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A B S T R A C T   

A semi-industrial scale AnMBR urban wastewater treatment plant was operated for 580 days at ambient tem-
perature (ranging from 10 to 30 ○C) to assess its long-term filtration performance, energy balance and GHG 
emissions. The applied 20ºC-standardized transmembrane flux (J20) was varied between 15 and 25 LMH and the 
specific gas demand per m2 of membrane (SGDm) was modified between 0.10 and 0.40 Nm3⋅m− 2⋅h− 1 (corre-
sponding to a specific gas demand per permeate volume (SGDP) between 10 and 20 Nm3⋅m− 3). The filtration 
strategy allowed successful long-term operations without any chemical cleaning requirements and little fouling 
for 233 days. The plant operated as a net energy producer for more than 50 % of the experimental period, with an 
average net energy demand of − 0.169 ± 0.341, − 0.190 ± 0.376 and − 0.205 ± 0.447 kWh⋅m− 3, considering 
0 %, 50 % and 70 % of dissolved methane recovery, respectively. Finally, demethanization of AnMBR effluent is 
needed to achieve an environmentally sustainable operation of the technology. Therefore, the combination of 
AnMBR with degassing membranes appears as a suitable alternative to conventional wastewater treatment.   

1. Introduction 

Although conventional wastewater treatment is usually based on 
aerobic processes (with conventional activated sludge (CAS) or an aer-
obic membrane bioreactor (MBR)), anaerobic membrane bioreactors 
(AnMBRs) are receiving increasing attention due to their advantages [1] 
including: i) organic matter valorization through methane production 
during anaerobic digestion; ii) a high-quality solid-free effluent pro-
duction; iii) nutrients are conserved for recovery from the effluent; iv) 
operations at high sludge retention time (SRT), since membranes 
decouple hydraulic retention time (HRT) and SRT; v) they can treat 
low-loaded streams at ambient temperature since the membranes 
guarantee solids retention and avoid biomass washout; vi) improved 

stabilization of biosolids and significant reduction in sludge production 
when long SRTs are applied; and vii) they make reduced layouts possible 
thanks to the settlers being substituted for compact membrane units. 

AnMBR technology has been considered for the treatment of 
different industrial wastewater streams, such as textile, petrochemical, 
brewing or pharmaceutical industry effluents with satisfactory results 
[13,5]. However, despite the potential benefits of AnMBR plants for 
treating urban wastewater (UWW), they still face bottlenecks that need 
to be overcome, including: i) membrane fouling; ii) eutrophication po-
tential of the effluent when it is discharged in sensitive zones; iii) dis-
solved methane in the effluent [39]; and iv) competition between 
sulfate-reducing bacteria (SRB) and methanogens, which can affect 
methane yield and generate corrosive sulfide [7]. 

Abbreviations: AnMBR, anaerobic membrane bioreactor; BOD5, biological oxygen demand; CAS, conventional activated sludge; COD, chemical oxygen demand; 
GHG, greenhouse gas; HRT, hydraulic retention time; J20, 20ºC-standardized transmembrane flux; N, nitrogen; MBR, membrane bioreactor; P, phosphorus; SGDm, 
sparging gas demand per m2 of membrane; SGDP, sparging gas demand per m3 of permeate; SRB, sulfate-reducing bacteria; SRT, sludge retention time; TSS, total 
suspended solids; UWW, urban wastewater; VSS, volatile suspended solids. 
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Membrane fouling has been extensively identified as a key issue to be 
addressed before AnMBRs can be widely used for UWW [19]. This 
phenomenon is governed by different interrelated factors. For instance, 
operating at high temperatures reduces the viscosity of the mixed liquor, 
which favors filtration but also involves the release of extracellular 
polymeric substances (EPS), which are related to fouling [21]. Although 
anti-fouling strategies based on gas sparging have been reported as 
effective, they increase the filtration energy demand and introduce shear 
forces. Increased SRT can also reduce membrane fouling since it con-
sumes EPS and SMP. However, high SRT increases the solids concen-
tration and hinders the progress of filtration. 

The loss of part of the methane production as gas dissolved in the 
effluent must also be addressed to reduce fugitive emissions, identified 
as one of the greatest contributions to GHG of this technology [38], and 
to improve the energy performance of the facilities by recovering part of 
the methane produced [41]. Among other technologies, degasification 
membranes [35] and spray aeration towers are thus being studied for 
this aim. 

AnMBR plants have been reported to have a lower energy con-
sumption than CAS and MBR; Lazarova et al. [20] reported energy de-
mands of 0.25–0.60 kWh⋅m− 3 for CAS and 0.50–2.50 kWh⋅m− 3 for MBR. 
Pretel et al. [25] reported AnMBR net energy production of 0.17–0.19 
kWh⋅m− 3 without considering dissolved methane recovery, while 
Jiménez-Benítez et al. [16] reported net energy production of up to 0.47 
kWh⋅m− 3 when treating high-loaded UWW at mild temperatures when 
dissolved methane was considered and sulfate content in the influent 
was 112–172 mg S-SO4⋅L− 1. The recovery of organic matter through 
biogas production makes it possible to partially offset the indirect GHG 
emissions derived from its energy demand. Also, anaerobic processes do 
not emit nitrous oxide (N2O), as do aerobic nitrification/denitrification 
processes [32]. This is an important feature since the global warming 
potential of this gas has been estimated at 298 kgCO2eq per kg of N2O 
[34]. 

For all the above reasons, AnMBRs appear as a promising technology 
for the so-called water resource recovery facility concept [10], as opposed 
to the conventional urban wastewater treatment approach, which con-
siders wastewater as a source of pollution. 

This paper evaluates the performance of a semi-industrial AnMBR 
plant in terms of filtration process performance, energy balance and 
GHG emissions. The plant was fed with effluent from the pre-treatment 
of the “Alcázar de San Juan” wastewater treatment plant (Ciudad Real, 
Spain). The major novelties of this study include i) long-term operation 
of 580 days; and ii) technical characteristics and operation (real UWW, 
reactor volume of volume 40 m3, commercial hollow-fiber membranes, 
industrial equipment, ambient conditions, etc.). These characteristics 
allowed obtaining robust data for scaling-up AnMBR technology to full- 
scale facilities, thus providing of useful information in terms of mem-
brane performance, energy balance, and GHG emissions for the design 
and full-scale operation of AnMBR systems. The goal of the research was 
to determine the potential of AnMBR over conventional treatments by 
assessing its robustness against variations in the main operating condi-
tions (temperature, organic load, treatment flow, etc). 

2. Materials and methods 

2.1. AnMBR description 

The semi-industrial AnMBR plant implemented in the study con-
sisted mainly of the following components: an anaerobic reactor (40-m3 

total volume; 34.4-m3 working volume); three membrane tanks (MTA, 
MTB and MTC; 0.8-m3 total volume each; 0.7-m3 working volume each) 
equipped with an ultrafiltration membrane system (PURON® PSH41, 
KMS, 0.03-µm pore size, 41-m2 filtration area per tank); a sieve screw 
(1.5-mm screen size); an equalization tank (1.1 m3); and a clean-in-place 
(CIP) tank (0.37 m3). By including three identical MTs in the system, the 
effect of applying different J20 and gas-assisted membrane scouring 

intensities on membrane fouling can be tested in parallel treating the 
same feed at the same ambient conditions. Further details of this system 
can be found elsewhere in [31] and in supplementary materials. The 
plant was also equipped with a degassing membrane unit (2.1-m2 

filtration area) for dissolved methane recovery (PermSelect®, MedArray 
Inc. USA), using vacuum pressure as the driving force (for further details 
see Sanchis-Perucho et al. [36]). 

The AnMBR was fed with effluent from the pre-treatment of the 
“Alcázar de San Juan” wastewater treatment plant (Ciudad Real, Spain), 
consisting of screening, grit and grease removal. The average influent 
quality is shown in Table 1. Since the dairy and wine industries are 
important elements in the local economy, the influent wastewater was 
characterized by high concentrations of COD (1071 ± 467 mg⋅L− 1), 
BOD5 (710 ± 274 mg⋅L− 1) and sulfate (140.3 ± 42.5 mg SO4-S⋅L− 1). 

2.2. AnMBR operation 

The evolution of HRT, temperature, and organic load available for 
methanogenesis (OL-MA) during the 580-days experimental operation 
can be found elsewhere in Robles et al. [29] and in supplementary 
materials. Temperature varied freely in the 10–30 ○C range according to 
ambient conditions and season and SRT was set to 70 d. Several periods 
with different average HRT were operated as follows: 40 h (days 1–32); 
25 h (days 33–122); 46 h (days 123–170); 38 h (days 171–291); 26 h 
(day 292–500) and 70 h (days 501–580). The different HRT simulated 
population changes during the summer and winter periods. Eventually, 
HRT was stablished at 70 h in a final experimental stage in order to 
assess the treatment process performance at high HRT. 

The number of membrane tanks in operation depended on the 
selected HRT, while OL-MA was affected by economic activity, mainly 
dairy and wine, the latter with a markedly seasonal contribution. The 
influence of the grape harvest and winemaking can be noted between 
August and October between days 60 (August) and 100 (October) and 
between days 430 (September) and 480 (October). 

Membrane filtration and scouring took place within the following 
parameter range: the gross 20ºC-standardized transmembrane flux (J20) 
was modified between 15 and 25 LMH and the specific gas demand per 
m2 of membrane (SGDm) was between 0.10 and 0.40 Nm3⋅m− 2⋅h− 1, 
resulting in a specific gas demand per permeate volume (SGDP) of be-
tween 10 and 20 Nm3⋅m− 3, (for further details of membrane operation 
see Robles et al. [30]). 

Membranes were operated according to a specific schedule involving 
a combination of different individual stages taken from a basic 300 s- 
filtration: 30 s-relaxation cycle. Besides classical membrane operating 
stages (filtration, relaxation, and back-flush), degasification and venti-
lation stages were also considered in the membrane operation. Degas-
ification aims to recover the accumulated biogas in top of the dead-end, 
hollow-fiber membranes, since this accumulation of biogas reduces the 
effective filtration area. The degasification stage consists of a period of 
high flow-rate filtration that is carried out to enhance the filtration 
process efficiency by removing the accumulated biogas. On the other 
hand, during ventilation, permeate is pumped from the CIP tank to the 
membrane tank through the degasification vessel instead of through the 
membrane. The aim of the ventilation stage is to recover the accumu-
lated biogas in the degasification vessel due to the extraction of gas 

Table 1 
Average influent wastewater characteristics.  

Parameter Unit Mean ± SD 

TSS mg TSS⋅L− 1 405 ± 215 
Total COD mg COD⋅L− 1 1071 ± 467 
BOD5 mg COD⋅L− 1 710 ± 274 
Total Nitrogen mg N⋅L− 1 48.2 ± 11.7 
Total Phosphorus mg P⋅L− 1 8.4 ± 2.4 
Sulfate mg SO4-S⋅L− 1 140.3 ± 42.5  
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bubbles during filtration. 
The chemical membrane cleaning included a first washing phase 

with sodium hypochlorite (2000 ppm) for 8 h followed by a second 
washing phase with citric acid (2000 ppm) for another 8 h. 

The size of the AnMBR plant and the type and quality of the waste-
water (real urban wastewater) involved in this study can contribute to 
determine the conditions for the technical, economic and environmental 
feasibility of these technologies as an alternative to conventional 
wastewater treatment. 

2.3. Streams characterization and analytical methods 

The following parameters were regularly monitored in the influent: 
total chemical oxygen demand (COD), biological oxygen demand 
(BOD5), sulfate, sulfide, total suspended solids (TSS), and volatile sus-
pended solids (VSS). Effluent quality was mainly monitored through 
COD, sulfide and volatile fatty acids content. Reactor monitoring was 
based on TSS, VSS, COD, pH and methane content in the generated 
biogas (% CH4). TSS, VSS, COD, BOD5, sulfate and sulfide were deter-
mined according to standard methods [2]. VFA concentration was 
determined by titration according to the method proposed by [27]). 
Dissolved methane in the effluent was determined according to Giménez 
et al. [9]. 

2.4. Data processing and calculations 

The instrumentation implemented in the prototype acquired the 
following data, among others: reactor influent flow, reactor tempera-
ture, transmembrane pressures and fluxes, biogas flows for reactor 
mixing and membrane scouring, mixed liquor feeding flow to the 
membrane tanks, and biogas production and quality. Different key 
performance indicators were calculated to assess the performance of the 
system, i.e. J20, specific energy consumption (EC), total energy recovery 
(TER), net energy demand (NED) and greenhouse gas (GHG) emissions. 

It is important to highlight that a fraction of the influent organic 
matter is consumed by SRB, which meant it was not available for biogas 
production by methanogenic organisms. Specifically, 2 g of influent 
COD were consumed by SRB for each gram of sulfate 
(stoichiometrically). 

Over-dimensioned equipment in the prototype plant prevented the 
direct measurement of electrical power consumption from being repre-
sentative of the energy requirements of AnMBR technology. The power 
required by the equipment (pumps and blowers) was therefore calcu-
lated theoretically using the equations proposed by Judd and Judd [17] 
and Pretel et al. [26]. Adiabatic indexes, and blower and pump effi-
ciencies were estimated based on standard values for these components. 

Two sources of GHG emissions were considered: i) indirect CO2 
emissions related to the NED of the system (CO2NED ) and ii) direct 
equivalent CO2 emissions from dissolved methane in the effluent 
(CO2D− CH4 ). Both sources are considered as the main GHG contributors 
during the operation of the demo plant. It should be noted that, ac-
cording to the IPCC2013 application guides, since they are included in a 
short-term carbon cycle, CO2 emissions of biogenic origin produced 
during anaerobic digestion can be excluded from GHG calculations, as 
well as those associated with the subsequent combustion of biogas in a 
CHP unit. Three different values were calculated for CO2D− CH4 and 
therefore for total CO2 emissions: i) without dissolved methane recov-
ery; ii) with 50 % of dissolved methane recovery and iii) with 70 % of 
dissolved methane recovery. Percentages of 50 % and 70 % were 
assumed based on the optimum economic and environmental results 
from previous studies, respectively [35]. 

Details on data calculations are provided as supplementary material. 

3. Results and discussion 

3.1. Filtration process performance 

Fig. 1 gives the performance of the filtration process during the 
complete experimental period for the MTA, MTB and MTC membrane 
tanks (average values can be seen in table S1 of the supplementary 
material). The black dashed bars indicate short maintenance stops (days 
94 and 442) and gray dotted-dashed bars indicate membrane chemical 
cleanings (days 128 and 363). A conservative maximum TMP security 
value of 500 mbar was selected based on the supplier’s information. 
Finally, the TSS concentration depicted in Fig. 1 corresponds to the 
reactor mixed liquor (i.e. MLSS), thus representing the TSS 

Fig. 1. Evolution of sparging gas demand per m3 of permeate (SGDP), gross 
20ºC-standardized transmembrane flux (J20), transmembrane pressure during 
filtration stage (TMP) and total suspended solids (TSS) in a) MTA; b) MTB and c) 
MTC. (Maintenance stop: black dashed line; Membrane chemical cleanings: gray 
dotted-dashed lines). 
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concentration of the mixed liquor entering the three MTs. 
As can be seen in Fig. 1, J20 was maintained in similar values for all 

MTs: 14–20, 15–23 and 15–20 LMH for MTA, MTB, and MTC, respec-
tively. These J20 are somewhat higher than previous long-term AnMBR 
studies [15,24]. The J20 applied were also competitive against MBR for 
urban wastewater treatment. For instance, Xiao et al. [42] evaluated 19 
large-scale Chinese MBRs and reported fluxes in the range of 15–25 LMH 
(19.6 LMH on average). 

Regarding SGDm, MTA was operated between 0.1 and 0.4 
Nm3⋅m− 2⋅h− 1; MTB mostly at 0.3 Nm3⋅m− 2⋅h− 1, although higher 
(0.35–0.40 Nm3⋅m− 2⋅h− 1; days 130–200) and lower (0.1–0.2 
Nm3⋅m− 2⋅h− 1; days 360–500) values were also evaluated; and MTC at 
0.25 Nm3⋅m− 2⋅h− 1 at days 294–360 and 510–580 and in the range of 
0.1–0.3 Nm3⋅m− 2⋅h− 1 between days 360 and 510. The modifications in 
the applied SGDm aimed to assess gas sparging intensity for fouling 
control. 

In this operation, SGDP varied between 7 and 23 Nm3⋅m− 3 for MTA 
and between 14 and 16 Nm3⋅m− 3 for MTB, with short periods above 20 
Nm3⋅m− 3 (e.g. days 200–216) and below 10 Nm3⋅m− 3 (days 383–401). 
Fig. 1c gives the first period of MTC, with SGDP at 13–14 Nm3⋅m− 3 (days 
294–360), a second highly variable period between 5 and 22 Nm3⋅m− 3 

and a third period with SGDP steady at around 12–13 Nm3⋅m− 3. 
Fig. 1 allows the comparison of the filtration performance of the 

three MTs, attending to the differences in their operation. Between days 
31 and 91, MTA and MTB (see Fig. 1a and b) operated at similar J20 
(16–20 LMH) and SGDP (15–16 Nm3⋅m− 3) and both tanks started from a 
close TMP, in the 210–220 mbar range. It can be observed that the 
behavior of both MTs was very similar, reaching in both cases the limit 
value of ≈ 500 mbar at the same time (day 91). It can also be observed a 
sharp increase in TSS on day 45, reaching a concentration of 15 g⋅L− 1 

around day 75, which coincides with the sharp TMP increase recorded in 
both tanks. Therefore, it can be concluded that the membranes were 
operated at supra-critical filtration conditions due to the combination of 
the J20, SGDP and TSS values within the experimental period. 

After the maintenance stop conducted between days 91 and 94, both 
MTA and MTB partly reduced their TMP without applying any membrane 
chemical cleaning, thus the observed recovery was associated with 
reversible fouling that was removed as a result of prolonged air-assisted 
membrane scouring without filtration. 

After restarting filtration, the behavior of both tanks differed. In the 
case of MTA, there was an abrupt rise in TMP after only three days of 
operation, reaching a stable TMP around 420 mbar. From day 121, the 
J20 was reduced from 20 LMH to 12 LMH, and this caused a drop in the 
TMP from 420 to 330 mbar, which represents a reduction of 21 %. This 
TMP profile would indicate that reducing J20 turned the filtration pro-
cess from supra-critical/critical (since TMP first raised and then could be 
maintained at 420 mbar) to sub-critical conditions. In MTB, the filtration 
process caused a constant increase in TMP until reaching the maximum 
threshold value (i.e. 500 mbar) set for conducting a membrane chemical 
cleaning. On day 128, the membrane in MTB was chemically cleaned, 
which reduced TMP to 161 mbar. A reduction of 43 % in membrane total 
resistance (RT

) when comparing the RT achieved after the first mainte-
nance stop on days 91–94 (i.e. 14.1 LMH⋅mbar− 1) and the chemical 
cleaning on day 128 (i.e. 8.1 LMH⋅mbar− 1) would indicate the amount 
of irreversible fouling accumulated on the MTB membrane when the 
maintenance stop was conducted (between days 91 and 94). Eventually, 
filtration performance of MTB between days 128 and 221 confirms that 
the combination of J20 above 20 LMH, SGDP below 17 Nm3⋅m− 3 and TSS 
above 10 g⋅L− 1 led to significant fouling propensities, increasing TMP 
from 150 to 190–470 in 35–40 days. 

Different profiles between MTA and MTB regarding J20, SGDP and 
TMP can be observed from day 200 and 295. Specifically, the reduction 
in J20 from 17.5 to 15–16 LMH applied to the MTA managed to reduce 
the TMP from the maximum of 450 mbar to 360 mbar (day 245). 
Moreover, the reduction recorded in the TSS concentration from 11 to 
9 g⋅L− 1 also favored reducing the SGDm from 0.37 to 0.29 Nm3⋅m− 2⋅h− 1 

(corresponding to a SGDP of 23 and 19 Nm3⋅m− 3, respectively), resulting 
in a slight decrease in TMP, thus confirming that filtration was carried 
out under sub-critical conditions with this combination of J20, SGDm and 
TSS concentration. In this same period, MTB was operated with a rising 
J20 from 15.5 LMH to 21 LMH and a SGDm of 0.29 Nm3⋅m− 2⋅h− 1 (SGDP 
of 19 Nm3⋅m− 3) in average. These operating conditions resulted in a 
sharp TMP increase from 320 mbar to 460 mbar (day 225). Despite this 
increase, the reduction in TSS concentration to 10 g⋅L− 1 allowed to 
offset the effect of increasing J20 on TMP thus managing to remain stable 
TMP values of around 470 mbar, which indicated that sub-critical 
filtration conditions were kept. It is also worth to highlight the drop in 
TMP that occurred between days 290 and 300 due to a decrease in J20 
from 21 LMH to 16 LMH and the subsequent TMP increase observed 
when the TSS concentration increased from day 300. Thus, slight 
changes on J20 and/or SGDm quickly allowed compensating the effect of 
TSS concentration on TMP, highlighting the potential of gas-assisted 
membrane scouring as physical fouling control strategy to keep sub- 
critical/critical filtration conditions thereby controlling membrane 
fouling propensity. 

Between days 300 and 363, when a second membrane chemical 
cleaning was conducted, MTB and MTC were operated in parallel. Fig. 1b 
shows how MTB experimented a TMP reduction due to increasing the 
SGDm up to 0.35 Nm3⋅m− 2⋅h− 1 (corresponding to a SGDP of 20 
Nm3⋅m− 3) between days 344 and 361. MTC was operated at similar J20 
values than the ones established in MTB, although a constant SGDm of 
0.24 Nm3⋅m− 2⋅h− 1 (SGDP of 13 Nm3⋅m− 3) was established in MTC. Thus, 
it can be concluded that, while it was possible to control TMP in MTB by 
increasing gas sparging intensity, TMP in MTC continuously increased 
between days 300 and 363. Therefore, MTB operated at sub-critical 
filtration conditions (J20 of 15–18 LMH, SGDP of 15–20 Nm3⋅m− 3 and 
TSS of 12 mg⋅L− 1) and MTC at supra-critical filtration conditions (J20 of 
15–18 LMH, SGDP of 13–14 Nm3⋅m− 3 and TSS of 12 mg⋅L− 1). 

On day 363, a chemical cleaning was conducted in the three MTs. In 
the case of MTA, TMP turned out to similar values to the original ones 
(day 30). Thus, fouling was properly removed through chemical clean-
ing, revealing negligible levels or irremovable fouling on the membrane 
within the experimental period. In the case of MTB, the RT values ach-
ieved after this second chemical cleaning (i.e. 6.7 LMH⋅mbar− 1) sug-
gested that the first one (day 128) was not able to completely recovering 
irreversible fouling, i.e. around 1.4 LMH⋅mbar− 1 of RT was additionally 
removed compared to the results from the first chemical cleaning 
applied. In the case of MTC, RT was reduced to around 4.9 LMH⋅mbar− 1, 
lower than the initial TMP on day 294 (i.e. 7.9 LMH⋅mbar− 1), which 
would indicate the presence of previous fouling, since this membrane 
was kept submerged in the mixed liquor. 

During days 361–445, the three MTs were operated in parallel. J20 
between 14 and 15 LMH and low SGDm (mostly 5–6 Nm3⋅m− 2⋅h− 1) were 
established for MTA and TMB. MTC was operated at J20 of 15 LMH and 
higher but fluctuating SGDP (5–21 Nm3⋅m− 3). Around day 400, a sharp 
increase in TMP up to 460–480 mbar was observed in MTA and MTB 
driven by the low agitation, while MTC could sustain filtration at low 
TMP for a few days longer (until day 420) since it was operated with 
higher SGDP. 

Finally, a maintenance stop was conducted on day 443. After this 
stop, RT did not reach the value obtained after the previous chemical 
cleaning, thus some irreversible fouling (around 5 LMH⋅mbar− 1 equiv-
alent) may be developed from day 363–443 During this period, MTB and 
MTC were operated at similar J20 and SGDm levels. Indeed, both tanks 
resulted in similar TMP behaviors. From day 505, only the MTC was 
operated and its SGDm was increased to 0.24 Nm3⋅m− 2⋅h− 1 (corre-
sponding to an SGDP of 12.5 Nm3⋅m− 3). This increase resulted in a 
significant reduction in TMP growth rate and therefore in fouling rate (i. 
e. from 4.1 mbar⋅d− 1 to 1.4 mbar⋅d− 1). 

Therefore, Fig. 1 shows the complex interaction between J20, SGDm 
(as shown by SGDP), TSS in the reactor, TMP and the evolution of 
fouling. Operation at high J20 with low fouling propensities can be 
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achieved with high SGDm and low mixed liquor TSS concentrations. 
These results are in line with those obtained elsewhere by Mei et al. [23]. 

The results show that the system was able to conduct filtration at a 
moderate-high J20 (15–20 LMH) with competitive SGDm (at an SGDP of 
10–20 Nm3⋅m− 3) and moderate TSS (8–13 g⋅L− 1), although shifts be-
tween supra-critical and subcritical filtration were seen to occur with 
small changes in the operating conditions. Operating at sub-critical 
filtration conditions (recommended to avoid quick TMP increase) was 
possible with TSS concentrations below 10 g⋅L− 1, maximum J20 of 16 
LMH and SGDm of 0.3 Nm3⋅m− 2⋅h− 1 (corresponding to 15 Nm3⋅m− 3). 
Fig. 1 also shows that fouling control can be achieved even at high TMP 
(e.g. between days 210 and 300 in MTA (380–400 mbar) or between 
days 210 and 335 in MTB (470–500 mbar). During these periods, the 
TMP presented a plateau profile, which indicated negligible fouling 
propensity. In this sense, the rapid response of TMP to changes in J20 
and/or SGDm contributes to facilitate fouling control. However, oper-
ating at high TMP would imply increasing energy requirement for 
permeate pumping and increasing dissolved methane concentration. 
Therefore, to avoid these drawbacks operation at high TMP is not 
advisable. 

As filtration performance comparison, [18] operated a pilot-scale 
AnMBR to treat municipal wastewater at ambient temperature (25 ◦C) 
and reported significantly lower transmembrane fluxes of approx. 3 and 
4.5 LMH for HRT of 48 and 24 h, respectively, despite experiments at 
HRT of 24 h were conducted with lower mixed liquor suspended solids, 
in the 6.7–10.2 g⋅L− 1 range (mixed liquor suspended solids at HRT of 
48 h were not included in the study). Shin & Bae [37] described the 
performance of different pilot scale AnMBR treating domestic waste-
water. These authors found that the most common transmembrane 
fluxes were in the 6–14 LMH range, while applied SGDm varied mostly 
between 0.15 and 0.31 Nm3⋅m− 2⋅h− 1. Lee & Liao, [11] considered 10 
LMH as typical design parameter for transmembrane flux. 

Finally, it should be noted that the demo plant achieved a successful 
long-term operation without chemical cleaning requirements, the 
longest operation period being 233 days of MTB (days 128–363), 
although the results indicate that longer operating periods could be 
achieved. No irrecoverable fouling was detected during the study since 
chemical cleaning returned the TMP to the initial values or even lower. 

3.2. Energy assessment 

Evolution of biogas production, its methane content expressed in 
percentage of CH4, and removed COD (% CODrem) can be found in 
supplementary materials. Moreover, details on the evolution of biogas 
production process in this demo plant during this operational period can 
be found in Robles et al. [29], where it could be concluded that tem-
perature, HRT, SRT and influent COD⋅SO2

− 4-S ratio showed crucial in-
fluence in biogas production. 

As already mentioned in Section 2.2, organic load and temperature 
varied according to economic activities and ambient conditions, 
respectively. Methane production is therefore highly influenced by these 
factors. Periods with high temperature and high OL-MA showed higher 
biogas productions. Conversely, low OL-MA and low temperature led to 
reduced biogas production. With regards to methane content in the 
biogas, it remained mostly above 70 % (75 ± 3 % on average). Finally, 
AnMBR reached a significant COD removal efficiency (89 ± 5 % on 
average) (further details can be found in Fig. S3 of supplementary 
materials). 

Fig. 2 shows the evolution of EC, TER and NED. The gaps in the 
figures are due to maintenance stops and failures in the online equip-
ment required for calculations. 

Fig. 2a shows an initial period between days 1–30 with high energy 
consumption for reactor mixing (around 0.11 kWh⋅m− 1). On day 31, 
mixing was reduced to 0.04–0.08 kWh⋅m− 3 until day 500, without 
affecting reactor performance. EC related to membrane scouring also 
varied according to the applied SGDm and number of membrane tanks in 

operation. Between days 1–30, only MTB was in operation at an SGDm of 
0.3 Nm3⋅m− 2⋅h− 1. On day 35, MTA started operating jointly with MTB, 
leading to an increased need for sparging and higher energy consump-
tion (1.2–1.3 kWh⋅m− 3). MTA and MTB were also operated in parallel 
between days 194–299, when energy consumption reached the highest 
value (1.5–2.0 kWh⋅m− 3), which was associated with higher applied 
SGDm in MTA (0.36–0.43 Nm3⋅m2-h1). From day 300, MTA was stopped, 
SGDm in MTB was reduced to 0.20 Nm3⋅m2-h1 and MTC started with an 
applied SGDm of 0.24 Nm3⋅m2-h1. Energy consumption for membrane 
scouring was thus reduced to 0.5–0.6 kWh⋅m3. On days 330–355, SGDm 
in MTB was set to 0.35 Nm3⋅m2⋅h1, which led to higher energy con-
sumption for membrane scouring. The period between days 365–500 
was characterized by lower applied SGDm (and thus SGDP) than previ-
ously, which allowed moderate-low energy consumption despite MTB 
and MTC being operated in parallel, and MTA was jointly operated be-
tween days 373–420. The EC associated with membrane tank feeding 
mostly remained below 0.02 kWh⋅m− 3 while the energy requirement for 
the reactor feeding pump was negligible. After day 500, HRT was set to 
70 h, so that the treatment flow was reduced, leading to higher specific 
energy consumption in kWh⋅m− 3. 

Fig. 2b gives the total EC, TER and NED. The TER in Fig. 2b was 
based on energy recovered from the biogas stream only (0 % of dissolved 
methane recovery). This recovered energy allowed the plant to perform 
as a net energy producer for over 50 % of the study period (negative 
values in NED). As can be seen in Fig. 2b, methane production and 
therefore energy recovery was boosted by a high OL-MA and tempera-
ture (see Fig. S2 in supplementary materials). In this regard, TER fol-
lowed the same trend as the temperature from day 1–160, with a high 
energy production at 28 ○C (days 1–60), which dropped steadily as the 
temperature dropped to 14 ○C (day 160). Days 440–580 also showed 

Fig. 2. Results of (a) allocation of energy consumption (EC) per equipment and 
(b) total energy consumption (EC), total energy recovery (TER) and net energy 
demand (NED) considering only the energy recovered from biogas 
(only biogas). 
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high TER values, when energy production increased when the temper-
ature remained above 26 ○C (days 400–450) and by the increase in OL- 
MA (days 450–490). On the other hand, days 160–440 resulted in 
reduced TER since this period was characterized by a relatively low 
temperature and OL-MA. 

Table 2 gives the average results for the entire study period and 
shows that the main contributions to EC were associated with the blower 
requirements for membrane scouring (55.2 %), followed by reactor 
mixing (34.4 %). Conversely, membrane tanks’ feeding pump, filtration 
pumps, and reactor feeding pump had comparatively very low energy 
consumption (7.8 %, 1.6 % and 1.0 %, respectively). The contribution of 
the degassing membrane blowers was negligible (<0.02 %). Overall, 
average EC accounts for 0.192 ± 0.070 kWh⋅m− 3 while average TER (0 
% methane recovery) was 0.361 ± 0.271 kWh⋅m− 3. Dissolved methane 
produced more energy than that used in its recovery, although its 
contribution to TER was relatively low (between 0.02 kWh⋅m− 3 and 
0.04 kWh⋅m− 3 for dissolved methane recovery ratios of 50% and 70 %, 
respectively). However, this recovery definitively reduced GHG emis-
sions, as will be explained in the following section. 

These results can be compared with other studies dealing with 
AnMBR for wastewater treatment. Rong et al. [4] evaluated the energy 
balance of an AnMBR at pilot scale and a projected scaled-up facility of 
10000 m3⋅d− 1. Influent COD was 331–414 mg⋅L− 1 and temperature 
ranged between 15 and 25 ◦C. These authors obtained a net electricity 
demand in the 0.09–0.10 kWh⋅m− 3 range, with gas sparging accounting 
for 52.46–74.60 % and reactor mixing for 4.08–6.13 %. More specif-
ically, Hu et al. [14] reported energy consumptions for gas sparging 
between 0.25 and 3.4 kWh⋅m− 3, accounting for approx. 70 % of total 
energy consumption, which are between 2 and 32 times the average 
energy consumption obtained in this study (0.106 ± 0.047 kWh⋅m− 3). 
Concerning degassing membranes, lower energy consumptions were 
achieved (between 2.3⋅10− 5 ± 3.4⋅10− 6 and 4.3⋅10− 5 ± 6.3⋅10− 6 

kWh⋅m− 3, see Table 2) compared to the one reported by Velasco et al. 
[40], i.e. 0.01 kWh⋅m− 3 for 90 % of dissolve methane recovery. 

Moreover, Krzeminski et al. [19] reported 0.3–0.6 kWh⋅m− 3 for CAS 
and 0.6–2.3 kWh⋅m− 3 for MBR, including nutrient removal. In this 
sense, Fraia et al. [8] reported energy consumption for nitrogen removal 
up to 6.08 kWh per kg of influent total nitrogen (kWh⋅TNin) in waste-
water treatment facilities with high nitrogen removal efficiency (> 89.2 

%), while energy consumption associated to phosphorus removal was 
considered negligible. Hence, assuming the nitrogen load of the AnMBR 
influent (see Table 1) the energy demand for nitrogen removal in an 
aerobic/anoxic process would be of approx. 0.29 kWh⋅m− 3, according to 
this literature value. Hence, extracting this value to the 
above-mentioned ranges for CAS and MBR energy demand, the energy 
consumption related to COD removal in CAS and MBR technology would 
be between 0.01 and 0.31 and 0.31–1.99 kWh⋅m− 3, respectively. These 
estimated range of energy requirements would be still higher than the 
average NED reported in this study when dissolved methane recovery is 
not conducted (− 0.169 ± 0.341 kWh⋅m− 3; see Table 2). 

These results emphasize the importance of optimizing the parame-
ters governing the reactor mixing requirements and filtration, especially 
with regard to SGDm. Increasing sludge recycling would reduce TSS 
concentration in the MTs and help to reduce SGDm necessities. Since the 
MT feeding pump represents only 8 % of EC and membrane scouring 
accounts for 55 %, this strategy could improve the AnMBR energy per-
formance through a slight increase in the consumption of the sludge 
pump, which would be compensated by a larger reduction of con-
sumption for membrane scouring. This sludge circulation could also be 
used to promote reactor mixing and would reduce its energy consump-
tion (34 %). 

It should be noted that the significant sulfate content in the influent 
favors SRB growth, so that improved AnMBR energy performance could 
be expected when treating low-sulfate wastewater [29]. 

3.3. GHG emissions 

Fig. 3 shows the equivalent CO2 emissions associated with dissolved 
CH4 (D-CH4) when no recovery is considered (gray area) and net GHG 
emissions (including D-CH4 and those associated with EC) considering 
0 %, 50 % and 70 % of dissolved methane recovery (orange, blue and 
green lines respectively). 

When no methane recovery was considered, the contribution of D- 
CH4 to total emissions accounted for 0.5–0.6 kgCO2eq⋅m− 3 during almost 
the entire period of plant operation. The periods in which the orange line 
is lower than the corresponding gray bar indicate net energy production 
(e.g. days 1–130, see Fig. 2a). On these days, savings in indirect CO2 
emissions related to energy production generated a GHG credit which 
reduced the total carbon footprint. This effect was also found to a lesser 
extent during days 430–480. Conversely, the orange line over the gray 
area indicates emissions related to net EC, which is added to those of 
dissolved methane release (days 210–340). 

Table 2 
Energy consumption (EC), total energy recovery (TER) and net energy demand 
(NED) for 0 %, 50 % and 70 % of dissolved methane recovery (D-CH4).   

D-CH4 Recovery fraction 

kWh⋅m− 3 0% 50% 70% 

EC 
blower 
DM 

- 2.3⋅10− 5 

± 3.4⋅10− 6 
4.3⋅10− 5 

± 6.3⋅10− 6 

EC 
blower 
AnR 

0.066 ± 0.030 

EC 
blower 
MT 

0.106 ± 0.047 

EC 
AnR 
feeding pump 

0.002 ± 0.000 

EC 
MT 
feeding pump 

0.015 ± 0.007 

EC 
permeate 
pump 

0.003 ± 0.001 

Total 
EC 

0.192 ± 0.070 

TER 0.361 ± 0.271 0.382 ± 0.306 0.397 ± 0.377 
NED -0.169 

± 0.341 
-0.190 ± 0.376 -0.205 ± 0.447  

Fig. 3. Evolution of GHG emissions in the operating phase of the demonstration 
plant: direct CO2 equivalent emissions of dissolved methane (gray bars), and 
CO2 equivalent emissions when considering NED and dissolved methane re-
covery of 0 % (orange), 50 % (blue) and 70 % (green). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Net GHG emissions with 0 % of methane recovery (orange line) 
showed values around 0.4 kgCO2eq⋅m− 3, when high volumes of biogas 
were produced and energy recovery was significantly high (days 1–130), 
whereas the value oscillates around 0.6 kgCO2eq⋅m− 3 when low biogas 
production was obtained. According to Sanchis-Perucho et al. [35], the 
economic optimum for dissolved methane recovery would be 50 % and 
the environmental optimum 70 % approx. The results obtained with 50 
% and 70 % of dissolved methane recovery (blue and green lines, 
respectively) show the importance of this process for the improvement 
of the overall AnMBR environmental performance by reducing CH4 
emissions. For instance, recovering 50 % of the methane would reduce 
the equivalent CO2 emissions to 0.1–0.3 kgCO2eq⋅m− 3. Operating with 
70 % methane recovery kept the emissions below 0.2 kgCO2eq⋅m− 3 

during the entire study period. By way of comparison, Rodriguez-Garcia 
et al. [33] estimated emissions of around 0.3 kgCO2eq⋅m− 3 for CAS fa-
cilities with organic matter and nutrient removal discharging in sensi-
tive areas, while Chen [6] estimated small-scale MBR (351 m3⋅d− 1 

treatment capacity) emissions to be around 0.7 kgCO2⋅m− 3. 
The GHG emissions associated with D-CH4 appear as the main 

contributor to this environmental impact (between 83.8 % and 95.7 %). 
Since the other contributors are derived from power consumption, the 
higher use of renewable energies in the energy mix will raise these 
percentages even further. The improvement of AnMBR will necessarily 
involve further research in systems of dissolved methane recovery to 
offset CO2 emissions. In this regard, AnMBR combined with degassing 
membranes represents a promising combination, as it merges greater 
energy recovery with the possibility of reducing GHG emissions [12]. 

Increasing energy recovery would also help to widen the applica-
bility of AnMBR technology, for example co-digestion of wastewater 
with other substrates (organic fraction of food waste, food industry 
wastewater, etc.) has been successfully explored [26]. Biogas upgrading 
is another strategy that takes advantage of methane; this option has 
recently received great attention in the UE (e.g. REPowerEU Plan) and 
promising environmental and economic results have been obtained [3]. 

Finally, it is important to highlight the additional benefits that 
recovering nutrients would entail, since N and P production from 
traditional sources require high power consumption and GHG emissions. 
McCarty et al. [22] reported 19.3 kWh per kg N and 2.11 kWh per kg P. 
According to these values, considering the average N and P content in 
the effluent (45.7 ± 10.4 mg N⋅L− 1 and 7.8 ± 2.0 mg P⋅L− 1, data not 
shown) and a GHG emission factor for Spanish energy mix generation of 
0.14 kg CO2⋅kWh [28], fertigation would allow savings of 0.126 kg 
CO2eq⋅m− 3, which would help the combination of AnMBR+fertigation to 
achieve carbon neutrality if 70 % of the dissolved methane was 
recovered. 

The results of this study suggest that AnMBR shows promise as a 
potential technology for reducing the energy dependence and overall 
environmental impacts of wastewater treatment. The combination of 
anaerobic treatments and membrane technology in AnMBR paves the 
way for turning wastewater into a source of resources. Energy, nutrients 
and reclaimed water could be supplied by the continuously generated 
sewage, while this approach complies with the fundamental principles 
of the CE and is fully aligned with the Sustainable Development Goals. 

4. Conclusions 

An industrial AnMBR wastewater treatment prototype was success-
fully operated for 580 days. Fouling propensity remained low and long- 
term operations were achieved, with a maximum continuous operation 
of 233 days without applying membrane chemical cleaning. The UF 
modules were able to operate at a high J20 in the range of 15–20 LMH 
and a competitive SGDm of between 0.1 and 0.4 Nm3⋅m− 2⋅h− 1 (which 
corresponded to a SGDP of 10–20 Nm3⋅m− 3). TMP showed a quick 
response to changes in J20 and SGDm, which facilitated fouling control. 
Moreover, operation with TSS concentrations below 10 g⋅L− 1, J20 of 16 
LMH and SGDm of 0.3 Nm3⋅m− 2⋅h− 1 (corresponding to 15 Nm3⋅m− 3) 

would further lengthen the filtration periods between chemical 
cleanings. 

With regards to energy assessment, the average EC was estimated at 
0.192 ± 0.070 kWh⋅m− 3, with most of the power consumed by mem-
brane scouring (55 %) and reactor mixing (34 %). The valorization of 
organic matter provided an average TER of 0.361 ± 0.271, 0.382 
± 0.306 and 0.397 ± 0.377 kWh⋅m− 3 with 0 %, 50 % and 70 % recovery 
of dissolved methane, respectively, obtaining a NED of − 0.169 
± 0.341, − 0.190 ± 0.376 and − 0.205 ± 0.447 kWh⋅m− 3, respectively. 
The increase in energy production associated with the recovery of dis-
solved methane is therefore low, but higher than the energy consump-
tion of degassing membranes. Finally, dissolved methane recovery 
appears as the key challenge to be overcome for achieving low GHG 
emissions with AnMBR. In this study, recoveries of 50 % and 70 % 
reduced emissions from 0.5 to 0.6–0.1–0.3 and below 0.2 kgCO2⋅m− 3, 
respectively. 

Overall, the AnMBR demo plant showed a suitable filtration perfor-
mance, significant energy productions and low CO2 emissions when 
recovering dissolved methane. These results indicate that AnMBR 
combined with degassing membranes represents a robust alternative to 
the conventional wastewater treatment. 
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