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Editorial Message

On behalf of the Board, | am delighted to announce the launch of the first issue of the Frontiers
in Renewable Energy (FREE). FREE is an international journal covering fundamental to
advanced renewable energy technologies, policies, and economics. This journal has been
nearly two years in the making, as a culmination of thoughts from our energy experts in Center
for Energy Studies (CES), Universitas Gadjah Mada. It was felt that by hosting an international
journal was an ideal vehicle to spread our academic contribution in renewable energy area.
Then, in 2021 the board was established with Prof. Deendarlianto as Editorial-in-chief and Dr.
Roni Irnawan as the managing editor along with Dr. M Mufti Azis, Dr. Nugroho Dewanto, and
Dr. Hifni Mukhtar Ariyadi. The board decided that the journal should be published as an open-
access online journal, such that the content can be accessed easily.

In this first issue we have six papers covering different topics in PEM electrolyzer, bio-crude
oil, lipid extraction, and slug flow in horizontal pipes. These papers have been through
reviewing processes by expert in those fields from around the globe. In the next issue we
expect to have papers from different aspect like:

o Renewable energy sources implementation in archipelagic areas

o Renewable energy source and system, such as biofuel, biomass, geothermal energy,

hydropower, solar energy, wind power, etc

o Application of renewable energy source and system

¢ Novel energy conversion for renewable energy source and system

o Artificial intelligent studies in renewable energy source and system

e Future direction of renewable energy source and system

e Sustainable and clean energy issues

e Policies and strategies for renewable energy source and system

¢ Integration of renewable energy sources

e Energy transition

The birth of FREE comes after a long process and we committed to took all the necessary
steps to make it a high reputable journal. We are relying on the collaboration of all our Editors,
reviewers and contributors to make it a contemporary, lively and relevant publication.

We hope you will enjoy reading our first issue, and that you find these articles useful to
stimulate your research. We invite you to submit your best papers for publication.

Best regards,
Prof. Deendarlianto

Editor-in-chief
Center for Energy Studies, UGM
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Lipid extraction through hydrodynamic cavitation (HCLE) is one of the
promising processes with low energy requirements. Therefore, this
study focuses on reducing energy requirements using a discrete flow
system as well as evaluating two models to be used in calculating
volumetric mass transfer coefficient. It was discovered that the
variations in the number of repetitions, cavitation number, microalgae
concentration, and temperature affected the energy requirement value
and the lowest energy requirement was recorded to be 10 kJ/gram lipid.
Moreover, the first model was designed using total lipid mass transfer
approximation (Model 1) while the second was through separated lipid
mass transfer approximation (Model 2). It was found that the extraction
curve consists of three sections and the values of total volumetric mass
transfer coefficient (krar) for sections 1, 2, and 3 based on Model 1
were 1.166 x 102,3.113 x 107, and 1.285 x 10~ min"! with a coefficient
of determination (R?) of 0.9797, respectively. Meanwhile, the values of
volumetric mass transfer coefficient from disrupted microalgae (kra,)
for sections 1, 2, and 3 based on Model 2 were 1.131 x 102, 2.925 x 10
3, and 1.260 x 103 min™' respectively, and from the intact microalgae
(ksas) was 0.051, 0.030 and 0.011 1/min with R? of 0.9766. This means
the two models showed similar results and the lipid released from the
disrupted microalgae was observed to be dominant compared to the
intact microalgae. Therefore, the discrete flow system of HCLE is a
promising technique to be developed and scaled up to extract lipids from
microalgae.

I INTRODUCTION this is currently mostly fulfilled through the reliance
on petroleum resources. This has created some
global energy problems due to the contradiction
between the demand and supply [1], [2] as indicated

The increasing human population and modern
human lifestyle have increased energy demand and

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


mailto:abudiman@ugm.ac.id

M Setyawan et al.

by the continuous increase in demand with a
reduction in the stocks of petroleum resources
considered to be non-renewable. Another important
problem is the occurrence of global warming due to
greenhouse gas emissions such as carbon dioxide.
This led to the proposition of some solutions such
as the application of new and renewable energy
resources such as biomass and vegetable oil to
fulfill energy demands in the future. This is
expected to solve energy and environmental
problems because of the need to grow carbon
dioxide to produce these energy resources, thereby,
forming a closed chain of carbon [3], [4].

Some potential problems have, however, been
observed in relation to the use of biomass and
vegetable oil as energy resources and these include
threats against food and land security. This is the
reason it is preferable to select either a non-edible
vegetable oil or biomass waste to serve as energy
resources [5]. Previous studies have investigated
some fuels produced from non-edible and waste
renewable resources such as bio-oil from palm
empty fruit branch (EFB) [6], biodiesel from palm
fatty acid distillate [7], biodiesel from cooking oil
waste [8], gas from sugarcane bagasse [9], bio-oil
from woods, vegetables, and fruits waste [10], bio-
oil from microalgae waste [11] and biodiesel from
non-edible seeds such as jatropha and papaya seed
[12]. In recent times, the production of the third
generation of biodiesel from microalgae lipid has
also been investigated [5].

Microalgae have been proved to be a potential
feedstock to produce future energy due to their
numerous attractive features such as higher
productivity and oil content than other energy
crops. Moreover, the lower consumption of
freshwater and utilization of arable land to obtain
microalgal biomass ignite research interest to
exploit them for product development such as
biofuel [13]. Most importantly, these microalgae
use carbon dioxide for photosynthesis, thereby,
leading to the reduction of global warming effects.
They also have other added value in the form of
biomass waste that can be used to produce bio-oil
in addition to their oil content which can be used to
produce energy [11].
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Previous studies on biodiesel production from
microalgae concluded that microalgal biodiesel is
not profitable at an industrial scale [14], [15] due to
the higher extraction energy required compared to
the potential energy from biodiesel. This high-
energy input accounts for more than 30% of the
total cost of extracting lipids and this makes the
current commercial microalgal biofuel production
economically unfeasible. It has also been reported
that the energy required to extract microalgal lipid
mechanically is approximately 529 kJ.g' dry
microalgae [16] and the lowest is 3 kJ.g' dry
microalgae while the High Heating Value (HHV) of
the biodiesel is only 42 kJ.g™' [17]. This means the
lowest energy needed to achieve a 10% g/g yield is
30 kJ.g!'. This comparison shows that extraction
energy requirement plays is very important in
providing enough gap to obtain both positive and
large net energy to be consumed for further
processing.

The most conventional extraction techniques of
microalgal lipids involve longer processing steps,
time, and sometimes high energy consumption and
this hinders the full commercialization of lipids
products [18]. Therefore, there is a need for an
economical, fast, and robust approach to extracting
lipids from microalgae. It is important to note that
microalgae cell disruption is a major factor in
maximizing extraction yields [19] and one of the
extraction methods with much lower energy and the
ability to produce a considerably high amount of
lipid is hydrodynamic cavitation [20]. This
technique provides a fast extraction rate [21] and
low energy cell disruption using cavitation
generated by dropping flow pressure through an
increment in flow velocity [16] [22], thereby,
making it easy to scale up this method [23]. It is also
important to reiterate that hydrodynamic cavitation
follows a solid-liquid mass transfer principle due to
the cell disruption process and the initial
concentration of microalgae is observed to be a
crucial factor in improving the efficiency of the
lipid recovery process. Moreover, higher
microalgal concentration also affects the rate of
solid-liquid mass transfer [24] and this led to the
recommendation of distribution between 5% to
10% gram microalgae per gram of feed mixture
[23]. This present study focuses on investigating the



M Setyawan et al.

correlation between the initial concentration and
convective mass transfer parameters during the
extraction of microalgal biomass via a discrete flow
system of hydrodynamic cavitation. The energy
required was measured and mathematical modeling
was subsequently developed to understand the
overall extraction process.

I MATERIALS AND METHODS
2.1 Microalgae

The microalgae wused in this experiment is
Nannochloropsis sp which was purchased from Balai
Budidaya Air Payau in Situbondo East Java Indonesia
and delivered in green powder which was stored in a
desiccator and used as received for further analysis.

2.2 Solvents

The solvents used in this experiment include n-hexane
(PT. Brataco Chemica, Indonesia, MW 86.18, 99.5%),
and methanol (CV. Multi Kimia, Indonesia, MW 32.04,
99.5%) selected based on their non-ideal properties in
terms of the boiling point when mixed. The mixture of
95 ml hexane and 41 ml methanol has a boiling point
lower than their respective separate boiling points as
indicated by 52, 64.96, and 68.73 °C for the mixture,
methanol, and hexane respectively.

2.3 Equipment

The experiments were conducted using a batch discrete
flow system of hydrodynamic cavitation using a unit
that consists of a compressor, sample chamber, venturi,
and product chamber as shown in Figure 1. The
compressor was used to supply compressed air and
drive the solvent-sample mixture to the sample
chamber. The venturi was used to generate cavitation
while the sample and product chamber was employed to
store feedstock and collect products. At the end of the
process, the centrifuge was used to separate the fluid
from solid products and the distillator to separate the
solvent from lipid by evaporating the solvent.
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solvent and waste
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Legend

1. Compressor 5. Thermometer

2. Manometer 6. Air stirrer

3. Sample chamber 7. Venturi

4. Heater 8. Product chamber
k1-k3 valve

Figure 1. The Scheme of Hydrodynamic Cavitation
Equipment.
2.4 Experimental Procedures
The HCLE discrete flow system experiments were
conducted by varying the microalgae concentration,
cavitation = number, and  temperature. = The
Nannochloropsis sp. biomass was varied at 5, 7.5, 10,
and 12.5 grams, the cavitation number at different
pressure boosters of 3.125, 4.167, 5, and 6.25 atm, the
temperature at 30, 34, 38, 42, 46, and 50 °C. It is
important to restate that a mixture of methanol and
hexane was used as the extraction solvent. The biomass
and solvents were loaded into the sample chamber,
flowed through the venturi with a pressure booster, and
the mixtures were re-flowed at 2, 3, 4, and 5 cycles to
study the degree of cell disruption and lipid yields. The
completion of the extraction process was followed by
the separation of the extracts and solid phase using the
centrifugation process. Moreover, the solids were
washed with an equal amount of methanol and hexane
to ensure all the lipids extracted from the microalgae
were retrieved and weighed and those dissolved in the
mixture solvent were recovered as a residue by
vaporizing the solvent. This residue was weighed and
recorded as wi, washed with 5 ml hexane three times to
obtain the mass of lipids that are free of solids, while the
remaining solids were dried until the weight remained
constant and recorded as w». The lipid-free solids
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weight (w;) obtained from the biomass was calculated
using the following Equation 1.

Wp = Wi-W2 (1)

The extraction yield is the weight of extracted lipids
compared to the weight of dry microalgae as indicated
in Equation (2).

Wp

y= 2)

Wi

Where, y is extraction yield and w,y; is the weight of
dry microalgae used as the sample.

2.5 Experimental Procedures

2.5.1. The Extraction Energy Requirement
Calculation

The discrete flow system of the HCLE process requires
energy to drive the microalgae and solvent to flow
through the cavitator in order to generate the cavitation.
This energy was calculated by multiplying the air
pressure booster with the cross-sectional area of the
sample chamber and sample depth using the
relationship in Equation (3).

E =9.8PZD2L (3)
4

Where, E is the extraction energy required (Joule), P is
the pressure of the sample chamber (kg/cm?), D is the
diameter of the sample chamber (cm), L is the distance
of the sample surface to the cavitator (cm) and, 9.8 is
the conversion factor from kgf to Newton.

2.5.2. Mathematical Model

The HCLE is the process of transferring lipid from the
solid (microalgae) to the liquid (solvent) phase using
hydrodynamic cavitation and to aid the disruption of the
microalgae wall. The inception cavitation number used
to generate the cavitation for this system is 0.45 [25]
while the Reynold number was more than 32,000,
thereby, indicating fully turbulent flow. These values
were used because the microalgae have a very small
particle size, ranging from 1 to 10 pm [26]. The other
assumptions made to govern the model include the
following:

a. Diffusion mass transfer in the microalgae body
is neglected because of the small size of
microalgae cells.
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b. Diffusion mass transfer in the fluid film is
neglected because there is a turbulent flow in
the fluid.

c. The convective mass transfer mechanism is the
main process of mass transfer.

It is important to note that two others assumptions were
made based on the disrupted and intact types of
microalgae cells. The first assumption is that the lipid
mass transfer from the disrupted and intact microalgae
is taken as the total lipid mass transfer from the
microalgae to the solvent and this means only one value
of the volumetric mass transfer coefficient represents
the lipid mass transfer as illustrated in Figure 2a. The
second assumption is that the lipid mass transfer from
the disrupted and intact microalgac was obtained
separately which led to two different values of
volumetric mass transfer coefficient as indicated in
Figure 2b. This, therefore, led to the development of
two different models based on these assumptions.

intact microalgae “~_|

disrupted microalgae

‘/sn\uent \ "-.:'l jf - ]f\?:ﬁ'

Legend

jf = lipid flux from disrupted microalgae
js = lipid flux from intact microalgae

JT = Total flux of lipid = js+jf

Figure 2. Tllustration of Lipid Mass Transfer: a) Total
Lipid Mass Transfer and b) Lipid Mass Transfer from
Disrupted and Intact Microalgae.

2.5.2.1. Model 1: Total Lipid Mass Transfer
Approximation

This model is illustrated in Figure 2a with total lipid
flux (jr). It was discovered at the initial condition of the
solid-fluid extraction that the concentration of lipid in
the solvent (y) is zero while the changing value of y as
a function of the time is equal to the amount of lipids
released from the solid (jr), and this is presented as
Equation (4):

[7] .
mp = = jr 4)

Where, mr represents the mass of the fluid phase and t
represents time. It is also important to note that the
amount of lipid released is equal to the mass transfer
coefficient multiplied by the concentration gradient
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between the microalgae surface and the bulk of liquid
which is represented in the following Equation (5):

jr= kTaTmf(y* =) (5)

Where, krar is the total volumetric mass transfer
coefficient and y* is lipids concentration on microalgae
surface. The value of y* can be predicted using
Equation (6):

y*=Kx (6)

2.5.2.2. Model 2. Separately Disrupted and Intact Lipid
Mass Transfer Approximation

The lipid mass transfer from the disrupted and intact
microalgae was obtained separately in this model and
the changing lipid concentration in the solvent is
presented as Equation (7):

mp 2 = ji + g ©)
Where, j¢ is the lipid mass flux from the disrupted
microalgae and j; is the lipid mass flux from the intact
microalgae. Moreover, the lipid mass flux from
disrupted microalgae is a function of disrupted
microalgae fraction and changing lipid concentration in

the microalgae which are represented by the following
Equation (8):

rmg St = ), ®)

Where, r is the fraction of disrupted microalgae, x; is
the lipid concentration in the disrupted microalgae, and
m;, is the mass of dry microalgae. The lipid mass flux
from disrupted microalgae can also be written as the
mass transfer equation in Equation (9):
Jr = kraome(y*; — y) )
Where, kra, represents the volumetric mass transfer
coefficient from disrupted microalgae and y*, is the
lipid concentration at the surface of disrupted
microalgae. Meanwhile, the lipid mass transfer from
intact microalgae is presented as indicated in Equation
(10):
dx, ,

1- r)ms? ==Js (10)
Where, x» represents lipid concentration in the intact
microalgae. The lipid mass flux from intact microalgae
can also be written as a mass transfer equation as
indicated in the following Equation (11):
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Js = ksasmf(y*z _y) (11)

Where, kgag represents volumetric mass transfer
coefficient from intact microalgae and y*, represents

lipid concentration at the surface of intact microalgae.

Il RESULTS AND DISCUSSION
3.1. The Extraction Energy Requirement

The results of the extraction energy requirement (E)
calculated as a function of repetition number are
described in the following Figure 3a.
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Figure 3a. Extraction energy requirement (E) as a
function of the number of repetitions at the pressure of
6.8 kg/cm?, a temperature of 30°C, and cavitation number
0f 0.068
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Figure 3b. Extraction energy requirement (E) as a
function of the cavitation number at the pressure of 6.8
kg/cm? and temperature of 30 °C
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Figure 3c. Extraction energy requirement (E) as a
function of the microalgae concentration at the pressure
booster of 6.8 kg/cm? and the temperature of 30°C
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Figure 3d. Extraction energy requirement (E) as a
function of the temperature at the pressure booster of 6.8
kg/cm? and cavitation number of 0.068

Figure 3a shows that the value of E increased linearly
as the number of repetitions increased because the
energy used for each extraction step was the same as the
constant pressure booster. It was also discovered that
this E value was one-third of the HHV of biodiesel
which is as high as 42 kJ/g [27] at the condition.
Moreover, the influence of the pressure booster on the
E value was represented by the effect of cavitation
number (o) on the value and this was calculated using
Equation (12) [25].

_ D27 Dy
= Tt (12)
Where, P, is the pressure booster, P, is the vapor
pressure of the fluid, and v is the fluid linear velocity.
The E value was subsequently calculated as a function
of & as described in Figure 3b.

Figure 3b shows that the E value tends to decrease as
the o increase and this means the energy requirement is
lower at higher o because the pressure is low. In this
case, the HCLE found the limit or maximum value of &
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during the process of cavitation and this is called an
inception cavitation number (o;) with the value
observed to depend on the type of the channel such that
the o; was recorded to be 0.45 when elliptical form with
an axis ratio of % was used. Beside this limitation, a
higher o value tends to produce a constant E value and
this means the amount of energy input is decreased at
higher o while the constant E value indicates lower
yield extraction. This shows the conduct of HCLE at a
high o value is not economical and the best value was
obtained at approximately 0.13 when the E value started
to become constant.

The microalgae and solvent formed a solid-liquid
system with fast settling slurries. It is important to note
that the solid concentration slips the velocity in the
system [28] and Figure 3c shows that the extraction
energy requirement tends to decrease as the microalgae
concentration increases. This means the amount of
energy input is equal for each concentration with the
constant pressure booster. The decreasing E value
indicates an increase in the amount of lipid extracted.
Meanwhile, the E value tends to be constant at the
concentration above 0.073 g microalgae/g feed and this
also means the amount of lipid extracted remains
constant and this shows a reduction in the yield at high
concentration compared to the microalgae feed.
Therefore, the optimal concentration in this condition
was found to be 0.073 g microalgae/g feed.

The extraction process is affected by temperature [29]
as indicated by the decrease in the extraction efficiency
when the solid concentration was reduced during the
process of extracting Jatropha oil using a mixture of
methanol and hexane solvent [30]. Moreover,
temperature shows a significant contribution to the
distribution coefficient, and this relationship was
determined according to the Van’t Hoff Equation as
follows [31].

InK = -2 4457 (13)
RT R

Where, K is the distribution coefficient, AH? is the
enthalpy change in the standard condition (kJ/mole),
AS? is the entropy change in the standard condition
(J/mole/K), and R is the universal gas constant
(J/mole/K), and the value of AH® and AS® in the
common extraction process are both positive [31].
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A previous study conducted by the authors showed that
the value of K was influenced by temperature such that
an increase in the temperature lead to an increase in the
K values [21]. Meanwhile, the effect of temperature on
extraction energy requirement in the HCLE process is
described in Figure 3d which shows that the E value
slightly increased from 30 to 37°C followed by a
decrease to 42°C and a later increase. Moreover, the
minimum energy requirement was found to be 21.464
kJ/kg lipid for 1 pass extraction at 30°C and this means
this is the optimum temperature for the process.

3.2.Lipid Release Mechanism

Microalgae lipids are entrapped and protected by cell
walls which need to be disrupted to ensure an efficient
lipid extraction from the matrix using a solvent. The
understanding of the mechanism of lipids released from
microalgae in the HCLE is an important step to making
the right assumptions in the mass transfer model
evaluation. The difference between the lipids release
rate from the disrupted and intact microalgae needs to
be determined to wunderstand this mechanism.
Therefore, this study compared the HCLE and
conventional extraction techniques, and the results
presented in Figure 2 showed that the yield of the HCLE
was higher than the conventional process, thereby,
indicating the lipid release in the HCLE was not only
from the intact but also from the disrupted microalgae
[32]. This is possible because the method is assumed to
involve a simultaneous extraction of lipid from
disruption and intact microalgae while the conventional
method is only from the intact microalgae [23].

10

@ HCLE 6.83atm

A Conventional 260 rpm

Yield, %8/ qiy mmakae
B e B R e
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Figure 4a. Comparison of extraction curve between
HCLE and conventional extraction
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Figure 4c¢. Comparison of lipids released from disrupted
and intact microalgae

Figure 4a shows that the extraction rate using HCLE
was higher compared to the conventional technique. It
was also discovered that the HCLE showed three
different zones with the extraction curve divided into
two or three sections [33] while the conventional
extraction tends to change linearly during the time
interval. The biggest difference between the two
processes was observed at the initial process with the
HCLE rate found to be faster and this indicates the
extraction at the section was determined by the lipid
released by disrupting microalgae. In the second section
which was from the second to the fifth minute, the rate
decreased but was also higher than the conventional
technique while after 5 minutes, which is the third
section, the rate was equal for both processes. This
simply shows that the lipid mass transfer is determined
by the intact cell while the transfer in the first section of
the HCLE was assumed to be only from the disrupted
microalgae to fluid with the intact microalgae neglected
because its rate was very small compared to the
disrupted. Moreover, the lipid concentration in the
disrupted microalgae after the extraction process was
equal to the equilibrium value because it was effectively
washed with methanol and hexane solvent [34].
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3.3. Evaluation of Microalgae Cell Disruption

Microalgae cell disruption can be assessed by
measuring intracellular components such as the
extracted lipids [34] while the portion of cell disruption
in the HCLE can be predicted using lipid mass balance.
This is possible because the total lipids in the solvent
are released from the disrupted and intact microalgae as
indicated in Equation (14).

y =rmg(xo — x.) + (1 —r)mgy, (14)

Where, x, is the initial lipid concentration in the
microalgae and the value is different for each repetition
of extraction, x, is lipid concentration in the disrupted
microalgae, and y. is lipid concentration extracted
using the conventional method. The value of x; can be
written as Equation (15).

Xo,i+1 = Xo,i — Ve, (15)

Where, i is the time dimension or number of repetitions.
Meanwhile, y. can be solved empirically using Ms.
Excel based on the conventional extraction data in
Figure 4a as indicated in the following Equation (16).

y. = —0.0031t% + 0.2154¢ (16)

Where, t is the extraction time. The fraction of disrupted
microalgae (r) can also be calculated based on y data
and y. in Figure 3 using Equation (14) by iteration
methods. The r calculated for each time is presented in
Figure 4b.

Figure 4b shows that the cell disruption trend was
similar to the HCLE lipid yields presented in Figure 4a
and this means the amount of lipids released from the
microalgae to the solvent in the HCLE was determined
by the microalgae cell disruption. Moreover, the
fraction of cell disrupted was used to determine the
amount of lipids released from the disrupted and intact
microalgae as shown in Figure 4c. It was discovered
that the amount of lipids released from the disrupted
microalgae is more than for intact microalgae,
especially at the beginning of the process, while the
fraction released from the intact microalgae tends to
increase along the process due to the reduction in the
degree of disruption.
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3.4. The HLCE Fitting Models

3.4.1.Total Lipid Mass Transfer Model
(Model 1)

The HCLE total lipid mass transfer model (Model 1,
Equation 4) was numerically solved using the Runge-
Kutta method while the value of the volumetric mass
transfer coefficient (krar) was evaluated using the
Golden Section method for one variable minimization
with the minimum target of the sum of square of errors
(SSE) which was formulated as shown in Equation (17).

SSE = Z(YCalc - ydata)z (17)

Where, y.qic is the value of y calculated from Equation
(4) and y44¢4 1S the value of y from the experiment.
There are two estimations in solving this model and the
first involves using one section of the extraction curve
to have only one value of kray for the whole time while
the second focuses on using three sections of extraction
curves to have three different values of krar for each
section. The results for the model are described in

Figure 5a.
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3.4.1.1. Model Solution Using One Section

Figure 5a shows that the approximation using one
section or one value of krar provided an almost linear
simulation result. The application of the assumptions of
a single value of krar was observed to provide a linear
relationship between yield function and time because
the amount of lipids released from the disrupted and
intact microalgae for each step was calculated using the
lipid concentration in the microalgae as the
conventional extraction. This led to the lipid
concentration difference in the microalgae and the solid
because the lipid mass transfer driving force was not
significantly different for each step.

The value of kyar was 0.6087 1/minute while the
coefficient of determination value was 0.4347 and this
generally means the approximation was very bad and
unable to be effectively used to describe the HLCE.

3.4.1.2. Model Solution Using Three Sections

The approximation of the extraction curve using three
sections was conducted by dividing the extraction
process based on the value of the curve slope [33]. The
value of krar in this method is tabulated in Table 1.

Table 1. Value of Volumetric Mass Transfer of HCLE

One Section Three Sections Approximation

Approximation
Ti kpay R*> Time, Sec krar, R’
me, , minutes tion  1/minut
min  1/mi e
utes nute
1 1 1 1.7579
2 2
3 3
4 4 2 0.4652
5 0,60 04 5 0.9
6 87 347 6 783
7 7
8 8 3 0.1925
9 9
10 10

Figure 5a shows that the first section, which is the
beginning of the extraction process from 0 to 1 minute,
produced the highest extraction rate as indicated by the
highest curve slope value of 0.04423. The second
section was the middle extraction rate from 1st to 5th
minute with a slope value of 0.00745 and the third

Frontiers in Renewable Energy (FREE) 1 (2022) 1-12

section was at the constant extraction rate from the 6th
minute to the end of the process with a slope value of
0.00239. Table 1 shows that the extraction using this
three-section approximation produced a better result
than one section with the R? value of 0.9783 and this
means it has the ability to describe the HCLE process
effectively. This indicates the existence of three values
of kra, differentiated by the ar values associated with
the cell disruption.

3.4.1.3. Separated Lipid Mass Transfer from
Disrupted and Intact Microalgae Model
(Model 2)

The volumetric mass transfer from the disrupted
microalgae (kra,) and intact microalgae (ksas) was
separately evaluated in this model using two
approximations of single and three sections. The results
are presented in Figure 5b.

3.4.2.1. Model Solution Using One Section

Figure 5b shows that the approximation using one
section or one value of kra, and kga, produced a better
simulation than Model 1 as indicated by 0.5835 and
0.030 1/minutes respectively with the coefficient of
determination value recorded to be 0.4415. This
approximation has a large deviation and this means it
cannot be used to describe the HLCE process.

3.4.2.2. Model Solution Using Three Sections

The extraction curve was divided into three sections
based on the difference in the value of the slopes. The
first section, from minute 0 to 1, was the beginning
extraction process and had the highest extraction rate as
indicated by the highest curve slope value of 0.04423.
The second section was the middle extraction rate, from
minute 1 to 4, with a slope value of 0.00824 and the
third section, from minute 5 to the end of the process,
had a constant extraction rate with a slope value of
0.00318. The values of kra, and kga; using this

approximation are presented in Table 2.
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Table 2.Value of ka, and kgas and R* from Model 2

1 Section 3 Sections
Time, Time,
minute  Kra, kga, R>  minute kra, ksa, R’
S S
0.
1.7
1 1 08 05
1
2 2 04 0.
3 3 36 03
4 05 0. 04 4 5 0 09
5 853 003 451 5 787
6 6 01 O
/ / 82 01
9 9
10 10

Table 2 shows that the approximation using 3 sections
of extraction provided the best result for the two models
with Model 2 observed to be better than Model 1 and
this means it has the ability to describe the HCLE
process better.

3.5. Comparison between Model 1 and Model 2

The calculation of the disrupted and intact
microalgae approximation separately showed that
Model 1 and 2 have equal results with R? values of
0.9783 and 0.9778 respectively and this means they can
both be used to describe the HCLE process because the
percentage of lipid released from the intact microalgae
is too small compared to the disrupted. The most
significant difference was found at the beginning of the
process such that the percentage of lipid released from
the intact microalgae at minute-1 (1 pass) extraction
was 2.95% while the disrupted microalgae had 97.05%.
These values changed with time as observed with an
increase in the intact microalgae while disrupted
microalgae decreased such that the percentage of lipid
released at the 10th minute (10 passes) was 8.36% and
91.64% respectively. It is important to note that the
HCLE process was determined early at the 5th minute
when 85% of total lipids had been extracted. This means
a simpler approximation involving total lipid released
can be used to describe the process considering the fact
that the intact microalgae only produced a small
percentage of lipid.
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IV CONCLUSION

The extraction energy requirement (E) for HCLE
using a discrete flow system was observed to be
influenced by the number of repetitions, cavitation
number, microalgae concentration, and temperature
process. The value can be adjusted to ensure it is lower
than the HHV of biodiesel by setting these variables. It
was also discovered that the lowest E value was 10 kJ/
gram lipid and this means the process is promising to be
developed and scaled up for commercial applications.

The HCLE was also modeled using different mass
transfer models including the total mass transfer from
intact and disrupted microalgae (Model 1) and separated
mass transfer (Model 2) using both one and three
sections of the extraction curve. The results showed that
both models provided the same result due to the very
small amount of lipid released from the intact
microalgae compared to the disrupted microalgae.
Moreover, the volumetric mass transfer coefficient
value decreased from sections 1 to 3. In the case of
HCLE with Model 1, the krar value for sections 1, 2,
and 3 were 1.7579, 0.4652, and 0.1925 1/min
respectively with a coefficient of determination (R?) of
0.9783 while the kra, values for Model 2 were 1.708,

0.4365, and 0.1829 1/min and kgag were 0.051, 0.030
and 0.011 1/min respectively with an R? value of
0.9778.
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2.1. INTRODUCTION

In industrial applications, air-water two-phase flow
inside the pipes occurs in various ways. For instance,

nd/4.0/).

The air-water slug flow sub regimes in horizontal pipes were
characterized by a liquid hold-up model correlated to bubble behavior
(LHmBb). The LHmBB has two sections, the liquid hold-up model
and bubble behavior investigations. The liquid hold-up model was
developed based on the statistical analysis of the probability density
function (PDF) to quantify the bubble distribution. Specifically, the
distribution was qualitatively investigated based on the high-speed
camera and correlated to the quantified LH to characterize the sub-
regime of air-water slug flow. The LHmBB characterized the air-water
slug flow sub-regimes in a horizontal transparent acrylic pipe with an
inner diameter of @=0.026 m under air and water superficial velocities
of J, = 031 —-6.00m/s J, = 0.20 — 0.44 m/s, respectively. As a
result, four sub-regimes were determined as Initially dispersed
Bubbles (IdB), Low dispersed Bubbles (LdB), High dispersed Bubbles
(HdB), and Dominantly dispersed Bubbles (DdB). The decreasing
number of bubbles and dispersing bubbles mechanism determined the
type of sub-regime. The proposed LHmBDb included the correlation
function to ease the prediction of the sub-regimes of air-water slug
flow characteristics, leading to the two-phase flow pattern map in
horizontal pipes enhancement.

during the transition stages, growing waves in the oil
and gas refinery piping system generate high oscillatory
pressure. This leads to high vibrations on the piping
structure, causing cracking and corrosion [1]. The

(http://creativecommons.org/licenses/by-nc-
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transition stages covering the initiation through the
intermittent to the developed flow were characterized by
the air-water two-phase flow inside the pipes, valuable
for minimizing the damage in the pipes. Previous
studies focused on understanding the complex
characteristics of the developed flow, including limited
works on the initiation and the intermittent flow. In our
previous studies, the initiation and development flow
were experimentally investigated in a horizontal pipe
resulting in several basic characteristics of slug flow
initiation evaluated by slug initiation and the passing
slug frequency [2]. Arabi et al. investigated the slug
flow characteristic in the intermittent flow by its
frequency with an empirical correlation to the
experimental data based on the liquid volume fraction,
to respond to the initiation flow characteristics [3].
Therefore, a deep understanding of the sub-regime of
air-water slug flow characteristics inside the pipes helps
prevent the drawbacks in the industrial pipelines.

The characteristics of air-water slug flow sub regimes
several related studies. The
Kelvin-Helmholtz ~ (KH)
instability of a stratified flow, viscous linear instability
of a stratified flow by long is long-wavelength (VLW),
and stability of a slug flow [4]. The KH instability
explained that the mechanism of wave growth for
inviscid fluid is not feasible for predicting the actual

were proposed by
characteristics  include

sub-regimes of air-water slug flow characteristics
because the fluid has no viscosity [5]. The VLW
instability is also known as Viscous Kelvin-Helmholtz
(VKH), which provides a better prediction. The VLW
instability is analyzed based on the growth of small
amplitude, long wavelength disturbances and shear
stresses, and destabilizing effects of liquid inertia.
However, the VLW instability is difficult to be observed
for sub-regime of air-water slug flow characteristics [6].
The VLW instability was upgraded by Hurlburt and
Hanratty [7] in terms of stability compared to the slug
stability theory proposed by Taitel and Dukler [5]. This
was achieved by determining the relationship between
the bubble velocity and the mixture velocity to estimate
the critical height of the liquid layer. Based on the above
studies, the details investigation of bubble parameters is
important for characterizing the sub-regimes of air-
water slug flow.

In order to investigate the details of bubble parameters,
several previous works by means of liquid hold-up

14
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model were reported. Conventionally, an electrical
impedance was used to measure the experimental liquid
hold-up with respect to the threshold value to determine
the flow regime [8]. On the other hand, a constant-
electrical-current method (CECM) was used to
determine the time varying thickness of liquid film
flowing with high-speed gas flow [9]. Up to now, vast
improvement on liquid hold-up model is introduced to
provide more comprehensive analysis compared to the
conventional one. In our previous research, the air-
water slug flow sub regimes were characterized in 16
mm horizontal pipe based on the experimental liquid
hold-up and pressure fluctuations [10]. The simplified
correlation was proposed for vast prediction of
experimental liquid hold-up in annular flow as
comprehensive analysis [11]. Since the liquid hold-up
covers the complex characteristics in a wide range of
flow regimes, a correlation model to bubble behavior is
considered.

In order to comprehensively characterize the air-water slug
flow sub regimes in horizontal pipes, a liquid hold-up
model correlated to bubble behaviors (LHmBb) was
proposed. This study aimed to 1) quantify the bubble
behaviors in sub-regimes of air-water slug flow, 2)
determine the characteristics of sub-regimes air-water
slug flow by LHmBb, and 3) develop a correlation
function based on LHmBDb for the prediction model of
the characteristics of sub-regimes air-water slug flow.
This work is dedicated to support the theoretical model
development and validation of CFD codes [12], [13] by
high-quality temporal and spatial experimental data of
slug flow sub-regimes. Moreover, the
proposed model is valuable for the development of

air-water
advanced machine learning for two-phase flow
application, such as a comprehensive input model in
plural long short-time memory with sparse model

implemented in multiple current-voltage system
(pLSTM-SM-MCV) [ 14].
2.2. LIQUID HOLD-UP MODEL
CORRELATED TO BUBBLE
BEHAVIOURS(LHmMBDb)

2.1 Overview

The liquid hold-up model was developed based on the
statistical analysis of probability density function (PDF)
to quantify the bubble distribution. The bubble
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behaviors are qualitatively investigated based on the
high-speed camera and correlated to the quantified LH
to characterize the air-water slug flow sub-regimes.

2.2 Liquid hold-up model

The fundamental equation of the constant-electric-
current-method (CECM) proposed by [9] defined the
liquid hold-up model (LHm) where the electric
resistance of two-phase flow R _TP in a unit length of
the horizontal pipe is expressed as,

1 _1-a | «a

+ )]

Rrp Rg Ry,

Where R is the gas resistance, Ry, liquid resistance, and
a liquid hold-up. Both R¢ and Ry represent the electric
resistance when the gas and liquid phases occupy the
horizontal pipe's whole cross-section. In the case of Rg
> Ri, Eq. (1) can be defined as relating to the voltage
drop V1p and injected constant current [ as,

_ IRy, _ 143
IRTp  VTp

2)

Since the voltage drop V; refers to the case of liquids
occupies the whole horizontal pipe’s cross-section

while flowing, the electric resistance R;f,f and voltage
drop VTT,ff of two-phase flow with the reference liquid

hold-up @/ can be defined by firstly modifying Eq.
(2) with respect to I and secondly eliminating V}, as,

IR, VL

ref _—
a f= RS - yref (3)
TP TP
IRref Vref
a = —IP aref — /TP a,ref (4)
IRTp Vrp

Therefore, the a of the air-water two-phase flow in the
horizontal pipe in Eq. (4) can be determined.

2.3 Quantified bubble behaviors

The bubble behaviors 8 are quantified based on the
normalized number of bubbles f., that occupies the
whole section of the horizontal pipe during the air-water
slug flow. Here, k is the air-water slug flow patterns
which corresponds to the superficial velocity of gas /.
and liquid /;, respectively. The Bu is normalized by the
number of bubbles fref,
momentum in air-water two-phase flow. fref is the

corresponding to their

maximum value of the air-water two-phase flow’s
voltage drop Vrp in Eq. (4) under specific k. According
to the normalization the technique used by [15], which
quantifies the two-phase sludge thickness in centrifugal
fields, B can be defined as,
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Bx— }rff
ﬁ = ref (5)

To solve Eq. (6), image processing techniques (IPT)
which has been applied in our previous works [16], [17]
is referred to quantify the bubble behaviors captured by
high-speed camera. The IPT assessed the area of bubble
data, equivalent diameter, and perimeter in case of a
break-up, traveled, detached/coincided, and dispersed
bubble. An active morphological contour without edges
(MACWE) technique was used for processing images
with visible contours inthe condition of noisy, cluttered,
or partially unclear images. The three main steps of
MACWE are; 1) thresholding and shading, 2)
segmentation and 3) binarization and evolutions. The S
was obtained from the three iterations category denoted
as a, b, and c, which represented the area of the bubbles
under k. Where f is from the known Srefof the whole
binary numbers under k.

a = V;:;f aref (6)

BVrp
Thus, the quantitative LHmBb From Eq. (6) is
evaluated by the probability density function (PDF),

denoted as P as follows,
P <a’ <a™ =[5 fo(a)da 7

Where a? and am are the lowest and highest liquid hold-
up, respectively, can be measured in the whole section
of liquid hold-up.

2.4 Correlation model

In order to correlate the LHm for sub-regime of air-
water slug flow characteristics, the quantified bubble
behaviors § in Eq. (5), with respect to LHm in Eq. (4),
is defined as,

r— V;;f a’ef (6)
BVrp

. EXPERIMENTS
3.1. Experimental setup

The experiments were carried out at Horizontal Two-
Phase Flow Facility (HORTOFF)-Fluid Mechanics
Laboratory, Department of Mechanical and Industrial
Engineering, Faculty of Engineering, Gadjah Mada
University, Indonesia. Figure 1 shows the experimental
setup consisting of an inlet, test, and outlet sections. The
inlet section configured the air-water mixer installed to
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keep the air and the water flow separately into the test
section. The air and water were from the top and bottom
sections of the mixer, respectively. For the initial flow
alignment and modification of the two-phase flow into
a stratified one, a splitter plate was installed at the center
of the air-watermixer, as used by Ujang et al. [19] from
the former experiments [2], [13], [16], [18]. The test
section was composed of a horizontal pipe with a 9 m
length and an inner pipe diameter of 0.026 m. The

Frontiers in Renewable Energy (FREE) 1 (2022) 13-22

length of the test section is designed for 0-210 of
diameter (0-210D) or around 5.46 m to guarantee a
stable development of air-water slug flow. The use of
the same materials on the entire experimental pipe
ensured uniform roughness of the wall. In the outlet
section, the ends of the horizontal pipe and each flange
were machined to give and maintain smooth junctions
and pipes and minimize the gaps.

@ 26 mm, L = 9000 mm

LED
— Lamp =
Mixer \\ |
-
Flow Meter Flow Meter H ]
High Speed

Valve

Liquid Tank — Regulator

Video Camera

215 215 215 215
| ] .
L
UUU UU Water
High
Impedance
Amplifier
ADC -
PC
- Ground

Constant Current
Power Source

Figure 1. Schematic diagram of the experimental setup.

A room temperature and an atmospheric pressure were
maintained during the experiment. On the inlet section,
air pressure of 8 bars (gauge) was supplied by a
compressor and a maximum amountof 600 LPM. A
centrifugal pump with minimum fluctuations compared
to other pumps, with a capacity of 18 m*/h, pumped the
water into the section. The installation of a flexible hose
on the inlet section rig reduces the flow oscillations and
vibrations. To control the flow rate, two types of flow
meters were used, namely 1) Dwyer’s gas flow meters
with capacities range of 1-600 SCFH and 300-1,800
SCFH, and a 3% accuracy and 2) Omega water flow
meters with maximum capacity of 10 GPM and an
approximate 2% accuracy.

A constant-electric-current method (CECM) with
three parallel sensors located at a 215 mm distance was
used to obtain the liquid hold up defined in Eq. (6).
Bubble behaviors were observed within 120 seconds,
focusing on a specific point before the developed
flow's measurement points. A high-speed video
camera, Phantom Miro-M310, with a maximum frame
rate of 1,200 fps and a resolution of 3,000 x 4,000
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pixels, was installed at 150D, obtaining the spatial
results of visualization studies. The lighting equipment
had a series of installed LED lamps on the test section
rig. Regarding the distortion from the horizontal pipe,
a correction box was installed in the test section pipe,
about 5 m from the inlet section. The box reduced
image distortion and minimized the difference in
refractive indices between the fluids and tube wall
[20]. It was made of a rectangular transparentacrylic
box filled with water with a refractive index.
Therefore, the quality of visualization data could be
highly-maintained. The phenomenon in the near-wall
was magnified for a better investigation of sub-regime
of air-water slug flow characteristics.

3.2. Experimental method and condition

The experimental matrix had a range of air and water
0.31-6.00m/s and J.=
0.20 - 0.44 m/s. The low-liquid superficial velocities
observations were conducted to investigate the

superficial velocities as J¢ =

transition phenomenon in the presence of the
bubbles. At the higher liquid superficial velocities, the
focus was on the presence of bubble under the wave
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coalescence, the pipe blockage due to wave growth,
turbulence penetration, and its relationto the sub-regime
phenomenon. Under the high liquid, superficial
velocities were to investigate the presence of bubbles
pressured by the irregular waves and the initiation
positionsof the slug flow. The experimental data were
obtained in two stages carried out simultaneously. a) the
visualization observation for quantifying the bubble
behaviors and b) liquid hold-up measurements.

IV RESULTS AND DISCUSSIONS

4.1 Bubble behaviors in sub-regime air-water
slug flow

Figure 2 shows the qualitative visualization of the
bubbly tail of sub-regime air-water slug flow for
quantifying their behaviors. Bubble behaviors in the
bubbly tail, based on the qualitative visualization,
defined the sub-regime flow patterns as Initially
dispersed Bubbles (IdB), Low dispersed Bubbles
(LdB), High dispersed Bubbles (HdB), and Dominantly
dispersed Bubbles (DdB). At the bubble tail of IdB, an
elongated narrow, shaped bubble that flowed along the
upper side of the pipe occurred due to the higher
momentum of the liquid, which increased the speed of
the flowing bubble, streamlining the bubble nose. High
friction along the pipe surface, near thewall, the air-
water two-phase flow sheered away from the edge of the
pipe. This triggers a transition from the plug into a slug,
leading to the bubbles' initial break-up, as shown in Fig.
2 (a). The bubble tail exerted by the high momentum of
liquid caused the dispersal of the small bubbles in the
several bubbles traveled

liquid slug. Moreover,

occurred in the slug- bubbly tail.

o 4 Hj : e ITe
o"Slug Bubtﬂy Talf o3

o

Figure 2a. Bubble behaviors characteristics in sub-
regime of air-water slug flow. Initially dispersed Bubbles
(IbB) Jc = 0.70 m/sand J. = 0.44 m/s

Figure 2b. Bubble behaviors characteristics in sub-
regime of air-water slug flow. Low dispersed Bubbles
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(LdB) Jc = 1.26 m/sand J. = 0.31 m/s

blesy =%

Figure 2c. Bubble behaviors characteristics in sub-
regime of air-water slug flow. High dispersed Bubbles
(HdB) Jc = 1.88m/sand J. = 0.44m/s

Figure 2d. Bubble behaviors characteristics in sub-

regime of air-water slug flow. Dominantly dispersed

Bubbles (DdB) Jc = 6.00 m/sand /. = 0.31 m/s
In the higher momentum of gas, the LdB is a low slug
flow of bubbles in the slug-bubbly tail. The LdB flow
occurred, as shown in Fig. 2 (b), due to the momentumof
the elongated bubble that drives the slug liquid phase to
flow at a faster velocity. The elongated bubble
momentum affects the development of the slug [21].
The superficial velocity of the gas is higher than the IdB;
hence, the slug-bubbly tail is moreaerated. The higher
momentum of both gas and liquid shows the linear
tendency. Asshown in Fig. 2 (c), the HdB is the
numerous dispersed bubbles in the slug-bubbly tail.
They are also known as aeration. They occur
continuously and intensively at the air-water interface,
inside the slug-bubbly tail [22], where the liquid slug is
more aerated and becomes chaotic than within LdB.
The higher momentum of the gas.

Affects the entrainment in the liquid slug front traveled
to the slug-bubbly tail. The traveled bubbles in HdB
penetrated the interface of the slug tail and disrupted the
elongated thin layer of bubbles. The DdB is defined as
the HdB with a wavy interface. Fig.2 (d) shows how the
wavier interface at the liquid slug front and slug-bubbly
tail are more chaotic than HdB. The smaller dispersed
bubbles disrupted the elongated bubbles and caused the
wavy interfaces. The dynamic changes of gas and liquid
momentum led to different characteristics of sub-
regimes of air-water slug flow based on the four
proposed flows. The massive dispersed bubbles in the
highest momentum caused structural damage to the
elbow, knee, tee, nozzle, and diffuser.
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Figure 3 shows the quantified bubble behaviors
obtained from Eq. (5) in sub-regimes of air-water slug
flow. The quantification of the four characteristics of
sub-regime air-water slug flow in the horizontal pipe

Frontiers in Renewable Energy (FREE) 1 (2022) 13-22

was based on the bubble behaviors obtained by
qualitative visualization. Gas and high liquid momentum
forced the bubbles to be distributedin the wider area
inside the slug-bubbly tail.

Thresholding and Shading

Morphological Active Contours without Edges (MACWwWE)

Segmentation

Binarization and Evolutions

-
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Figure 3. Quantified bubble behaviors f in the sub-regime of air-water slug flow.

4.1 Characteristics of sub-regime air-water
slug flow by LHmBb

Figure 4 shows the liquid hold-up obtained from Eq. (6)
in sub-regimes slug flow. The
characteristics of sub-regime air-water slug flow are
divided into three stages which are 1) the occurrence of
liquid plug reflected by the probability density function P
at the liquid hold-up @ = 0.8 —[—], 2) the occurrence
of plug bubbles represented the dispersed bubble
behaviors reflected by P at @ = 0.4 — 0.8 [—], and 3) the
high momentum of slug bubbles symbolized the higher
momentum of dispersed bubble behaviors reflected by P at
a= 0.1 — 0.3 [—]. The initially dispersed bubble (IdB)
flow has a higher momentum than slug bubbles, as
shown in Fig. 4 (a). Four different segmentations in
heights denoted as y were proposed with a distance of
0.25D to illustrate characterization as seen from the
distribution of brightness level B to the observed length

of air-water
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x, the bubbles dispersed were observed by the low
fluctuation of B alongside x. The linear tendency of the
increasing number of dispersed bubbles and the
momentum was correlated to the increasing P at lower
a. From the mass conservations view, the smaller size of
dispersed bubbles distributes uniformly, leading to lower
momentum compared with the liquid plug under IdB.
These are validated by the changes of distribution of P
from ¢ =0.8 — 1.0 [—] under LdB and HdB to a=0.1
— 0.3 [—] under DdB. Moreover, the frequency of B
alongside x is dense, agreeing with the tendency of
static pressure and slug frequency proposed by [2]and
[3]. The approach based on image processing was
infeasible for industrial applications. The in situ
measurements based on LH correlated to the bubble
behaviors are good for the rapid decision making on the
real scale ofair-water two-phase flow.
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4.2 Correlation function of LHmBb for
predicting sub-regime air-water slug flow

Figure 5 shows the correlation function of LHmBD for
predicting sub-regime air-water slug flow in horizontal
pipe based on three dominant liquid hold-ups a defined
in section 4.2. Each « is defined as the average value
within the three stages. The most dominant value of
probability density function P is plotted in three «
based on the three points for the simplified
polynomial correlation function as,

P =¢1a?2 — q2a+¢3

)

Equation (7) is solved in Table 1. As shown in Fig.
5, the three stages were used to predict sub-regime air-
water slug flow characteristics with the pivot @, which
determines the changes in flowpatterns. Moreover, the
correlation function of LHmBB P’ has a low error based
on the comparison between P and P. 'To provide
comprehensive validations, the proposed P was
planned to be verified by previous models and tested
as the input of a machine learning application for

predicting the «a, flow regimes, and bubble
velocities.
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Figure 5. Liquid hold-up characteristics in sub-regime
of air-water slug flow.

Table 1 Coefficients and error rate of the proposed
correlation function P'.

K al—]  ¢f— gs[—  (err)[%]
1dB 1.366 2.2]00 0.8]76 0.023
LdB 1.899 2.866 1.096 0.025
HdB 0.707 1.204 0.541 0.004
DdB 1.150 1.892 0.771 0.003
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V CONCLUSION

In this study, the characteristics of the sub-regimes of
air-water slug flow in the horizontal pipe by the
proposed liquid hold-up model correlated to bubble
behaviors (LHmBDb) can be summarized as follows.

The quantified bubble behaviors in terms of f were
obtained by the image processing technique based on
the active morphological contour without edge
(MACWE) technique processed in Python 3.8. The § is
decreasing under different flow regimes and gives a
minor explanation of the bubble distribution in the sub-
regimes air-water slug flow. The difference of S is
caused by the less sensitivity of [, obtained from
MACWE. An improved algorithm provided a more
detailed segmentation, and binarization was planned for
the future works,

The LHmBD successfully determined the sub-regimes
air-water slug flow characteristics with qualitative
analysis and provide the understanding of the
previous works. T he four characteristics, defined as
Initially dispersed Bubbles (IdB), Low dispersed
Bubbles (LdB), High dispersed Bubbles (HdB), and
Dominantly dispersed Bubbles (DdB), provided a new
finding regarding the sub-regimes air-water slug flow in
a horizontal pipe.

The correlation function offered a high accuracy
prediction of the air-water slug flow regimes sub-
regimes. A comprehensive correlation was required to
elaborate on the important slug flow mechanismand
contribute to the development of air-water two-phase
flow in a multiphase flow society.
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Bio-crude oil is obtained through a thermochemical process of biomass
and can be used to reduce the Indonesian government's dependence on
fossil energy. A potential source of biomass that is generally used for
bioenergy production is microalgae, with Botryococcus braunii as the
promising type. In the conversion of microalgae into bio-crude, the
cultivation section is among the units required. Therefore, this study
aims to determine the most effective and optimal cultivation technology
that can be applied to the bio-crude oil refinery plant. It was carried out
at the cultivation simulation system in Cilacap, Central Java, Indonesia,
using the Analytic Hierarchy Process (AHP) method. The criteria used
were the reactor land area requirement, energy consumption, water
usage, cost, contamination risk, ease of scale-up, and adaptation ability
to weather changes. Meanwhile, the proposed alternative systems were
open raceway pond, flat-panel photo-bioreactor, hybrid, and membrane
photo-bioreactor. The AHP results showed that the open raceway pond
was selected for application in the bio-crude oil refinery process. The
biomass production potential of B. braunii from the cultivation unit was
19.8795 ton/year/ha, which can be processed into 11.5301 ton of bio-
crude oil with a high heating value (HHV) of 553,448.8 MJ.

.  INTRODUCTION

The derivation of Indonesia's primary energy mix from
new and renewable energy (NRE) is still very low.
Based on the latest data before the Covid-19 pandemic,
only 9.18% of the total national primary energy supply
of 1,620.69 million Barrel of Oil Equivalent (BOE) was

nd/4.0/).

provided by NRE [1] while others are dominated by oil,
natural gas, and coal. Meanwhile, biofuel is a form of
using NRE, which supplied approximately 2.95% of
primary energy in 2019.

Bio-crude oil is the application of biofuel as alternative
energy and is a blackish compound containing various

(http://creativecommons.org/licenses/by-nc-
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hydrocarbons similar to petroleum-based on its straight-
chain hydrocarbon content [2]. In its production,
processes such as cleaning, hydrotreating, and
hydrocracking are required to remove oxygen and
heavy compounds to produce a drop in biofuel [3, 4].
Bio-crude oil can be obtained through thermochemical
processes on biomass such as fast pyrolysis and
hydrothermal liquefaction (HTL) [5]. The main
difference between these technologies is the use of dry
feedstock in fast pyrolysis, while wet stock is applied in
HTL [6]. Furthermore, the oil from HTL has an oxygen
content of 10-20 wt.%, which is much lower than 40
wt.% in pyrolysis. This property is due to the calorific
value of HTL that is higher than pyrolysis with, 35
MlJ/kg and 16-19 MJ/kg, respectively and is comparable
to the 40-45 MJ/kg of conventional petroleum fuel [7].

Microalgae is a promising source of biomass that can be
processed into bio-crude oil. It is derived from non-food
raw materials and can be cultivated on relatively small
lands. Furthermore, it has high photosynthetic
efficiency, growth rate, biomass productivity, and good
capacity to use water, CO», and sunlight to synthesize
biomass via photosynthesis [8]. In this study, the
microalgae species used was Botryococcus braunii
which is a green colony freshwater microalga that
produces hydrocarbons [9] and can be found in all
climatic zones except Antarctica [10]. Although B.
braunii is a type of freshwater microalgae, it has been
investigated in cultivation using sea/brackish water
media [11; 12]. Meanwhile, the use of seawater is more
desirable in industrial-scale culture due to the reduction
of the risk of contamination by other freshwater-living
organisms in culture ponds [12]. B. braunii has a wide
temperature tolerance range from -20 to 40°C, which
makes the large-scale outdoor cultivation to be carried
out because of the minimal effect of extreme
temperature shifts on the growth rate [13; 14]. The
content of carbon and hydrogen, as well as the high
heating value (HHV) which is within 32.9-54.7 MJ/kg
in the biomass of this algae has a higher value than other
types of microalgae [15]. B. braunii has also been
considered a slow-growing alga with a generation time
of 7 days in nature [16], while the Showa strain shows
that it has a fast growth rate of 1.4 days [17]. Recently,
it was discovered that there are 9 fast-growing strains
with faster growth rates or similar to the Showa strain
[18]. A previous report also stated that some of the
properties of B. braunii crude oil are comparable to
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diesel oil, except for its higher kinematic viscosity [19].
Therefore, this study aims to select the optimal
cultivation system for processing biomass from the B.
braunii into bio-crude oil.

The selection of proper cultivation technology for B.
braunii becomes a crucial decision since it will affect
the whole aspect of the production of bio-crude oil.
Meanwhile, the preferred technology needs to provide
the best quality of biomass as indicated by yield and
growth rate, the complexity of the process, energy
consumption, operating cost, and economical aspects.
Previous reports have shown that the Analytical
Hierarchy Process (AHP) can be applied to make decide
on the selection of several alternatives. In this study,
AHP was used to compare and decide the best
cultivation technology for B. braunii.

. METHODOLOGY

The Analytical Hierarchy Process (AHP) method was
used to analyze several criteria in selecting the preferred
cultivation system.

2.1 Structure of Analytical Hierarchy Process
(AHP)

AHP is a hierarchical structure-based tool developed by
Thomas L. Saaty to manage qualitative and quantitative
multi-criteria elements involved in decision-making
behavior [19]. The basic concept of AHP is the use of
pairwise comparison matrices [20], where the pair
comparison scales are called the intensity of importance
scale (table 1). Subsequently, the priority vector
(weight) was calculated from that the pairwise
comparison matrices using the eigenvector method.
This method is popularly used to method to estimate a
priority vector as proposed by Saaty [21].

Table 1. Intensity of importance scale [18]

Intensity of  Definition Explanation
importance
Two activities
Equal .
1 importance contrlt.)ute' equally to
the objective
Moderate Experience and
3 importance of judgment strongly
one over favor one activity
another over another
Essential  or Experience and
s strong judgment  strongly

favor one activity

importance
P over another
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Activity is strongly
favored and its

tron: R
7 i\rlgr}; rtansceo g dominance
p demonstrated in
practice
The evidence
f: i tivit
Extreme avoring one activity
9 . over another is of the
1mportance . .
highest possible
order of affirmation
Intermediate
values

When compromise

2,4,6,8 between the is needed

two adjacent

judgments

When activity i has one of the above
numbers assigned to it when
compared with activity j, then j has the
reciprocal value

Reciprocals

The hierarchical structure was divided into 3 levels
(figure 1). Moreover, level 1 was the study goal, which
was to select a cultivation system for bio-crude oil
production. Level 2 was the qualitative and quantitative
criteria used for the selection. The land area of the
reactor, energy consumption, water usage, and cost
were the quantitative criteria, while contamination risk,
ease of scale-up, and adaptation ability to weather
changes were the qualitative criteria. Level 3 was the
alternative of cultivation systems, which include open
raceway pond (ORP), flat panel photo-bioreactor (FP-
PBR), hybrid, and membrane photo-bioreactor
(MPBR).

LEVEL I: GOAL SELECTED CULTIVATION

TECHNOLOGY FOR
BIO-CRUDE OIL PRODUCTION

— —_—

— —————

/} - T —

LEVELZCRITERIA | —— =

-]

"
—
<<,

~ —

ADAPTABILITY
TOWEATHER
CHANGE

REACTOR LAND
AREA

CONTAMINATION
REQUIREMENT R

EASE TO SCALE
up

ENER I
CONSUV WATER USA

&
A

Y
T
S =~

LEVEL 3: ALTERNATIVE =
L

G
1P
-

FLAT PANEL
PHOTCBIOREACTOR

OPEN RACEWAY POND ‘

‘ HYBRID

MEMBRANE
PHOTOBIOREACTOR

Figure 1. Analytical hierarchy process structure of this
case study

2.2 Cultivation  System  Simulation  Site
Characteristics

The secondary data used in this study were derived from
government reports and the results of previous studies.
Subsequently, the location for the cultivation system
simulation was in Cilacap Regency. It was selected due
to its closeness to abundant water sources from the sea,
the existence of oil refineries unit nearby for co-
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processing between bio-crude oil and crude oil, free
carbon source (CO.), and a dock for the delivery of
processing products via sea transportation. The area of
land available for the construction of the cultivation
system including the utility area is 8 ha. Based on Figure
2, the cultivation simulation had an annual average
global horizontal solar radiation of 1,915 kWh/m? or
5.25 kWh/m*day, while the annual average
temperature from 2015 to 2020 of the location was
27.2°C [22].

BN _____..____"W el |

Figure 2. Characteristics of the cultivation system

simulation site

The biomass productivity of B. braunii cultivated in
ORP from previous reports with similar characteristics
was 0.114 g/L/day [23], which was conducted at an
ambient temperature of 29°C, solar radiation of 5
kWh/m?/day, and air humidity of 71% at a harvesting
time of 15 days. During cultivation, a total of 200 L seed
culture of B. braunii was grown in mini ORP with a
biomass concentration of 0.085 g/L. Subsequently, it
was transferred to the 2000 L ORP containing 1800 L
of modified CHU 13 medium.

The productivity of B. braunii cultivated in FP-PBR
used reference with a value of 292.5 mg/L/day of
biomass [24]. This was carried out using 30 L PBR
filled with BG-11 nutrient medium, operating at 0.33
vvm air flow rate & 1% CO,. The productivity values
were calculated on the 4th day of cultivation under the
temperature of 27°C, a light intensity of 1,000
pumol/m?/s, and a maximum biomass concentration of
1.17 g/L. Since 2.02 pmol/m*sec  photon
photosynthetically active radiation (PAR) is equivalent
to 1 W/m? solar radiation [25], therefore, 1,000
umol/m?/s is equal to 5.45 kWh/m?*day (11 hours of
daylight).

In a hybrid cultivation system, productivity was the
combination of these two values. Meanwhile, the
MPBR productivity has been calculated as 2 times
greater than the optimum productivity of PBR, namely
for the submerged biomass retention MPBR [26].
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The yield of bio-crude oil from the HTL process on the
microalgae biomass of B. braunii from previous results
varied from 4.04 wt% [2] to 58 wt% [27, 28] and 68
wt% [29]. This study used a yield value of 58 wt% to
calculate the produced bio-crude oil, however, it was
reported that the high heating value in the bio-crude oil
was 48 MJ/k [27, 28].

Il RESULTS AND DISCUSSION

In this study, the data processing to obtain the value of
the intensity of importance scale was completed through
2 methods. In the first approach, the procedure was
carried out by calculating the system design based on
reports.  Subsequently, the pairwise
comparisons between systems were carried out using

previous

the results of these calculations to get the intensity of
importance scale to assess the quantitative criteria for
alternatives at level 3. In the second method, pairwise
comparisons were assessed by respondents (experts)
through questionnaires. This was applied to the
comparison between criteria at level 2 and the
assessment of qualitative criteria against alternatives at
level 3.

3.1 Criteria Weight Calculation (Level 2)

The pairwise comparison scale at level 2 was formed
from the average assessment made by expert
respondents on the contribution of each element
(criteria) to achieve the goal. This was carried out to
determine the order of importance of the 7 criteria used
according to the experts based on the characteristics of
the location. From Figure 3, the weighting result
showed that the investment cost is the most influential
criterion, followed by energy consumption, reactor land
area requirement, ease to scale up, water usage,
contamination risk, and adaptability to weather change.

Adaptability to weather changes [ 0.0514
Ease to scale up [ NNRMIN 0.1336
Contamination risk | NN 0.0745
Cost | 02406
Water usage | HNNNNO.0783
Energy consumption [ NNRNEGEGEGEINGG (2366

[ 01849

0 0.05 0.1 0.15 0.2 0.25 03

Reactor land area requirement

Figure 3. Chart of the weight of each criterion
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3.2 Calculation of Alternative Local Weights
Against Criteria (Level 3)

The definition of the criteria for the reactor land area
requirement was the area required for the cultivation
system to produce the same product as the open raceway
pond which was built on 8 ha. Meanwhile, the 4
cultivation systems were assumed to have the same
utility area and the open raceway pond design is shown
in figure 4 [30]. The assumption of effective production
time per year was 330 days as used in previous studies
[31; 32]. It was discovered that a total of 8 units of open
raceway ponds including the utility area can be built in
those available land areas with a projected biomass
production yield of 79.5179 tons/year.

15 m paddlewheel
| N —
-' =]
S
30m
¥
== =
270m
- o |
= 300m B
Pond depth = 30 cm

Figure 4. The open raceway pond design

The FPBR design is shown in figure 5 [30; 33], while
the land area to build flat panel PBR which was needed

for the same production projection as the open raceway
pond was 2.4033 ha.

Im :
@

Figure 5. The flat panel PBR design

The hybrid cultivation system was designed by
combining 1 unit of ORP and FP-PBR. This system
required an area of 3.0950 ha to produce the same
amount of biomass, while the MPBR used the design
basis of the FP-PBR. The use of reactors with a short
light path like the flat panel to construct MPBR is
generally recommended [34] and the land area required
to build that MPBR was 1.6788 ha.

The energy consumption was the one required for the
cultivation system to operate by volume within 330
days per year. The water usage criterion was the flow
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rate per day needed by the system to maintain the
dilution rate. Meanwhile, the cost criterion was the
production cost for total biomass of 79.5179 tons within
1 year. The results of the three quantitative criteria are
shown in Tables 2-4.

Table 2. Energy consumption of each alternative

Power or
Energy
Energy Volum erl
N Alternati Consumpti p
0 ve on per b el
P (m®)  Producti
Reactor on (MW)
Volume
4 W/m? 2113.7
1. ORP 35] 12 66.9624
3
2. FP-PBR S WM gos 3475613
[36]
Combinatio
3.  Hybrid n of ORP & 981'21 310.5975
PBR
0.64
4. MPBR KWhim* 414 209%483
[37]

Table 3. Flow rate of each alternative

No Alternative 5?)2111?:1(:: Flow rate
(m?) (F=DxV; m?/day)

1. ORP 2113.7120 528.4280

2.  FP-PBR 828 207

3. Hybrid 245.5535 245.5535

4. MPBR 414 103.5

Table 4. Cost of biomass production of each

alternative
. Total
No Alternative fjszdl;c:;z; Production
Cost per Year

1. ORP €4.95[38] € 393,613.61
2. FP-PBR € 5.96 [38] € 473,926.68

Combination
3. Hybrid of ORP & € 463,887.73

PBR

4 MPBR USS$11.30[39] € 790,726.00

Note: US $1 =€ 0.88

The contamination risk criteria were the risk level of a
cultivation system that can be disturbed by an external
predator. The ease to scale up criterion was assessed for
each system based on its technology maturity and
commercial company availability for its development
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from the laboratory to large scale. Meanwhile, the
adaptability to weather change criterion was the ability
of a cultivation system to continue production without
being affected by weather changes. The pairwise
comparison from the assessment result of the three
qualitative criteria is shown in Table 5.

The weighting results of alternatives against criteria are
summarized in Table 6 and are in line with previous
studies for most of the criteria that compared ORP,
PBR, and hybrid [40] and discussed membrane
application in PBR, namely MPBR [41]. The higher the
weight value of a cultivation system, the more preferred
the system in terms of related criteria. This is indicated
by the reactor land area requirement, which was wider
on ORP than the others, making its weight value the
lowest. Since MPBR energy consumption was the
highest, it had the lowest weight value.

On the contamination risk criterion, FP-PBR had a
higher weight than MPBR, although both systems had
the same design basis. This result showed that based on
previous reports and existing applications, respondents
preferred FP-PBR to MPBR to face the risk of
contamination. Meanwhile on the cost criteria, the
difference between the ORP and FP-PBR was not
significant, hence it has the same weight in the AHP
calculation.

Table 5. Pairwise comparison for qualitative criteria

Pau‘Wl.se ORP FP-PBR Hybrid MPBR
comparison

Contamination risk

ORP 1 1/5 1/4 1/5
FP-PBR 5 1 3 3
Hybrid 4 1/3 1 1
MPBR 5 1/3 1 1
Ease to scale up

ORP 1 5 4 5
FP-PBR 1/5 1 1 4
Hybrid 1/4 1 1 3
MPBR 1/5 1/4 1/3 1
Adaptability to weather change

ORP 1 1/4 1/3 1/4
FP-PBR 4 1 3 2
Hybrid 3 1/3 1 1/4
MPBR 4 1/2 4 1
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Table 6. Weighting results of Level 3

Criteria OR FP- Hyb MPBR
P PB rid
R
Reactor land area 0.08 0.23 021 0.439%
requirement 19 46 07
Energy consumption ~ 0.62 0.16 0.17  0.0378
71 31 20
Water usage 0.09 0.4539
22023 0.21
84 55
Cost 0.0632
0.28 0.28 0.28
57 57 57
Contamination risk 0.06 0.2210
32051 0.20
01 57
Ease to scale up 0.59 0.0683
08 0.17 0.16
51 58
Adaptability to 0.07 0.44 0.3410
weather changes 57 03 03;})4

I.  Global Weight Calculation

The global weight was calculated to determine the final
goal, which was the selection of a cultivation system for
bio-crude oil production. This was carried out for the
four alternatives by multiplying each local weight
against the related criteria and the results were summed
as shown in Figure 6.

MPBR
Hybrid

Flat panel PBR

0.05 0.1 0.15 0.2 0.25 03 0.35

o

Figure 6. Global weight of each alternative

Based on the global weight calculation, the ORP had the
highest weight value, followed by flat-panel PBR,
hybrid, and MPBR.

IV. CONCLUSION

Several technologies are available for the cultivation of
B. braunii for bio-crude oil production. Based on the
AHP method, the best alternative cultivation system
was the open raceway pond, followed by PBR flat
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panel, hybrid, and MPBR with the yields of 0.3259,
0.2596, 0.2113 and 0.2032, consecutively.

The biomass production potential was 79.5179 ton/year
for an open raceway pond with a land area of 8 ha or
19.8795 tons/year/ha. According to the HTL yield value
of 58 wt%, the bio-crude oil that can be produced from
the cultivation system was 11.5301 tons/year with an
HHYV of 553.,448.8 MJ/year.
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. INTRODUCTION

Microalgae are potential feedstocks for producing
sustainable biofuels and other high-value products [1].
This is because their derivation does not interfere with

nd/4.0/).

The continuous increase in energy consumption of fossil fuels has led
to the urgency of research and development in the field of renewable
energy for the future. Meanwhile, microalgae such as Botryococcus
braunii are among the renewable energy alternatives and a third-
generation source of bio-crude oil, producing more biomass compared
to others. However, the challenges that are usually encountered in the
selection of an effective approach for microalgae harvesting are the
small size of cells (3-30 pm) and the similarity between their densities
and growth media. Therefore, this research aims to determine the
appropriate microalgae harvesting technology for bio-crude oil
production using the Analytical Hierarchy Process (AHP). Several
potential harvesting technologies that have been used include
centrifugation, filtration, inorganic and organic flocculation,
bioflocculation, electrocoagulation, and flocculation-sedimentation.
The results showed that the parameters considered include energy need
(0.339), cost (0.214), risk of contamination (0.098), efficiency (0.133),
technology availability (0.066), microalgae strain flexibility (0.079),
and production time (0.071). Subsequently, the pairwise comparison of
seven alternatives and criteria for each harvesting technology are
compared. Based on the results, flocculation-sedimentation with a
weight of 0.202 is the best alternative that can be recommended as a
microalgae harvesting technology

food availability since they are obtained from non-food
raw materials. Microalgae are a third-generation biofuel
source with several advantages over terrestrial crops
due to their high potential yield and relatively quicker

(http://creativecommons.org/licenses/by-nc-
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growth rates [2]. Generally, microalgae are a group of
micro plants that belong to the algae class, with
diameters between 3-30 um, and single cells as well as
colonies living in freshwater and marine areas.
Photosynthesis is carried out in microalgae to produce
biomass, which absorbs nutrients and carbon dioxide
quicker than other crops. They also play a role in 1/3 of
the carbon fixation process that occurs in the world and
produces approximately 70% of the oxygen in the
atmosphere [2]. Meanwhile, the species used in this
research was Botryococcus braunii, which is a green
colony  freshwater microalga that produces
hydrocarbons [3] and is present in all climatic zones
except Antarctica [4]. The content of carbon, hydrogen,
and the high heating value (HHV) in the biomass of
Botryococcus braunii at approximately 32.9-54.7
MlJ/kg have a higher value than other types of
microalgae [5]. Previous reports have shown that
harvesting is a significant challenge that occurs in the
use of microalgae as renewable energy. This is due to
the small size of micro-algal cells (3-30 um), low
concentration of < 0.6 g/L, and the similarity of the
density of the algal cells to the growth medium [6].
Harvesting is carried out by separating microalgae from
their growth medium using a solid-liquid separation
technique to process the biomass and produce useful
products. This process uses several methods, namely
chemical, mechanical, biological, -electrical-based
operations, and a combination of these procedures.
Meanwhile, an ideal method must be suitable for most
of the microalgae types, achieve high biomass recovery,
and use minimal energy with nominal operative cost[7].
Therefore, reducing the harvesting costs is important for
the sustainable and inexpensive production of bio-crude
oil.

Microalgae harvesting methods have advantages and
disadvantages, which are distinguished by their
efficiency, time and energy needs, investment,
operational, and chemical costs. To achieve
economically viable and sustainable production, the
cost of these steps needs to be reduced [10]. Therefore,
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this research aims to select the most pre ferred
harvesting technology for bio-crude oil production. The
development of a systematic multi-criteria decision-
making (MCDM) was carried out using Analytic
Hierarchy Process (AHP) to evaluate the technology
alternatives in microalgae harvesting. One of the
strengths of AHP is combining both quantitative and
qualitative information to identify the preferred
alternative. The qualitative data are quantified through
a survey from algal experts. In its development, AHP is
used to determine the priority of choices with many
criteria and as an alternative method to solve various
problems [9].

. METHODOLOGY

AHP has been widely applied and extensively
investigated in several fields since its initial
introduction by Thomas L. Saaty in 1980. In this
research, the AHP method was used to determine the
harvesting technology, which has a set of criteria to
select the alternatives that were determined previously.
It allows for bias in making decisions by combining
logical considerations and values. Furthermore, its basic
principle includes breaking the problem into separate
elements, setting the priority of each component or
aspect, and weighing the priority set logically and
consistently [8]. The first step in the AHP method was
to compile a hierarchy of research schemes at several
levels. Level 1 was the purpose of this research, namely
the appropriate microalgae harvesting technology.
Level 2 was the 7 criteria used, which include energy
need, cost, risk of contamination, efficiency, technology
availability, flexibility,
production time, while level 3 was the alternatives to be
The
centrifugation,

microalgae  strain and

selected. alternative used consisted of

cross-flow filtration, organic and
flocculation, bioflocculation

electrocoagulation, and flocculation-sedimentation.

inorganic

The objectives, criteria, and alternatives are shown in
Figure 1.
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Jelected Mirinalr e Harwesting
Technology

Levell

Level2

Figure 1. Analytic hierarchy process structure

The second step was to carry out pairwise comparisons
between criteria and alternatives, which were scaled
from 1 to 9 [9], as shown in Table 1. This was followed
by the calculation of eigenvectors or the weight value of
the criteria and consistency tests. The final stage was to
calculate the weight value and arrange the priority
sequence of each alternative.

Table 1. Hierarchy Rating Scale [6]

Interest  Variable Explanation

definitions

1 Just as important The two elements have
the same effect.

3 A little bit more Slightly siding with

important one of the elements

5 More important Strongly siding with
one element.

7 Very important One element is very
influential and  its
dominance is evident.

9 Absolutes are more One of the more

important essential elements of
the partner is very
clear.

2,4,6,8 The middle value of The value is given

the assessment when there is doubt
above between  the two
options.

Reciprocal When the ratio

between the

elements i and j

33

yields one of the
values above, the
ratio between the
elements j to i will
produce the
opposite value.

Il RESULTS AND DISCUSSION

An example of AHP is shown with the best microalgae
harvesting technology (Figure 1). Based on previous

research [10] — [13], there are several potential
microalgae  harvesting  technologies, = namely
centrifugation, cross-flow filtration, organic and
inorganic flocculation, bioflocculation,

electrocoagulation, and flocculation-sedimentation

3.1 Criteria Weight Calculation (Level 2)

In this research, a pairwise comparison was carried out
to indicate the preference for each criterion. The seven
criteria compared were energy need, cost, risk of
contamination, efficiency, technology availability,
microalgae strain flexibility, and production time. The
exact method was carried out by calculating the average
of respondent data, followed by the consistency
calculation as shown in Table 2.
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Table 2. Pairwise comparison matrix for criteria

Microalgae

Criteria Energy Cost RISIf of . Efficiency Tec!mol‘o‘gy strain Proquctlon
need contamination availability flexibility time
Energy need 1 3 3 5 4 3 3
Cost 1/3 1 4 4 2 3 2
Risk of contamination 1/3 1/4 1 3 1 1 1
Efficiency 1/5 1/4 1/3 1 1 1 1
Technology availability 1/4 12 1 | | 4 3
Microalgae strain
flexibility 1/3 1/3 1 1 1/4 1 2
Production time 1/3 1/2 1 1 1/3 1/2 1

The eigenvectors or the weight value of the criteria was
calculated followed by consistency tests as shown in
Table 3. Based on the calculations, the parameters that
can be used as a basis for consideration in making
decisions are energy need (0.339), followed by cost

(0.214), efficiency (0.133), risk of contamination
(0.098), microalgae strain flexibility (0.079),
production time (0.071), and technology availability
(0.066) as the last priority.

Table 3. Weight of criteria
T Energy Risk of . Technology Microalgae Production
Criteria need Cost contamination Efficiency availability strain flexibility time
Weight 0.339 0.214 0.098 0.066 0.133 0.079 0.071
Inconsistency 0.076

3.2 Calculation of Alternative Local Weights
Against Criteria (Level 3)

The calculation of the weight alternative against the
criteria is also carried out to determine the best option
for solving the problem. The value of the criteria for
energy consumption, cost, efficiency, and production
time is obtained from previous research [10]-[17], as
shown in Table 4. Meanwhile, the criteria for risk of
contamination, technology availability, and microalgae
strain flexibility were obtained based on expert
judgment. The qualitative decisions are scaled in pairs
as shown in Table 1 by assessing the importance of an
element compared to other components. The pairwise
comparison from the assessment result of the three
qualitative criteria is shown in Tables 5 to 7. The
weighting result for this level is shown in Table 8.

Table 4. Determined matrix for microalgae harvesting

techniques
Energy Cost . Producti
Criteria need (US Efficien on time
(KWh/ D) cy (%) (min)
m°)
Centrifugation 5.50 500 90.0 10
Crossflow-
filtration 2.06 200 92.5 10
Inorganic 400 300 950 40
flocculation
Organic 400 300 99.0 30
Flocculation
B‘Oﬂolcfula“o 200 250  95.0 20
Electrocoagula 5 0 400 90 20
tion
Floceulation-—— g5 555 g9 25
sedimentation
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Table 5. Pairwise comparison matrix for risk of contamination criteria
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Risk of Centrifusati Crossflow- Inorganic Organic Bio Electro- Flocculation-
contamination entrifugation filtration flocculation Flocculation flocculation coagulation sedimentation
Centrifugation 1 1/3 | 1/3 2 2 1/4

Crossflow-
Filtration 3 1 2 12 1/2 3 1/3
Inorganic 1 12 1 1/3 1 3 1/3
flocculation
Organic
Flocculation 3 2 3 ! 2 4 I
Bioflocculation 1/2 2 1 1/2 1 2 1
Electro- 12 1/3 1/3 1/4 12 1 1/3
coagulation
Flo.cculathn- 4 3 3 1 1 3 1
sedimentation
Table 6. Pairwise comparison matrix for technology availability criteria
Technology Centrifugation Crossflow-  Inorganic Organic Bio Electro- Flocculation-
availability Hugati filtration flocculation Flocculation flocculation coagulation sedimentation
Centrifugation 1 3 2 2 3 3 1
Crossflow-
filtration 1/3 1 1 1 1 2 1/3
Inorganic 12 1 1 3 3 3 1
flocculation
Organic
Flocculation 172 1 173 1 3 3 2
Bioflocculation 1/3 1 1/3 1/3 1 1 1/3
Electro- 13 12 13 1/3 1 1 13
coagulation
Flocculation-
sedimentation 1 3 1 172 3 3 1
Table 7. Pairwise comparison matrix for microalgae strain flexibility criteria

Mlctrlf)t:hgae Centrifugation Crossflow- Inorganic Organic Bio Electro- Flocculation-

S .a. . g filtration flocculation  Flocculation flocculation coagulation sedimentation
flexibility

Centrifugation 1 3 172 2 3 3 12

Crossflow-
Filtration 1/3 1 1/3 1/3 1 2 1/3
lnorgan}c P 3 1 ) 3 3 P
flocculation
Organic
Flocculation 12 3 12 1 3 3 2
Bioflocculation 1/3 1 1/3 1/3 1 2 1/3
Electro- 1/3 12 13 13 12 1 1/3
coagulation
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Mlctr O:flgae Centrifugation Crossflow- Inorganic Organic Bio Electro- Flocculation-
ﬂ:lez:;;;ty ueg filtration flocculation  Flocculation flocculation coagulation sedimentation
F lo_cculatiqn— 2 3 12 12 3 3 1
sedimentation
Table 8. Calculation of weights between alternatives to criteria
. Microalgae .
Criteria Energy Cost Risk of Efficiency Technology s traing Production
need contamination availability - time
flexibility
Centrifugation 0.061 0.079 0.099 0.241 0.032 0.182 0.257
Cffl‘l’tsrsa?l‘;‘: 0207 0217 0.138 0.104 0.032 0.070 0.166
ﬂg‘:crfgtli‘gn 0.108  0.136 0.094 0.192 0.155 0.261 0.074
F&?ﬁlﬁon 0.108  0.136 0.239 0.158 0.297 0.182 0.105
Bioflocculation 0.189 0.167 0.134 0.065 0.155 0.070 0.133
col?ilgesgg;)n 0.121  0.113 0.051 0.058 0.032 0.053 0.133
Floceulation- ¢ 507 153 0.246 0.183 0.297 0.182 0.133
sedimentation
CR 0.007 0.015 0.073 0.061 0.001 0.049 0.014
As shown in Table 8, the calculation of the weights CTOSSﬂOW'ﬁ.ltratlon 0.158 3
alternatives against criteria was carried out according to BIOHOC(_’ulatlon _ 0.153 4
AHP. For every alternative, the value from Table 8 was Inorganic flocculation 0.134 5
multiplied by the individual criterion weight as Centrifugation 0.100 6
indicated in Table 3. The sum of these products was the Electro-coagulation 0.092 7

scores for each alternative and the highest score was
selected as the best.

The Centrifugation score is calculated as follows:

(0.339 x 0.061) + (0.214 x 0.079) + (0.098 x 0.099) +
(0.066 x 0.241) + (0.133 x 0.032) + (0.079 x 0.182) +
(0.071 x 0.257) = 0.100

The score for other alternatives is shown in Table 9. The
results showed that flocculation-sedimentation is the
most preferred harvesting technology followed by
organic flocculation, crossflow filtration,
bioflocculation, inorganic flocculation, centrifugation,
and electrocoagulation.

Table 9. Weighting and ranking of harvesting

alternatives
Alternative Weight Ranking
Flocculation-sedimentation 0.202 1
Organic Flocculation 0.161 2
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IV. CONCLUSION

A multi-criteria decision-making model using the AHP
approach was developed to evaluate seven harvesting
technology, namely centrifugation, filtration, inorganic
and organic flocculation, bioflocculation,
electrocoagulation, and flocculation-sedimentation.
Based on the data analysis, it was discovered that the
level of influence of the criteria to be considered include
energy needs (0.339), cost (0.214), risk of
contamination (0.098), efficiency (0.133), technology
availability (0.066), microalgae strain flexibility
(0.079), and production time (0.071). The result showed
that flocculation-sedimentation is the most preferred
harvesting technology with a weight of 0.202, followed
by organic flocculation, crossflow filtration,
bioflocculation, inorganic flocculation, centrifugation,
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and electrocoagulation with 0.161, 0.100, 0.158, 0.153,
0.134, 0.100, and 0.092, respectively.
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This study aimed to design a PEM electrolysis-based hydrogen reactor
and the potential for hydrogen production at Baron Beach, Gunung
Kidul, Yogyakarta. Based on the calculation done at the initial process,

23/2?1% tglcé %)il{ﬁgel %)Oji ust 2022 the electrical energy potentially generated from renewable energy, such
T o £ as wind, waves, and solar, reached 10.7 MW. This study also

€y woras. investigated the effect of reactor operating temperature on reactor
PEM Electrolyzer,

efficiency and hydrogen production. A numerical thermodynamic
approach was applied in the design process. The model, validated by
laboratory experiments by other institutions, was in good agreement
with previous research with an error value of 13%. The temperature
range was dynamically limited from 30 to 80°C. The optimum operating
conditions occurred when the temperature was set at 80 °C with a
reactor efficiency, a water consumption rate, and a hydrogen production
capacity of 76.3%, 2.817 kg/hour, and 250.42 kg/hour, respectively.
The raw material, namely seawater, was processed using the reverse
osmosis method. Ten reactors (with 13 cells per reactor) were installed
in parallel.

Thermodynamic, Hydrogen,
Electrolysis, Optimum.

.  INTRODUCTION

Baron Beach in Yogyakarta, Indonesia, has a unique

Hydrogen itself is a substance that has many strategic
functions in the chemical industry, like being a raw

contour with a basin surrounded by rocks. It is suitable
for constructing power plants. The potential for
electrical energy from wave, wind, and solar power in
the vicinity of the area reaches 10.7 MW. This value, if
produced in the absence of local demand and export,
can be a potential commodity to be converted into
hydrogen as an environmentally friendly fuel through
water electrolysis that has been widely applied as fuel
cells in the industrial and automotive fields [1][2].

nd/4.0/).

material for ammonia, methanol, oil refining, and
various other chemicals [3].

Many researchers have designed renewable
energy-based water electrolysis reactors with various
approach methods, including modeling with an
empirical and computational approach using Aspen and
MATLAB software. [4] modeled a combination of an
18 kW wind turbine and 12 kW solar cell-Alkaline
Water Electrolyzer with the help of MATLAB software.

(http://creativecommons.org/licenses/by-nc-
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The parameters studied were the effect of hydrogen
reactor temperature and on hydrogen production. They
concluded that the higher the temperature, the
efficiency of hydrogen production increased, which was
accompanied by an increase in current density and a
decrease in electric voltage. [5] modeled a PEM
Electrolyzer with Aspen Custom Modeler software. In
such modeling, they did not consider reactor geometry
but did the effect of operating conditions, namely
temperature and pressure, on hydrogen production.
They found that an increase in operating pressure will
only increase the voltage, while an increase in
temperature will increase the current density only.

In 2018 and 2020, Sanchez [7] modeled a 15
kW-Alkaline Water Electrolyzer with the help of
MATLAB software and the Aspen Custom Modeler. In
his two studies, he developed a semi-empirical model
compiled with MATLAB to be a computational model
with the Aspen Custom Modeler. His modeling
included a hydrogen reactor and its supporting process
units. He found that as the operating temperature rose
from 50 to 80°C, the voltage dropped, as did the stack
power required for electrolysis. Meanwhile, the
hydrogen production rate decreased when the
temperature increased because the Faraday efficiency
decreased and more hydrogen molecules crossed to the
oxygen side. At a pressure of 5-9 bars, the stack stress
did not increase significantly and did not affect the rate
of hydrogen production. However, the higher the
operating pressure, the lower the purity of the hydrogen.
The purpose of this study is effect of operating
temperature on the PEM Electrolyzer performance was
studied using an empirical approach.

Il. METHODOLOGY

Water electrolysis means separating water molecules
into hydrogen and oxygen through an electrochemical
reaction with the addition of electrical energy [6]. An
electric current flow between two separate electrodes
immersed in the electrolyte to increase the ionic
conductivity. The reactions that occur at the electrodes
are formulated in Eq (1) - (3) [8]. However, these
reaction are occured in base environment.

Anode :20H” - H,0 +1/20, + 2e~ 1)

Cathode: 2H,0 + 2e~ —» H, + 20H~ 2)
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Overall : H,0 - H, + 1/20, 3)

There several types of water electrolysis
technologies, including Alkaline Water Electrolyzer
(AEL), Proton Exchange Membrane (PEM)
Electrolyzer, and Solid Oxide Electrolyzer (SOEL) [9].
PEM is the most attractive technology to be applied in
the industrial sector because it has a compact design,

high current density, higher stability, higher gas purity,

arc

and high hydrogen production rate and is the most
suitable to be developed commercially. Therefore, in
this study, the PEM Electrolysis-based hydrogen reactor
was chosen.

Thermodynamically, the minimum energy required to
break a water molecule can be calculated from the
Gibbs free energy as a function of the reversible
voltage. The reversible voltage itself is the minimum
voltage of the cell for allowing the electrolysis process
to occur at standard temperature and pressure.

Vrey = - = 123V 4)
where:
AG® = standard Gibbs free energy (J/mol)
n = the number of electrons involved
F = Faraday constant (96500 C/mol)
Vv  =reversible voltage (V)

However, when the water molecules separate, a certain
amount of entropy is released, so the total energy
required for the electrolysis process is the enthalpy
change of the process. So Equation (4) changes to:

AG° = AH°—Q = AH°—T.AS°

AH® _ AG°® | TAS®

Viep = —— = —+——=1.48V (5)
where:
AH° = enthalpy change (J/mol)
AS° = entropy change (J/mol.K)
T = operating temperature (K)

In fact, the reversible voltage is not only affected by
temperature and pressure but also by the catalytic
properties of the electrode, the diffusivity of the
membrane, and the internal resistance of the cell. So the
cell voltage follows the following equation:

Veetr = Vrev(T) + MNetectrode T Na (6)
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where:

Veell = Cell voltage (V)
nelectrode = Kinetic resistance
No = Ohmic loses

According to Carmo [10], the typical operating
temperature of a PEM electrolyzer ranges from 20 to
80°C. In this study, variations in operating temperature
on the performance of the PEM electrolyzer reactor
were studied using a thermodynamic approach to
determine the optimum operating conditions. The
thermodynamic approach was carried out empirically
with the following assumptions:

o The effect of pressure was ignored
According to Marangio et al. [11], pressurized PEM
electrolyzers have several weaknesses, including:
the phenomenon of cross-permeate or water that is
not converted because it crosses directly through the
membrane to the cathode side, corrosion, brittleness
of reactor material by hydrogen, and cell instability.

e Uniform temperature in every cell.

e The heat lost to the surroundings was ignored.

e The mass transfer resistance or gas diffusivity to the
membrane was ignored.

e The catalytic or kinetic properties of the electrode
were ignored.

e Ohmic losses were constant
In this study, the type of membrane used was Nafion
117 with the value of ohmic losses considered
constant and not a function of temperature.
According to Slade et al. [12], Nafion 117
membrane has an ohmic resistance value of 0.15 V

So Equation (6) can be simplified to Equation (7)
Veetr = Vren(T) + 0.15 (7

where Vi, is a function of temperature at constant
pressure by following the following equation.

Viep = 1.5184 — 1.5421.1073T +
9.523.107°T InT + 9.84.1078T?2 (8)

By combining Equations (7) and (8), the equation to
calculate the cell voltage for the electrolysis process is
as follows:

Veen = 1.6684 — 1.5421.1073T + 9.523.1075T InT +
9.84.1078T2 9)
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The hydrogen production capacity of an electrolyzer is
closely related to cell current and Faraday efficiency.
Faraday efficiency is the relationship between the actual
and theoretical hydrogen production rates caused by
standby current losses or parasitic currents. According
to research by Barbir [13] and Gorgun [14], Faraday's
efficiency value for PEM electrolyzer is more than 99%.
Hydrogen production capacity and electrolyzer feed
water requirements can be calculated by the following

equation:
ce Ice
fHy ==y (10)
fH0 = 1.257celleell (11)
where:
i = hydrogen production rate
fino = feed water consumption rate

Deell = number of cells

Leen = cell current

NF = Faraday efficiency

F = Faraday constant (96485 C/mol)

where the cell current can be calculated by the following
equation, where P is the power generation (Watts):

P

leeny = Veell

(12)

After calculating with a thermodynamic approach, the
results of these calculations were validated with
done by
comparing the calculated Vcell value and experimental

experimental results. Validation was
results at various temperatures. Validation accuracy was
calculated based on error following the following

equation:

experiment—calculation

Error = x 100%

(13)

experiment

The experimental results were taken from the PEM
Electrolyzer facility for Hydrogen production at UPCT
(Technical University of Cartagena) with the following
specifications [15].

e Capasity =1kW

e  Number of cells =12

e Membrane = Nafion, 50cm2
e Number of reactor =1 unit
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Il RESULTS AND DISCUSSION

As shown in equation (9), the cell voltage (Vcell) is the
reverse voltage required to start an electrolysis process.
The Vcell itself is the voltage required to counter
resistance such as thermodynamic resistance (operating
conditions), kinetic resistance (catalytic properties of
the material), and mass transfer resistance (membrane
diffusivity), and ohmic losses. In this study, the kinetic
resistance-mass transfer was neglected and the ohmic
losses were considered constant so that Vcell was
considered as a function of temperature only. The
results of calculating the Vcell and Icell values at
various operating temperatures is presented in Figures 1
and 2.

1,65
1,64 -
1,63 1 ®
1,62 °

~1,61 1 °

21,60 - °

1,59 - °
1,58 - °
1,57 -
1,56 -
1,55

20 30 40 50 60 70 80 90
Temperature (C)

Figure 1. Effect of Temperature on Cell Voltage
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Figure 2. Effect of Cell Voltage on Cell Current

Figure 1 and 2 show that the increase in temperature
decreases Vcell and increases Icell so that the rate of
hydrogen production also increases according to
Equation 10 as presented in Figure 3.
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Figure 3. Hydrogen Production Rate and Water
Consumption Rate at various operating temperatures
These data were following the report of the research
conducted by Colbertaldo et al. [5], Sanchez et al. [7],
and Sanchez et al. [16]. However, there was a difference
between the results of the thermodynamic approach and
those of the experiments, as presented in Figure 4. At
the same temperature, the experimental Vcell was
higher than the calculation one wusing the
thermodynamic approach due to the presence of
obstacles such as kinetic resistance and mass transfer,
which were taken into account in the experiment. Thus,
to carry out the electrolysis process, a higher Vcell
value was needed. Figure 4 also shows that the higher
the temperature rise, the smaller the difference in the
Vecell values based on the experimental results and the

approach results.

2,50
—&— Calculation =~ —&— Experiment
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Figure 4. Comparison of Vcells based on Experiment vs
Calculation
Figure 5 presents a process flow diagram for the
hydrogen reactor design in this study. From this figure,
the reactor heat and mass balance can be arranged so
that the reactor efficiency can be calculated by the
following equation:

x 100%

n= Ny, HHV Yy,
P+ Qcet1 + QHz20

(14)
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where

NH2 = Mol of hydrogen produced

HHVu, = High heating value of hidrogen (286 kJ/mol)

P = Power required (kW)

Qe = Heat required for electrolysis (48.6kJ/mol
H>0) [12]

Qmo = The heat required to raise water temperature

H,0, T=25°C
_

Heat Exchanger

H,0

Toperasi

H,
H,O

PEM Reactor

Qeell

Eristrik
Figure 5. Reactor Design Process Flowchart
Through Equation (14), the calculation of the efficiency
of the electrolysis process at various temperatures is
presented in Figure 6. The highest efficiency was
obtained at an operating temperature of 80°C.
this  temperature, the
electrolysis process should be carried out.

Thermodynamically, at

80

79 A

~ ~
~ o]
1 1

Efficiency (%)

3
(=
1

./0/’/'/'/.

0 10 20 30 40 50 60 70 80 90
Temperature (C)

~
W

Figure 6. Reactor efficiency at various temperatures

Based on the calculation of the thermodynamic
approach, the hydrogen reactor designed in this study
was as follows:

Reactor type = Proton Exchange
Membrane Toperating =80°C

Number of reactors = 10 units
Configuration = parallel

Number of cells =13
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Membrane type = Nafion 117
Active Area =50 cm?
Current Density = 1.2 A/em?

IV. CONCLUSION

From this research’s results, it can be concluded that,

a. The PEM Electrolysis-based hydrogen reactors
designed with the empirical thermodynamic
approach were quite appropriate, as evidenced
by an error value of 13%.

b. The optimum production could be obtained at
an operating temperature of 800C with a
hydrogen  production capacity, system
efficiency, and an electric power input of
250.42 kg/hour, 76.3%, 10.7 MW,
respectively.

c. The designed hydrogen reactors consisted of 10

and

units installed in parallel. The number of cells
in each reactor was 13.
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