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ABSTRACT

Treated sewage is a promising source of nitrogen and phosphorus in microalgae biomass production
for carbon-neutral biofuel and chemical products. In this study, Chlorella vulgaris was continuously
cultivated in membrane photobioreactors (MPBRs) under short hydraulic retention times (HRTs) and
with different numbers of submerged membrane modules to investigate potential microalgae produc-
tivity when treated sewage was used as a nutrient source. Microalgae biomass concentrations were
independent of HRT in MPBRs with one membrane module owing to microalgae biomass deposition
on the membrane. Installation of an additional submerged membrane module effectively reduced
deposition on the submerged membrane, resulting in increased microalgae biomass concentration and
volumetric productivity. Growth kinetics suggested that HRT is the essential parameter influencing
the volumetric productivity of microalgae under nutrient-limited conditions, and that optimization
of the biomass concentration, which depends on the surface/volume ratio of the photobioreactor and
initial light intensity, is critical to maximization of the volumetric productivity under light-limited
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conditions.
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INTRODUCTION

Microalgae is a promising carbon-neutral biomass re-
source to be utilized for production of biofuel and bio-based
valuable products [1,2]. However, estimated costs of produc-
ing biofuel from microalgae are still 10 times higher than
those of petroleum [3]. To make biofuel production from
microalgae feasible, substantial reductions in the cost of
cultivation, dewatering and extraction are required. During
cultivation of microalgae, it is necessary to supply nitrogen,
phosphorus and carbon dioxide. However, use of chemical
fertilizers as nutrient sources would diminish the benefits of
microalgae biomass because production of fertilizer requires
fossil energy for fixation of atmospheric nitrogen. Accord-
ingly, utilization of wastewater as a source of nitrogen and
phosphorus has the potential to reduce cultivation costs and
energy consumption. Secondary treatment effluent from

activated sludge processes could serve as a good cultivation
medium because it also contains high levels of carbonate, as
well as nitrogen and phosphorus. However, nutrient contents
in wastewater and treated wastewater are much lower than
those in cultivation media that has typically been used in
past studies of microalgae cultivation [4—8].

Application of membrane photobioreactors (MPBRs) has
recently been proposed to realize highly efficient microal-
gae production utilizing treated wastewater as a source of
nutrients [9-11]. In a simple open pond or photobioreactor
(PBR) system, achievable nutrient loading is limited when
medium containing low levels of nutrients (such as waste-
water) is used. This is because a limited range of hydraulic
retention times (HRTs) can be applied to avoid washout of
microalgae. Installation of a submerged membrane filtration
system in a PBR decouples HRT from solids retention time
(SRT), enabling operation with a long SRT to maintain a
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high concentration of microalgae and short HRT to achieve
high nutrient loading with low-nutrient media or wastewater.
In our previous study, combination of a short HRT (24 hours)
and a long SRT (18 days) generated the highest microalgae
productivity in cultivation using simulated secondary ef-
fluent of wastewater treatment [10]. However, the results
indicated that higher productivity could be achieved by
increasing the nutrient supply since productivity was limited
because of phosphorus starvation.

Installation of submerged membrane filtration in a PBR
enabled substantial improvement of nutrient supply loading
by operation of short HRT, which cannot be operated in a
simple overflow PBR. However, the range of HRT applied in
previous studies on MPBR process was 1 — 10 days [9-11].
Microalgae growth shown in those studies were still slower
than their potential. Theoretically, a higher microalgae
productivity than those past studies can be achieved by ap-
plying much shorter HRT and more nutrient supply loading.
Meanwhile, shortening of HRT results in increase of flux and
may cause severe membrane fouling. Since operation of an
MPBR process with HRT shorter than 1 day has not been
attempted so far, optimized operation and possible failure of
the process is still unknown.

In this study, MPBRs were operated under short HRT of
24 hours and 8 hours to investigate its effects on microalgae
productivity and membrane fouling. Moreover, the MPBR
was operated with different numbers of submerged mem-
brane modules to clarify the effects of microalgae biomass
deposition on submerged membranes. The performance of
the MPBR was then evaluated in terms of microalgae pro-
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ductivity. In addition, the essential operating parameters to
maximize the volumetric microalgae productivity were dis-
cussed based on growth kinetics in a PBR under limited light
and nutrient conditions. Removal performance of nitrogen
and phosphorus in treated sewage was also evaluated as the
expected secondary effect.

MATERIALS AND METHODS

Membrane photobioreactor

A flat-plate PBR made from acrylic plastic (Fig. 1) with di-
mensions of 30 cm (width) x 10 cm (length) x 50 cm (height)
was filled to a depth of 13 cm with 4 L of simulated treated
sewage. The surface/volume ratio (SVR), which is defined as
the ratio of the lighted surface area to the effective volume,
was 26 m~!. A polyvinylidene difluoride hollow-fiber micro-
filtration membrane module (Sterapore Sade Series, Mitsubi-
shi Rayon, Tokyo, Japan) was submerged in the reactor. The
pore size of the membrane was 0.1 um, and the membrane
surface area in the module was 0.085 m2. Two steel plates
each equipped with 12 red-light-emitting diodes (LEDs)
(627 nm, LXML-PDO01-00040, Phillips, Amsterdam, the
Netherlands) and 12 blue LEDs (455 nm, LXML-PR01-0275,
Phillips, Amsterdam, the Netherlands) were placed 2.5 cm
from the 30 cm wide wall of the reactor. The light intensity
on the illuminated wall of each PBR was 20 W/m?. Thickness
of the acrylic plate used for the photobioreactor was 10 mm.
The absorbance of the acrylic plate at 627 and 455 nm was
low enough to be negligible.

—@-1— Simulated treated sewage

Microalgae withdrawal

@ : Peristatic pump

@ : Pressure gauge

Membrane module
(@) Runs1and 2 (b)Run3

Fig. 1 Schematic diagram of the membrane photobioreactor.
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Reactor operation

Simulated treated sewage was continuously supplied as a
cultivation medium into an MPBR under different HRTs and
numbers of membrane modules. Three runs were conducted:
(i) an HRT of 24 hours with one submerged module (Run 1);
(i1) an HRT of 8 hours with one submerged module (Run 2);
and (iii) an HRT of 8 hours with two submerged modules
(Run 3). In Runs 1 and 2, the hollow-fiber membrane module
was bent to submerge in the MPBR (Fig. 1). In Run 3, two
modules were submerged without bending to generate more
efficient cleaning by air scrubbing. The SRTs were set at
12 days in all runs, because SRT between 9 — 18 days were
found to be optimum in our previous study [10]. Chlorella
vulgaris NIES-2170 was used as the inoculant. Simulated
treated sewage contained 10 mg of peptone, 1.5 mg of beef
extract, 210 g of NaHCO;, 57.3 mg of NH,CI, 1.51 mg of
NaH,PO,2H,0, 70 mg of CaCl, and 40 mg of MgSO,-7H,0O
per liter, and micronutrients including 0.1 ug of vitamin B12,
0.1 pg of biotin, 10 pg of thiamine HCI, 3 mg of Na,EDTA,
0.59 mg of FeCl;-6H,0, 0.11 mg of MnCl,4H,0, 0.03 mg
of ZnSO,7H,0, 0.0l mg of CoCl,-6H,O and 7.5 pug of
Na,Mo00,2H,0 per liter. The composition of the simulated
treated sewage was designed based on the water quality of
secondary treatment effluent of a sewage treatment plant in
Kanazawa, Japan. The simulated treated sewage contained
5.0 mgC/L total organic carbon (TOC), 30 mgC/L inorganic
carbon (IC), 15 mgN/L total nitrogen (TN) as ammonium,
and 0.3 mgP/L total phosphorous as phosphate. The MPBR
was purged with compressed air mixed with CO, to 1% of
the partial pressure, which simulated off-gas from an aera-
tion tank at a sewage treatment plant [10]. The flow rate of
the purge gas was set at 200 mL/min. Membrane permeate
was intermittently withdrawn by suction pumps in a 5 min
on/ 1 min off cycle. Membrane modules were physically
cleaned occasionally when transmembrane pressure (TMP)
increased by +20 kPa from that of virgin membrane. Physical
cleaning was performed by backwashing on days 43 and 67
in Run 1, and on days 4, 17, 43 and 67 in Run 2, while it was
accomplished by offline flushing on day 52 in Runs 1 and 2.
Backwashing was conducted by pumping the permeate back
to the module at the same flux as withdrawal of permeate for
30 min in Runs 1 and 2. During offline flushing, biomass
removed from the membrane was returned to the MPBR.
In Run 3, the membrane was cleaned by backwashing on
days 15, 34, 45, 52 and 58 by pumping the permeate back
to the module at the same flux as withdrawal of permeate
for 60 min. The temperature was maintained at 24 + 4°C in
Runs 1 and 2, and 19 + 3°C in Run 3.

Sample analysis

Biomass concentration was analyzed as suspended solids
(SS). Chlorophyll a (chl. @) and SS concentrations were
analyzed according to Eaton et al. [12]. Dissolved inorganic
nitrogen of ammonium (NH,-N), nitrite (NO,-N) and nitrate
(NO5-N) and phosphate-phosphorus (PO,4-P) concentrations
were analyzed by ion chromatography (LC-10AD, Shi-
madzu, Kyoto, Japan).

RESULTS AND DISCUSSION

Effects of HRT

In runs in which one membrane module was submerged,
both nitrogen and phosphorus supplies were sufficient un-
der the shorter HRT of 8 hours, while phosphate became
deficient under the longer HRT of 24 hours (Table 1; Figs.
2 and 3). However, microalgae biomass concentration was
nearly comparable, regardless of HRT conditions (Fig. 4).
More growth of microalgae was implied under shorter HRT
because a higher consumption of inorganic carbon was
observed (Table 1). However, a portion of the microalgae
was retained as cake on the membrane. More biomass was
likely to be present as cake deposited on the membrane under
the shorter HRT since the flux was larger. In runs with one
membrane module, microalgae were retained inside the loop
structure formed by hollow-fiber membrane strings (Fig. 1).
This also probably caused low concentrations of microalgae
in the bulk solution. Because the major part of microalgae
biomass to be harvested would be in the bulk solution in a
practical process, control of biomass deposition on mem-
brane is also suggested to be significant. After day 52, when
the microalgae retained in the module were detached by
offline flushing, biomass concentration increased, reaching
a maximum of 780—-870 mg/L. These results suggest that not
only nutrient supply, but also control of microalgae deposi-
tion on the membrane affect biomass productivity.

In an MPBR process for microalgae cultivation, air supply
necessary for membrane scouring is much smaller than in a
typical MBR process for wastewater treatment, in which air
is supplied mainly for the purpose of membrane scouring.
This is probably because SS concentration is much lower
in microalgae cultivation process than in an MBR. Severe
increase of TMP was not observed for about 40 days when
it was operated under 24 hours of HRT as observed in the
previous study where the MPBR was operated under 24
hours of HRT [10]. However, more frequent cleaning became
necessary when HRT was shorter. Air supply for membrane
scouring also should be optimized dependent on HRT.
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Fig. 2 Variations in dissolved inorganic nitrogen (DIN) concentrations under different hydraulic retention times and num-

bers of submerged membrane modules.

Nitrogen and phosphorus consumption rates were 2.0 — 2.5
times higher when the HRT was shorter (Table 1), which was
similar to the results reported by Honda et al. [10]. These
findings demonstrated that nutrient consumption rates could
be enhanced by reducing the HRT, while ratios of consumed
nutrients were larger when the HRT was longer. Therefore,
higher nutrient removal ratios were expected as the second-
ary effect when the process is operated under a longer HRT.
The removal ratio achieved here was comparable to those
reported in previous studies [13,14]. Under the longer HRT of
24 hours, over 95% of the phosphorus was removed. Removal
of dissolved nitrogen was 45 — 71%. The ratios of consumed
nitrogen to phosphorus were 41.7 and 48.0 under HRTs of
24 hours and 8 hours, respectively. Phosphorus became the
primary limiting factor under longer HRT in this study, be-
cause the N/P ratio of the influent was 56.7, which simulated
secondary treatment effluent of a wastewater treatment plant
in Kanazawa City. However, nitrogen could be the limiting
nutrient if the treated sewage with a lower N/P ratio was used

as the influent.

These results suggested that MPBR process would be
also effective for biodiesel production from microalgae by
applying a sequential operation of short and long HRTs. Al-
though the focus of this study is to increase nutrient loading
to maximize productivity of microalgae biomass, operation
under nutrient-limited condition is also necessary for bio-
diesel production by microalgae to let microalgae accumu-
late carbohydrates in their cells. By employing an MPBR,
nutrient-sufficient condition and nutrient-limited condition
can be controlled only by changing HRT. Therefore, it would
be possible to carry out the production of microalgae cells as
well as the accumulation of carbohydrates in a single reactor.

Effects of addition of membrane modules

In the run with two membrane modules, hollow-fiber
strings were set up straight to enable more efficient cleaning
by air scrubbing (Fig. 1). The biomass concentration in the
bulk solution became larger when two membrane modules
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Fig. 3 Variations in phosphate-phosphorus (PO,-P) concen-
trations under different hydraulic retention times and num-
bers of submerged membrane modules.

were installed in the PBR (Fig. 2; Table 1). This is prob-
ably because less microalgae biomass was deposited on the
membrane owing to lower flux and more efficient membrane
cleaning by air scrubbing in the PBR with two modules. A
higher chl. a concentration also indicated that more microal-
gae existed in the bulk solution and grew photosynthetically
in the PBR with two modules (Fig. 3). A higher microalgae
concentration in the bulk solution is preferable for higher mi-
croalgae productivity because microalgae in the bulk solution
are not only expected to grow better than those in the cake
deposits owing to higher light availability, but are also easily
harvested. These results show that reduction of microalgae
deposition on the membrane is important to increase mi-
croalgae biomass concentration in bulk solution, and hence
the volumetric productivity. Setup of the membrane module
would be important in reducing stagnant dark spaces, where
microalgae become less competitive with other chemoauto-
trophic bacteria such as nitrifying bacteria. Increasing the
membrane modules, which results in increased surface area,
is also effective because it can reduce cake deposition by
lowering flux through the membrane.

Nitrification was observed in all runs, suggesting pres-
ence of nitrifying bacteria in the PBR (Fig. 2). However,
trends of the nitrification varied among the runs. In runs
operated with one module, nitrate was the dominant inor-
ganic nitrogen species when SS was low, while ammonium
became dominant after SS increased to exceed 400 mg/L.
Meanwhile, partial nitrification to nitrite became dominant
almost throughout the operation period in Run 3, which was
operated under 8 hours of HRT with two modules. There was
no oxygen depletion since dissolved oxygen was kept at 6 —

8 mg/L almost throughout the operation in all runs. Pollice et
al. (2002) reported that partial nitrification to nitrite occurs
in shorter SRT of 10 days even when oxygen is not limited,
because nitrite-oxidizing bacteria prefer longer SRT [15]. In
this study, complete nitrification to nitrate occurred in runs
with one module probably because nitrite-oxidizing bacteria
could be retained with longer SRT in the dead space inside
the loop structure of membrane strings. However, after the
membrane setup was improved, only partial nitrification to
nitrite occurred because there was no dead space inside the
module where nitrite-oxidizing bacteria were retained.

Phosphate became limited when two modules were sub-
merged (Fig. 3), which likely occurred because more micro-
algae grew in the illuminated bulk solution and consumed
more phosphate than in the PBR with one module. The
phosphorus consumption rate by C. vulgaris was 0.3 — 0.9
mgP/(L-d) in this study (Table 1). However, C. vulgaris has
a higher potential growth rate because it was comparable
or lower than other studies using cultivation media with a
high nutrient concentration. Therefore, it is suggested that
a higher microalgae biomass productivity can be achieved
by increasing phosphorus loading, i.e. by shortening HRT.
Consequently, when treated sewage is utilized for microal-
gae production, it was suggested that an HRT shorter than 8
hours was required to supply phosphate at levels sufficient to
achieve potential microalgae productivity. In runs operated
with an HRT of 8 hours and one module, TMP did not recover
well when backwashing alone was conducted, even though
it was performed more frequently than in the run with the
24-hour HRT (Fig. S1). In the run with two modules, only
backwashing was needed to recover the TMP for 60 days of
operation. This is probably because deposition of microalgae
biomass was reduced by improvement of membrane setup.
Under one-module setup, microalgae biomass was deposited
in the loop structure of membrane strings, and air scouring
could not reach in the loop. Under two-module setup, since
the membrane strings were set straight, biomass deposition
was reduced and air scouring was also improved.

Optimum microalgae concentration in a membrane
photobioreactor

The maximum microalgae biomass concentration achieved
in this study was 800 — 900 mg/L. In the majority of previous
studies of cultivation of C. vulgaris, the maximum biomass
concentration ranged from 800 to 1,200 mg/L [10,11,16-21],
although some studies reported much higher concentrations
of 1,500 to 12,000 mg/L [22-25]. However, a range of 800
to 1,200 mg/L can be considered a practically achievable
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Fig. 4 Variations in (a) biomass concentration and (b) chlorophyll a concentration
under different hydraulic retention times and numbers of submerged membrane mod-
ules. The arrows stand for timing of membrane cleaning; symbols with asterisks are
for offline flushing and symbols without asterisks are for backwashing.

in a PBR, the fraction in which there is sufficient light for
microalgal growth is limited to a few centimeters from the
light source. However, increasing the light intensity does not
simply increase the growth area because high intensity light
is known to cause photo-inhibition [26]. Therefore, a better

concentration of microalgae in a PBR if we exclude some
of the previous cases in which an extremely high biomass
concentration was achieved. A possible reason for the
limited concentration of microalgae is constraints of light
penetration. Since light intensity decreases exponentially
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way to improve lighting efficiency is to design a PBR with
a high surface/volume ratio (SVR) and/or control biomass
concentration.

The optimum microalgae concentration to maximize the
volumetric productivity can be predicted from the HRT,
SRT, and SVR. The volumetric microalgae productivity
is defined as the concentration of harvested microalgae (x)
divided by the SRT (#,). In a chemostat, this is equal to the
apparent growth of microalgae in a PBR under continuous
cultivation (Eq. (1)),

gzy'X=(/j—b)X (1)
N

where x4’ is the apparent specific growth rate [1/d], i is the

true specific growth rate [1/d], and b is the decay rate [1/d].

In a chemostat, the amount of nutrients consumed by growth

is equal to the nutrient supply load, which is derived from

the nutrient concentration in influent (s,) [g/L] and HRT (6)

[d] (Eq. (2),

0, v @)

where S is the nutrient concentration in the PBR [g/L] and
Y is the growth yield of microalgae to the limiting nutrient
[g/g]. When a nutrient is the limiting factor of growth, i.e.,
S =0, microalgae concentration and volumetric productivity
(X/ 6,) in the PBR are predicted by Egs. (3) and (4), respec-
tively:

_ Sy ,&zsoy.g_s (b~0) 3)
1460, 0, 0,
Y
X_ 5 _Lzsoy.i (b~0) @
O, 1+b0s 0, 0,

When the decay rate (b) is negligible relative to the true
specific growth rate (x), microalgae concentration depends
on SRT and HRT, while volumetric microalgae productivity
is independent of SRT, but dependent solely on HRT.

When there are sufficient nutrients and light is the limiting
factor of growth, the true specific growth rate of microalgae
limited by light intensity is given by the Monod model as
follows:

[_[min

Mot v -1, ®)

[=1,-10" ©)

where ,, is the maximum specific growth rate [1/d], 7 is the
light intensity at a depth of / from the illuminated surface
[W/m?], I, is the minimum light intensity required for
growth [W/m?], K, is the half-saturation coefficient of the
light intensity [W/m?], I, is the light intensity at the lighted
surface [W/m?], and 4 is the optical density of microalgae
culture [-]. The specific growth rate (x) is not uniform in the
PBR, but depends on the depth from the illuminated surface
(I) [m] since light intensity decreases as a result of absor-
bance by microalgae cells. When we assume a simple case of
a flat-plate PBR illuminated from one side, the light distribu-
tion inside the reactor is expected to have the following re-
sults: (i) the entire PBR is illuminated with greater light in-
tensity than the minimum required for their growth (/> 1,..;),
or (ii) a dark fraction in which the light intensity is lower
than the minimum level required for growth is present (/ <
I i) (Fig. 5). In the former light-sufficient case (i), the thick-
ness of the PBR (L) is shorter than the critical depth (L) [m],
where light intensity reaches the minimum light intensity for

their growth ( 1, =1, ). In this case, the average true spe-

cific growth rate in the PBR (ﬂ_s ) is derived as follows:

— 1 J‘L -1 ;

o=t bk v -1,
S
AL-mio| "\ 7,1,

+KI{1H(KI+IL—[min) ln(K1+[0_Imin)}:|

IL 10
(L<L,) (7

where /; is the light intensity at depth L from the illuminated
side of the PBR, i.e., the light intensity at the farthest fraction
from the light sources. In the latter light-deficient case (ii),
when the thickness of the PBR (L) is longer than the critical
depth (L), the average of the true specific growth rate in the

PBR (4, ) is derived by:
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Fig. 5 Expected profile of light intensity in a rectangular photobioreactor illuminated

by one side.

_: lJ.LO I_Imin l
Ha = Hu 7)o K, +(1-1,)
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When the optical density is proportional to the biomass
concentration ( Y ) [g/L], it is described as X = c4, where c is
the proportional coefficient [g/L]. As shown in Eq. (1), the
apparent specific growth equals the reciprocal of the SRT.
Therefore, the microalgae concentration and the volumetric
productivity are predicted by Egs. (9) and (10), respectively:

k. 6 cA

= —_— —'0 bzo
:le L 1+b0s :um L N ( ) (9)
X cA 1 cA
— = _ ~ —_— b=0
o, "L 1+b0, "L (b~0) (10)

1 {IO—Imm P {mK, _ln(K,+10—1min)H
, .

“Tio| 7

0

The above equations hold true in PBRs of any shape when

the thickness of the PBR ( L ) is represented by the reciprocal

of the SVR (R,,) [m"']. Consequently, the microalgae concen-
tration under light-limited condition is proportional to the
SRT and SVR, while the volumetric productivity is solely
dependent on the SVR, as described by Egs. (11) and 12, re-
spectively:

6
X=,umC/1'l+Zes’RsVz/umcj"gs'RSV (bz())
(11)
X 1
—=u,cA-—— Ry, ~ p,cA Ry, (b ~ 0) (12)

6, 1+ b6

where R, is the surface/volume ratio of the PBR (SVR).
When the decay rate () is not negligible, the maximum volu-
metric productivity is observed at L _ L, (Fig. S2), where the
illuminated light energy is fully utilized. At this point, the
light intensity at the darkest fraction of the PBR equals the
minimum light intensity for microalgae growth. Therefore,
the optimum biomass concentration (X,) and SVR have the
following relationship:
Xe:c'loglo(lo/lmin)'RSV~ (13)
Since practically achievable SVR is limited in a scaled-up
PBR, the biomass concentration would be the critical operat-
ing parameter for maximization of the volumetric produc-
tivity when sufficient nutrients are supplied and light is the
primary limiting factor.
Practically, the biomass concentration is controlled by the
SRT. In a simple PBR without membrane separation, it is not
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always possible to control the biomass concentration at opti-
mum levels because the SRT is constrained by the HRT. An
MPBR has a good advantage because the SRT can be con-
trolled independently from the HRT to achieve the optimum
biomass concentration. Combination of a pre-cultivation
PBR with an MPBR also has potential to maintain the op-
timum biomass concentration [27]. In the two-stage cultiva-
tion process, C. vulgaris was cultivated to approximately
800 mg/L in the first PBR (without a submerged membrane)
for pre-cultivation, then sent to the second PBR equipped
with a submerged membrane for further concentrated cul-
tivation to approximately 2,000 mg/L. Interestingly, during
this process, recirculation of retentate from the second-stage
MPBR to the first pre-cultivation PBR enables control of the
biomass concentration in the pre-cultivation PBR at optimum
levels to achieve the highest microalgae productivity.

Consequently, the following conditions were required
to optimize microalgae biomass productivity from treated
sewage: (i) a short HRT to supply sufficient nitrogen, phos-
phorus and dissolved carbonate; and (ii) control of the SRT
or circulation of membrane retentate to achieve the optimum
biomass concentration where the light intensity reaches the
minimum light intensity for microalgae growth at the dark-
est fraction of the PBR.

CONCLUSIONS

Optimum conditions of a MPBR process were inves-
tigated to maximize microalgae biomass production by
utilizing nitrogen and phosphorus in treated sewage. With
one submerged membrane module, biomass concentrations
were almost comparable, regardless of HRT, because of mi-
croalgae biomass deposition on the membrane. Installation
of an additional submerged membrane module effectively
increased microalgae biomass concentration and volumetric
productivity. Under nutrient-limited conditions, a short HRT
is essential for the determination of the volumetric produc-
tivity of microalgae. Under light-limited conditions, optimi-
zation of the biomass concentration, which depends on SVR
and initial light intensity, is essential to maximization of the
volumetric productivity. Setup of the membrane modules
for low flux and efficient air scrubbing is also important in
the control of biomass concentration. Meanwhile, higher re-
moval of nutrients is expected as the secondary effect when
the process is operated under a longer HRT.
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