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Abstract

The main objective of this paper is to assess different treatment schemes for
designing a submerged anaerobic membrane bioreactor (AnMBR) based WWTP.
The economic impact of including a primary settling (PS) stage and further
anaerobic digestion (AD) of the wasted sludge has been evaluated. The following
operating scenarios were considered: sulphate-rich and low-sulphate urban
wastewater (UWW) treatment at 15 and 30 °C. To this aim, the optimum
combination of design/operating parameters that resulted in minimum total cost
(CAPEX plus OPEX) for the different schemes and scenarios was determined. The
AnMBR design was based on both simulation and experimental results from an
ANnMBR plant featuring industrial-scale hollow-fibre membranes fed with UWW
from the pre-treatment of a municipal WWTP located in Valencia (Spain). AnMBR
without PS and AD was identified as the most economic option for an AnNMBR-
based WWTP treating low-sulphate UWW (minimum cost of €0.05 per m® and a

maximum surplus energy of 0.1 kWh per m?), whilst AnMBR with PS and AD was



the optimum option when treating sulphate-rich UWW (minimum cost of €0.05 per

m?and a maximum surplus energy of 0.09 kWh per m3).
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1. Introduction

In recent years, urban wastewater (UWW) is being looked at more as a resource
than as a waste, a renewable source potential of energy, water and nutrients [1]. In this
respect, anaerobic membrane bioreactors (AnMBR) technology has been reported as an
emerging technology for sustainable low-strength wastewater treatment (e.g. UWW)

rather than traditional aerobic wastewater treatment (see, for instance, [2; 3; 4]).

On the one hand, as an anaerobic process this technology presents: i) low sludge
production because of the low yield of anaerobic microorganisms; ii) low energy
consumption because no aeration is required; and iii) potential resource recovery
because energy (from biogas production) and nutrients (NH4* and PO4>) can be
obtained from the anaerobic degradation process. Indeed, complete anaerobic treatment
of UWW has the potential to achieve net energy production while meeting stringent
effluent standards [1]. Moreover, AnMBR technology may produce more net energy
and had lower life cycle environmental emissions than conventional UWW treatment

processes [5].

On the other hand, the treatment capacity of membrane bioreactors (MBR) has

increased significantly, enabling them to be used even in large municipal wastewater



treatment plants (WWTPs). However, WWTPs fitted with MBRs use aerobic processes
which require considerable aeration in order to remove organic matter, apart from the

required air to scour the membrane surface.

As regards the biological treatment of UWW, the low influent COD (typically less
than 1 g-L?) results in low methane productions. Therefore, an external energy source is
usually needed to heat the reactor to mesophilic conditions [6]. According to Martin et
al. [7], if the influent wastewater temperature is around 15 °C, then COD levels must be
higher than 4 — 5 g-L* in order to generate enough biogas to heat the reactor to 35 °C.
Hence, the only economically feasible option for the anaerobic treatment of UWW is to
operate at ambient temperature conditions. AnMBR technology allows treating UWW
at ambient temperature because hydraulic retention time (HRT) and sludge retention
time (SRT) are decoupled due to the filtration process. ANMBR can be operated at high

SRT without requiring high anaerobic reactor volumes.

The main biological operating parameters in AnMBR systems are SRT, organic
loading rate (OLR) and temperature which finally determine, among others, the use of
the wastewater’s energy potential. Among the different schemes that can be found in
literature, AnMBR based-technology could be proposed as itself or with primary
settling and further anaerobic digestion of the wasted sludge [1]. When ambient
temperature is not so high, including a previous settling step and anaerobic digestion in
the AnMBR based-scheme could reduce the reactor volume required to achieve the
same methane production. Due to the high COD in primary and wasted sludge,
anaerobic digestion can be operated at 35°C using the biogas produced. Therefore, the

SRT required in the anaerobic digestion will be lower than in the AnMBR system.



As regards the filtration process, one key challenge for sustainable full-scale
ANMBR operation consists in achieving proper membrane performances under
minimum operating cost whilst minimising membrane fouling, particularly
irrecoverable/permanent fouling that cannot be removed by chemical cleaning. The
extent of irrecoverable/permanent fouling is what ultimately determines the membrane
lifespan (see, for instance, [4; 8]). It is therefore necessary to optimise filtration whilst
minimising not only capital expenditure (CAPEX) but also operating and maintenance
expenditure (OPEX). Gas sparging intensity, usually measured as the specific gas
demand per permeate volume (SGDpg) or as the specific gas demand per membrane area
(SGDn), is considered a key operating parameter to maximise energy savings in

AnMBRs (see, for instance, [9; 10]).

In this study we have evaluated the total cost of the following treatment schemes:
AnMBR, AnMBR + anaerobic digester (AD), primary settler (PS) + AnMBR + AD for
different operating scenarios: sulphate-rich and low-sulphate UWW treatment at 15 and
30 °C. To select the most appropriate treatment scheme for each scenario, the optimum
combination of design/operating parameter values that resulted in minimum cost was
determined for each AnMBR WWTP scheme. The AnMBR design was based on both
simulation and experimental results from an AnNMBR plant featuring industrial-scale
hollow-fibre membranes that was fed with UWW from the pre-treatment of a municipal

WWTP located in Valencia (Spain).

2. Materials and methods

As mentioned earlier, this study establishes the optimum design for AnMBR

WWTPs for UWW treatment with and without primary settling and further anaerobic



digestion of the wasted sludge. To this aim, the design methodology proposed by Ferrer
et al. [11] was used. This methodology is based on both simulation and experimental
results. Experimental data were obtained from an AnMBR plant fitted with industrial-
scale membranes that was fed with UWW. Simulation results were obtained using the
WWTP simulating software DESASS [12] which enables a wide range of wastewater

treatment schemes (including AnMBR systems) to be evaluated.

2.1. AnMBR plant description and operation

The AnMBR plant consists of an anaerobic reactor with a total volume of 1.3 m*
connected to two membrane tanks, each with a total volume of 0.8 m®. Each membrane
tank features one commercial ultrafiltration hollow-fibre membrane system (PURON®,
Koch Membrane Systems, 0.05 pum pore size, 30 m? total filtering area, and outside-in
filtration). As mentioned above, this plant was fed with UWW coming from the pre-
treatment of the Carraixet WWTP (Valencia, Spain), which involves screening,
degritting and grease removal. Further details of this AnNMBR can be found in Giménez

etal. [13].

This AnMBR plant was run for more than 5 years under different operating
conditions (see, for instance, [14; 15]). Regarding the biological process, the plant was
operated at sludge retention times ranging from 20 to 70 days, with controlled HRT
ranging from 5 to 30 hours, and OLR ranging from 0.5 to 2 kg COD-m?-d™%. The impact
of temperature on process performance was evaluated in the range of 14 — 33 °C. As
regards filtration, the membranes were operated at 20 °C-standardised transmembrane
fluxes (J20) ranging from 6 to 20 litres per square metre of membrane area per hour

(LMH) and SGDm from 0.05 to 0.5 m3-m2-h'l. The mixed liquor suspended solids



(MLSS) concentration ranged from around 5 to 30 g-L™.

2.2. AnAMBR WWTP simulation

Figure 1 illustrates a flow diagram of the different treatment schemes to be
assessed. As Figure 1 shows, all the schemes include the following common units: 1) a
pre-treatment unit; 2) a clean-in-place tank; 3) a degassing membrane for capturing the
dissolved methane in the effluent; 4) a combined heat and power (CHP) system
enabling energy to be recovered from methane; and 5) a dewatering system for

conditioning the resulting sludge.

The three different treatment schemes considered in this study for designing an
AnMBR WWTP are (see Figure 1): a) AnMBR; b) AnMBR + AD fed with the sludge
coming from the AnMBR; c) PS + AnMBR + AD fed with the sludge coming from both
PS and AnMBR. However, the last treatment scheme was modified when low-sulphate
UWW was treated. As it will be shown in the results section the SRT in the AnMBR
required to fulfil the effluent criteria was high enough to meet sludge stabilisation
criteria. Pumping the wasted sludge to the anaerobic digester leads to a significant
increase in its volume but an almost negligible increase in the methane production.
Therefore, it was decided to feed the anaerobic digester only with primary sludge. In
addition, the variation of total cost due to including a sludge thickener in treatment

schemes with AD has also been estimated.

As previously commented, the proposed AnMBR WWTP was simulated using a
new version of DESASS [12]. This simulating software features a modified version of

the mathematical model BNRM2 [16] including the competition between both



acidogenic and methanogenic microorganisms and sulphate-reducing microorganisms
[17]. In other words, sulphate reduction to sulphide and stripping of hydrogen sulphide
from the liquid phase were considered in the extended version of BNRM2. The
mathematical model (BNRM2) built into DESASS was validated beforehand using

experimental data obtained from the AnMBR plant [17].

The influent wastewater pattern proposed in the Benchmark Simulation Model n.1
[18] was used in this study. Therefore, the proposed AnMBR WWTP was designed to
handle an influent flow of 18,446 m3.d™%. The full characterisation of the UWW used in
this study is shown in Table 1. The following four simulation scenarios were evaluated:
the treatment at i) 15 and ii) 30 °C of sulphate-rich UWW (3.8 mg COD-mg* SOs-S,
corresponding to an influent sulphate concentration of 100 mg SOs-S (i.e. 380 mg
COD/100 mg SO:-S )); and the treatment at iii) 15 and iv) 30 °C of low-sulphate UWW
(38.1 mg COD-mg* SO4-S, corresponding to an influent sulphate concentration of 10

mg SO4-S (i.e. 380 mg COD/10 mg SOs-S)).

2.3. Design methodology

The following terms were considered for OPEX calculation: rotofilter operation,
membrane scouring by biogas sparging, mixing, sludge pumping, permeate pumping,
chemical reagent consumption for membrane cleaning, replacing membranes at the end
of membrane lifespan, equipment replacement, sludge settling, sludge thickening,
sludge handling and disposal (including dewatering system and polyelectrolyte
consumption), AD heating input energy, energy recovery from AD biogas, energy
recovery from AnMBR biogas, and energy recovery from methane dissolved in the

ANMBR effluent. On the other hand, the following terms were considered for CAPEX



calculation: rotofilter, pumping equipment, piping system, stirrers, ultrafiltration
hollow-fibre membranes, reinforced concrete structures, circular suction scraper bridges
(primary settler and sludge thickener), sludge dewatering system (centrifuges) and land
needed. The total cost of the technology needed for energy recovery (degassing
membrane for capturing the methane dissolved in the effluent and microturbine-based

CHP for energy recovery) was also considered.

2.3.1 AnMBR design

The methodology proposed by Ferrer et al. [11] was applied in this study for
designing the AnMBR-based WWTP. According to this methodology, HRT, SRT and
the level of suspended solids in the mixed liquor in the membrane tank (MLSSwT) are
the key operating parameters when designing the biological process in AhNMBR
technology and Jzo, SGDm and MLSSwr are the key operating parameters when

designing the filtration process.

This design methodology aims to minimise total cost, and consists of two main
stages. The first stage involves optimising two parameters related to the anaerobic
reactor, i.e. anaerobic reactor volume (V) and the sludge recycling flow rate from the
membrane tank to the anaerobic reactor (Qrec). At a given operating temperature and
influent flow and load, the AnNMBR performance is simulated at different SRT and
MLSSwmr (for Qrec = influent flow). The SRT values used in the simulations must be
above the minimum SRT needed to meet effluent standards (COD < 125 mg-L™* and
BOD < 25 mg-L™?) and sludge stabilisation criteria (percentage of biodegradable volatile
suspended solids (%BVSS) < 35%)). For the treatment schemes in which AnMBR

technology is combined with AD or PS and AD the sludge stabilisation criteria was



applied to the sludge wasted from the AD unit.

These simulation results are used to determine the optimum combination of
anaerobic reactor volume and sludge recycling flow rate for each SRT and MLSSwr. The
optimum combination (V(opt), Qrec (Opt)) is the one that minimises the total cost for the
biological process. Therefore, the minimum cost of the biological process is calculated
for each SRT-MLSSumr combination. This calculation also takes into account the costs of
sludge handling and disposal, and the savings made by recovering energy from methane

capture.

The second stage involves optimising the operating parameters SGDm and Jzo for
the different MLSSwmr levels evaluated in the simulations carried out to calculate the cost
of the filtration process (see [19]). Before applying this methodology, the 20 °C-
standardised critical flux (Jc20) must be experimentally determined at different MLSSyr
and SGDm. Once Jc2o has been experimentally obtained, the following variables are
calculated for different Joo values above and below Jc20: membrane tank volume,
membrane filtration area (Am), biogas flow rate recycled into membrane tank (Qg),
transmembrane pressure (TMP), membrane permeability (K) and the amount of
chemical reagents required for chemical membrane cleaning according to the membrane
manufacturer recommendations. These values are used to calculate the filtration cost,
taking into account the following cost items: membrane area, membrane tank, biogas
sparging, blowers and pipes, permeate pumping, chemical reagents and membrane
replacement. Then, for each level of MLSSwr the optimum values of Jzo and SGDy, are

selected, i.e. the ones leading to the lowest filtration cost.

Further details of this AnMBR design methodology can be found in Ferrer et al.



[11].

2.3.2. Primary settler design

As Figure 1 shows, one AnNMBR-based WWTP treatment scheme including
primary settling is considered in this study (see Figure 1c). HRT is the key operating
parameter when designing the primary settling step. The required number of PSs was
determined based on a maximum unit diameter of 30 meters. As a result, one unit was
required for designing the primary settling step, resulting in a HRT value of around 3

hours.

2.3.3. Anaerobic digester design

As Figure 1 illustrates, two treatment schemes including an anaerobic digestion step
for the sludge wasted from the ANMBR are considered in this study. As previously
commented, the AD unit was initially fed with the sludge coming from both PS and
AnMBR. However, the sludge wasted from the AnNMBR when treating low-sulphate

UWW was stabilised and it was not worth to pump it into the anaerobic digester.

The AD unit was simulated at different SRT (from 5 to 30 days) under mesophilic
temperature conditions (35 °C). All the values selected for SRT were above the
minimum SRT needed to meet the sludge stabilisation criteria (%0BVSS < 35%). The
cost of the AD unit was then calculated for each SRT taking into account the following
cost items: construction of the digester including pumps and pipes, energy required for
stirring and sludge pumping, savings made by recovering energy from methane capture,

and the heat energy requirement to maintain the operating temperature.
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2.3.4. Total annualised cost

The total annualised cost of the different scenarios was calculated by adding the
annualised capital expenditure to the annual operating and maintenance expenditure, as

shown in Equation 1 [20]:

r(l+ r)t
TAC =~ .CAPEX + OPEX

Equation 1

where r is the annual discount rate, and t is the depreciation period in years.

CAPEX includes construction work (primary settler, anaerobic reactor, membrane
tank, anaerobic digester, sludge thickener, and the corresponding required land) and
equipment (pumps, blowers, pipes, membranes, stirrers, rotofilter, sludge dewatering
system, microturbine-based CHP system, degassing membrane for recovering the
methane dissolved in the effluent and circular suction scraper bridge (for primary settler
and sludge thickener)). OPEX includes energy requirements (heat and power), energy
recovery from methane capture (biogas methane and methane dissolved in the effluent),
chemical reagents used to clean membranes, and sludge handling and disposal.
Maintenance expenditure refers to pumps, blowers, stirrers, rotofilter and membrane

replacement.

Further details on CAPEX/OPEX calculations in AnMBR, as well as the unit cost

values used in this study, can be found in Ferrer et al. [11] and Pretel et al. [19]. In
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addition, the following considerations have been also taken into account when
calculating CAPEX and OPEX in this work:

e For the sludge dewatering system, flow treatment of 55 m3-h**, power
consumption of 45 KWh-t TSS and 265 k€ of CAPEX have been
considered.

e For the circular suction scraper bridge for primary settler and sludge
thickener, power consumption of 0.75 kW and 245 k€ of CAPEX have
been considered.

e According to the Ministry of Agriculture, Food and Environment [21], the
following final disposal of the wasted sludge was considered in this study
the: 80% to farmland (cost of 4.81 €-t1), 10% to incineration (cost of 250

€-t1) and 10% to landfilling (cost of 30.05 €-t™).

3. Results and discussion

3.1. Optimum design values

Table 2 summarises the optimum design values for the AnMBR and AD units
included in the different schemes proposed for designing an AnMBR-based WWTP

treating low-sulphate and sulphate-rich UWW at 15 and 30 °C.

As Table 2a shows, the optimal SRT for the AnMBR unit when it is not combined
with primary settling and further anaerobic digestion of the wasted sludge was lower
when treating low-sulphate rather than sulphate-rich UWW. Specifically, the optimal

SRT when operating at 15 °C resulted in 35 and 60 days when treating low-sulphate and

12



sulphate-rich UWW, respectively, whilst when operating at 30 °C it resulted in 12 and
22 days, respectively. When sulphate-rich UWW is treated, the BOD is mainly
biodegraded by sulphate-reducing bacteria (SRB). SRB have a biomass yield much
higher than methanogenic archaea (MA) (see [17]). Therefore, the simulation results for
this case study showed that the biomass production is much higher when treating
sulphate-rich UWW and, consequently, a higher SRT is required for meeting the sludge
stabilisation criteria (%BVSS < 35%). In addition, when treating sulphate-rich UWW
no methane production was envisaged on the basis of the model since as

abovementioned BOD is mainly biodegraded by SRB instead of by MA.

It is worth to point out that the optimum SRTSs for sulphate-rich UWW
corresponded with the minimum SRT required for meeting the sludge stabilisation
criteria. However, the optimum SRTSs for low-sulphate UWW corresponded with the

minimum SRT required for meeting the European discharge quality standards for BOD.

In contrast with the results obtained in the AnMBR configuration, the optimal SRT
for the AnMBR unit when it is combined with AD or PS and AD was lower when
treating sulphate-rich UWW than when treating low-sulphate UWW (see Table 2a). In
this case, shorter SRTs are required in the AnNMBR unit since further degradation of the
organic matter is conducted in the AD. Therefore, there is no minimum SRT limitation
in the AnMBR unit as regards sludge stabilisation. Thus, the optimal SRT for the
ANnMBR corresponded with the minimum SRT required for meeting the European
discharge quality standards for BOD. Hence, the optimal SRT for the AnMBR unit
when treating low-sulphate UWW, which was already limited by the European
discharge quality standards, could not be reduced when an additional anaerobic

digestion step was included in the treatment scheme.
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Regarding the design of the AD unit in the AnMBR+AD and PS+AnMBR+AD
configurations, Table 2b shows that the optimal SRT for this element was higher when
treating sulphate-rich rather than low-sulphate UWW. This is the consequence of the
higher degree of sludge stabilisation reached in the AnMBR sludge when treating low-

sulphate UWW

As regards the effect of temperature, Table 2a shows that, as expected, increasing
the operating temperature from 15 to 30 °C results in a decrease of the optimum SRT.
Hence, lower SRTSs are required for meeting both sludge stabilisation criteria (%BVSS
< 35%) and effluent quality standards for BOD (25 mg BOD-L™) when operating in

warm climate areas.

With regard to including primary settling in the AnMBR-based configuration, as
Table 2 illustrates, for the four scenarios considering PS allows reducing slightly the

optimal SRT in the AnMBR unit, but increases the resulting SRT in the AD unit.

Concerning the rest of parameters included in Table 2, the corresponding optimal
values are determined by minimising the resulting total cost for the different units
included in the considered treatment schemes, as it has been described in Section 2.3.
Variations on these parameters were mainly related to variations in SRT and MLSS
(affected by the fate of the influent particulate organic matter). It is important to
highlight that operating at low MLSS levels in the anaerobic reactor allows commonly
reducing the optimal design values for the following parameters (see Table 2): Qrec,
which allows reducing sludge pumping cost; and MLSSwT, which allows increasing Jzo

thus reducing membrane scouring cost for a given SGDn, due to the consequent

14



membrane area reduction. In this respect the lowest design values for Qrec, HRT and

MLSSwr correspond to the PS+AnMBR+AD scheme.

3.2. AnMBR-based WWTP treating low-sulphate UWW

3.2.1. Minimum energy demand when treating low-sulphate UWW

Figure 2 illustrates the energy requirements of the three schemes considered for
designing an AnMBR-based WWTP treating low-sulphate UWW at 15 and 30 °C.
Specifically, this figure shows the minimum energy requirements resulting from the

corresponding optimum design values illustrated in Table 2.

As Figure 2 shows, the energy requirements of the WWTP slightly increase when
including an additional anaerobic digestion step in the case of no methane capture. This
is because of the addition of new mechanical equipment to the treatment scheme (e.g.
stirrers for anaerobic digester). Nevertheless, these energy requirements are reduced
when including a PS unit due to reducing the particulate organic matter entering the
ANMBR unit, which allows decreasing MLSS in the anaerobic reactor. As a result, Qrec
and HRT are reduced in the AnMBR unit in order to optimise MLSStm (see Table 2).
Moreover, lower optimal MLSStw levels were reached in the PS+AnMBR+AD
configuration, which allowed increasing the operating Jzo for a given SGDm due to
meeting higher critical fluxes [22]. Thus, it is important to highlight that increasing
MLSSwmr raises filtration costs mainly due to decreasing the optimal operating Jz2o (i.e.
increasing membrane filtration area) for a given SGDn, but decreases anaerobic reactor
costs (mainly construction, stirring and sludge pumping costs). Hence, it is necessary to

optimise the total AnMBR unit cost by optimising MLSSwr in order to meet optimum

15



construction, stirring, sludge pumping and filtration costs [11].

Concerning the effect of operating temperature on power consumption, Figure 2
illustrates a reduction in the energy requirements of the different treatment schemes as
the temperature increases. This reduction is attributed to an increase in the hydrolysis
rate as temperature increases. Hence, lower optimal MLSStw levels were reached at 30
°C, which allowed, as previously commented, not only increasing Jo but also

decreasing Qrec and HRT in the AnNMBR unit.

As regards energy recovery from methane, Figure 2 shows that all the considered
treatment schemes have significant potential to be net energy producers when treating
low-sulphate UWW. Indeed, this figure shows that in case of capturing the methane it
was possible to obtain surplus
energy that could be exploited and/or sold, giving a maximum theoretical energy
production of 0.08 and 0.12 kWh per m® when treating low-sulphate UWW at 15 and 30

°C, respectively.

Figure 2 shows that PS+AnMBR+AD resulted in the lowest energy demand
(energy surplus of 0.08 kWh per m®) when treating low-sulphate UWW at 15 °C.
Nevertheless, this behaviour was not reproduced when treating low-sulphate UWW at
30 °C. When operating at 15 °C, the energy recovery potential of the plant was enhanced
by increasing the amount of organic matter that was biodegraded in the AD unit at
mesophilic temperature conditions. On the other hand, when operating at 30 °C most of
the influent organic matter was already biodegraded in the AnMBR at mesophilic
temperature conditions, thus the addition of primary settling (i.e. PS+AnMBR+AD) did

not significantly enhanced the energy recovery potential of the WWTP. Nevertheless,

16



adding an additional anaerobic digestion step, AnNMBR+AD, allowed improving
somewhat the energy recovery potential of the WWTP (maximum theoretical energy
production of 0.12 kWh per m®) since the residual organic matter was biodegraded at 35
°C in the AD unit (against the temperature of 30 °C of the AnMBR unit). In addition, the
optimal SRT for the AD unit when treating low-sulphate UWW at 30 °C was lower in
AnMBR+AD than in PS+AnMBR+AD (see Table 2), which resulted in lower power

requirements also due to a reduction in the stirring power consumption.

Nevertheless, the total cost of the different treatment schemes must be evaluated to

determine the more feasible option when treating low-sulphate UWW at 15 and 30 °C.

3.2.2. Minimum total cost when treating low-sulphate UWW

Figure 3 illustrates the total cost of the three schemes considered for designing an
AnMBR-based WWTP treating low-sulphate UWW at 15 and 30 °C. Specifically, this
figure shows the minimum total cost resulting from the corresponding optimised values

illustrated in Table 2.

As Figure 3 shows, no significant differences were detected in the total cost of the
proposed treatment schemes for each of the evaluated scenarios. As regards the
additional anaerobic digestion step, Figure 3 shows that adding an AD unit to the
WWTP without including a primary settling step resulted in a slight increase of the total
cost when treating low-sulphate UWW at 15 and 30 °C. On the other hand, the total cost
analysis revealed that the AnMBR scheme presented similar costs to PS+AnMBR+AD
scheme mainly because of non-significant COD was consumed by SRB. Thus, most of

the influent COD can be converted into methane in the AnMBR unit. Hence, AnMBR

17



without primary settling and without further anaerobic digestion of the wasted sludge
can be identified as the most feasible option for designing an AnMBR-based WWTP for
low-sulphate UWW due to the following: 1) simplicity of the treatment scheme; and 2)

reduced total cost.

3.3. AnMBR-based WWTP treating high-sulphate UWW

3.3.1. Minimum energy demand when treating sulphate-rich UWW

Figure 4 illustrates the energy requirements of the different schemes proposed for
designing an AnMBR-based WWTP treating sulphate-rich UWW at 15 and 30 °C.
Specifically, this figure shows the minimum energy requirements resulting from the

corresponding optimised values gathered in Table 2.

As Figure 4 illustrates, the power requirements (in the case of not considering energy
recovery from methane) of the AnMBR WWTP operating at 15 °C can be reduced
including an AD unit (AnMBR+AD scheme) and can be reduced even more including
also the PS unit (PS+AnMBR+AD scheme). As previously commented, the optimal
SRT for the AnMBR unit is decreased when AnMBR is combined with AD or PS and
AD (see Table 2a). In these configurations (AnMBR+AD and PS+AnMBR+AD),
shorter SRTs for the AnMBR were required since further degradation of the organic
matter was conducted in the AD (there was no minimum SRT limitation in the AnMBR
as regards sludge stabilisation). Hence, lower MLSS were reached in the AnMBR
depending on HRT, which resulted in a reduction in the optimal design values (see
Table 2). Similar results but in a lesser extent were obtained in the case of treating

sulphate-rich UWW at 30 °C.
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Concerning energy recovery from methane, Figure 4 shows that it is possible to
considerably reduce energy requirements in an AnMBR WWTP treating sulphate-rich
UWW by including primary settling and further anaerobic digestion of the wasted
sludge. Indeed, this figure shows that energy surplus could be achieved not only in the
PS+AnMBR+AD configuration operating at 15 and 30 °C, but also in the AnMBR+AD
configuration operating at 30 °C. However, it is important to highlight that the AnMBR
unit is not used as a source of biogas when treating this sulphate-rich UWW. In these
scenarios, the AnMBR unit aimed at meeting the effluent standards for COD/BOD since
most of the influent COD was consumed by SRB. Therefore, the whole methane
production came from the AD unit where the organic matter was biodegraded at 35 °C
by methanogenic microorganisms. Hence, the higher the amount of organic matter that
is introduced to the AD unit the higher the energy recovery potential of the WWTP. In
this respect, the PS+AnMBR+AD configuration resulted in the lowest power
requirements due to the introduction of a fraction of the influent particulate organic
matter directly to the AD system after settling in the PS unit, reducing therefore the

amount of COD available in the AnMBR unit for sulphate reduction by SRB.

Nevertheless, the total cost of the different treatment schemes must be evaluated to

determine the more economic option when treating sulphate-rich UWW at 15 and 30 °C.

3.3.2. Minimum total cost when treating sulphate-rich UWW

Figure 5 illustrates the total cost of the three schemes considered for designing an
AnMBR-based WWTP treating sulphate-rich UWW at 15 and 30 °C. In particular, this

figure shows the minimum total cost resulting from the corresponding optimised values
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illustrated in Table 2.

As Figure 5 shows, the cost of the AnMBR-based WWTP treating sulphate-rich
UWW was significantly reduced by adding primary settling and anaerobic digestion of
the wasted sludge. Hence, the total cost analysis revealed that PS+AnMBR+AD is, for
this case study, the best option for treating sulphate-rich UWW since less COD is
consumed by SRB, thus increasing the energy recovery potential of AnNMBR
technology. Specifically, cost savings of up to 40 and 50% can be achieved by including
an additional anaerobic digestion step and primary settling and additional anaerobic

digestion step, respectively.

3.4. Overall results

Membrane area, anaerobic reactor construction and energy requirements remained
the dominant contributors to total cost (representing around 30, 25 and 20-30%,
respectively), which are considered critical challenges to enable ANMBR to overtake
activated sludge processes in practice. These results are in agreement with findings from
other energy and cost assessments in the field (Smith et al., 2014; Lin et al. 2011; Ferrer
et al. 2015). On the other hand, chemical reagent consumption and sludge handling and

disposal accounted for up to 6 and 8% of total cost, respectively.

Table 3 summarises the total cost and the power requirements of the different
AnMBR-based WWTP schemes evaluated at 15 and 30 °C for treating sulphate-rich and
low-sulphate UWW. As this table shows, the total cost of an AnMBR WWTP is
significantly lower when treating low-sulphate rather than sulphate-rich UWW (cost

savings of up to 45% were estimated in this study). This demonstrates that, thanks to its
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very low costs, AnMBR technology is a feasible option for treating low/non sulphate-

loaded wastewaters.

It must also be highlighted that AnMBR has the potential to be a net energy
producer when treating low-sulphate UWW. Table 3 shows that when methane is
captured, it is possible to obtain surplus energy that can be exploited and/or sold, giving
a maximum theoretical energy production of 0.12 kWh per m®. Moreover, it is worth to
point out that AnMBR combined with primary settling and anaerobic digestion of the
wasted sludge has also the potential to be a net energy producer when treating sulphate-
rich UWW. In this case, it would be possible to achieve a maximum theoretical energy

production of up to 0.09 kWh per m?.

4. Conclusions

AnMBR without primary settling and without further anaerobic digestion of the
wasted sludge was the most economic option (minimum cost of €0.05 per m®) for
designing an AnMBR WWTP treating low-sulphate UWW at mild temperatures (above
15 °C). Indeed, when methane is captured, it is possible to obtain surplus energy of 0.1
kWh per m3. The combination PS+AnMBR+AD was the most economic option when
treating sulphate-rich UWW (minimum cost of €0.05 per m®). The total cost of the
AnMBR WWTP was significantly lower when treating low-sulphate rather than

sulphate-rich UWW (cost savings of up to 45% can be met).
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Figure and table captions

Figure 1. Flow chart of the different schemes considered for designing an AnMBR-based WWTP: a)
AnMBR; b) AnMBR+AD; c) PS+AnMBR+AD. PS: Primary settler; AnR: Anaerobic Reactor; MT:
Membrane Tank; DV: Degasification Vessel; AD: Anaerobic Digester; HE: Heat Exchanger; CIP: clean-
in-place; and CHP: Combined Heat and Power.

Figure 2. Energy requirements of the three schemes considered for designing an AnMBR-based WWTP
when treating low-sulphate UWW.

Figure 3. Total cost of the three schemes considered for designing an AnMBR-based WWTP when
treating low-sulphate UWW.

Figure 4. Energy requirements of the three schemes considered for designing an AnMBR-based WWTP
when treating sulphate-rich UWW.

Figure 5. Total cost of the three schemes considered for designing an AnMBR-based WWTP when

treating sulphate-rich UWW.

Table 1. Characteristics of the wastewater entering the anaerobic reactor used for designing the proposed
AnMBR WWTP (“sulphate-rich municipal wastewater; *“low-sulphate municipal wastewater).

Table 2. Optimum design values for the (a) AnMBR and (b) AD units included in the three schemes
considered for designing an AnMBR-based WWTP.

Table 3. Optimum cost and energy requirements (considering energy recovery from methane) of the three
schemes considered for designing an AnMBR-based WWTP at 15 °C and 30°C when treating (a) low-

sulphate and (b) sulphate-rich UWW.
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Figure 1. Flow chart of the different schemes considered for designing an AnMBR-based WWTP: a)

AnMBR; b) AnMBR+AD; ¢) PS+AnMBR+AD. PS: Primary settler; AnR: Anaerobic Reactor; MT:

Membrane Tank; DV: Degasification Vessel; AD: Anaerobic Digester; HE: Heat Exchanger; CIP: clean-

in-place; and CHP: Combined Heat and Power.
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Figure 2. Energy requirements of the three schemes considered for designing an AnMBR-based WWTP

when treating low-sulphate UWW.
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Figure 3. Total cost of the three schemes considered for designing an AnMBR-based WWTP when

treating low-sulphate UWW.
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Figure 4. Energy requirements of the three schemes considered for designing an AnMBR-based WWTP

when treating sulphate-rich UWW.
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Figure 5. Total cost of the three schemes considered for designing an AnMBR-based WWTP when

treating sulphate-rich UWW.
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Table 1. Characteristics of the wastewater entering the anaerobic reactor used for designing the proposed

AnMBR WWTP (“sulphate-rich municipal wastewater; ““low-sulphate municipal wastewater).

Parameter Unit Value
TSS mg TSS-L* 200
VSS mg VSS-L* 160
T-COD mg COD-L* 381
S-COD mg COD-L* 99.5
T-BODy mg COD-L* 300
S-BODgy mg COD-L* 69.5
VFA mg COD-L* 10
S04-S mg S-L*! 1007/10™
TN mg N-L* 50
NHs-N mg N-L? 315
TP mg P-L* 6.9
PO,-P mg P-L* 5
Alk mg CaCOs-L* 350
pH 7
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Table 2. Optimum design values for the (a) AnMBR and (b) AD units included in the three schemes

considered for designing an AnMBR-based WWTP when treating low-sulphate and sulphate-rich UWW.

AnMBR

configuration

AnMBR+AD
configuration

PS+AnMBR+AD
configuration

low-sulphate sulphate-rich low-sulphate sulphate-rich low-sulphate sulphate-rich
UwWw UWw UWW UwWw Uww UwWw
T (°C) 15 30 15 30 15 30 15 30 15 30 15 30
(isyz) 3 12 60 22 3 12 8 2 33 10 6 2
(f:i:;) 14 7 23 10 14 8 9 4 10 4 6 3
Q’ec?lgfl'vue“t 14 10 18 12 14 10 10 05 11 07 06 05
(L\Ij\iloH) 19 19 16 19 19 24 24 26 24 26 24 29
'\é'ﬁ_i“;T 15 10 18 15 15 10 10 8 10 8 10 5
(mf_f;%h_l) 01 01 01 01 01 01 01 01 01 01 01 01
(@)
AnMBR+AD PS+AnMBR+AD
low-sulphate UWW sulphate-rich UWW low-sulphate UWW sulphate-rich UWW
T (°C) 15 30 15 30 15 30 15 30
(35;) 10 10 15 15 15 15 20 20
'\Z'g"_lsff)D 34 34 27 26 14 12 23 23
(b)
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Table 3. Optimum cost and energy requirements (considering energy recovery from methane) of the three

schemes considered for designing an AnMBR-based WWTP at 15 °C and 30°C when treating (a) low-

sulphate and (b) sulphate-rich UWW.

(a)
Total cost Energy requirements
(€ per m®) (kWh per m®)
15°C 30°C 15°C 30°C
ANnMBR configuration 0.08 0.05 -0.04 -0.10
AnMBR+AD configuration 0.08 0.06 -0.06 -0.12
PS+AnMBR+AD configuration 0.07 0.06 -0.08 -0.10
(b)
Total cost Energy requirements
(€ per m®) (KWh per m®)
15°C 30°C 15°C 30°C
ANnMBR configuration 0.12 0.09 0.19 0.09
AnMBR+AD configuration 0.07 0.06 0.03 -0.04
PS+AnMBR+AD configuration 0.06 0.05 -0.07 -0.09
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