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Abstract- The production of microalgae biodiesel is one solution to solve the energy problem in the future, especially in the
transportation sector. Some advantages of the development of the production of biodiesel from microalgae is high
productivity, food security friendly and global warming problem-solving . The main problem in the production of microalgae
biodiesel is the high production cost due to the high cost of lipid extraction. Several studies have been conducted to find a low
cost extraction process. In this research, the Nannochloropsis sp. microalgae lipid extraction utilizing hydrodynamic cavitation
has been studied. Effects of the concentration of solids, specific energy and time on the extraction have been examined. The
study was conducted in a batch with a combined solvent of methanol and hexane. The influence of specific energy given at the
same level of cavitation of increasing specific energy would increase the yield where it would be higher at the beginning and
remain stable at the end of the process. At the same specific energy and level of cavitation, the value of concentration that
provides the lowest extraction energy requirement was 0.105 g/g. The optimum of cavitation levels for the same specific
energy and concentration at the value of cavitation number was 0.126. The optimum temperature for the extraction process
was 42°C. The lowest extraction energy requirement was 16.743 MJ/kg lipid.

Keywords Nannochloropsis sp., microalgae, lipid extraction, hidrodynamic cavitation, energy.

second generation of biodiesel. These sources are namely: oil
palm empty fruit bunches (EFB) [4], palm fatty acid distillate
[5], sugarcane baggase [6], wood, vegetables and fruits waste

1. Introduction

The decreasing source of fossil fuel and the increasing
demand for fuel in the recent years lead to the energy
problem. Other problems arised by using fuel are the
increasing combustion flue gas emission that causes
greenhouse effect [1] and the ineffective application that
cause high energy requirement [2]. These problems require
the search for alternative and environmentally friendly
renewable energy source to be conducted. Biodiesel is one
alternative solution. The first generation of biodiesel has
been produced from palm oil. However, the developing
biodiesel production from palm oil influences food security
[3]. The viable seeking renewable energy source that is not
influencing food security can be found in the non food
source. Some sources of it has been investigated to develope

[7, 8, 9], and non edible seed jatropha, papaya seed [10, 11].
Currently the creation of third generation of biodiesel from
microalgae lipids becomes the lime light of some researchers

[9].

In the light of its challenge, microalgae has then been
estimated as a very good potential source to be used for fuel
production (algae fuel) [12, 13, 14, 15]. The advantages of
microalgae lie on their higher photosynthetic efficiency,
higher biomass production and faster growth when being
compared to other energy crops [16]. Microalgae can be
cultivated in large scale on non-arable lands and does not
need potable water to grow. Consequently, there is no
competition with food production that is allocated for
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growing human population [17, 18]. Another advantage from
microalgae lies on its ability to prevent global warming
caused by carbon dioxide emission in the air [19]. This is
possible because microalgae needs carbon dioxide to grow.
Carbondioxide as a combustion product can be absorbed by
microalgae used for photosynthesis to produce lipid, of
which then can be converted to biodiesel by
transesterification [20].

The key processes involved in the microalgae biodiesel
production are cultivation, harvesting, lipid extraction and
transesterfication. Intensive research on microalgae biodiesel
production over these several years is still hindered by high
overall production costs. This makes biodiesel production
uncompetitive in the market, and it is unsustainable
according to several life-cycle assessments (LCA) [21, 22,
23]. Therefore, finding a solution to reduce the production
costs has become preponderant [24]. Among these processes,
the lipid extraction is the most costly one with the portion of
70-80% of total cost [25]. Direct lipid extraction from wet
microalgae is not an easy process due to algal cell
walls,which are mainly composed of cellulose. Owing to its
high resistance level, it is difficult to break [26].

Several microalgae lipid extractions that use from
conventional to advanced methods were reported in some
literatures [17, 20, 21, 22]. The conventional extraction used
only chemical solvent that had low efficiency. The advanced
methods of extraction were emplyed by assisted cell
disruption which got higher efficiency than conventional one.
Microalgae cell disruption could be done through chemical,
mechanical and enzymatic processes. Extraction that used
mixing solvent (organic polar and non polar) could increase
the extraction yield compared to the usage of single solvent
[27]. Organic non polar solvent could break the protein lipid
membrane and the organic polar solvent could break the
protein lipid link [28]. But using more solvent would
increase purification cost and chemical wastes. Therefore,
the mechanical post treatments such as mechanical disruption
were needed to ensure the complete extraction of neutral
lipid (triglycerides) in particular. The study of lipid
extraction assisted by mechanical cell disruption processes
have been published by many researchers. Autoclaving,
bead-beating, high-pressure homogenization, and
ultrasonication were commonly practiced methods [26, 27,
29, 30]. The amount of energy used to disrupt the cell
through hydrodynamic cavitation (HC) was the smallest one
compared to other processes of mechanical cell disruption
[31].

The cavitation phenomenon is occurring microbubbles
when the pressure of the fluid drops until lower than its
vapour pressure; these microbubbles collapse when the
pressure returns to the level above the vapor pressure. The
collapse of the microbubbles produces shock waves and
increases the momentary pressure (100-5,000 atm) and
temperature (500-15,000 K), which mechanically disrupts
the microalgal cell [32]. The magnitude of the shock pressure
by microbubbles collapse in the cavitation can be calculated.
The changing bubble diameter as 1/20 times with difference
of pressure at stream (P-) and vapor pressure (Py) of 1 bar,
can generate pressure shock as big as 1244 atm [33].

Cavitation number is a non dimensional parameter that
determines the phenomenon of cavitation. The maximum
value of the inception of cavitation number is called o.i.
When cavitation number is smaller than o it means
cavitation has happened, meanwhile when it is higher than
ovi it means no cavitation has occurred. The oy; for the flow
around the circular pipe is around 1.5 [32]. One cause of
cavitation is the change of fluid velocity in the closed
channel and this phenomenon is called hydrodynamic
cavitation (HC). The cavitation is generated by change of
liquid velocity which passing through a large cross sectional
area into a constriction, such as an orifice plate, venture
meter, or throttling valve.

HC has been widely used, among them is the
intensification of chemical processing applications [34],
while another application is to assist the synthesis of methyl
ester leading to reduced energy requirement compared to
conventional methods [35]. HC is used as cell disruption
technique that was investigated to the Tetraselmis sp, where
the level of cell disruption determined by the amount of lipid
extracted and chlorophyll released. It was found that for
lipids extraction, HC technique requires energy as much as 3
MJ/kg dry mass of microalgae with the microalgae
concentration of 1.5-2% wi/w [36]. HC that assists the lipid
extraction from Nannochloropsis Salina sp was reported with
varied amount of energy input, time of extraction and
comparison with ultrasonic cavitation. The hydrodynamic
cavitation has higher extraction yield when being processed
at the same energy input. The dry microalgae concentration
used is at 2 %w/vol [32].

This study attempts to find the more an energy efficient
condition, by using the larger microalgae concentration with
the range of 5-11 % mg/l. Another aim intended to achieve is
to find out the influence of some operational variables which
includes the amount of specific energy, the microalgae
concentration, the level of cavitation and the temperature on
the extraction yields.

2. Materials and Methods

Dry microalgae nannochloropsis sp was purchased from
Central Institute of Brackish Water Cultivation (Pusat
Budidaya Air Payau) Situbondo, East Java, Indonesia.
Hexane technical grade (Density of n-hexane = 0.66 kg/l and
normal boiling point = 68 °C) was purchased from Brataco
chemicals (PT. Brataco), a local chemical company and store
at Yogyakarta, Indonesia. Methanol technical grade (density
of methanol = 0.791 kg/l, molecular weight of methanol =
32.034 g/mol and normal boiling point = 64.7 °C) was
purchased from Multi Kima chemicals (CV Multi Kimia ), a
local chemical store at Yogyakarta, Indonesia.

2.1. Equipment

The experimental has been carried out on extraction
cavitation batch. A compressor was used to provide
compressed air to drive the mixture of solvent and microalga.
Venturi was equiped to generate cavitation as shown in
Figure 1. Sample and product chamber were used to store
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feedstock and collected raw product. The separation
equipments being utilized were sedimentator and distilator.
Sedimentator was used to separate the fluid from solid
product by gravitational force, and distilator was used to
separate the solvent from lipid by evaporating the solvent.
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Fig 1. The scheme of experiment equipment
2.2. Experimental Procedures

The experiments were performed by mixing 10 grams of
Nannochloropsis sp. with 95 ml of hexane and 41 ml of
methanol into the sample chamber. Then, compressed air
stream was inserted into the sample chamber until the
pressure achieved the level of 6.8 atm. The valve (k2) was
then opened in order to make way for the microalgae and
solvent to flow through the venturi and accommodate the
product chamber. This procedure was repeated for several
rounds (2, 3, 4, etc.) to attain variables of extraction. After
the extraction processes were done, the product in the beaker
glass being stood for 10 minutes until the solid and liquid
layers being formed. The liquid phase of the solids was then
separated and the remaining solids were washed with 25 ml
methanol and 25 ml of hexane separately. The washing of the
methanol and hexane was done by combining solvent that
has been separated in the first step. The next step was
separating lipid from solvent through distillation process in
order to obtain a residue with a constant weight. The residue

was then weighed and recorded as wi. It was washed with
hexane 5 ml and the remaining solids were dried up until the
weight remained constant and recorded as w,. Lipid weight
(wp) and extraction yield (y) which were obtained from
microalgae were obtained from equations (1) and (2),
respectively,

Wp = Wi-W, @)

where w1 and w2 are the weight of lipid after separated from
solvent and after separated from solvent and the solid debris,
repectively

y=.= @)
where y is extraction yield, w;; is initial weight of dry
microalgae

2.3. Energy for Cavitation

The amount of energy used to drive the mixture can be
calculated by adopting equation (3):

E=f.S 3)

where E is energy (Joule), f is power (Newton) that can be
calculated using pressure (kg/cm?) multiplied by cross
sectional area (cm?) and S is length of power trajectory in
this case is the depth of sample (cm).

Specific energy (Es) is a comparison between the amount of
energy input and the feed weight. The Es was computed
using equation (5)

Eo= ———— (4)

(Wi +Weplrent)
where E; is specific energy and wppene 1S SOlvent weight

Specific yield (ys) is a comparison between the weight of
extracted lipids and the amount of energy input. The ys was
computed using equation (5)

W,
Y%= ®)
2.4. Cavitation number

The cavitation number must be calculated to ensure that
cavitation was occured, and in the case of gate the cavitation
number can be calculated by the following equation [25], as
determined with equation (6)

P dow -Fy
g, = ‘m.'r::r:em ol (6)
Fupstreom —F dowrstreom

where « is cavitation number, P is pressure. Flow around the

10 mm diameter circular cylinder, and the cavitation
inception number is around 1.5.

2.5. Lipids extraction and identification

The lipids were extracted from dry microalgae by using
the mixture of solvent methanol and hexane. 5 mg of dry
microalgae was mixed with 20.5 ml of methanol and 47.5 ml
of hexane and stirred at 1000 rpm for 2 hours. Then, the
methanol and hexane containing lipids were separated using
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centrifugal process. This step was then repeated three times.
The lipids were recovered by evaporating the methanol and
hexane, then were weighed and recorded as w;. The next step
was the lipids were washed with hexane 5 ml and the
remaining solids were dried up until the weight remains
constant and recorded as w» and lipid weight (w,) obtained
from microalgae was calculated using equation (1). Lipids
content was analyzed using gas chromatography-mass
spectrometry (GCMS).

3. Results and Discussion

3.1. Total lipid content

The result of the process of determining total lipid
content of microalgae Nannochloropsis sp that was used as
the sample was of 10.46% weight of lipid / weight of dry
microalgae. Figure 2 shows the composition determining by
GCMS. It shows some high peaks at the retention time of
26.598 with 24.76% area of this peak indicated a compound
with a formula of CyHss. Peaks at retention time of 27.097
and 27.62 indicated CyHO compound. And the four major
compounds could be found in the lipids are listed in the
Table 1.
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Fig 2. Result of GCMS lipid analysis

Tabel 1. Lipid composition of Nannochloropsis sp

Fatty acid Composition, %
C20H400 45.05
CZO H38 2476
C17 H34 Oz 7.64
Ci17 H O 6.99
Others 15.56

Table 1 shows that the lipids of Nannochloropsis sp.,
composed of fatty acids with C20 atoms chain with a
composition of 69.81%. The content of fatty acids in these
lipids shows that lipids from microalgae Nannochloropsis sp.
potentially be processed into biodiesel.

3.2. Effect of amount of specific energy
Figure 3. shows the influence of specific energy against

the level of extraction which was measured by the lipid yield.
It shows the extraction yields were increased by the

increasing of the specific energy. The first extraction process
formed specific energy of 0 to 91.3 J/g, while the increasing
extraction yield formed a percentage of 0 to 4.42%. This was
the highest extraction yield increase, and then plateu off with
only a slight of increase and a fix specific energy increase.
And the extraction yields with energy specific above 1200
J/g tended to be constant at the value of total lipids content.

This phenomenon was similar with the extraction curve
of hydrodynamic cavitation extraction which was done by
Lee and Han [32]. The extraction yields (g extracted lipid/g
of total lipid, in wt%) of this experiment was 93% at the
specific energy 1186 kJ/kg, microalgae concentration 9,5%
and temperature 30°C. It was higher than another
hydrodinamic cavitation extraction which was around 42% at
specific energy 2000 kJ/kg and microalgae concentration 2%
at the same temperature [32]. The higher extraction yield was
caused by higher microalgae concentration.
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Fig 3. Effect of specific energy on yield.

The reduction of increasing extraction vyield with
constant addition of specific energy showed that energy
utilization was more inefficient when specific energy
increased. This phenomenon is explained in Figure 4.
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Fig 4. Effect of specific energy on specific yield

Figure 4 shows that the specific yield tended to decrease
along with the increasing of specific energy. At the
beginning of the process, the specific energy was of 91.3 J/g
and the specific yield was of 0.046 giipia/kJ. Further, specific
yield tends to decrease along with the increasing of specific
energy. It means the energy efficiency decreased as the
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specific energy increased. This phenomenom shows that
hydrodynamic cavitation was effectively assisting the lipid
extraction at the beginning of the procces. It caused the cell
disruption of microalgae. The reduction of energy efficiency
during the extraction process causing a lower cell disruption
at the later cavitation as compared to the beginning of the
process. In this process, the increasing of specific energy
means the increasing of processing time or the increasing of
the repetition of cavitation. This is due to every cavitation
was using the equal specific energy, therefore the impact of
the next cavitation to the microalgae was not as high as at the
beginning. It is due to the existence of broken cells, and
therefore the cavitation impacting them. Another cause of the
efficiency reduction was the decreasing mass transfer driving
force. It caused the microalgae lipid concentration at the
next process decreased and the lipid concentration in the
solvent increased. Furthermore, the limitation of energy input
or of cavitation repetition number is needed to be set in order
to optimize the energy extraction.

The lowest energy requirement for lipid extraction
assisted by hydrodynamic cavitation at the cavitation number
0.068, microalgae concentration 9.5% and temperature 30°C
was 22.13 MJ/kg lipid at the spesific energy 98 kJ/kg dry
microalgae and the highest was 130.89 MJ/kg lipid at the
specific energy 1211 MJ/kg dry microalgae. The amount of
energy available from the combustion of biodiesel was
around 42 MJ/kg [36]. So this extraction process was
feasible with once through cavitation.

3.3. Effect of the concentration

Figure 5 shows how the solids concentration of
microalgae affected the extraction yield. The yield increased
along with the increasing of microalgae concentration that
was from 0.05 to 0.073 g microalgae/g (microalgae +
solvent), however at the concentration above 0.073 the
extraction yield tended to decrease. Figure 6 shows the
specific yield tended to increase along with the increasing of
microalgae concentration. The increasing specific yield at the
microalgae concentration from 0.05 to 0.073 g/g was higher
than the increasing specific yield at the value above 0.073
and then it was tend plateu off. This phenomenon might
occurred due to the influence of the solid to flow and the
cavitation events did not affect all of the solids. With the
input of specific energy was relatively fixed, therefore the
increase of solids concentration would affect the flow of
microalgae and solvent mixtures, and their potential to slow
down the flow and the cavitation became smaller. However
the increasing concentration of solids caused the amount of
microalgae which was affected by the cavitation becoming
higher. When it was compared to the amount of microalgae
feed, the fraction of affected microalgae was tend to
decrease, consequently the yield tended to decrease at the
concentration above 0.073 g/g.

Figure 6 shows that specific yield tended increase from
microalgae concentration 0.049 to 0.095 and then plateu off
after that. It indicated that energy efficiency was reaching the
maximum value at the point that specific yield began tend to
plateu off. This phenomenon shows that optimal microalgae

concentration values in order to obtain optimal extraction
process. In this case at the specific energy 470 J/g,
temperature 30 °C and cavitation number 0.068 with the
optimum microalgae concentration at 0.105 g/g.
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Fig 5. Effect of microalgae concentration on yield

The study of extraction Jatropha oil using mixture
methanol and hexane solvent was tend to decrease the
extraction efficiency with the decreasing solid concentration
[37]
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Fig 6. Effect of microalgae concentration on specific yield
3.4. Effect of Cavitation Numbers

Figure 7 shows the effect of cavitation number on yield.
From this figure we may see that the yields increased along
with the increasing cavitation number from 0.068 to 0.126
and then decreased at the cavitation number larger than
0.126. In this experiment, various cavitation numbers were
done at the same specific energy resulting in various pressure
booster and number of repetition. The values of cavitation
number, pressure booster and number of repetition are
shown at the Tabel 2.

Tabel 2 shows that to increase cavitation number, the
decreasing pressure booster and increasing number of
repetition needed to be performed. Figure 7 illustrates and
explains that at the smallest cavitation number was of 0.068,
the phenomenon of the cavitation was at its highest, but the
effect to the extraction was apparently less than the value of
0.1 and 0.126.
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Tabel 2. Cavitation number related with pressure booster
and number of repetition

Cavitation Pressure Number of
number booster, atm repetition,times
0.068 6.80 4
0.100 5.00 5
0.126 417 6
0.156 3.57 7
0.188 3.13 8

It occurred because at the smallest cavitation number the
contact time between cavitation and microalga was the
shortest. And at the value of 0.1 and 0.126 the time contact
became longer and the cavitation amount was sufficient
enough. At the value above 0.126, the impact of the
cavitation in the extraction process was decreased, although
the contact time became longer but the cavitation became
weaker. The cavitation number related to the droplet size of
bubble, the smaller cavitation number caused smaller droplet
size and mixing of the droplets with the fluid caused the
turbulence of flow. However at the cavitation number lower
then 0.2 the droplets size are not significan reduced. So it is
not make higher of extraction yield because the contact time
is shorter [38].

The optimal cavitation number value of hydrodynamic
cavitation extraction is 0.126 at the temperature 30 °C,
specific energy 470 J/g and microalgae concentration 0.073
g/g. This optimum cavitation number for extraction is lower
than the that to make stable emulsion oil and water which the
values are 0.17 to 0.2 [38]. It is because at the extraction
process the energy from cavitation shock pressure is used for
cell disruption. The lowest energy requirement to lipid
extraction at the cavitation number 0.126, microalgae
concentration 0.095 and temperature 30 °C is 18.723 MJ/kg
lipid.
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Fig 7. Effect of cavitation numbers on yield
3.5. Effect of Temperature
Figure 8 shows the effect temperature on the yield. From
this figure we may see that generally increasing temperature

tended to increase yields and at one point would turn back to
the decrease in yields. Experiment of cavitation number of

0.1 showed that increasing the yields took place from 30 to
42 °C, and then decrease. The increasing temperature from
30 to 42 °C resulting in the yields increased from 7.2 to
9.53% with a slope of changing at 0.19 %/°C.
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Fig 8. Effect of temperature on yield

This phenomenon occurred because the increasing
temperature caused the increasing of distribution coefficient
as well as mass transfer driving force. The temperature effect
on the distribution coefficient is determined according to the
Van’t hoff equation [39].

AH® AS® (7)
RT ' R

Ink = —

where K is distribution coefficient, AH °is enthalpy change at
the standard condition (J/mol), A4S °is entropy change at the
standard condition (J/mol/K) and R is the universal gas
constant (J/mol/K). With the value of AH°and AS° in the
common extraction process both are positive [39]. So the
increasing temperature will cause increasing distribution
coefficient and mass transfer driving force, as shown for the
larger lipid concentration difference between on the
microalga surface and the fluid bulk. The increasing
temperture also caused increasing difusivities lipid through
cell wall and film layer resistance [40]. But in this case
difusivities factor was ignored because the very thin layer
and cell wall was disrupted.

The process of cavitation was also greatly affected by
the temperature. This was because the cavitation occurred
when the pressure level of the system was under the pressure
level of vapor phase, where at the higher temperature the
vapor pressure was higher so the system became easier to
reach the condition under the vapor pressure. Consequently,
the evaporation process became easier to happen. However,
at higher temperatures, the colapse of bubble was not as easy
as at low temperatures, so the cavitation effect at higher
temperatures is decrease. This phenomenon shows the need
for temperature optimization to obtain an energy-efficient
extraction process with maximum results. In this experiment
the optimum temperature was 42 °C for processes with
cavitation numbers 0.1 and the microalgae concentration
0.073 g/g. The study of extraction Jathopa oil using mixture
methanol and hexane solvent was found the optimum
temperature was 36 °C [37], and the boiling point of
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methanol and hexane was around 52 °C at the atmospheric
pressure. The lowest energy requirement for this condition is
18.577 MJ/kg lipid.

4. Conclusion

The microalgae lipid extraction process assisted by
hydrodynamic cavitation was influenced by the amount of
specific energy input, the microalgae concentration, the level
of cavitation, the temperature and the amount of cavitation
passes. The increasing specific energy at the same cavitation
level tend to decrease the energy efficiency. The temperature,
microalgae concentration and level of cavitation at the
optimum condition were giving the lowest extraction energy
requirement. The optimum condition was found at the
specific energy 91.3 kJ/kg, temperature 42 °C, cavitation
number 0.126 and the microalgae concentration 0.105 g/g.
The lowest energy requirement at the optimal condition was
16.743 MJ/kg lipid.

Form the above fact we may conclude that the lipid
extraction from  Nannochloropsis sp assisted by
hydrodynamic cavitation was feasible to develope.

Acknowledgments

We would like to thank Ahmad Dahlan University,
Yogyakarta, Indonesia which has provided research fund and
Process System Engineering Research Group, Chemical
Engineering Department, Gadjah Mada University,
Yogyakarta, Indonesia which has provided research facilities.

References

[1] Y.S. Pradana, Y. Kusumastuti, F.N. Rahma, and N.
Effendy, “Chitosan flocculation-sedimentation for
harvesting selected microalgae species grown in
monoculture and mixed cultures”.  Chemical
Engineering Transactions, Vol 56, pp 1549-1554, 2017.

[2] A. Budiman and M. Ishida, “Relationship between
distillation column and distribution of exergy losses and
driving forces”. Journal of Chemical Engineering of
Japan, Vol 30 (5), pp 966-969, 1997.

[3] T. Suganya, M. Varman, H. H. Masjuki, and S.
Renganathan, “Macroalgac and microalgae as a
potential source for commercial applications along with
biofuels production: a biorefinery approach”,
Renewable and Sustainable Energy Reviews, Vol 55,
pp 909-941, December 2015.

[4] Sunarno, S. Herman, Rochmadi, P. Mulyono, and A.
Budiman, “Effect of support on catalytic cracking of
bio-oil over Ni/silica-alumina”, AIP  Conference
Proceedings, 1823, 020089, 2017.

[5] D.R. Sawitri, Sutijan, and A. Budiman, “Kinetics study
of free fatty acids esterification for biodiesel production
from palm fatty acid distillate catalysed by sulfated
zirconia”, ARPN Journal of Engineering and Applied
Sciences, Vol 11, pp 9951-9957, 2016.

[6] Daniyanto, Sutijan, Deendarlianto, and A. Budiman,
“Reaction kinetic of pyrolysis in mechanism of
pyrolysis-gasification process of dry torrified-sugarcane
bagasse”, ARPN Journal of Engineering and Applied
Sciences, Vol 11 (16), pp 9974 — 9980, 2016.

[71 D.R. Wicakso, Sutijan, Rochmadi, and A. Budiman,
“Catalytic decomposition of tar derived from wood
waste pyrolysis using Indonesian low grade iron ore as
catalyst”, AIP Conference Proceedings, 1823,
020094-1-020094-7, 2106.

[8] R. Arslan, and Y. Ulusoy , “Utilization of waste
cooking oil as an alternative fuel for Turkey”
Renewable Energy Research and Applications
(ICRERA), 2016 IEEE International Conference, DOI:
10.1109/ICRERA.2016.7884526, 20-23 Nov. 2016.

[91 M. R. Al Mamun, and S. Torii ,” Anaerobic co-
digestion of cafeteria, vegetable and fruit wastes for
biogas production”, Renewable Energy Research and
Application (ICRERA), 2014 International Conference,
DOI: 10.1109/ICRERA.2014.7016412, 19-22 Oct.
2014.

[10] R.D. Kusumaningtyas, I.N. Aji, H. Hadiyanto, and A.
Budiman, “Application of tin (II) chloride catalyst for
high FFA jatropha oil esterification in continuous
reactive distillation column”. Bulletin of Chemical
Reaction Engineering and Catalysis, Vol 11 (1), pp. 66-
74, 2106.

[11] E. D. Daryono and E. J. Sinaga, “Rapid in situ
transesterification of papaya seeds to biodiesel with the
aid of co-solvent”, International Journal of Renewable
Energy Research, Vol.7, No.1, pp. 379-385, 2017

[12] G.A. Nafis, P.Y. Mumpuni, Indarto, and A. Budiman,
“Combination pulsed electric field with ethanol solvent
for Nannochloropsis sp. extraction”, AIP Conference
Proceedings, 1699, 030021, 2015.

[13] M. Aziz, T. Oda, and T. Kashiwagi, “Novel power
generation from microalgae: Application of different
gasification technologies”, Renewable Energy Research
and Applications (ICRERA), 2015 International
Conference, DOI: 10.1109/ICRERA.2015.7418510, 22-
25 Nov. 2015.

[14] M. Aziz, T. Oda, T. Mitani, A.Uetsuji, and T.
Kashiwagi, “Combined hydrogen production and power
generation from microalgae”, Renewable Energy
Research and  Applications (ICRERA), 2015
International Conference, DOl:
10.1109/ICRERA.2015.7418544, 22-25 Nov. 2015.

[15] E.K. Coban, C. Gengoglu, D. Kirman, O. Pinar, D.
Kazan and A.A. Sayar “Assessment of the effects of
medium composition on growth, lipid accumulation and
lipid profile of Chlorella vulgaris as a biodiesel
feedstock“, Renewable Energy Research and
Applications (ICRERA), 2015 International
Conference, DOI: 10.1109/ICRERA.2015.7418521, 22-
25 Nov. 2015.

[16] T.M. Mata, A. Martins, and N.S. Caetano,
“Microalgae for biodiesel production and other
applications: a review”, Renewable and Sustainable
Energy Reviews, Vol 14, pp 217-232, 2010.

[17] S. Zighmi, S. Ladjel, M.B. Goudjil, and S.E.
Bencheikh, “Renewable energy from the seaweed
chlorella pyrenoidosa cultivated in developed systems”,
International Journal of Renewable Energy Research,
Vol 7, pp 49-57, 2017.

457


https://www.scopus.com/authid/detail.uri?authorId=36161472300&amp;eid=2-s2.0-84984585958
https://www.scopus.com/authid/detail.uri?authorId=25631376700&amp;eid=2-s2.0-84984585958
https://www.scopus.com/authid/detail.uri?authorId=6505791169&amp;eid=2-s2.0-84984585958
https://www.scopus.com/authid/detail.uri?authorId=57024917800&amp;eid=2-s2.0-84984585958
https://www.scopus.com/authid/detail.uri?authorId=57190934007&amp;eid=2-s2.0-84984538674
https://www.scopus.com/authid/detail.uri?authorId=43561809100&amp;eid=2-s2.0-84984538674
https://www.scopus.com/authid/detail.uri?authorId=25631376700&amp;eid=2-s2.0-84984538674
https://www.scopus.com/authid/detail.uri?authorId=57024917800&amp;eid=2-s2.0-84984538674
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Ridvan%20Arslan.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Yahya%20Ulusoy.QT.&newsearch=true
https://doi.org/10.1109/ICRERA.2016.7884526
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Muhammad%20Rashed%20Al%20Mamun.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Shuichi%20Torii.QT.&newsearch=true
https://doi.org/10.1109/ICRERA.2014.7016412
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Muhammad%20Aziz.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Takuya%20Oda.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Takao%20Kashiwagi.QT.&newsearch=true
https://doi.org/10.1109/ICRERA.2015.7418510
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Muhammad%20Aziz.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Takuya%20Oda.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Takashi%20Mitani.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Atsuki%20Uetsuji.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Takao%20Kashiwagi.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Takao%20Kashiwagi.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Takao%20Kashiwagi.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Takao%20Kashiwagi.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Takao%20Kashiwagi.QT.&newsearch=true
https://doi.org/10.1109/ICRERA.2015.7418544
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Ecem%20Kaplan%20%C3%87oban.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Ceren%20Gen%C3%A7o%C4%9Flu.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Do%C4%9Fancan%20Kirman.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Orkun%20Pinar.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Dilek%20Kazan.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Dilek%20Kazan.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Ahmet%20Alp%20Sayar.QT.&newsearch=true
https://doi.org/10.1109/ICRERA.2015.7418521

INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
M. Setyawan et al., Vol.8, No.1, March, 2018

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

J. Singh and S. Gu, “Commercialization potential of
microalgae for biofuels production”, Renewable and
Sustainable Energy Reviews, Vol 14, pp 2596-2610,
2010.

B. Verma and C. Balomajumder, “Algal biodiesel
production: ~ comparison,  characterization  and
optimization of various extraction processes”,
International Journal of Renewable Energy Research,
Vol. 6, pp. 1071-1075, 2016.

H. Sudibyo, Y.S. Pradana, T.T. Samudra, A. Budiman,
Indarto, and E.A. Suyono, “Study of cultivation under
different colors of light and growth Kinetic study of
Chlorella zofingiensis dénz for biofuel production”,
Energy Procedia, Vol. 105, pp. 270-276, 2017.

E. Sualli and R. Sarbatly, “Conversion of microalgae to
biofuel”, Renewable and Sustainable Energy Reviews,
Vol. 16, pp. 4316— 4342, May 2012.

P. Collet, A. Hélias, L.M. Lardon, Ras, R.A. Goy, and
J.P. Steyer, “Life-cycle assessment of microalgae
culture coupled to biogas production”, Bioresource
Technology, Vol. 102, pp. 207-214, 2011.

M.K. Lam and K.T. Lee, “Microalgae biofuels: a
critical review of issues, problems and the way
forward”, Biotechnology Advance, Vol. 30, pp. 673—
690, 2012.

A.L. Stephenson, E. Kazamia, J.S. Dennis,C.J. Howe,
S.A. Scott, and A.G. Smith, “Life-cycle assessment of
potential algal biodiesel production in the United
Kingdom: a comparison of raceways and air-lift tubular
bioreactors”, Energy Fuel, Vol. 24, pp. 4062-4077,
2010.

I. Hariskos and C. Posten, “ Biorefinery of microalgae
- opportunities and constraints for different production
scenarios”, Biotechnology Journal, Vol. 9, pp. 739-752,
2014.

M.A. Islam, R.J. Brown, I. O’Hara, M. Kent, and K.
Heimann, “Effect of temperature and moisture on high
pressure lipid/oil extraction from microalgae”, Energy
Conversion and Management, Vol 88., pp. 307-316,
2014.

R. Halim, M.K. Danquah, and P.A. Webley,
“Extraction of oil from microalgae for biodiesel
production: a review”. Biotechnology Advance, Vol.
30, No 3, pp. 709-732, 2012.

Y.S. Pradana, H. Sudibyo, E.A. Suyono, Indarto, and A.
Budiman, “Oil algae extraction of selected species
grown in monoculture and mixed cultures for biodiesel
production”, Energy Procedia, Vol. 105, pp. 277-282,
2017.

R. Halim, R. Harun, M.K. Danquah, and P.A. Webley,
“Microalgal cell disruption for biofuel development”.
Applied Energy, Vol. 91, No. 1, pp. 116-121, 2012.
J.Y. Lee, C. Yoo, S.Y. Jun, C.Y. Ahn, and H.M. Oh,
“Comparison of several methods for effective lipid
extraction from microalgae”, Biotechnology Advance,
Vol. 101, pp s75-s77, 2010.

A.K. Lee, D.M. Lewis, and P.J. Ashman, “Force and
energy requirement for microalgal cell disruption: An
atomic force microscope evaluation”, Bioresource
Technology, Vol. 128, pp. 199-206, 2013.

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

I. Lee and J.I. Han, “Simultaneous treatment (cell
disruption and lipid extraction) of wet microalgae using
hydrodynamic cavitation for enhanching the lipid
yield”, Bioresource Technology, Vol. 186, pp. 246-251,
March 2015.

J.P. Frans and J.M. Michel, Fundamental of Cavitation,
Kluwer Academic Publisher, New York, 2005, pp 11-
12.

P.R. Gogate, “Cavitational reactors for process
intensification of chemical processing applications: a
critical review”, Chemical Engineering and Processing,
Vol. 47, pp. 515-527, 2008.

V.L. Gole, K.R. Naveen, and P.R. Gogate,
“Hydrodynamic cavitation as an efficient approach for
intensification of synthesis of methyl esters from
sustainable feedstock”, Chemical Engineering and
Processing, Vol. 71, pp. 70— 76, 2013

K.  Sivaramakrishnan and P. Parvikumar,
Determination of higher heating value of biodiesels”,
International Journal of Engineering Science and
Technology, Vol.3 (11), pp 7981-7987, Nopember
2011.

Y. Hea, T. Peng, Y. Guo, S. Li, Y. Guo, L. Tang, and F.
Chen, “Nontoxic oil preparation from Jatropha curcas
L. seeds by an optimized methanol/n-hexane sequential
extraction method”, Industrial Crops and Products, Vol.
97, pp. 308-315, December 2016.

J. Carpenter, S. George, and V. K. Saharan, “Low
pressure hydrodynamic cavitating device for producing
highly stable oil in water emulsion: Effect of geometry
and cavitation number”, Chemical Engineering and
Processing: Process Intensification, Vol 116, pp 97-
104, March 2017.

J.L.A. Dagostin, D. Carpiné, and M.L. Corazza.
“Extraction of soybean oil using ethanol and mixtures
with alkyl esters (biodiesel) as co-solvent: kinetics and
thermodynamics”, Industrial Crops and Products, Vol.
74, pp. 69-75, May 2015

Y .M. Baghdadi, and C.L. Hii, “Mass transfer kinetics
and efffective diffusivities during cocoa roasting”.
Journal of Engineering Science and Technology, Vol.
12, pp. 127-137, 2017.

113

458



