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Abstract Today, the transition to renewable energy
from conventional energy practices is more impor-
tant than ever to establish energy security and miti-
gate climate change. The wastewater treatment plants
(WWTP) consume a remarkable amount of energy
and cause significant greenhouse gas emissions. The
energy balance of WWTP can be improved by imple-
menting energy-efficient applications such as anaero-
bic digestion. However, most of the existing WWTPs
utilize only sewage sludge in conventional anaerobic
digesters (CAD) which results in low biogas genera-
tion. Generally, co-digestion is indicated as an effec-
tive solution for the low biogas generation faced in
mono-digestion. Moreover, recently, anaerobic mem-
brane bioreactors (AnMBR) have been promoted as a
prominent alternative to CADs. This paper overviews
the current situation of co-digestion applications by
AnMBRs for municipal WWTPs. Furthermore, the
environmental and economic aspects of these appli-
cations were reviewed. Lastly, challenges and future
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perspectives related to the co-digestion applications
by AnMBR were thoroughly discussed.
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1 Introduction

Non-renewable energy sources threaten global-scale
environmental health and safety. One of today’s
most significant challenges is maintaining economic
growth while reducing anthropogenic greenhouse gas
emissions (Papiez et al. 2021). Besides the environ-
mental aspects of current energy consumption prac-
tices, the energy supply chain is remarkably fragile
because of the non-uniform distribution of reserves
(Frilingou et al. 2023). Moreover, recent global devel-
opments, such as the COVID-19 pandemic and politi-
cal instability worldwide, have severely disrupted the
conventional economic structure (Zhou et al. 2023).
It has become evident during this period that; even
regional developments can cause harm to energy
security due to the complex energy network and
the high number of countries dependent on outside
resources (Kruczkiewicz et al. 2021; Cui et al. 2023;
Zhou et al. 2023). These overlapped global develop-
ments have promoted the transition away from con-
ventional energy sources, such as fossil fuels, and
have led to an increased focus on energy efficiency
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in various engineering applications (Izzeldin et al.
2023).

Wastewater treatment is an engineering applica-
tion where a high amount of energy is consumed dur-
ing the treatment process. Energy consumption in the
wastewater treatment industry accounts for about 3%
of global electricity consumption (Lu et al. 2018).
Therefore, energy efficiency in wastewater treatment
plants (WWTP) can play a pivotal role in establish-
ing energy security for a country. Moreover, improv-
ing energy efficiency in WWTPs is a crucial objec-
tive of the United Nations’ Sustainable Development
Goals (UN 2016). Municipal wastewater (MWW)
and sewage sludge (SS) treated in WWTPs consid-
ered biowaste, containing organic matter with energy
potential, which can be harnessed through anaerobic
digestion processes (Ersahin et al. 2010). Annual
global MWW and SS generation is estimated to reach
around 470 billioncubic meters (Qadir et al. 2020),
and 127.5 million tons respectively by 2030 (Shan-
mugam et al. 2022). Consequently, valorizing organic
matter in the MWW by anaerobic digestion is a vital
process that can help to achieve energy efficiency in
WWTPs.

During the anaerobic digestion process, micro-
organisms break down organic matter to produce
biogas, which is a mixture of methane and carbon
dioxide (Chen et al. 2008). Anaerobic digestion has
gained significant attention because it offers biogas
production and thus, serves the energy-neutrality
target in WWTPs (Selvaraj et al. 2022). Accord-
ing to the World Biogas Association, by 2019 there
were around 132,000 anaerobic digesters worldwide
including the ones in WWTPs, operating at differ-
ent scales (WBA 2019). Currently, many anaerobic
digesters in WWTPs, use a single substrate, which is
known as mono-digestion (Karki et al. 2021).

Mono-digestion in municipal WWTPs has a
remarkable drawback since it generally results in
the operation with low organic loading rates (OLR)
because of the low organic content of the feedstock.
Moreover, biogas yield can be low due to many other
factors related to mono-substrate characteristics.
Therefore, by considering the conventional anaerobic
digestion approach, Nghiem et al. (2017) emphasized
that a typical WWTP can reach up to 65% energy
self-sufficiency. On the other hand, co-digestion
applications, where more than one substrate is used,
can increase energy recovery through the anaerobic
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digestion process and increase the energy efficiency
of WWTPs. Moreover, dual management of bio-
wastes can reduce the cost associated with overall
waste management in a region. For instance, using
food waste (FW) as a co-substrate in WWTP provides
economic and environmental benefits because of
diverting the waste from conventional disposal meth-
ods such as landfilling. Therefore, due to the overall
benefits, full-scale conventional anaerobic digest-
ers (CAD) of a significant number of WWTPs have
adopted co-digestion applications on a global scale
(Zupancic et al. 2008). However, CADs employed in
WWTPs suffer from significant drawbacks, including
biomass wash-out, low reactor stability and ineffi-
cient degradation of organic matter. These limitations
ultimately impede the potential of CADs to achieve
energy neutrality in WWTPs.

Anaerobic membrane bioreactor (AnMBR) is a
prominent technology that can be used to overcome
the limitations faced in CADs. In AnMBR, a mem-
brane module is integrated with the anaerobic biore-
actor and thus the membrane can provide complete
solid—liquid separation (Bair et al. 2015). Therefore,
AnMBR technology ensures higher solids retention
time (SRT) possible and outstanding organic matter
degradation (Dagnew and Parker 2021). Decoupling
the hydraulic retention time (HRT) and SRT allows
high OLR and smaller digester volumes (Qiao et al.
2013a). Higher OLRs and utmost organic matter
stabilization in AnMBR enhance biogas generation
compared to CADs. Membrane separation follow-
ing digestion further improves the effluent quality
and unlocks the resource-recovery options. Thus,
AnMBR serves both energy neutrality and circular-
ity targets of WWTPs by enhancing energy efficiency
and resource recovery opportunities. Moreover, many
studies in the literature showed that compared to
CADs, AnMBR provides either superior or compara-
ble process stability (Wandera et al. 2018; Lutze and
Engelhart 2020; Dagnew and Parker 2021; Hu et al.
2022). Overall, AnMBR is a viable process alterna-
tive for CADs for boosting biomethane recovery
with high stability in order to achieve energy-neutral
WWTPs. Although membrane modules elevate the
total cost, higher biomethane recovery can improve
the economic feasibility of AnMBR technology
(Dagnew and Parker 2021). On the other hand, the
applicability of AnMBR technology to the current
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WWTPs is limited because of the low organic content
of the MWW and SS.

In recent years, the scientific community has
placed a significant effort into integrating co-diges-
tion approach to AnMBR technology. Such a combi-
nation eliminates the bottlenecks of both CADs and
the mono-digestion process and therefore enhanc-
ing energy efficiency in WWTPs. For this purpose,
AnMBR technology has been started widely adopted
for co-digestion applications in WWTPs. These appli-
cations were implemented in both the wastewater and
sludge streams of WWTPs. To date, only FW was co-
digested with MWW (Moiiino et al. 2016; Moilino
et al. 2017; Robles et al. 2018; Zamorano-Lopez
et al. 2018; Gautam et al. 2022) while in addition to
FW (Cheng et al. 2020, 2021; Li et al. 2020, 2021;
Zhen et al. 2023), microalgal biomass (Serna-Garcia
et al. 2020a, b, ¢, 2021) was also co-digested with
SS by AnMBR. These studies showed that co-diges-
tion applications by AnMBR have great potential to
enhance energy recovery in WWTPs. Furthermore,
these studies have addressed many potential benefits
regarding the anaerobic digestion process dynamics
and resource recovery from both the permeate and
excess sludge of AnMBRs. Some authors performed
environmental and economic assessments which
show that co-digestion by AnMBR is one of the most
reliable and advantageous methods among other
sludge treatment technologies (Smith et al. 2014; Pre-
tel et al. 2016).

Even though retrofitting the existing WWTPs is
challenging, many plants in the world are equipped
with old-school technologies and fulfilled the
designed service period. Meanwhile, ground-break-
ing approaches in the retrofitting of existing WWTPs
are needed to improve the national energy security of
the countries within the current politically unstable
global status quo. AnMBR is an emerging technology
that offers a key element for energy self-sufficiency
in WWTPs by the utmost valorization of the feed-
stock. Existing review papers in the literature on the
AnMBR systems investigated significantly distinct
topics including advanced membrane materials in
MWW treatment (Mahmood et al. 2022), enhanced
valorization of organic fraction of municipal solid
wastes (Hu et al. 2022), recovery of dissolved meth-
ane from permeate (Kalakech et al. 2022), resource
recovery in MWW treatment (Robles et al. 2021),
sludge digestion (Abdelrahman et al. 2021), leachate

treatment (Abuabdou et al. 2020), industrial waste-
water treatment (Dereli et al. 2012). Although the
integration of co-digestion applications by AnMBR
systems offers a variety of benefits while reaching the
energy self-sufficiency targets in WWTPs, there is no
exhaustive review paper on this particular topic. This
paper aims to comprehensively review the co-diges-
tion applications by AnMBR technology for WWTPs.
Another important goal of this review paper is to
overview the environmental and economic perspec-
tives of this application. Furthermore, it has aimed to
explore challenges and future research perspectives
on the topic. It is believed that this paper will give
insight to the stakeholders of the wastewater industry
to step towards energy efficiency in WWTPs.

2 Historical development

Figure 1 shows the number of peer-reviewed stud-
ies withdrawn from the Web of Science database.
The results were further manually checked to remove
duplicated and irrelevant studies to ensure that the
dataset was reliable. Figure la shows that the co-
digestion studies by AnMBR have been escalating
over the years.

Until the end of 2023, there have been 30 scien-
tific studies conducted on co-digestion by AnM-
BRs. 21 of these studies are directly related to the
co-digestion applications by AnMBR in WWTPs.
Most of these studies were based on the co-digestion
of sludge stream (Fig. 1b). In 2016, the first study
focusing on co-digestion by AnMBR was conducted
by Moiiino et al. (2016). In this study, a pilot-scale
submerged AnMBR was operated for co-digestion
of FW and WWTP’s mainstream to enhance energy
recovery. The first study that investigated the environ-
mental and economic perspectives of co-digestion by
AnMBR was conducted by Pretel et al. (2016). The
first study on co-digestion of SS and microalgae by
AnMBR was reported by Serna-Garcia et al. (2020a).
In the following years, the same author conducted
various studies focusing on different approaches to
the co-digestion of microalgae and SS (Serna-Garcia
et al. 2020b, c, 2021). Recently, microbial dynamics
of the co-digestion process by AnMBR have been
investigated by several authors (Zamorano-Lopez
et al. 2018; Lei et al. 2019; Serna-Garcia et al. 2020b;
Qin et al. 2021; Li et al. 2023; Xing et al. 2023).
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Fig. 1 Web of Science
bibliometric study with
the topics a studies on
“AnMBR co-digestion” or
“AnMBR co-treatment”
in all fields by years; b
Co-digestion studies by
AnMBR based on WWTP
stream

Number of publications
(I N W A Ui & O 0 O

33%

Lutze and Engelhart (2020) first time reported the
comparison of CAD and AnMBR for co-digestion.
Serna-Garcia et al. (2021) aimed to recover the nutri-
ents and organic matter from permeate and the excess
sludge of co-digesting AnMBR for the first time.
Recently, Xing et al. (2023) investigated the perfor-
mance of a dynamic membrane (DM) integrated
into an AnMBR system so-called anaerobic dynamic
membrane bioreactor (AnDMBR). They have also
compared the CAD and AnDMBR in terms of biogas
production, microbial community and treatment per-
formance in this study.

Overall evaluation of the historical development
and research trends shows that co-digestion appli-
cations may shift towards AnMBRs from the CADs
to overcome limitations faced in the co-digestion
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by CADs. Membrane fouling and membrane cost
may be the main obstacles to the widespread appli-
cations of co-digestion by AnMBRs. On the other
hand, Zhen et al. (2019) showed that studies focus-
ing on “membrane fouling in AnMBRs” have been
increasing over the years. Moreover, studies target-
ing low-cost membrane manufacturing and use in
the treatment have increased over the years (Mestre
et al. 2019; Hubadillah et al. 2022). Therefore, since
the economic feasibility of the membrane applica-
tions is likely to be improved, co-digestion appli-
cations by AnMBRs may be more attractive in the
near future.
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3 Co-digestion applications in WWTPs
by AnMBR

3.1 Mainstream

MWW is characterized by low to medium organic
matter content (Sikosana et al. 2019). Addition-
ally, the organic matter concentration of MWW can
be lowered because of increased volumes by diluted
streams. The volume is often increased because of
many reasons such as stormwater and groundwater
penetration or seawater intrusion to the sewer. Espe-
cially in the regions where sewer and stormwater
lines are not separated, it may be expected to have a
low chemical oxygen demand (COD) concentration
in MWW. Depending on the intensity of the rain-
fall, sometimes 8—10 times dilution may be reached
in combined sewer systems resulting in diluted
organic matter concentration in the influent waste-
water of WWTPs (Guo et al. 2022). Although there
are numerous studies on the anaerobic treatment of
the low-strength MWW which is characterized by
100-200 mg COD/L, it is seen as impractical and
infeasible to recover energy consisting in low-strength
MWW streams by anaerobic processes (van Lier
2008; Huang et al. 2011; Guven et al. 2019).

Smith et al. (2014) compared the AnMBR and
other technologies including high rate activated
sludge (HRAS)+CAD and conventional activated
sludge (CAS)+CAD for mainstream treatment
in terms of environmental and economic perfor-
mance. AnMBR showed competitive results with
HRAS+CAD for medium-strength wastewater in
terms of net energy balance. However, the environ-
mental impacts of AnMBR were greater than other
technologies at the same conditions. On the other
hand, when the same evaluation was conducted for
high-strength wastewater, it was seen that AnMBR
was far more advantageous than both HRAS + CAD
and CAS+CAD in terms of net energy balance.
Moreover, the environmental impacts of AnMBR
were comparable with HRAS 4+ CAD and much lower
than CAS + CAD. This study clearly shows that main-
stream treatment with AnMBR is more favorable
when the influent has high-strength characteristics
since such conditions provide enhanced energy recov-
ery and reduced environmental impacts.

Co-digestion applications are one reliable way to
raise the organic content of mainstream in WWTPs.

The state-of-art co-digestion practices for mainstream
involve only combining the FW and MWW for
WWTPs. Although various types of feedstocks can be
utilized in mainstream co-digestion applications, FW
is a prominent source because of its vast availability.
Mofiino et al. (2016) investigated the potential use
of FW as a co-substrate with MWW in an AnMBR
system. Chemical, physical and biological character-
istics of feedstock (FW+MWW) were examined in
this study and was found that co-digestion with FW
can increase the mainstream organic matter concen-
tration from 585 to 1236.4 mg COD/L. It was esti-
mated 2.9 times higher methane generation can be
achieved by the co-digestion compared to mono
digestion of MWW. Zamorano-Lopez et al. (2018)
showed that the microbial community was strongly
influenced by the FW addition to the AnMBR digest-
ing MWW. After the FW addition to the system, spe-
cific methanogenic activity increased to 43 mL CH,/g
volatile solids (VS) from 10 mL CH,/g VS. Relative
abundance of Chloroflexi, Firmicutes, Synergistetes
and Proteobacteria phyla increased by the FW added.
Moreover, Methanosaeta which is an acetoclastic
methanogens enhanced during the co-digestion com-
pared to the mono-digestion of MWW. As a result of
the enhanced microbial community detected as men-
tioned, methane production increased from 49.2 to
144.5 L CH,/kg influent COD.

Becker et al. (2017) compared alternative FW
management strategies in terms of net energy balance
and environmental impacts. Based on five different
scenarios best scenario for the co-management of FW
and MWW was determined. These scenarios included
(1) CAS +landfilling of FW, (2) HRAS + landfilling
of FW, (3) HRAS+CAD of FW, (4) HRAS +com-
posting of FW, (5) AnMBR for co-digestion of
MWW and FW. All scenarios resulted in a nega-
tive net energy balance however AnMBR presented
slightly higher energy recovery compared to the rest
of the scenarios. Furthermore, based on a more com-
prehensive assessment, it has been determined that
the attainment of net energy recovery can be achieved
by raising the minimum FW diversion to 40% for the
AnMBRs.

Pretel et al. (2016) examined the effect of differ-
ent FW diversion ratios, operation conditions and
sulfate content of the feedstock in AnMBR where
MWW and FW were co-digested. It was indicated
that 40% FW diversion significantly contributed to
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biogas production of the system. Moreover, low sul-
fate concentration and higher SRT increased the net
energy balance of the AnMBR for co-digestion of
mainstream and FW. On the other hand, Robles et al.
(2018) indicated that when MWW was co-digested
with FW, the membrane was more prone to fouling
compared to mono-digestion of MWW because of the
solids deposition on the membrane surface.

Gautam et al. (2022) investigated the performance
of submerged ceramic ultrafiltration (UF) membranes
in AnMBR for co-digestion of FW and MWW. The
treatment performance of the system was evaluated
under different OLRs and according to the results,
total organic carbon (TOC) and COD removal perfor-
mance was better at higher OLRs. Moreover, mixed
liquor suspended solids (MLSS) and mixed liquor
volatile suspended solids (MLVSS) change showed
that the system could be successfully operated under
stable conditions under high OLR and short HRT.
Moiiino et al. (2017) investigated the effect of sev-
eral factors influencing the co-digestion of FW with
MWW. They investigated the effect of SRT, HRT,
and FW penetration factors on the feedstock. They
compared mono-digestion of MWW and co-digestion
it with FW in a pilot scale AnMBR system where hol-
low fiber UF membrane with 0.05 micrometers (um)
pore size. High treatment efficiency (>90% COD
removal) was provided with the AnMBR during each
operating condition investigated. The nutrient content
of the feedstock was enhanced by the addition of FW.
In contrast to organic matter removal, there was no
removal of nutrients within the system. NH, concen-
tration in the permeate was measured between 40.8
and 69.6 mg/L while PO, was around 5-7.9 mg/L.
Although it was not a concern in the study, high nutri-
ent content accompanied by low organic matter and
total suspended solids (TSS) in the effluent would
enable the application of resource recovery options
such as microalgae cultivation in the permeate (Ding
et al. 2022). In addition, co-digestion increased
methane production by up to 190% compared to the
mono-digestion of MWW. SRT and FW penetration
factors were found positively correlated to methane
production. One of the most important outcomes of
the study was that sludge production of the AnMBR
can be reduced by the co-digestion compared to the
mono-digestion of MWW. While, co-digestion of
MWW with 40 days of SRT and 40% FW penetra-
tion 0.316 kg VS was obtained per removed kg COD,
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at the same SRT, mono-digestion of MWW resulted
in 0.614 kg VS produced per removed kg COD.
Enhanced methane yield and lower sludge produc-
tion increased the feasibility of co-digestion in the
AnMBR system. Therefore, municipalities can imple-
ment this application for both the transition to the
energy-neutral WWTPs and the utmost utilization of
organic wastes. In this way, FW disposal to landfills
can be significantly reduced as well.

3.2 Sludge stream

The current mono-digestion of SS is no longer con-
sidered an effective way to generate energy with
CADs in WWTPs. On the other hand, co-digestion
is a prominent method to improve biogas generation
through anaerobic digestion. However, a high amount
of excess sludge production from CADs is one of the
bottlenecks of the co-digestion processes. Cheng et al.
(2020) indicated that excess sludge from AnMBR is
much lower than the excess sludge produced within
the co-digestion in CADs. Mass balance conducted
by Cheng et al. (2021) showed that daily 1 L substrate
(75% FW,; 25% SS on total solids (TS) based) results
in daily 0.25-0.50 L excess sludge equivalent to the
7% of the total COD in the feedstock.

Lutze and Engelhart (2020) co-digested waste
activated sludge (WAS) and lipid-rich flotation
sludge obtained from the dairy industry in CAD and
AnMBR in mesophilic conditions. It was found that
although the results of both systems were compara-
ble at the same SRT, since AnMBR decouples SRT
and HRT, reactor volume can be reduced significantly
compared to CAD. Compared to the CADs, AnM-
BRs can be operated with extended SRT under the
same HRTs. Therefore, the authors indicated AnMBR
compared to CAD under the same HRT can result in
higher methane yield and reactor stability. Another
study focused on the comparison of methane yield
and stability of co-digestion in AnDMBR and CAD
was conducted by Xing et al. (2023). AnDMBR is a
type of AnMBR where DM is used as a separation
layer that is formed on a low-cost support material
(Ersahin et al. 2012). In the study, under the same
OLR; AnDMBR obtained a higher methane yield
(330-350 mL/g COD) than CAD (96-326 mL/g
COD) for the co-digestion of WAS and FW. The com-
parison of reactors’ stability was in accordance with
Lutze and Engelhart’s (2020) findings. Operation of
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AnDMBR was more stable than CAD during the co-
digestion of WAS and FW.

Serna-Garcia et al. (2020a) indicated that co-
digestion of microalgae and primary sludge (PS) by
AnMBR can enhance methane generation compared
to both mono-digestion of the microalgae and PS.
Additionally, it is an effective and low-cost way to
valorize raw microalgal biomass for enhanced biogas
generation compared to other methods such as the
digestion of pre-treated microalgae. During the opera-
tion of AnMBR, the stability of the reactor was mon-
itored by following alkalinity and pH in the reactor
and also volatile fatty acids (VFA) in the permeate.
The stability of the AnMBR could be maintained dur-
ing the co-digestion of the microalgae and the PS.

Unstable process conditions as a common opera-
tional problem are encountered in CADs (Li et al.
2018). Researchers showed that AnMBR is a promi-
nent alternative to overcome process instability and
increase chemical energy harvesting from the feed-
stock (Jiang et al. 2021). Serna-Garcia et al. (2020a)
showed that CAD for microalgae and PS co-diges-
tion could not reach the desired stabilized operation,
which was evaluated by the ratio of VFA alkalinity to
total alkalinity. It was indicated that there was VFA
accumulation within the CAD system. However, after
integrating the membrane module into the system and
converting it to AnMBR, the system could be oper-
ated under steady-state conditions with lower VFA
accumulation. However, regardless of the reactor
type, there are also existing process stability limita-
tions caused by the characteristics of the feedstocks.

Yu et al. (2016) showed that trace elements addi-
tion to AnMBR where food processing wastewater
was mono-digested, enhanced the process perfor-
mance and provided more stable conditions. This is
because trace elements such as iron, nickel, cobalt,
selenium, and molybdenum are essential for a stable
and effective anaerobic digestion process that pro-
vides optimal microbial activity (Choong et al. 2016).
Qiao et al. (2013b) showed that mono digestion of the
coffee ground caused failure in the AnMBR because
of the lack of micronutrients. It was reported that
the lack of micronutrients could be compensated by
the co-digestion of the coffee ground with the WAS
obtained from WWTP where coffee processing waste-
water is treated. Trace elements play a crucial role in
cell growth, and as a result, in the generation of meth-
ane and the overall stability of the anaerobic digestion

process (Ma et al. 2018). Li et al. (2020) provided
trace elements supplementary for the mono-digestion
of FW by AnMBR. However, when they introduced
SS as a co-substrate, there was no external trace ele-
ments requirement for stable and effective digestion.
Therefore, when process instability is associated with
trace element deficiency the synergistic effect of the
co-substrates can be a solution in AnMBR systems.

Besides the trace elements, deficiency in the car-
bon to nitrogen (C/N) ratio is another significant
parameter in the anaerobic digestion process. Siddiqui
et al. (2011) showed that a gradual increase in the
C/N ratio from 11 up to 17 was an important reason
for the enhanced biogas production. They determined
the optimum C/N ratio for anaerobic co-digestion
of SS and FW was between 15 and 20. Cheng et al.
(2021) established a relationship between the energy
balance and C/N ratio for the co-digestion of SS and
FW for AnMBR systems. According to this exami-
nation, an increased C/N ratio provided enhanced
biogas generation through co-digestion. Serna-Garcia
et al. (2020a) operated an AnMBR at mesophilic con-
ditions for co-digestion of microalgae and PS at a
ratio of 38% and 62%, respectively on VS basis. The
elemental composition of the co-substrates was ana-
lyzed in order to assess the C/N ratios. The C/N ratio
was detected as 5.15 for microalgae and 9.06 for PS.
The C/N ratio of the mixture used in the study was
low compared to the optimum C/N ratios seen in the
literature for the anaerobic digestion process. There-
fore, compared to the other studies where FW and SS
were co-digested by AnMBR, biodegradation of the
organic matter was lower as 73%. However, batch
studies showed that co-digestion improved the bio-
degradation of the organic matter compared to both
mono-digestion of PS and the microalgae due to the
synergistic effect of the co-substrates. Complete utili-
zation of the organic matter might be achieved by the
addition of the FW as the third substrate in the study
because the C/N ratio can be increased in this way.
Du et al. (2019) showed the aforementioned hypoth-
esis in the batch tests. They improved the C/N ratio
and methane generation through the co-digestion of
FW, microalgae and SS compared to the co-digestion
of microalgae and SS. Therefore, co-digestion of FW,
microalgae and SS by AnMBR can be evaluated in
order to solve low organic matter biodegradation
faced in the study conducted by Serna-Garcia et al.
(2020a).
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Supplementary properties of co-substrates create
a synergistic effect for the anaerobic digestion pro-
cess. Therefore, co-digestion is used as a solution to
overcome the problems of mono-digestion by utiliz-
ing the synergistic effects of both substrates. Cheng
et al. (2020) simulated the biogas production through
COD balance for the co-digestion of SS and FW for
different mixing ratios of co-substrates. Thereafter,
they compared simulated results and the results they
obtained through the experiments. According to this
comparison, they found that the biogas yield obtained
through the experiments was higher than the simu-
lated values. For instance, the co-substrates of 50%
SS and 50% FW (TS based) experiments showed
6.51% higher biogas yield and 8.40% higher meth-
ane yield than the simulation results. This shows the
synergistic effect of co-substrates improved the activ-
ity of the methanogenesis. Cheng et al. (2021) oper-
ated high solid AnMBR for co-digestion of FW and
SS in different mixing ratios. It was found that biogas
composition showed no difference during the opera-
tion with different mixing ratios. They compared their
results with Mattioli et al. (2017)’s findings and indi-
cated that co-digestion by AnMBR resulted in better
methanogenic performance than the co-digestion in
CAD for the same mixing ratio of FW and SS. Addi-
tionally, it was indicated that because of the biologi-
cal performance of the AnMBR and membrane effect,
treatment efficiency and thus the effluent quality was
better than the other studies conducted in the litera-
ture. They also performed COD mass balance by con-
sidering feedstock, permeate, excess sludge and meth-
ane gas. It was found that between 66.9 and 91.4% of
COD (varying for the different mixing ratios) was
converted to methane in co-digestion while 54.1% of
COD could be converted to methane in mono-diges-
tion of the sludge.

Zhen et al. (2023) mixed SS and FW based on VS
(40:60) and used the mixture as the feedstock of elec-
trochemical AnMBR. In this study, different voltages
were applied in the range between 0.4 and 1.4 V to
enhance methane generation through co-digestion.
Applied voltages increased both the methane gen-
eration and methane content of biogas. It was found
that 0.8 V was the optimum voltage for the maxi-
mum methane yield and higher voltages caused a
decrease in the activity of the anaerobic microorgan-
ism. Applying 0.8 V resulted in 50% higher biogas
production compared to no voltage applied situation.
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Moreover, the methane content of biogas increased
from 35.5% up to 65.8% because of the applied volt-
age. Extracellular polymeric substances (EPS) and
soluble microbial products (SMP) analyses in the
study showed that hydrolysis of SMP and loosely
bound (LB)-EPS is enhanced by the electrochemical
AnMBR system. Therefore, higher methane produc-
tion was attributed to the improved hydrolysis of SMP
and LB-EPS in the study. Moreover, it was indicated
that enhanced synergy among different microorgan-
isms improved the process efficiency.

Besides the high quality of the effluent, the mem-
brane also provides a more resilient system in terms
of ammonia inhibition. Ammonia inhibition is one
important challenge in both conventional mono
and co-digestion applications (Hagos et al. 2017).
Increased ammonia concentration causes process
instability and process failure (Wang et al. 2014a, b).
The presence of high levels of ammonia can have sev-
eral negative effects on process performance. It can
inhibit the process, leading to a decrease in methane
production and the accumulation of VFA (Tsapekos
et al. 2018). Cheng et al. (2020) indicated that mem-
branes in AnMBR filter the ammonia out with the
permeate, which enables the digestion system to oper-
ate under more stable conditions. Zhen et al. (2023)
indicated that FW and SS could be co-digested in the
AnMBR system with less than 600 mg/L. NH,*-N
in the reactor which is much lower than the inhibi-
tion threshold demonstrated in the literature (around
1500-3000 mg/L). However, since the ammonia
passes through the membrane, ammonia-rich per-
meate is generated through the system. On the other
hand, excellent solid matter removal by the membrane
provides an opportunity for the convenient applica-
tion of resource recovery (Jain 2018). Moreover,
nutrient-concentrated excess sludge can be valorized
with a subsequent process to maximize the resource-
recovery and circularity.

Nutrient recovery from CADs is widely adopted in
different scales of applications including full-scales
(Bolzonella et al. 2018). Compared to mono-diges-
tion, nutrients in the permeate or digestate can be
enriched by the co-digestion applications. Therefore,
there are many studies based on nutrient recovery
applications integrated with co-digestion applications
(O’Brien et al. 2019; Damaceno et al. 2019; Petrovic
et al. 2021). Compared to CADs, AnMBRs offer
many advantages for nutrient recovery applications.
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Nutrients are concentrated in permeate and digestate
thanks to the membrane and become easier to recover
with lower chemical consumption. Better pathogen
removal can be ensured by AnMBR and therefore it is
a significant advantage because of health and safety-
related concerns to use of recovered nutrient-rich
end products in different applications such as agri-
cultural purposes (Wong et al. 2009). However addi-
tional technologies are needed to be integrated with
AnMBR to recover these nutrients.

Bioelectrochemical systems, chemical precipita-
tion, adsorption, membrane technologies and micro-
algae cultivation were applied to recover nutrients
from AnMBR effluents (Ngo et al. 2020). However,
nutrient recovery applications from AnMBR, where
co-digestion is conducted, are limited in the literature.
Serna-Garcia et al. (2021) valorized nutrient-rich
digestate and permeate for nutrient recovery. This
was one of the first studies focused on resource recov-
ery from AnMBR where co-digestion took place.
They used microalgae and PS as co-substrates for
pilot scale AnMBR. Nutrient-rich digestate with 685
mg N/L and 145 mg P/L and the permeate with 395
mg NH,-N/L and 37 mg PO,-P/L were obtained from
AnMBR operated within the study. The majority of
the influent phosphorus could not be recovered in the
AnMBR permeate and fixed within the reactor sludge
because of the struvite precipitation. Therefore, they
have composted the excess sludge produced by the
AnMBR and compared it with the compost of excess
sludge from CAD. In the study conducted by Serna-
Garcia et al. (2021), AnMBR provided permeate with
low SS and high ammonia concentration that can be
recovered with a subsequent downstream process.
Therefore, they applied hollow-fiber membrane con-
tactors and recovered ammonia with 99% efficiency
in the form of ammonium sulfate which can be substi-
tuted with commercial synthetic fertilizer. However,
the authors suggested an economic feasibility assess-
ment to evaluate the full-scale applicability of such
a recovery method. Moreover, besides the economic
feasibility, it is suggested in the literature to conduct
field tests in order to evaluate the crop yield and thus
the substitution potential with commercial synthetic
fertilizers of such an ammonium-rich recovery-based
fertilizer (Ersahin et al. 2023). Treatment perfor-
mance observed in the studies conducted on co-diges-
tion by AnMBRs is given in Table 1.

Besides the benefits of membrane integration to
the CAD associated with nutrient recovery, there are
certain limitations of the widespread co-digestion
applications by AnMBRs mainly related to membrane
fouling. High solid concentration can cause a decrease
in operating flux and consequently quicker membrane
fouling (Joo et al. 2016). Therefore, especially the co-
digestion of SS and FW can cause operational bottle-
necks associated with the operation of the membrane.
Cheng et al. (2021) investigated the membrane per-
formance during the co-digestion of FW and SS by
AnMBR and they successfully operated the system
with 12 L/m? h (LMH) flux under different mixing
ratios of FW to SS such as 25%:75%; 50%:50%, and
75%:25%. The membrane in the study was operated
with 3 min of filtration and 3 min of relaxation and
with this filtration cycle it was concluded that mem-
brane fouling was not a serious problem in the study.
In the study, membrane performance was evaluated
for the different mixing ratios of FW and SS. It was
found that co-digestion of SS and FW mitigated the
membrane fouling compared to the mono-digestion
of the FW. It was because SS addition to the FW
reduced the fraction of small particles which are <1
pm in the feedstock while the fraction of larger par-
ticles> 100 pm was increased. It is known that small
particles can deposit on the membrane surface and
block the membrane pores (Isik et al. 2022). There-
fore, besides the biological synergistic effect of co-
digestion, physical synergistic effects are visible that
are especially important for the AnMBR systems.

In addition to the synergistic effect of the co-sub-
strates, membrane performance can be enhanced by
the operation conditions of the bioreactor. In terms
of operating temperature, AnMBRs can be run either
under mesophilic conditions or thermophilic condi-
tions. Thermophilic conditions can improve the filtra-
tion performance of the membrane due to the lowered
viscosity (Duncan et al. 2017). Li et al. (2020) first
time investigated the long-term co-digestion perfor-
mance of thermophilic AnMBR for FW and mixed
SS containing TS based 45% PS and 55% WAS.
However, feedstocks with high solid concentrations
may also cause sudden fouling in the membrane unit
(Ho and Sung 2009). Therefore, membrane pressure
and permeate flux should be continuously monitored
during the co-digestion applications by AnMBRs. Li
et al. (2020) operated an AnMBR system around 27
g/L of MLSS concentration and at a flux of 5 LMH

@ Springer
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for co-digestion of SS and FW. During the long-term
operation, a severe fouling problem was observed
within the study. Moreover, in this study struvite for-
mation and precipitation were observed in the perme-
ate pipeline which may probably cause a remarkable
jump in transmembrane pressure (TMP). Struvite
formed when the proper amount of Mg*?, NH,*, and
PO4_3 ions existed at neutral pH ranges (Ersahin et al.
2023). High concentrations of phosphorus in the feed-
stock of co-digestion applications can cause struvite
precipitation in pipelines of AnMBR systems. There-
fore, in order to avoid struvite problems in AnMBRs
for co-digestion studies, proper measures should be
taken for better membrane performance.

Zhang et al. (2023) used electrochemical AnMBR
with Mg anode to both mitigate membrane fouling
and recover nitrogen and phosphorus in the form of
struvite. Recently, Zhen et al. (2023) implemented
the electrochemical AnMBR to mitigate the mem-
brane fouling in the co-digestion of SS and FW. It
was shown in the study that electrostatic repulsion
force and electrochemical oxidation led to low opera-
tion TMP and reduced membrane fouling. FW and SS
could be co-digested in electrochemical AnMBR with
high operating flux between 40 and 60 LMH. Another
application that might be a solution for the membrane
fouling faced during co-digestion by AnMBRs is
using DM in AnMBR. DM is a secondary filtration
layer that forms a low-cost support material by the
deposition of solid particles and microbial cells (Isik
et al. 2022). DM can be repeatedly formed on the low-
cost support material and thus this can be a potential
solution for the permeability loss that is observed in
conventional membranes (Lee et al. 2001). There-
fore, DM can be a solution for the permeability loss
in membrane modules caused by high solids in co-
digestion applications. Recently, Xing et al. (2023)
applied co-digestion of WAS and FW in AnDMBR.
In this study, OLR was gradually increased from
1.5+0.1 up to 22.8+0.7 g COD/L.day. In the first
stage, OLR was increased from 1.5+0.1 to 12.1+1.4
g COD/L.day for AnDMBR where nylon mesh was
used as DM support material. In this stage after 300
days of operation, DM lost its retention function and
showed unstable operation by increased OLR. In the
second stage stainless steel mesh with different pore
sizes (100, 200, 300, 500 um) was used and OLR
was further increased from 13.2+1.9 to 22.8+0.7 g
COD/L.day. It was found that 300-micron stainless

steel mesh support material could maintain the stable
TMP in the operation of AnDMBR for co-digestion
of WAS and FW. Average TMP was maintained at
around 200 mbar. Remarkably, higher operating OLR
required less HRT and consequently higher permeate
flux. Higher operating flux might have prevented the
stable operation of AnDMBR without a slow TMP
increase. Therefore, it can be concluded that sub-criti-
cal flux operation for AnDMBR systems for co-diges-
tion is one of the key parameters for stable operation
(Yang et al. 2019). Membrane performance observed
in the studies conducted on co-digestion by AnMBRs
is given in Table 2.

Lietal. (2021) and Li et al. (2023) investigated the
effect of co-digestion on the microbial community
for the FW and SS co-digestion in thermophilic and
mesophilic AnMBRs respectively. It was found that
functional groups of prokaryotes were remarkably
affected by the co-digestion because of the change in
feed composition. The change in the functional bac-
terial community corresponds to variations in the
primary types of organic matter used, which in turn
affects the archaea community. In the mono digestion
of FW, the methane generation pathway is primarily
dominated by hydrogenotrophic methanogens, but in
the digestion of SS with the gradual addition of SS,
acetoclastic methanogens become overwhelmingly
dominant. This shift in the dominant methanogen
type was significant. Serna-Garcia et al. (2020c) oper-
ated an AnMBR system for co-digestion of microal-
gae and PS. They conducted a microscopic examina-
tion and microbial population analyses in the AnMBR
for the co-digestion of microalgae and PS. According
to the microscopic examination, the dominant micro-
algae specie shifted from the Scenedesmus spp. to the
Chlorella spp. as the AnMBR operated. However,
the authors indicated that since both microalgae spe-
cies provide similar methane yield, methane genera-
tion seemed not affected by this shift in the dominant
microalgae specie. Microbial community examination
showed that UF membrane was able to retain the vari-
ety of microbial species within the bioreactor. Even
if the C/N ratio of the mixture in the study was lower
than the optimal range reported in the literature, high
organic matter degradation can be explained by the
enriched microbial community due to membrane
retention (Serna-Garcia et al. 2020c). Among the
microbial community, Chloroflexi and Proteobacteria
were the most abundant phyla. Besides, undegraded
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Table 2 Membrane performance in co-digestion applications by AnMBRs

Application Reactor/Mem- Membrane  Material Pore Filtration  Reactor MLSS  Flux (LMH) TMP (kPa) References
brane configura- type size area (m?) (g TS/L)
tion (pm)
Sludge stream CSTR/flat sheet DM Nylon mesh; stainless 300 0.096 45.6 - 212+1.7 Xingetal.
steel mesh (2023)
CSTR/hollow - Polytetrafluoroethylene 0.1 0.1 274+1.1 6 <30 Lietal.
fiber (2023)
CSTR/flat sheet — Polyvinylidene fluoride 0.2 0.116 - 40-60 <30 Zhen et al.
(2023)
CSTR/hollow UF - 0.03 0.42 11.3+0.66 4.5 - Serna-Garcia
fiber etal. (2021)
CSTR/hollow UF - 0.03 0.42 12-14 - - Serna-Garcia
fiber etal.
(2020a)
CSTR/hollow UF Ceramic 0.1 - 4-12 - - Serna-Garcia
fiber etal.
(2020b)
CSTR/hollow UF - 0.03 0.44 - 4.2-5.8 - Serna-Garcia
fiber etal.
(2020c)
CSTR/hollow - - 0.1 0.1 27.29+3.34 5 <30 Lietal.
fiber (2020)
CSTR/hollow - Polytetrafluoroethylene 0.1 0.1 25-30 6 <35 Cheng et al.
fiber (2020)
Mainstream CSTR/flat sheet UF Ceramic 0.1 0.1 5.82-16.36 0.116— <40 Gautam et al.
0.429 m/d (2022)
CSTR/hollow UF - 0.05 - 12.834-28.943 15.8-19.4 - Moiiino et al.

fiber

(2017)

organic matter and the functional microbial groups
were not washed out and kept inside the reactor
thanks to the membrane module. Cheng et al. (2020)
emphasized that co-digestion by AnMBR provides
longer SRTs that led to retaining the functional micro-
bial groups within the reactor compared to the co-
digestion in CADs. In this way, VFA in the AnMBR
was much lower compared to CSTR under the same
conditions because of the conversion to methane by
the microbial groups. Therefore, acidification which
is one of the major challenges in co-digestion can be
avoided by the AnMBRs (Ma et al. 2020; Wang et al.
2020).

Zhen et al. (2023) investigated the effect of
applied voltage on the microbial community in an
electrochemical AnMBR. Results showed that elec-
trochemical stimulation can enhance the microbial
community therefore the methane productivity of
the system. Although the increased voltage above
certain limits cause damage and prevent the prolif-
eration of functional microorganism, the optimum
applied voltage provided considerable enhancement
relative abundance in all bacteria. Changes in the
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relative abundance of Proteobacteria, Bacteroidetes,
Chloroflexi, and Spirochaetes were remarkable with
the applied electrochemical stimulation. Serna-Gar-
cia et al. (2020b) investigated the effect of OLR on
microbial communities in thermophilic AnMBR
where PS and microalgae co-digested. Moreover,
they compared the CAD and AnMBR in terms of the
microbial community. Since the membrane module
can retain the microorganisms, the AnMBR system
allowed a diversified microbial community compared
to the CAD system. Even though the diversity of the
microorganisms was similar, it was seen that the rela-
tive abundance of the microorganisms was differenti-
ated in different OLRs. For instance, in higher OLRs,
the presence of W5 genus and methanogens such as
Methanoculleus or Methanospirillum was more which
explains the higher methane generation. Xing et al.
(2023) compared the CAD and AnDMBR in terms
of microbiological community in co-digestion of FW
and WAS. It was found that although the microbio-
logical community structures in both systems are sim-
ilar, relative abundances of key functional microor-
ganisms (Treponema, Lutispora and Methanoculleus)
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were higher in AnDMBR than CAD. This was one of
the key reasons for enhanced biogas conversion effi-
ciency was reached in AnDMBR compared to CAD.

Overall evaluation of scientific literature shows
that co-digestion by AnMBR can provide solutions
for the bottlenecks of CAD and the mono-digestion
approach (Fig. 2). Moreover, the current research
tree is given in Fig. 3. On the other hand, besides the
engineering aspects, the economic and environmental
pros and cons of co-digestion by AnMBR should be
examined.

4 Environmental and economic evaluation
of co-digestion application by AnMBRs

Besides the technical feasibility of an engineering
design, economic and environmental feasibility is
also vital for full-scale applications. Several studies
have evaluated the economic and environmental fea-
sibility of co-digestion applications by AnMBR sys-
tems. While these studies demonstrate the significant
applicability of AnMBR, additional research is war-
ranted to extensively comprehend the implications of
this technology. Studies in the literature associated
the economic feasibility of this application by deter-
mining energy recovery potential, while environ-
mental impact is generally determined with life cycle
assessment (LCA).

Energy return on investment (EROI) is a funda-
mental metric for net energy analysis which shows
the economic efficiency of the energy source and is

used to compare different fuels to each other (Dolan
2017; Letcher and Ethenakis 2018). EROI is calcu-
lated as the ratio of energy output to energy input.
Walmsley et al. (2018) performed EROI analyses for
the renewable and non-renewable energy sources and
indicated that the EROI of nuclear power and natural
gas is above 30, hydro and wind power are between
5 and 30 and solar power is less than 5. Therefore,
it can be indicated that nuclear power and natural
gas are prominent fuel sources in terms of EROIL
Energy generation through the anaerobic digestion
of biomass is a widely used technique in the renew-
able energy sector. Currently, around 2% of the total
energy production potential can be harnessed from
the available biowaste (Jain et al. 2019). The current
energy sector is still dominated by non-renewable
fossil fuels with around 77% of the total energy sup-
ply (Our World in Data 2021). The low valorization
ratios of biomass can be explained by considering the
low EROI ratios obtained from biomass compared
to conventional non-renewable fuels. Yazan et al.
(2018) investigated the EROI of the biogas plants,
where manure is used as feedstock. It was found that
EROI varies between 1.90 and 2.10 based on differ-
ent biogas plants. Marques et al. (2019) showed that
the EROI of mono-digestion of microalgae can reach
above 1 only if thermal pre-treatment is applied to
concentrated biomass.

Ren et al. (2023) investigated EROI obtained
for mesophilic and thermophilic anaerobic co-
digestion of FW and lipids. EROI of mesophilic
co-digestion was between 5.21 and 7.06 while that

Fig. 2 Comparison of co-
digestion by AnMBR with
other alternative methods

Application

Mono-digestion by
Factor CAD

Mono-digestion by Co-digestion by

Co-digestion by CAD AnMBR AnMBR

Trace Element
Supplementation

Optimum C/N Ratio

High Effluent Quality

No Biomass Washout

Integrated Waste
Management

Enhanced Microbial
Community

Utmost Conversion of
Biomass to Biogas
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of thermophilic co-digestion was between 3.38
and 4.44. Cheng et al. (2021) conducted a study
that shows utmost valorization would be possi-
ble with the co-digestion applications by AnMBR
because of increased EROI ratios with co-digestion.
AnMBR provides the complete valorization of the
biomass because it can prevent the washout of the
slow-growing microorganisms and ensure complete
biodegradation of organic matter (Ma et al. 2018).
Therefore, there is a significant potential of obtain-
ing higher EROI from co-digestion by AnMBR
than co-digestion in the CADs. In this perspective,
Cheng et al. (2021) investigated COD mass balance
for SS and FW co-digestion in an AnMBR system
and compared the energy efficiency of the system
with conventional energy sources. Accordingly, the
feasibility of co-digestion by AnMBR in terms of
energy efficiency was revealed. The authors used
the EROI parameter for this purpose and found that

@ Springer

EROI obtained through co-digestion of FW and SS
varied between 3.56 and 6.24 while mono-digestion
of the SS was 3.53. Energy output covers the energy
production through methane yield and the heat
recovery from the waste sludge, permeate and the
heating system of AnMBR. Energy input is derived
from on mainly heating, biogas sparging, reactor
mixing, the energy requirement for pumping. There-
fore, besides the methane yield, in order to increase
EROI achieved through the co-digestion by AnM-
BRs, the energy requirement in the operation should
be optimized. Another study which was conducted
by Zhen et al. (2023) showed that electrochemi-
cal voltage applied in AnMBR, where FW and SS
co-digested, could improve the COD conversion to
methane when mass balance was evaluated. Accord-
ing to the energy balance, net energy production can
significantly increase from 3.12 kJ/day up to 31.82
kJ/day at 0.8 V applied voltage. Therefore, the
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energy efficiency of AnMBR can be improved by
novel methods that should be further investigated in
order to increase EROI of co-digestion applications.

Pretel et al. (2016) evaluated the environmental
and economic impact of the co-digestion of MWW
and FW by AnMBR. To simulate the environmen-
tal performance of the proposed system, 5 differ-
ent scenarios were investigated and compared with
each other by the LCA. The study examined differ-
ent operating scenarios by investigating the power
needs, recuperation of energy from methane (includ-
ing biogas methane and methane in the permeate), the
requirement of reagents to clean up the membrane
and manage excess sludge, and different disposal
methods (such as farmland, landfilling, and incin-
eration). LCA showed that the overall environmen-
tal performance of mainstream MWW treatment of
AnMBR can be enhanced by co-digestion with FW.
Moreover, in terms of environmental performance,
as SRT increases environmental burdens decrease.
High SRT and co-digestion remarkably reduced the
environmental impacts for marine aquatic ecotoxic-
ity abiotic depletion and global warming potential.
Mora-Sanchez et al. (2023) examined the environ-
mental impact of AnMBR where microalgae and SS
were co-digested. It was found that greenhouse gas
emissions can be reduced by 423 kgCO,e.tCOD™! by
proper measures including biogas upgrading through
microalgae cultivation.

The energy potential of co-digestion of FW and
SS by AnMBR was assessed by Cheng et al. (2021)
for the mixing of TS-based 75% FW and 25% SS. It
was assumed that daily FW and SS generation is 250
g and 300 L per capita per day in a city with 1 million
population. Analyses showed that mono-digestion
of SS by AnMBR can meet the energy requirement
of 12,102 families while co-digestion with FW can
enhance this number up to 30,049 families. It was
also found that the heating requirement was responsi-
ble for 54.1% of the total energy input.

Lutze and Engelhart (2020) evaluated the com-
parison of CAD and AnMBR for co-digestion and
indicated that high capital cost (CAPEX) and opera-
tional cost (OPEX) of membrane units in AnMBR
can be balanced with the reduced reactor volume
due to the decoupling of SRT and HRT. Serna-Gar-
cia et al. (2020c) operated the lab-scale and pilot-
scale AnMBR systems for co-digestion of microal-
gae and PS under similar operation conditions. They

emphasized that enhanced methane generation and
microbial community were provided in the system
compared to the results obtained through similar co-
digestion studies of CADs reported in the literature.
This shows that the membrane can retain the unde-
graded organic matter and the microbial groups
within the reactor. In this study a lab scale system
was operated with 70 d of SRT and Serna-Garcia
et al. (2020b) operated the AnMBR with 100 d of
SRT. They compared 70 d and 100 d SRT in terms
of the biodegradability of the feedstock achieved in
the AnMBR. Consequently, it was found that 65%
biodegradability at 70 d SRT and 73% biodegra-
dability at 100 d were exhibited. However, the eco-
nomic evaluation showed that the payback periods of
AnMBR were found to be 10.7 and 15.8 years for the
operations under 70 and 100 d of SRT, respectively.
Moreover, it was shown that the mesophilic condition
is economically more feasible than the thermophilic
condition when the heat requirement considered
besides the methane generation. Therefore, pilot scale
AnMBR was operated in mesophilic conditions. Con-
sequently, long-term stable operation of mesophilic
AnMBR at 70 d of SRT showed that PS and microal-
gae can be used as co-substrates and provided meth-
ane yield as 370 mL CH, per gram of influent VS.
Therefore, authors indicated that pilot-plant AnMBR
showed good performance and full-scale applications
were promoted.

Li et al. (2020) evaluated COD mass balance based
on 1 m® feedstock which is composed of 25% SS
and 75% FW that is digested by AnMBR. Accord-
ing to the evaluation, it has been found that enhanced
energy generated through co-digestion of SS and FW
by AnMBR can fulfill the energy requirement of a
family for approximately 11 days. Serna-Garcia et al.
(2021) showed that co-digestion of microalgae with
PS in the AnMBR exhibited improved methane yield
compared to mono-digestion studies in the literature
for the microalgae even if pre-treatment was applied.
Considering pre-treatment methods are costly, co-
digestion was indicated as a viable technique to
improve biogas generation from microalgae.

Pretel et al. (2016) used pilot-scale AnMBR for
the co-digestion of MWW and FW. Increasing the
ratio of FW diverted to the AnMBR led to a signifi-
cant increase in net energy production. According to
the LCA conducted in the study, higher FW diver-
sion rates to AnMBR contributed to the reduction
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of the environmental impact of co-digestion applica-
tion. Moreover, operational conditions and feedstock
characteristics other than organic matter significantly
influenced the environmental impact of AnMBR.
Global warming potential is substantially reduced
since energy generation through methane production
increases by the higher FW diversion and operating
SRT. On the other hand, co-digestion by AnMBR
increased eutrophication potential because permeate
became richer in terms of nutrient content. Moreo-
ver, the additional assessment showed that a signifi-
cant amount of COD was consumed by the sulfate-
reducing bacteria and reduced the available COD for
the methanogens. Therefore, low COD/SO,-S ratio
caused a detrimental effect on the biogas generation
through the organic matter valorization. Thus, lower
SO, content of the feedstock can both reduce envi-
ronmental impact and increase the economic feasibil-
ity of co-digestion of FW and MWW by AnMBR. In
conclusion, AnMBR could provide net energy pro-
duction and cost savings of up to € 0.023 per m? of
treated feedstock.

In AnMBR systems, one of the major contribu-
tors to the OPEX is the cost related to the membrane
fouling, which causes a reduction in the flux obtained
(Ferrer et al. 2015). Membrane-related OPEX is asso-
ciated with either chemical cleaning frequency or
membrane replacement due to the fouling. In addi-
tion to this, it was observed that co-digestion applica-
tions by AnMBR increase the membrane fouling and
thus the related OPEX because of the higher chemical
cleaning frequency (Pretel et al. 2016). Robles et al.
(2018) indicated that in order to improve the eco-
nomic feasibility of the AnMBR system for co-diges-
tion applications membrane fouling should be mini-
mized. Therefore, they implemented an optimization
study to reduce membrane fouling based on a model
that was developed within the study. In the study,
the total OPEX attributed to the membrane filtra-
tion was € 0.047 per m® feedstock when MWW was
mono-digested in an AnMBR with real-time optimi-
zation for key membrane filtration parameters. When
co-digestion of MWW and FW was implemented in
the AnMBR, the OPEX rose to € 0.046 per m® feed-
stock treated because of the higher fouling behavior.
However, since biomethane production increased due
to the FW addition because of higher organic mat-
ter concentration, OPEX decreased to € 0.035 per
m?®, which means 26% cost saving compared to the
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mono-digestion of MWW. Therefore, membrane-
related OPEX should be minimized to increase the
feasibility of high solid co-digestion by AnMBRs.

AnDMBR can be one of the solutions for the
membrane-related OPEX. Xing et al. (2023) used
stainless steel mesh support material in AnDMBR for
stable high solid co-digestion. It was found that low-
cost support material can be used and it is therefore
high membrane replacement cost faced in traditional
AnMBRs can be reduced. The foremost advantage
of DM is that since the self-forming dynamic layer
formed and re-formed sequentially, the support mate-
rial itself is no longer important after the formation
of DM and this repetitive process may be a solution
to membrane permeability loss faced in traditional
membrane materials. Compared to the traditional
membranes, in DM support material can be easily
cleaned by simple physical cleaning methods such as
brushing (Ersahin et al. 2012). This can increase the
longevity of the DM applications compared to the tra-
ditional membranes. Consequently, such an applica-
tion can improve the overall economic feasibility of
AnMBR for co-digestion applications.

Overall, co-digestion by AnMBR may provide sev-
eral benefits to WWTP performance both in environ-
mental and economic aspects. Although the current
situation of this application is sufficient to enhance
the WWTP energy efficiency, further improvements
are also possible. For instance, dissolved methane in
the AnMBR permeate is worth considering in order
to decrease both the environmental impact of co-
digestion applications and the cost associated with the
operation of AnMBR. Becker et al. (2017) showed
that when there was no dissolved methane recovery
from AnMBR digesting MWW and FW, the contribu-
tion of dissolved methane emissions to global warm-
ing impact of AnMBR was 81%. Therefore, dissolved
methane recovery application from AnMBR permeate
is an important element while evolving co-digestion
applications into environmentally and economically
sustainable applications.

5 Challenges and future perspectives

Current situation of scientific literature shows that
there are important research gaps for co-digestion
applications by AnMBRs. Because of the high-qual-
ity permeate obtained with AnMBRes, it is known that
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resource recovery options are significantly attractive.
Serna-Garcia et al. (2020b) emphasized that a high
concentration of phosphorus in the excess sludge and
a high concentration of ammonia in the permeate
obtained through AnMBR which co-digests micro-
algae and the PS can be further utilized with subse-
quent processes to maximize the resource recovery.
Microalgae cultivation in the AnMBR permeate and
phosphorus extraction from the excess sludge of the
digester are some widely adopted methods for nutri-
ent recovery (Li et al. 2019; de Freitas et al. 2023).
Several other authors successfully cultivated microal-
gae in the nutrient-rich permeate of AnMBR where
different feedstocks were utilized (Sanchis-Perucho
et al. 2018; Foix-Cablé et al. 2018; Xiong et al. 2018;
Vu et al. 2020). However, no studies were conducted
that assessed the microalgae cultivation potential
from the effluent of AnMBR where FW and were SS
co-digested. Therefore, it is a high potential research
gap that can provide both bioenergy and resource
recovery maximization from AnMBRs in the scope
of the biorefinery concept. TSS-free content and high
nutrient concentration in the AnMBR permeate from
co-digestion applications can be utilized within the
microalgae cultivation which is a promising concept
in shifting circular economy in WWTPs.

Ersahin et al. (2023) recently suggested using
AnMBR for the co-digestion of municipal solid waste
leachate (MSWL) and FW. It was indicated that vari-
ous complementary properties of these co-substrates
can improve the process performance. Although there
are many studies for the co-digestion of MSWL and
FW in CADs, there are certain drawbacks related to
the instability of the reactor, the poor effluent qual-
ity which should be further managed with subsequent
processes and low methane generation. On the other
hand, AnMBRs can be the solution for the limita-
tions faced in CADs for the co-digestion of MSWL
and FW. Moreover, nutrient recovery techniques
such as ammonia stripping, membrane processes, ion
exchange, or microalgae cultivation can be applied to
the nutrient-rich permeate of the system.

Generally, co-digestion by AnMBR provides
excellent removal efficiencies and high permeate
quality. Subsequent processes that can be applied
following AnMBR systems should be further inves-
tigated. Zhou et al. (2022) investigated the fate of dis-
solved organic matter (DOMs) in effluent where FW
wastewater and SS co-digested. They implemented

subsequent coagulation/air floatation, A/O (anaero-
bic/anoxic), and UF processes to the co-digestion
effluent. The implemented process chain showed that
removal of refractory organics was limited and there-
fore further improvement was required in the case of
such a process. One of the main limitations regard-
ing the process is the low biodegradability within the
influent wastewater since the readily biodegradable
organic matter was already consumed in the co-diges-
tion process. Another limitation was the low removal
efficiency by the UF membrane for the refractory
organics with molecular weight lower than 5 kilodal-
tons (kDa). The authors suggested an optimization for
the membrane can increase the removal efficiency of
the refractory organics. In parallel, Wei et al. (2016)
investigated the removal performance of refractory
organics with AnMBR from synthetic MWW. They
found that integration of NF membrane after AnMBR
where used UF significantly increased the refractory
organic pollutant removal. It is expected that post-
treatment of AnMBR permeate after co-digestion
is required to remove refractory organic pollutants.
However, up to today, there has been no study con-
ducted for the mentioned research objective. There-
fore, this can be an important future research direc-
tion for the scientific community focusing on the
indicated topics.

Li et al. (2020) decreased the SRT by increas-
ing the SS ratio in the feedstock. Consequently,
a decrease in organic matter decomposition was
observed depending on shortened SRT. The compo-
sition of organic matter in the anaerobic sludge was
analyzed and found that the utilization of soluble
protein reduced when SRT is lower; however, the
soluble carbohydrate level remained constant. They
detected that the soluble protein accumulated in the
reactor since it could not be assimilated and thus
was not converted into biogas by a high degree. Fis-
gativa et al. (2016) characterized FW based on more
than 100 samples and indicated that 36% of FW is
carbohydrate while 26% of FW is protein. Consid-
ering the theoretical calculations, hydrolysis of the
carbohydrates and proteins yields 0.415 m? CH,/kg
VS and 0.496 m*> CH,/kg VS, respectively (Moller
et al. 2003). Therefore, lower utilization of proteins
in co-digestion applications can significantly hinder
the achieving utmost biogas potential of the feed-
stock. In this perspective, real-time monitoring of the
AnMBR system is important for the enhancement
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in energy efficiency. For instance, Sun et al. (2019)
recommended utilizing bioelectrical sensors for VFA
monitoring in the anaerobic digestion process. There-
fore, novel organic monitoring methods in AnMBR
for co-digestion applications may be considered as
a research direction in future. In this way, complete
utilization of organic matter can be possible by the
dynamic optimization of process parameters. Further
investigations on the enhanced utilization of proteins
in the co-digestion applications by AnMBRs can be
helpful to maximize biogas generation.

It is known that membrane cost is one of the major
OPEX in AnMBRs for co-digestion and must be opti-
mized to improve the economic feasibility of the sys-
tem (Robles et al. 2018). Besides the optimization of
membrane operation, low-cost membrane materials
can reduce the cost associated with the membrane in
AnMBRs. For instance, as a recent improvement in
AnMBR technology, DM filtration is a popular low-
cost membrane application and successfully imple-
mented for co-digestion (Xing et al. 2023). In this
study, low-cost stainless steel and nylon mesh support
materials were used to form the DM layer. However,
different low-cost support materials were applied
in the AnMBR system by various researchers. Ersa-
hin et al. (2012) indicated that meshes, woven and
non-woven fabrics were used as support material for
DMs in AnDMBRs. These low-cost support materi-
als were successfully implemented in the SS diges-
tion, FW digestion, and co-digestion of FW and SS.
For instance, Cayetano et al. (2019) integrated poly-
ester mesh in AnMBR for FW digestion, Chen et al.
(2021) used Dacron mesh in pilot-scale AnMBR for
SS digestion. Ersahin et al. (2013) compared mono-
monofilament, mono-multifilament and staple filter
in AnMBR and found that mono-monofilament fil-
ter was more proper for DM filtration. On the other
hand, severe fouling was observed in staple filer
cloth. Xing et al. (2023) recommended using stainless
steel instead of nylon-mesh because of the slow TMP
increase, low backwash frequency and low operating
energy consumption observed in stainless steel which
is an indication of stable operation of AnDMBR for
co-digestion. Selection of the proper support mate-
rial can be considered a crucial step in AnMBR for
co-digestion applications to maintain stable permeate
flux. Therefore, the performance of AnDMBR with
different support materials during co-digestion appli-
cations should be evaluated. On the other hand, one of
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the major drawbacks of DM technology is the transi-
tion period between the DM formation and removal of
the cake layer due to the physical cleaning applied in
case of permeability reduction. During this transition
period because of the large pore size of the support
material, the quality of permeate is decreased and a
substantial amount of biomass may be lost. Therefore,
quick DM formation is required to prevent low-qual-
ity permeate and biomass loss during the mentioned
transition phase (Pollice and Vergine 2020). After the
formation of DM, similar performance was observed
by various researchers for AnDMBR and AnMBR
systems (Hu et al. 2018). In co-digestion applications,
strategies regarding shorter DM formation time can
be considered a potential research topic.

Although it offers various advantages to reach
energy-efficient WWTPs, membrane fouling remains
one of the major challenges for co-digestion appli-
cations by AnMBRs. Zhen et al. (2023) integrated
electrochemical regulation into the AnMBR for co-
digestion to minimize membrane fouling. In this
study, applied electrochemical regulation decreased
the TMP of the membrane. It was indicated that
electrochemical regulation accelerated the miner-
alization of high molecular weight organics and
reduced the propensity of the membrane for fouling.
Although applied voltage causes extra operational
cost, increased methane recovery may compensate
for it and increase the applicability of such a pro-
cess (Wang et al. 2022). On the other hand, the effi-
ciency of electrodes can significantly decrease due to
the deposition of pollutants and dissolution of ions.
Moreover, the cost of electrodes reduces the eco-
nomic viability of co-digestion applications by AnM-
BRs (Chen et al. 2023). Thus, practical applications
of electrochemical AnMBR for co-digestion remain
impractical and require further research. Moreover,
Kaya et al. (2023) reviewed the vibratory membrane
systems for MWW treatment to mitigate the fouling
problem. Wang et al. (2022) recently investigated the
vibration in AnMBR for both enhanced dissolved
methane recovery and membrane fouling mitigation.
A similar study can be implemented for co-digestion
by AnMBR for improved economic feasibility.

Velasco et al. (2021) reviewed dissolved meth-
ane recovery from AnMBR permeate with mem-
brane contactor. Membrane contactors are distin-
guished from classical membrane systems since the
membrane does not play any role in the separation
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process. Instead, the membrane provides only the sur-
face for two phases to contact and allows the trans-
fer of desired species between the phases (Younas
and Rezakazemi 2022). Dissolved methane recovery
provides both environmental and economic benefits
for AnMBR systems (Yang et al. 2022; Becker et al.
2017). Therefore, the impact of dissolved methane
recovery on the environmental and economic per-
formance of AnMBR for co-digestion applications
should be further investigated since it is an important
research gap in the literature.

It is known that heating the bioreactor is one
of the major challenges in the anaerobic digestion
process. The same challenge is valid for the co-
digestion applications by AnMBR. AnMBRs are
generally operated with mesophilic or thermophilic
conditions, which both often require a high amount
of energy for heating and thus, extra cost. On the
other hand, psychrophilic AnMBRs can be suc-
cessfully operated at much lower temperatures such
as 15 °C for MWW treatment (Smith et al. 2013).
However, there is no study in the literature that
investigates co-digestion in psychrophilic AnMBR.
Application of psychrophilic conditions, heating
costs in AnMBR can be reduced significantly, and
therefore OPEX can be reduced for co-digestion
applications. However, the application of psychro-
philic conditions can cause serious challenges in the
operation of AnMBRs. Psychrophilic temperature
range has an adverse effect on the microbial activ-
ity in the anaerobic digestion process thus decreas-
ing the biogas generation. The hydrolysis step in the
anaerobic digestion process was defined as the rate-
limiting step in the psychrophilic temperature range
by several researchers (Saady and Massé, 2016;
Leon et al. 2018). This is an important factor that
decreases the applicability of the co-digestion in
psychrophilic AnMBR because causing lower meth-
ane conversion efficiency. Moreover, low hydroly-
sis rates can efface the advantages of co-digestion
applications by AnMBRs. Another significant issue
related to co-digestion in psychrophilic AnMBR
is membrane performance. Martinez-Sosa et al.
(2011) observed higher membrane fouling rates
under psychrophilic operation compared to the mes-
ophilic operation since the solids were accumulated
in the bioreactor due to the lower hydrolysis rate
under the psychrophilic temperature range. There-
fore, optimization for increasing the hydrolysis rate

can both reduce the membrane fouling and increase
the biogas generation under psychrophilic condi-
tions. Therefore, proper methods in this regard
should be studied for co-digestion by AnMBR. For
this purpose, different approaches can be incorpo-
rated to the co-digestion in psychrophilic AnMBR
such as enzyme addition (Yang et al. 2010) or pre-
treatment (Zhen et al. 2014). One of the major chal-
lenges regarding the psychrophilic AnMBRs is that
VFA degradation rate can decrease and this can
result in the VFA accumulation within the bioreac-
tor. Consequently, pH in bioreactor can drop and
potential inhibition risk can born for the methano-
genic archeas (Tiwari et al. 2021). Therefore, pH of
the co-digestion in psychrophilic AnMBRs can be
sensitive, and required alkalinity should be provided
to provide stable operation. Therefore, the stabil-
ity of the psychrophilic AnMBRs for co-digestion
is a potential research topic. Various researchers
observed efficient COD removal in psychrophilic
AnMBRs (Martinez-Sosa et al. 2011; Gouveia et al.
2015; Maleki 2020). However, most of the studies
in the literature are related to the MWW, therefore
it is an important research topic to investigate the
treatment efficiency of co-digestion in psychrophilic
AnMBR. Sanchez et al. (2022) indicated that biogas
generation was significantly improved by AnMBR
compared to CAD under psychrophilic operation.
Since the membrane provides longer residence time
for the organic matter, AnMBR can compensate for
the low biogas generation efficiency observed in
CADs under the psychrophilic temperature range.
However, Smith et al. (2013) emphasized that dis-
solved methane in the permeate stream accounted
for up to 50% of total methane generation due to
lower temperatures causing higher solubility of
methane. High dissolved methane content in the
permeate can significantly increase the environmen-
tal impact of AnMBRs and reduce the applicability
of such a process by considering the environmental
evaluation besides the economic aspect. Therefore,
it can be recommended to investigate the potential
application of integrated psychrophilic co-digestion
by AnMBR and subsequent membrane contac-
tors for the permeate stream to recover dissolved
methane as well. Since many different factors are
affecting the overall energy efficiency in psychro-
philic conditions for co-digestion by AnMBR, the
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investigation of EROI may stand out as an impor-
tant research area in the future.

6 Conclusions

Co-digestion by AnMBRs provides higher EROI
through the utmost valorization of biomass com-
pared to conventional applications. Complemen-
tary features of the different substrates enhance
the anaerobic digestion process dynamics. Reduc-
tion in consumption of conventional fuel sources in
the WWTPs is vital for improved energy security.
Therefore, this integrated approach can contribute
to the energy efficiency of WWTPs. In literature,
environmental and economic assessments showed
that co-digestion by AnMBRs is a promising alter-
native for mono digestion by CADs.
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