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1 Introduction

Membrane bioreactors (MBRs) have many advantages
over conventional biological wastewater treatment meth-

ods including a superior treated water quality and small
footprint [1]. Therefore, the number of installation of
MBRs is expected to increase. At present, however, the
widespread application of MBRs is hampered due to the
high operation cost.
The energy consumption in MBRs is higher than that of

the conventional activated sludge (CAS) process. The
energy consumption when treating a unit volume of
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H I G H L I G H T S

•The fiber length and packing density of the PTFE
membrane element were increased.

•The MBR was stably operated under an SADm of
0.13 m3$m–2$hr–1.

• Specific energy consumption was estimated to be
less than 0.4 kWh$m–3.
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G R A P H I C A B S T R A C T

A B S T R A C T

In this study, we modified a polytetrafluoroethylene (PTFE) hollow-fiber membrane element used for
submerged membrane bioreactors (MBRs) to reduce the energy consumption during MBR processes.
The high mechanical strength of the PTFE membrane made it possible to increase the effective length
of the membrane fiber from 2 to 3 m. In addition, the packing density was increased by 20% by
optimizing the membrane element configuration. These modifications improve the efficiency of
membrane cleaning associated with aeration. The target of specific energy consumption was less than
0.4 kWh$m–3 in this study. The continuous operation of a pilot MBR treating real municipal
wastewater revealed that the MBR utilizing the modified membrane element can be stably operated
under a specific air demand per membrane surface area (SADm) of 0.13 m

3$m–2$hr–1 when the daily-
averaged membrane fluxes for the constant flow rate and flow rate fluctuating modes of operation were
set to 0.6 and 0.5 m3$m–2$d–1, respectively. The specific energy consumption under these operating
conditions was estimated to be less than 0.37 kWh$m–3. These results strongly suggest that operating
an MBR equipped with the modified membrane element with a specific energy consumption of less
than 0.4 kWh$m–3 is highly possible.
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wastewater (i.e., specific energy consumption) in middle-
scale or large-scale (i.e., more than 10 million m3$year–1,
approximately 27,000 m3$d–1) wastewater treatment facil-
ities utilizing CAS process is reported to be in the range of
0.2‒0.3 kWh$m–3 [2]. On the other hand, the energy
consumption during the operation of an MBR reported in
previous publications is 0.8‒1.1 kWh$m–3 [3], 0.6‒1.3
kWh$m–3 [4], 0.5 kWh$m–3 [5], and 0.4‒0.6 kWh$m–3 [6].
Many research efforts have been made to reduce the energy
consumption during MBR operation. Previous achieve-
ments are well-summarized in a recently published review
paper by Krzeminski et al. [7]. In this review paper, it was
also pointed out that the development of new strategies
based on which the air supply can be reduced without
adverse effects on the performance of the treatment system
are still required [7]. Recently, Tao et al. [8] reported that
they succeeded to operate an MBR with a specific energy
consumption of 0.37 kWh$m–3 in a fully optimized MBR
treating real municipal wastewater (primary effluent).
Achieving MBR operation with a specific energy con-
sumption of less than 0.4 kWh$m–3 would be the minimum
requirement for future development of MBR technology
applied to municipal wastewater treatment. In Japan, a
research and development project, launched by the Japan
Sewage Works Agency (JS) in 2012, has been performed
to develop “energy-saving MBRs,” which can be operated
with a specific energy consumption of less than 0.4 kWh
$m–3 [9]. This project was cited as important research and
development activity in the recent review paper [7]. The
present study was carried out as part of the above-
mentioned project launched by JS.
The MBRs can be divided into two categories based on

the arrangement of the membrane module: side-stream
MBRs and submerged MBRs. Although locating the
membrane outside of the bioreactor is beneficial for
cleaning and the replacement of the membrane during
operation [10], the specific energy consumption of side-
stream MBRs is much greater (3‒6 kWh$m–3) [5].
Therefore, submerged MBRs are preferred, at least for
municipal wastewater treatment. Reducing the energy
consumption in a submerged MBR is of importance for the
application of MBRs in municipal wastewater treatment.
The major energy consumers in a submerged MBR

include the air blower, screen required as pretreatment, and
pumps for membrane filtration, sludge recirculation, and
feed water addition. The air blower is further divided into
two categories based on the purpose: the aeration required
for the scouring membrane (membrane aeration) and that
performed for supplying dissolved oxygen (DO) to the
activated sludge (biology aeration). Membrane aeration
generally accounts for the largest fraction of the energy
consumption in MBRs treating municipal wastewater. The
relative dominance of energy consumption associated with
membrane aeration is reported to be 35%‒74% [3,11,12].
Recently, many researchers have extensively worked on

reducing energy consumption associated with membrane
aeration [13–17].
The purpose of membrane aeration is the elimination of

the constituents causing membrane fouling (foulants), such
as microbial flocs, from the surface of the membrane by
turbulence induced by air bubbles introduced from the
bottom of the membrane module. Therefore, introducing
coarse bubbles, which can generate greater turbulence than
fine bubbles, is preferred. Because the efficiency of
membrane aeration strongly depends on the effectiveness
of distributing coarse bubbles in the membrane module,
the configuration of the membrane module and arrange-
ment of the air diffuser are critically important. Recently,
vertically aligned hollow-fiber or flat-sheet membranes
have been widely used in submerged MBRs. Because
coarse bubbles move upward through the membrane
module, increasing the packing density of the membrane
and extending the vertical length of membrane elements
are thought to effectively improve the energy efficiencies
of membrane aeration as a result of the increase in the
membrane surface area above a unit projected area. A
hollow-fiber membrane is generally suitable for the
increase of the packing density compared with a flat-
sheet membrane. In the case of a hollow-fiber membrane,
however, the increase in the fiber length also increases the
risk of breakage of the fibers. Therefore, the feasible fiber
length is limited by the strength of the membrane fiber in
practice. A hollow-fiber membrane with high mechanical
strength is beneficial for the improvement of the cleaning
efficiencies associated with membrane aeration by increas-
ing packing density and fiber length.
In this study, we focused on applying a hollow-fiber

membrane made from polytetrafluoroethylene (PTFE).
The PTFE hollow-fiber membrane has superior mechanical
strength and chemical stability compared with the other
commercially available hollow-fiber membranes [18]. By
using this membrane, we attempted to reduce the specific
energy consumption during MBR operation through the
increase in the membrane surface area located above a unit
projected area, which can be achieved by increasing both
the membrane fiber length and fiber density of the
membrane element. This approach cannot be investigated
unless the unique features of the PTFE hollow-fiber
membrane are utilized (i.e., hollow-fiber membrane with
outstanding mechanical strength). The degree of reduction
in the specific energy consumption by applying the
modification of the PTFE membrane element was
evaluated using a demonstration project, that is, operation
of a pilot MBR treating real municipal wastewater. As
mentioned above, this study was carried out as a part of the
research and development project aiming to reduce the
energy consumption during MBR operation launched by
JS. Therefore, the target of this investigation was the
achievement of stable operation under a specific energy
consumption of less than 0.4 kWh$m–3.
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2 Materials and methods

2.1 Modified membrane element

The PTFE hollow-fiber membrane with a nominal pore
size of 0.2 µm that can be used in an MBR has already
been commercialized by Sumitomo Electric Industries,
LTD. The PTFE membrane element, which already is on
the market, is denoted as “conventional element” hereafter.
The hollow-fiber PTFE membranes are vertically aligned
in the PTFE membrane element. The MBRs equipped with
membrane units comprised of the conventional element are
typically operated with a specific air demand per
membrane surface area (SADm) of 0.30 m3$m–2$hr–1,
which is characteristic for full-scale MBRs equipped with
hollow-fiber membranes currently in operation [12,13,19].
In this study, we modified the PTFE membrane element by
extending the length of the hollow fiber from 2 to 3 m. The
fiber length of the modified membrane element was
selected considering the typical depth of the reaction
tank in municipal wastewater treatment plants in Japan (5
m). Taking the additional structures and equipment
required for constructing a membrane unit (frames, air
diffusers, and permeate collection) into account, the fiber
length of 3 m is the allowable limit for a membrane
element that can be installed in a reaction tank with a depth
of 5 m. Along with the increase in the fiber length, the
permeate collection from the element was also altered from
one end to both ends of the element to reduce the pressure
loss and facilitate uniform distribution of chemical
cleaning solution during cleaning in place (CIP) performed
by introducing chemical solution from the permeate side of
the membrane. In addition to the increase in the membrane
fiber length, we also modified the arrangement of the
membrane fiber in the element by changing the method of
fixing fiber to the element. This modification allowed us to
increase the number of membrane fibers per unit projected
area by 20%. The membrane element modified in this
study is denoted as “modified element” hereafter. Based on

these modifications, the membrane surface area above a
unit projected area of the modified element was increased
by 80% compared with the conventional element. Based
on the modification in the configuration of membrane
element performed in this study, the increases in both the
membrane fiber length and packing density lead to a linear
increase of the membrane surface area located above the
projected area of the membrane element. Because the
extent of the fiber length increase (50%) was greater than
that of the packing density increase (20%), the effect of the
fiber length increase on energy-saving was greater than that
of the packing density increase.

2.2 Pilot MBR

A pilot MBR was installed at the Research and Technology
Development Experimental Center of JS, Moka, Japan.
Fig. 1 shows a schematic description of the pilot MBR. In
this MBR, both nitrification and denitrification were
performed in a modified Ludzack–Ettinger (MLE) config-
uration, recirculating activated sludge from aerobic to
anoxic tanks with a ratio of 2 to 3. Both aerobic and anoxic
tanks had an effective volume of 5.4 m3. A membrane unit
comprising the modified membrane element was installed
in the aerobic tank. The effective membrane surface area
was 72 m2. Taking the length of the hollow-fiber
membrane used in the modified membrane element (i.e.,
3 m) into consideration, the effective depth of the two tanks
was set to 4.5 m. The MBR was fed with raw sewage
collected from an adjacent municipal sewage treatment
plant. The influent was introduced into the anoxic tank
after passing through a fine screen (2 mm mesh).
During the demonstration project, the pilot MBR was

operated in two different operating modes: constant flow
rate and flow rate fluctuation. Installing a flow equalization
tank is generally beneficial for membrane operation
because membrane filtration can be performed in a
constant flow rate mode. However, the installation of a
flow equalization tank is expensive and space-burden and

Fig. 1 Schematic description of the pilot MBR with modified PTFE membrane
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therefore may not always be applicable. To investigate the
applicability of the MBR equipped with the membrane unit
comprised of the modified membrane element to the
wastewater treatment facilities without a flow equalization
tank, a flow rate fluctuation experiment was also carried
out in addition to the investigation in constant flow rate
mode during the demonstration project. During constant
flow rate operation, the membrane flux was set to 0.6
m3$m–2$d–1 (corresponding flow rate: 43.2 m3$d–1). In
contrast, the membrane flux varied between 0.3 and 0.7
m3$m–2$d–1 (daily average flux: 0.5 m3$m–2$d–1) during
flow rate fluctuation operation based on the diurnal inflow
fluctuation pattern shown in Fig. 2. The operating
condition mentioned above corresponds to the apparent
flow rate of 36.0 m3$d–1. Accordingly, the overall hydraulic
retention time (HRT) of bioreactors in the constant flow
rate and flow rate fluctuation experiments was 6.0 and 7.2
h, respectively. In both modes of operation, the water level
of the MBR was controlled using a water level sensor
installed in the anoxic tank. Therefore, the feed water was
intermittently introduced to the anoxic tank, irrespective of
the operating modes. The solid retention time (SRT) of the
entire period of continuous operation was 25 days. As a
result, the average mixed liquor suspended solids (MLSS)
concentration of continuous operation was 9.7 g$L–1.

An intermittent membrane filtration with a 10 min cycle
(9 min filtration and 1 min relaxation) was carried out
using a suction pump. Therefore, the values of flux
described in this paper were adjusted to net fluxes taking
the decrease of the permeate volume during the relaxation
period into account. The intensity of membrane aeration
was controlled such that the SADm value reaches 0.13
m3$m–2$hr–1 in both the constant flow rate and flow rate
fluctuation modes of operation. In addition to the
membrane aeration with coarse bubbles, biology aeration
with fine bubbles was performed to supply DO to the
activated sludge. The air-flow rate of biology aeration was
manually adjusted based on the results of a simplified
assay of concentrations of ammonium–nitrogen (WAK-
NH4, Kyoritsu Chemical-Check Laboratory. Corp., Tokyo,

Japan) and nitrate–nitrogen (NO3-RA, Kyoritsu Chemical-
Check Laboratory. Corp., Tokyo, Japan) and ranged
between 50‒180 L$min–1. During the operation, CIP
with low-concentration (NaClO 500 mg$L–1, NaOH
0.02%) and high-concentration (NaClO 3000 mg$L–1,
NaOH 0.02%) chemical solutions were performed once a
week and approximately once per two months, respec-
tively. Because the membrane flux was controlled in all of
the experiments performed in this study including the flow
rate fluctuation operation, the development of membrane
fouling was evaluated based on the changes in the
transmembrane pressure (TMP) required to achieve the
target membrane fluxes. The values of TMP were corrected
to 20°C equivalent values considering the influence of the
water viscosity on the TMP required to achieve a certain
membrane flux.

2.3 Estimation of energy consumption

For the estimation of energy consumption in an MBR
utilizing the modified membrane element, we assumed a
full-scale MBR with a capacity of 6650 m3$d–1 with
respect to the daily maximum flow rate and 5000 m3$d–1

with respect to the daily-averaged flow rate. The other
specifications assumed in the estimation are summarized in
Table 1. Fig. 3 shows the apparatuses considered in the
estimation. The loading factors for the blowers were
estimated using the performance curve provided by the
manufacturer, whereas those for the other apparatuses were
assumed to be 0.7.

2.4 Analytical methods

During continuous operation of the pilot MBR, the water
quality of feed and treated water was periodically
monitored. The following items used for the monitoring
of the quality of feed and treated water were analyzed in
accordance with Japanese standard methods [20]: bio-
chemical oxygen demand (BOD), suspended solids (SS),
ammonium–nitrogen (NH4

+–N), total nitrogen (T-N),
MLSS, and mixed liquor volatile suspended solids
(MLVSS) concentration.

3 Results and discussion

3.1 Preliminary estimation of the energy consumption

Prior to continuous operation of the pilot MBR, we briefly
estimated the effects of the membrane flux and SADm on
the specific energy consumption of the MBR. Because the
flow rate was fixed in this estimation, the changes in the
operating conditions (i.e., membrane flux and SADm)
affect solely the air demand. Therefore, the specific energy
consumption determined in this estimation was affected

Fig. 2 Diurnal flux fluctuation pattern of the flow rate fluctuation
experiment
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only by the changes in the energy consumption of the
blowers.
Based on the estimation, the values of SADm at which

the specific energy consumption becomes less than 0.4
kWh$m–3 during continuous operation under net mem-
brane fluxes of 0.5, 0.6, and 0.7 m3$m–2$d–1 were estimated
to be 0.15, 0.17, and 0.20 m3$m–2$hr–1, respectively. The
SADm value during continuous operation of the pilot MBR
mentioned in the previous section (i.e., 0.13 m3$m–2$hr–1)
was selected based on the results of the preliminary
estimation. This value is lower than typical SADm values
used in full-scale MBRs equipped with hollow-fiber
membranes [12,13,19] and even lower than the best
value reported in the recently published review paper [7].

3.2 Continuous operation of the pilot MBR

Based on the results of the preliminary estimation
mentioned in the previous section and the short-term
preliminary membrane filtration test using the pilot MBR
(data not shown), the membrane fluxes in constant flow
rate and flow rate fluctuation modes of operation were
determined to be 0.6 and 0.5 m3$m–2$d–1, respectively. In
operations, membrane aeration was performed with an
SADm of 0.13 m3$m–2$hr–1. Table 2 lists the average water

quality of raw wastewater and treated water measured in
each experimental period. The BOD, T–N, NH4

+–N, and
SS were effectively removed. Irrespective of the experi-
mental conditions, the average effluent concentrations
were lower than the target values in this experiment (i.e.,
BOD: less than 3 mg$L–1, T–N: less than 10 mg N$L–1).
The removal of phosphorus was not intended in this study.
To achieve phosphorus removal, additional countermea-
sures (e.g., coagulant addition) would be required.
Fig. 4 shows the change in TMP during constant flow

rate operation. During this operation, CIP with high
concentration was performed twice (on October 3rd and
December 5th). Fig. 4 shows that the increase in TMP was
marginal during continuous operation for four months.
This result indicates that an SADm of 0.13 m3$m–2$hr–1 is
sufficient to achieve sustainable constant flow rate
operation of the MBR equipped with membrane units
comprising the modified membrane element when the
membrane flux is set to 0.6 m3$m–2$d–1. As mentioned
earlier, the SADm value adopted in this experiment was
lower than the lowest value reported in the recently
published review paper [7]. The results of the continuous
experiment indicate that increasing both the length and
density of the hollow-fiber membrane is a very effective
approach for the reduction of the air-flow rate of membrane

Table 1 Specifications used for the estimation of the energy consumption

Item Value Basis

Minimum temperature (°C) 15

Net flux
(Constant flow rate operation; m3$m–2$d–1)

0.6 Results of the pilot test performed in this study

Daily averaged flux
(flow rate fluctuation operation; m3$m–2$d–1)

0.5 Results of the pilot test performed in this study

HRT (hr) 6 Aerobic tank: 3 h, Anoxic tank: 3 h

MLSS concentration (mg$L–1) 9000 In the aerobic tank

MLVSS concentration (mg$L–1) 7200 In the aerobic tank

Recirculation ratio 2.0

DO concentration in aerobic tank (mg$L–1) 1.5

Oxygen transfer efficiency
(membrane aeration; %)

8 Results of the aeration test using well water

Oxygen transfer efficiency
(biology aeration; %)

25 Information obtained from the manufacturer

α factor 0.65 Typically in the range of 0.6–0.7

BOD concentration (feed water; mg$L–1) 200 Typical concentration of Japanese municipal wastewater

SS concentration(feed water; mg$L–1) 200 Typical concentration of Japanese municipal wastewater

T–N concentration (feed water; mg$L–1) 35 Typical concentration of Japanese municipal wastewater

T–Pa concentration (feed water; mg$L–1) 4.0 Typical concentration of Japanese municipal wastewater

BOD concentration (treated water; mg$L–1) 3.0 Typical treated water quality of MBRs in Japan

SS concentration (treated water) N.D.

T–N concentration (treated water; mg$L–1) 10 Japanese standard for the MLE-MBR process

T–Pa concentration (treated water; mg$L–1) 0.5 Japanese standard for the MLE-MBR process with coagulant dose

Note: a is for total phosphorus
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aeration. This fact cannot be revealed unless continuous
operation of a pilot MBR equipped with the PTFE hollow-
fiber membrane is performed.
The change in TMP during flow rate fluctuation

operation is shown in Fig. 5. In accordance with the
diurnal fluctuation in membrane flux, the TMP fluctuation
is more prominent during this operation than that in
constant flow rate operation provided in Fig. 4. Never-
theless, the variation in TMP during the operation was

limited to a certain range (i.e., from 10 to 25 kPa). Similar
to the case of constant flow rate operation, membrane
fouling during flow rate fluctuation operation could also be
controlled well with the SADm of 0.13 m3$m–2$hr–1. It
should be noted that the daily average membrane flux
during flow rate fluctuation operation (0.5 m3$m–2$d–1)
was lower than that during constant flow rate operation
(0.6 m3$m–2$d–1). Because the SADm in these two modes
of operation was the same, the decrease in membrane flux

Fig. 3 Apparatuses considered for the estimation of the specific energy consumption

Table 2 Average water quality of raw wastewater and treated water in each experiment

Item

Constant flow experiment
(August 8–December 8)

Flow rate fluctuation experiment
(December 8–January 9)

Raw water Treated water Raw water Treated water

BOD (mg$L–1) 138 0.5 102 0.4

T–N (mg$L–1) 26.6 6.9 19.8 7.5

NH4
+–N (mg$L–1) 17.6 1.5 13.2 1.1

SS (mg$L–1) 152 N.D. 124 N.D.

Fig. 4 Changes in TMP and membrane flux during constant flow rate operation
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results in the increase in the specific air demand per
permeate (SADp), which is directly related to the specific
energy consumption of the blower for membrane aeration
during the operation of MBRs. The specific energy
consumption during each operating condition will be
discussed in detail in the following section.

3.3 Estimation of specific energy consumption

In accordance with the results obtained during continuous
operation described in the previous section, the specific
energy consumption was estimated in detail for the
operating conditions adopted for the constant flow rate
and flow rate fluctuation operations. Table 3 lists the
operating conditions of a hypothetical MBR used for the
estimation of energy consumption. For comparison, the
specific energy consumption for an MBR equipped with
the membrane unit comprising the conventional PTFE
membrane element was also estimated. As mentioned
previously, MBRs utilizing the conventional element are
usually operated with an SADm of 0.30 m3$m–2$hr–1. On
the other hand, the SADm adopted for continuous

operation of the pilot MBR equipped with the membrane
unit comprising the modified membrane element (i.e., 0.13
m3$m–2$hr–1), which was selected based on the results of
the preliminary test using the pilot MBR, corresponds to an
SADm of 0.24 m3$m–2$hr–1 of the MBR operation utilizing
the conventional PTFE membrane element. Therefore, the
SADm of 0.24 m3$m–2$hr–1 is the lowest SADm value at
which stable operation can be reasonably expected based
on the results obtained in the pilot experiment. Therefore,
two cases, namely the original condition (SADm of 0.30
m3$m–2$hr–1) and condition comparable to the aeration
intensity adopted for the modified membrane element
(SADm of 0.24 m3$m–2$hr–1), were considered for the
estimation for the MBR equipped with the conventional
membrane element. To compare the relative importance of
reducing SADm and modifying the configuration of the
membrane element for the reduction of the energy
consumption achieved in this study, the specific energy
consumption was estimated for the two cases mentioned
above.
In the pilot experiment performed in this study, the

length of the membrane element and depth of the reaction

Fig. 5 Changes in TMP and membrane flux during flow rate fluctuation operation

Table 3 Operating conditions of the hypothetical MBR used for the estimation of the energy consumption

Membrane element
Conventional Modified

Conventional-1 Conventional-2 Modified-1 Modified-2

SADm (m3$m–2$hr–1) 0.30 0.24 0.13a 0.13a

Membrane flux
(m3$m–2$d–1) 0.6 0.6 0.6

0.5
(daily averaged)

Air-flow rate
(membrane aeration; m3$hr–1) 1909 1527 846 976

Air-flow rate
(biology aeration; m3$hr–1) 2010 2392 3073 2943

Oxygen demandb

(kg O2$d
–1) 3919 3919 3919 3919

Flow equalization tank ○ ○ ○ �
Note: a Results of the pilot experiment; b Sum of the oxygen consumptions during BOD removal, nitrification, and endogenous respiration and oxygen released into
treated water
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tanks were set to the same values as those used in full-scale
MBRs. Therefore, the SADm values demonstrated in the
pilot experiments (i.e., 0.13 m3$m–2$hr–1) can be directly
used for the estimation of the energy consumption of full-
scale MBRs utilizing the modified membrane element.
With regard to the parameters associated with the
biological treatment performance (i.e., oxygen requirement
for BOD removal and nitrification and oxygen consumed
in endogenous respiration), general values typically found
in wastewater treatment systems were used. Therefore, the
oxygen demand calculated using these parameters is
thought to be comparable to that found in full-scale
MBRs. The oxygen demand was calculated as the sum of
the oxygen consumed for BOD removal and nitrification
required to achieve the target of the treated water quality
(Table 1), the oxygen consumed in endogenous respiration,
and the oxygen released into the treated water. With regard
to the oxygen consumption during BOD removal, the mass
of the BOD consumed during denitrification was also taken
into account. As shown in Table 3, the oxygen demands in
all of the scenarios was estimated to be the same because
the loading rates of BOD and T–N and the operating
conditions associated with biological treatment were set to
the same values in all scenarios. In the estimation
performed in this study, the demand of biology aeration
was calculated by subtracting the mass of the oxygen
supplied from membrane aeration from the total oxygen
demand.
Because the treatment capacity was fixed in all

estimations performed, the energy consumption of the
feed pump, recirculation pump, suction pump for mem-
brane filtration, and mixer installed in the anoxic tank was
not affected by the differences in the conditions under
which the estimation was performed. The mixer installed
in the flow equalization tank is not used for the operation in
the flow rate fluctuation mode because the flow equaliza-
tion tank is not installed in the treatment facility assumed in
this mode. Therefore, the energy consumption associated

with the mixer of the flow equalization tank was not
considered in the estimation of the flow rate fluctuation
mode of operation.
The estimated specific energy consumption is presented

in Fig. 6. The reduction of the intensity of membrane
aeration (i.e., comparison between “Conventional-1” and
“Conventinal-2” in Fig. 6) reduced the specific energy
consumption by approximately 0.03 kWh$m–3. The
specific energy consumption can be further reduced by
modifying the configuration of the membrane element. The
degree of reduction in the specific energy consumption
achieved by the modification of the membrane element
configuration, indicated by the difference between “Con-
ventional-2” and “Modified-1” or “Modified-2” in Fig. 6
(approximately 0.06 kWh$m–3), was greater than that
achieved by the reduction of the intensity of membrane
aeration, suggesting that the modification in the membrane
element had a greater influence on energy-saving than
optimizing the aeration intensity. The results of the
estimation suggest that the installation of the flow
equalization tank does not affect the specific energy
consumption because the specific energy consumption of
the constant flow rate and flow rate fluctuation modes of
operation was almost equal. Although the specific energy
consumption associated with membrane aeration was
larger in the flow rate fluctuation mode of operation
because of the smaller daily averaged membrane flux
adopted in this mode, this increase was offset by the
decrease in energy consumption associated with the mixer
installed in the flow equalization tank.
Based on the improvement in the efficiency of

membrane aeration, the energy consumption associated
with the blower for membrane aeration decreased to
approximately 50% of the original operating conditions.
However, this decrease was partially offset by the increase
in the energy consumption associated with the blower for
biology aeration. This trend is particularly pronounced
when the MBR is equipped with the membrane unit

Fig. 6 Specific energy consumption for each operating condition
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comprising the modified membrane element; the energy
consumption of the blowers used for biology aeration is
larger than that of the one used for membrane aeration in
the MBR utilizing the modified element. This is because
the reduction in the oxygen supply from the membrane
aeration needs to be compensated by the increase of that
due to biology aeration. As mentioned previously, the
oxygen demand in each scenario was the same, irrespective
of the operating conditions. Therefore, the reduction in the
oxygen supply due to membrane aeration (i.e., decrease in
the air-flow rate of membrane aeration) is directly reflected
by the increase in the air-flow rate of biology aeration.
Even in such cases, the overall energy consumption is
reduced because the oxygen transfer efficiency of the
biology aeration (25%) was much higher than that of
membrane aeration (8%). In the estimation, the energy
consumption associated with membrane aeration is
assumed to decrease by approximately 0.12–0.13 kWh/
m3 by utilizing the modified membrane element. On the
other hand, in the comparison with the case in which the
conventional membrane element is utilized, approximately
0.04 kWh/m3 more electricity may be required for biology
aeration to compensate the decrease in the oxygen supply
resulting from the decrease in the air-flow rate of
membrane aeration. As a result, the overall energy
consumption of aeration (i.e., the sum of the energy
consumptions associated with both membrane and biology
aerations) decreased by ~0.08–0.09 kWh/m3 by using the
modified membrane element developed in this study.
Because the energy consumption associated with the
biology blower becomes larger than that associated with
the membrane blower in the scenarios utilizing the
modified membrane element, the improvement in the
efficiency of the DO supply by biology aeration is also an
important research topic with respect to achieving further
energy-saving. This topic is more complex than the CAS
process case due to the low oxygen transfer rate in the
MBR [21–23].
The specific energy consumption estimated for MBRs

utilizing the modified membrane element is comparable to
that reported by Tao et al. [8]. However, it should be noted
that the feed water assumed in our estimation differs from
that used in the study performed by Tao et al. [8]. In their
study, the effluent from the primary sedimentation basin
was used as the feed water, whereas raw wastewater, which
is not subjected to primary sedimentation, was assumed in
our estimation. Installing a primary sedimentation basin
reduces the loading rate of the bioreactor, which results in
the decrease in the oxygen demand during treatment.
Indeed, the results of the estimation performed based on
the assumption that the BOD loading rate for the bioreactor
can be decreased by 40% by applying primary sedimenta-
tion suggest that further reduction in specific energy
consumption by approximately 0.05 kWh$m–3 is possible
(the corresponding specific energy consumption becomes
as low as 0.32 kWh$m–3).

According to the paper published by Fenu et al. [2], the
specific energy consumption of the wastewater treatment
plant based on the CAS process with a capacity of less than
5,000 m3$d–1 mainly ranges between 0.2‒0.4 kWh$m–3. A
fair comparison of the specific energy demand among
different treatment plants is always difficult because of the
differences in the scope of the calculation of the energy
demand (e.g., entire treatment plant including sludge and/
or odor treatment processes or biological treatment step
only including membrane filtration) [4] or in the require-
ments on the treated water quality (e.g., whether nutrient
removal is required or not). Nevertheless, the results
obtained in this study strongly suggest that the MBR
equipped with the membrane units comprising the
modified membrane element developed in this study is
economically competitive, especially for small-scale
wastewater treatment facilities.

4 Conclusions

In this study, we modified a PTFE hollow-fiber membrane
element to reduce the specific energy consumption during
MBR operation. The specific energy consumption under
operating conditions examined in this study was also
estimated. The results obtained during continuous opera-
tion of the pilot MBR equipped with the membrane unit
comprising the modified membrane element revealed that
the MBR can be stably operated under a membrane flux of
0.6 m3$m–2$d–1 and SADm of 0.13 m3$m–2$hr–1 when the
MBR is operated in constant flow rate mode of operation.
In the case of the operation in the flow rate fluctuation
mode, stable MBR operation can also be achieved under an
SADm of 0.13 m3$m–2$hr–1 when the daily averaged
membrane flux was reduced to 0.5 m3$m–2$d–1 (the actual
net flux during operation was in the range of 0.3‒0.7
m3$m–2$d–1). In the estimation of specific energy con-
sumption assuming a municipal wastewater treatment with
a daily-averaged capacity of 5000 m3$d–1, the specific
energy consumption of the MBR equipped with the
membrane unit comprising the modified membrane
element was estimated to be less than 0.37 kWh$m–3,
which is approximately 0.09 kWh$m–3 smaller than that of
the one operated under original operating conditions (i.e.,
utilizing the conventional element and operated under an
SADm of 0.30 m3$m–2$hr–1). The results obtained in this
study strongly suggest that the MBR utilizing the modified
membrane element developed in this study would be
economically competitive, especially in small-scale (less
than 5000 m3$d–1) wastewater treatment plants.
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