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a b s t r a c t
The anaerobic treatment is a potential way to realize the energy production in wastewater treatment. 
However, it is necessary to increase the organic matter concentration in municipal wastewater. In 
this study, we proposed a wastewater treatment system that involved an anaerobic membrane bio-
reactor (AnMBR) combined with a forward osmosis (FO) process to concentrate the wastewater. The 
energy balance of this system was estimated by the calculation based on the FO condensation test and 
batch methane fermentation test. The methane yield from the condensed municipal wastewater in the 
batch methane fermentation test at 40°C was 0.22 m3-CH4/kg-CODCr_rem, putting CODCr as the chemical 
oxygen demand was determined by chromium oxidation method. The energy generated from the 
yielded methane was estimated to be 0.33 kWh/m3. Nevertheless, the total energy consumption was 
0.39 kWh/m3, which was higher than 0.2 kWh/m3 of a conventional activated sludge process. It was 
found that it is possible to get a net energy if the fermentation temperature in the AnMBR process can 
be reduced to below 34°C.
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1. Introduction

Wastewater treatment plays a very important role with
regard to public hygiene in a city. However, a huge amount 
of energy is devoted to wastewater treatment. The amount 
of energy consumed for wastewater treatment is approx-
imately 700 GWh in Japan, which corresponds to 0.7% of 
the total energy consumption in Japan [1]. Furthermore, it 
has been reported that this figure is 3% in the USA [2]. At 
present, aerobic biological treatment (e.g., conventional acti-
vated sludge process), in which the organic matter presented 
in wastewater is converted to carbon dioxide and microbial 

cells under aerobic condition, is the prime choice for treat-
ing municipal wastewater. Many wastewater treatment 
plants based on the conventional activated sludge process 
have been in operation for several decades. As a result, con-
siderable operational knowledge of the aerobic wastewater 
treatment processes has already been accumulated. In such 
aerobic wastewater treatment processes, aeration is essential 
for maintaining the dissolved oxygen (DO) concentration in 
the bioreactor at a certain level (e.g., more than 2 mg/L [3]) to 
keep the aerobic microorganisms active. However, aeration 
generally consumes a huge amount of energy. In general, 
45%–75% of the total operational cost of the aerobic biological 
wastewater treatment is due to the aeration in the bioreactor 
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[4]. Reducing the energy consumption associated with aera-
tion is critical for ensuring the sustainability of wastewater 
treatment. 

On the other hand, in addition to aerobic treatment meth-
ods, organic matter can also be removed from wastewater 
under anaerobic conditions. In the anaerobic treatment, 
organic constituents contained in wastewater are converted 
to methane and carbon dioxide (sometimes referred to as 
biogas) by anaerobic microorganisms [5]. Since aeration is 
not required for anaerobic treatment, the energy consump-
tion in anaerobic treatment is generally much lower than 
that in aerobic treatment. The additional advantages of 
applying anaerobic treatment are reduced sludge produc-
tion and the potential to produce methane gas, which can 
be used as fuel. Since municipal wastewater contains plenty 
of organic matter, which can be a source of methane gen-
eration, applying anaerobic treatment to municipal waste-
water treatment would be an attractive option for reducing 
the energy demand associated with wastewater treatment. 
According to the estimation made by McCarty et al. [2], 
domestic wastewater treatment could be a net energy pro-
ducer by using a completely anaerobic treatment. However, 
anaerobic treatment is difficult to apply for wastewater 
with low concentration of chemical oxygen demand (COD). 
It was reported that raw water with a COD determined by 
chromium oxidation method (CODCr) concentration higher 
than 1,500–2,000 mg/L is preferable for anaerobic treatment 
[6]. However, the typical CODCr concentration in municipal 
wastewater is in the range of 250–800 mg/L [6]. Therefore, 
in order to perform the anaerobic treatment efficiently, the 
raw wastewater should be condensed prior to introducing 
it into the anaerobic bioreactor. Lateef et al. [7] succeeded in 
concentrating actual municipal wastewater to a CODCr con-
centration of more than 6,000 mg/L using a microfiltration 
(MF) membrane. Based on the CODCr concentration in the 
condensed wastewater, they estimated that up to 0.5 kWh 
of electricity per cubic meter of wastewater could be pro-
duced by applying anaerobic treatment to the condensed 
wastewater. The study performed by Lateef et al. [7] clearly 
indicated that membrane separation is one of the most suit-
able technologies for enabling the recovery of energy in the 
form of methane, from municipal wastewater. However, the 
use of a MF membrane has several limitations. First, the MF 
membrane permeate cannot be directly discharged into a 
natural water body as some dissolved matters contained in 
the wastewater permeate through an MF membrane. Due to 
this, some post-treatment is required to improve the qual-
ity of treated water. The other issue is the loss of organic 
matter into the permeate water. Since approximately half 
of the organic matter contained in municipal wastewater is 
in dissolved state (i.e., cannot be filtered by the MF mem-
brane), the efficiency of the MF membrane in recovering 
organic matter is believed to be limited. On the basis of the 
points mentioned above, it can be said that proper selection 
of membrane is essential for the successful condensation of 
organic matter contained in municipal wastewater. 

This study focused on the application of forward 
osmosis (FO) membrane for concentrating the organic 
matter contained in municipal wastewater. FO membrane 
filtration process has been drawing attention due to its 
unique characteristic (i.e., applying hydraulic pressure is 

not required during the membrane filtration [8]). In FO 
membrane filtration process, water molecules contained in 
the feed solution (FS) with a relatively low osmotic pres-
sure are spontaneously transported into the draw solution 
(DS), which has an osmotic pressure higher than the FS, 
on the basis of the osmotic pressure gradient. Since the FO 
membrane generally has a rejection capacity similar to the 
reverse osmosis (RO) membrane, almost all the dissolved 
components are expected to be rejected by applying the FO 
membrane. This feature of the FO membrane is thought 
to be a clear advantage of this technology from the point 
of view of the quality of treated water, especially in com-
parison with porous membranes (i.e., MF and ultrafiltra-
tion membranes). In addition, several researchers have 
reported that the FO membrane filtration process is one 
of the most suitable technologies for concentrating prod-
ucts containing high organic matter or suspended solid 
condensations [9–11], because the structure of the fouling 
layer developed during the process of FO membrane filtra-
tion is looser than during the RO membrane filtration pro-
cess, making the recovery of membrane fouling easier [12]. 
By applying direct FO membrane filtration, the treatment 
of wastewater and the production of condensed waste-
water for the anaerobic digester were achieved simulta-
neously. Gu et al. [13] proposed an anaerobic membrane 
bioreactor (AnMBR) system, in which an FO membrane 
is directly submerged in the anaerobic bioreactor. In their 
study, however, elevated salt concentration in the biore-
actor as a result of the back-diffusion of salt from the DS 
caused inhibitory effects on the activity of microorganisms 
responsible for anaerobic treatment. The increase in salt 
concentration in the bioreactor also resulted in a decrease 
in the driving force of the FO membrane filtration (i.e., the 
effective osmotic pressure difference between the bioreac-
tor and DS). Zhang et al. [14] achieved a condensation of 
more than 300% by using FO membrane to treat municipal 
wastewater. However, they did not evaluate the signifi-
cance of the concentrate ratio obtained in this study for 
anaerobic treatment.

Based on the background mentioned above, this study 
investigated the performance of an FO membrane with 
regard to concentrating actual municipal wastewater in 
terms of both, the rejection of constituents contained in the 
wastewater and the development of membrane fouling. The 
concentrate was subsequently subjected to a batch methane 
fermentation test, to evaluate the methane production poten-
tial of condensed municipal wastewater. The results obtained 
in these tests were used for evaluating the energy balance in 
the wastewater treatment system comprised up-concentrating 
wastewater, using an FO membrane, followed by anaerobic 
treatment (AnMBR). On the basis of the results obtained in 
this study, the technical feasibility of net energy-producing 
wastewater treatment systems is also discussed. 

2. Experimental setup

2.1. Condensation of municipal wastewater using FO membrane

In this experiment, effluent from the primary sedimen-
tation tank in the Port Island wastewater treatment plant in 
Kobe city, Japan, was used as feed water for an FO membrane 
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filtration test. The characteristics of the wastewater used in 
this study have been summarized in Table 1. A schematic 
illustration of the experimental apparatus is shown in Fig. 1. 
The condensation tank, in which a small FO membrane mod-
ule was directly submerged, was made of transparent acrylic 
resin, with an effective volume of 1,500 mL. During the 
experiment, the condensation tank was hermetically sealed. 
The FO membrane used in this experiment was an asymmet-
rically hollow fiber membrane made of cellulose triacetate 
(Toyobo, Osaka, Japan). This FO membrane had an active 
layer on the outer surface. In a small FO membrane module 
used in this study, 350 fibers were bundled, resulting in a 
total effective membrane surface area of 0.0846 m2. The mem-
brane orientation was active layer facing the FS (AL-FS). This 
was because membrane fouling is generally less significant in 
this orientation [15]. 0.6 M NaCl solution was used as the DS, 
with an initial volume of 2,000 mL. The cross flow velocity 
of DS in the hollow fiber was set to 5.5 cm/s. During the FO 
membrane filtration test, the salt concentration of the DS was 
maintained at a constant by supplying saturated NaCl solu-
tion (approximately 4.0 M), based on the decrease in electrical 
conductivity, using a conductivity control device (CM-31P, 
Toa-DKK, Tokyo, Japan). The wastewater was added to the 
condensation tank using a peristaltic pump (MP-1000, Eyela, 
Tokyo, Japan). The feed pump was monitored using a water 
level sensor, to keep the water level constant. 

In the FO membrane filtration test mentioned above, the 
flow rate of water across the FO membrane (Q) was evaluated 

from the rate of decrease in the mass of the feed water in the 
feed water tank. The water flux JW was calculated using the 
following equation: 

J Q
A

m m
A tW

t= =
−
⋅

0 � (1)

where Q is the flow rate through the FO membrane (g/h); A 
is the effective membrane surface area (m2); t is the operation 
time (h); m0 is the initial weight of the feed tank (g); and mt is 
the weight of the feed tank at operation time t (g). To maintain 
the water permeability of the FO membrane during the con-
densation operation, a simple physical cleaning was carried 
out every 22 h, by stirring the inside part of the condensation 
tank firmly with a magnetic stirrer. The reason why the stir-
ring is not kept on inside part of the condensation tank is 
to prevent stirred up the suspension. We pre-experimentally 
confirmed that the operation without stirring inside part of 
the condensation tank could keep flux better. Generally, the 
membrane cleaning is carried out based on the water flux 
decline by membrane fouling to keep a stable operation of 
the membrane filtration. In a normal membrane filtration 
system for water treatment, the membrane cleaning will be 
carried out based on about 20% flux decline. However, in this 
study, it was important to understand how much the water 
flux decline was. Then, cleaning was carried out once a day. 
It took 2 h to start filtration after the beginning of cleaning. 
Thus, we set the physical cleaning interval as 22 h. Then, 
cleaning was carried out once a day. After the physical clean-
ing, it was subjected to pure water permeation test using a 
Milli-Q (as FS) and 0.6 M NaCl (as DS) for the assessment of 
the degree of irreversible fouling.

2.2. Batch methane fermentation test using condensed municipal 
wastewater

A batch methane fermentation test was carried out to 
evaluate the methane gas yield from condensed wastewater. 
The schematic system of batch methane fermentation test 
is shown in Fig. 2. 0.4 L of anaerobically digested sludge, 
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Fig. 1. Schematic system of the condensation system using hollow fiber FO membrane.

Table 1
Water quality of the effluent from the primary sedimentation 
tank in the Port Island wastewater treatment plant (feed water 
for the concentration test)

Item Value
TOC, mg/L 88.5
CODCr, mg/L 300
PO4–P, mg-P/L 4.2
NH4–N, mg-N/L 34.0
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collected from the Higashinada wastewater treatment plant 
in Kobe city, Japan, was placed in a conical flask. 0.4 L of 
condensed wastewater was added to the flask, and then, 
the flask was hermetically sealed. During the test, the water 
temperature was maintained at 40°C, while the mixture of 
the digested sludge and condensed wastewater was contin-
uously agitated using a magnetic stirrer. The biogas thus 
generated was collected in a gas holder, and its volume was 
recorded. In order to subtract the gas generated from the 
organic matter originally contained in the anaerobically 
digested sludge, a blank test was carried out using exactly the 
same digested sludge, collected at the same place and at the 
same time. In the blank test, 0.4 L NaCl solution, which had 
an electrical conductivity comparable with the condensed 
wastewater subjected to the batch methane fermentation 
test, was added to the anaerobically digested sludge instead 
of the condensed wastewater. The experimental conditions 
were the same in both the flasks, except for the character-
istics of the added liquid (i.e., the condensed wastewater 
and the NaCl solution). Since the NaCl solution added did 
not have any organic matter, which could be a source of 
methane generation, any gas generated in the blank flask 
is considered as having originated from the organic matter 
originally contained in the anaerobically digested sludge. 
Therefore, the difference in the amount of biogas generated 
between the two flasks can be considered as the amount of 
biogas generated from the organic matter contained in the 
condensed wastewater. 

Based on the assumption that methane occupied 70% of 
the biogas generated [16], methane yield ηCH4 was calculated 
by the following equation:

ηCH4

mix
start end start end

=
⋅

−( ) ⋅
−( ) − −( ){ }
V V

V C C C C
1 0

1 1 0 0

0 7.
� (2)

where ηCH4 is the methane yield (m3-CH4/kg-CODCr); V1 is the 
volume of biogas generated from the digested sludge mixed 
with the condensed wastewater (m3); V0 is the volume of bio-
gas generated from blank (m3); Vmix is the total volume of the 
digested sludge and condensed wastewater (m3); C1

start  and 
C1

end  are the CODCr concentrations of the digested sludge 
mixed with the condensed wastewater at start and end of 
the batch fermentation test (kg-CODCr/m3), respectively; and 

C0
start  and C0

end  are the CODCr concentration at start and end 
of the test for blank, respectively.

2.3. Analytical methods

The concentration of CODCr was determined by chro-
mium oxidation method (DRB200, Hach, Colorado, USA). 
The concentrations of the total organic carbon (TOC) and 
the total inorganic carbon (TIC) were determined using 
a TOC analyzer (TOC-VCSH, Shimadzu, Kyoto, Japan). 
The concentration of phosphate ion PO4–P was deter-
mined by the molybdenum blue method [17], while the 
concentration of ammonium ion was determined by the 
closed salicylate-chlorine method (Hach, Colorado, USA) 
using a Hach spectrometer (DR900).

3. Material and energy balance

3.1. Calculation of the material balance of organic matter during 
up-condensation using FO membrane 

The material balance of the organic matters, which were 
fed to the condensation tank during the municipal wastewa-
ter condensation test, was calculated by dividing the organic 
matter into the following parts: accumulated in the conden-
sation tank, permeated through the FO membrane and lost 
due to some experimental limitations (e.g., mineralization 
by biodegradation, accumulation into a dead-space, such as 
adherence to the inner wall of the condensation tank or loss 
at the time of physical cleaning). Each quantity was calcu-
lated by the following equations:

Q C V VFeed
TOC

waste
TOC

permeate tan= ⋅ +( )∑ k 	 (3)

Q C V kaccumlate
TOC

conc
TOC

tan= ⋅ 	 (4)

Q C Vpermeate
TOC

permeate
TOC

permeate= ⋅( )∑ 	 (5)

Q Q Q Qlost
TOC

Feed
TOC

accumulate
TOC

permeate
TOC= − − 	 (6)

where QFeed
TOC  is the quantity of the TOC, which was fed into 

the condensation tank during the condensation test (mg); 

Fig. 2. Schematic system of the batch methane fermentation test.
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Cwaste
TOC  is the TOC concentration of municipal wastewater 

(mg-C/L); Vpermeate is the volume of water that permeates the 
FO membrane measured every 12 h during the condensation 
test (L); Vtank is the volume of condensation tank (L); Qaccumlate

TOC  is 
the quantity of the TOC accumulated in the condensation tank 
(mg); Cconc

TOC is the TOC concentration in the condensed waste-
water at end of the condensation test (mg-C/L); Qpermeate

TOC  is the 
quantity of the TOC, which permeated the FO membrane 
(mg); and Cpermeate

TOC  is the TOC concentration of the permeate 
measured every 12 h during condensation test (mg-C/L).

3.2. Estimation of energy balance

The proposed system, involving the condensation of 
wastewater and the AnMBR, is schematically shown in Fig. 3. 
The net energy generation, Enst, for treating a unit volume of 
municipal wastewater in the proposed system, was calcu-
lated by the following equation:

E E Enet g C= − 	 (7)

where Enst is the net energy generation (kWh/m3); Eg is the 
energy generation (kWh/m3); and EC is the energy consump-
tion (kWh/m3).

Energy consumption (EC) can be further divided into 
energy for operation (i.e., energy required for pumping etc.) 
and energy for heating (required for maintaining the tem-
perature of the mixed liquor suspension during the anaer-
obic treatment). With regard to the operational energy, the 
energy consumption for operating the FO membrane filtra-
tion device and the AnMBR were assumed to be 0.1 kWh/m3 
[18] and 0.06 kWh/m3 [19], respectively. For calculating the 
energy required for heating the anaerobic bioreactor, the fol-
lowing assumptions were made: the bioreactor is thermally 
insulated (i.e., negligible heat exchange with the outside), 
and heat is exchanged between the effluent and the influ-
ent of an AnMBR. Under the assumptions mentioned above, 
EC was calculated by the following equation:
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where Cp is the specific heat of water (kWh/m3/K); TAn is the 
operational temperature of AnMBR (K), Tin is the temperature 
of the influent in the heat exchanger (K); Tin

'  is the tempera-
ture of the influent in the AnMBR (i.e., the effluent of the heat 
exchanger; K); ηHEx is the efficiency of the heat exchanger; 
EC_Post is the energy consumption during post-treatment after 
AnMBR (kWh/m3); and RFO is the volume basis condensation 
rate of wastewater by FO membrane. The post-treatment sys-
tem after AnMBR and its energy consumption EC_Post have 
been discussed later in this paper, based on the experimental 
results obtained.

The energy generated by the combustion of methane gas 
obtained from the anaerobic treatment Eg was calculated by 
the following equation:

E
C H

Rg =
⋅ ⋅ ⋅ ⋅in AnMBR

COD Cr
CH4 CH4 CG

FO

Rem _ η η
	 (9)

where Cin is the CODCr concentration of the influent of 
AnMBR (i.e., the condensed wastewater; kg-CODCr/m3), 
and RemAnMBR

COD Cr_ .  is removal ratio of CODCr at AnMBR. In 
this study, the removal ratio of CODCr from the batch meth-
ane fermentation test mentioned above was applied to 
RemAnMBR

COD Cr_ .  ηCH4 is the methane yield (m3-CH4/kg-CODCr_rem); 
HCH4 is the heat quantity of methane gas (kWh/m3-CH4); and 
ηCG is the energy conversion efficiency of methane gas. ηCG 
is approximately 0.5 in conventional thermal power genera-
tion processes, although this efficiency can be increased up 
to approximately 0.8, when combined with an exhaust heat 
recovery system [18].
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Fig. 3. Schematic system of the proposed system.
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4. Results and discussion 

4.1. Membrane fouling in hollow fiber FO membrane

Variation in water flux during the condensation of waste-
water using hollow fiber FO membrane module is shown in 
Fig. 4. The closed plots show the water flux during the FO 
membrane filtration of wastewater, while the open plots show 
the water flux determined by filtering the Milli-Q water after 
physical cleaning. Although the water flux in the FO filtration 
of wastewater clearly decreased during the continuous filtra-
tion for 36 h due to membrane fouling, most of the membrane 
fouling that developed was reduced by the physical clean-
ing. The decrease in the Milli-Q water flux determined after 
physical cleaning was not pronounced throughout the exper-
iment. This indicates that the majority of the membrane foul-
ing that developed during the FO filtration of wastewater for 
36 h was reversible using physical methods. It also suggests 
that a stable, long-term operation of the FO membrane filtra-
tion for concentrating municipal wastewater can be achieved 
by adopting appropriate physical cleaning methods during 
the filtration. In the pressure-driven membrane filtration 
processes, such as an MF membrane filtration, the foulant 
layer is compacted by mechanical pressure and deposited 
on the membrane surface, which increases the resistance to 
filtration [12]. In contrast, in the FO membrane filtration pro-
cess, the compaction of the fouling layer is expected to be 
less significant because of the absence of extensive hydraulic 
pressure. Therefore, it is difficult to consider the compaction 
of the fouling layer as a dominant factor for increasing the 
resistance to filtration in FO membranes. One of the reasons 
for the decrease in the FO flux is the reduction of the effective 
osmotic pressure difference caused by the NaCl leaked from 
the DS side. The leaked NaCl accumulates in the cake layer 
on the membrane surface formed by the foulant and leads to 
“cake enhanced osmotic pressure” [19]. 

Although membrane fouling can be almost completely 
reduced by physical cleaning carried out once every 36 h, 
the water flux measured immediately after physical clean-
ing gradually decreased as the number of cycles increased. 
The gradual decrease in water flux after the physical clean-
ing can be explained by the decrease in the effective osmotic 
pressure difference between the feed wastewater and the DS. 
The potential causes of this decrease might be the increase 

in the concentration of salts originally contained in the 
raw wastewater (the final volumetric condensation ratio 
after 180 h of operation was approximately 19 times) and 
the diffusion of salts contained in the DS as a result of the 
so-called reverse solute diffusion (i.e., the solute contained in 
a DS diffuses into an FS based on a condensation gradient). 
According to the previous report of our research group [20], 
the reverse salt flux of the FO membrane in this study is 
approximately 0.004 mol-NaCl/m2/h. Considering the mem-
brane area and the operation time in this study, the amount 
of NaCl diffused from DS side to feed side after each batch 
is estimated approximately at 0.43 g. And the NaCl concen-
tration of condensed wastewater after 180 h operation is esti-
mated approximately at 2.3 g-NaCl/L. However, this NaCl 
concentration will be overestimated. As the salt concentra-
tion difference between feed side and DS side decreases with 
operation time, accordingly, the reverse salt flux will become 
smaller. Therefore, the NaCl concentration of condensed 
wastewater at the end of 180 h operation will be lower than 
this estimated value. And this is consistent with decrease in 
water flux. To minimize the reduction in water flux during 
the up-condensation of municipal wastewater using FO 
membrane, it is important to develop an FO membrane with 
a low reverse solute flux from DS to FS. 

4.2. Water qualities of permeate in DS side

The concentrations of TOC, PO4–P and NH4–N of feed, 
permeate and concentrate after 180 h operation in FO con-
densation test are shown in Table 2. The concentrations of 
TOC, PO4–P and NH4–N of the permeate are shown in Fig. 5 
as function of operation time. In Fig. 5, the CODCr concen-
tration in the permeate could not be measured, because the 
diluted DS with the permeate had a high salt concentration. 
For this reason, it was substituted with TOC, as an indicator 
of organic matter. The initial TOC and the phosphate ion con-
centrations of the permeate were 11.5 mg-C/L and less than 
0.1 mg-P/L, respectively. The rejections of TOC and phos-
phate ion were more than 90% and 98%, respectively. These 
results indicate that sufficient rejection was achieved for the 
organic matter and the phosphorus, by the FO membrane 
filtration alone. 

In contrast, the concentration of ammonium ions exceeds 
the discharge standards of the total nitrogen in Hyogo 
Prefecture, Japan (20 mg/L). In the filtration process using an 
FO membrane, the concentration of ammonium ions in the 
feed side of the FO membrane increases as the wastewater 
gets condensed. The gradual increase in the concentration 
of ammonium ions in the feed water results in its increase in 
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Fig. 4. Variation in flux during the concentration of municipal 
wastewater. The arrow shows the physical cleaning of membrane.

Table 2 
Water qualities of feed, permeate and condensate in FO conden-
sation test. The value of “Permeate” and “Feed” show the con-
centration at the end of 180 h operation

Item, mg/L Feed Permeate Condensate
TOC 88.5 5.5 1,409
PO4–P 4.2 ND ND
NH4–N 34.0 29.7 130

Note: ND = No data.
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the permeate. At the end of this experiment, when the waste-
water was condensed up to 19 times based on volume, the 
concentration of ammonium ions in the permeate reached 
29.7 mg/L. To make the proposed process feasible, a significant 
improvement is essential, in the rejection of ammonium ions 
by the FO membrane. On the other hand, if ammonia rejec-
tion by the FO membrane is improved, the concentration of 
ammonia in the condensed wastewater will increase. A high 
concentration of ammonia is known to inhibit the methane 
fermentation in anaerobic treatment. In mesophilic methane 
fermentation, it is necessary to control the concentration of 
ammonium nitrogen to less than 2,000 mg/L [21]. Considering 
the typical concentration of 10–40 mg/L [22] of total nitrogen 
(most of the nitrogen species, including organic nitrogen, are 
generally transformed into ammonium ions during anaerobic 
digestion) in municipal wastewater, a condensation of more 
than 50 times, this value is required to increase the concentra-
tion of ammonium ions to a level at which methane fermenta-
tion would be inhibited. On the other hand, as discussed later, 
the results obtained in this study indicate that a condensation 
of 19 times by an FO membrane is sufficient for achieving a 
wastewater treatment system with net energy production. 
Therefore, the elevated concentration of ammonium ions in 
the condensed wastewater would not be problematic from 
the point of view of the efficiency of methane fermentation. In 
fact, the decrease in the ammonium ion concentration in the 
FO membrane permeate would be more important, especially 
when a stringent discharge standard needs to be met, consid-
ering the problems associated with eutrophication. 

4.3. Accumulation of organic matter in condensed municipal 
wastewater 

Fig. 6 shows the variation in the concentrations of TOC 
and TIC in the condensed municipal wastewater during 
the up-condensation of municipal wastewater using the 
FO membrane. As seen in Fig. 6, the concentration of the 
total carbon (TC; i.e., the sum of TOC and TIC) gradually 
increased. On the other hand, the ratio of TIC to TC increased 
from 0.3 at the beginning to 0.4 at the end of the experiment, 
indicating that a portion of the organic matter rejected by 

the FO membrane was mineralized during the experiment. 
This result suggests that further improvement in the con-
centration of organic matter is possible by reducing the time 
required for condensation. 

It was not possible to accurately measure the CODCr due 
to the inhibition by the salt concentration in the condensed 
wastewater. However, if the CODCr/TOC ratio were kept 
constant during the condensation test, the CODCr concentra-
tion of the condensed wastewater at 180 h might be about 
4,800 mg/L (i.e., the concentrate factor for organic matter 
is approximately 16 times). This value is apparently higher 
than that required for efficient anaerobic treatment (i.e., 
1,500–2,000 mg/L [6]). The value of CODCr concentration 
achieved in the experiment in this study was higher than 
that reported by Zhang et al. (i.e., 1,642.3 mg/L), while the 
results obtained in this study reinforce the findings obtained 
by Zhang et al. [14], which suggested that pre-condensation 
using an FO membrane is highly feasible when applying an 
anaerobic treatment to the main stream of wastewater treat-
ment for potential energy production. 

As mentioned above, there is some potential for improv-
ing the accumulation of CODCr by minimizing the mineral-
ization during the up-condensation of municipal wastewater 
using an FO membrane. To minimize the mineralization, the 
retention time of the condensed municipal wastewater in 
the condensation chamber should be as short as possible. In 
other words, it is important to draw the FO membrane per-
meate from the raw wastewater as quickly as possible. In this 
study, the packing density of the FO membrane in the con-
densation chamber (i.e., the membrane surface area available 
in a unit volume of the chamber) was arbitrarily selected. It 
is certainly possible to further increase the surface area of the 
membrane installed in the chamber. An appropriate selection 
of the packing density of the FO membrane is apparently an 
important research topic for future. In addition, an effective 
membrane cleaning method for maintaining the membrane 
flux during the condensation should also be investigated. In 
the experiment carried out in this study, although the devel-
opment of the physically irreversible fouling was marginal, 
as shown in Fig. 4, the membrane flux gradually decreased 
during the FO membrane filtration of the municipal waste-
water. If an effective membrane cleaning method is applied 
during the FO membrane filtration, the membrane flux can 
be kept at higher level, resulting in a rapid withdrawal of the 
FO membrane permeate from the municipal wastewater. 
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4.4. Material balance of organic matter during up-condensation 
using FO membrane

The material balance of the organic matter determined 
at the end of up-condensation using the FO membrane is 
shown in Fig. 7. Of the total organic matter subjected to 
the up-condensation, 84% was accumulated in the con-
centrate, while 8% was lost into the permeate through 
the FO membrane. In addition, 8% of the organic matter 
was likely to be lost due to some experimental limitations 
(e.g., mineralization by biodegradation, accumulation into 
a dead-space, such as adherence to the inner wall of the 
condensation tank or loss at the time of physical cleaning). 
In the study performed by Lateef et al. [7], the fraction of 
organic matter that could be recovered through conden-
sation using an MF membrane was limited to slightly 
more than half of the organic matter introduced into the 
condensation chamber. In the present study, however, 
a larger fraction of the organic matter contained in the 
actual municipal wastewater can be recovered through the 
up-condensation of wastewater using an FO membrane. 
This difference could be attributed to the difference in 
the type of membrane used for concentrating wastewa-
ter. Generally, an FO membrane has a rejection capability 
almost equal to that of the RO membrane. Therefore, the 
rejection of dissolved organic matter by the FO membrane 
is expected to be much higher than that by the MF mem-
brane. Such a high rejection of organic matter by the FO 
membrane filtration would make this process suitable as 
a pre-treatment, prior to the anaerobic treatment for pro-
ducing methane gas. 

With regard to the organic matter mineralized by bio-
degradation during the up-condensation of the municipal 
wastewater, a significant reduction in mineralization can 
be expected by decreasing the retention time in the con-
densation tank (approximately 10 h in the experiment car-
ried out in this study). As the condensation chamber used 
in this study was arbitrarily constructed, it is expected that 
there is some potential for increasing the packing density of 
the membrane further. By increasing the packing density of 
the FO membrane in the condensation chamber, the volume 
of water filtrated through the FO membrane in a unit time 
increases, which results in the decrease in the retention time 
required in the condensation chamber.

4.5. Batch methane fermentation test

The condensed wastewater used in this test is different 
from the condensed wastewater obtained for the FO mem-
brane filtration test from the mentioned above. The CODCr 
concentration of the condensed wastewater used in this test 
was 2,600 mg/L. The biogas generated in the blank test orig-
inated from the organic matter contained in the seed sludge 
(i.e., digested sludge collected from a full-scale anaerobic 
digester). Therefore, the difference between the volume of 
biogas generated in the blank test and the batch fermenta-
tion test (in which the condensed municipal wastewater was 
used) was the volume of biogas generated from the organic 
matter contained in the condensed wastewater. The result 
of the methane fermentation test indicates that the volume 
of biogas from the reactor, which was fed into a 0.4-L con-
densed wastewater, is 0.3 L, while it is 0.1 L from the blank 
reactor. On the basis of the assumption mentioned above, 
the volume of biogas generated from 0.4 L of the condensed 
municipal wastewater was estimated to be 0.2 L. In addition, 
the amount of CODCr removal at the end of the operation was 
0.64 g-CODCr (the removal rate of CODCr was 0.62). Taking 
the above into consideration, the methane yield from the 
organic matter contained in the condensed municipal waste-
water was calculated to be 0.22 m3-CH4/kg-CODCr_rem (assum-
ing methane occupied 70% of the biogas produced [23]). This 
value is similar to the methane yield from the anaerobic fer-
mentation of organic matter contained in municipal waste-
water reported in previous studies [24,25]. The methane yield 
is dependent on the composition of raw water. However, the 
composition of municipal wastewater should not greatly 
vary like the industrial wastewater. Thus, we believe that it is 
reasonable to compare our result with the references [24,25]. 
As mentioned above, the volumetric up-condensation 
factor of the condensed wastewater used in this test was 
approximately 10. Therefore, the amount of biogas that can 
be generated from 1 L of raw wastewater without condensa-
tion is estimated to be 0.035 L. This roughly corresponds to 
the generation of 0.28 kWh of electricity by treating 1 m3 of 
wastewater, based on the assumption that the heat quantity 
of methane gas HCH4 is 36 MJ/m3-CH4 [26], and the energy 
conversion efficiency of methane gas ηCG is 0.8 [21].

4.6. Estimation of net energy balance

Based on the energy generation potential of the con-
densed wastewater obtained in the experiment described 
in the previous sections, the energy balance of the waste-
water treatment system involving the up-condensation of 
wastewater using an FO membrane and AnMBR was evalu-
ated. The results of the tests are shown in Table 3.

In the estimation, the method for post-treatment after 
AnMBR should also be considered. Considering that the 
CODCr concentration of the condensed wastewater was 
4,800 mg-CODCr/L and the removal rate of CODCr obtained 
from the batch methane fermentation test was 0.62, the CODCr 
concentration of the effluent from the AnMBR would be 
approximately 1,800 mg/L. The reduction in the concentra-
tions of the ammonium and phosphate ions is expected to be 
negligible. As a result, the concentrations of these ions in the 
effluent of the AnMBR are expected to be the same as those 
in the condensed wastewater (i.e., 130 mg/L for ammonium 
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ions and 78 mg/L for phosphate ions). As the concentrations 
of CODCr, ammonium and phosphate ions exceed the dis-
charge standards, applying appropriate post-treatment is 
indispensable. In this study, the magnesium ammonium 
phosphate (MAP) crystallization process [27] was selected 
for the recovery of phosphorous, while the anaerobic-oxic 
(AO) process [6] was selected for the removal of nitrogen and 
organic matter. According to some previous publications, the 
energy consumption of MAP and AO processes were reported 
to be 0.02 kWh/m3 [28] and 0.3 kWh/m3 [29], respectively. 
On this basis, the energy consumption for post-treatment 
(EC_Post) is estimated to be 0.32 kWh/m3 (0.017 kWh/m3 of raw 
wastewater).

The energy consumption during the up-condensation of 
municipal wastewater using an FO membrane was assumed 
to be 0.1 kWh/m3 [18]. In the estimation, it was also assumed 
that the energy consumption of the AnMBR, excluding the 
energy required for heating, is 0.06 kWh/m3 (0.0032 kWh/m3 
of raw wastewater [19]). The other parameters required for 
calculating the energy consumption were assumed as follows: 
specific heat of water (Cp) as 1.16 kWh/m3/K; the temperature 
in the bioreactor of AnMBR (TAN) as 313 K; the temperature of 
the condensed wastewater (Tin) as 298 K; and the efficiency of 
heat exchanger (ηHEx) as 0.7 . The energy consumption of the 
proposed system (EC) was estimated to be 0.72 kWh/m3 by 
using Eq. (8). Similarly, it was assumed that the CODCr con-
centration in a municipal wastewater (before condensation) 
is 300 mg-CODCr/L; the CODCr concentration in condensed 
wastewater Cin is 4,800 kg-CODCr/m3; the methane yield (ηCH4) 
is 0.22 m3-CH4/kg-CODCr_rem; the heat quantity of methane 
gas (HCH4) is 36 MJ/m3-CH4 [26]; and the energy conversion 
efficiency from the combustion of methane gas (ηCG) is 0.8 . 
On the basis of the assumption mentioned above, the energy 
generated while treating a unit volume of wastewater by the 
proposed system (Eg) was estimated to be 0.33 kWh/m3 by 
using Eq. (9). Therefore, the net energy generation (Enst) was 
calculated to be –0.39 kWh/m3, by using Eq. (7). 

Unfortunately, the net energy consumption of the pro-
posed system was larger than the typical energy consumption 
of conventional activated sludge process (i.e., 0.2 kWh/m3 [30]). 
Therefore, it is necessary to reduce the net energy consumption 
of the proposed system. It is especially important to improve 

the removal rate of CODCr (i.e., increasing the amount of bio-
gas generated) and to reduce the energy required for heating 
up the bioreactor of AnMBR. Watanabe et al. [31] reported that 
more than 95% removal of CODCr can be achieved in an anaer-
obic treatment process operated at a fermentation temperature 
of 25°C. Even if the anaerobic sludge was acclimated gradu-
ally, this CODCr removal rate can be achieved. Assuming that a 
95% removal rate of CODCr was achieved and that the AnMBR 
could be stably operated below 34°C, the proposed system can 
become a net energy generation system. In their study, the 
feed water introduced to the anaerobic reactor was artificial 
wastewater. It is still unclear whether a similar performance 
can be achieved when actual condensed wastewater was used 
as feed water. However, it is believed that the proposed energy 
generation system will be realized in the near future. 

5. Conclusions

The energy balance of a wastewater treatment system 
involving the up-condensation of municipal wastewater by 
the FO membrane and the AnMBR of the condensed waste-
water was evaluated. For this evaluation, condensation 
test using municipal wastewater by the FO membrane and 
batch methane fermentation test using condensed municipal 
wastewater were carried out. The CODCr concentration in the 
wastewater reached 4,800 mg/L. It is a concentration that will 
be applied to anaerobic treatment. The methane yield from 
the condensed municipal wastewater in the batch methane 
fermentation test at 40°C was 0.22 m3-CH4/kg-CODCr_rem. 
From these results, the net energy consumption of proposed 
system was calculated to be 0.39 kWh/m3. This value is higher 
than conventional municipal wastewater treatment by acti-
vated sludge process (0.2 kWh/m3). To reduce the energy con-
sumption of proposed system, the fermentation temperature 
in the AnMBR should be low, because the energy of heating 
the AnMBR is large (0.6 kWh/m3). By our estimation, the pro-
posed system could be a net energy producer if the fermen-
tation temperature in the AnMBR process can be reduced to 
below 34°C.
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