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A B S T R A C T

Microalgae-based products have gained growing interest leading to an increase in large-scale cultivation. How-
ever, the high energy associated with microalgae harvesting becomes one of the bottlenecks. This study evaluated
an energy-efficient microalga harvesting via ultra-low-pressure membrane (ULPM) filtration (<20 kPa) in com-
bination with aeration. ULPM offered various benefits especially in terms of reducing the energy consumption due
to it operated under low transmembrane pressure (TMP). High TMP often associated with high pumping energy
hence would increase the amount of energy consumed. In addition, membrane with high TMP would severely
affect by membrane compaction. Results showed that membrane compaction leads to up to 66 % clean water
permeability loss when increasing the TMP from 2.5 to 19 kPa. The Chlorella vulgaris broth permeabilities
decreased from 1660 and 1250 to 296 and 251 L/m2hrbar for corresponding TMPs for system with and without
aeration, respectively. However, it was found that membrane fouling was more vulnerable at low TMP due to poor
foulant scouring from a low crossflow velocity in which up to 56 % of permeability losses were observed.
Membrane fouling is the biggest drawback of membrane system as it would reduce the membrane performance. In
this study, aeration was introduced as membrane fouling control to scour-off the foulant from membrane surface
and pores. In terms of energy consumption, it was observed that the specific energy consumption for the ULPM
were very low of up to 4.4 � 10�3 kWh/m3. Overall, combination of low TMP with aeration offers lowest energy
input.
1. Introduction

Microalgae-based products such as food, feed and nutraceutical sup-
plements, cosmetics and even biofuels have gained growing interest
leading to an increase in large-scale cultivation of microalgal biomass
(Barkia et al., 2019; Spolaore et al., 2006). However, widespread pro-
duction of microalgae-based products has been limited by the lack of an
efficient microalgae harvesting technique, mainly due to the small size of
microalgae cells with culture density very close to water, low concen-
tration of the cultures requiring high amounts water to be removed
leading to high energy input and processing costs (Bilad et al., 2014a;
Liao et al., 2018). Conventional methods for microalgal harvesting
including centrifugation, gravity sedimentation, flotation screening, and
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flocculation face several critical limitations. They are either
energy-intensive (centrifugation), time-consuming (gravity sedimenta-
tion), or toxic to microalgal biomass (chemical coagulation/-
flocculation), which hinder their sustainable application (Barros et al.,
2015; Singh and Patidar, 2018).

Membrane-based filtration has emerged as a promising alternative
technology for microalgae harvesting (Bilad et al., 2014a; Lau et al.,
2020). It utilizes minimum chemicals only for occasional cleaning thus
preventing the end-product contamination, works at room temperature
which preserves some active compounds in the microalgae biomass (i.e.,
avoid protein denaturation), and when applied in continuous process
allows for reuse of excess nutrient and culture medium reuse lowering
the investment and energy demands (Bilad et al., 2014b; Zhang et al.,
e 2021
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2010). These advantages turn membrane-based microalgae biomass
harvesting attractive for processing of all range of microalgae-based
products (low- and high-value products).

The major challenge for microalgae harvesting by membrane process
is membrane fouling, which causes a significant flux reduction and more
importantly inflating the energy consumption (Lau et al., 2020; Razak
et al., 2020). The microalgae cells and their extracellular organic matter
(EOM) can form a cake layer on themembrane surface which increase the
filtration resistance overtime leading to permeability loss (Discart et al.,
2014; Liao et al., 2018). In addition, cross flow velocity, typically applied
to scour-off foulant, also induces the release of EOM that could worsen
the membrane fouling (Frappart et al., 2011; Zhang et al., 2019).
Therefore, an effective membrane fouling control that offers more sus-
tained performance under low energy input was thus required and was
addressed in this study via application of ultra-low pressure membrane
(ULPM) filtration system in combination with aeration (air bubbling).
ULPM is an attractive filtration system due to it offers low energy con-
sumption, however ULPM as a standalone system without installation
would severely affect by membrane fouling. This is due to insufficient
force from ULPM to scour-off the foulant from membrane surface and
pores. Hence, membrane fouling control method need to be employed to
overcome this issue. In this study, air bubbling was used as membrane
fouling control to improve the performance of ULPM filtration system.

Air bubbling is one of standard methods for membrane fouling con-
trol and has been well reported for membrane fouling control microalgae
filtration (Eliseus et al., 2017; Eliseus and Bilad, 2017) as well as for
ultrafiltration surface water or pretreatment seawater containing
microalgae for desalination using reverse osmosis. Aeration helps to
remove the foulant by inducing local mixing of turbulence flow and the
travelling bubble atop the membrane surface also induce drag and lift
forces that helps to scour off the foulant but at the same time acts as
energy consuming factor. Eliseus et al. (2017) attributed 88 % of foulant
removed by air bubbling, while only 10% of foulant removed by
exploiting crossflow velocity in absence of bubbling. The effectiveness of
aeration as membrane fouling control for microalgae filtration is more
effective at higher aeration rates which also associates with higher
aeration energy (B€ohm et al., 2012; Eliseus et al., 2017; Eliseus and Bilad,
2017). By considering efficacy of aeration in membrane fouling control
as well as the energy input associate with it, systematic assessment on the
overall application of aeration is thus required.

Based on the applied transmembrane pressure (TMP), pressure driven
system can be classified into high-pressure membrane (HPM) and low-
pressure membrane (LPM). Classically, LPM operates under low TMP
in range of 1–2 bar, meanwhile HPM operated at higher TMP (>2 bar)
(Huang et al., 2009). Recently, ULPM filtration system has also been
introduced for filtration under TMP of <0.2 bar. The ULPM system has
gain popularity due to its potential in lowering the specific energy con-
sumption because of the operation can simply be driven simply by gravity
via the hydrostatic pressure (Pronk et al., 2019). In addition, ULPM is
considered highly attractive because it offers less impact to environment,
easy automation, low energy consumption and high efficiency in
removing pathogen, organic matter and turbidity (Gamage and Chellam,
2011; Lai et al., 2015). It was recently reported that under ULPM via a
gravity driven filtration, green algae had insignificant effects and the
presence of algal cells mostly contributed to reversible fouling (Trutt-
mann et al., 2020). In a crossflow membrane filtration system, high feed
pressure couples with high volumetric velocity which is associated with
high pumping energy. It prompts the application of ULPM system that
potentially reduce the energy input. In addition, operation under ULPM
leads to lower fluxes that hinders the foulant build-up dragged by the
high permeate flow.

In this study, we exploit the role of crossflow velocity (represented by
the TMP) and aeration rate in enhancing hydraulic performance as well
as the consequences on the energy consumption for Chlorella vulgaris
filtration. The tests were done using a home-made flat sheet poly-
vinylidene difluoride (PVDF) membrane prepared via the phase
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inversion process. After preparation, the membrane was characterized in
terms of surface morphology, pore size distribution, thickness, porosity
and contact angle before being evaluated in crossflow membrane filtra-
tion setup. Subsequently, the effects of applied pressure on membrane
compaction was evaluated since it was found in the preliminary study
that the clean water permeability was strongly affected by the applied
pressure. Finally, the effects of applied pressure and aeration rates on
hydraulic performance and energy consumption were evaluated.

2. Material and methods

2.1. Microalgae feed

The method for cultivating Chlorella vulgaris medium used as the
feed for filtration was adapted from an earlier study (Dasan et al., 2020).
A 5 L of tap water without sterilization were inoculated with 10 mL of
Chlorella vulgaris seed. The photobioreactor (PBR) was operated
semi-batch wise. The organic nutrients were supplied in a form of
concentrated stock solution fed at the beginning of the cultivation. The
PBR was continuously illuminated with light intensity of 4440–5180 Lux
to supply the energy and was aerated to supply the inorganic carbon. The
Chlorella vulgaris was harvested after two weeks of cultivation when the
batch cultivation reached the stationary phase with biomass concentra-
tion of 1 g/L.

2.2. Membrane fabrication and characterization

The membrane sheet was fabricated from a dope solution containing
15 wt% of PVDF (molecular weight of 300 kDa, Sigma-Aldrich, St. Louis,
MO, USA) as the polymer, 84 wt% of dimethylacetamide (DMAC)
(Sigma-Aldrich, St. Louis, MO, USA) as the solvent, and additives of 0.5
wt% of lithium chloride (LiCl, Sigma-Aldrich, St. Louis, MO, USA) and
0.5 wt% of polyethylene glycol (PEG, Sigma-Aldrich, St. Louis, MO,
USA). The membrane was prepared via immersion precipitation method
by using demineralized water as the non-solvent. The mixture of com-
ponents in the dope solution was stirred at 600 rpm using magnetic
stirrer at temperature 60 �C for overnight to allow complete dissolution.
The solution was casted on top of non-woven support using a doctor
blade with a gap of 0.22 mm. The cast film was then immersed in a bath
containing demineralized water immediately after casting. The mem-
brane was stored wet until usage.

The synthesized membrane sample was characterized in terms of
surface morphology, surface cross section, pore size distribution, thick-
ness, porosity and contact angle using scanning electron microscopy
(SEM, Quanta-250, FEI, Thermo Fisher, Hillsboro, OR, USA), capillary
flow porometer (CFP, Porous Materials, Inc., Ithaca, NY, USA), goniom-
eter, capillary flow porometer, digital micrometer (Mitutoyo, Kawasaki,
Japan), gravimetrically measured using dry–wet method and goniometer
(OCA 20, Data Physics, Filderstadt, Germany).

2.3. Crossflow filtration

The membrane filtration performance was evaluated using in cross-
flow filtration (CFF) system as illustrated in Figure 1. The same setup was
also used to evaluate the clean water permeability using pure water as the
feed. The membrane sheet with an effective area of 22.4 cm2 was
assembled into the filtration cell. The membrane filtration performances
were evaluated to investigate two parameters: transmembrane pressure
and aeration. The transmembrane pressure was varied at 2.5, 5.0, 7.5,
0.1, 12.5, 0.15, 17.5 and 19.0 kPa, corresponding to the linear liquid
velocities of 0.18, 0.30, 0.69, 0.85, 0.90, 1.03, 1.04 and 1.22 cm/s, and
the aeration was evaluated under aerated and without. Each filtration
test was done at least twice to ensure the reproducibility of the results
and presented as average �standard deviation. The trans-membrane
pressure was adjusted by changing the rotation speed of the feed peri-
staltic pump. It is worth noting that in this study the TMP was altered by



Figure 1. Illustration of the crossflow filtration setup operated under full-recycle system. The trans membrane pressure and the aeration rate (when required) were
adjusted by changing the rotation speed of the peristaltic pump.
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changing the crossflow velocity, due to set-up limitation. Higher cross-
flow velocities were required for filtration at higher ΔPs. Therefore, an
independent study on the effect of TMP under constant crossflow velocity
and vice versa could not be done. For the filtration system with aeration,
the aeration was provided by flowing air using the additional flow
channel of the pump resulting equal volumetric flow rate of the air and
the liquid (Figure 2). Such approach was taken due to the difficulty in
controlling aeration rate when supplied from an independent stream.

Each filtration was run for 120 min, but the permeation data were
collected every 20 min. It was observed that after 120 min of filtration,
the permeability reached the quasi steady state value with minor changes
when the filtration was further extended. After each test, membrane
cleaning was performed by wiping gently the membrane surface with soft
sponge and flushing with tap water which restore the permeability >90
% of the original value, otherwise by soaking membrane in 0.08 % of
sodium hypochlorite solution for 2 hours. After each filtration test per-
formed in this study, the permeability of the membrane could be restored
>95 % of the pristine value as such the fouling history in form of irre-
versible fouling from earlier filtrations could be removed and thus did
not affect the subsequent filtration test. Only one membrane coupon was
used for all filtration test to avoid discrepancy due variation in the
pristine membrane sample as suggested elsewhere (Bilad et al., 2011).

The permeate volume data were used to calculate the flux and
permeability. After volume measurement, the permeate was returned to
the feed to maintain constant feed condition, only small portion of
permeate was collected for rejection test. The flux (J; L= m2:hÞ),
permeability (L; L=ðm2hrbarÞ) and biomass rejection (R,%) were calcu-
lated using Eqs. (1), (2), and (3), respectively.

J¼ V
At

(Eq.1)

L¼ J
ΔP

(Eq.2)

R¼CF � CP

CF
� 100% (Eq.3)
Figure 2. Illustration of the crossflow filtration setup showing the two-phase
flow of liquid and gas from the supplied aeration.

3

where V is volume of permeate (L), A membrane area (m2),t filtration
time (h), ΔP (or TMP) trans-membrane pressure (bar), CF concentration
of microalgae biomass in the feed (g/L) and CP concentration of micro-
algae biomass in the permeate (g/L). The biomass concentration was
measured using the gravimetry method.

2.4. Energy consumption estimation

To estimate the energy consumption of a full-scale filtration system, a
hypothetical full-scale module was projected and some of operational
parameters were taken from the ones applied in the filtration tests. For
the non-aerated system, the energy consumption was fully attributed to
the energy for feed pumping. However, for aerated system, additional
aeration energy was included.

The full-scale module was assumed to be arranged vertically with
effective panel width and height of 1.0 m and 2.0 m, respectively. The
gap between two adjacent panels creating the channel for the feed flow
was set to be 2 � 10�3 m. The crossflow velocity and the transmembrane
pressure were set the same as the ones applied in the experiments. Based
on the available information, the friction loss along the module was also
included in the estimation. The feed pumping power (PF, kW) and spe-
cific feed pumping energy (EP, kWh/m3) for the liquid flow filtration
were estimated using Eqs. (4) and (5), respectively.

PF ¼Qρ
�
ΔP
ρF

þ v2C
2
þ F

�
� 10�3 (Eq.4)

EP ¼ ηF
PF

_V
(Eq.5)

where Qis volumetric velocity of the feed across the flow channel (m3/s),
ρF density of the feed (assumed to be 1,000 kg/m3), ΔP trans-membrane
pressure (Pa), vC cross flow velocity across the flow channel (m/s), fric-
tion coefficient (J/kg), ηF pump energy efficiency (was set at 80%) and _V
volumetric flow rate of the permeate (m3/h) that can be calculated from
the data of permeability, TMP and effective membrane area within the
flow channel (2 sides x width x length of the panel ¼ 4 m2).

The aeration energy (EA, kWh/m3) was estimated according to a
method proposed elsewhere (Verrecht et al., 2008) and provided in Eq.
(6). Based on the hypothetical full-scale module, the flow channel area of
Ax ¼ (gap �width) ¼ 2:0� 10�3 m2 existed in between the two panels
where the feed liquid and air flow. Due to this configuration, the air could
flow over membrane area of A¼ (2 sides�width� length)¼ 4.0m2along
the flow channel. The air bubble cross flow velocity (U, m/s) was set the
same as the one applied in the experiment. The pressure of the air
entering the liquid flow stream (PA, Pa) was set 10 % higher than the
applied liquid pressure. The filtration flux (J) was set according to the
one obtained in the experiment. Other parameters including temperature



Figure 4. Steady-state permeability (left y-axis) and flux (right y-axis) as
function of transmembrane pressure for the pure water permeability tests.
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(T), blower efficiency (ξ) and the distance of aerator nozzle from the
surface of liquid (y), aerator constant (λÞwere assumed to be 298 K, 80%,
2.0 m and ~1.4, respectively. This method does not represent the total
energy consumption. The total specific energy consumption (ET , in
kWh/m3) was then the sum of specific pumping and aeration energy as
shown in Eq. (7).

EA ¼ PATλ
2:73� 105ξðλ� 1Þ

UAx

JA

2
66410

4y þ PA

�
1�1

λ

�

PA
� 1

3
775 (Eq.6)

ET ¼EA þ EP (Eq.7)

3. Results and discussion

3.1. Membrane properties

Figure 3 shows SEM images and the pore size distribution of PVDF
membrane applied for filtration of the Chlorella vulgaris broth. The SEM
images show a typical asymmetric membrane prepared from the non-
solvent. The PVDF membrane has a smooth surface with homogeneous
surface pore distribution. The pore size distribution data in Figure 3C
show that the minimum, maximum and mean pore size of the membrane
are 0.06, 0.27 and 0.14 μm, suggesting that the PVDF membrane falls
under microfiltration type. All the filtration tests show complete rejection
of microalgal biomass as such the effect of pressure and aeration on the
rejection results are not shown and not discussed thoroughly. The com-
plete rejections obtained are expected since the membrane pore size is a
way smaller that the size of the Chlorella vulgaris cells (cell sizes of ~2–10
μm). Similar complete rejection has also been reported for other micro-
filtration membranes for C. vulgaris medium filtration (Eliseus et al.,
2017; Razak et al., 2020). Apart from the morphology and pore size
characteristics, the membrane has a total thickness (including the
nonwoven), porosity and contact angle of 210 μm, 76 % and 82�. Overall,
it can be deduced from the characterization results that the applied
membrane is suitable for Chlorella vulgaris harvesting. The energy saving
associated with a low applied pressure with or without aeration are thus
evaluated in the subsequent sections.
Figure 3. SEM images of (A) surface and (B) cross-section, as well as the pore size di
C. vulgaris medium.
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3.2. Membrane compaction and membrane fouling

3.2.1. Effect of membrane compaction on clean water permeability
Figure 4 shows the effect of pressure on the clean water permeability

and flux. Both flux and permeability are presented to show the severe
impact of the applied TMP on the membrane compaction phenomenon.
The significant decrease of permeability at higher TMP demonstrates the
prominence of membrane compaction. Membrane compaction refers to
physical compression of the membrane itself due to the applied TMP
(Blazheska, 2016). The permeability decreases significantly from 2,770
L/m2hrbar under TMP of 2.5 kPa to about 376 L/m2hrbar under a TMP of
19 kPa. As reported by Bert (1969), these phenomenon is directly asso-
ciated with the state hydration of membrane as the water is being forced
out when the pressures is increased. This statement is supported by
Lawson et al. (1995) that the pressure applied to the membrane system
results in low membrane permeability causing by the compaction of
membrane, mostly occurs for the pressure driven membrane applica-
tions. According to Stade et al. (2013), a decrease in permeability as
function of TMP is a direct indication of membrane compaction.
stribution of the polyvinylidene fluoride membrane used for the filtration of the



Figure 5. Permeability profile as function of filtration time for the pure water
and the microalgae (Chlorella vulgaris broth) filtrations under transmembrane
pressures of 2.5 kPa and 19 kPa.

Figure 6. The steady-state permeability (left y-axis) and flux (right y-axis) for
the aerated and the non-aerated systems for Chlorella vulgaris broth filtrations.
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The finding on the permeability shown in Figure 4 suggest the
importance of the applied TMP on permeability, particularly when
considering the prominence effect of membrane compaction. The find-
ings open possibility for operation of microalgae filtration under very low
TMP without suffering significant loss on the filtration flux. As shown in
Figure 4, membrane compaction results in significant drop of perme-
ability at higher TMP but only corresponds to small increment of the flux
from 60 L/m2hr at pressure of 2.5 kPa–75 L/m2hr at pressure of 19.0 kPa.
The important effect of membrane compaction in affecting hydraulic
performance was also reported recently for filtration of laundry waste-
water (Bilad et al., 2020). Based on their findings, they claimed that the
application of detergent wastewater filtration able to be operated under
very low TMP (driven by only hydrostatic pressure) to avoid the mem-
brane compaction phenomenon. They also suggested that system at
lower TMP was found to have lesser fouling formation with less com-
pressed fouling layer. Hence, would be beneficial for enhancing the
membrane permeability. Also, lowering TMP able to reduce the total
energy consumption as it often associated with applied TMP.

As shown from Figure 4, compaction leads to >80 % permeability
loss. Mukherjee et al. (2016) in their study also found that the perme-
ability decreases are more severed at higher TMP due to increment of
concentration polarization which caused by more solutes convected near
the surface of the membrane. The finding suggests the need for a
custom-made membrane with good resistance from compaction under a
very low applied pressure. When membrane is exposed to high TMP, it
may lower the convection rate of permeate due to a decrease in overall
membrane porosity (Nitto, 2001). Moreover, membrane compaction may
also decrease the pore size or deform the pore geometry (Stade et al.,
2013). As stated by Stade et al. (2013), this phenomenon is common for
polymeric membranes for HPM systems, but less so in the ULPM filtration
system. Polymeric membranes are highly porous and tend to experience
larger stress distribution compared to less porous materials elevating the
likelihood for compaction phenomenon. As higher pressure is applied,
the macro void become smaller as the cavities within the membrane
matrix have low mechanical stability.

3.2.2. Combined effect of membrane compaction and membrane fouling
Figure 5 shows that the trend of permeability for Chlorella vulgaris

broth filtration as function of filtration time similar to the filtration of
clean water. The decrease in permeability of clean water is attributed to
the membrane compaction, while the decrease in permeability for
Chlorella vulgaris broth filtration is attributed to both membrane
compaction and membrane fouling. The difference between the clean
water and Chlorella vulgaris broth can be assigned as the effect of mem-
brane fouling, by assuming that the compaction is solely affected by the
TMP and not by the feed. To separate the effect of membrane fouling and
membrane compaction, the clean water permeability at each testing
pressure was measured. The membrane fouling can then be calculated as
the gap between the permeability of clean water versus the Chlorella
vulgaris medium.

Figure 5 shows that the membrane fouling rate is higher at low TMP
as shown by comparing the relative difference between clean water and
Chlorella vulgaris broth permeabilities. The difference in permeability
between clean water and microalgae caused by fouling is more promi-
nence under TMP of 2.5 kPa compared to 19 kPa. The percentage dif-
ference in permeability at the end of the filtration between clean water
and microalgae at TMP of 2.5 kPa and 19 kPa are 55 % and 34 %,
respectively. The average of percentage difference of permeabilities over
the full filtration for TMP of 2.5 kPa is around 56 % while, for TMP of 19
kPa is around 34 %. The finding suggests the dual roles of TMP in the
crossflow filtration. At higher TMP, high crossflow velocity leads to a
better membrane fouling control due to sweeping of foulant build-up by
the feed flow. The sweeping impact is better at high crossflow velocity
than the lower ones. A study also mentioned the fouling takes place due
to hydrophobic interaction between membrane surface and the foulants
where the foulants blocked the membrane pores caused membrane
5

surface damaged as well as affecting the overall membrane performance
(Sri Abirami Saraswathi et al., 2020). Nevertheless, it is not clear if in-
crements in the permeability is accompanied by lower specific energy
consumption. The tread-off between pressure, permeability and specific
energy consumption comes to the fore when considering the membrane
compaction phenomenon.
3.3. Effect of transmembrane pressure and aeration on hydraulic
performance

3.3.1. Effect of transmembrane pressure
Figure 6 shows that higher TMP substantially reduces the perme-

ability but to lesser degree increases the filtration flux. The highest
permeability is achieved at the lowest TMP for both systems with and
without aeration, corresponding to 1,911 and 1,250 L/m2hrbar, respec-
tively. However, highest flux is showed at the highest TMP of 19 kPa with
values of 47.8 and 31.2 L/m2hr for system with and without aeration,
respectively. This finding is in accord with findings of Rios et al. (2011)



Figure 7. Estimated of energy consumption as function of trans-membrane
pressure for Chlorella vulgaris broth filtration.
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in which permeability was negatively affected by the TMP, but increases
the flux. High flux associates with lower required membrane area (i.e.,
membrane investment cost), while high TMP governed by high crossflow
velocity associates well with the specific energy consumption (i.e.,
operational cost associated with pumping energy).

When considering the energy cost, the finding suggests a filtration
system operated under low TMP. However, the low crossflow velocity
associated with low TMP leads to severe membrane fouling. As
mentioned in Section 3.2, membrane fouling would inflate the mainte-
nance, operation and energy cost, as also reported elsewhere (Gao et al.,
2011). Due to the high fouling at low crossflow velocity, different ap-
proaches have been used as membrane fouling control techniques, but
the one used in this study is the air bubbles generation (aeration). In the
context of implementing membrane fouling control, the method must
also comply with the requirement of low-energy input. The energy input
for membrane fouling control must be smaller than the energy for
permeate pumping to achieve certain system throughput.

Figure 6 shows the permeability and flux as a function of TMP
measured for two different systems: without and with aeration. It is
noticeable that the trend of permeability showed for both systems
showed decrement as TMP increases, however the trend of flux showed
increment as TMP increases for both systems. Results in Figure 6 suggest
the importance of TMP selection, as it acts as the filtration driving force.
At low crossflow velocity coupled with a low TMP, membrane is expected
to have high tendency for fouling with lower flux (Rios et al., 2011;
Zheng et al., 2018) while at high TMP, membrane able to enhance the
flux by promoting its driving force hence, reduce fouling tendency
(Zhang and Ding, 2015) in expense of high mechanical pumping energy
(Cheryan and Kuo, 1984). As reported by Rinaldoni et al. (2009), losses
in mechanical energy should be minimized in order to achieve highest
possible efficiency for membrane filtration performance. The energy
losses usually incorporated with electricity, pumps, membrane, valves as
well as the system design (M�ethot-Hains et al., 2016). Hence, selecting
the most suitable TMP for membrane system is necessary to achieve
highest possible membrane performance efficiency.

3.3.2. Effect of aeration
Figure 6 shows that the membrane system with aeration shows better

performance in both permeability and flux under all TMPs (2.5, 5.0, 7.5,
10, 12.5, 15.0, 17.5 and 19.0 kPa). In terms of permeability, the highest
value is shown for the lowest TMP of 2.5 kPa with value of 1,911 L/
m2hrbar, which is 35 % higher than the system without aeration. Aera-
tion is one of standard method to control membrane fouling, especially
for the application of membrane bioreactor. It alleviates foulant by
scouring off the foulant.

Figure 6 also shows that membrane system with aeration offers the
highest flux at the highest TMP of 19 kPa, with a value of 48 L/m2hr.
However, but the highest percentage difference between aerated and
non-aerated system in terms of flux showed at the lowest TMP of 2.5 kPa
with a value of 34.6 %. Overall, membrane in aerated system overtook
non-aerated system under all TMP applied but the highest impact is
shown at lowest TMP for both the permeability and the flux. The findings
support the claim on the positive role of aeration in improving perfor-
mance of low TMPmembrane system by reducing the tendency of fouling
formation. The findings on the flux and the permeability imply that it is
desirable to apply low TMP and aeration even when the flux is lesser
compared to high TMP. However, it is known that aeration may lead to
additional energy consumption which affected the operational cost. Also,
lower flux necessitates larger membrane filtration area requiring detailed
energy consumption assessment.

3.4. Energy consumption assessment

Figure 7 shows that for both system with and without aeration, the
energy consumption gradually increases at higher TMPs and aeration
rates. The energy consumption was estimated to select the highest
6
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critical parameters in the microalgae harvesting process (Molina Grima
et al., 2003). The microalgae biomass contributed to the main cost for the
production of microalgae-based products (Norsker et al., 2011; Ruiz
et al., 2016), in which 20–30 % of the total production costs are from
harvesting stage (Brennan and Owende, 2010; Rawat et al., 2011; Udu-
man et al., 2010).

As shown in Figure 7, both aerated and non-aerated systems showed
increment in energy consumption at higher TMP. However, the aerated
system consumed more energy compared to non-aerated system and this
is due to the additional energy used for the aeration which were installed
to control the membrane fouling formation in the system. It is found out
that for aerated system, the energy consumption increased from 0.2 �
10�3 to 4.4 � 10�3 kWh/m3, while for the non-aerated system, the en-
ergy consumption increased from 0.1 � 10�3 to 3.0 � 10�3 kWh/m3 as
the TMP increased from 2.5 to 19 kPa. It is worth noting that for the setup
used in this study, the aeration rate also increased at higher TMP, which
make the aeration energy higher at higher TMP. In all cases, the energy
consumption of the non-aerated system always lower than the one with
aeration implying that the fouling control promote by aeration was more
energy intensive that the use of crossflow velocity exerted by higher
TMP.

Based on the results obtained in this study, the energy consumption
for membrane either in aerated or non-aerated system reported in this
study are considered to be lower compared to reports in the literatures.
Submerged microfiltration using magnetically induced membrane vi-
bration offered energy consumption of 0.20 and 0.22 kWh/m3 for the
filtration of Phaeodactylum tricornutum and Chlorella vulgaris, respectively
(Bilad et al., 2013). A slightly higher energy consumption of 0.25
kWh/m3 was reported for an aerated system. It is worth noting that the
low specific energy consumption reported in this study can be attributed
to different estimation method. We also exclude further concentration
step via a more energy-intensive centrifugation often adopted in the
referred reports. Baerdemaeker et al. (2013) reported that when coupled
with centrifugation, the full harvesting of biomass required higher en-
ergy consumption. In another study, Bilad et al. (2012) stated that for the
application of submerged filtration, the energy consumption can be
reduced to 0.40 kWh/m3. Bhave et al. (2012) estimated an energy con-
sumption in a range of 0.3–0.7 kWh/m3 when hollow fiber and tubular
membrane were used for microalgae harvesting.

When comparing the energy consumption of membrane filtration
(also coupled with centrifugation) for microalgae filtration, the literature
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reports show a promisingly low energy compared to other processes.
Uduman et al. (2010) found out that the typical energy consumption for
other microalgae harvesting methods are: centrifugation, 8 kWh/m3;
sedimentation, 0.1 kWh/m3; vibrating screen filter, 0.4 kWh/m3;
chamber filter pressure, 0.88 kWh/m3; crossflow filtration, 2.06
kWh/m3; electrocoagulation; 0.8 to 1.5 kWh/m3; flocculation and dis-
solved air floatation, 10 to 20 kWh/m3. Cheryan (1998) mentioned the
energy consumption for common microalgae harvesting process are:
centrifugation, 8 kWh/m3; floatation, 10 to 20 kWh/m3; and filtration
using depth media, 1 kWh/m3. Note that detailed analysis is required to
strictly compare the values since the estimation of energy consumption
from different reports typically adopt different assumptions.

The trade-off between operational (i.e., energy input) and capital
expenditure (i.e., membrane investment cost) can be evaluated by
comparing flux data in Figure 6 and specific energy consumption in
Figure 7. Thanks to the aeration, operation under TMP of 2.5 kPa offers a
filtration flux of 40.4 L/m2hr, slightly higher that an operation under
TMP of 15 kPa with a flux of 40.4 L/m2hr. Aerated system under TMP 2.5
kPa requires energy input of as low as 0.27 Wh/m3, even much lower
(almost one tenth) than an operation without aeration under a TMP of 15
kPa with energy input of 2.45Wh/m3. Similar combination can be drawn
from the data in Figures 6 and 7, demonstrating the efficacy of Chlorella
vulgaris harvesting under low TMP with aeration to offer advantage in
both opex and capex.

4. Conclusions

This study demonstrates the effectiveness of ULPM to lower energy
input for Chlorella vulgaris broth filtration. High TMP substantially
affected membrane compaction hence permeability loss. The Chlorella
vulgaris broth permeabilities decrease from 1660 and 1250 to 296 and
251 L/m2hrbar for increasing TMPs from 2.5 to 19 kPa. Low TMP lowers
compaction but vulnerable from membrane fouling. By considering the
impact of TMP and aeration, combining low TMP and aeration can offer
very low energy input of up to 4.4� 10�3 kWh/m3. This study provides a
new approach for an energy-saving and fouling-free membrane filtration
for microalgae harvesting. Aeration is an approach used to control the
fouling formation on membrane surface and pores by generating hy-
drodynamic condition that consists of drag force and lift force which able
to scour-off the foulant from the membrane. It is worth noting that
aeration able to improve the performance of membrane even though
installation of aeration would increases the amount of energy con-
sumption. Also, based on the energy consumption estimation in this
study, the energy consumption for aerated system considered as low
compared to the reported literatures.
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