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Abstract: Wastewater treatment for indirect potable reuse (IPR) is a possible approach to address
water scarcity. In this study, a novel membrane bioreactor–membrane distillation (MBR-MD) system
was evaluated to determine the environmental impacts of treatment compared to an existing IPR
facility (“Baseline”). Physical and empirical models were used to obtain operational data for both
systems and inform a life cycle inventory. Life cycle assessment (LCA) was used to compare the
environmental impacts of each system. Results showed an average 53.7% reduction in environmental
impacts for the MBR-MD system when waste heat is used to operate MD; however, without waste
heat, the environmental impacts of MBR-MD are significantly higher, with average impacts ranging
from 218% to 1400% greater than the Baseline, depending on the proportion of waste heat used. The
results of this study demonstrate the effectiveness of the novel MBR-MD system for IPR and the
reduced environmental impacts when waste heat is available to power MD.

Keywords: wastewater treatment; membrane distillation; membrane bioreactor; life cycle analysis

1. Introduction

Water resource decline has become a global issue due to climate change, increasing
populations, and other anthropogenic factors, with greater stress being placed on arid
regions [1,2]. Global groundwater resources have experienced dramatic decline recently
due to heavy withdrawals for farming, drinking water, and industrial use, and several
major aquifers throughout the world are under extreme stress [1]. There has been a nearly
16-fold increase in populations experiencing water scarcity since the early 1900s [3], and
there are currently 4 billion people experiencing water stress at least one month out of the
year, and over 500 million people under chronic severe water stress [4].

This decline in available water resources and dramatic increase in global water stress
has sparked a need for effective water resource management, with a major emphasis on
reducing water consumption and implementing efficient potable and non-potable wastew-
ater reuse schemes [5,6]. Recently, the treatment of municipal wastewater for indirect
potable reuse (IPR) has gained increasing attention. Several cities have implemented ter-
tiary wastewater treatment with advanced multibarrier processes (biological, chemical, and
physical) such as micro/ultra/nano-filtration (MF, UF, and NF, respectively), advanced
oxidation processes (AOP) by ultraviolet (UV) light, and reverse osmosis (RO) [7,8].

Membrane bioreactors (MBRs) are an increasingly popular secondary wastewater
treatment method that may be suitable for potable reuse schemes. MBRs consist of a
biological reactor (or a series of anaerobic, anoxic, and aerobic biological reactors with
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internal recycles) coupled with a submerged or side-stream MF/UF/NF membrane [9].
Whereas the biological treatment is effective at removing organic carbon, phosphorus,
and ammonia [10], the membrane is effective against viruses and other macromolecules
that may be present in the influent wastewater [11]. Compared to traditional secondary
wastewater treatment methods such as conventional activated sludge (CAS), MBR systems
exhibit higher removals of chemical oxygen demand (COD; 97%) [12,13], phosphate (PO4

3−;
98%) [14], total nitrogen (TN; 94%) [14], and total suspended solids (TSS; 99%) [13], which
results in higher-quality effluent. Other benefits of MBRs over CAS include a smaller
footprint [15] and less excess sludge production [16–18]. The main disadvantages of MBRs
are membrane fouling and increased energy consumption [16,19]. Additionally, MBRs
can be followed by post-treatment membrane processes such as reverse osmosis (RO) or
membrane distillation (MD) to achieve higher-quality effluent. Although traditionally
used for seawater desalination, MD has high average rejections for COD (98%) [20], PO4

3−

(91%) [21], and TN (98%) [22]; MD post-treatment can result in high-quality effluent.
Furthermore, the incorporation of MD with waste heat or solar thermal energy [23] makes
it a more viable and energy-efficient alternative to RO.

Although the performance of MBR and MD for wastewater treatment and desalina-
tion, respectively, is well documented, information regarding the environmental impacts
associated with these systems, especially for an MBR-MD hybrid system, is still limited.
Life cycle assessment (LCA) is a method used to calculate the environmental impacts
of a system over its entire life cycle, including construction, operation and maintenance,
and materials manufacturing [24]. Previous studies have reported the low environmental
impacts of MBRs compared to conventional wastewater treatment [25,26], with electricity
consumption being the main contributor to impacts [27,28]. LCA studies of MD are more
limited [29], though several studies have identified energy use as an important contributor
to impacts when MD is used for the desalination of sweater [30,31]. In addition, the use of
waste heat to operate MD can help alleviate impacts [30], though this potential reduction
has not been formally studied.

The objective of this study was to develop analytical models for a novel MBR-MD
system and an established IPR scheme (“Baseline”) consisting of conventional treatment,
MF, RO, and UV-AOP processes. A life cycle inventory was developed using operational
data obtained from physical and empirical models for each system, and an LCA was
conducted to compare the environmental impacts of operating each system. In addition,
the dependence of MD impacts on the utilization of waste heat was determined using
reported literature values of MD energy consumption. The results of this study can help
determine the environmental sustainability of different IPR treatment methods and assist
in evaluating novel technologies for future applications.

2. Materials and Methods
2.1. MBR-MD Process

The hybrid MBR-MD potable reuse process (Figure 1) is designed to treat medium-
strength municipal wastewater (Table 1). The wastewater is pumped to the MBR at the
anaerobic tank, and the effluent from the anaerobic tank passes to an anoxic tank where
denitrification occurs. A portion of the sludge from the anoxic tank is then recirculated to
the anaerobic tank (“Anoxic Recycle” in Figure 1). After being treated in the anoxic tank,
the wastewater then moves to the aerobic tank for organic carbon removal, nitrification,
and biological phosphorus uptake. A submerged UF membrane located in the aerobic
tank rejects biomass and can aid in macromolecule and contaminant rejection. A mixed
liquor/return activated sludge (RAS) recycle line recirculates nitrate to the anoxic zone for
denitrification and helps maintains high biomass concentrations in the anoxic tank. The
anoxic recycle recirculates biomass back to the anaerobic tank to assist with phosphorus
removal. Excess sludge is wasted from the aerobic tank, sent through a belt filter press for
dewatering, and then disposed of in a landfill.
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Figure 1. Process flow diagram of the MBR-MD hybrid system.

Table 1. Characteristics of the medium-strength municipal wastewater [32] used as the influent
wastewater for the MBR-MD and Baseline system models.

Parameter Value Units

Influent Flow 2500 m3/day
Total COD 500 mg/L

TKN 40 mg/L
Total P 10 mg/L

Nitrate N 0 mg/L
pH 7.04 -
VSS 198 mg/L
TSS 218 mg/L

Permeate through the UF passes through a granular activated carbon (GAC) filter to
further remove organic carbon, and then through a low-pressure ultraviolet (UV) lamp
system to remove bacteria/viruses. From the GAC/UV process, the water is sent to an
air gap MD module where non-volatile organics are removed. An MD purge line recycles
the concentrated MD feed solution back to the MD inlet or to disposal. The wastewater
feed is heated prior to the MD system using waste heat, and the MD permeate, which
is low in organic carbon and other water quality contaminants, is suitable for potable
reuse standards.

2.2. MBR Modeling Process

The MBR modeling was performed primarily via the BioWin v.6.2 wastewater treat-
ment modeling software (EnviroSim, Hamilton, ON, Canada). Inputs to the software
included wastewater characteristics and flow, bioreactor volumes, recycle rates, and the re-
quired dissolved oxygen (DO) concentrations. Outputs from the software included effluent
water quality, aeration energy demand, and sludge wasting. The BioWin model consisted
of an anaerobic tank, an anoxic tank, an aerobic tank, and the UF module, with pumps and
recycle loops included as shown in the process flow diagram (Figure 1). Energy demands
for UV treatment, dewatering of the sludge waste, mixing, and pumping were calculated
outside of BioWin and were determined from UV treatment system specifications, average
literature values for the energy consumption of belt filter presses and bioreactor mixers,
and Equation (1), respectively:

Ps =
Qρg∆h

3.6 × 106η
+ TMP × Q (1)

where Ps is the total power consumed by the pump (kW), Q is the flow through the pump
(m3/s), ρ is the fluid density (kg/m3), g is the gravitational constant (m/s2), ∆h is the
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pump differential head (m), η is the pump efficiency, and TMP is the transmembrane
pressure (kPa) when the pump is connected to a UF or MF membrane. For each pump, a
differential head of 1 m, an efficiency of 80%, and a fluid density equal to water (1000 kg/m3)
were assumed. The TMP was dependent on the type of membrane and is tabulated in
Tables S1 and S2. For the dewatering, UV treatment, and mixing energy consumption,
values of 0.70 kWh per m3 of sludge [33], 0.055 kWh per m3 of treated water (determined
from manufacturer specifications), and 0.055 kWh per m3 of treated water [34], respectively,
were used. The UF membrane characteristics were based on the ZW 500 M membrane
(SUEZ, Paramus, NJ, USA), and the UV characteristics were based on the S2Q-PA UV
system (Viqua, Guelph, ON, Canada). Bioreactor dimensions, recycle rates, solids retention
time (SRT), and DO concentrations were determined from [32] and are provided in Table S1.
Influent wastewater quality parameters were modeled after a medium-strength municipal
wastewater influent [32] and are shown in Table 1.

2.3. MD Modeling Process

The MD modeling process consisted of (1) a stepwise approach to determine the water
flux across the MD membrane, the specific thermal energy consumption (STEC), and the
pumping energy requirements; and (2) a bulk contaminant rejection model to predict the
effluent quality from an MD module.

The stepwise modeling approach (Figure S1) was adopted from [35] to determine the
output temperatures, heat flux, and water flux of the MD module. The thermophysical
properties of saline and pure water were taken from [36] (Table S3). The STEC is defined as
the amount of thermal energy required to produce a specified unit of volume of permeate
(kWh/m3) and is used as an overall measure of the energy efficiency of the MD process.
The STEC of the MD module (Equation (2)) was determined based on [37]:

STEC =
Q f eedρ f eedcp, f eed

(
Tf ,in − Tc,out

)
3.6 × 106Fperm

(2)

where Qfeed is the inlet feed flowrate (m3/day), ρfeed is the density of the inlet feed solution
(kg/m3), cp,feed is the heat capacity of the inlet feed solution (J/kg-K), Tf,in is the temperature
of the feed inlet (K), Tc,out is the temperature of the coolant outlet (K), and Fperm is the
permeate production rate (L/h). The pumping energy for the MD system was determined
using Equation (1) and the same values for the pump head and efficiency are outlined in
Section 2.2.

The membrane characteristics used in the air gap MD model were based on a PURA-1
pilot system (Aquastill, Sittard, The Netherlands); membrane thickness, membrane pore
size, membrane porosity, and membrane area are provided in Table S1. The MD module
was operated in a counter-current flow regime, and the operating conditions for the MD
model (Table S1) were based on [38], optimized to obtain a low STEC while still producing
the desired amount of permeate to match the effluent flow from the MBR system. Due to
the separation of the permeate and the coolant channels by an impermeable cooling plate
in the MD configuration, seawater or other low-temperature process water can be used as a
coolant, thus eliminating the need for additional energy consumption due to cooling [37].
For the MD modeling, it was assumed that process water at 20 ◦C was provided as a
coolant; thus, the energy demands for the MD system were constrained to heating the MD
feed and pumping the MD feed and coolant.

The bulk contaminant rejection model was developed from average literature values
of the MD rejection of various contaminants present in the simulated wastewater feed
(Table 2). A full list of the sources and rejection values are shown in Table S4. To determine
the MD permeate water quality, the influent water quality concentrations to the MD system
(UF permeate from the MBR) were multiplied by their respective average rejection values.
The MD permeate was the final effluent from the MBR-MD system and was considered as
the sole potable reuse stream.
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Table 2. Average, minimum, and maximum rejections recorded for MD systems for common wastew-
ater quality parameters with the number of sources for each parameter.

Parameter Average Minimum Maximum Number of Sources

Ammonia N 72.19 34.00 99.89 9
COD 89.51 46.20 99.99 11

Nitrate N 99.81 99.81 99.81 1
Nitrite N 99.99 99.99 99.99 1

Phosphate P 95.50 91.00 99.99 2
TN 88.90 63.70 99.82 4

TOC 88.49 49.10 99.50 6

2.4. Baseline Modeling Process

The Baseline system (Figure S2) was modeled after the Advanced Water Purification
Facility (AWPF) developed by the Orange County Water District (OCWD) in Fountain
Valley, California. This system is an advanced IPR scheme consisting of conventional
wastewater treatment (primary clarifier followed by an aeration basin and secondary
clarifier) conducted by the Orange County Sanitation District (OCSD), followed by MF,
RO, and UV-AOP to produce high-quality water suitable for potable reuse. In 2019, the
AWPF produced an average of 348,000 m3 of clean water per day. This effluent is sent to
OCWD’s Groundwater Replenishment System (GWRS), where injection wells recharge
several aquifers within the Orange County Groundwater Basin. To ensure a fair comparison
between the two systems for the LCA, the same influent wastewater quality characteristics
were used for the MBR-MD and Baseline systems (Table 1).

BioWin was used to model the conventional wastewater treatment and the WAVE
v1.82 software (DuPont, Wilmington, DE, USA) was used to model the MF and RO systems.
Inputs to the BioWin model were the influent wastewater quality and flow, clarifier and
aeration tank volumes, DO concentration, chemical additions, and RAS recycle rate. The
BioWin model consisted of a primary clarifier, an aerobic tank, and a secondary clarifier.
Inputs to the WAVE model were the influent water quality and flow, RO recovery rate,
RO and MF sizing, chemical additions, and membrane characteristics. The sizing of the
primary clarifier, secondary clarifier, and aeration tank were calculated using Equations (3)
and (4), respectively:

Vcl =
Q

OR
h (3)

Vae =
S0Q
VL

(4)

where Vcl is the volume of the clarifier (m3), Q is the influent wastewater flowrate (m3/day),
OR is the overflow rate (m/day), h is the height of the clarifier (m), Vae is the volume
of the aeration tank (m3), VL is the biochemical oxygen demand (BOD) loading rate
(kg-BOD/m3/day), and S0 is the BOD concentration to the aerobic tank (kg/m3). The
solids loading rate, clarifier height, and BOD loading rate were based on common values
from [32] and are tabulated in Table S2. The BOD concentration to the aeration tank was
assumed to be 250 mg/L and was based on the quality of the influent wastewater. The
DO concentration in the aeration tank, SRT, and RAS rate were also based on common
values for a conventional activated sludge process [32]. Ferric chloride (FeCl3) is used in
the OCSD treatment process [39] and was therefore included in the BioWin model. The
chemical concentration of FeCl3 in the BioWin model was determined from [40].

RO and MF recoveries specified in WAVE were based on OCWD operational values,
and the RO membrane characteristics, amount of pressure vessels per element, and number
of elements were taken from [7]. The MF membrane characteristics and sizing requirements
were determined using standard values from the WAVE software that were then optimized
to match the recovery of the MF system at OCWD. Chemical additions input to the WAVE
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software for the cleaning-in-place and backwashing of the RO and MF membranes were
based on [7].

Combined outputs from both models included the aeration rate and energy consump-
tion, MF and RO energy demand, effluent water quality, sludge wasting, RO concentrate
flowrate, and total water production. Sludge was dewatered through belt filter presses
and assumed to be landfilled for the Baseline. Although OCSD composts their excess
sludge waste [39], the sludge waste disposal of the modeled Baseline was matched to that
of the modeled MBR-MD system. Coastal conditions were assumed to dispose of the RO
concentrate in an offshore location. The energy consumption for dewatering, pumping,
and mixing for the conventional treatment process were calculated using the same methods
as that of the MBR-MD system outlined in Section 2.3; the head and efficiency of each
pump for the conventional treatment were kept identical to that of the MBR-MD system.
To validate the Baseline model, operational data from OCWD/OCSD [7] and the 2019
GWRS Annual Report [41] were compared to the model outputs (energy consumption,
effluent quality, waste, etc.) using the influent wastewater concentrations and flow to
OCSD (Table S5).

2.5. Life Cycle Assessment
2.5.1. Goal and Scope

The goal of this LCA was to quantify the environmental impacts of a novel MBR-
MD system and a conventional treatment system for indirect potable reuse of municipal
wastewater. Output from the models described above were used to generate a life cycle
inventory (LCI) and compare impacts from the MBR-MD and Baseline systems. The results
of this study are intended to provide researchers and stakeholders with information on
the sustainability of the MBR-MD system for indirect potable reuse relative to established
technologies. In addition, areas of high impact within the MBR-MD treatment train were
identified and mitigation strategies discussed. The LCA followed ISO 14040 [42] standards
and was performed using SimaPro (PhD version 9.1.1.1). Because the function of each
system was to produce water for indirect potable reuse applications, the functional unit
was set to 1 m3 of product water from each system.

2.5.2. System Boundaries

The system boundaries for the MBR-MD and Baseline systems are shown in Figure 2;
the inputs, outputs, different processes for each system, and the electricity, chemical, and
material flows for each treatment process are depicted. The main flows to the MBR-MD
system are electricity for each subsystem (MBR, UV, and MD), material flows for the MBR
and MD membranes, and chemical flows for the cleaning of the MBR membrane. The
outputs consist of direct GHG emissions (CH4 and N2O) from the biotreatment, sludge
waste, and the effluent discharge. For the Baseline, the conventional treatment includes
chemical additions and electricity for aeration, while the MF, RO, and UV-AOP systems
have material flows for the membranes and UV lamps. The outputs for the Baseline consist
of the RO concentrate, direct GHG emissions, sludge waste, and the effluent discharge.

It was assumed that the direct CH4 and N2O emissions from the biotreatment were
completely discharged into the atmosphere, rather than utilizing any GHG-capturing
technologies. It was also assumed that the treated effluent from both the Baseline and
MBR-MD systems was discharged to groundwater for IPR. The materials acquisition,
construction, and decommissioning of the plants were excluded from the system boundaries
to focus solely on the operation of the two systems.

2.5.3. Life Cycle Inventory

The detailed life cycle inventories (LCI) for both the MBR-MD and Baseline systems
are provided in Table 3.
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Table 3. The complete LCI for the MBR-MD and Baseline systems based on a functional unit of 1 m3

product water.

Inputs Units MBR-MD Baseline

Energy Inputs
MBR Pumping kWh/m3 0.049 -

Aerobic/UF tank kWh/m3 0.520 -
Anoxic tank kWh/m3 0.055 -

Anaerobic tank kWh/m3 0.055 -
MD Pumping kWh/m3 0.076 -

UV kWh/m3 0.055 -
MD Heating kWh/m3 174 -
Conventional

treatment pumping kWh/m3 - 0.009

Aeration tank kWh/m3 - 0.403
Sludge dewatering kWh/m3 0.027 0.030

MF kWh/m3 - 0.274
RO kWh/m3 - 1.08

UV-AOP kWh/m3 - 0.070

Chemical Inputs
NaClO mg/L 11 11
FeCl3 mg/L - 12

H2SO4 mg/L - 24
Citric acid mg/L - 0.2

NaOH mg/L - 3.6
Ca(OH)2 mg/L - 15

H2O2 mg/L - 3
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Table 3. Cont.

Inputs Units MBR-MD Baseline

Gas Emissions
CH4 g/day 7.91 × 105 7.91 × 105

N2O g/day 1710 1710

Influent & Effluent
Flows

Influent flow m3/day 2500 2500
Effluent flow m3/day 2416 1840

Water Emissions
Effluent

Ammonia-N mg/L 0.017 0.010
COD mg/L 3.14 7.43

Organic Nitrogen mg/L 0.215 0.118
Phosphate-P mg/L 0.011 0.09

Total Nitrogen mg/L 0.233 0.83
Total Organic Carbon mg/L 0.872 0.06

RO Concentrate
Ammonia-N mg/L - 1.44

COD mg/L - 273
Organic Nitrogen mg/L - 9.87

Phosphate-P mg/L - 17.6
Total Nitrogen mg/L - 146

Total Organic Carbon mg/L - 88.9

Membranes
MF/UF m2 213 365

MD m2 7.2 -
RO m2 - 341

Waste
Sludge waste kg/day 479 608

RO Concentrate m3/day - 324

The study period for the LCA was 1 year to neglect any effects of maintenance or
repair and to focus solely on the environmental impacts due to system operations. The
MF, UF, and RO membranes were replaced at a rate of 1/10th of the total membranes per
year due to their 10-year lifespan [43,44]. The MD membranes were replaced at a rate of
1/5th of the total membranes per year due to their 5-year lifespan, as used in other LCA
studies [30]. Membrane modules for UF, MF, and RO were based on available processes in
the ecoinvent database. The MD modules were based on inventory data presented in [30].

Electricity production was modeled using the energy mix in the US portion of the
Western Electricity Coordinating Council (WECC) in the ecoinvent database. The amount
of grid electricity used for the MD system was varied to account for different amounts of
waste heat available to heat the feed stream; different LCA scenarios were run according
to the MD grid electricity consumption (Table S6). Due to the small scale of the MBR-MD
system, it was assumed that the system could be located close to a power plant that would
supply the needed waste heat. This assumption is in line with the literature, as several
different studies have investigated the performance and feasibility of MD operated with
power plant or natural gas compressor station waste heat streams [45–48]. For this study,
literature values for waste heat available at power plants were scaled to the effluent flow
of OCWD to demonstrate that adequate waste heat can be reasonably obtained to operate
MBR-MD in a hypothetical full-scale system.

The waste sludge’s disposal to landfill and chemical additions were input to the
LCA using the ecoinvent v3.8 and US Life Cycle Inventory databases [49,50]. Both the
MBR-MD and Baseline system use biological treatment to treat the influent wastewater;
thus, the sludge compositions for both systems were assumed to be equivalent. Direct
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GHG emissions from the biotreatment for both the Baseline and MBR-MD processes were
calculated using specific emissions factors for methane (CH4) and nitrous oxide (N2O)
from wastewater treatment. These emissions factors, defined as the amount of CH4 or
N2O produced from the concentration of COD or Total Kjeldahl Nitrogen (TKN) in the
influent, respectively, were determined from average literature values and are tabulated in
Table S7. Although these emission factors may vary slightly depending on the different
biological processes and operating conditions in the wastewater treatment facility [51], due
to the similarity in the biological treatment by the MBR-MD and Baseline systems, these
differences were considered negligible. Equations (5) and (6) were used to calculate the
CH4 and N2O mass flowrates, respectively:

mCH4 = EFCH4 × CODin f . (5)

mN2O = EFN2O × TKNin f . (6)

where mCH4 and mN2O are the mass flowrates (kg/day) of CH4 and N2O, respectively, and
EFCH4 and EFN2O are the CH4 and N2O emissions factors (% of COD influent (CODinf); %
of TKN influent (TKNinf)), respectively.

2.5.4. Impact Assessment Method

The ReCiPe midpoint (E) assessment method [52] was used for the life cycle impact as-
sessment (LCIA). A total of 18 environmental impact categories were studied: global warm-
ing (GW), stratospheric ozone depletion (SOD), ionizing radiation (IR), ozone formation—
human health (OFHH), fine particulate matter formation (FPMF), ozone formation—
terrestrial ecosystems (OFTE), terrestrial acidification (TA), freshwater eutrophication (FEP),
marine eutrophication (MEP), terrestrial ecotoxicity (TET), freshwater ecotoxicity, marine
ecotoxicity (MET), human carcinogenic toxicity (HCT), human non-carcinogenic toxicity
(HNCT), land use (LU), mineral resource scarcity (MRS), fossil resource scarcity (FRS), and
water consumption (WC). The total environmental impacts of each item listed in Table 3
were organized into their respective class (chemicals, air emissions, water emissions, sludge
disposal, membranes, and electricity), and then each class was analyzed for their respective
contributions to each impact.

2.5.5. Uncertainty Analysis

An uncertainty analysis was conducted for the LCA using Monte Carlo simulation
in SimaPro (PhD version 9.1.1.1) to determine uncertainty ranges in the impact category
data based on changes in the LCI. Inventory values were varied by ±10% using uniform
distributions for 1000 iterations in the simulation. The uncertainty range associated with
each impact category is based on a 95% confidence interval, and the standard deviation of
each distribution is reported with impact category data.

3. Results and Discussion
3.1. MBR-MD and Baseline Modeling

The final effluent water quality results and percent removal values for both systems
were found to be similar (Figure 3), though the MBR-MD system achieves slightly lower
effluent concentrations of COD, NH4–N, PO4–P, and TN compared to the Baseline. Percent
removals are similar for both systems, with the MBR-MD system having generally higher
efficiencies than the Baseline except for TON and TOC. Both systems meet water quality
contaminant permits specified by OCWD as well as general wastewater discharge require-
ments for the parameters listed [32,41]. Modeling results for the pumping energy demand,
aeration energy demand, and sludge wasting, along with dewatering, recycle, effluent,
RO concentrate, and air flow rates for the MBR-MD and Baseline systems are provided in
Tables S8 and S9, respectively.
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Figure 3. Effluent water quality results for the MBR-MD and Baseline system models and overall
percent removal values for chemical oxygen demand (COD), ammonia (NH4–N), phosphate (PO4–P),
total nitrogen (TN), total organic carbon (TOC), total organic nitrogen (TON), and total suspended
solids (TSS).

The MBR-MD’s generally better effluent quality is likely due to slightly higher contam-
inant rejections for MD over RO [53,54] and the higher effluent quality obtained by MBRs
compared to CAS. It is also possible that the MD contaminant rejections used (Table S4)
were overestimated, as many of the rejection values were obtained from single-component
or simple feed solution efforts. Compared to operational data from OCWD, the modeled
effluent is marginally lower in ammonia and TOC while exhibiting slightly higher concen-
trations for phosphate, TN, and TON [41]. These slight discrepancies could be due to the
model’s idealized nature and the subsequent exclusion of operational failures or issues such
as MF/RO membrane fouling or scaling, pump malfunctions, or other equipment failures.

Based on the MBR-MD modeling results (Table S8) and LCI (Table 3), the heat required
for MD has the highest energy demands, followed by the biological/membrane aeration
and pumping. When 100% grid electricity (MBR-100) is used for MD heating, the total MBR-
MD energy use is 175 kWh/m3

, significantly higher than the 1.87 kWh/m3 required by the
Baseline. However, if only waste heat is used for the MD heating (thus 0% grid electricity;
MBR-MD-0) the available the MBR-MD system requires 0.837 kWh/m3, significantly less
than the Baseline. For the MBR biological treatment, aeration of the aerobic tank and
UF membranes requires 0.52 kWh/m3 of electricity and accounts for 62% of the non-MD
heating energy demand, which is similar to that observed by others [34,55]. Accounting for
the aeration, mixing, dewatering, and pumping processes, the total energy demand for the
MBR is 0.60 kWh/m3, consistent with several other studies investigating the total energy
consumption of MBR systems [34,56–58].

The STEC for the MD module was 174 kWh/m3 for the flowrates and specifications
outlined in Table S1. STEC values of 90 to 300 kWh/m3 have been reported for MD,
depending on operating conditions (flowrates, operating type (counter- or co-current), and
feed/coolant temperatures) and membrane characteristics [37,59–61]. The feed/coolant
flowrates and temperatures for the MD unit modeled in this study were optimized to obtain
the lowest STEC possible while still producing the desired amount of permeate.
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From the Baseline modeling results (Table S9) and LCI (Table 3), RO has the highest en-
ergy demand at 1.08 kWh/m3. Compared to the RO energy consumption of 0.46 kWh/m3

at OCWD [7], the modeled RO system is nearly twice as high (Table 3). Drinking water
applications of RO can achieve SECs of around 0.6 kWh/m3 [62], while traditional de-
salination applications of RO exhibit much higher electricity consumption values of 2 to
5 kWh/m3 [63]. This discrepancy between the modeled and operational RO SEC values is
likely due to the optimization and energy-efficient operation of the RO system by OCWD.
Additionally, the RO model in WAVE was not optimized to obtain a lower SEC because
it was necessary to keep the RO membrane and sizing inputs in WAVE equivalent to the
OCWD system.

The next-highest energy demand for the Baseline system was the conventional treat-
ment process, with a total SEC of 0.442 kWh/m3 (Table S9). Typical values for wastewater
treatment energy consumption are 0.3 to 0.8 kWh/m3 [58,64,65], with larger wastewa-
ter treatment plants having lower SECs compared to smaller plants due to economy of
scale [66]. Aeration is often considered the largest contributor to the electricity consumption
in wastewater treatment plants, with values ranging from 50 to 80% of the total electricity
consumption [67,68]. The total aeration energy consumption for the modeled conventional
treatment process was 0.403 kWh/m3, or 91% of the total energy consumption, which is
similar to other studies. A possible reason for the large aeration energy demand is the
high DO concentration in the modeled aeration tank. Common DO concentrations for
wastewater treatment vary from 2.0 to 4.0 mg/L, with higher DO concentrations generally
providing increased nitrification rates and, thus, higher-quality effluent [17]. A high DO
concentration was used in the model to ensure a higher-quality effluent for potable reuse
of the effluent at the expense of higher aeration energy demand.

Although several MBR systems have reported lower energy consumption values com-
pared to conventional treatment systems at <0.4 kWh/m3 [55,69], it is generally recognized
that MBR systems have higher SECs compared to CAS or other traditional wastewater
treatment processes due to the added aeration and pumping for the membranes [58].
Thus, the lower observed total aeration energy demand for the conventional treatment
(0.403 kWh/m3) compared to the MBR (0.520 kWh/m3) was expected, and is similar to
other reported values [34,58,67,68].

The total pumping energy for the conventional treatment process was 0.0094 kWh/m3

or 0.50% of the total energy demand. Previous studies have estimated pumping to be within
9 to 15% of the total wastewater treatment plant energy demand [64,70,71]. This discrepancy
between the reported literature values and the modeled conventional treatment pumping
energy demand could be due to the small pumping head values (1 m) or above-average
pump efficiencies (80%) used in Equation (1). The pumping energy demand for the MBR
(0.049 kWh/m3) was about 5-times greater than the conventional treatment process. This
value is significantly higher due to the higher mixed liquor/RAS recycle rate in the MBR
(300% of influent), as well as the added anoxic to anaerobic recycle rate in the MBR (200%
of influent).

For the Baseline system, the MF module had a total energy consumption of 0.26 kWh/m3

(Table S9), which is slightly higher than the 0.23 kWh/m3 MF energy consumption from
OCWD operational data [7]. This small discrepancy is likely due to the optimization and
energy-efficient operation of the MF system by OCWD, similar to the discrepancies in
the modeled and existing RO systems. Additionally, the MF sizing and other operational
parameters were determined using default values in WAVE that could impact the total
energy consumption. The MF membranes used in WAVE were also based on matching the
MF recovery to that of OCWD; using different MF membranes in the modeling process
could have impacted the total energy consumption as well. Previous studies have estimated
the average energy consumption of MF/UF systems to be around 0.2 kWh/m3 [62], which
is in agreement with operational and modeled data from OCWD and WAVE, respectively.

Similar to the MBR, sludge wasting from the conventional treatment process is de-
pendent on the SRT. Typical SRTs for conventional activated sludge are 3 to 15 days, in
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line with the modeled conventional treatment process SRT [17]. Sludge wasting values for
the modeled system would, therefore, be similar to wastewater treatment plants with an
equivalent SRT. Compared to the MBR-MD system, the Baseline has much higher scaled
sludge waste (0.198 kg compared to 0.331 kg, respectively, Table 3) due to the lower SRT
of the Baseline system compared to MBR-MD (6 and 12 days, respectively), as well as the
additional solids from the primary clarifier in the conventional treatment process. Com-
pared to CAS, MBR systems have demonstrated less excess sludge waste [15–19]; therefore,
the modeled systems fall within the ranges in the literature. The energy consumption from
sludge dewatering is less for the MBR-MD system compared to the Baseline (0.027 and
0.03 kWh/m3, respectively, Tables S8 and S9) due to lower volumetric and mass flowrates
of the sludge. Scaled values for the direct gas emissions from the conventional treatment
process were also significantly higher compared to the MBR listed in Table 3 (0.463 kg
compared to 0.328 kg, respectively; see Table 3).

3.2. Environmental Impacts

Environmental impacts due to energy consumption, chemical additions, direct gas
emissions, water emissions, and sludge waste from both systems were calculated and
compared using the ReCiPe Midpoint (E) impact assessment method. Results for the
MBR-MD system in all impact categories are shown in Figure 4 as a percentage relative to
the value for the Baseline system. Results for the Baseline and MBR-MD-0 scenarios are
shown separately in Figures S3 and S4, respectively. When waste heat is used to satisfy
100% of the MD energy requirements (MBR-MD-0), the MBR-MD impacts are lower than
the Baseline in all categories (Figure 4A). Electricity consumption for non-MD processes is
the dominant contributor to impacts in 9 of the 18 categories, while air emissions are the
largest contributors in GW and SOD. Sludge disposal is the largest contributor to the FET,
MET, MEP, and HNCT categories. Chemical additions are the largest contributor to WC
and make up a small portion of impacts in eight other categories. Water emissions have
minimal contribution to FEP. Membrane replacements do not significantly contribute to
any impact category.
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However, when grid electricity is used to supply a portion of the MD energy re-
quirements, environmental impacts increase substantially. Figure 4B shows the MBR-MD
impacts relative to the Baseline when grid electricity supplies only 5% of the MD energy re-
quirements (MBR-MD-5). HCT shows the largest increase in this regard with total impacts
at 600% of the Baseline. SOD and MEP are the only impact categories to maintain a total
environmental impact less than the Baseline at 61.7% and 0.30%, respectively. For the 5%
grid energy configuration, SOD is the only impact category where electricity consumption
is not the largest contributor.

Six of the impact categories are examined in more detail for both systems (Figure 5).
These six impact categories were selected because GW and SOD are valuable indicators for
climate change; FEP and MEP are important categories for eutrophication often associated
with wastewater effluents, and FET and MET were included due to the notable contribution
of sludge waste on ecotoxicity. Environmental impacts for the MBR-MD-0 configuration
were reduced by 31.0%, 44.8%, 50.9%, 99.9%, 43.2%, and 42.1% of the Baseline for the GW,
SOD, FEP, MEP, FET, and MET, respectively.
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The dominant processes contributing to environmental impacts vary depending on
the category. The dominant contributor to GW is air emissions of CH4 released during
biological treatment of the wastewater (Figure 5A) for both the Baseline (67% of the total
system GW) and the MBR-MD system (75%). While N2O is also released during treatment,
the amount is much smaller (Table 3), resulting in a negligible contribution to GW from
N2O in both systems. Conversely, in the SOD category, N2O is the largest contributor
(Figure 5B) due to the reported dominance of N2O as an ozone-depleting gas [72]. N2O
contributes 93% and 98% of the total SOD and in the Baseline and MBR-MD, respectively.
Air emissions are not a significant contributor to any other impact category.

After air emissions, the next-largest contributor to GW is electricity consumption
(Figure 5A) at 23% of the total GW for the Baseline and 16% in MBR-MD. Electricity is also
a major contributor to FEP for both systems (90% of the Baseline and 96% for MBR-MD). In
the FET and MET categories, electricity is responsible for a smaller portion of impacts, with
14% of FET and 17% of MET in the Baseline and 12% of FET and 14% of MET in the MBR-
MD system (Figure 5E,F). Electricity does not contribute to MEP in either system. Reducing
electricity consumption for both systems could help improve impacts in many categories.

Water emissions are an important contributor to FEP and MEP due to the risk of
eutrophication impacts when nitrogen and phosphorus are emitted to the environment.
Water emissions contribute to the Baseline FEP with 9.3%, while in MBR-MD, water emis-
sions only contribute 2.7% (Figure 5C). Reduced FEP with MBR-MD is due to the greater
phosphorus removal achieved by the MBR system. Meanwhile, MEP is significantly higher
in the Baseline than MBR-MD due to the offshore discharge of the RO concentrate. Since
MEP only accounts for nitrogen emissions to marine water bodies, the largest contributors
to the MEP for MBR-MD are the effluent NH4–N and organic nitrogen concentrations,
while for the Baseline, the NH4–N and organic nitrogen in the RO concentrate dominate
MEP with 99.8% of the impacts. FEP solely considers phosphorus emissions to freshwater
bodies; therefore, the effluent PO4–P concentration is the only contributor to the water emis-
sions impact [52]. Since the RO concentrate was disposed offshore, there are no freshwater
eutrophication impacts from the Baseline. Due to the lower phosphorus concentrations as
compared to nitrogen (Figure 3) for both the Baseline and MBR-MD systems, FEP impacts
are much lower than MEP. Nitrogen and phosphorus have the largest impacts on aquatic
ecosystems, specifically regarding eutrophication; thus, effluent PO4–P and NH4–N con-
centrations are closely monitored in wastewater treatment plants and should be carefully
considered in potable reuse schemes.

Chemical additions are responsible for a small portion of GW, FET, and MET impacts
(Figure 5). In GW, the Baseline chemical additions contribute 4.3%, while in MBR-MD
chemicals account for 3.1%. In the Baseline FET and MET, chemicals contribute 3.4% and
1.3%, respectively, while in MBR-MD, the contribution of chemicals to these categories
is negligible.

Sludge disposal is the dominant contributor of FET and MET in both systems (Figure 5E,F),
accounting for 83% of FET and 82% of MET in the Baseline, and 88% and 86% of FET and
MET, respectively, for the MBR-MD system. Sludge wasting for wastewater treatment
processes is largely dependent on the SRT; thus, the higher SRT in the MBR-MD system
is expected to lower the wasting rate and result in lower environmental impacts due to
sludge waste compared to the Baseline.

For membrane replacement, the only significant contribution is by the RO membranes
to SOD in the Baseline system with 5% of the impact category. MF membrane replacement
has no noticeable impact on any impact category. In the MBR-MD system, replacement of
UF and MD membranes has no significant contribution in any impact category.

These results are similar to those found in other MBR and MD studies. In an LCA com-
paring MBR to conventional treatment for fruit processing wastewater, sludge treatment
was identified as the dominant contributor to 10 of the 18 categories in the ReCiPe method,
including ecotoxicity categories, while the operation of the system (including electricity
use) was the dominant contributor to seven of the 18 categories [73]. In addition, MBR
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performed better than conventional treatment in all impact categories, and MBR combined
with tertiary treatment consisting of RO and UV performed best of all the scenarios consid-
ered [73]. MBR has also shown improved impacts in all categories when compared to CAS
treatment for municipal wastewater [26]. MD is typically studied for the desalination of
seawater; in existing studies, the environmental performance of MD is highly dependent
on the source of heat or electricity [30,31].

To further emphasize the importance of utilizing waste heat rather than grid energy for
MD, the environmental impacts of the MBR-MD system relative to the Baseline at varying
percentages of grid energy are provided for GW, SOD, MET, FET, MEP, and FEP (Figure 6).
Of these six impact categories, FEP was the most sensitive to the fraction of grid energy
used in the MBR-MD system, with impacts equal to the Baseline at only 0.55% grid energy
for MD. GW, MET, and FET show the next-largest increases, reaching 100% of the Baseline
impacts at 1.4%, 2.5%, and 3.1% MD grid energy, respectively. SOD shows a more gradual
increase, reaching 100% of the Baseline impacts at 31.7% MD grid energy. MEP was the
least sensitive, reaching only 2.0% of the Baseline impacts at 50% MD grid energy. It should
be noted that the other 12 impact categories were more sensitive to the amount of grid
energy used (i.e., a steeper slope) than the six impact categories shown in Figure 6.
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Figure 6. MBR-MD environmental impacts relative to the Baseline at varying MD grid energy
percentages for the GW, SOD, FEP, MEP, FET, and MET impact categories.

Most of the impact categories for both systems are heavily influenced by the overall
electricity consumption (Figures 4 and 5). Results for MBR-MD scenarios using a greater
proportion of grid electricity (11% and 25%) are shown in Figures S5 and S6, respectively,
relative to the Baseline. Several previous LCA studies of wastewater treatment plants
have also reported this phenomenon [24,74,75]; however, using more sustainable electricity
mixes (solar, geothermal, wind, hydro, etc.) has been shown to significantly lessen the envi-
ronmental impacts due to electricity consumption [75]. Increased impacts for the MBR-MD
system at higher MD grid energy percentages highlight the considerable unsustainability of
MD without the incorporation of waste heat (Figures 4B and 6). In cases where waste heat
or solar thermal energy are abundant, MD has the unique benefit of being able to operate
at a very low energy demand due to the small electricity consumption for the feed and
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coolant pumping [37]. In this study, the modeled specific electrical energy consumption for
MD is just 0.076 kWh/m3, much lower than the 1.08 kWh/m3 required for the modeled
RO system. MD has a clear advantage over RO regarding the specific electrical energy
consumption. Furthermore, MD can be used specifically with low-quality waste heat
(temperatures < 150 ◦C), which is a majority of waste heat discharged by industry, making
the integration of MD with waste heat an extremely viable technology [76].

4. Conclusions

In this study, an LCA comparing the environmental impacts of a novel MBR-MD
system to a baseline indirect potable reuse system consisting of conventional treatment,
MF, RO, and UV-AOP was performed. The LCA results indicate that using waste heat for
MD provides environmental benefits compared to the Baseline, while using grid energy
to operate MD significantly increases environmental impacts. Operating a hybrid MBR-
MD potable reuse system with 100% waste heat for MD can result in a more sustainable,
environmentally friendly wastewater treatment system.

• Effluent water quality of the MBR-MD and Baseline systems were comparable, with
the MBR-MD system displaying generally lower concentrations of COD, TN, NH4–N,
and PO4–P. Effluent water quality emissions were not a main contributor for any
environmental impacts but did account for a small percentage of the FEP and MEP
impact categories;

• Direct GHG emissions and sludge wasting for MBR-MD are both lower than the
Baseline due to more efficient biotreatment by the MBR;

• Electricity consumption is the main driver behind the environmental impacts for
both systems, with sludge wasting, chemical additions, and direct GHG emissions
following behind;

• RO is the highest consumer of electricity for the Baseline, while the specific thermal
energy consumption of the air gap MD sub-system consumes the most electricity for
the MBR-MD system;

• Using 0% grid energy (100% waste heat) for MD heating, environmental impacts for
the MBR-MD system are lower for each impact category compared to the Baseline.
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