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Abstract

The objective of this study was to assess the economic and environmental sustainability of
submerged anaerobic membrane bioreactors (AnMBRS) in comparison with aerobic-based
technologies for moderate-/high-loaded urban wastewater (UWW) treatment. To this aim, a
combined approach of steady-state performance modelling, life cycle analysis (LCA) and life
cycle costing (LCC) was used, in which AnMBR (coupled with an aerobic-based post-treatment)
was compared to aerobic membrane bioreactor (AeMBR) and conventional activated sludge
(CAS). AnMBR with CAS-based post-treatment for nutrient removal was identified as a
sustainable option for moderate-/high-loaded UWW treatment: low energy consumption and
reduced sludge production could be obtained at given operating conditions. In addition,
significant reductions can be achieved in different aspects of environmental impact (global
warming potential (GWP), abiotic depletion, acidification, etc.) and LCC over existing UWW

treatment technologies.
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1. Introduction

At the present time, meeting the requirements of urban wastewater (UWW) treatment
(e.g. restrictions in effluent standards, treatment costs and spatial constraints) would
best be met by alternative technologies rather than the traditional ones (e.g.
conventional activated sludge (CAS)) (Gabarron et al., 2015). Recent technological
advances in wastewater treatment include membranes, in particular aerobic membrane
bioreactors (AeMBR), which offer several advantages over traditional processes,
including: high effluent quality, a small footprint and reduced sludge production (Judd
& Judd, 2011). However, although the market for MBR has recently been on the rise,
the competitiveness of this technology is threatened by the low operating cost of CAS
systems (Fenu et al., 2010). Current UWW treatment is mainly based on aerobic
processes (i.e. CAS and AeMBR) in which a significant amount of power is required for
aeration and the energy recovered from organic matter is not maximised (McCarty et

al., 2011; Smith et al., 2014).

Using a submerged anaerobic membrane bioreactor (AnMBR) for UWW treatment
reduces sludge production, eliminates aeration and generates methane (Giménez et al.,
2011; Raskin, 2012; Smith et al., 2013). Although this technology still has not been
applied to full-scale UWW treatment, recent publications (e.g. Ozgun et al, 2013;
Raskin et al., 2012; Stuckey, 2012; Lin et al., 2011; Smith et al., 2014) have reported

increasing interest in its use by the scientific community.



Anaerobic processes are often operated at high temperatures in order to increase the
microorganism growth rate, however AnNMBRs have recently been shown to be able to
treat UWW at lower temperatures (e.g. 15-20 °C) (see, for instance, Giménez et al.,
2011; Martinez-Sosa et al., 2011; Raskin, 2012). As the lower the temperature the
higher the amount of methane dissolved in the effluent (Giménez et al., 2012), the
possible emission of this dissolved methane into the atmosphere is a key issue in
ANMBR technology. On the other hand, when this system is used nutrient removal is
minimal (Visvanathan et al., 2000), so that when downstream treatment or alternative
water reuse (e.g. irrigation) are not considered, the discharge of the nutrient-loaded
AnMBR effluent can have a considerable environmental impact. Hence, one of the key
concerns for sustainable UWW treatment by AnMBR is recovering the nutrients and

methane from the effluent (Smith et al., 2014).

Mathematical models capable of predicting system performance under different design
and operating scenarios could be useful tools for developing ANMBR systems. Ferrer et
al. (2008) proposed the DESASS computational software for modelling different
aerobic and anaerobic wastewater treatments, which they later updated to include
AnMBR. The updated-version of this software incorporates the plant-wide

mathematical model BNRM2 (Barat et al., 2012).

Ferrer et al. (2015) and Pretel et al. (2015a) established the basis of an economic
framework (based on semi industrial-scale data and modelling) aimed at designing
AnMBRs for full-scale UWW treatment by considering the key parameters affecting
process performance. However, the selection of appropriate schemes for UWW
treatment has to consider not only economic items (i.e. investment, operation and

maintenance costs) but also environmental concerns (e.g. eutrophication, global



warming potential (GWP), marine ecotoxicity, etc.). In this respect, the life cycle
analysis (LCA) and life cycle costing (LCC) approaches have been recognised as useful
for assessing the sustainability of different UWW treatment schemes (see e.g. Gallego et
al., 2008; Foley et al., 2010; Rodriguez-Garcia et al., 2011; Godin et al., 2012; Garrido-
Baserba et al., 2013). Indeed, several studies have been published dealing with LCA
applied to wastewater treatment, in compliance with Corominas et al. (2013). However,
LCC and LCA applied to AnMBR for UWW treatment must be further evaluated and
compared to the results from other wastewater treatment systems. Pretel et al. (2013),
for instance, assessed the energy balance and LCA of an AnNMBR system featuring
industrial-scale membranes that treated UWW at different temperatures; whilst Pretel et
al. (2015b) characterised the environmental impacts of design and operational decisions
on AnMBR technology, as well as the resulting trade-offs across LCC and LCA

frameworks.

The sustainability of AnMBR has recently been evaluated relative to alternative aerobic
technologies (Smith et al., 2014). However, no references have been found that
compared the sustainability of AnMBR coupled with downstream processes for nutrient
removal with conventional treatment schemes. In view of this, the objective of the
present study was to assess the economic and environmental sustainability of a possible
AnMBR-based urban WWTP by combining steady-state performance modelling (using
DESASS simulator software), LCA and LCC approaches. For this, AnMBR was
compared to AeMBR and CAS applied to the removal of organic matter, nitrogen and

phosphorus from moderate-/high-loaded UWW.

2. Methodology



The economic and environmental sustainability of an AnMBR-based WWTP (including
an aerobic-based post-treatment for nutrient removal) was compared to three UWW
treatment schemes based on CAS and AeMBR. All these treatment schemes were
designed to meet the European discharge quality standards (sensitive areas and
population of more than 100000 p-¢e) as regards solids (<35 mg-L™* of TSS), organic
matter (<125 and 25 mg-L* of COD and BOD, respectively) and nutrients (<10 and 1
mg-L? of N and P, respectively). In addition, a maximum value of 35% of
biodegradable volatile suspended solids (BVSS) was established as the sludge
stabilisation criterion. The study allowed for effluent disinfection either by filtration (in

MBR-based systems) or ultraviolet (UV) radiation.

The three wastewater treatment systems (CAS, AeMBR and AnMBR) were designed
and simulated using the updated version of the DESASS simulation software (Ferrer et
al., 2008), which features the BNRM2 mathematical model (Barat et al., 2012). This
mathematical model had previously been calibrated and validated for a wide range of
operating conditions in an AnMBR system featuring industrial-scale membranes
(Durén, 2013). DESASS enables the energy balance of different wastewater treatment

schemes (including AnMBR systems) to be evaluated (Pretel et al., 2013).

For CAS and AeMBR, two different simulation scenarios were evaluated, according to
the technology employed to reduce the phosphorus content in the influent: (1) chemical
removal of phosphorus, or (2) combined biological and chemical removal of
phosphorus. As in this case study the biological removal of phosphorus by itself was not
enough to meet phosphorus effluent standards, the biological and chemical removal of
phosphorus were combined in Scenario 2. For the AnMBR-based treatment scheme,
only chemical removal of phosphorus was evaluated, since the acetic acid content in the
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AnMBR effluent was not high enough to justify biological removal of phosphorus in the

downstream aerobic-based treatment unit.

2.1 WWTP design and operation

The evaluated wastewater treatment systems (i.e. CAS, AeMBR and AnMBR) were
simulated at an ambient temperature of 20 °C. The treatment flow rate was set to 50000
m3.dL. The influent UWW used in this study was from the pre-treatment stage of the
Carraixet WWTP (Valencia, Spain), a full characterisation of which is shown in Table
l1a. This moderate-/high-loaded UWW had previously been used to obtain the
experimental data related to the AnMBR unit evaluated in this study. Table 1b shows

the values of the main operating parameters established in CAS, AeMBR and AnMBR.

Figure 1 shows the process flow diagram of the proposed UWW treatment schemes
evaluated in this study. The classical AO (anoxic — oxic) and A20 (anaerobic — anoxic —
oxic) configurations were selected for designing the aerobic-based treatment units in
Scenarios 1 (chemical phosphorus removal) and 2 (biological and chemical phosphorus
removal), respectively. The volume of anaerobic, anoxic and oxic tanks was defined as
follows: 0, 40 and 60% of total reactor volume in Scenario 1 and 40, 10 and 50% of
total reactor volume in Scenario 2, respectively. The ratio of nitrate being recycled into
the influent flow was set to 4 times the influent flow. CAS and AeMBR included an
anaerobic digestion (AD) unit in order to meet the sludge stabilisation criteria (see

Figure 1).

In agreement with Judd & Judd (2011), 2000 and 9000 ppm were adopted as the doses



of sodium hypochlorite and citric acid, respectively, for membrane chemical cleaning in
AeMBR units, whilst the chemical cleaning frequency was set to 12 months. The 20 °C-
standardised transmembrane flux (J20) was set to 14 L-m2-h! on the basis of the data
reported by Judd & Judd (2011) regarding industrial-scale AeMBRs (this selection
accounted for the MLSS of the AeMBR unit: 6.5 g-L™). Tertiary treatment was not
required in AeMBR, since complete retention of the biomass was considered (i.e.

membranes were considered tertiary treatment).

AnMBR technology

As Table 1b shows, the mixed liquor suspended solids (MLSS) concentration in the
AnMBR membrane tank was set to 14 g-L™. For this MLSS, the 20 °C-standardised
transmembrane flux (Jz0) was set to 20 L-m2-ht, while the specific gas demand per
square metre of membrane area (SGDm) was set to 0.1 m3-m2-h1. These Jx0 and SGDm,
values were selected on the basis of previous experimental results obtained in

an AnMBR system fitted with industrial-scale hollow-fibre membranes (Robles et al.,
2012). This MLSS-J20-SGDr combination corresponded to the filtration conditions
around the critical ones (J2o of around 105% of the experimentally-determined critical
flux), since this operating mode had been shown to give minimum filtration costs in

previous studies (Ferrer et al., 2015; Pretel et al., 2015a).

Since AnMBR is still not a mature technology, a basic uncertainty analysis was carried
out on SGDm, and Jzo. The effect of varying the operating SGDm (0.05 and 0.30 m3-m-
2.hYy and Jao (80 and 120% of the critical flux, corresponding to 15 and 22 L-m2-h,
respectively) was assessed and compared to the baseline evaluated in this study (SGDm

of 0.10 m3-m2-h! and Jzo of 105% of the critical flux).



Following Judd & Judd (2011) and other studies (see, for instance, Robles et al., 2012),
7.5 months was set as the interval for membrane chemical cleaning when operating at
Joo around 105% of critical flux. In compliance with the manufacturer’s
recommendations, 2000 ppm was adopted as the dose of both sodium hypochlorite and

citric acid for chemical cleaning of the membranes.

A post-treatment step based on AO (anoxic — oxic) configuration with the addition of
chemicals for phosphorus removal was included in the AnMBR-based treatment scheme
in order to meet nutrient effluent standards. This step considered two possibilities:
AeMBR-based and CAS-based post-treatment. Table 1c gives the values selected for
the main operating parameters in both configurations. The membrane cleaning protocol
adopted for the AeMBR-based post-treatment was the same as the one proposed in
AeMBR. The MLSS in the AeMBR unit used as post-treatment was 2.6 mg-L™, which
is low compared with the MLSS when used as the main treatment in AeMBR (MLSS of
6.5 g-L1). This means that higher fluxes can be set in the AeMBR than in AeMBR

when used as post-treatment (Judd & Judd, 2011). Joo was thus set to 29 L-m2-h™.,

Two different scenarios were evaluated in the AnMBR-based treatment scheme
according to the fate of the methane dissolved in the effluent: this was either (a)
captured for energy production (using a degassing membrane for separation); or (b)
used as the source of organic matter for denitrification in the corresponding post-
treatment unit. A fraction of the influent wastewater was bypassed to the post-treatment
unit in order to meet effluent quality standards (additional organic matter was required
for denitrification to that contained in the AnMBR effluent). Around 27 and 16%,
respectively, of the wastewater entering the AnMBR-based WWTP was diverted

directly to the post-treatment unit when the dissolved methane was used for energy



production and denitrification. Four different scenarios were therefore considered in
ANMBR, according to the fate of the methane dissolved in the effluent and the post-
treatment considered: AnMBR+AeMBR and AnMBR+CAS when the dissolved
methane was used for energy production, and AnMBR+AeMBRcHspn and
AnMBR+CAScHspn When the dissolved methane was used for denitrification. Further
digestion of the sludge was not required in AnMBR, since this unit had already been

designed to meet the sludge stabilisation criteria.

2.2 LCC implementation

The total annualised equivalent cost was calculated by adding the annual investment
cost (considering a discount rate of 10% and a project lifetime of 20 years) to the annual

operating and maintenance costs.

The investment cost included construction work for concrete structures (primary and
secondary settler, anaerobic reactor, AO/A20 reactors, membrane tank, anaerobic
digester, CIP (clean-in-place) tank, thickener, and equalisation tank) and equipment
(pumps and blowers, piping and valve system, aeration devices (diffusers) and their
supports, air cleaning equipment, stirrers, rotofilter, dewatering system, ultrafiltration
hollow-fibre membranes, circular suction scraper bridges for the primary and secondary
settler and thickener, UV radiation system, combined heat and power (CHP), degassing
membrane system and the required area of land). Construction work and equipment was

different for each system evaluated (see Table 2).

Although a degassing membrane system was considered for complete recovery of the

methane dissolved in the effluent, it is important to note that this system still has not



been optimised. In this respect, further development of efficient dissolved methane
recovery is needed in order to both maximise energy recovery and avoid direct

greenhouse gas emissions.

The operating and maintenance costs consisted of: heat requirements for maintaining a
temperature of 35 °C in the AD unit in AeMBR and CAS, power requirements, energy
recovery from methane capture, chemical reagents used for membrane cleaning (in
AnMBR and AeMBR), chemical reagents for diffuser cleaning, FeCL3 dosage for
chemical removal of phosphorus, and sludge handling and disposal, including a
dewatering system and polyelectrolyte consumption. Maintenance expenditure included
the replacement of pumps and blowers, stirrers, rotofilter, air diffusers for the aeration
system, and lamps for UV disinfection when necessary. The power requirements
consisted of: air pumping (for removing organic matter and/or nitrification), membrane
scouring by air/gas sparging, permeate pumping, the rest of the pumping system (sludge
recirculation in bioreactor, influent pumping, waste sludge pumping, etc.), anaerobic
digester/ reactor stirring, AO/A20 reactor stirring, rotofilter, settling, sludge thickening

and dewatering and UV radiation.

Table S1 (Supplementary Data) shows the unit costs used to calculate the capital and
operating expenses (CAPEX/OPEX) of the proposed treatment systems. Further details
of the LCC methodology used in this study can be found in Ferrer et al. (2015) and

Pretel et al. (2015a).

2.3 LCA implementation

LCA methodology is subdivided into four stages (1SO, 2006): (1) goals and scope of the
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study, in which the definition of the activity, the purpose of the study, the functional
unit, the system boundaries, and the method employed are established; (2) life cycle
inventory (LCI), including the list of inputs (energy use and material sourcing) and
outputs (emissions to atmosphere, water and soil); (3) life cycle impact assessment
(LCIA), which evaluates the environmental impact of the environmental resources and
releases identified during the LCI (comprising, among others, selection and definition of
impact categories, classification, characterisation and normalisation); and (4) the

interpretation of the results.

The goal of this study was to evaluate the environmental impact of different UWW
treatment schemes associated with both water line operation (primary and secondary
UWW treatment, and final discharge of the treated effluent) and sludge treatment
(reduction of the organic matter content in the sludge to comply with the established
stabilisation criteria). A functional unit based on the volume of treated wastewater (m®)

was used for the comparison of the different UWW treatment schemes.

The LCA framework was implemented according to ISO 14040 (2006). The life cycle
inventories (LCI) of individual materials and processes were compiled using the
Ecoinvent Database v.3 accessed via SimaPro 8.03 (PRé Consultants; The Netherlands).
The Centre of Environmental Science (CML) 2 baseline 2000 methodology was used to
conduct the impact assessment. The impact categories considered in this study were:
eutrophication (quantified as kg PO4 eq.), global warming potential with a 100-year
time horizon (GWP100; quantified as kg CO2 eq.), abiotic depletion (quantified as kg
Sb eq.), marine aquatic ecotoxicity (quantified as kg 1,4-DB eq.), and acidification

(quantified as kg SO4 eq.).
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System boundaries

The following system boundaries were considered:

» Construction, operation and demolition phase (materials recycled or disposal to
landfill), as well as the transport of materials, reagents and sludge (assuming a
distance for transport of 10 km) were included within the system boundary. Concrete
structures and pipes were excluded from the demolition phase because their useful
life was longer than the lifetime of the project itself.

» A useful membrane lifetime of 20 years was assumed, according to the total chlorine
contact specified by the manufacturer (see Table S1) and the membrane chemical
cleaning frequency laid down.

» Pre-treatment processes (e.g. screening, degritting, and grease removal) were not
included in this study because they were assumed to feature in all the evaluated
systems.

» The waste sludge was disposed of as follows: 80% to agricultural application, 10% to
landfill and 10% to incineration (Spanish Ministry of Agriculture, Food and
Environment, 2015).

» CO2 emissions from sludge dewatering and biogas capture were not taken into
account because COs is classified as biogenic according to IPCC guidelines (Hobson,
2000).

» The biogas and methane dissolved in the effluent stream were considered to be
totally recovered and used for energy production, so that no fugitive methane
emissions into the atmosphere were considered when evaluating climatic
implications. The cost of both the degassing membrane for dissolved methane

recovery and microturbine-based CHP technology for energy generation were also
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considered.
» Emissions to air (e.g. CO, SOz, NO., non-methane volatile organic compounds) from
biogas combustion (through microturbine-based CHP) were excluded due to a lack of

information.

Table S2 (Supplementary Data) shows the inventory data and the parameters used in the
LCA study, including the Ecoinvent process and substances extracted from SimaPro
8.03. Six main factors were considered when determining the environmental
performance of the evaluated treatment schemes: (1) energy consumption; (2) energy
recovery from methane (biogas and dissolved methane capture); (3) consumption of
chemical reagents (FeCls, polyelectrolyte, NaOCI and citric acid); (4) employment of
construction materials (concrete, iron, chromium steel, polyester and epoxy resin,
polypropylene, glass tube, etc.); (5) final discharge of the effluent; and (6) sludge

disposal including emissions.

3. Results and discussion

3.1 Energy balance

Figure 2 gives the energy balance of CAS, AeMBR and AnMBR (AnMBR+AeMBR,
AnMBR+AeMBRcHapn, ANMBR+CAS, and AnNMBR+CAScHapn), including both

power requirements and energy production.

As can be seen in Figure 2, the power requirements for air pumping (organic matter
removal and/or nitrification) accounted for the largest percentage of total power

requirements (up to 49%) in all the proposed treatment schemes, except in those that
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included an AeMBR unit. In these cases, membrane scouring by air sparging (up to
46%) became the largest percentage of the total power requirement. For the two
scenarios including an AeMBR-based post-treatment unit (AnMBR+AeMBR and
AnMBR+AeMBRcH4pn), membrane scouring by air sparging and air pumping for
nitrification both showed similar percentages (around 28 and 25%, respectively). CAS
needed considerable power requirements related to reactor stirring (around 29%). With
regard to AnMBR schemes, all the proposed scenarios had significant power
requirements as regards membrane scouring by biogas sparging and anaerobic reactor

stirring (both processes consumed up to 19% of total power requirements).

In absolute terms, AeMBR had high power requirements, with a value of 0.84 kWh-m
in Scenario 1 (biological and chemical removal of phosphorus) and 0.81 kWh-m2 in
Scenario 2 (chemical removal of phosphorus). It is important to note that this
technology requires air for both membrane scouring and organic matter removal (air
pumping). On the other hand, power requirements were low in AnMBR+CAS and
ANMBR+CAScrapn, With a value of 0.48 and 0.46 kWh-m, respectively. These low
values were the result of avoiding a secondary MBR-based process for nutrient removal

(i.e. power was not required for membrane scouring by air sparging).

As regards phosphorus removal, Figure 2 shows that the power requirements for
biological and chemical removal of phosphorus (Scenario 1) were relatively similar to
those for chemical removal (Scenario 2). In this respect, although chemical removal of
phosphorus produced higher amounts of sludge (thus increasing energy consumption for
sludge thickening and dewatering), the biological removal of phosphorus consumed
more energy for air pumping and reduced the energy recovery potential (a fraction of

the organic matter was consumed by polyphosphate-accumulating organisms, thus
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reducing the directly-available COD for methanisation). However, power requirements
for nitrogen and phosphorus removal were evidently higher than those for nitrogen
removal (data not shown). It should be remembered that biological phosphorus removal
enables nutrient recovery by applying the appropriate downstream processes (e.g.

struvite crystallization).

As regards power energy recovery by methane capture, AeMBR had the highest energy
demand, since it did not produce enough biogas to meet its high power requirements.
The highest power energy recovery potential (around 0.45 kWh-m) was that of
AnMBR+AeMBR and AnMBR+CAS, as the methane dissolved in the effluent was
used to produce energy. Nevertheless, although AnMBR+AeMBRcHapn and
AnMBR+CAScH4pn used the methane dissolved in the AnMBR effluent for
denitrification in the AeMBR- and CAS-based post-treatment units, both schemes had a
similar power energy recovery potential (0.43 kwWh-m) to AnMBR+AeMBR and
AnMBR+CAS. In AnMBR+AeMBR and AnMBR+CAS it was necessary to bypass a
higher fraction of the influent flow to the post-treatment unit for denitrification than
when using the dissolved methane for this purpose. Thus, methane production was
reduced in the AnMBR unit due to the smaller amount of organic matter directly

available for methanisation.

It should be noted that a net heat energy demand was needed in AeMBR (0.06 and 0.02
kWh-m in Scenarios 1 and 2, respectively) and CAS (0.05 and 0.03 kWh-m2 in
Scenarios 1 and 2, respectively) to maintain a temperature of 35 °C in the AD unit. This

heat energy increased the total energy demand in these configurations.
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The net energy demand for nutrient removal (considering energy recovery from
methane) of the evaluated treatment schemes was (see Figure 2): 0.56 and 0.50 kWh-m"
3 for AeMBR in Scenarios 1 and 2, respectively; 0.23 and 0.21 kWh-m for CAS in
Scenarios 1 and 2, respectively; 0.20 kwh-m for AnMBR+AeMBR and
AnNMBR+AeMBRchapn; 0.04 kWh-m for AnNMBR+CAS; and 0.03 kwWh-m- for
ANMBR+CAScHapn. In this respect, AnMBR technology coupled with a CAS-based
post-treatment for nutrient removal at 20 °C would have almost no energy demands for
the operating conditions studied. A theoretical minimum energy consumption of around
0.04 kwWh-m could be achieved by capturing the methane from both biogas and

effluent.

It is interesting to note that the influent UWW presents a high BOD concentration (715
mg-L™), so that a higher amount of biodegradable organic matter is anaerobically
converted into methane than when treating low-loaded UWW. These conditions thus
favour the economic sustainability of AnMBR technology, since more energy is

generated from methane capture.

3.2 Life cycle costs

Figure 3 shows the total cost (divided into capital and operating and maintenance
(O&M) costs) of CAS, AeMBR and AnMBR (AnMBR+AeMBR,
AnMBR+AeMBRcHapn, ANMBR+CAS and AnMBR+CASchapn) for nutrient removal.
Note that the bars in Figure 3 represent the results obtained (applying a discount rate of
10%) when 80% of the waste sludge was destined to agricultural application, 10% to

landfill and 10% to incineration. The results shown in this figure when the 100% of
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waste sludge was destined to these purposes are labelled by triangles, rhombi and
squares, respectively. The total cost was also evaluated for the case of applying a

discount rate of 5% (represented by a horizontal line in Figure 3).

AeMBR showed the highest life cycle cost (expressed as total annualised equivalent
cost, € per m® in Figure 3) due to its significant operational costs, mainly associated with
the power required for aeration and membrane scouring. CAS had the lowest capital
cost, since membrane investment was zero and the cost of the concrete structures was
not significantly important. In spite of the membrane investment cost, ANMBR+CAS
and AnMBR+CAScHapn both showed lower life cycle costs than CAS, since more
energy was recovered from methane capture. AnDMBR+AeMBR and
AnMBR+AeMBRcHspn had higher life cycle costs than CAS (even though operating
cost were similar) as the membrane investment cost in both AeMBR and AnMBR

significantly increased total capital costs.

The sludge handling and disposal practice was a key factor in the life cycle cost of the
evaluated UWW treatment schemes. As commented above, total life cycle costs were also
calculated assuming that 100% of the waste sludge was to be disposed of by a single
method (agricultural application, landfill or incineration) (see Figure 3). Sludge used as
fertiliser (agricultural application) or in landfill had a much lower life cycle cost than
when incinerated. These results were mainly based on the costs attributed to the above
three disposal methods (€4.8, €250.0 and €30.1 per t TSS, respectively) (see Table S1).
A reduction in total cost of around 30% can be achieved when the discount rate is reduced

from 10 to 5%, as can be seen in Figure 3.
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As regards phosphorus removal, Figure 3 shows that the life cycle costs for biological
and chemical removal of phosphorus (Scenario 1) were fairly similar to those of
chemical removal of phosphorus (Scenario 2).Even though lower chemical consumption
(reducing its associated cost), less sludge production (lower sludge handling and
disposal costs) and lower energy stirring costs (since the anoxic tank represented only
10% of the total reaction volume) were obtained in Scenario 1, Scenario 2 had lower
costs related to reduced air pumping, higher energy recovery potential and lower

reacting volumes.

The life cycle costs of the evaluated treatment schemes for nutrient removal were (see
Figure 3): €0.198 and €0.192 per m® for AeMBR in Scenarios 1 and 2, respectively;
€0.169 per m* for ANMBR+AeMBR; €0.165 per m® for ANMBR+AeMBRchapn; €0.140
and €0.141 per m® for CAS in Scenarios 1 and 2, respectively; €0.135 per m® for

ANMBR+CAS; and €0.126 per m® for AnMBR+CAScHapn.

It can therefore be concluded that from an economic perspective, AnNMBR+CAS at 20
°C would be a more sustainable approach for moderate-/high-loaded UWW treatment
than other systems at present in existence. AnMBR+AeMBR life cycle costs can be
expected to increase by up to 17 and 23% when compared to CAS and AnMBR+CAS,
respectively. However, it is important to remember that AeMBR-based post-treatments
could become an interesting alternative to CAS processes when water reuse is included
(e.g. for industrial purposes), since a high-quality effluent with nearly complete absence

of pathogenic bacteria can be achieved.

Different SGDm and Jo values were assessed in the AnNMBR system to compare its

economic sustainability with the other systems studied. Figure 4 illustrates the effect of
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varying the operating SGDm (0.05 and 0.30 m®-m2-h) and Jzo (80 and 120% of the

critical flux) on the AnMBR total cost.

Comparing the AnMBR baseline (SGDm of 0.10 m3-m2-h! and Jzo of 105% of critical
flux) with the scenario operating at J2o of 80 and 120% of the critical flux, the AnMBR
life cycle cost increases to 17 and 66%, respectively (see Figure 4). However, a
considerable increase in life cycle cost is observed when operating at Joo of 120% of the
critical flux. Although increasing the operating flux reduces investment cost (i.e. smaller
required membrane filtration area), there is a greater fouling propensity, which means a
higher chemical cleaning frequency. This in turn raises the chemical reagent
consumption (i.e. increased reagent cost) while membrane lifetime is reduced (i.e.
increased membrane replacement cost). However, when operating at an SGDm of 0.05
and 0.30 m®-m2-h! the life cycle cost increases to 10 and 20%, respectively. Hence, the
current aerobic-based technologies may become more sustainable than AnMBR if non-

optimum values are applied for the different AnMBR design parameters.

3.3 Life cycle analysis

As has already been mentioned, SimaPro software was used with Ecoinvent data to

assess the potential environmental impact of the evaluated UWW treatment schemes.

3.3.1 Life cycle inventory assessment

The environmental impacts of the factors considered in the inventory analysis (see
Table S2) and the impact categories selected in this study (i.e. marine aquatic

ecotoxicity, GWP, abiotic depletion, acidification and eutrophication) are discussed in
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the following paragraphs. These results are based on the LCA results obtained from the
proposed treatment schemes and scenarios. Figure 5 shows the life cycle inventory
assessment for the following impact categories: marine aquatic ecotoxicity, GWP,

abiotic depletion and acidification.

Marine aguatic ecotoxicity

As can be seen in Figure 5a, the environmental impact in this category was mostly
associated with sludge disposed of as landfill (with a value of 43 £ 5%; average +
standard deviation) and FeClz consumption for chemical phosphorus removal (with a
value of 33 £ 6%). This behaviour was similar for all the schemes evaluated. The next
in importance were energy consumption (with a value of 9 + 6%), sludge used as
fertiliser for agriculture (associated with heavy metal emissions to soil) (with a value of
12 + 1%), and use of materials for construction and equipment (concrete, iron,
chromium steel, etc, with a value of 4 + 1%). Consumption of polyelectrolyte and
membrane cleaning reagents had barely any environmental impact in comparison with
the other factors. Note that the fertiliser avoided had a positive environmental impact,

since the use of synthetic fertiliser for agriculture was partially avoided (see Figure 5a).

GWP

The results in this impact category (see Figure 5b) were mostly associated with energy
consumption (with a value of 42 £ 20%), followed to a lesser extent by: emissions to air
(e.g. N20O) when waste sludge was used for landfill or agricultural application (with a
value of 35 £ 12%); chemical consumption (mainly FeCls for chemical phosphorus
removal, with a value of 15 £ 7%); and use of materials for construction and equipment
(concrete, iron, chromium steel, etc., with a value of 6 + 3%). In AeMBR, the

environmental impact related to energy consumption was higher than that related to
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sludge disposal, since considerable energy was required in this treatment scheme, unlike
AnMBR and CAS. Also in this case, polyelectrolyte and membrane cleaning reagent
consumption had barely any environmental impact as compared to the other factors.
Note that the fertiliser avoided gave a positive environmental impact through GWP,

since by its use less synthetic fertiliser was needed (see Figure 5b).

Abiotic depletion

Energy consumption (with a value of 37 £ 21%) and chemical consumption (FeCls and
polyelectrolyte, with a value of 42 + 16%) (see Figure 5c) were the factors that affected
abiotic depletion most. Environmental impact values in AeMBR related to energy
consumption were higher than those for FeClz consumption, unlike AnMBR and CAS.
The next in importance were: use of materials for construction and equipment (concrete,
iron, chromium steel, etc., with a value of 7 + 3%) and disposal of waste sludge (with a
value of 4 + 1%). Consumption of reagents for membrane cleaning had barely any
environmental impact in this category compared to the other factors. Note that the
fertiliser avoided had a significantly higher positive environmental impact in this than in

the other impact categories.

Acidification
Using waste sludge as fertiliser for agriculture had the highest environmental impact
through acidification (mainly due to NH3z emissions). The remaining factors had hardly

any environmental impact.

Eutrophication

Eutrophication is considered the most important impact category in most of the

published LCAs on WWTPs (Rodriguez-Garcia et al., 2011). In the present study,
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effluent discharge (nitrogen, phosphorus and organic matter) was the factor that affected
eutrophication most (around 80% in every treatment scheme and scenario), followed to
a lesser extent by sludge used as fertiliser in agriculture (around 20%), mainly due to

PO.* leakage and NH3 emissions associated with this practice.

3.3.2 Overall inventory results

Figure 6 gives the LCA results of the impact categories evaluated in this study (i.e. GWP,
eutrophication, marine aquatic ecotoxicity, abiotic depletion and acidification). The
values shown in Figure 6a were weighted (based on normalised values per m3) to assess
the magnitude of each impact category on the different treatment schemes and scenarios
by applying a value of 100% to the configuration (scheme and scenario) that had the

highest environmental impact.

As can be seen in Figure 6a, marine aquatic ecotoxicity was considered the most
important impact category in all the evaluated UWW treatment schemes, since the
characterised factors in this category (for Fecls consumption, sludge production, energy
consumption, etc.) are generally higher than those of other impact categories. The next
in importance was eutrophication. It should be noted that although the treatment
schemes were designed to meet the European discharge quality standards, the remaining
nutrient and organic matter content in the effluent noticeably affected eutrophication.
Although GWP, abiotic depletion and acidification were among the less important
impact categories, they are usually regarded as important environmental issues, at least
from a political and social point of view. In this respect, the complexity of
environmental issues combined with social and political challenges shows the need for a

better understanding of the many factors that affect categories such as GWP, abiotic

22


http://en.wikipedia.org/wiki/Environmental_problems

depletion and acidification.

AeMBR had the highest environmental impact values in GWP, abiotic depletion and
acidification (see Figure 6b). As mentioned earlier, the high sludge production and
energy demand of this treatment scheme had a considerable negative effect on these
three impact categories. CAS presented the highest environmental impact in marine

aquatic toxicity, since this treatment scheme had the highest FeClz consumption.

AnMBR gave the lowest environmental impact in all the evaluated impact categories,
except eutrophication. For CAS, the environmental loads of GWP, abiotic depletion and
acidification were 10, 25 and 5% lower, respectively, than those obtained in AeMBR
when removing phosphorus chemically. The AnMBR configuration featured the highest
environmental impact in eutrophication, since the nitrogen content in the discharged
effluent was slightly higher than in the other configurations (around 9 mg-L™).
However, the environmental loads of GWP, abiotic depletion, marine aquatic
ecotoxicity and acidification of AnMBR were 52, 42, 15 and 11% lower, respectively,
than those in AeMBR when removing phosphorus chemically. Note that AnMBR had
the lowest sludge production and energy demand. In addition, AnNMBR coupled to a
CAS-based rather than AeMBR-based post-treatment showed reduced environmental
impact values (mainly in GWP and abiotic depletion) mostly because of the latter’s

higher energy demand.

The contribution of the treatment schemes for nutrient removal to the eutrophication
impact were thus, in descending order (see Figure 6b): AnMBR+CAScH4DN,
AnMBR+CAS, AnMBR+AeMBRcHion, ANMBR+AeMBR, CAS, AeMBR. The

treatment schemes for nutrient removal contributing to marine aquatic toxicity were, in
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descending order (see Figure 6b): CAS, AeMBR, AnMBR+AeMBRcHapn,
AnMBR+AeMBR, AnMBR+CAScHspn, and ANMBR+CAS. The schemes contributing
to the other impact categories (GWP, abiotic depletion and acidification) were, in
descending order (see Figure 6b): AeMBR, CAS, AnMBR+AeMBRcHapn,

AnMBR+AeMBR, AnMBR+CASchH4pn, and AnNMBR+CAS.

Hence, from an environmental perspective, AnMBR could be considered a promising
sustainable alternative for moderate-/high-loaded UWW treatment in comparison with
the systems at present in use. Another important consideration is that in AnNMBR
systems the nutrients from the treated effluent could be used for fertigation (i.e.,
irrigation with nutrient-rich water) instead of using an aerobic-based (e.g. CAS) post-
treatment for nutrient removal. AnMBR without post-treatment (using the nutrients
from the treated effluent for fertigation) could significantly reduce its life cycle cost as
savings of up to 42% can be achieved, mostly in operating costs. This would improve
environmental impact values (reductions of up to 53% could be reached in GWP) as a
result of: reduced fertiliser use due to fertigation, lower energy consumption, and the
non-use of FeCls. By using electricity produced on site, energy offsets of 0.12 kWh per
m? can be achieved in AnMBR systems (under the scenarios evaluated in this study)

when a post-treatment unit for nutrient removal is not required.

It should be emphasise that the results obtained in this study are strongly dependent on
UWW characteristics, operating temperature and methane recovery potential, among
other factors. However, AnNMBR technology for UWW treatment has been shown to
have improved sustainability when treating high-loaded UWW at warm/hot

temperatures (Pretel et al., 2013; Smith et al., 2014).
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4. Conclusions

AnMBR technology was compared to aerobic-based UWW treatment technologies by
combining the steady-state performance modelling, LCA and LCC approaches. AnMBR
with a CAS-based post-treatment for nutrient removal was identified as a sustainable
option for moderate-/high-loaded UWW treatment: a minimum energy consumption of
0.04 kWh-m™ and low sludge production could be obtained under given operating
conditions. In addition, significant reductions in different environmental impact aspects
(GWP, marine aquatic ecotoxicity, abiotic depletion and acidification) and LCC
(minimum LCC value of around €0.135 per m®) can be achieved in comparison with other

existing UWW treatment technologies.
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Table and Figure captions

Table 1. (a) Characteristics of the UWW entering the WWTP; (b) main operating parameter values in
CAS, AeMBR and AnMBR units; and (c) main operating parameter values in CAS- and AeMBR-based
post-treatment unit. Nomenclature: SRT: Sludge retention time; MLSS: mixed liquor suspended solids
concentration in the reaction volume; Jzo: 20 °C-standardised transmembrane flux; S(A/G)Dm: specific
air/gas demand per m? of membrane area. * Judd & Judd, 2011; ** Pretel et al., 2015a.

Table 2. Factors affecting the investment cost of the proposed UWW treatment schemes (CAS, AeMBR

and AnMBR), including construction work and equipment.

Figure 1. Process flow diagram of the proposed UWW treatment schemes for nutrient removal: (a) *CAS
and **AeMBR, and (b) AnMBR (*AnMBR+CAS, *AnMBR+CAScnon, **AnMBR+AeMBR, and

** AnMBR+AeMBRchHapn,). AnT is not considered in Scenario 2: chemical removal of phosphorus. Nomenclature: AB: Air

Blower; AD: Anaerobic Digester; AeT: Aerobic tank; AnR: Anaerobic Reactor; AnT: Anaerobic tank; AXT: Anoxic tank; CHP:
Combined Heat and Power; DS: Dewatering System; GB: Gas Blower; HE: Heat Exchanger; MT: Membrane Tank; PS: Primary

Settler; PT: Pre-treatment; SS: Secondary Settler; and TS: Thickening System.

Figure 2. Energy balance of CAS, AeMBR and AnMBR (AnMBR+AeMBR, AnNMBR+AeMBRchHapn,
AnMBR+CAS, AnMBR+CASchapn) for nutrient removal. Scenario 1: biological and chemical removal
of phosphorus; and Scenario 2: chemical removal of phosphorus.

Figure 3. Total cost of CAS, AeMBR and AnMBR (AnNMBR+AeMBR, AnNMBR+AeMBRcHapn,
AnMBR+CAS AnMBR+CASch4pn) for nutrient removal. Bars represent a discount rate of 10%.
Scenario 1: biological and chemical removal of phosphorus; and Scenario 2: chemical removal of
phosphorus.

Figure 4. Effect of Joo (% of critical flux: 80-120) and SGD, (0.05- 0.3 m®-m-h'!) on AnMBR cost. Bars
represent the baseline of the proposed UWW treatment schemes (in case of AnMBR: SGD 0.1 m3-m2.h?
and J105%). Scenario 1: biological and chemical removal of phosphorus; and Scenario 2: chemical
removal of phosphorus.

Figure 5. Weighted average distribution of the impacts of the factors considered in the inventory analysis
through: (a) marine aquatic ecotoxicity; (b) GWP; and (c) abiotic depletion. Scenario 1: biological and
chemical removal of phosphorus; and Scenario 2: chemical removal of phosphorus.

Figure 6. LCA results of the proposed UWW treatment schemes expressed as: (a) weighted average
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distribution, and (b) percentage (%). Method: CML 2 baseline 2000 V2.05 / West Europe, 1995 /
normalisation / excluding infrastructure processes / excluding long-term emissions. Scenario 1:

biological and chemical removal of phosphorus; and Scenario 2: chemical removal of phosphorus.
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Table 1.

Parameter Unit Value
T-COD mg COD -L*! 945
T-BOD mg COD-L* 715
VFA mg VFA.L1 45
TN mg N-L? 47
NH;-N mg N-L? 16
TP mg P-L! 13
PO4-P mg P-L*! 4
S04-S mg S-L* 10
TSS mg TSS-L* 429
VNSS mg VNSS-L! 100
Alkalinity mg CaCOs-L* 350
(@
Technology (35;) PS LLS?; (L-r#‘zzo- ) (ri(a-A/rSZ-Dr?l) stabiliogtion  treatment
CAS 10 2.3 AD uv
AeMBR 10 6.5 14 * 03* AD N.A.
AnMBR 40 11 20 ** 0.1 ** N.A. N.A.
(b)
Post-treatment Technology (gaR;;) (“S'I—_Sls) v rﬂzzo o rﬁgér/SZ).Dhnjl) t‘::;ttrlsgt
CAS 10 2.3 uv
AeMBR 10 2.6 29 * 03* N.A.
(c)
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Table 2.

AnMBR+ AnMBR+ AnMBR+ AnMBR+

CAS AeMBR "AeMBR AeMBRcion ~ CAS  CAScrion
CONSTRUCTION
Primary settler J J
Secondary settler J J v

Thickener J J

Anaerobic reactor J J J J
Membrane tank J J J J J
Anagrobic digester J J

CIP (clean-in-place) tank J J J J J
Equalisation tank J J J J J
AO/A20 reactor J J J J J J
Land needed J J J J J )
EQUIPMENT

Pumping equipment J J J J J J
Piping/valve system J J J J J J
Aeration devices

(diffusers) v v v v v v
Air cleaning equipment J J J J J J
Stirrers J J J J J J
Rotofilter J J J J J
Dewatering system J J J J J J
Ultrafiltration hollow-fibre

membranes v v v v v
Circular suction scraper J J

bridges for primary settler

Circular suction scraper

bridges for secondary v v J
settler

Circular suction scraper J J

bridges for thickener

UV radiation system J

CHP system J J J J J J

Degassing membrane
system
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Energy consumption (kWh per m?)

Figure 2.
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