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ABSTRACT

Biodiesel is an attractive fuel replacement for diesel engine in Malaysia. The application of biodiesel as fuel-blend
has been implemented commercially in transport sector in the country. Among various potential feedstock for
biodiesel production, microalgae have been appeared as a promising source since a decade due to its’ high
biomass productivity, rapid growth rate, large amount of lipid content, capability of high CO, capture and
sequestration as well as suitable geographical location to be harvested. The main objective of this study was to
determine the feasibility of microalgae harvesting in Malaysia to produce biodiesel and potential to implement
microalgae-biodiesel as commercial transportation fuel. This study demonstrated the current scenario of overall
biodiesel production and application in Malaysia. Since Malaysia is the world’s second-largest oil palm producer,
exploitation of edible palm oil for the making of biodiesel is to be blamed as the cause of soaring food price;
therefore, the country is currently looking for 3rd generation biofuel sources and microalgae has been preferred
for this purpose. Therefore, insight of the significance of microalgae cultivation for this purpose, suitable
microalgae candidates and possible feasibility of microalgae biodiesel have been delineated in this review study.
Prospects and challenges to implement microalgae biodiesel have also been emphasized in this study. Therefore,
the advantages and limitations of this biodiesel can be transparent to government and non-government sectors.
Thus, this study can re-direct both sectors in future. Consequently, it may contribute setting an appropriate
government policy to encourage microalgae for biodiesel production to sustain the local biofuel and secure
economic growth, energy security and improve environmental conditions in near future.

1. Introduction

Fossil fuel depletion, which is closely associated with environmental
degradation is predicted to become the biggest problem in the future.

Energy is crucial for all living beings, especially humans. For de-
cades, non-renewable energy sources i.e. coal, gas and petroleum have
been exploited and diminishing continuously to support daily human
activity [1-3]. After the global energy crisis of the 1970s, energy secu-
rity has become very critical to ensuring the country’s economic growth.
In July 2008, petroleum price reached US$ 174 per barrel, the highest in
history due to continuous depletion of the resources [4]. However, oil
remains the world’s dominant fuel as the main source of energy demand,
accounting for 33.6% of the total global share [5]. For this purpose,
researchers are seeking the best possible use of renewables such as solar,
hydro, ocean, geothermal, wind and bioenergy [6-17].

Concerned with the problems, there is a need to increase energy security
and reduce greenhouse gas (GHG) emissions [18-23]. Burning fossil fuel
generates GHGs emission and other types of air pollutants that can harm
the ecosystem. These problems are key drivers in the research for
renewable fuel alternatives [24-27]. One of the most promising alter-
natives is to substitute fossil fuel based diesel oil with biodiesel [28].

Biodiesel is derived from long-fatty acid triglyceride in the form of
mono-alkyl esters as shown in Reaction 1, which undergoes trans-
esterification or esterification in the presence of alcohol (methanol)
[29-34].

* Corresponding author.School of Engineering, La Trobe Street, VIC, 3000, Melbourne, Australia.
** Corresponding author. Department of Mechanical Engineering, Politeknik Negri Medan, 20155, Medan, North Sumatra, Indonesia.
E-mail addresses: bristy808.nh@gmail.com (N. Hossain), arridina@polmed.ac.id, ardinsu@yahoo.co.id (A.S. Silitonga).

https://doi.org/10.1016/j.esr.2020.100536

Received 8 February 2019; Received in revised form 11 July 2020; Accepted 7 August 2020

Available online 2 September 2020
2211-467X/© 2020 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license


mailto:bristy808.nh@gmail.com
mailto:arridina@polmed.ac.id
mailto:ardinsu@yahoo.co.id
www.sciencedirect.com/science/journal/2211467X
https://http://www.elsevier.com/locate/esr
https://doi.org/10.1016/j.esr.2020.100536
https://doi.org/10.1016/j.esr.2020.100536
https://doi.org/10.1016/j.esr.2020.100536
http://crossmark.crossref.org/dialog/?doi=10.1016/j.esr.2020.100536&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

N. Hossain et al.

Table 1
Technical and environmental advantages of biodiesel [49].

Description Advantages

Cetane number/Diesel Improver
Engine oil
Exhaust gas emission

52.4 c.f 37.7 for petroleum diesel from Europe
Still useable after recommended mileage.
Much cleaner (reduction of hydrocarbon, CO,
CO,, SO, content).
Knocking No
Modification of conventional Not required

diesel engine

Performance of engine Good
Running Smooth
Starting Easy
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market perspective of microalgae biodiesel while oil palm can be one of
the most dominant sources.

2. Current scenario of biodiesel application in Malaysia

Global palm oil production has grown significantly since the 1970s
and has dominated the vegetable oil market worldwide. Consequently,
in the last twenty years, palm oil has doubled its share [62-64].
Recognizing the potential revenue of palm oil based biodiesel in the
global market, Malaysian government developed ambitious biofuel
policies, thereby creating a new export industry and increases local
energy security [65]. In addition, attempts are being made to produce
biodiesel in massive scale without considering the environmental effects

CH,COOR' — CHCOOR? — CH,COOR® (Triglyceride) + 3CH;OH(Methanol)<5-CH,OH — CHOH — CH,OH(Glycerol) + CH;COOR' — CH;COOR®

— CH3COOR® (Biodiesel)

Biodiesel typically has similar characteristics to petrodiesel in terms
of viscosity, energy content, cetane number, and phase changes. Due to
this similarity, it can be easily blended together with petrodiesel to be
used in conventional diesel engines without further requirement of
modification [35-41]. The advantage of using biodiesel compared to
petro-diesel includes reduced greenhouse gas emissions, increased lu-
bricity and cetane ignition [42-50]. The technical and environmental
benefits offered by biodiesel are presented in Table 1 [51].

Based on the report of biodiesel production from the International
Energy Agency (IEA), global biodiesel production has risen sharply over
the last few years. Between 2000 until 2011, biodiesel production grew
from 806 to 21400 million liters while in 2020, total biodiesel produc-
tion peaked at approximately 80000 million liters. The world’s biodiesel
production from 1991 to 2020 is presented in Fig. 1 [52-55].

A great advantage of microalgae biodiesel compared to biodiesel
from first generation biodiesel is enhanced physical properties that
causes better combustion quality in diesel engines. Previous experi-
mental studies demonstrated that biodiesel from microalgae species e.g.
Spirulina platensis, Chlorella protothecoides and others presented much
higher density, viscosity, initial boiling point, total acid number, cetane
number, flash point, calorific value, and diesel index compared to bio-
diesel from first generation feedstocks such coconut, palm and soybean
biodiesel in Malaysia. Along with enhancing these parameters, micro-
algae biodiesel also contained lower ash and water content, sulfur and
carbon residue, pour point and cloud point which manifested micro-
algae biodiesel more feasible than other biodiesel for fuel quality pur-
pose [56-59].

The main goal of this research was to present current scenario of
biodiesel in Malaysia, present the possibility of the initiation of micro-
algae biodiesel in the country and demonstrate a comparative biodiesel
study between microalgae and oil palm-based biodiesel since oil palm is
the most dominated feedstock for biodiesel production in the country.
Many experimental studies on biodiesel production various biomass
have been demonstrated in Malaysia while microalgae are still being a
new feedstock for biodiesel in the country. Mostly previous review
studies on microalgal biodiesel in Malaysia descried on the experimental
techniques, variation of biomass yield based different strains, various
growth factors and others [60,61]. The research gap of this current re-
view study to demonstrate the comparative scenario of biodiesel pro-
duction from microalgae and other feedstock such as palm oil, jatropha
oil and others. The significance of this study is to present possible fuel

(Re.1)

such as deforestation and biodiversity extinction [66].

In the early 1870s, oil palm tree (Elaeis guineensis) was introduced in
the Malaysia [67]. With seed imported from Indonesia, the first com-
mercial plantation took place in Tennamaran in 1917. After 1960, the
Government of Malaysia saw the prospect of palm oil and boosted the
expansion of palm oil plantation, although at that time it was not orig-
inally intended for the production of biodiesel. The timeline of the
development of Malaysian palm oil is presented in Table 2 [66].

In the early 1980s, the Malaysian Palm Oil Board (MPOB) had car-
ried out many aggressive stances after the government realized the
standing of biodiesel development in the long term. Extensive laboratory
researches followed by field trials were conducted repeatedly without
any major breakthrough. This condition was due to inconsistent political
support and weak industrial demand [68]. However, right after the
government introduced the “Fifth Fuel Policy” under the “Eighth
Malaysian Plan (2001-2005)" and intensive collaboration with foreign
investments, Malaysian biodiesel industry experienced a vibrant growth
[68]. The growth of world’s oil palm industry has been phenomenal
with the largest share in Indonesia and Malaysia respectively. The ac-
celeration programs to boost oil palm plantation in Malaysia result in
significant expansion of palm oil plantation area and growth of palm oil
production in Malaysia as shown in Fig. 2 and Fig. 3 [65,69].

Due to the violent swing of palm oil prices, jatropha has taken many
attentions as alternative feedstock. More research is required before it
can be cultivated in a large scale. The plantation organizations are
tasked by the government to realize this plan. While the Malaysian
Rubber Board is assigned to carry out seed breeding, National Tobacco
Board is assigned to investigate the suitability of jatropha to be planted
in brisk soil in the northern part of the country. Furthermore, the
Malaysian Palm Oil Board was assigned the task to carry out biodiesel
testing from jatropha [70]. An experimental study presented that,
jatropha oil contained maximum mono-unsaturated fatty acid (45.4%),
the main component for biodiesel production compared to other popular
biodiesel feedstock in Malaysia such as palm oil (39.2%), soybean oil
(23.4%) and sunflower oil (21.1%) [71].

Biodiesel has been acknowledged as the prospective petrodiesel
replacement by the world society and have received financial and policy
supports thus benefiting the society and the environment. Malaysia’s
key drivers in its development of the biodiesel industry are the potential
to increase employment rate, boost export earnings, enhance energy
security and raise the country’s income besides its potential in reducing
GHGs emission. Although palm oil industries are a powerful instrument
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Fig. 1. Current scenario of biodiesel production worldwide [52,53,55].

Table 2
Development of palm oil industry from 1870 in Malaysia [56].
Year Description
1870t0 1917  Experiment and ornamental planting
1917 to 1960  Private individual estates (Colonial)
1960 to 1979  Aggressive commercial cultivation and export
1979t0 1986  Integrating the processing of palm oil
Commencement of the expansion of plantation areas in Peninsular
Malaysia and Sabah.
1986 t01996  Export market expansion; production diversification and
establishment of oleo chemical industry
Further Expansion of plantation areas in Peninsular Malaysia and
Sabah
1996 to Product diversification and value adding
present

The expansion of plantation areas in Eastern Malaysia and Indonesia

for the country’s development, it is also associated with the exploitation
of labor, deforestation, pollution from forest burning and dispossession
of land from indigenous communities [66]. Consideration of these fac-
tors leads to the identification of microalgae as the next potential
feedstock for biodiesel. High lipid content, rapid growth rate and high
CO4, fixation are some of the advantages offered by microalgae [72]. This
study provided a critical analysis and review in considering microalgae

as commercial feedstock for biodiesel production and the suitability to
harvest in Malaysia.

3. Microalgae for biodiesel

Microalgae can be referred as photosynthetic organisms which grow
in aquatic environments in both marine and freshwater [73]. They have
a similar mechanism with terrestrial plant photosynthesis, however, due
to the simple cell structure and a large surface-to-volume-body ratio
with the fact that they are submerged in an aqueous environment, the
mechanism is efficient by taking large amount of water, CO», and other
nutrients, and converting them into biomass [74]. Microalgae can be
classified based on their basic cellular structure, life cycle, and
pigmentation [75]. However, biologists categorized them into three
important classes in terms of abundance, namely [76]:

> the green microalgae (Chlorophyceae),
> the diatoms (Bacillariophyceae), and
> the golden microalgae (Chrysophyceae).

The main drivers to the shift towards microalgae are its higher oil
productivity (i.e. able to produce greater oil yield at small ecological
footprint) as compared to conventional biofuel feedstocks. They are
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Fig. 2. Total palm oil plantation area in Malaysia [65,69].
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Fig. 3. Continuous growth of palm oil production in Malaysia [65,69].

Table 3
Potential microalgae species suitable for Malaysian weather and yield of oil
content (%) [64,66].

Microalgae Yield of oil content (% dry wt.)
Monallanthussalina N 20
Cylindrotheca spp. 16-37
Nannochloropsis spp. 31-68
Phaeodactylum tricornulum 20-30
Dunaliella primolecta 23
Botryococcus braunii 25-27
Chlorella spp. 28-32
Schizochytrium spp. 50-77
Neochloris oleoabundans 35-54
Nannochloris spp. 20-35
Crypthecodinium cohnii 20
Tetraselmis sueica 15-23
Isochysis spp. 25-33
Nitzschia spp. 45-47

known to double its biomass within 24 h or as short as 3.5 h and contains
high lipid content, commonly about 20%-50% oil content by weight of
dry mass [77]. The oil content of several selected microalgae is pre-
sented in Table 3 [75,77]. Additionally, cultivation of microalgae can
potentially be coupled with carbon sequestration and wastewater
treatment such that they can absorb CO., nitrates, and phosphates while
releasing oxygen and water [68]. Microalgae biomass can also be pro-
cessed such that it could produce valuable co-products which can be
valuable for food, chemicals, and feed ingredients industry [78].

4. Feasibility of using microalgae as biodiesel feedstock

A sustainable biofuel needs to be one that results in a net decrease in
greenhouse gas emissions, does not have any hindering effect to the local
environment in its implementation, is priced competitively with existing
fuel resources, able to provide for employment opportunities locally and
does not compete land usage with food crops [78-86]. An experimental
study on biodiesel from microalgae presented that Chlorella species
contained very high content of fatty acid and 34.53-230.38 mg L™'d !
biodiesel was produced from these Chlorella strains in Malaysia [87].
Besides, microalgae contain zero lignin and its third-generation biofuel
feedstock, the huge delignification cost can be saved to produce bio-
diesel from this feedstock. Its significant to noted that first generation

feedstock (such as soybean oil, sunflower oil, palm oil and others) has
lost popularity for biodiesel due to food and feed chain disruption and
second-generation feedstock (such as jatropha oil, swiss grass, woody
biomass, waste biomass and others) are fading popularity for biodiesel
due to the high pre-treatment cost of delignification and chemical pro-
cessing. Therefore, microalgae harvesting for biodiesel can save large
investment for pre-treatment and chemical processing in wood in-
dustries [88,89]. So far, microalgae have already shown its potential in
replacing palm oil as a source of renewable energy production. How-
ever, growing microalgae for this purpose requires extensive research in
order that the most economical and environmentally processing route
can be commercialized [91]. Subsequently, the study of proper condi-
tions for growing microalgae is equally essential.

4.1. Geography and growing conditions

Malaysia’s weather condition and its location in tropical region bring
beneficial features in terms of microalgae biodiesel production, specif-
ically in the ease to grow microalgae. Here, conditions including CO4
supply, light, nutrient, and temperature are discussed.

Since microalgae are photosynthetic microorganisms, CO» is essen-
tial for growth. Air in its natural form consists only 0.0383% of CO, the
amount is not appropriate to mass culture microalgae, as they need vast
amounts of air bubbling to meet the required CO,. Other possibilities are
the use of pure CO9, which is rather expensive, of flue gas from power
generation and of industries which contain a high concentration of CO,
[91].

Most of Malaysia’s electricity generation comes from fossil fuel re-
sources such as coal and natural gas, which its combustion results in CO-
production. Using CO: emitted from these plants can then 1) provide
sufficient CO2 supply for mass cultivation of microalgae based biodiesel,
and 2) sequester CO: emission to the atmosphere, therefore, allowing
Malaysia to abide to the Kyoto Protocol [68]. Malaysia consumes about
56,000 tons of coal everyday through its seven coal-fired power plants.
For a typical coal fired power plant, close to three tons of CO, are
emitted for every tons of coal. Based on the data provided by “Index
Mundi”, Malaysia produces 180 million metric tons of CO2 of which 50%
coming from electricity generation and industrial processes. This is
mostly through the use of fossil fuels like coal, gas and fossil fuel [92].
Malaysian CO4 emission and the share in terms of their source from 1971
until 2014 is presented in Fig. 4 and Fig. 5 [93], in which data for the
years 2011-2014 was prediction values.
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The flue gas from power generation can be used to feed microalgae,
however, besides COo, flue gas also consists of several components such
as NOy and SOy. There is not much difference in microalgae growth after
feeding with pure CO; and flue gas from power plant consisting of CO»,
SOzand NOx. In addition, NOy in the flue gas can be used by microalgae
as the nitrogen source [94]. Recently, it has been confirmed that flue gas
can be used to grow microalgae without harmful effects [91].

Light is the one of the most important elements in microalgae
growth. The source of light may be natural or supplied by fluorescent
tubes [95-98]. The microalgae use light to carry out photosynthesis
process. However, only 40% is photosynthetically active radiation (PAR,
~400-700 nm) and up to 60% of radiation absorbed is wasted as heat
[91]. Photosynthetic process does not occur at night, thus microalgae
consumes up to 25% of the biomass that have been produced during the

day for respiration [99].

Light is available at different geological location in different quan-
tities [100]. Malaysia is located in the zone with the highest annual solar
irradiances and it provides an uninterrupted and well distributed light to
support the continuity of the photosynthesis process. This condition
makes Malaysia as one of the most strategic place for microalgae growth
to be further utilized in biodiesel production.

Besides CO2 and light, microalgae require nitrogen (N) and phos-
phorus (P) for photosynthesis process and growth. These nutrients can
be obtained from typical agricultural fertilizers at additional cost [101,
102]. A cheaper option would be to use wastewater from fishery, pig-
gery and palm oil effluent to obtain the needed nutrients [103,104].

The combination of light, CO2, and nutrients during the photosyn-
thesis process results in chlorophyll production. Chlorophyll
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concentrations are measured by satellite because of its reflection of
green light, which is a good indication of the best geographic locations
for (unfertilized) microalgae growth. Malaysia has been one of the most
viable geographical regions for high chlorophyll concentration in the
global map of chlorophyll distribution [91]. Geographic Information
Systems (GIS) is the system for capturing and displaying data related to a
position on the earth’s surface. with the help of GIS, the coastal area
(between 0 and 25 km from the coast) of Malaysia presented 5 mg/m>
chlorophyll [91].

According to the chlorophyll distribution report, most of the green
regions are located around Malaysia and Indonesia, which increases the
potential of microalgae-based biomass production from these countries.
Unlike microalgae that grow in mild and subtropical regions, the
microalgae in tropical region grow throughout the year. Generally,
temperatures lower than 15°C will slow down the growth of this species,
whereas high temperature over 35°C is lethal for some species. Most of
microalgae species tolerate temperatures between 15°C to 27°C. The
location of Malaysia is reported to be beneficial geographically due to
the suitable consistent temperature for microalgae growth throughout
the year [105].

4.2. Available land area

The available land area in Malaysia is more than 32.98 million
hectares, in which about 24.31 million hectares of the land are covered
by trees. From this figure, only 24.9% of total forested area is used for
cropping rubber, oil palm, cocoa, and coconut. The rest of which
approximately about 18.25 million hectares are used for wood produc-
tion, national parks and permanent reserved forest [106]. The share of
the land use area in Malaysia is presented in Table 4 [106].

The robust nature and rapid growth rate of microalgae allows its
mass cultivation in non-arable land area, therefore eliminating compe-
tition with land used for food crops. In Malaysia, potential sites for mass
cultivation of microalgae are coastline areas and under-utilized rice land
[68]. These marginal lands are unproductive due to saltwater infiltra-
tion and thus can be used to cultivate marine microalgae, which are
suitable with salt water [107,108].

5. Prospects and challenges of microalgae based biodiesel in
Malaysia

While it is feasible to carry out mass cultivation of microalgae based
biodiesel in Malaysia, some potential prospects and challenges are
recognized and elaborated further below.

Fig. 6 shows the comparison in terms of consumption between pet-
rodiesel and biodiesel in Malaysia from 1980 until 2013 [109]. This
figure shows that biodiesel consumption in Malaysia is only a small
portion (2% of total petrodiesel consumption) indicating a vast potential
for total petrodiesel replacement with biodiesel. Additionally, with the
full implementation of B5 mandate by the Malaysian government in
2014, 359 million liters of crude palm oil based biodiesel are consumed
with 73.25% of total consumption goes to local consumption [110]. The
Malaysian government has plans for increasing the biodiesel composi-
tion in current diesel blends to be 7%, 10% and ultimately 15% by 2020
as a step to reduce dependency on petrodiesel [110]. In order to meet

Table 4

Overall state-based scenario of cropland in Malaysia [91].
Region Land Forested Other Total Area % of Tree

Area Area Tree covered by tree  Cover
Crops

Peninsular  13.18 5.89 3.57 9.46 71.8
Sabah 7.48 4.30 1.46 5.76 77.0
Sarawak 12.32 8.06 1.03 9.09 73.8
Malaysia 32.98 18.25 6.06 24.31 73.7

*In million hectares.
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Table 5
Different feedstocks for biodiesel production, oil yield, conversion efficiency,
biodiesel yield and land requirement in Malaysia for B5 mandate [58].

Feedstock 0il Conversion Biodiesel Amount of  Percentage
Yield efficiency Yield land of arable
(kg/ (%) (kg/ha/ required land in
ha/ yr) (thousand Malaysia
year) ha) (%)

Soybean 375 95 356 1235 68.3

Rapeseed 1000 95 950 463 25.6

Jatropha 2000 98 1960 224 12.4

Palm oil 5000 94 4700 93 5.1

Microalgae* 75,000 80 60,000 7 0.4

*50% oil by weight in biomass.

this potential demand, a large cropping area is needed if Malaysia were
to rely solely on palm oil resources for biodiesel feedstock. However,
with the shift towards microalgae based biodiesel, smaller cropping area
is needed for the same amount of yield, therefore eliminating the
competition with land needed for food crops. Table 5 shows the land
requirement comparison for various biodiesel feedstocks in Malaysia in
order to meet its B5 mandate [68]. From the table, with a conservative
conversion estimation of 80%, microalgae only require 7% of arable
land for planting palm oil.

Since Malaysia is located in the tropical region containing rural area,
microalgae can be produced in rural areas due to the availability of land
with cheaper cost [111]. The laboratory and pilot scale microalgae
cultivation for biofuel such as bioethanol, biodiesel is ongoing by re-
searchers in Malaysia, Singapore, Brunei Darussalam and other
south-east Asian countries [88,112,129]. To the authors’ best knowl-
edge, techno-economic analysis on microalgae-biodiesel with large scale
production has not been conducted yet. However, a techno-economic
analysis on microalgae-biodiesel on neighboring country, Singapore
presented that microalgae can be cultivated using solar radiation and
wastewater from industries the final cost of biodiesel from microalgae
would be $0.42-97/L. This research also describes the potential for
commercialization of algal biodiesel by means of simultaneous oil
extraction and transesterification facilitated by ultrasonication method,
which can be considered to be a cost-effective technique for making
microalgae biodiesel more competitive with petrodiesel and approach-
ing commercial realities [112]. Since there are lot of industrial sectors
are looking for approaches to treat wastewater in Malaysia, utilizing this
wastewater for microalgae harvesting and biodiesel production,
Malaysia has fair chance to manage industrial funding as well as Gov-
ernment funding to treat sewage sludge and municipal waste [61]. Yet
microalgae biodiesel has not been commercialized in the fuel market,
therefore, no existing policy for microalgae-biodiesel has been imple-
mented. However, there is an established Malaysian Government
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Renewable Energy Policy called ‘Bioenergy, Biofuels for Transports’ of
policy type ‘Regulatory Instruments, Policy Support and Strategic
Planning’, under The Ministry of Plantation Industries and Commod-
ities, Malaysia which is based on transportation fuel particularly bio-
diesel [113]. Since microalgae-biodiesel is type of biodiesel and
transportation fuel, it can be commercialized with the existing trans-
portation fuel policy in the country.

Based on the study of microalgae-biodiesel study of Malaysia, solely
depending on producing biodiesel from microalgae will not be
economically feasible, therefore, large-scale microalgae cultivation in
Malaysia can be integrated with either with industrial wastewater
treatment plant or shrimp, fish and tortoise farming in rural area and
value-added products (protein and vitamin enriched) can be produced
simultaneously beside biodiesel production to minimize the biomass
production cost for biodiesel as well as turn the microalgae cultivation
into multi-functional project. This study also reported that a mercantile
microalgae-biodiesel scheme invested 68% of the total cost on capital
expense (cultivation area, plant set up, instrumentation, process instal-
lation, and others) while similar type of microalgae-biodiesel plant set
up only required 4% investment cost in a rural-desert area in China
[114-116].

Apart from the potential local demand, the global demand can be
seen as another prospect to further develop the biodiesel industry in
Malaysia. A study conducted by the Center for Sustainability and the
Natural Environment (SAGE) of the University of Wisconsin shows that
the potential for biodiesel is enormous on a global scale [117,118].
Many researchers have conducted suitability of biodiesel for jet fuel and
it is found as compatible [39,119-122]. Airbus, for example, believes
that up to a third of aviation fuel could come from alternative source by
2030, which will undoubtedly increase the biodiesel demand [68].
Furthermore, the remaining reserve life of Malaysian crude oil is esti-
mated to last for another 20 years [123]. Hence, to ensure consistent
economic growth in Malaysia, the country should gradually increase its
efforts in attaining alternative resources to replace the current depen-
dence on petroleum fuel resource as well as on first generation biofuel
and microalgae derived biodiesel is one such option.

The fundamental challenges which hinder the commercialization of
biofuels in general are its lower energy density (plant biomass typically
have lower energy density as compared to current fuel resources such as
coal and crude oil) and the substantially high energy investment in order
to grow, harvest and process plant biomass as compared to fossil fuels
[78]. These two factors alone significantly influence the pricing of bio-
diesel and also the actual realization of biofuels being potentially carbon
zero. Another challenge is to proceed with cost-effective microalgae
based biorefinery which will be applied to obtain pure
microalgae-biodiesel to blend with petro-diesel. Previous study on bio-
refinery in Malaysia presented that infrastructure in Malaysia supported
biorefinery for municipal solid waste as well as agro-waste in Malaysia
to emphasize on circular economy in the country [124]. Microalgal
products such as nutrition supplement, feed, ingredients for cosmetic,
medicine and others has been already commercialized in Malaysian as
well as other south-Asian countries. Therefore, upon successful
commercialization of microalgae-biofuel, microalgae biorefinery can be
expected in the coming future in Malaysia.

As current energy sources largely depend on fossil fuels, coupled
with the high energy investment required in the whole life cycle of
microalgae based biodiesel, the pricing of microalgae based biodiesel
can then be said to have large dependence upon fossil fuel prices, and
will ultimately be higher than petrodiesel. This indicates that micro-
algae based biodiesel still has a long way to go before commercialization
can actually be implemented. One way of doing so is investment in
research and development. A recent technology of nano-additives with
microalgae-biodiesel applications in IC engines can bring revolution in
future for mercantile biodiesel production from microalgae in Malaysia.
Nano-additives are usually efficient with either pure microalgae-
biodiesel (B20) or mixture of petroleum diesel and microalgae-

Energy Strategy Reviews 32 (2020) 100536

biodiesel in IC engines [125]. A current nano-additives study on
microalgae biodiesel reported that using Nickel (Ni) dopped zinc-oxide
(ZnO) nano-additives with the mixture of B20 and biodiesel from trop-
ical microalgae, Botryococcus braunii effectively worked on IC engine by
reducing greenhouse gases (e.g. CO2, CO, hydrocarbons, oxides of ni-
trogen, soot and smoke) [126]. Other nano-additives application such as
nano-LayO3, CeOjy, ZrOy blended with biodiesel from Botryococcus
braunii can reduce the flue gas emission from the environment [125,
127]. Industrialization of microalgae-biodiesel with nano-additives can
initiate new window in biofuel market with more eco-friendly implica-
tions [128].

However, developing new industries requires not only technology
but also trained experts such as scientists, engineers, technicians, as well
as skilled business people. So far crop-based biofuel industries and
policies have been established in many developing countries (including
Malaysia), very few microalgae-based projects were encountered in
existing literature [78]. A study conducted on microalgae found that the
majority of microalgae based biofuel R&D took place in Europe and the
US where they are responsible for 70% of the total publications related
to algal biofuel despite having lesser potential zones for microalgae
cultivation as compared to developing countries [78]. It is then evident
that Malaysia, as one of the developing countries should strive further in
terms of research and development for microalgae based biodiesel in
order that its status as the leading biodiesel producer can be maintained
even with the switch of current palm oil biodiesel feedstock to micro-
algae. Further research can be developed through government support
through increased research grants, technology and knowledge transfer
from collaborations with foreign universities/countries, an establish-
ment of industry standard for biodiesel quality which can potentially
increase the public’s confidence in using biodiesel and providing bio-
diesel pumps at petrol stations to encourage biodiesel use amongst the
public [68].

6. Conclusions

Malaysia has great potential for mass-production of microalgae for
biodiesel productions. Due to favorable tropical region, adequate and
inexpensive supply of nutrients, uninterruptible solar radiance
throughout the year, high biomass productivity and lipid content,
microalgae have been manifested higher potential candidate than other
existing feedstocks. This study conducted a clear perspective of biodiesel
production and application scenario from various feedstock in Malaysia
while microalgae biodiesel could be new window for green fuel market
in this region. Since biodiesel has been commercialized in the country
already and proper policy implementation has been applied in Malaysia,
commercialization of microalgae would require only adequate research
to apply the optimum condition. Limitations and challenges of micro-
algae biodiesel production can be overcome by proper techno-economic
analysis and life cycle assessment. Further microalgae studies in this
area are recommended. In addition, some other significant factors can be
considered for microalgae biodiesel production and application in
Malaysia such as:

> Microalgae are equally effective to reduce GHGs emission growth
besides nuclear and hydrogen energy, as well to satisfy the future
energy demand for the country in the long term. Microalgae-based
carbon fixation can be more attractive if its deployment is coupled
with co-production of valuable downstream products and can
potentially be coupled with carbon sequestration and wastewater
treatment facilities.

> Biodiesel is one of the most potential downstream products apart
from bioethanol and biogas. However, there is a lack of research in
determining compatibility of biodiesel derived from microalgae for
use in conventional diesel engines, especially after exposure to the
power plant’s flue gas. The future project shall study the compati-
bility of biodiesel produced from microalgae, to be used for power



N. Hossain et al.

generation and internal combustion engine application, through
crude oil and biodiesel characterization tests.

> Productivity of microalgae biomass as well as well yield of micro-
algae biodiesel yield can be further enhanced by high-tech process
mechanisms such as nano-additive application in different stages. In
comparison with that, enhancement of biomass productivity of other
biomass is much tougher compared to microalgae biomass.

> While palm oil is a popular cooking oil in Malaysia as well as many
countries worldwide, elimination of palm oil use for biodiesel pro-
duction by microalgae cultivation will contribute for food security as
well as positive socio-economic impact.

Declaration of competing interest

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

Acknowledgements

This research was funded by research development fund of School of
Information, Systems and Modeling, University of Technology Sydney,
Australia. The authors would like to express their appreciation to the
AAIBE Chair of Renewable grant no: 201801 KETTHA, Universiti
Tenaga Nasional Internal Grant (UNIIG 2017) (J510050691) and Dir-
ektorat Jenderal Penguatan Riset dan Pengembangan Kementerian
Riset, Teknologi dan Pendidikan Tinggi Republik Indonesia and Poli-
teknik Negeri Medan, Medan, Indonesia.

References

[1] N. Hossain, J. Zaini, T.M.I. Mahlia, A.K. Azad, Elemental, morphological and
thermal analysis of mixed microalgae species from drain water, Renew. Energy
131 (2019) 617-624.

[2] N. Hossain, R. Jalil, T.M.I. Mahlia, J. Zaini, Calorific value analysis of azadirachta

excelsa and endospermum malaccense as potential solid fuels feedstock, Int. J.

Technol. 8 (2017) 634-643.

B. Elliston, I. MacGill, M. Diesendorf, Comparing least cost scenarios for 100%

renewable electricity with low emission fossil fuel scenarios in the Australian

National Electricity Market, Renew. Energy 66 (2014) 196-204.

[4] C.E. Schlumberger, The Oil Price Spike of 2008: the Result of Speculation or an
Early Indicator of A Major and Growing Future Challenge to the Airline Industry?,
2009.

[5] L. Aditya, T.M.I. Mahlia, B. Rismanchi, H.M. Ng, M.H. Hasan, H.S.C. Metselaar,
O. Muraza, H.B. Aditiya, A review on insulation materials for energy conservation
in buildings, Renew. Sustain. Energy Rev. 73 (2017) 1352-1365.

[6] M.S. Ismail, M. Moghavvemi, T.M.I. Mahlia, Techno-economic analysis of an
optimized photovoltaic and diesel generator hybrid power system for remote
houses in a tropical climate, Energy Convers. Manag. 69 (2013) 163-173.

[7] M.S. Ismail, M. Moghavvemi, T.M.I. Mahlia, Genetic algorithm based
optimization on modeling and design of hybrid renewable energy systems,
Energy Convers. Manag. 85 (2014) 120-130.

[8] Nasruddin, M. Idrus Alhamid, Y. Daud, A. Surachman, A. Sugiyono, H.B. Aditya,
T.M.I. Mahlia, Potential of geothermal energy for electricity generation in
Indonesia: a review, Renew. Sustain. Energy Rev. 53 (2016) 733-740.

[9] H.B. Aditiya, W.T. Chong, T.M.I. Mahlia, A.H. Sebayang, M.A. Berawi, H. Nur,
Second generation bioethanol potential from selected Malaysia’s biodiversity
biomasses: a review, Waste Manag. 47 (2016) 46-61.

[10] N. Damanik, H.C. Ong, C.W. Tong, T.M.I. Mahlia, A.S. Silitonga, A review on the
engine performance and exhaust emission characteristics of diesel engines fueled
with biodiesel blends, Environ. Sci. Pollut. Control Ser. 25 (2018) 15307-15325.

[11] H.B. Aditiya, T.M.I. Mahlia, W.T. Chong, H. Nur, A.H. Sebayang, Second
generation bioethanol production: a critical review, Renew. Sustain. Energy Rev.
66 (2016) 631-653.

[12] A.H. Sebayang, M.H. Hassan, H.C. Ong, S. Dharma, A.S. Silitonga, F. Kusumo, T.
M.I. Mahlia, A.H. Bahar, Optimization of reducing sugar production from
Manihot glaziovii starch using response surface methodology, Energies 10
(2017).

[13] D.E.C. Martins, M.E.B. Seiffert, M. Dziedzic, The importance of clean
development mechanism for small hydro power plants, Renew. Energy 60 (2013)
643-647.

[14] S. Tong, Z. Cheng, F. Cong, Z. Tong, Y. Zhang, Developing a grid-connected power
optimization strategy for the integration of wind power with low-temperature
adiabatic compressed air energy storage, Renew. Energy 125 (2018) 73-86.

[15] C.W. Zheng, Z.N. Xiao, Y.H. Peng, C.Y. Li, Z.B. Du, Rezoning global offshore wind
energy resources, Renew. Energy 129 (2018) 1-11.

[3

=

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[401]

[41]

[42]

[43]

Energy Strategy Reviews 32 (2020) 100536

V. Ramos, M. Lopez, F. Taveira-Pinto, P. Rosa-Santos, Performance assessment of
the CECO wave energy converter: water depth influence, Renew. Energy 117
(2018) 341-356.

T. Jenssen, A. Konig, L. Eltrop, Bioenergy villages in Germany: bringing a low
carbon energy supply for rural areas into practice, Renew. Energy 61 (2014)
74-80.

R.S. Norhasyima, T.M.I. Mahlia, Advances in CO.utilization technology: a patent
landscape review, J. CO2 Util. 26 (2018) 323-335.

M.T.I. Khan, Q. Ali, M. Ashfaq, The nexus between greenhouse gas emission,
electricity production, renewable energy and agriculture in Pakistan, Renew.
Energy 118 (2018) 437-451.

B. Reimers, B. Ozdirik, M. Kaltschmitt, Greenhouse gas emissions from electricity
generated by offshore wind farms, Renew. Energy 72 (2014) 428-438.

C.I. Santos, C.C. Silva, S.I. Mussatto, P. Osseweijer, L.A.M. van der Wielen, J.
A. Posada, Integrated 1st and 2nd generation sugarcane bio-refinery for jet fuel
production in Brazil: techno-economic and greenhouse gas emissions assessment,
Renew. Energy 129 (2018) 733-747.

J. Thakkar, A. Kumar, S. Ghatora, C. Canter, Energy balance and greenhouse gas
emissions from the production and sequestration of charcoal from agricultural
residues, Renew. Energy 94 (2016) 558-567.

X. Zhang, S. Yan, R.D. Tyagi, R.Y. Surampalli, Energy balance and greenhouse gas
emissions of biodiesel production from oil derived from wastewater and
wastewater sludge, Renew. Energy 55 (2013) 392-403.

B. Daylan, N. Ciliz, Life cycle assessment and environmental life cycle costing
analysis of lignocellulosic bioethanol as an alternative transportation fuel, Renew.
Energy 89 (2016) 578-587.

S.V. Khandal, N.R. Banapurmath, V.N. Gaitonde, Performance studies on
homogeneous charge compression ignition (HCCI) engine powered with
alternative fuels, Renew. Energy 132 (2019) 683-693.

A. Rehman, D.R. Phalke, R. Pandey, Alternative fuel for gas turbine: esterified
jatropha oil-diesel blend, Renew. Energy 36 (2011) 2635-2640.

Y. Ma, Y. Liu, Turning food waste to energy and resources towards a great
environmental and economic sustainability: an innovative integrated biological
approach, Biotechnol. Adv. 37 (2019).

A.S. Silitonga, T.M.I. Mahlia, F. Kusumo, S. Dharma, A.H. Sebayang, R.

W. Sembiring, A.H. Shamsuddin, Intensification of Reutealis Trisperma Biodiesel
Production Using Infrared Radiation: Simulation, Optimisation and Validation,
Renewable Energy, 2018.

L. Lin, Z. Cunshan, S. Vittayapadung, S. Xiangqian, D. Mingdong, Opportunities
and challenges for biodiesel fuel, Appl. Energy 88 (2011) 1020-1031.

L. Lin, D. Ying, S. Chaitep, S. Vittayapadung, Biodiesel production from crude rice
bran oil and properties as fuel, Appl. Energy 86 (2009) 681-688.

A.S. Silitonga, H.H. Masjuki, H.C. Ong, T.M.I. Mahlia, F. Kusumo, Optimization of
extraction of lipid from Isochrysis galbana microalgae species for biodiesel
synthesis, Energy Sources, Part A Recovery, Util. Environ. Eff. 39 (2017)
1167-1175.

A.S. Silitonga, T.M.I. Mahlia, H.C. Ong, T.M.I. Riayatsyah, F. Kusumo, H. Ibrahim,
S. Dharma, D. Gumilang, A comparative study of biodiesel production methods
for Reutealis trisperma biodiesel, Energy Sources, Part A Recovery, Util. Environ.
Eff. 39 (2017) 2006-2014.

F. Kusumo, A.S. Silitonga, H.C. Ong, H.H. Masjuki, T.M.I. Mahlia, A comparative
study of ultrasound and infrared transesterification of Sterculia foetida oil for
biodiesel production, Energy Sources, Part A Recovery, Util. Environ. Eff. 39
(2017) 1339-1346.

N. Hossain, T.M.I. Mahlia, Progress in physicochemical parameters of microalgae
cultivation for biofuel production, Crit. Rev. Biotechnol. 39 (2019) 835-859.

C. Song, Q. Liu, N. Ji, S. Deng, J. Zhao, S. Li, Y. Kitamura, Evaluation of
hydrolysis—esterification biodiesel production from wet microalgae, Bioresour.
Technol. 214 (2016) 747-754.

A.S. Silitonga, H.H. Masjuki, H.C. Ong, T. Yusaf, F. Kusumo, T.M.I. Mahlia,
Synthesis and optimization of Hevea brasiliensis and Ricinus communis as
feedstock for biodiesel production: a comparative study, Ind. Crop. Prod. 85
(2016) 274-286.

O.M. Ali, R. Mamat, N.R. Abdullah, A.A. Abdullah, Analysis of blended fuel
properties and engine performance with palm biodiesel-diesel blended fuel,
Renew. Energy 86 (2015) 59-67.

H. Kim, B. Choi, The effect of biodiesel and bioethanol blended diesel fuel on
nanoparticles and exhaust emissions from CRDI diesel engine, Renew. Energy 35
(2010) 157-163.

S.H. Park, H.K. Suh, C.S. Lee, Nozzle flow and atomization characteristics of
ethanol blended biodiesel fuel, Renew. Energy 35 (2010) 144-150.

D.H. Qi, H. Chen, L.M. Geng, Y.Z. Bian, Effect of diethyl ether and ethanol
additives on the combustion and emission characteristics of biodiesel-diesel
blended fuel engine, Renew. Energy 36 (2011) 1252-1258.

M. Vijay Kumar, A. Veeresh Babu, P. Ravi Kumar, Experimental investigation on
the effects of diesel and mahua biodiesel blended fuel in direct injection diesel
engine modified by nozzle orifice diameters, Renew. Energy 119 (2018) 388-399.
S. Dharma, H.H. Masjuki, H.C. Ong, A.H. Sebayang, A.S. Silitonga, F. Kusumo, T.
M.I. Mahlia, Optimization of biodiesel production process for mixed Jatropha
curcas-Ceiba pentandra biodiesel using response surface methodology, Energy
Convers. Manag. 115 (2016) 178-190.

A.S. Silitonga, H.H. Masjuki, T.M.I. Mahlia, H.C. Ong, F. Kusumo, H.B. Aditiya, N.
N.N. Ghazali, Schleichera oleosa L oil as feedstock for biodiesel production, Fuel
156 (2015) 63-70.


http://refhub.elsevier.com/S2211-467X(20)30089-4/sref1
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref1
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref1
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref2
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref2
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref2
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref3
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref3
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref3
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref4
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref4
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref4
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref5
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref5
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref5
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref6
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref6
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref6
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref7
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref7
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref7
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref8
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref8
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref8
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref9
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref9
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref9
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref10
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref10
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref10
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref11
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref11
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref11
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref12
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref12
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref12
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref12
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref13
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref13
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref13
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref14
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref14
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref14
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref15
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref15
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref16
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref16
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref16
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref17
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref17
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref17
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref18
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref18
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref19
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref19
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref19
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref20
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref20
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref21
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref21
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref21
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref21
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref22
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref22
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref22
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref23
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref23
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref23
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref24
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref24
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref24
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref25
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref25
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref25
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref26
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref26
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref27
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref27
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref27
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref28
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref28
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref28
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref28
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref29
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref29
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref30
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref30
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref31
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref31
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref31
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref31
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref32
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref32
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref32
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref32
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref33
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref33
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref33
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref33
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref34
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref34
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref35
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref35
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref35
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref36
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref36
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref36
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref36
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref37
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref37
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref37
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref38
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref38
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref38
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref39
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref39
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref40
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref40
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref40
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref41
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref41
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref41
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref42
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref42
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref42
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref42
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref43
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref43
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref43

N. Hossain et al.

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]

[53]
[54]
[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]
[66]

[67]

[68]
[69]
[70]
[71]
[72]

[73]
[74]

[75]

[76]

[77]
[78]

S.H. Al-lwayzy, T. Yusaf, Diesel engine performance and exhaust gas emissions
using Microalgae Chlorella protothecoides biodiesel, Renew. Energy 101 (2017)
690-701.

M. Arunkumar, M. Kannan, G. Murali, Experimental studies on engine
performance and emission characteristics using castor biodiesel as fuel in CI
engine, Renew. Energy 131 (2019) 737-744.

M. Das, M. Sarkar, A. Datta, A.K. Santra, An experimental study on the
combustion, performance and emission characteristics of a diesel engine fuelled
with diesel-castor oil biodiesel blends, Renew. Energy 119 (2018) 174-184.
S.H. Hosseini, A. Taghizadeh-Alisaraei, B. Ghobadian, A. Abbaszadeh-Mayvan,
Performance and emission characteristics of a CI engine fuelled with carbon
nanotubes and diesel-biodiesel blends, Renew. Energy 111 (2017) 201-213.

R. Sathiyamoorthi, G. Sankaranarayanan, S.B. Adhith kumaar, T. Chiranjeevi,
D. Dilip Kumar, Experimental investigation on performance, combustion and
emission characteristics of a single cylinder diesel engine fuelled by biodiesel
derived from Cymbopogon Martinii, Renew. Energy 132 (2019) 394-415.

K.V. Yatish, H.S. Lalithamba, R. Suresh, H.R. Harsha Hebbar, Optimization of
bauhinia variegata biodiesel production and its performance, combustion and
emission study on diesel engine, Renew. Energy 122 (2018) 561-575.

M. Munoz, F. Moreno, C. Monné, J. Morea, J. Terradillos, Biodiesel improves
lubricity of new low sulphur diesel fuels, Renew. Energy 36 (2011) 2918-2924.
MPOB, Palm Oil Development and Performance in Malaysia, 2010.

G. Sorda, M. Banse, C. Kemfert, An overview of biofuel policies across the world,
Energy Pol. 38 (2010) 6977-6988.

E.P. Institute, World Biodiesel Production, 2012, pp. 1991-2012.

M. Zhang, Z. Gao, T. Zheng, Y. Ma, Q. Wang, M. Gao, X. Sun, A bibliometric
analysis of biodiesel research during 1991-2015, J. Mater. Cycles Waste Manag.
20 (2018) 10-18.

12 Billion Gallons of Biodiesel by 2020, Biodiesel Magazine, Biodiesel Magazine,
United States, 2020.

M.C. Chiong, C.T. Chong, J.-H. Ng, M.-V. Tran, S.S. Lam, A. Valera-Medina, M.N.
M. Jaafar, Combustion and emission performances of coconut, palm and soybean
methyl esters under reacting spray flame conditions, J. Energy Inst. 92 (2019)
1034-1044.

F. Batista, K. Lucchesi, N. Carareto, M. Costa, A. Meirelles, Properties of
microalgae oil from the species Chlorella protothecoides and its ethylic biodiesel,
Braz. J. Chem. Eng. 35 (2018) 1383-1394.

S.S. Mostafa, N.S. El-Gendy, Evaluation of fuel properties for microalgae Spirulina
platensis bio-diesel and its blends with Egyptian petro-diesel, Arab. J. Chem. 10
(2017) S2040-52050.

P. Barua, T. Chowdhury, H. Chowdhury, R. Islam, N. Hossain, Potential of power
generation from chicken waste-based biodiesel, economic and environmental
analysis: Bangladesh’s perspective, SN Appl. Sci. 2 (2020) 330.

S. Nomanbhay, R. Hussein, M.Y. Ong, Sustainability of biodiesel production in
Malaysia by production of bio-oil from crude glycerol using microwave pyrolysis:
a review, Green Chem. Lett. Rev. 11 (2018) 135-157.

S. Jayakumar, M.M. Yusoff, M.H.A. Rahim, G.P. Maniam, N. Govindan, The
prospect of microalgal biodiesel using agro-industrial and industrial wastes in
Malaysia, Renew. Sustain. Energy Rev. 72 (2017) 33-47.

M.S. Umar, P. Jennings, T. Urmee, Strengthening the palm oil biomass Renewable
Energy industry in Malaysia, Renew. Energy 60 (2013) 107-115.

T.M.I. Mahlia, M.Z. Abdulmuin, T.M.I. Alamsyah, D. Mukhlishien, An alternative
energy source from palm wastes industry for Malaysia and Indonesia, Energy
Convers. Manag. 42 (2001) 2109-2118.

T.M.I. Mahlia, J.H. Yong, A. Safari, S. Mekhilef, Techno-economic analysis of
palm oil mill wastes to generate power for grid-connected utilization, Energy Edu.
Sci. Technol. Part A: Energy Sci. Res. 28 (2012) 1111-1130.

K.K. Ming, D. Chandramohan, Malaysian palm oil industry at crossroads and its
future direction, Oil Palm Ind. Econ. J. 2 (2002) 1-15.

G.P. Lopez, T. Laan, BIOFUELS - AT WHAT COST ? Government support for
biodiesel in Malaysia, 2008.

N. Hossain, J. Zaini, R. Jalil, T.M.I. Mahlia, The efficacy of the period of
saccharification on oil palm (elaeis guineensis) trunk sap hydrolysis, Int. J.
Technol. 9 (2018) 652-662.

S. Lim, L.K. Teong, Recent trends, opportunities and challenges of biodiesel in
Malaysia: an overview, Renew. Sustain. Energy Rev. 14 (2010) 938-954.
M.P.O. Board, Economics and, Industri Development Division, 2015.

D.W. Cottrell, R. Hoh, Malaysia Biofuels Annual Annual Report 2010, 2010.

M. Hanif, A. Shamsuddin, S. Nomanbhay, I. Fazril, F. Kusumo, A. Akhiar, Energy
saving potential using elite jatropha curcas hybrid for biodiesel production in
Malaysia, Int. J. Recent Technol. Eng. 8 (2019) 6281-6287.

J. Bundschuh, T. Yusaf, J.P. Maity, E. Nelson, R. Mamat, T.M. Indra Mahlia,
Algae-biomass for fuel, electricity and agriculture, Energy 78 (2014) 1-3.

A. Wellinger, Algal Biomass: Does it Save the World? IEA Bioenergy, 2009.

T. Schulz, The Economics of Micro-algae Production and Processing into Biofuel,
Department of Agriculture Western Australia, 2006.

A. Demirbas, M.F. Demirbas, Algae Energy: Algae as a New Source of Biodiesel,
Springer2010.

J. Sheehan, T. Dunahay, J. Benemann, P. Roessler, A Look Back at the U.S.
Department of Energy’s Aquatic Species Program—Biodiesel from Algae, U.S.
Department of Energy’s Office of Fuels Development, 1998.

Y. Chisti, Biodiesel from microalgae, Biotechnol. Adv. 25 (2007) 294-306.

A.A. Adenle, G.E. Haslam, L. Lee, Global assessment of research and development
for algae biofuel production and its potential role for sustainable development in
developing countries, Energy Pol. 61 (2013) 182-195.

[791]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

871

[88]

[89]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Energy Strategy Reviews 32 (2020) 100536

C.D. Calixto, J.K. da Silva Santana, V.P. Tibtircio, L.D.F.B.L. de Pontes, C.F. da
Costa Sassi, M.M. da Conceicao, R. Sassi, Productivity and fuel quality parameters
of lipids obtained from 12 species of microalgae from the northeastern region of
Brazil, Renew. Energy 115 (2018) 1144-1152.

P. Collet, L. Lardon, A. Hélias, S. Bricout, I. Lombaert-Valot, B. Perrier, O. Lépine,
J.P. Steyer, O. Bernard, Biodiesel from microalgae - life cycle assessment and
recommendations for potential improvements, Renew. Energy 71 (2014)
525-533.

H. El Arroussi, R. Benhima, N. El Mernissi, R. Bouhfid, C. Tilsaghani, I. Bennis,
1. Wahby, Screening of marine microalgae strains from Moroccan coasts for
biodiesel production, Renew. Energy 113 (2017) 1515-1522.

A. Giostri, M. Binotti, E. Macchi, Microalgae cofiring in coal power plants:
innovative system layout and energy analysis, Renew. Energy 95 (2016)
449-464.

M.H. Langholtz, A.M. Coleman, L.M. Eaton, M.S. Wigmosta, C.M. Hellwinckel, C.
C. Brandt, Potential land competition between open-pond microalgae production
and terrestrial dedicated feedstock supply systems in the U.S, Renew. Energy 93
(2016) 201-214.

N. Pragya, K.K. Pandey, Life cycle assessment of green diesel production from
microalgae, Renew. Energy 86 (2016) 623-632.

L.A. Ribeiro, P.P. da Silva, T.M. Mata, A.A. Martins, Prospects of using microalgae
for biofuels production: results of a Delphi study, Renew. Energy 75 (2015)
799-804.

S. Srinuanpan, B. Cheirsilp, P. Prasertsan, Y. Kato, Y. Asano, Strategies to increase
the potential use of oleaginous microalgae as biodiesel feedstocks: nutrient
starvations and cost-effective harvesting process, Renew. Energy 122 (2018)
507-516.

V. Vello, S.-M. Phang, W.-L. Chu, N.A. Majid, P.-E. Lim, S.-K. Loh, Lipid
productivity and fatty acid composition-guided selection of Chlorella strains
isolated from Malaysia for biodiesel production, J. Appl. Phycol. 26 (2014)
1399-1413.

N. Hossain, T.M.I. Mahlia, J. Zaini, R. Saidur, Techno-economics and sensitivity
analysis of microalgae as commercial feedstock for bioethanol production,
Environ. Prog. Sustain. Energy 38 (2019) 13157.

N. Hossain, J. Zaini, T.M. Indra Mahlia, Life cycle assessment, energy balance and
sensitivity analysis of bioethanol production from microalgae in a tropical
country, Renew. Sustain. Energy Rev. 115 (2019) 109371.

Food and Agriculture Organization of the United Nations, Algae Based Biofuels: A
Review of Challenges and Opportunities for Developing Countries, 2009.

The Star Online, Tenaga Nasional Looks at Algae for CO2-reducing Efforts, 2012.
http://thestar.com.my/lifestyle/story.asp?file=%2F2012%2F12%2F18%2Flife
focus%2F12405969. Available online at:.

Index Mundi, Malaysia - CO2 Emissions, 2014. http://www.indexmundi.com
/facts/malaysia/co2-emissions. Available online at:.

R. Alj, I. Daut, S. Taib, A review on existing and future energy sources for
electrical power generation in Malaysia, Renew. Sustain. Energy Rev. 16 (2012)
4047-4055.

R. Katiyar, B.R. Gurjar, R.K. Bharti, A. Kumar, S. Biswas, V. Pruthi, Heterotrophic
cultivation of microalgae in photobioreactor using low cost crude glycerol for
enhanced biodiesel production, Renew. Energy 113 (2017) 1359-1365.

AK. Pegallapati, N. Nirmalakhandan, Internally illuminated photobioreactor for
algal cultivation under carbon dioxide-supplementation: performance evaluation,
Renew. Energy 56 (2013) 129-135.

G.V. Tagliaferro, H.J. Izdrio Filho, A.K. Chandel, S.S. da Silva, M.B. Silva, J.C.
D. Santos, Continuous cultivation of Chlorella minutissima 26a in a tube-cylinder
internal-loop airlift photobioreactor to support 3G biorefineries, Renew. Energy
130 (2019) 439-445.

E.C. Telles, S. Yang, J.V.C. Vargas, F.G. Dias, J.C. Ordonez, A.B. Mariano, M.

B. Chagas, T. Davis, A genset and mini-photobioreactor association for COy
capturing, enhanced microalgae growth and multigeneration, Renew. Energy 125
(2018) 985-994.

A.D.M.F. Demirbas, Algae Energy:Algae as a New Source of Biodiesel, Springer,
Germany, 2010.

[100] G. Kopp, J.L. Lean, A new, lower value of total solar irradiance: evidence and

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

climate significance, Geophys. Res. Lett. 38 (2011).
A. Mardoyan, P. Braun, Analysis of Czech subsidies for solid biofuels, Int. J. Green
Energy 12 (2015) 405-408.
F. Manzano-Agugliaro, M. Taher, A. Zapata-Sierra, A. Juaidi, F.G. Montoya, An
overview of research and energy evolution for small hydropower in Europe,
Renew. Sustain. Energy Rev. 75 (2017) 476-489.
B. Molinuevo-Salces, A. Mahdy, M. Ballesteros, C. Gonzalez-Fernandez, From
piggery wastewater nutrients to biogas: microalgae biomass revalorization
through anaerobic digestion, Renew. Energy 96 (2016) 1103-1110.
M. Prathima Devi, G. Venkata Subhash, S. Venkata Mohan, Heterotrophic
cultivation of mixed microalgae for lipid accumulation and wastewater treatment
during sequential growth and starvation phases: effect of nutrient
supplementation, Renew. Energy 43 (2012) 276-283.
S.P. Coutteau P, Manipulation of dietary lipids, fatty acids and vitamins in
zooplankton cultures, Freshw. Biol. 38 (1997) 501-512.
Malaysian Timber Council, Forestry and Environment, Malaysia, 2009.
A.E.F. Abomohra, M. El-Sheekh, D. Hanelt, Screening of marine microalgae
isolated from the hypersaline Bardawil lagoon for biodiesel feedstock, Renew.
Energy 101 (2017) 1266-1272.
S. Gayathri, S.R.R. Rajasree, R. Kirubagaran, L. Aranganathan, T.Y. Suman,
Spectral characterization of B, e-carotene-3, 3'-diol (lutein) from marine
microalgae Chlorella salina, Renew. Energy 98 (2016) 78-83.


http://refhub.elsevier.com/S2211-467X(20)30089-4/sref44
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref44
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref44
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref45
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref45
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref45
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref46
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref46
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref46
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref47
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref47
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref47
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref48
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref48
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref48
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref48
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref49
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref49
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref49
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref50
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref50
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref51
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref52
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref52
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref53
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref54
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref54
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref54
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref55
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref55
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref56
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref56
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref56
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref56
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref57
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref57
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref57
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref58
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref58
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref58
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref59
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref59
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref59
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref60
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref60
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref60
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref61
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref61
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref61
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref62
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref62
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref63
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref63
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref63
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref64
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref64
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref64
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref65
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref65
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref66
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref66
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref67
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref67
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref67
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref68
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref68
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref69
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref70
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref71
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref71
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref71
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref72
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref72
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref73
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref74
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref74
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref76
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref76
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref76
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref77
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref78
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref78
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref78
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref79
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref79
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref79
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref79
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref80
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref80
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref80
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref80
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref81
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref81
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref81
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref82
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref82
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref82
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref83
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref83
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref83
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref83
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref84
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref84
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref85
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref85
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref85
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref86
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref86
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref86
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref86
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref87
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref87
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref87
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref87
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref88
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref88
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref88
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref89
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref89
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref89
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref91
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref91
http://thestar.com.my/lifestyle/story.asp?file=%2F2012%2F12%2F18%2Flifefocus%2F12405969
http://thestar.com.my/lifestyle/story.asp?file=%2F2012%2F12%2F18%2Flifefocus%2F12405969
http://www.indexmundi.com/facts/malaysia/co2-emissions
http://www.indexmundi.com/facts/malaysia/co2-emissions
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref94
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref94
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref94
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref95
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref95
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref95
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref96
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref96
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref96
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref97
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref97
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref97
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref97
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref98
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref98
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref98
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref98
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref99
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref99
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref100
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref100
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref101
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref101
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref102
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref102
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref102
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref103
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref103
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref103
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref104
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref104
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref104
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref104
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref105
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref105
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref106
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref107
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref107
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref107
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref108
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref108
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref108

N. Hossain et al.

[109]
[110]
[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]
[119]

M.E. Commission, Malaysia Energy Statistics Handbook 2015, Suruhanjaya
Tenaga (Energy Commission) Malaysia, Putrajaya, 2015.

A.G. Wahab, Malaysia Biofuels Annual 2015, GAIN Report, USDA Foreign
Agricultural Service, Kuala Lumpur, 2015.

M.H.M. Ashnani, A. Johari, H. Hashim, E. Hasani, A source of renewable energy
in Malaysia, why biodiesel? Renew. Sustain. Energy Rev. 35 (2014) 244-257.

S. Nagarajan, S.K. Chou, S. Cao, C. Wu, Z. Zhou, An updated comprehensive
techno-economic analysis of algae biodiesel, Bioresour. Technol. 145 (2013)
150-156.

N. Hossain, A.N. Razali, T.M.I. Mahlia, T. Chowdhury, H. Chowdhury, H.C. Ong,
A.H. Shamsuddin, A.S. Silitonga, Experimental investigation, techno-economic
analysis and environmental impact of bioethanol production from Banana stem,
Energies 12 (2019) 3947.

J. Chen, J. Li, W. Dong, X. Zhang, R.D. Tyagi, P. Drogui, R.Y. Surampalli, The
potential of microalgae in biodiesel production, Renew. Sustain. Energy Rev. 90
(2018) 336-346.

Y. Ma, Z. Gao, Q. Wang, Y. Liu, Biodiesels from microbial oils: opportunity and
challenges, Bioresour. Technol. 263 (2018) 631-641.

X. Ma, M. Gao, Z. Gao, J. Wang, M. Zhang, Y. Ma, Q. Wang, Past, current, and
future research on microalga-derived biodiesel: a critical review and bibliometric
analysis, Environ. Sci. Pollut. Control Ser. 25 (2018) 10596-10610.

M. Johnston, T. Holloway, A global comparison of national biodiesel production
potentials, Environ. Sci. Technol. 41 (2007) 7967-7973.

J. Timmer, Global Potential for Biodiesel Is "enormous, ars technica, 2007.

S.I. Hawash, E. Abdelkader, A. Amin, R. El-Araby, G. El-Diwani, Investigation of
metallic oxide catalyst role for up grading biodiesel to bio jet fuel range
hydrocarbon, ARPN J. Eng. Appl. Sci. 12 (2017) 2078-2084.

10

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

Energy Strategy Reviews 32 (2020) 100536

R. Alenezi, R.C.D. Santos, S. Raymahasay, G.A. Leeke, Improved biodiesel
manufacture at low temperature and short reaction time, Renew. Energy 53
(2013) 242-248.

M. Gumus, Evaluation of hazelnut kernel oil of Turkish origin as alternative fuel
in diesel engines, Renew. Energy 33 (2008) 2448-2457.

S.S. Merola, C. Tornatore, S.E. lannuzzi, L. Marchitto, G. Valentino, Combustion
process investigation in a high speed diesel engine fuelled with n-butanol diesel
blend by conventional methods and optical diagnostics, Renew. Energy 64 (2014)
225-237.

S.A. Mohd Ibrahim, Malaysia Energy Challenges and Initiatives, Ministry of
Energy, Green Technology and Water, Malaysia), Korea, 2013, p. 17.

J. Sadhukhan, E. Martinez-Hernandez, R.J. Murphy, D.K. Ng, M.H. Hassim, K.
S. Ng, W.Y. Kin, LF.M. Jaye, M.Y.L.P. Hang, V. Andiappan, Role of bioenergy,
biorefinery and bioeconomy in sustainable development: strategic pathways for
Malaysia, Renew. Sustain. Energy Rev. 81 (2018) 1966-1987.

S. Karthikeyan, A. Prathima, Microalgae biofuel with CeO2 nano additives as an
eco-friendly fuel for CI engine, Energy Sources, Part A Recovery, Util. Environ.
Eff. 39 (2017) 1332-1338.

S. Karthikeyan, T.D. Prabhakaran, Emission Analysis of Botryococcus Braunii
Algal Biofuel Using Ni-Doped ZnO Nano Additives for IC Engines, Energy Sources,
Part A: Recovery, Utilization, and Environmental Effects, 2018.

S. Karthikeyan, A. Prathima, Analysis of emissions from use of an algae biofuel
with nano-ZrO2, Energy Sources, Part A Recovery, Util. Environ. Eff. 39 (2017)
473-479.

N. Hossain, T.M.I. Mahlia, R. Saidur, Latest development in microalgae-biofuel
production with nano-additives, Biotechnol. Biofuels 12 (2019) 125.

N. Hossain, et al., Experimental Investigation of energy properties for
Stigonematales sp. Microalgae as potential biofuel feedstock, Int. J. Sustain. Eng.
12 (2) (2019) 123-130, https://doi.org/10.1080/19397038.2018.1521882.


http://refhub.elsevier.com/S2211-467X(20)30089-4/sref109
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref109
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref110
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref110
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref111
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref111
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref112
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref112
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref112
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref113
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref113
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref113
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref113
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref114
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref114
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref114
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref115
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref115
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref116
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref116
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref116
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref117
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref117
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref118
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref119
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref119
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref119
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref120
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref120
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref120
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref121
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref121
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref122
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref122
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref122
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref122
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref123
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref123
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref124
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref124
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref124
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref124
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref125
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref125
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref125
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref126
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref126
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref126
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref127
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref127
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref127
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref128
http://refhub.elsevier.com/S2211-467X(20)30089-4/sref128
https://doi.org/10.1080/19397038.2018.1521882

	Feasibility of microalgae as feedstock for alternative fuel in Malaysia: A review
	1 Introduction
	2 Current scenario of biodiesel application in Malaysia
	3 Microalgae for biodiesel
	4 Feasibility of using microalgae as biodiesel feedstock
	4.1 Geography and growing conditions
	4.2 Available land area

	5 Prospects and challenges of microalgae based biodiesel in Malaysia
	6 Conclusions
	Declaration of competing interest
	Acknowledgements
	References


