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Abstract

The use of anaerobic membrane bioreactor technology (AnMBR) is rapidly expanding. However,
depending on the application, AnMBR design and operation is not fully mature, and needs further research
to optimize process efficiency and enhance applicability. This paper reviews state-of-the-art of AnMBR
focusing on modelling and control aspects. Quantitative environmental and economic evaluation has
demonstrated substantial advantages in application of AnMBR to domestic wastewater treatment, but
detailed modelling is less mature. While anaerobic process modelling is generally mature, more work is
needed on integrated models which include coupling between membrane performance (including fouling)
and the biological process. This should include microbial factors, which are important to generation of
specific foulants such as soluble and particulate inert organics. Mature and well-established control tools,

including better feedback control strategies are also required for both the process, and for fouling control.
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1. Introduction
1.1. Circular Economy in waste treatment

Economy models based on the extraction of non-renewable raw materials and transformations are
characterized by unsustainability in the long-term, with this unsustainability increasing as world population
increases. Water, food, and energy are three of the major resource issues facing humanity inmany places
around the world. The necessity of closing production cycles and enhancing resource sustainability is a
driver to move towards a self-sufficient cradle-to-cradle bio-based economy (Puyol et al., 2017).

Increasing water stresses, the necessity of reducing carbon footprint and the increased depletion of
resources such as fossil fuels or rare materials has boosted the necessity of applying a new development
model focused on Circular Economy (CE). The adoption of the principles of CE would allow protecting
businesses against scarcity of resources, developing an environmentally sustainable economy, and
opening new markets, thus creating new jobs. CE aims at transforming non-renewable raw-material
transformation economy models into a self-sufficient cradle-to-cradle bio-based economy, since the
generated waste is considered a source of valuable resources. Hence, urban, agricultural, and industrial
wastes are regarded as a raw material and not as a waste anymore.

Water stress is a serious problem worldwide. As a case in point, due to the extension of territory facing
water scarcity problems in the European Union (EU), reclaimed water is a prominent issue in EU policy and
can provide important environmental, economic and social benefits. Nevertheless, regulators and policy
makers have an important role in ensuring the success of water reuse implementation around the world
(Sgroi et al., 2018).

Nutrient recycling from waste to farmland is of great interest in CE, particularly phosphorus, because itis
an essential element, irreplaceable in the production of crops. Several models predict that phosphorus
production will start decreasing by 2035 since the continuous increase in population demand will exceed
production (Cordell and White, 2013). In addition, nitrogen recovery for agricultural purposes can reduce
worldwide production costs due to the energy demand of fertilizer production (Do Nascimento et al., 2015).

Regarding carbon footprint, aerobic waste treatment is an energy-intensive activity. For instance,



numerous studies are available in the literature related to the estimation and minimization of greenhouse
gas (GHG) emissions from wastewater treatment (Hao et al., 2015; Mannina et al., 2016).
1.2. The role of anaerobic membrane bioreactors in the Circular Economy

With increasing concerns about the global energy crisis and climate change, the focus on waste
treatment has also shifted towards developing more energy-efficient and cost-effective systems. Ingeneral,
aerobic-based wastewater treatment is energy intensive because of the considerable energy demand
required for organic matter oxidation (Lee et al., 2017). Moreover, aerobic systems produce large amounts
of biosolids. Anaerobic digestion (AD) consumes less energy, since oxygen is not needed for the removal
of organics, transforms biodegradable organics into the gaseous energy carrier CH4 and produces less
biosolids to be handled. AD has the potential for nutrient and energy recovery (Batstone and Virdis, 2014)
but can present some issues depending on the operating conditions (e.g. hydraulic retention time (HRT),
temperature, etc.) and the waste to be treated (e.g. low-strength wastewaters, etc.) mainly due to the low
growth rate of microorganisms and their sensitivity to process dynamics.

The combination of AD and membrane technology is a promising solution for the treatment of different
waste types (Becker et al., 2017; Dereli et al., 2012; Galib et al., 2016; Kamali and Khodaparast, 2015;
Ozgun et al., 2013). This combination has an intrinsic advantage: the use of membranes for decoupling the
solids retention time (SRT) from the HRT, and inherent retention of pollutant solids, generating a high
quality effluent. Increased biomass retention compensates for reduced growth rates of anaerobic microbes,
even at low temperature, favoring the application of anaerobic biotechnology to a wider range of
environmental conditions (Stazi and Tomei, 2018).

1.3. Anaerobic membrane bioreactor configuration

A number of anaerobic membrane bioreactor (AnMBR) full-scale plants are currently used to treat
industrial effluents (Dereli et al., 2012), while AnMBR for low-strength sewage wastewater treatment has
been applied at pilot scale (Shin and Bae, 2018). Two main AnMBR configurations can be defined based on
how the membranes are integrated with the bioreactor: sidestream and immersed (see Figure 1). The

sidestream configuration is generally applied to the treatment of high-strength wastewaters (e.g. industrial
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wastewater). The immersed configuration is usually applied to the treatment of low-strength wastewaters
(e.g. sewage).

In sidestream AnMBRs (see Figure 1a), the membrane is placed outside the reactor in a recirculation
loop where the mixed liquor circulates at high velocity. The main advantage of sidestream configuration is
that the surface of the membranes is physically cleaned due to the cross-flow across the membrane
surface. However, high energy requirements are required to achieve the desired cross-flow velocities. In
immersed (or submerged) AnMBRs (see Figure 1b), the membranes are directly immersed in the mixed
liquor, involving lower energy requirements in comparison with sidestream configurations, since permeate
is obtained by vacuum or is driven by gravity. Among others aspects, membrane fouling is controlled in
immersed AnMBRs by biogas-assisted membrane scouring. The combination of sidestream approach and
immersed configuration results in an AnMBR where the membrane is immersed in an external membrane
tank (Figure 1c). This configuration minimizes membrane fouling by concentrating the high-shear (and
hence high energy) in a smaller dedicated-membrane reactor. The use of different reactor types has been
reported within membrane bioreactor systems (Dereli et al., 2012; Nelson et al., 2017; Ozgun et al., 2013;
Shin and Bae, 2018), including upflow anaerobic sludge blanket (UASB), expanded granular sludge bed
(EGSB), fluidized bed (FB), completely stirred tank reactor (CSTR), or hybrid reactors.

1.4. Potentials and limitations of AnMBR technology

AnMBR technology presents a number of advantages advantages, such as:

¢ Retains anaerobic microbes completely since the HRT and the SRT are uncoupled. This high-rate AD
system prevents washout of the slow-growing methane-forming methanogens while reducing footprint.

¢ Allows ambient-temperature AD operation by increasing the SRT even at cold climates, is cost-effective
compared with elevated temperature competing high-rate processes and offers advantages in terms of

economy, society and environment (Pileggi and Parker, 2017).

e Leads to a lower amount of biosolids to dispose due to the low growth yield of the anaerobic biomass.

Moreover, the long SRT improves the stabilization of the produced biosolids.



Produces excellent permeate qualities because of micron level filtration of the effluent regardless its
initial quality (including microbiological decontamination by removing bacteria, algae, various parasites
and even viruses when appropriate membrane cut-off is implemented).

Facilitates further tertiary treatments for removal of micropollutants by removing organics which could
otherwise reduce effectiveness also in combination with other existing technologies such as
nanofiltration or ozonation (Shi et al., 2017).

Is not destructive of nutrients allowing for its recovery or direct reuse in effluent (e.g. struvite
crystallization, microalgae cultivation, fertirrigation...) (D. J. Batstone etal., 2015a; Li and Wang, 2006).
Transforms biodegradable organics into the gaseous energy carrier CHa, suitable for energy production.
Indeed, AnMBR can be net energy producer even when treating low-strength wastewater at ambient
temperature (McCarty et al., 2011; Smith et al., 2012). On the other hand, other intermediate products
can be obtained by staging AnMBR operation, such as the gaseous energy carrier H, or volatile fatty
acids (Khan et al., 2016).

Reduces GHG emissions by saving energy consumption and producing CH4 suitable for being used as
energy source.

Nevertheless, AnMBR technology presents some issues that need to be further evaluated depending on

the waste to be treated, with three of the key issues being:

The concentration of methane dissolved in the effluent increases as the operating temperature
decreases, being of great importance for operation in cold/mild regions (Crone et al., 2016). Besides
energy recovery, this dissolved methane needs to be captured to avoid its stripping to the atmosphere
in downstream open-air steps (Smith et al., 2012).

Membrane fouling and cleaning is a classical key issue in AnMBR technology (Aslam et al., 2017c,
2017b; Lin et al., 2013; Stuckey, 2012; Wang et al., 2014). Fouling reduces system productivity and
increases chemical cleaning requirements, thus reducing membrane lifespan whilst increasing

operating expenses.



e Apost-treatment step may be needed for nutrient removal/recovery depending on the receiving water
body. Different advanced techniques can be applied to this aim (D. J. Batstone et al., 2015a): (i) struvite
precipitation; (i) microalgae cultivation; (i) anammox process for ammonia oxidation via nitrite; (iv)
fertirrigation; (v) osmosis membranes; (vi) ion exchange, or (vi) microbial fuel cells (MFC) and microbial

electrolysis cells (MEC).

The need to intensify and better operate AnMBR-based processes makes necessary to navigate
different constraints limiting the widespread application of AnMBR as core technology for the treatment of
different waste types, such as the key issues mentioned above. However, mathematical models and the
derived control laws are generally poorly related to these constraints. In this respect, incorporating all these
core issues within AnMBR modelling may allow extending the application of this technology by assessing
the treatment capability of AnMBR technology in different scenarios, while providing a valuable tool for
process control and optimization as well as further mechanistic understanding that would serve to address
new challenges.

Hence, this paper aims at reviewing the state-of-the-art of ANMBR, focusing on modelling and control
aspects. Additionally, this paper aims to outlook of existing challenges and future perspectives to improve
modelling and control of AnMBR, also identifying current needs for helping the link between modelling and
control in order to ease model implementation and evaluation of possible future constrains.

2. Modelling of anaerobic membrane bioreactors

Understanding and optimizing a complex system such as a MBR-based system can be difficult and
time-consuming mainly because of the large number of sub-processes taking place simultaneously, which
generally are highly dependent upon each other. The biological processes involved in AnMBR systems can
be successfully modelled by using either single stage standard anaerobic models (Batstone et al., 2002) or
plant-wide models (Barat et al., 2013; Zaher et al., 2007a). To model the filtration processes, several
empirical/semi-empirical models have been proposed to express the relationship between sludge

characteristics and/or operating conditions, and membrane fouling. Moreover, different integrated



modelling approaches (i.e. biological + filtration processes) have been also proposed.
2.1.Biological process modelling

Anaerobic process modelling is a mature and well-established field that is largely guided by a
mechanistic model structure defined by the understanding of underlying processes (D. J. Batstone et al.,
2015b). Nevertheless, one possible issue on AD modelling deals with the selection and adaptation of
models capable of reproducing the performance of new processes and applications such as AnMBR. Other
issues to be considered when modelling AnMBR systems particularly for domestic sewage are competition
between methanogens and sulfate-reducing organisms (SRO) for the available substrate, the loss of
methane dissolved in the effluent, and in general, shifts in microbial community caused by membrane
filtration.

2.1.1.  Anaerobic digestion models

Selecting adequate complexity levels within AD-models is needed to provide a useful representation of
the system while meeting the desirable modelling goal, such as understanding the metabolic pathways or
evaluating effluent quality and biogas production and quality. If an excessively complex model is chosen in
comparison with the objective of the study or the substrate to degrade, this can make parameter estimation
difficult. For instance, modelling of low-strength wastewaters in AnMBRs for methane production and COD
removal to meet effluent standards may require of a lower knowledge of the metabolic pathways for
organics degradation than when modelling high-strength wastewaters, since low pH or ammonia inhibition
is unlikely to be an issue. On the other hand, modelling the degradation of more complex substrates (e.g.
food waste), or where sulfur is present could require an increase in complexity beyond currently available
models.

Probably the most widely applied model in the scientific literature is the IWA ADM1 (Batstone et al.,
2002), which has been effectively applied for different purposes, including anaerobic units in wastewater
treatment (Donoso-bravo et al., 2011). A wide variety of modifications to the ADM have been proposed
literature depending on the purpose of the modelling task (Batstone et al., 2015b, Zaher et al., 2007). In

contrast, reduced order models have been proposed AnMBRs for specific applications. The collection



model BNRM2 proposed by Barat et al. (2013) incorporates a model for the anaerobic degradation of
low-complexity organic matter such as low-strength wastewaters or sewage sludge. Based on this model,
Ferrer et al. (2015) proposed a design methodology for AnMBR technology treating sewage for minimizing
both capital expenditure and operating expenses. Pretel et al. (2015) used this model for evaluating the
economic impact of combining a primary clarifier and a sidestream AD process with a mainline AnMBR.

Biological models applied to AnMBR may also take into account the effect of biochemical processes on
membrane performance. Aquino and Stuckey (2008), for instance, highlighted the necessity of modelling
soluble microbial products (SMP) and extracellular polymeric substances (EPS) in AD. This modelling
approach is important specifically for AnMBRs due to the accumulation of SMPs inside the system, since
SMPs are known to play an important role in membrane fouling (pore blocking) while affecting process
performance (effluent quality) (Aslam et al., 2018; Stuckey, 2012). For instance, Benyahia et al. (2013)
proposed the anaerobic model AM2b, which consists in a modification of the simple two-steps AM2 model
(Bernard et al., 2001) including production-and degradation pathways of SMPs. This mathematical model
was mainly developed for control design purposes.

2.1.2. Sulfate-reducing processes

The competition between methanogens and SRO for the available substrate is especially important in
AnMBR systems treating wastewaters with low organic matter to sulfate ratios (COD:SQO4-S) (see e.g.
Giménez etal., 2011). This includes domestic wastewater, since while the strength is low, the COD:S ratio
is also generally low (Batstone, 2006). Moreover, simulating sulfate-reducing processes is essential for
evaluating the feasibility of AD processes, since sulfate reduction to sulfide causes several technical
problems (reduction of the quantity and quality of the biogas,toxicity, corrosion in pipes, etc).

Although sulfate reduction is not incorporated in the model ADM1, it has been implemented several
times as a side or main process. Figure 2 shows a schematic representation of the biochemical processes
included in the model ADM1, including the sulfate-reducing processes modelled by different authors at
different complexity levels. For instance, simple models that allow to simulate the competition between

methanogens and SRO for acetate (Fomichev and Vavilin, 1997), acetate and hydrogen (Harerimana et al.,
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2013) or hydrogen (Batstone, 2006) have been proposed. Considering more SRO pathways, Frunzo et al.
(2012) proposed a model to simulate gas-lift type reactors fed with Ho and CO», including five groups of
microorganisms: heterotrophic SRO, autotrophic SRO, homoacetogenic bacteria, methanogenic archaea,
acetate-degrading bacteria. Up to four groups of SRO consuming butyrate, propionate, acetate and
hydrogen have been also incorporated in ADM1 (Ahmed and Rodriguez, 2018; Barrera et al.; 2015;
Fedorovich et al., 2003), or in a plant-wide model (Duran, 2013; Duran et al., 2017).

Regarding the selection of model complexity for sulfate reduction, Anmed and Rodriguez (2018)
evaluated the complexity of five ADM1-based model structures differing in the number of SRO groups
considered based on the electron donors used. The results highlighted that it is possible to simulate the AD
of cane molasses vinasse only considering acetate utilizing and hydrogen utilizing SRO, highlighting that
complex model structures are required only in specific cases. Also in this way, Duran (2013) and Duran et
al. (2017) modelled the performance of an AnMBR treating sulfate-rich sewage. Due to the reduced
complexity of the substrate to consume, two groups of SRO (heterotrophic SRO growing on both VFA
(propionate) and acetate, and autotrophic SRO growing on hydrogen) were enough for fitting the
experimental data obtained at both steady- and unsteady-state conditions.

2.1.3. Dissolved methane emissions

AD models allow the.amount of methane dissolved in the effluent to be assessed, facilitating the design
and selection of suitable approaches for dissolved methane capture. This is normally using a single
controlling film dynamic gas-transfer equation with the gas-transfer coefficient k a being the dynamic
parameter. Several approaches have been proposed in the literature to capture the dissolved methane
from anaerobic effluents (Crone et al., 2016). Especially, degasification using non-porous membranes and
micro-porous membrane contactors have been reported as a promising technology for dissolved methane
recovery (Cookney et al., 2016; Crone et al., 2016; Henares et al., 2016). These membranes allow direct
demethanization of anaerobic streams with positive energy balances of the separation process (Cookney
etal., 2016; Henares et al., 2017). These also can be effectively modelled using standard chemical

engineering principles.



Other cost-effective techniques are available for methane removal. Sdnchez-Ramirez et al. (2015) and
Pelaz et al. (2018) evaluated the efficiency of using dissolved methane as electron donor for denitrification
in the post-treatment of ANMBR effluents, achieving high removal rates. Chen and Smith (2018) used
Microbial fuel cells (MFCs) for recovering the methane dissolved in the effluent of a mainstream AnMBRin
order to recover energy and prevent GHG emissions.

2.1.4.  Shifts in microbial community caused by membrane operation

Despite the maturity of AD modelling, microbial ecology modelling is still developing because of new
insights provided by modern molecular tools. The incorporation of membranes in an AD process results in
substantial changes microbial community, with differences between bulk and membrane biofilm microbial
ecology and the retention of niche microorganisms which would otherwise be washed-out (Skouteris et al.,
2012).

The majority of work on assessing the microbial community on AnMBRs has been done using
fingerprinting techniques or next-generation sequencing (NGS). These techniques have identified the key
aceticlastic methanogen as Methanosaeta, with hydrogenotrophic methanogens being predominantly from
Methanobacteriales or Methanomicrobiales (Gao et al., 2010; Padmasiri et al., 2007). Padmasiri et al.
(2007) found relatively rapid shifts, on the order of 30 days from Methanosarcina to Methanosaeta based
on loading conditions (increased loading resulted in an increase in Methanosaeta). Gao et al. (2010)
analyzed multiple fractions in an artificial sewage based MBR (protein based feed). They were able to
identify that fouling had a higher composition of specific species from OP11 (OP11-C13) and
Deferribacteres, while the bulk was dominated by Bacteriodetes and Firmicutes (and Methanosaetaceae).
These results indicate that biofouling is a more complex mechanism than simple cake formation.

The performance and microbial communities in a bioaugmented AnMBR (B-AnMBR) treating
pharmaceutical wastewater was compared to a control AnMBR (C-AnMBR) (Ng et al., 2015).
Pyrosequencing analysis showed that marine bacterial species (Oliephilus sp.) and halophilic bacterial
species (Thermohalobacter sp.) were only present in the B-AnMBR, being these species identified as

degraders of complex and recalcitrant organic matter and withstand hypersaline environments. Compared
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to a control AnMBR (C-AnMBR), genus Methanosaeta and Methanolobus were identified as dominant
methanogens in the C-AnMBR and the B-AnMBR, respectively. Wu et al. (2017) evaluated the influence of
salinity and cytostatic drugs on the microbial community in forward AnMBRs. The authors observed a
decrease in the abundance of genes involved in methanogenesis as salinity increased. Mufioz Sierra et al.
(2018) also observed a long-term shift microbial community in response to salinity changes in an AnMBR
treating phenolic wastewater. Microbial community was dominated by bacteria belonging to the Clostridium
genus and archaea by Methanobacterium and Methanosaeta genus. Syntrophic phenol degraders, such as
Pelotomaculum genus were also found.

Seib et al. (2016) evaluated the influence of inflow microbiota and temperature on an AnMBR treating
municipal wastewater. In response to temperature, lllumina sequencing revealed variations in bacterial
communities while activity assays revealed that hydrogenotrophic methanogenesis was the main
methanogenic pathway. In response to inflow, continual seeding with inflow microbiota shifted microbial
communities to influent microbiota. Therefore, feeding changes also can result in a significant effect on the
performance of AnMBR systems due to a shift in microbial ecology. Zamorano-Lépez et al. (2018)
observed notorious changes.in microbial communities after feeding food waste as co-substrate to an
AnMBR system normally operated treating sewage. The analysis of microbial population showed a
microbial shift towards the dominance of Chloroflexi, Firmicutes, Synergistetes and Proteobacteria phyla
once the system treated sewage jointly with food waste. The relative abundance of these potential
hydrolytic phyla increased as the fraction of food waste fed to the system was increased. Duran et al.
(2018) evaluated the performance of an AnMBR treating sewage jointly with food waste via model
simulation and characterization of the microbial population dynamics through lllumina sequencing. The
authors observed an increased hydrolytic activity due to the co-digestion of food waste with urban
wastewater, observing furthermore a 3-fold increase of Archaea population and a significant raise of
Levilinea genera. The feed of food waste also modified the most abundant sequences identified during the
joint treatment, observing the appearance of new genera characterized by anaerobic fermentation of amino

acids (Leptolinea, Aminomonas and Aminobacterium) over an extended period.
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2.2. Filtration process modelling

Several (semi-)empirical models have been proposed (Naessens et al., 2012; Zuthi et al., 2012) to
express the effect of bulk characteristics and/or operating conditions on membrane fouling propensity. The
Carman-Kozeny equation, Darcy’s law, and the resistance-in-series concept are the modelling approaches
most commonly used. Classically, these modelling approaches have been developed for aerobic MBRs,
although most of them can be adapted or applied in other MBR-based systems as AnMBRs:
2.2.1.  Pore blocking law models

The pore blocking law models are based on four models describing separately four fouling mechanisms,
the pore constriction (internal fouling), the complete blocking, the intermediate blocking and the cake
formation. These models were derived also to express TMP variation for constant permeate flux. They have
been widely considered to simulate fouling in MBRs (Charfietal., 2012; Drews et al., 2009; Zheng et al.,
2018). Wu et al. (2011) associated each fouling.mechanism to a different foulant material found in MBRs,
based on particle or molecular size. Suspended solids were associated to cake formation mechanism,
colloidal material to complete blocking and soluble matter to pore constriction. Nevertheless, the
hypothesis considered in pore blocking laws present some limitations such as considering straight and
cylindrical pores as well as the absence of any phenomenon which counterbalance the convective forces
towards the membrane. They also neglect the effect of mechanisms occurring simultaneously. Therefore,
many works have attempted to improve those models by adapting them to cross-flow filtration mode and
considering the shear effect on fouling control due to feed solution recirculation in the vicinity of membrane
(De Bruijn et al., 2005; Field et al., 1995). Chellam and Cogan (2011) improved the cake formation model
by including cake compressibility. For more realistic fouling simulation, the pore blocking law models have
been combined to consider simultaneous fouling mechanisms (Bolton et al., 2006; Iritani and Katagiri,
2016).
2.2.2. Resistance-in-series models

Resistance-in-series models describe the flux through each in-series medium using Darcy’s law for

filtration. The resistance-in-series models have been adopted to consider the simultaneous effect of
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different fouling mechanisms, which is more realistic than one fouling mechanism model (pore blocking
laws). The main mechanisms considered have been pore constriction due to internal fouling, pore blocking,
and cake building. The internal fouling resistance is assumed proportional to the mass of soluble matter
accumulated within the membrane pores as a result of their adsorption and desorption on the pore walls
(Katsoufidou et al., 2005). The pore blocking resistance is assumed proportional to the variation of free
membrane pores or the free membrane area (Charfi et al., 2018b). While some models consider the
continuous increase of pore blocking mechanism during the filtration process (Charfi et al., 2017b), other
models assume the pore blocking mechanism, hindered by the cake layer development which would serve
as a second layer able to reject foulants and to prevent them to reach membrane pores entries
(Katsoufidou et al., 2005; Wu et al., 2011). The cake resistance is usually calculated by multiplying the cake
mass and the specific cake resistance (Charfi et al., 2014). .In MBR the cake layer is mainly composed of
suspended solids and soluble microbial products (SMP) (Gao et al., 2010; Lin et al., 2011). Nevertheless, in
the majority of MBR processes with eitherimmersed or external configurations, the cake development is
controlled by shear forces in the vicinity of membrane surface created by aeration, gas bubbling, fluidized
solid media and/or bulk recirculation. Cross flow filtration mode rather than dead-end filtration is more
appropriate for ANMBRs since the cake detachment effect due to the shear forces can been added for cake
mass estimation (Charfiet al., 2015).

The specific cake resistance can vary for a compressible deposit such as sludge, and it has been
usually expressed as a function of the cake porosity using Kozeny-Carman equation (Charfi et al., 2017b).
For more accurate fouling modelling in MBR, the resistance due to the biofilm development is also
considered. Chellam and Cogan (2011) developed a resistance-in-series model considering pore blocking
by individual cells, cake formation, bacterial secretion of exopolymers and the non-uniform spatial
deposition of foulants. Robles et al. (2013d) developed a model adapted to immersed MBRs taking into
account the effect of biogas sparging as well as back-flushing on cake detachment to quantify the
resistance of irreversible fouling widely encountered in MBR processes. Indeed, the main influential factor

of this model was related to irreversible fouling formation (Robles et al., 2014a). This model was validated
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in an AnMBR system equipped with industrial-scale membranes in the short- (Robles et al., 2013d) and the
long-term (Robles et al., 2013e).
2.2.3. Critical-flux models

The concept of critical flux introduced by Field et al. (1995) to define the flux beyond which, the fouling
layer increases over time. Below critical flux, the fouling layer depth is stable, with particle deposition rate
matched by particle crossflow shear. This concept helps to define the optimal operating conditions to
enable stable operation. Fouling does occur below critical flux, mainly due to pore fouling and cake
compression (resulting in cake heterogeneity). Fouling occurs in two steps, the first revealed by a slight and
slow TMP increase followed by a sudden TMP jump due to the fouling layer inhomogeneity leading to a
redistribution of the flux on the membrane surface. Based on this hypothesis, Ognier et al. (2004)
developed a model to simulate the TMP and the local flux variations in an MBR operating at a constant flow
rate.

2.24. The role of the hydraulic environment
2.2.4.1. Fluid dynamics

Computational fluid dynamics can determine a number of important factors which are difficult or unable
to be measured, including internal flow distribution and membrane shear rate. Computational fluid
dynamics (CFD)has been applied for modelling different systems aimed at producing biomethane and
biohydrogen through biochemical conversion (Wu, 2013).

Bohm et al. (2012) highlighted the importance of multiphase fluid dynamics for membrane fouling
mitigation by gas sparging. Nonetheless, the effects of gas scouring are still not completely understood due
to the complex hydrodynamic interactions between orthogonal and crossflows and turbulent eddies created
by bubbling. In this respect, Boyle-Gotla et al. (2014) predicted membrane shear effects by gas sparging in
an AnMBR system equipped with flat-sheet membranes. To this aim, a CFD model based on a two fluid
(Eulerian—Eulerian) approach was used to model liquid and gas phases simultaneously. The model
showed the potential for analysis of non-uniform membrane surface shearing, prediction of critical flux, and

design and optimization purposes. Trad et al. (2015) optimized the hydrodynamics and mixing in an
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AnMBR consisting in a mechanically-stirred tank linked to an external hollow-fiber microfiltration (MF)
membrane module operating in the tangential “outside-in” crossflow mode (laced in a forced circulation
loop). The computational strategy used in this study combined 1D and 3D CFD methodologies, including
single-phase and two-fluid CFD models. The simulations predicted mixing time, the formation of a vortex,
and the suspension of solids, providing necessary information for scaling-up purposes.

2.2.4.2. Biogas sparging

Biogas sparging is widely applied in AnMBR to control membrane fouling. The two-phase flows of gas
and liquid can create instability along the membrane to disturb concentration=polarization layer or cake
layer formation on membrane. The flow patterns in two-phase flow are often determined by a function of
superficial liquid velocity (UL) and the relative ratio of gas/liquid velocity (Ug/UL) (Wibisono et al., 2014).
The slug bubbles are known to produce longer wake regions which create stronger secondary flows and
more local mixing on membrane than other types of gas bubbles (Wibisono et al., 2014). In AnMBRs with
biogas sparging, the flow pattern is most likely bubble flow and/or slug flow due to the low gas flow rates
required. The slug flow occurs when the gas phase moves as bulletin-shaped approaching the channel size
of membrane and this bubble pattern-has been known as being most effective to control membrane fouling
(Cui etal., 2003). If gas/liquid ratio is too high, annular flow pattern would be dominant, with lower fouling
reduction efficiency. As bubbles rise through a stagnant liquid containing impurities or contaminants in
immersed AnMBRs, shear forces move these impurities into the wake region of bubble. However, there is
no beneficial effect on reducing membrane fouling as the length of slug flow is longer than the critical length
due to the limitation of size of wake region (Cui et al., 2003).

Although many studies indicated that bubble-induced fouling reduction efficiency is related to gas-liquid
flow ratio, channel diameter and liquid velocity, information on predicting the bubble-induced shear stress
on membrane in AnMBR system is still very limited. Under biogas sparging, colloidal materials can be
migrated preferentially towards the membrane due to particle size segregation driven by shear-induced
diffusion (Jeison et al., 2009). Reducing particle size enhances the release of extracellular polymeric

substances, thereby increasing fouling rate. Zhang et al. (2017a) observed that viscosity, sizes of
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suspended particles increased with decreasing in sparging rate. However, opposite results were observed
with supracolloidal particles since soluble microbial products, proteins and carbohydrates and EPS
concentrations decreased with decreasing sparging rate.

The effect of biogas sparging on fouling rate is dependent upon mixed liquor suspended solids
concentration. Mahmoud and Liao (2017) found that critical flux increased with increased biogas sparging
until reaching a critical biogas sparging rate. Similarly, increasing in MLTS decreased critical flux until
reaching a critical MLTS concentration. Fox and Stuckey (2015) examined the existence of “critical
sparging rate” above which there is no beneficial effect of increasing sparging rate. These findings are
similar to the role of air sparging in fouling control with an aerobic immersed MBR system. With gas
sparging, the permeate flux is relatively insensitive to the liquid flow rate over much of laminar flow region.
This is because the secondary flow caused by bubbles is more dominant than the liquid flow on membrane
(Cuietal., 2003).
2.2.4.3. Cross-flow velocity

Tangential flow rate in crossflow filtration serves to cause a hydraulic scouring effect on membrane with
consequent reduction in fouling layer depth. Under crossflow, the concentration polarization layer is
dispersed away from the membrane surface toward the bulk suspension. In crossflow filtration, particle
transport is dependent on two mechanisms, dispersion caused by crossflow, and movement towards the
membrane, caused by convective flux and surface interactions. Dispersion away from the membrane (or
across the membrane) consists of Brownian diffusion (for particles bellow 1 um), shear-induced diffusion
and lateral migration (Choo and Lee, 1998). Brownian diffusion dominates the back transport of very small
particles, whereas shear-induced dispersion dominates the transport of larger particles. Choo and Lee
(1998) observed that hydrodynamic factors greatly affected the initial behavior of cake layer formation, but
surface interactions should be considered more significant as particles approach the membrane surface.
Hu et al. (2017) found that increasing crossflow velocity enhanced biodegradability of organic compounds
in the AnMBR treating antibiotic solvent contained wastewater. However, the EPS concentration in

membrane biofilm increased with cross-flow velocity, which is a negative impact in the longer time due to its
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role in compaction and adhesion. In addition, surface and particle interactions needs further investigation
considering the wide variety of surface properties and particle size distributions.
2.2.4.4. Particle scouring

Recently, there has been upsurge of interests in adding scouring agents into the AnMBR to reduce
membrane at relatively low energy consumption. Granular activated carbon (GAC) or powdered activated
carbon (PAC) particles have been widely applied as scouring agents to induce mechanical cleaning effect
on membrane (Hu and Stuckey, 2007; J. Kim et al., 2011). Here, GAC particles were fluidized along
membrane by bulk flow only recirculated through AFMBR. The GAC particles fluidized can provide high
surface area for biofilm formation and physical scouring membraneunder which the alerted hydrodynamic
condition might enhance shear rate for fouling mitigation (Charfi etal., 2017a).

The main objective of mechanical cleaning associated with particle scouring is to increase the shear
stress in the vicinity of the membrane surface and create a scouring effect capable of detaching the foulants
from the membrane. Scouring mechanisms driven by particle movement was based upon the momentum
transferred from GAC particles acting on foulants (Aslam et al., 2017a; Aslam and Kim, 2017). Huang et al.
(2008) considered that the sludge particles transport depends on two actions: the inertial lift force and the
permeation drag force. They assumed that at steady state, the inertial lift velocity is equal to permeation
flux, with particles having a diameter less than the critical diameter can deposit on the membrane surface.
When adding the fluidization media, the critical diameter value will decrease. A model able to determine the
deposit mass variation was then proposed. It includes the positive scouring effect of the fluidized particles
and the negative sludge breakage effect on membrane resistance variation. This model highlights the
effects of fluidized media size and dose.

In literature, many models were proposed to highlight the shear effect on cake resistance mitigation.
Some models considering shear effect in MBRs are the ones proposed by Wu et al. (2011), Field et al.

(1995), Li and Wang (2006) or Charfi et al. (2015), shown in Equations 1 to 4, respectively.

dR,
E = fs (X]pX (Eq 1)

17



1 dJ, _ aX], art

__- v _ —— (Eq.2
]p2 dt JoRo  JoRo (E¢-2)
dmc _ F, B (1 - KST) G m(Z:
dt (Fa+F1 o C>_< YV + m ) S
dm,
= = (0.S+X).(1—-Bm,) (Eq.4)

Where, Fa: drag force by suction; Fi: lifting force; fs: suspended solids fraction that form cake; G: shear
intensity (s); Jo: initial permeate flux; Jp: permeate flux (m.s*'); Ksr: stickness of biomass particles; me:
cake mass (kg.m2); Ro: membrane intrinsic resistance (m-!); S: soluble microbial products concentration
(kg.m-3); X: suspended solids concentration (kg.m-3); Vs : permeate volume (m3.m-2); a: specific cake
resistance (mkg"); B: erosion rate coefficient; y: cake compression coefficient (kg.m-3.s); o: fraction of

soluble products rejected by membrane; 1: cake erosion rate per unit area (kg m-2s-).

Wu et al. 2011 proposed a simple model assuming shear effect by considering only a fraction of
suspended solids fs that deposit to form the cake (Eq. 1). The presented models (Eq. 2-4) assume the
resulting cake resistance as the difference between the resistance created by matter deposited on the
membrane surface by permeation force and the resistance reduced by detaching the matter from
membrane surface by shear effect. Those models would be useful to describe the scouring effect created
by fluidized media in particle sparging based AnMBRs. A comparative study with AFMBR using different
types of fluidized media showed that, for the fresh GAC, the energy requirement for fluidization increased
with size, but smaller sizes led to greater reduction in membrane fouling (Aslam et al., 2014). A
mathematical model was developed to address fouling mitigation mechanisms in an AFMBR system using
two types of non-adsorbing media including silica and polyethylene terephthalate (PET) beads (Charfi et
al., 2018b). The model was developed by assuming two fouling mechanisms (1) pore blockage lead to the
decrease in membrane surface porosity and (2) the progressive development of compressible cake layer
on the membrane surface. The model also assumed that the suspended solids and the soluble microbial
product would be the only foulants responsible for membrane performance. The model predicted that a

media dosage of 50 % (v/v) was most effective in fouling reduction. A higher scouring effect on reducing
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both pore blockage and cake formation was obtained by the fluidized media having bigger size that had
relatively lower density.
2.3. Integrated modelling

MBR-based systems are complex systems where variations in one phase (gas, liquid, and cake) can
affect the performance of different processes (e.g. biochemical, filtration, hydrodynamics). Component
models can be adapted and combined, resulting in integrated models capable of predicting the behavior of
the system more accurately for design, diagnosis or optimization of the process.
2.3.1.  Combined biological and filtration models

For more accurate assessment of fouling and better fouling control, integrated models combining single
biological and filtration models have been developed. Numerous attempts have been done in aerobic MBR
combining ASM models and resistance-in-series models. This is not common for anaerobic MBRs (Charfi
etal., 2017b, 2018a). One example is the combination of the anaerobic model AM2b (Benyahia et al.,
2013) and a resistance-in-series filtration model. Reasonable predictions were obtained using this
integrated model (Charfi et al., 2017b) but more complete results would be reached with more complex
biological models such as ADM1 model which could include SMP dynamics, as presented in Figure 3. As
discussed previously, this is a particularly important aspect for AnMBRs, due to the long SRTs. Taking into
account the shear effect of gas bubbling or fluidized media, the cake detachment could be considered,
depending on the shear rate, accumulation of SMP (due to concentration polarization) and particulate inerts
within the cake (depending on membrane characteristics), and the cake specific resistance. The role of
SMPand colloids in membrane pore fouling could also be considered.
2.3.2.  Combination with other models

Mathematical modelling of environmental impacts such as GHG emissions at a plant-wide scale allows
understanding and managing impacts related to waste treatment and identifying research gaps (Longo et
al., 2016; Mannina et al., 2016) . Different studies combining process modelling and life cycle assessment
(LCA) are available in the literature dealing with the assessment of environmental impacts of AnMBR

technology.
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Smith et al. (2014) compared AnMBRs to different aerobic-based wastewater treatment plants
(WWTPs) combining GPS-X (Hydromantis, Inc.) and LCA, showing that AnMBRs offer the potential for
recovering more energy in the form of methane than conventional WWTPs. However, these authors
identified a possible counterbalance of the energy recovered by AnMBR due to possible high-energy
requirements for membrane operation. Pretel et al. (2015b) combined the model BNRM2 and LCA for
elucidating how detailed design and operational decisions of immersed AnMBRSs influence environmental,
economic, and technological trade-offs across life cycle. These authors highlighted the necessity of
optimizing design and operational conditions for achieving net energy positive AnMBRs contributing to the
pursuit of carbon footprint. On the other hand, Pretel et al. (2016b) compared different aerobic-based
WWTPs to AnMBR coupled to a post-treatment for nutrient removal. In this case, AnMBR combined with a
CAS-based post-treatment resulted in significant reductions in different environmental impact categories
mainly due to reduced power requirements. Becker et al. (2017) compared co-management of domestic
wastewater and food waste using AnMBR-and aerobic-based technologies. The results illustrated that
AnMBR and high-rate activated sludge (HRAS) combined with AD were the most attractive scenarios
because of energy recovery as methane. Pretel et al. (2016a) also highlighted the potential of AnMBR for
the co-digestion of sewage and food waste. However, fugitive emissions of methane dissolved in the
effluent severely increased global warming impacts related to AnMBR, highlighting the necessity of
recovering this compound from the effluent. Cashman et al. (2018) evaluated the energy and GHG life
cycle assessment of aerobic MBRs and AnMBRs, identifying that MBRs represent a promising technology
for decentralized wastewater treatment and that psychrophilic AnMBR can result in net energy benefits.
Another interesting combination is the integrated modelling of biological, filtration and energy processes. In
this respect, Pretel et al. (2016¢) proposed a plant-wide energy model for wastewater treatment plants,
which was applied to an AnMBR system treating sewage at steady- and unsteady-conditions.

2.4. Perspectives on process modelling
Although AD modelling is a mature field, further work is needed to adequately evaluate the feasibility of

different AD models for representing the performance of different AnMBR configurations (reactor type,
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filtration mode) treating different substrates (solid waste, low-strength wastewater, high-strength
wastewater, sulfate) under different environmental conditions (cold/mild/warm/hot temperature conditions)
for different modelling targets. One key issue is determination of biological complexity, (particularly
inclusion of alternative electron sinks such as sulfate) depending on modelling goal. Hence, evaluating the
accuracy of selected modelling approaches depending on modelling target would provide model
developers and users with better information to decide on the optimum degree of complexity.

Changes in microbial ecology due to changes in AnMBR operation and configuration also highlights the
necessity of pursuing the development of mathematical models to describe microbial behavior and
interactions, dynamically, spatially and across scales (Wade et al., 2016). Indeed, modelling shifts in
microbial community caused by membrane filtration would allow better understanding of the performance
of AnMBRs under different operating and environmental conditions. However, this task can result in
metabolic models that appear too complex, abstract or distant from practice. Metabolic models entail a
great deal of mechanistic detail, which alsorequires significant computation demands, and a higher
parameter estimation load. On the other hand, ecological models help elucidate microbes trends but they
provide limited mechanistic detail. Hence, a benchmark modelling framework could be needed to
adequately combining shifts observed on microbial ecology with phenomenological models that are less
time demanding.than metabolic ones, providing therefore insights into community dynamics and the roles
of given species within those dynamics.

Itis widely accepted that the methane dissolved in the effluent must be recovered for further enhancing
the economic and environmental feasibility of AnMBRs, especially when operating at low temperature and
low HRTs. As noted above, methane recovery can be achieved through membrane-based techniques such
as degasification non-porous membranes and membrane contactors. These systems can be modelled
through a resistance-in-series model considering liquid resistance, membrane resistance and gas
resistance (or controlling resistance in the case of sparingly soluble gases) (Cookney et al., 2016). The
model structure and parameters can consider contributions of different factors, including circulation regime

of gas and liquid, the membrane material, the transmembrane pressure, efc.
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Regarding membrane filtration, process modelling might provide insights regarding key factors playing a
maijor role in fouling, providing therefore helpful data for the diagnosis, design and control of MBR systems
(Ng and Kim, 2007). Although different model approaches have been proposed for modelling different
membrane types within MBR technology, there is still a lack knowledge on fouling mechanisms within
anaerobic environments. Classical modelling tools based on pore blocking laws and resistance-in-series
theory have shown their potential for fouling modelling, but these do not consider mechanisms such biofilm
development, biofilm activity or irreversible and irrecoverable fouling consolidation, among others.
Furthermore, the behavior of the membrane mechanically is not incorporated, especially when gas
sparging is applied due to the complex hydrodynamics created by bubbling, or where physical scouring
particles such as GAC interact with the membrane.

Hence, further work is needed to fully understand the behavior of the major components responsible of
membrane fouling. The proposed filtration models focus mainly on the physical mechanisms behind fouling
dynamics based mainly on attachment and detachment of foulants. Even if satisfactory results have been
obtained with those models, especially.in short term, further effort should be made to improve their
accuracy mainly by coupling with anaerobic biological models to consider the effect of anaerobic
environment on suspended solids and EPS concentrations, closely related to the biochemical model.
Moreover, a better understanding of the biofilm dynamics and its composition under anaerobic conditions
would upgrade the filtration models predictions.

The modelling task becomes more complex when producing an integrated model from component tasks
due to the strong interactions (both phase and mechanistic). However, modelling from a plant-wide
perspective is a current trend due to its potential for accurately predicting the behavior of the system
improving design, diagnosis or optimization of the process. However, model complexity could increase
significantly depending on the structure of the selected single models. Therefore, the challenge of
integrated modeling lies in the computational cost of the integrated model, the balancing of simple models,
the definition of targets, and the collection of sufficient and appropriate data model calibration and

validation (Naessens et al., 2012b). Hence, there is substantial scope and work required to develop the full
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potential of models applied to AnMBR.
3. Control of anaerobic membrane bioreactors

AnMBRs must be optimized to enhance energy production and resource recovery with minimum input
energy. The optimization problem is made more complexity due to the inherent complexity involved in
anaerobic processes, mainly due to the microorganism diversity and their variable sensitivity to process
overloads and other disturbances such as acidification (and alkalinity), inhibition and toxicant exposure,
variability of inputs, water content and rheology, foaming, stirring and mixing problems; low/high C/N ratios
(i.e ammonia inhibition and lack of macro-and micro-nutrients, shifts in microbial community caused by
MBR operation, and membrane fouling. In this context, efficient control strategies are important to optimize
both biological and filtration operations.

Different control tools have been proposed from simple flux control to advanced control for both the
anaerobic process and membrane filtration. As for-anaerobic process control, in the last two decades there
has been an increasing interest to develop-advanced control schemes. Concerning filtration process
control, considerable efforts have been made to control fouling in aerobic MBR technology. However, few
control strategies have been developed and validated to optimize the performance of filtration in AnMBRs.
3.1. Biological process control

Over the last:50 years many different control strategies of anaerobic digestion processes have been
reported to different substrates such as wastewater (the vast majority), agricultural substrates and organic
fraction of municipal solid waste and biowaste (Gaida et al., 2017). Most of the available control strategies
available within the AD field can be easily adapted for AnMBR optimization but the effect of membrane
performance on the biology of the process should be taken into account.

Figure 4a summarizes some of the control strategies applied to the biological process in an AD system
such as AnMBR. The most applied strategies deal with substrate feed control aimed at stabilizing the
process and maximizing methane production complying with effluent criteria whenever needed (Jimenez et
al., 2015). Depending on control objectives, control variables such as methane flow rate, effluent COD and

VFA/Alkalinity are selected. This type of controller, ranging from classical PID controllers up to advanced
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control, generally use feed flow or feed dilution as manipulated variable. When more than one substrate is
involved in the anaerobic process, the other substrates are calculated on the basis of boundary conditions
such as organic loading rate, HRT, and C/N ratio among others. Other AD control strategies that can be
found in literature are based on alkalinity and pH control by dosing bases (such as caustic) to stabilize the
process, temperature control (Robles et al., 2015), and foaming/stirring/mixing control by modifying
liquid/sludge recirculation rates (Pezzolla et al., 2017).

Mostly, feed control with alkalinity/pH/mixing control is used in a cascade configuration to achieve a
performance objective (e.g. maximize methane production) and/or stability objective (e.g., pH, VFA).
Concerning classical controllers, Garcia-Diéguez et al. (2011) proposed a PID-cascade for maximizing
methane production whilst maintaining a low VFA set-point, and Alvarez-Ramirez et al. (2002) aimed at
maximizing COD degradation through feedback control. As for advanced controllers, a wide range of
control types has been reported; rule-based, fuzzy systems, artificial neural network, model-based, and
linear control among others. As an example, Holubar et al. (2003) applied a neural network aimed at
maximizing methane production and COD degradation by manipulating organic loading rate (OLR) on the
basis of pH, VFA, and biogas production and composition; Méndez-Acosta et al. (2010) developed a
model-based multiple-input multiple-output feedback control with an extended Luenberger observer to
improve the stability of anaerobic digestion processes. Regarding AnMBR, Robles et al. (2015) proposed
OLR control by manipulating the filtration to relaxation ratio on the basis of the solids concentration in the
wastewater entering the system.

3.2. Filtration process control

One key operating challenge of AnMBR technology is how membrane performance can be optimized
whilst minimizing membrane fouling — in particular the irreversible/permanent component that cannot be
eliminated by chemical cleaning and ultimately determines the membrane lifespan.

Two types of terminology are commonly used for classifying the control systems for filtration in MBR
technology; either (1) related to the nature of the controlled and manipulated variables; or (2) strictly related

to the nature of the controller (Ferrero et al., 2012). In the first case, the control systems for filtration in MBR
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technology usually involve the regulation of gas scouring, membrane operating stages, including flux,
duration and frequency of the stages that comprise the operating mode (mainly filtration, relaxation, and
back-flushing), and chemical cleaning (see Figure 4b). In the second case, the control systems are simply
classified as open-loop or closed-loop control. In the open-loop mode, the control does not depend on the
actual state of the system. For instance, depending on the practical application, membrane manufacturers
may provide data on the sequence of filtration/backwash to be applied for fouling control. Thus, open-loop
mode consists of simple operating strategies for fouling mitigation. It is worth pointing out that membrane
scouring by gas sparging is a key control variable in both open-loop and closed-loop control systems.
Hence, the main currently implemented control systems for filtration’in MBR technology entail controlling
gasification, permeate flux and fouling rate by manipulating gasification flow, permeate flux, permeation
and relaxation duration, back-flushing duration and initiation, maintenance and recovery chemical cleaning
initiation, TMP and cross-flow velocity.

Different open-loop and close-loop control systems have been developed and validated for Aerobic
MBRs, even at full-scale (Vargas etal., 2008; Vera et al., 2014). Several studies published recently have
theoretically analyzed and experimentally validated the energy savings of different types of advanced
control (mainly model-based or knowledge-based) in aerobic MBR technology (Ferrero et al., 2012). Thus,
a wide range of control strategies to optimize membrane performance have been reported in literature
(mostly aerobic MBR), from simple operating strategies to more sophisticated advanced control systems.
However, there is far less literature related to AnMBR fouling control.

3.2.1." Open-loop control

The most common operating strategies for open-loop control of fouling can be classified into physical
cleaning (gas scouring, scouring agents, and membrane operating mode) and chemical cleaning. Hence, a
suitable physical and chemical membrane cleaning protocol must be applied to given filtration conditions to
ensure continuous process performance. Table 1 summarizes some physical and chemical cleaning
protocols for fouling control in AnMBR.

The use of gas scouring has been widely adopted to control membrane fouling, however this physical
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cleaning accounts for a significant term in energy demand for MBR technology (Aslam etal., 2017a). In this
respect, much effort has been focused in the last years on optimizing gas sparging intensity in AnMBR
technology (Fox and Stuckey, 2015; Park et al., 2010; Robles et al., 2012a; Zhang et al., 2017a). Recently,
the use of scouring agents in MBRs as a mechanical cleaning has appeared as a new energy-efficient
approach to fouling mitigation (Aslam et al., 2017b). Different additives such as activated carbon,
polyelectrolytes, coagulants and flocculants can be used to improve the flux and to reduce fouling in
AnMBRs (Aslam et al., 2014; Hu and Stuckey, 2007; Zhang et al., 2017a).

Other innovative physical cleanings are electrically assisted fouling mitigation (Ding et al., 2018) and
vibration/rotation of membranes to create high shear or turbulence at the membrane surface (De Vrieze et
al., 2014).

Regarding cross-flow filtration, some studies has reported physical cleaning protocols with crossflow
velocity (Gao et al., 2010; Hu et al., 2017). Other methods include frequency and duration of relaxation and
back-flushing (Lew et al., 2009; Robles etal.,; 2013a). Although higher fouling amounts are expected to be
removed if increasing back-flushing duration and frequency, optimizing this operating stage is essential for
minimizing energy consumption while maximizing flux through the membranes (Le-Clech et al., 2006).

Itis expected that physical cleaning effectiveness will tend to decrease over time due to the
accumulation ofirreversible fouling on the membrane surface. Therefore, different chemical cleaning
protocols may also be applied (J. Kim et al., 2011; Lew et al., 2009). Nevertheless, continuous application
of chemical cleaning protocols is not recommended since they negatively affect membrane lifespan (Zhang
etal., 2007).

3.2.2.  Closed-loop control

Closed-loop control allows a much more robust approach at the price of a higher complexity (mainly the
need for and dependence on a measurable on-line output). Jeison and van Lier (2006) developed an
on-line cake-layer management protocol that monitored critical flux constantly and prevented the build-up
of excessive cake layer on the membrane surface. Different authors (Kalboussi et al., 2018; Robles et al.,

2013b; Vargas et al., 2008; Vera et al., 2014; Villarroel et al., 2013) proposed different on-line control
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strategies for backwashing initiation, while Robles et al. (2014b) optimized the frequency of backwashing
through a model-based optimization algorithm.

Regarding gas-assisted membrane scouring, Park et al. (2010) studied how membrane fouling could be
reduced by simultaneous upward and downward gas sparging in a pilot-scale immersed membrane
bioreactor for sewage treatment. Robles et al. (2013b), demonstrated an upper layer fuzzy-logic controller
to efficiently maintain low fouling rates. In addition, a model-based optimization method has also been
applied to improve the performance of AnMBRs (Robles et al., 2014b). This method was effectively used
for optimization of an advanced control system (consisting of an upper-layer fuzzy-logic controller),
obtaining energy savings of up to 25%.

Control approaches involving optimal control theory have been also proposed to maximize filtration
process productivity, thus achieving a certain optimality criterion (e.g. a cost function) based on a control
law for a given filtration process. Cristea et al. (2013) applied optimal control theory to optimize a
microfiltration system installed in a production line of beer. The objective of the optimization was the
minimization of the energy cost due to backwashing of the membrane. An optimal control problem has been
defined by Paulen et al. (2015) to optimize the operation of a filtration process. The authors considered a
complex goal of optimization which takes into account the minimization of the duration of the treatment, the
reduction of the volume diluent consumed and product losses. The problem of optimization in this case is
an optimal multi-objective control problem. The operating strategy optimal has been analytically determined
by the application of the Principle Maximum of Pontryagin.

Similarly, the optimization objective of Jelemensky et al. (2016) was to determine the optimal operating
strategy allowing the maximization of the total filtration time by limiting the clogging of the membrane. An
application on a case study showed that the optimal strategy allows for significant gains in operating time
and consumption of thinner in comparison with a conventional strategy of operation. Cogan et al. (2016)
applied the Pontryagin Maximum principle to predict the optimal times of switching between periods of
filtration and backwashing that maximize the net production of water over a running time given a membrane

filtration process. The authors adopted a specific model published in the literature describing the dynamics
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of the ultrafiltration/microfiltration reaching promising results. This solution, however, is applicable only at
very specific initial conditions, corresponding to a completely clean or new membrane. This is why such a
work has been revisited recently and solved using the Pontryagin Principle together with a simple model of
membrane fouling. In this way, (Kalboussi et al., 2018) stated that to maximize the quantity of matter to be
filtered over a given period of time, there exists an optimal ratio between filtration and backwash time
periods.
3.3. Perspectives on process control

Although different approaches have been proposed for controlling different variables within AD
technology, biological process control for ANMBRs is still at an early stage. The biological process control
approach to choose in AnMBRs mainly depends on the application of the AD process and the type of
substrate. Considering a general classification of substrates as low-strength WW, high-strength WW, and
solid waste as a sole substrate or as a co-substrate, different control approaches are required to maximize
methane production whilst maintaining process stability and effluent criteria. For low-strength WW, which
are usually characterized by high influent flows (i.e. sewage), control objectives are focused on meeting
effluent criteria in terms of COD and maintaining a relatively high flux. In this case, the available
manipulated variables are reduced to SRT and the sludge recycling ratio (SRR), since the temperature
control is not feasible due to the high treatment flows and HRT cannot be modified easily (Ozgun et al.,
2013; Shinand Bae, 2018). Feed blending can be also enable process performance optimization whenever
the low-strength WW is co-digested with other substrates such as food waste, manure or other biowastes
(Pretel et al., 2016a). In contrast, the more manipulated variables are available for high-strength WW
treatment or solid wastes in AnMBRs, including temperature, SRT, HRT, OLR and SRR. In this case, most
of the process control strategies reported for conventional anaerobic digestion processes can be applied
also to AnMBRs, taking into account that with this emerging technology both HRT and SRT can be
manipulating separately, offering thus further optimization (Dereli et al., 2012). Concerning co-digestion
processes, feed blending must also be considered as a manipulated variable to enhance process

performance (Capson-Tojo et al., 2016).
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Regarding filtration control, although different control strategies are available for optimizing filtration
process performance in MBRs in general, less work has been done on the optimization of membrane
systems within anaerobic environments. Apart from the already available control systems for AnMBRs
(mostly dealing with the filtration process as shown in previous sections), other available control systems
for optimizing MBR technology can be adapted for AnMBRs. Normally, closed-loop control allows a more
robust approach at the price of a higher complexity than open-loop control. Significant advances in
open-loop control have been achieved in the past decades due to an increased in-depth understanding on
membrane fouling (Aslam et al., 2018, 2017c; Wang et al., 2014). One major challenge is minimizing total
operating downtime related to relaxation and back-flushing to make' AnMBR technology economically
feasible.

Generally, closed-loop control is based on feedback or model-based approaches, although
knowledge-based (fuzzy logic) controllers have been applied, as noted above. The main drawback of
control systems based on model-based approaches is that the complexity of the mechanisms involved
makes itimpossible to describe fouling exactly or build a deterministic filtration model (Ferrero etal., 2011).
Due to the highly non-linear relations found throughout the physical separation processes and the large
number of filtration mechanisms, the results achieved by model-based controllers are only acceptable
when the process dynamics are bounded by a well-defined linear zone. In filtration control, most of the
models used for control design are limited to the description of fouling dynamics and ignore biology of the
reactor, although the actions taken to control membrane fouling have consequences on the biological
dynamics. For instance, Kalboussi et al. (2018) considered constant solid concentrations in the modeling of
fouling while the backwashing used for cake layer control impacted the biology of the system and thus on
the solid concentration dynamics. Such feedback mechanisms should be considered to optimize the whole
process.

The main challenges of application of general MBR and anaerobic process control systems to AnMBR
technology includes a lack of robust and reliable online instrumentation and a limited interest for end-users

and technology providers to implement these advanced control strategies (Gaida et al., 2017). The latter
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relates to limited demonstration of the advantages of these strategies. Advanced control strategies should
enhance application and operation of full-scale AnMBRs and thus facilitate application of this important
emerging technology.
4. Conclusions

Although the AnMBR process modelling field is relatively immature, it has strong potential to enhance
improvement in the design, operation and control of these systems. It will further optimize system
performance and reduce costs, and increase applicability of the technology. Membrane fouling varies
greatly depending the nature of the foulant material in heterogeneous conditions. Better understanding
individual and collective foulant behavior is required to better predict treatment efficiency by representing
key interactions between biology and fouling dynamics. Further study is required into open and closed-loop
control strategies to optimize AnMBRs on an industrial scale mainly due to lack of mechanistic knowledge

of fouling in AnMBRs.
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Table 1. Some fouling control protocols in AnMBR. Nomenclature: FS: flat-sheet; GAC: granular activated carbon; HF:

hollow-fiber; PAC: powdered activated carbon; PE: Polyethylene; PVDF: polyvinylidene fluoride; PTFE: polytetrafluoroethylene;

PES: polyethersulfone; and

Bioreactor
Configuration

Membrane information

Fouling control

Reference

Completely mixed

0.1 um PVDF cross flow tubular

Cross-flow; weekly cleaning with 0.1% wiw

Baek and Pagilla, 2006

anaerobic reactor NaOH and disinfectant
AnMBR Cross-flow micro filtration Critical flux %?)Igg R Wvan Lier,
Immersed AnMBR 0.4 um FS PAC/GAC+biogas sparging Hu and Stuckey, 2007
Completelv mixed Periodic back-flushing; chemical cleaning with

petely 0.2 um cross flow HF 0.1 M NaOH, 1% H20, and 1% HCI; and Lew et al., 2009

anaerobic reactor

periodic back-flushing

Up-flow anaerobic
reactor

100 kDa cross flow coated PVDF

and 30 kDa cross flow
polyetherimine

Cross-flow velocity

Gaoetal., 2010

Immersed AnMBR

0.07 um PVDF immersed HF

Biogas sparging

Park et al., 2010

Completely mixed
anaerobic reactor

0.1 um PES immersed FS

Biogas sparging

Huang et al., 2011

Two-stage fluidised
bed MBR

0.1 um PVDF immersed HF

GAC fluidisation; periodic back-flushing and/or
NaOCI/NaOH cleaning

Kim et al., 2011

Immersed AnMBR 0.03 um HF Critical flux Robles et al., 2012b
Immersed AnMBR 0.03 um HF Backwash/biogas sparging/Relaxation Robles et al., 2013a
AFMBR 0.4 um PVC FS GAC Aslam et al., 2014
Immersed AnMBR 0.4 um FS Biogas sparging/Critical flux Fox and Stuckey, 2015
AnMBR 20-PVDF HF Cross-flow velocity Huetal., 2017
Immersed AnMBR 0.45 um FS Alternate biogas sparging Zhang et al., 2017a
Immersed AnMBR 0.4 um FS Various adsorbents/foulants Zhang et al., 2017b
UASB-ANMBR 0.3 um PVDF immersed FS Critical flux ZMOﬁr;m“d and Liao,
AFMBR 0.6 um Flat-tubular ‘;’gg’:é Fluidized polyethylene terephthalate oo i ot o1 2018
Microbial electrolysis . - C . .

cell +AnMBR 0.01"um PVDF immersed HF Electric field by microbial electrolysis cell Ding et al., 2018
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Figure 1. AnMBR configurations, including (a) Sidestream membrane bioreactor (AnsMBR) and (b)

Immersed membrane bioreactor (AniMBR), and (c) the combination of sidestream approach and immersed
AnMBR.
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Figure 2. Schematic representation of the biochemical processes included in the model ADM1, including

sulfate-reducing processes modelled by different authors. *(Fomichev and Vavilin, 1997); 2(Kalyuzhnyi et

al., 1998); 3(Knobel and Lewis, 2002); 4(Fedorovich et al., 2003); 5(Frunzo et al., 2012); §(Durén, 2013;

Duran et al., 2017); 7(Barrera et al., 2015); 8(Ahmed and Rodriguez, 2018).
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Figure 3. Combining the biological model ADM1, SMP dynamics and a filtration model. Xi (i = 1:7) is the

biomass produced in the acidogenesis from sugars, acidogenesis from amino acids, acetogenesis from

long chain fatty acids (LCFA), acetogenesis from propionate, acetogenesis from butyrate and valerate,

aceticlastic methanogenesis and hydrogenotrophic methanogenesis, respectively.
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Figure 4. Main variables used in AnMBR technology for controlling: (a) the biological process and (b) the
filtration process. '(Marsili-Libelli and Beni, 1996); 2(Alvarez-Ramirez et al., 2002) ; 3(Holubar et al., 2003);
4(Baek and Pagilla, 2006); 5(Jeison and van Lier, 2006); (Hu and Stuckey, 2007) ; 7(Zhang et al., 2007);
8(Vargas etal., 2008); 9(Lew et al., 2009); 1°(Gao et al., 2010); "*(Park et al., 2010); '2(Garcia-Diéguez et al.,
2011) ; 3(Huang et al., 2011); "4(Kim et al., 2011); "(Robles et al., 2012a, 2012b); '6(Cristea et al., 2013);
7(Robles et al., 2013a, 2013c, 2013b); 8(Villarroel et al., 2013); "9(Aslam et al., 2014); 29(De Vrieze et al.,
2014); 2'(Vera et al., 2014); 22(Fox and Stuckey, 2015); 23(Paulen et al., 2015); 24(Jimenez et al., 2015);
25(Capson-Tojo et al., 2016); 26(Hu et al., 2017); 2(Mahmoud and Liao, 2017); 2§(Pezzolla et al., 2017);
29(Zhang etal., 2017a); 30(Zhang et al., 2017b); 3'(Charfi et al., 2018b); 32(Ding et al., 2018); 3%(Kalboussi et
al.,, 2018).
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A review on anaerobic membrane bhioreactors (AnMBRs) focused on modelling and

control aspects

Highlights

AnMBR needs further research to optimize process efficiency

Modelling can provide insight into the factors playing a key role in AnMBR
Process models still face a long path to adaptation in practice

Better understanding of fouling mechanisms in AnMBRs is required

Control strategies can be further optimized from mechanistic knowledge of fouling
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