method

Raw material cost Determined based on material balance

Utility cost Calculated based on material balance

Maintenance cost 10 % of fixed capital investment

Labor cost 20 % of operating labor

Supervision cost 20 % of operating labor

Plant overheads cost 50 % of operating labor

Taxes 4 % of fixed capital investment cost

R&D 5 % of production cost

Unit production cost Annual production expenses based on the
capacity
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Based on the techno-economic analysis, supercritical metha-
nol transesterification could solve the problems by minimizing
the pretreatment, capital, and process operational cost. It also
helps to recover the high-purity glycerol as a biodiesel co-prod-
uct. These are considered as the primary options to minimize
the overall cost of biodiesel synthesis [161]. Biodiesel synthesis
using supercritical fluids could become economically feasible
and cheaper as compared to petroleum diesel. In general,
supercritical fluids having low supercritical conditions will be
an interesting technical and economic alternative for commer-
cial biodiesel production in future. Therefore, more research is
needed to make the supercritical technique a cost-competitive
process.

5 Recommendations and Future Work

Based on the literature examined, supercritical biodiesel pro-
duction is an innovative technology when implemented espe-
cially for POME as a feedstock. The recommendations based
on this review study are given as:
1. It is necessary to discover some new solvents having reliable

supercritical properties that can help to decrease the severity
of supercritical transesterification. The solvents having low
critical temperature and pressure are recommended to be
used for biodiesel production since alcoholysis takes place
above the supercritical properties of the solvent.

2. The addition of a co-solvent is also considered to be the
appropriate option for supercritical biodiesel production
technology. The recommended co-solvents include CO2 and

nitrogen gas. CO2 has low critical properties, is nontoxic,
and easily taken from the atmosphere in the form of air.

3. The addition of catalysts can boost the rate of reaction,
declining the severity of the supercritical reaction as well.
For this purpose, heterogeneous catalysts like ZnO and
Al2O3 can be used in supercritical biodiesel synthesis be-
cause they can be easily separated and catalyze the reaction
effectively.

4. For implementation of the supercritical technology on a
commercial scale, the pinch technology should be applied
to decrease the overall energy requirement of plants which
will reduce the overall process cost. In this way, it can be
implemented to meet the biodiesel demand. There is no
single source available that can meet the biodiesel demand
alone. Therefore, various feedstocks should be employed
to synthesize biodiesel including edible, non-edible, and
waste oils.

6 Conclusions

An overview on biodiesel production techniques including
direct blending, alkali-catalyzed and acid-catalyzed transesteri-
fication, microwave- and ultrasound-assisted transesterifica-
tion, and supercritical technology is presented. The supercriti-
cal process of biodiesel production seems to be the best option
due to no requirement of catalyst and faster reaction rate. It
can be implemented on an industrial level because of compa-
rable cost with acid- and alkali-catalyzed transesterification.
However, problems associated with the supercritical transester-
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Table 10. Techno-economic analysis of biodiesel synthesis using various feedstocks.

Plant capacity [t year–1] Feedstock Biodiesel cost [$ L–1] Process Ref.

36 036 Waste cooking oil 0.51 Alkali-catalyzed [148]

36 036 Waste cooking oil 0.98 Supercritical [149]

36 000 Waste cooking oil 0.95 Alkali-catalyzed [151]

8000 Soybean oil 0.53 Sodium methoxide catalyst [152]

8000 Rapeseed oil 0.78 Alkali-catalyzed [141]

8650 Rapeseed oil 1.56 – [153]

36 000 Palm oil 0.37 Alkali-catalyzed [19]

1000 Palm oil 2.30 Enzymatic-catalyzed [154]

8000 Waste cooking oil 0.86 Alkali-catalyzed [142]

1000 Palm oil 1.12 Immobilized lipase catalyst [155]

– Microalgae oil 1.5 Acid-catalyzed [156]

1452 Waste cooking oil 0.92 Heterogenous acid-catalyzed process [149]

8000 Waste cooking oil 0.98 Lipase-catalyzed transesterification [149]

– Microalgae oil recycled from crude
glycerol

1.76 Acid catalyzed [156]

1000 Residual palm oil 0.29 Alkali-catalyzed [154]

1000 POME 0.82 Enzymatic-catalyzed [154]
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ification include the high energy requirement causing the reac-
tion to take place at high temperature.

To decrease the severity of the supercritical process, the addi-
tion of a co-solvent is the best solution that can decrease its
severity and increase the reaction rate as well. The addition of a
co-solvent depends on the critical properties of the used sol-
vent. Based on the summarized literature in this review, the
addition of CO2 as a co-solvent is better than nitrogen and
helium gas due to its milder critical properties. Although the
addition of a co-solvent can reduce the temperature and pres-
sure, still future work is needed to intensify this process so that
it can be implemented on an industrial scale.

POME can be utilized as a substrate for the supercritical syn-
thesis of biodiesel, as it contains enough quantity of the oil that
can be extracted for biodiesel production. It is generated in a
vast amount from palm oil mills of palm oil-rich countries like
Indonesia and Malaysia. According to the Malaysian palm oil
board (MPOB), Malaysia is producing 10 million tons of
POME annually. When it is processed via anaerobic digestion,
it results in the production of biogas containing a maximum
amount of CH4 which causes ozone depletion. Therefore, in-
stead of using it for anaerobic digestion, it can be utilized as a
potential source for biodiesel synthesis. Its usage to synthesize
biodiesel will decrease land and water pollution playing a posi-
tive role in the global climate.

In this study, various aspects of POME including its genera-
tion, availability, potential use, and economics were discussed
in detail. POME could prove to be the cheapest feedstock to
produce green energy due to its wider availability. However, to
fully replace fossil fuel diesel with biodiesel, it is necessary to
explore either more reliable feedstocks or increase the number
of existing feedstocks. The annual production of POME can
be increased by installing new palm oil mills. This can be done
by planting new palm oil trees and enlarging the plantation
area.

To ensure the continuous supply of feedstock, efficient trad-
ing systems for biodiesel feedstocks are required. The palm oil
industrial growth will improve the job opportunities for the
public in the form of labor, transport, and manpower leading
to positive growth in the economy. Moreover, palm-biodiesel
exhibits excellent flow and combustion properties as compared
to biodiesel synthesized from other types of feedstocks.
Although POME has great potential for green fuels, more re-
search is required to reduce the overall cost of oil extraction
from POME, and techno-economic analysis for various bio-
diesel production technologies to ensure the viability and prac-
ticability in the industry as well as optimizing the transesterifi-
cation parameters, giving maximum yield.
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Abbreviations

BOD biochemical oxygen demand
COD chemical oxygen demand
FAEE fatty acid ethyl ester
FAME fatty acid methyl ester
FFB fresh fruit bunches
HC hydrocarbons
NOx nitrogen oxides
PKS palm kernel shell
POBD palm oil biodiesel
POD palm oil diesel
POME palm oil mill effluent
SPO sludge palm oil
WCO waste cooking oil
WFO waste frying oil

References

[1] M. H. M. Yusoff et al., Prospects and current status of B5
biodiesel implementation in Malaysia, Energy Policy 2013,
62, 456–462.

[2] S. Sehar et al., Thermodynamic and kinetic study of synthes-
ised graphene oxide–CuO nanocomposites: A way forward
to fuel additive and photocatalytic potentials, J. Mol. Liq.
2020, 313, 113494.

[3] V. K. Garlapati et al., Lipase mediated transesterification of
Simarouba glauca oil: a new feedstock for biodiesel produc-
tion, Sustainable Chem. Processes 2013, 1 (1), 11.

[4] O. Al-Juboori et al., Electrochemical production of sustain-
able hydrocarbon fuels from CO2 co-electrolysis in eutectic
molten melts, ACS Sustainable Chem. Eng. 2020, 8 (34),
12877–12890.

[5] N. K. Al-Shara et al., Electrochemical study of different
membrane materials for the fabrication of stable, reprodu-
cible and reusable reference electrode, J. Energy Chem. 2020,
49, 33–41.

[6] L. Razzaq et al., Modeling viscosity and density of ethanol-
diesel-biodiesel ternary blends for sustainable environment,
Sustainability 2020, 12 (12), 5186.

[7] P. Ciais et al., Biofuel burning and human respiration bias
on satellite estimates of fossil fuel CO2 emissions, Environ.
Res. Lett. 2020, 15 (7), 074036.

[8] S. Simsek, Effects of biodiesel obtained from Canola, sef-
flower oils and waste oils on the engine performance and
exhaust emissions, Fuel 2020, 265, 117026.

[9] K. A. Zahan, M. Kano, Biodiesel production from palm oil,
its by-products, and mill effluent: a review, Energies 2018, 11
(8), 2132.

[10] M. H. M. Yusoff et al., The Challenges of a Biodiesel Imple-
mentation Program in Malaysia, Processes 2020, 8 (10),
1244.

[11] E. Rashtizadeh, F. Farzaneh, Transesterification of soybean
oil catalyzed by Sr-Ti mixed oxides nanocomposite, J. Tai-
wan Inst. Chem. Eng. 2013, 44 (6), 917–923.

[12] A. Gashaw, A. Lakachew, Production of biodiesel from non
edible oil and its properties, Int. J. Environ. Sci. Technol.
2014, 3 (4), 1544–1562.

[13] M. Subbarayan, J. S. Kumaar, M. A. Padmanaban, Experi-
mental investigation of evaporation rate and exhaust emis-
sions of diesel engine fuelled with cotton seed methyl ester
and its blend with petro-diesel, Transp. Res. Part D Trans.
Environ. 2016, 48, 369–377.

[14] S. V. Mazanov et al., Continuous production of biodiesel
from rapeseed oil by ultrasonic assist transesterification in
supercritical ethanol, J. Supercrit. Fluids 2016, 118, 107–118.

[15] J. J. Lin, Y. W. Chen, Production of biodiesel by transesterifi-
cation of Jatropha oil with microwave heating, J. Taiwan
Inst. Chem. Eng. 2017, 75, 43–50.

[16] O. O. Ayodele, F. A. Dawodu, Production of biodiesel from
Calophyllum inophyllum oil using a cellulose-derived cata-
lyst, Biomass Bioenergy 2014, 70, 239–248.

[17] M. Kılıçet et al., Optimization of biodiesel production from
castor oil using factorial design, Fuel Process. Technol. 2013,
111, 105–110.

[18] P. A. Cremonez et al., Biodiesel production in Brazil: current
scenario and perspectives, Renewable Sustainable Energy
Rev. 2015, 42, 415–428.

[19] J. C. Quinn, R. Davis, The potentials and challenges of algae
based biofuels: a review of the techno-economic, life cycle,
and resource assessment modeling, Bioresour. Technol. 2015,
184, 444–452.

[20] B. Karmakar, G. Halder, Progress and future of biodiesel
synthesis: Advancements in oil extraction and conversion
technologies, Energy Convers. Manage. 2019, 182, 307–339.

[21] D. A. Sumner, T. Hanon, W. A. Matthews, Implication of
Trade Policy Turmoil for Perennial Crops, Choices 2019, 34
(316–2020–232), 1–9.

[22] S. Yusoff, Renewable energy from palm oil-innovation on
effective utilization of waste, J. Cleaner Prod. 2006, 14 (1),
87–93.

[23] T. Mahlia et al., Patent landscape review on biodiesel pro-
duction: Technolo. updates, Renewable Sustainable Energy
Rev. 2020, 118, 109526.

[24] M. S. Umar, T. Urmee, P. Jennings, A policy framework and
industry roadmap model for sustainable oil palm biomass
electricity generation in Malaysia, Renewable Energy 2018,
128, 275–284.

www.ChemBioEngRev.de ª 2021 Wiley-VCH GmbH ChemBioEng Rev 2021, 8, No. 6, 1–25 20

These are not the final page numbers! &&



[25] A. Kushairi et al., Oil palm economic performance in Malay-
sia and R&D progress in 2018, J. Oil Palm Res. 2019, 31 (2),
165–194.

[26] B. Nambiappan et al., Malaysia: 100 years of resilient palm
oil economic performance, J. Oil Palm Res. 2018, 30 (1),
13–25.

[27] T. H. Oh et al., Energy policy and alternative energy in
Malaysia: Issues and challenges for sustainable growth – An
update, Renewable Sustainable Energy Rev. 2018, 81, 3021–
3031.

[28] L. C. Lau, K. T. Tan, K. T. Lee, A. R. Mohamed, A compara-
tive study on the energy policies in Japan and Malaysia in
fulfilling their nations’ obligations towards the Kyoto Proto-
col, Energy Policy 2009, 37 (11), 4771–4778.

[29] M. F. Awalludin, O. Sulaiman, R. Hashim, W. N. A. W. Nad-
hari, An overview of the oil palm industry in Malaysia and
its waste utilization through thermochemical conversion,
specifically via liquefaction, Renewable Sustainable Energy
Rev. 2015, 50, 1469–1484.

[30] Z. S. Lee et al., Treatment technologies of palm oil mill efflu-
ent (POME) and olive mill wastewater (OMW): A brief
review, Environ. Technol. Innovation 2019, 15, 100377.

[31] F. Sher et al., Torrefied biomass fuels as a renewable alterna-
tive to coal in co-firing for power generation, Energy 2020,
209, 118444.

[32] J. C. Kurnia et al., Advances in biofuel production from oil
palm and palm oil processing wastes: a review, Biofuel Res. J.
2016, 3 (1), 332–346.

[33] M. M. Bello, A. A. A. Raman, Trend and current practices of
palm oil mill effluent polishing: Application of advanced oxi-
dation processes and their future perspectives, J. Environ.
Manage. 2017, 198, 170–182.

[34] S. Jain, M. Sharma, S. Rajvanshi, Acid base catalyzed trans-
esterification kinetics of waste cooking oil, Fuel Process.
Technol. 2011, 92 (1), 32–38.

[35] S. Loh et al., Azero discharge treatment system of palm oil
mill effluent, Malays. Palm Oil Board Inf. Ser. 2014, 657, 6–9.

[36] L. Ciadamidaro et al., Soil plant interactions of Populus alba
in contrasting environments, J. Environ. Manage. 2014, 132,
329–337.

[37] Y. D. Tan, J. S. Lim, Feasibility of palm oil mill effluent elimi-
nation towards sustainable Malaysian palm oil industry,
Renewable Sustainable Energy Rev. 2019, 111, 507–522.

[38] F. Sher et al., Enhancing hydrogen production from steam
electrolysis in molten hydroxides via selection of non-pre-
cious metal electrodes, Int. J. Hydrogen Energy 2020, 45 (53),
28260–28271.

[39] M. Gad et al., Performance and emissions characteristics of
CI engine fueled with palm oil/palm oil methyl ester blended
with diesel fuel, Egypt. J. Pet. 2018, 27 (2), 215–219.

[40] R. S. Alavijeh, K. Karimi, C. V. D. Berg, An integrated and
optimized process for cleaner production of ethanol and bio-
diesel from corn stover by Mucor indicus, J. Cleaner Prod.
2020, 249, 119321.

[41] S. S. Prabu et al., Effect of additives on performance, com-
bustion and emission behavior of preheated palm oil/diesel
blends in DI diesel engine, Renewable Energy 2018, 122,
196–205.

[42] J. C. Ge, H. Y. Kim, S. K. Yoon, N. J. Choi, Optimization of
palm oil biodiesel blends and engine operating parameters
to improve performance and PM morphology in a common
rail direct injection diesel engine, Fuel 2020, 260, 116326.

[43] S. Bari, S. Hossain, Performance and emission analysis of a
diesel engine running on palm oil diesel (POD), Energy Pro-
cedia 2019, 160, 92–99.

[44] S. Uslu, Optimization of diesel engine operating parameters
fueled with palm oil-diesel blend: Comparative evaluation
between response surface methodology (RSM) and artificial
neural network (ANN), Fuel 2020, 276, 117990.

[45] W. Parawira, Biodiesel production from Jatropha curcas: A
review, Sci. Res. Essays 2010, 5 (14), 1796–1808.

[46] Y. Devarajan et al., Combustion, performance, and emission
study of a research diesel engine fueled with palm oil bio-
diesel and its additive, Energy Fuels 2018, 32 (8), 8447–8452.

[47] A. Charoensaeng et al., Exhaust emissions of a diesel engine
using ethanol-in-palm oil/diesel microemulsion-based bio-
fuels, Environ. Eng. Res. 2018, 23 (3), 242–249.

[48] M. Omidghane et al., Pyrolysis of fatty acids derived from
hydrolysis of brown grease with biosolids, Environ. Sci.
Pollut. Res. 2020, 1–11.

[49] J. L. Toro-Trochez et al., Thermogravimetric characterization
and pyrolysis of soybean hulls, Bioresour. Technol. Rep. 2019,
6, 183–189.

[50] M. Apriyanti et al., Pyrolysis of palm oil using zeolite catalyst
and characterization of the boil-oil, Green Process. Synth.
2019, 8 (1), 649–658.

[51] F. Munad, D. Supramono, Activated Carbon Production
Through Co-Pyrolysis of Vacuum Residue and Dehydrated
Castor Oil, Mater. Sci. Forum 2020, 73–79.

[52] H. Yang et al., Pyrolysis of palm oil wastes for enhanced pro-
duction of hydrogen rich gases, Fuel Process. Technol. 2006,
87 (10), 935–942.

[53] L. W. Chow et al., Sludge as a relinquishing catalyst in co-
pyrolysis with palm empty fruit bunch fiber, J. Anal. Appl.
Pyrolysis 2018, 132, 56–64.

[54] J. Y. Teoh et al., Co-pyrolysis of Palm Empty Fruit Bunch
and Palm Kernel Shell with Palm Oil Mill Effluent (POME)
Sludge, Int. J. Biomass Renewables 2020, 9 (1), 1–9.

[55] S. S. Lam et al., Pyrolysis production of fruit peel biochar for
potential use in treatment of palm oil mill effluent, J. Envi-
ron. Manage. 2018, 213, 400–408.

[56] N. S. Hassan et al., Biofuels and renewable chemicals pro-
duction by catalytic pyrolysis of cellulose: a review. Environ.
Chem. Lett. 2020, 18 (5), 1625–1648.

[57] M. Ayoub et al., A Comprehensive Review on Oil Extraction
and Biodiesel Production Technologies, Sustainability 2021,
13 (2), 788.

[58] O. Farobie, Y. Matsumura, State of the art of biodiesel pro-
duction under supercriconditions, Prog. Energy Combust.
Sci. 2017, 63, 173–203.

[59] M. Hamza et al., A review on the waste biomass derived
catalysts for biodiesel production, Environ. Technol. Innova-
tion 2020, 101200.

[60] I. Atadashi, M. Aroua, A. A. Aziz, N. Sulaiman, The effects
of catalysts in biodiesel production: A review, J. Ind. Eng.
Chem. 2013, 19 (1), 14–26.

www.ChemBioEngRev.de ª 2021 Wiley-VCH GmbH ChemBioEng Rev 2021, 8, No. 6, 1–25 21

These are not the final page numbers! &&



[61] M. Ayoub, A. Z. Abdullah, Critical review on the current
scenario and significance of crude glycerol resulting from
biodiesel industry towards more sustainable renewable
energy industry, Renewable Sustainable Energy Rev. 2012, 16
(5), 2671–2686.

[62] Y. Wang et al., Comparison of two different processes to
synthesize biodiesel by waste cooking oil, J. Mol. Catal. A:
Chem. 2006, 252 (1–2), 107–112.

[63] M. Athar, S. Zaidi, A review of the feedstocks, catalysts, and
intensification techniques for sustainable biodiesel produc-
tion, J. Environ. Chem. Eng. 2020, 104523.

[64] M. Ayoub, A. Z. Abdullah, Diglycerol synthesis via solvent-
free selective glycerol etherification process over lithium-
modified clay catalyst, Chem. Eng. J. 2013, 225, 784–789.

[65] L. A. M. Griner et al., High-throughput combinatorial
screening identifies drugs that cooperate with ibrutinib to
kill activated B-cell-like diffuse large B-cell lymphoma cells,
Proc. Natl. Acad. Sci. U.S.A. 2014, 111 (6), 2349–2354.

[66] Y. Sharma, B. Singh, Development of biodiesel: current sce-
nario, Renewable Sustainable Energy Rev. 2009, 13 (6–7),
1646–1651.

[67] M. Leri et al., Healthy effects of plant polyphenols: molecular
mechanisms, Int. J. Mol. Sci. 2020, 21 (4), 1250.

[68] R. Metawea et al., Process intensification of the transesterifi-
cation of palm oil to biodiesel in a batch agitated vessel pro-
vided with mesh screen extended baffles, Energy 2018, 158,
111–120.

[69] M. Mujtaba et al., Ultrasound-assisted process optimization
and tribological characteristics of biodiesel from palm-
sesame oil via response surface methodology and extreme
learning machine-Cuckoo search, Renewable Energy 2020,
158, 202–214.

[70] R. Manurung, D. A. Ramadhani, S. Maisarah, One-step
transesterification process of sludge palm oil (SPO) by using
deep eutectic solvent (DES) in biodiesel production, AIP
Conf. Proc. 2017, 070004.

[71] A. Boonpoke et al., Investigation of CO2 adsorption by
bagasse-based activated carbon, Korean J. Chem. Eng. 2012,
29 (1), 89–94.

[72] A. Hayyan et al., Sludge palm oil as a renewable raw material
for biodiesel production by two-step processes, Bioresour.
Technol. 2010, 101 (20), 7804–7811.

[73] R. N. R. Sianipar, D. Ariyani, I. F. Nata, Conversion of palm
oil sludge to biodiesel using alum and KOH as catalysts,
Sustainable Environ. Res. 2017, 27 (6), 291–295.

[74] Z. Ilham, Analysis of parameters for fatty acid methyl esters
production from refined palm oil for use as biodiesel in the
single- and two-stage processes, Malays. J. Biochem. Mol.
Biol. 2009, 17 (1), 5–9.

[75] O. Aworanti et al., Effect of Process Variables on the Trans-
esterification Process of Palm Oil Sludge to Biodiesel, Bio-
technol. J. Int. 2019, 1–14.

[76] L. C. Meher et al., Transesterification of karanja (Pongamia
pinnata) oil by solid basic catalysts, Eur. J. Lipid Sci. Technol.
2006, 108 (5), 389–397.

[77] D. Vishal et al., Optimization of alkali-catalyzed transesteri-
fication of rubber oil for biodiesel production and its impact
on engine performance, Renewable Energy 2020, 158, 167–
180.

[78] A. Demirbas, Progress and recent trends in biodiesel fuels,
Energy Convers. Manage. 2009, 50 (1), 14–34.

[79] S. Induri, S. Sengupta, J. K. Basu, A kinetic approach to the
esterification of maleic anhydride with methanol on HY zeo-
lite, J. Ind. Eng. Chem. 2010, 16 (3), 467–473.

[80] K. Akihiko, N. Hideo, Biodiesel fuel production by trans-
esterification of oils, J. Biosci. Bioeng. 2001, 92 (5), 405–416.

[81] A. Hayyan et al., Reduction of high content of free fatty acid
in sludge palm oil via acid catalyst for biodiesel production,
Fuel Process. Technol. 2011, 92 (5), 920–924.

[82] E. Davies, P. Deutz, S. H. Zein, Single-step extraction-esteri-
fication process to produce biodiesel from palm oil mill
effluent (POME) using microwave heating: a circular eco-
nomy approach to making use of a difficult waste product,
Biomass Convers. Biorefin. 2020, 1–11.

[83] R. Nikhom et al., Utilization of oil recovered from biodiesel
wastewater as an alternative feedstock for biodiesel produc-
tion, Environ. Prog. Sustainable Energy 2020, 39 (3), 13365.

[84] L. K. dos Santos et al., Production of biodiesel from crude
palm oil by a sequential hydrolysis/esterification process
using subcritical water, Renewable Energy 2019, 130, 633–
640.

[85] A. Sundaryono et al., Development of a Learning Module
Based on Biofuel Synthesis Laboratory Research from CPO
Residual of Palm Oil Mill Effluent (POME) with Ultrasonic
Irradiation Assistance, Int. Conf. on Educational Sciences
and Teacher Profession, Atlantis Press, 2019.

[86] M. Di Serio et al., Vanadyl phosphate catalysts in biodiesel
production, Appl. Catal., A 2007, 320, 1–7.

[87] L. Wang, J. Yang, Transesterification of soybean oil with
nano-MgO or not in supercritical and subcritical methanol,
Fuel 2007, 86 (3), 328–333.

[88] I. Zahid et al., Production of Fuel Additive Solketal via Cata-
lytic Conversion of Biodiesel-Derived Glycerol, Ind. Eng.
Chem. Res. 2020, 59 (48), 20961–20978.

[89] S. Kumar et al., Transesterification of triglyceride over Ni
impregnated Zn/CaO nanocatalysts, Mater. Today: Proc.
2021, 36, A1–A8.

[90] W. W. S. Ho et al., Evaluation of palm oil mill fly ash sup-
ported calcium oxide as a heterogeneous base catalyst in
biodiesel synthesis from crude palm oil, Energy Convers.
Manage. 2014, 88, 1167–1178.

[91] Z. S. Nur et al., Production of biodiesel from palm oil using
modified Malaysian natural dolomites, Energy Convers.
Manage. 2014, 78, 738–744.

[92] A. Hidayat, B. Sutrisno, Esterification free fatty acid in
sludge palm oil using ZrO2/SO4–rice husk ash catalyst, AIP
Conf. Proc. 2017, 050001.

[93] B. K. Uprety et al., Biodiesel production using heterogeneous
catalysts including wood ash and the importance of enhanc-
ing byproduct glycerol purity, Energy Convers. Manage.
2016, 115, 191–199.

[94] Y. Feng et al., Transesterification of palm oil to biodiesel
using Brønsted acidic ionic liquid as high-efficient and eco-
friendly catalyst, Chin. J. Chem. Eng. 2017, 25 (9), 1222–
1229.

[95] T. Usman et al., Tin-Empty Palm Bunch Ash Impregnated
Zeolite as Suitable Catalyst for Simultaneous Transesterifi-

www.ChemBioEngRev.de ª 2021 Wiley-VCH GmbH ChemBioEng Rev 2021, 8, No. 6, 1–25 22

These are not the final page numbers! &&



cation-Esterification Reaction of Palm Oil, IOP Conf. Ser.:
Mater. Sci. Eng. 2019, 012020.

[96] Z. Ngaini et al., Imperata cylindrica sp. as novel silica-based
heterogeneous catalysts for transesterification of palm oil
mill sludge, J. Oleo Sci. 2016, 65 (6), 507–515.

[97] Z. Ngaini et al., Facile Preparation of Heterogeneous Silica-
Based Catalyst for Transesterification of Palm Fatty Acid
Distillate, Authorea Preprints 2020.

[98] H. Ding et al., Process intensification of transesterification
for biodiesel production from palm oil: Microwave irradia-
tion on transesterification reaction catalyzed by acidic imi-
dazolium ionic liquids, Energy 2018, 144, 957–967.

[99] W. S. Balan et al., Esterification of residual palm oil using
solid acid catalyst derived from rice husk, J. Hazard. Mater.
2021, 404, 124092.

[100] H. Hasanudin, A. Rachmat, Production of Biodiesel from
Esterification of Oil Recovered from Palm Oil Mill Effluent
(POME) Sludge using Tungstated-Zirconia Composite Cata-
lyst, Indones. J. Fundam. Appl. Chem. 2016, 1 (2), 42–46.

[101] A. Sharma, P. Kodgire, S. S. Kachhwaha, Investigation of
ultrasound-assisted KOH and CaO catalyzed transesterifica-
tion for biodiesel production from waste cotton-seed cook-
ing oil: Process optimization and conversion rate evaluation,
J. Cleaner Prod. 2017, 127, 175–185.

[102] L. Wei, C. S. Cheung, Z. Ning, Influence of waste cooking oil
biodiesel on combustion, unregulated gaseous emissions and
particulate emissions of a direct-injection diesel engine,
Energy 2017, 127, 175–185.

[103] T. Rakkan et al., Optimized synthesis method for transesteri-
fication of residual oil from palm oil mill effluent and lipase
from Pacific white shrimp (Litopenaeus vannamei) hepato-
pancreas to environmentally friendly biodiesel, Fuel 2017,
209, 309–314.

[104] A. I. Matinja et al., Optimization of biodiesel production
from palm oil mill effluent using lipase immobilized in
PVA-alginate-sulfate beads, Renewable Energy 2019, 135,
1178–1185.

[105] Y. Louhasakul, B. Cheirsilp, P. Prasertsan, Valorization of
palm oil mill effluent into lipid and cell-bound lipase by
marine yeast Yarrowia lipolytica and their application in bio-
diesel production, Waste Biomass Valorization 2016, 7 (3),
417–426.

[106] N. Rachmadona et al., Lipase-catalyzed ethanolysis for bio-
diesel production of untreated palm oil mill effluent,
Sustainable Energy Fuels 2020, 4 (3), 1105–1111.

[107] A. Bajaj, P. Lohan, P. N. Jha, R. Mehrotra, Biodiesel produc-
tion through lipase catalyzed transesterification: an overview,
J. Mol. Catal. B: Enzym. 2010, 62 (1), 9–14.

[108] C. O. Kappe, Controlled microwave heating in modern
organic synthesis, Angew. Chem. Int. Ed. 2004, 43 (46),
6250–6284.

[109] Y. Li, W. Yang, Microwave synthesis of zeolite membranes: A
review, J. Membr. Sci. 2008, 316 (1–2), 3–17.

[110] Z. Chemat-Djenni, B. Hamada, F. Chemat, Atmospheric
pressure microwave assisted heterogeneous catalytic reac-
tions, Molecules 2007, 12 (7), 1399–1409.

[111] P. Muanruksa, P. Kaewkannetra, Combination of fatty acids
extraction and enzymatic esterification for biodiesel produc-

tion using sludge palm oil as a low-cost substrate, Renewable
Energy 2020, 146, 901–906.

[112] S. A. Bakar et al., Comparative Study on Two-Step Fatty
Acid Methyl Ester (FAME) Production from High FFA
Crude Palm Oil Using Microwave Technique and Conven-
tional Technique, Adv. Mater. Res. 2014, 87–95.

[113] Y. Wei, Z. Yang, G. Zhao, W. Yang, Synthesis and catalytic
properties of macroporous SiO2-coated CNT-sieve-compo-
site-supported 12-tungstophosphoric acid catalysts with dual
pore structure for the Baeyer-Villiger oxidation of cyclic
ketones under microwave irradiation, J. Catal. 2019, 371,
196–206.

[114] G. Pradhan, Y. C. Sharma, Green synthesis of glycerol carbo-
nate by transesterification of bio glycerol with dimethyl
carbonate over Mg/ZnO: A highly efficient heterogeneous
catalyst, Fuel 2021, 284, 118966.

[115] E. S. Song et al., Transesterification of RBD palm oil using
supercritical methanol, J. Supercrit. Fluids 2008, 44 (3), 356–
363.

[116] W. A. da Costa et al., Supercritical CO2 extraction and trans-
esterification of the residual oil from industrial palm kernel
cake with supercritical methanol, J. Supercrit. Fluids 2019,
147, 179–187.

[117] M. Klabsong et al., Feasibility study of biodiesel production
from residual oil of palm oil mill effluent, Int. J. GEOMATE
2017, 12, 60–64.

[118] N. Sootchiewcharn, L. Attanatho, P. Reubroycharoen, Bio-
diesel production from refined palm oil using supercritical
ethyl acetate in a microreactor, Energy Procedia 2015, 79,
697–703.

[119] K. Bunyakiat et al., Continuous production of biodiesel via
transesterification from vegetable oils in supercritical metha-
nol, Energy Fuels 2006, 20 (2), 812–817.

[120] R. Sawangkeaw et al., Biofuel production from crude palm
oil with supercritical alcohols: comparative LCA studies,
Bioresour. Technol. 2012, 120, 6–12.

[121] W. Sakdasri, R. Sawangkeaw, S. Ngamprasertsith, Continu-
ous production of biofuel from refined and used palm olein
oil with supercritical methanol at a low molar ratio, Energy
Convers. Manage. 2015, 103, 934–942.

[122] P. Andreo-Martı́nez et al., Production of biodiesel under
supercritical conditions: State of the art and bibliometric
analysis, Appl. Energy 2020, 264, 114753.

[123] D. Kusdiana, S. Saka, Kinetics of transesterification in rape-
seed oil to biodiesel fuel as treated in supercritical methanol,
Fuel 2001, 80 (5), 693–698.

[124] V. Rathore, G. Madras, Synthesis of biodiesel from edible
and non-edible oils in supercritical alcohols and enzymatic
synthesis in supercritical carbon dioxide, Fuel 2007, 86
(17–18), 2650–2659.

[125] H. Imahara et al., Thermal stability of biodiesel in supercriti-
cal methanol, Fuel 2008, 87 (1), 1–6.

[126] H. C. Lin, C. S. Tan, Continuous transesterification of coco-
nut oil with pressurized methanol in the presence of a heter-
ogeneous catalyst, J. Taiwan Inst. Chem. Eng. 2014, 45 (2),
495–503.

[127] V. F. Marulanda, G. Anitescu, L. L. Tavlarides, Biodiesel fuels
through a continuous flow process of chicken fat supercriti-
cal transesterification, Energy Fuels 2010, 24 (1), 253–260.

www.ChemBioEngRev.de ª 2021 Wiley-VCH GmbH ChemBioEng Rev 2021, 8, No. 6, 1–25 23

These are not the final page numbers! &&



[128] M. N. Varma, G. Madras, Synthesis of biodiesel from castor
oil and linseed oil in supercritical fluids, Ind. Eng. Chem.
Res. 2007, 46 (1), 1–6.

[129] H. He, T. Wang, S. Zhu, Continuous production of biodiesel
fuel from vegetable oil using supercritical methanol process,
Fuel 2007, 86 (3), 442–447.

[130] K. T. Tan, K. T. Lee, A. R. Mohamed, Prospects of non-cata-
lytic supercritical methyl acetate process in biodiesel produc-
tion, Fuel Process. Technol. 2011, 92 (10), 1905–1909.

[131] Y. Warabi, D. Kusdiana, S. Saka, Reactivity of triglycerides
and fatty acids of rapeseed oil in supercritical alcohols,
Bioresour. Technol. 2004, 91 (3), 283–287.

[132] F. Goembira, S. Saka, Optimization of biodiesel production
by supercritical methyl acetate, Bioresour. Technol. 2013, 131,
47–52.

[133] G. Anitescu, A. Deshpande, L. L. Tavlarides, Integrated tech-
nology for supercritical biodiesel production and power
cogeneration, Energy Fuels 2008, 22 (2), 1391–1399.

[134] W. Y. Chia et al., Outlook on biorefinery potential of palm
oil mill effluent for resource recovery, J. Environ. Chem. Eng.
2020, 104519.

[135] F. Harahap, S. Silveira, D. Khatiwada, Cost competitiveness
of palm oil biodiesel production in Indonesia, Energy 2019,
170, 62–72.

[136] M. A. A. Farid et al., A holistic treatment system for palm oil
mill effluent by incorporating the anaerobic-aerobic-wetland
sequential system and a convective sludge dryer, Chem. Eng.
J. 2019, 369, 195–204.

[137] Plant Design and Economics for Chemical Engineers (Eds:
M. S. Peters, K. D. Timmerhaus, R. E. West), McGraw-Hill,
New York 1968.

[138] M. Akia et al., A review on conversion of biomass to biofuel
by nanocatalysts, Biofuel Res. J. 2014, 1 (1), 16–25.

[139] R. Sinnott, Chemical Engineering Design, Elsevier, New York
2005.

[140] H. Silla, Chemical Process Engineering: Design and Econom-
ics, CRC Press, Boca Raton, FL 2003.

[141] A. Apostolakou et al., Techno-economic analysis of a biodie-
sel production process from vegetable oils, Fuel Process.
Technol. 2009, 90 (7–8), 1023–1031.

[142] S. K. Karmee, R. D. Patria, C. S. K. Lin, Techno-economic
evaluation of biodiesel production from waste cooking oil –
a case study of Hong Kong, Int. J. Mol. Sci. 2015, 16 (3),
4362–4371.

[143] P. T. Benavides, J. Salazar, U. Diwekar, Economic compari-
son of continuous and batch production of biodiesel using
soybean oil, Environ. Prog. Sustainable Energy 2013, 32 (1),
11–24.

[144] S. Romprasert, K. Jermsittiparsert, Energy Risk Management
and Cost of Economic Production Biodiesel Project, Int. J.
Energy Econ. Policy 2019, 9 (6), 349–357.

[145] M. J. Haas et al., A process model to estimate biodiesel pro-
duction costs, Bioresour. Technol. 2006, 97 (4), 671–678.

[146] I. Kookos, Techno-economic and environmental assessment
of a process for biodiesel production from spent coffee
grounds (SCGs), Resour. Conserv. Recycl. 2018, 134,
156–164.

[147] J. Van Kasteren, A. Nisworo, A process model to estimate
the cost of industrial scale biodiesel production from waste
cooking oil by supercritical transesterification, Resour. Con-
serv. Recycl. 2007, 50 (4), 442–458.

[148] J. Marchetti, V. Miguel, A. Errazu, Techno-economic study
of different alternatives for biodiesel production, Fuel Proc-
ess. Technol. 2008, 89 (8), 740–748.

[149] T. Sakai, A. Kawashima, T. Koshikawa, Economic assessment
of batch biodiesel production processes using homogeneous
and heterogeneous alkali catalysts, Bioresour. Technol. 2009,
100 (13), 3268–3276.

[150] Y. D. You et al., Economic cost analysis of biodiesel produc-
tion: case in soybean oil, Energy Fuels 2008, 22 (1), 182–189.

[151] G. Santana et al., Simulation and cost estimate for biodiesel
production using castor oil, Chem. Eng. Res. Des. 2010, 88
(5–6), 626–632.

[152] K. F. Yee et al., Life cycle assessment of palm biodiesel:
revealing facts and benefits for sustainability, Appl. Energy
2009, 86, S189–S196.

[153] W. Sawaengsak et al., Life cycle cost of biodiesel production
from microalgae in Thailand, Energy Sustainable Dev. 2014,
18, 67–74.

[154] N. Gaurav et al., Utilization of bioresources for sustainable
biofuels: a review, Renewable Sustainable Energy Rev. 2017,
73, 205–214.

[155] K. R. Jegannathan, C. Eng-Seng, P. Ravindra, Economic
assessment of biodiesel production: Comparison of alkali
and biocatalyst processes, Renewable Sustainable Energy Rev.
2011, 15 (1), 745–751.

[156] R. Brunet et al., Economic and environmental evaluation of
microalgae biodiesel production using process simulation
tools, Comput.–Aided Chem. Eng. 2012, 547–551.

[157] J. M. Marchetti, The effect of economic variables over a
biodiesel production plant, Energy Convers. Manage. 2011,
52 (10), 3227–3233.

[158] M. Serrano et al., Biodiesel production from waste salmon
oil: kinetic modeling, properties of methyl esters, and eco-
nomic feasibility of a low capacity plant, Biofuels Bioprod.
Biorefin. 2015, 9 (5), 516–528.

[159] Y. Mulugetta, Evaluating the economics of biodiesel in Afri-
ca, Renewable Sustainable Energy Rev. 2009, 13 (6–7), 1592–
1598.

[160] P. L. Boey et al., Catalysts derived from waste sources in the
production of biodiesel using waste cooking oil, Catal. Today
2012, 190 (1), 117–121.

[161] H. Bateni, A. Saraeian, C. Able, A comprehensive review on
biodiesel purification and upgrading, Biofuel Res. J. 2017, 4
(3), 668–690.

www.ChemBioEngRev.de ª 2021 Wiley-VCH GmbH ChemBioEng Rev 2021, 8, No. 6, 1–25 24

These are not the final page numbers! &&



www.ChemBioEngRev.de ª 2021 Wiley-VCH GmbH ChemBioEng Rev 2021, 8, No. 6, 1–25 25

Biodiesel is a significant substitute fuel
with numerous advantages over fossil
fuel diesel. Biodiesel synthesis
processes such as pyrolysis, direct
blending, transesterification, and
advanced technologies like microwave-
and ultrasound-assisted and
supercritical processes from palm oil
mill effluent are reviewed to emphasize
the significance and advances
regarding process sustainability and
cost.
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