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a b s t r a c t

A modeling framework was developed to evaluate synergistic blending of the waste streams from
seawater reverse osmosis (RO) desalination and wastewater treatment facilities that are co-located or in
close proximity. Four scenarios were considered, two of which involved blending treated wastewater
with the brine resulting from the seawater RO desalination process, effectively diluting RO brine prior to
discharge. One of these scenarios considers the capture of salinity-gradient energy. The other two sce-
narios involved blending treated wastewater with the intake seawater to dilute the influent to the RO
process. One of these scenarios incorporates a low-energy osmotic dilution process to provide high-
quality pre-treatment for the wastewater. The model framework evaluates required seawater and
treated wastewater flowrates, discharge flowrates and components, boron removal, and system energy
requirements. Using data from an existing desalination facility in close proximity to a wastewater
treatment facility, results showed that the influent blending scenarios (Scenarios 3 and 4) had several
advantages over the brine blending scenarios (Scenarios 1 and 2), including: (1) reduced seawater intake
and brine discharge flowrates, (2) no need for second-pass RO for boron control, and (3) reduced energy
consumption. It should be noted that the framework was developed for use with co-located seawater
desalination and coastal wastewater reclamation facilities but could be extended for use with desali-
nation and wastewater reclamation facilities in in-land locations where disposal of RO concentrate is a
serious concern.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction and background

1.1. Seawater reverse osmosis desalination

As of 2018, there were 5328 operational seawater desalination
plants with a total global desalination capacity of approximately 58
million m3/day (Jones et al., 2019). Of the seawater desalination
technologies, reverse osmosis (RO) is the most dominant process
(Amy et al., 2017; Greenlee et al., 2009), producing 56% of the global
seawater desalination product (Jones et al., 2019). Although RO is
the most widely adopted commercial seawater desalination tech-
nology, seawater RO (SWRO) has several drawbacks, including that
it produces a brine stream, requires seawater intakes, and has high
energy requirements.

Global brine production by SWRO in 2018 was approximately 44
million m3/day, or 16.0 billion m3/year (Jones et al., 2019). The
discharge of RO brine into ocean environments can have ecosystem
impacts. Because of its high density, contaminants can be carried to
the ocean floor where benthic organisms may be harmed because
there is minimal wave propagation for mixing and dilution
(Tularam and Ilahee, 2007). In some countries (e.g., USA, Australia,
Japan, UAE, and Oman), dilution and/or diffusers are required prior
to/during discharge of RO brine to the ocean (Jenkins et al., 2012) to
reduce and attenuate brine concentration (Rodman et al., 2018).

Entrainment and impingement of marine organisms by
seawater intake systems is also a major environmental concern
(Missimer and Maliva, 2018). Subsurface intakes can be used to
mitigate the effects of intake systems on aquatic communities
(Henthome and Boysen, 2015). Because subsurface intakes also
provide some pre-treatment, their use in small systems may be
beneficial; however, for large systems, their installation signifi-
cantly increases capital costs and construction time (Missimer et al.,
2013). Additionally, the ability to install subsurface intakes depends
on the presence of proper geology and sediment characteristics
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such as sand and gravel with sufficiently high porosity and trans-
missivity (Missimer and Maliva, 2018).

In addition to these concerns, there are also concerns with the
high energy requirement of SWRO. Although RO is the most energy
efficient commercial seawater desalination technology, it still re-
quires a relatively high amount of energy to achieve the pressures
necessary to overcome the osmotic pressure of seawater (Elimelech
and Phillip, 2011; Lin and Elimelech, 2015). Energy recovery devices
(ERDs) with efficiencies greater than 95% are commonplace and
reduce energy consumption by as much as 60% (Penate and Garcia-
Rodriguez, 2011). With ERDs, current state-of-the-art SWRO facil-
ities consume between 3 and 3.5 kW h/m3 (Ng et al., 2015).

If second-pass RO is required for boron removal, energy con-
sumption increases further. Typically, boron concentrations in
seawater are approximately 4e6mg/L (Park et al., 2012) and SWRO
only rejects approximately 83e92% (Shultz and Freger, 2018). US
states such as California and Florida, and countries such as Israel,
Saudi Arabia, and Japan have regulations or guidelines for
maximumboron levels ranging from0.4 to 1mg/L. For example, the
California State Notification Level is 1mg/L. Thus, second-pass RO
for all or part of first-pass product water may be required (Alnouri
and Linke, 2014; Du et al., 2015, 2016; Sassi and Mujtaba, 2013).

1.2. Synergistic opportunities in coastal water system

SWRO facilities may be co-located with wastewater treatment
facilities that also discharge a stream to the ocean. Currently, the
only synergistic use of these waste streams is to use the treated
wastewater to dilute the SWRO brine stream prior to discharge
(Fig. 1). The 2019 Amendment to California Ocean Plan (California
Environmental Protection Agency, 2019) defines this blending as
the preferred technology, with the goal being that the resulting
blended solution is positively buoyant (Voutchkov, 2011). In this
way, the supply of treated wastewater could define the amount of
seawater that can be desalinated. However, discharge of treated
wastewater to the ocean could be considered a waste of the water
resource within this stream.

Instead of using treated wastewater to dilute the RO brine, a
possible future scenario is to blend the treated wastewater (after
additional advanced treatment processes) with the intake
seawater. By blending the treated wastewater with the intake
seawater upstream of the RO process, not only will the SWRO feed
stream be diluted, but the SWRO brine stream will also be more
dilute. This scenario represents a raw water augmentation
approach to direct potable reuse of treated wastewater (National
Water Research Institute, 2018) and has been considered briefly
in the literature (e.g., Cath et al., 2005; Hancock et al., 2012, 2013;
Linares et al., 2016; Shaffer et al., 2012).

The objective of the current study is to evaluate synergistic
blending of the waste streams from SWRO and wastewater treat-
ment facilities. Four scenarios e two discharge blending and two
Fig. 1. Schematic of coastal water system.
influent blending e were considered. A modeling framework was
developed to evaluate required seawater and treated wastewater
flowrates, discharge flowrates and components, boron removal,
and system energy requirements. The best blending scenarios that
meet SWRO brine discharge requirements were determined.

2. Material and methods

2.1. System model framework

All scenarios were modeled based on a medium-size
1.14� 104m3/d (3 million gallons/day (MGD)) SWRO facility, the
Charles E. Meyer Desalination Plant (Santa Barbara, CA) and a
3.03� 104m3/d (8 MGD) secondary wastewater treatment facility,
the El Estero Wastewater Treatment Plant (Santa Barbara, CA),
which are 0.2 km apart. Approximately half of the treated waste-
water (1.63� 104m3/d) is further treated with tertiary processes to
provide non-potable reuse water. The other half of the treated
wastewater (1.40� 104m3/d) is used to dilute the brine from the
SWRO facility. The blended stream is discharged into a pipeline that
extends 2.4 km into the ocean.

Brine discharge regulations that exist around the world range
from salinity increments above ambient (e.g., 1 part per thousand
(ppt)) to absolute levels (e.g., 40 g/L) (Jenkins et al., 2012). These
limits typically apply at the boundary of a mixing zone that has
dimensions on the order of 50e300m surrounding the discharge
(Jenkins et al., 2012). The 2019 Amendment to California Ocean Plan
(California Environmental Protection Agency, 2019) states that
discharges to the receiving water body shall not exceed a daily
maximum of 2 ppt above the natural background salinity measured
no further than 100m horizontally from the discharge point.
Accordingly, the Claude “Bud” Lewis Carlsbad desalination facility
in Carlsbad, CA and a new facility in late-stage permitting in
Huntington Beach, CA have absolute limits of less than 40 ppt at a
compliance point of 305m (1000 ft) from the discharge location
(California Water Resources Control Board, 2012). In the current
framework, the limitation for discharge salinity was set at 40 g/L.

2.2. Overview of scenarios

This section provides an overview of the four scenarios
considered (Fig. 2). Detailed discussion and depiction of the sce-
narios can be found in Supplementary Information (Figs. S1 - S4).
The scenarios included a brine blending scenario (blending treated
wastewater with RO brine) (Fig. 2a), a scenario with extraction of
salinity gradient energy (SGE) during brine blending (Fig. 2b), an
influent blending scenario (blending treated wastewater with
seawater influent to RO) (Fig. 2c), and a scenario with osmotic
dilution as a treatment process during influent blending (Fig. 2d).

In Scenario 1, the baseline scenario, treated wastewater is
blended with SWRO brine prior to discharge (Fig. 2a and detailed
schematic in Fig. S1). The objective of this scenario is to use treated
wastewater to dilute the RO brine stream to maintain a discharge
salinity of 40 g/L. Because the treated wastewater is used only for
brine dilution prior to disposal and not for beneficial reuse pur-
poses, this scenario does not make full use of the value of the water
resource embedded within the treated wastewater.

In Scenario 2 (Fig. 2b and detailed schematic in Fig. S2), the RO
brine stream is used as a draw solution to extract high quality water
from the treatedwastewater under isobaric conditions. The result is
a diluted RO brine stream and a concentrated wastewater stream,
as well as the capture of SGE (Achilli and Childress, 2010; Han et al.,
2013; She et al., 2012; Straub et al., 2014; Achilli et al., 2014a,b). In
this study, SGE capture was modeled using pressure-retarded
osmosis. In pressure-retarded osmosis, a semi-permeable



Fig. 2. Four scenarios to evaluate synergistic use of SWRO brine and treated wastewater streams.
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membrane separates the pressurized, high-salinity draw solution
(i.e., the RO brine) from the low-salinity feed solution (i.e., the
treated wastewater). Through osmosis, water permeates from the
feed solution to the draw solution against the pressure gradient,
diluting the RO brine (Achilli et al., 2014a,b; Prante et al., 2014). A
portion of the chemical potential between the draw solution and
the low-salinity feed solution is transformed into hydraulic pres-
sure as water is transferred; energy is recovered through depres-
surization (Plata and Childress, 2019). The concentrated
wastewater stream can then be blended with the diluted RO brine
stream that is discharged to the ocean or it can be sent back to the
wastewater treatment facility.

In Scenario 3 (Fig. 2c and detailed schematic in Fig. S3), treated
wastewater is blended with the intake seawater, creating a diluted
feed stream for the RO process. This scenario is considered as direct
potable reuse since treated wastewater is an influent to the RO
process that ultimately produces water for a potable supply
(Linares et al., 2016). This scenario is expected to be advantageous
over Scenarios 1 and 2 because the volume of seawater influent
required is reduced. This reduction in seawater influent flowrate
requirement has direct implications for reduced infrastructure re-
quirements for seawater intake systems. Additionally, the energy
requirements for RO decrease as the salinity of the feed solution
decreases. However, this scenario does require additional processes
andmonitoring to ensure that the water quality of the RO permeate
meets potable reuse regulations (NationalWater Research Institute,
2018).

In Scenario 4 (Fig. 2d and detailed schematic in Fig. S4), the
intake seawater is used as a draw solution to extract high-quality
water from the treated wastewater using osmotic dilution. In os-
motic dilution, the driving force for transport across a forward
osmosis membrane is the osmotic pressure difference between the
treated wastewater and the seawater (Cath et al., 2006, 2010). As in
Scenario 3, the diluted seawater becomes the influent to the RO
process and the concentrated wastewater stream can either be
blended with the brine stream that exits the RO process or it can be
sent back to the wastewater treatment facility. Although this pro-
cess increases system capital and operating costs, the additional
treatment barrier that it provides may be necessary to achieve
regulatory requirements for pathogen removal. In addition, the
forward osmosis process provides a low-energy, high-quality pre-
treatment process for the treated wastewater (Hancock et al.,
2011; Morrow and Childress, 2019; Shaffer et al., 2012; Zou et al.,
2016; Cath and Childress, 2011). Thus, Scenario 4 is expected to
require fewer additional processes than Scenario 3 to ensure that
the water quality of the RO permeate meets direct potable reuse
regulations.

2.3. Process models

Each process in the treatment train (e.g., pre-treatment, reverse
osmosis, engineered osmosis, and post-treatment) was modeled
individually to determine flowrates and energy consumption.

2.3.1. Pre-treatment
In the four scenarios, UF was used as pre-treatment for SWRO,

and also as pre-treatment for the treated wastewater prior to RO,
forward osmosis, and pressure-retarded osmosis. The UF process
was modeled using Dow Chemical Company’s DOW™WAVE Design
Software - version 1.64 (Dow Chemical Company, 2019). Similar to
studies from the literature (e.g., Kahler et al., 2015; Nakatsuka et al.,
1996; Qin et al., 2004), a recovery of 90% was assumed for the UF
process; 100% of the feed water was converted to filtrate; however,
10% of the filtrate was used to backwash the UF membranes.

2.3.2. Reverse osmosis
The RO process was modeled using both DOW™ WAVE Design

Software and Power Model (Energy Recovery Inc, 2019) because all
scenarios incorporated an RO pressure exchanger to reduce energy
consumption. A PXQ300 pressure exchanger (Energy Recovery Inc.,
San Leandro, CA) was selected because of its high efficiency.

In Scenarios 1 and 2, there is no dilution of the RO influent with
treated wastewater so the RO influent consists of 100% seawater. In
Scenarios 3 and 4, when the RO influent is diluted with treated
wastewater, the RO influent consists of a blend of seawater and
treated wastewater (hereafter referred to as the SW:WW influent
ratio). For example, a 40:60 SW:WW influent ratio represents a
blend of 40% seawater and 60% treated wastewater as the RO
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influent.
The RO recovery rate was set at 50% when the SW:WW influent

ratio is 100:0 and the RO recovery rate was set at 80% when the
SW:WW influent ratio is 0:100. These are typical water recovery
values for those systems (Altaee et al., 2014; Gilron, 2014; Linares
et al., 2013). For blended RO influent streams, the RO recovery
rate (RRO) is aweighted average between 50 and 80% and calculated
according to:

RRO ¼ SW% � RRO�sw þWW% � RRO�ww (1)

where SW% is percentage of seawater in the RO influent; RRO�sw is
RO recovery rate when the RO influent is 100% seawater; WW% is
percentage of treated wastewater in the RO influent; and RRO�ww is
RO recovery rate when the RO influent is 100% treated wastewater.
Based on the RO recovery rate, the required RO influent flowrate
(FRO�influent) is:

FRO�influent ¼
FPW

RRO
(2)

where FPW is RO permeate flowrate. FPW is held constant at
1.14� 104m3/d for all scenarios. As the SW:WW influent ratio de-
creases (i.e., as the percentage of treated wastewater increases), the
RO recovery rate increases according to Equation (1) and the RO
influent flowrate requirement decreases according to Equation (2).
The RO influent flowrates of seawater and treated wastewater
required to achieve the product flowrate of 1.14� 104m3/d are
shown in Fig. 3. A SW:WW influent ratio of 100:0 represents
seawater desalination only (no wastewater reclamation) and a
SW:WW influent ratio of 0:100 represents wastewater reclamation
only (no seawater desalination).

2.3.3. Second-pass RO for boron removal
In the current framework, the boron concentration limit is

assumed to be 1mg/L; second-pass RO is deemed necessary when
the boron concentration in the RO permeate exceeds this value.
DOW™ WAVE Design Software was used to calculate the energy
consumption of full second-pass RO and then a linear relationship
between energy consumption difference and influent boron con-
centration from Du et al. (2015) was used to estimate a value for
only partial second-pass RO.

2.3.4. Engineered osmosis
Forward osmosis and pressure-retarded osmosis were modeled
Fig. 3. RO influent flowrate requirements to achieve desired product water flowrate of
1.14� 104m3/d for seawater:treated wastewater (SW:WW) influent ratios.
using Engineered Osmosis Processes (EOP) solver, which is a
module-scale solver that considers key aspects of spiral wound
membrane modules and directly estimates mass transfer and
pressure losses in forward osmosis and pressure-retarded osmosis.
In EOP, the forward osmosis process was operated at a recovery rate
of 90% and the pressure-retarded osmosis process was operated at a
recovery rate of 95%. Similar recovery rates for forward osmosis and
pressure-retarded osmosis processes are found in the literature
(Linares et al., 2013; Tan and Ng, 2010).
2.3.5. Post-treatment
Advanced oxidation using UV light coupled with hydrogen

peroxide (UV/H2O2) is an industry-standard post-treatment pro-
cess in potable reuse applications (National Water Research
Institute, 2018; Yin et al., 2018). UV/H2O2 degrades neutral-
charged, low-molecular-weight organics that pass through the RO
membrane (Kimura et al., 2003; McCurry et al., 2017). A UV dose of
at least 300mJ/cm2 is necessary for 6-log removal of all known
pathogens (National Water Research Institute, 2018) and a UV dose
of 900mJ/cm2 is used to destroy disinfection by-products such as
N-nitroso-dimethylamine (Gerrity et al., 2015). In the current study,
UV/H2O2 was modeled as a post-treatment process for the RO
permeate in the influent blending scenarios (Scenarios 3 and 4)
with the dose varying between 300 and 900mJ/cm2 depending on
the SW:WW influent ratio.
2.4. Estimation of energy consumption

For each scenario, specific energy consumption (SEC) and spe-
cific energy savings (SES) were calculated for the individual pro-
cesses. SEC values for RO (SECRO) and UF (SECUF ) were calculated
using DOW™ WAVE Design Software and SEC values for forward
osmosis (SECFO) were calculated using EOP Solver. SEC values for
UV/H2O2 (SECUV=AOP) were estimated based on the literature (e.g.,
(Holloway et al., 2016; Tang et al., 2018)), which shows that
SECUV=AOP has a linear relationship with UV dose and ranges from
0.04 to 0.13 kW h/m3. SES values were calculated for the PX (SESPX)
by Power Model and for the pressure-retarded osmosis process
(SESPRO) by EOP Solver.

Net specific energy consumption (SECNet) was calculated for
each scenario using:

Scenario 1: SECNet ¼ SECUF þ SECRO � SESPX (3)

Scenario 2: SECNet ¼ SECUF þ SECRO � SESPX � SESPRO (4)

Scenario 3: SECNet ¼ SECUF þ SECRO þ SECUV=AOP � SESPX
(5)

Scenario 4: SECNet ¼ SECUF þ SECRO þ SECUV=AOP þ SECFO

� SESPX
(6)

All SEC and SES values are in units of kWh per cubic meter of
product water (PW) (kWh/m3-PW), where product water is RO
permeate. The energy consumption of the UF process per cubic
meter of product water (SECUF ) is calculated according to:

SECUF ¼
SECUF�filtrate � FUF�filtrate

FPW
(7)

where SECUF�filtrate is the energy consumption of the UF process per
cubic meter of UF filtrate and FUF�filtrate is UF filtrate flowrate.
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3. Results and discussion

3.1. RO brine salinity

The RO brine salinity for each SW:WW influent ratio is shown in
Fig. 4. RO brine salinity decreases as the SW:WW influent ratio
decreases because the salinity of the treated wastewater (0.6 g/L) is
much less than that of seawater (35 g/L). The horizontal line in Fig. 4
indicates the limitation for discharge salinity (40 g/L) set in the
current study. It can be seen that to maintain a discharge salinity of
40 g/L without discharge dilution, the SW:WW influent ratio must
be 30:70 or less; at SW:WW influent ratios from 100:0 to 40:60,
discharge dilution is necessary alongside influent dilution.

3.2. Treated wastewater flowrates in hybrid systems

The data in Fig. 5 show treated wastewater flowrates required to
meet the limitation for discharge salinity. Because there is no
influent dilution in Scenarios 1 and 2, these scenarios are repre-
sented only by the 100:0 SW:WW influent ratio (Fig. 5a). In Sce-
narios 1 and 2, to maintain a discharge salinity of 40 g/L,
8.19� 103m3/d of treated wastewater must be blendedwith the RO
brine.

In Scenario 3 (Fig. 5b), there is no data point for SW:WW
influent ratio 100:0 because the case of no influent dilution is
already represented by Scenario 1. As the SW:WW influent ratio
decreases, the treated wastewater flowrate requirement increases.
At SW:WW influent ratios greater than 40:60, some treated
wastewater is used for influent dilution and some for discharge
dilution. For example, when the SW:WW influent ratio is 50:50,
even when the seawater influent is diluted by 50% with treated
wastewater, the RO brine still requires dilution to achieve 40 g/L or
less. According to Equation (1), the RO recovery rate is 65% (not
50%), thus the RO brine salinity prior to effluent dilution is 50 g/L
(not 40 g/L) (Fig. 4).

At influent ratios of 40:60 and less, discharge dilution is no
longer needed to maintain a discharge salinity of 40 g/L. This is
important because when treated wastewater is used for influent
dilution, the value of the water resource is fully realized; when
treatedwastewater is used for discharge dilution, much of the value
in thewater resource is lost. At SW:WW influent ratios of 10:90 and
less, achieving the desired product water flowrate of 1.14� 104m3/
Fig. 4. RO brine salinity for seawater:treated wastewater (SW:WW) influent ratios. The
horizontal line indicates the limitation for discharge salinity (40 g/L) set in the current
study. Operation at SW:WW influent ratios of 40:60 or greater requires discharge
blending to meet the salinity limit; operation at SW:WW influent ratios of 30:70 or
less does not require discharge blending.
d requires more treated wastewater than is available, thus Scenario
3 is not feasible at SW:WW influent ratios less than or equal to
10:90.

In Scenario 4 (Fig. 5c), osmotic dilution is used to achieve
influent dilution and pre-treatment for the RO process. There are no
data points for SW:WW influent ratios less than or equal to 30:70
because the seawater flowrates for these ratios are too low to
extract wastewater through the forward osmosis process. Similar to
Scenario 3 (Fig. 5b), as the SW:WW influent ratio decreases, the
treated wastewater flowrate requirement increases.

Comparing the treated wastewater flowrate requirements for
Scenarios 3 and 4 for SW:WW influent ratios from 90:10 to 60:40,
the total treated wastewater flowrates for Scenarios 3 and 4 are
exactly the same even though the forward osmosis process has a
recovery rate of 90%. This is because all forward osmosis concen-
trate is used for discharge dilution. At the SW:WW influent ratio of
50:50, Scenario 4 requires 5% more treated wastewater than Sce-
nario 3 because only a portion of the forward osmosis concentrate
is needed for discharge dilution (i.e., the forward osmosis concen-
trate flowrate exceeds the flowrate needed for discharge dilution).
At the SW:WW influent ratio of 40:60, Scenario 4 requires 10%
more treated wastewater than Scenario 3, because no treated
wastewater is needed for discharge dilution.

If the goal is to operate a SWRO facility that meets a 40 g/L
limitation for discharge salinity and does not waste the water
resource in the treated wastewater (i.e., all treated wastewater is
used for influent dilution) then Scenarios 3 and 4 would be oper-
ated at SW:WW influent ratios of 40:60 and 50:50. At these
blending ratios, no discharge dilution is needed. Thus, a SW:WW
influent ratio of 40:60 in Scenario 3 and a SW:WW influent ratio of
50:50 in Scenario 4 were selected to represent Scenarios 3 and 4 in
later discussion.

3.3. Discharge flowrates in hybrid systems

Discharge flowrates are depicted in Fig. 6. The total discharge
flowrates are similar in magnitude for each SW:WW influent ratio,
regardless of scenario, but the total discharge flowrates decrease
substantially with decreasing SW:WW influent ratio. In Scenarios 1
and 2, the combined flowrates of UF retentate, treated wastewater,
and pressure-retarded osmosis concentrate (Scenario 2 only) are
almost equal to the flowrate of RO brine. In Scenario 3, at SW:WW
influent ratios greater than 40:60, UF retentate alone is not enough
to dilute the RO brine to 40 g/L, thus, treated wastewater is also
required. At SW:WW influent ratios less than or equal to 40:60, UF
retentate alone is enough to dilute the RO brine. In Scenario 4,
forward osmosis concentrate is also used for discharge dilution.
Similar to Scenario 3, at SW:WW influent ratios less than or equal
to 50:50, UF retentate and forward osmosis concentrate are enough
to dilute the RO brine and no additional treated wastewater is
required.

In Scenarios 3 and 4, at lower SW:WW influent ratios, where
discharge dilution is not necessary, the less UF retentate and less
forward osmosis concentrate, the less wasted discharge. Thus, at
these conditions, operation at higher UF and forward osmosis re-
covery rates would be preferred.

3.4. Boron concentration in RO permeate

From Fig. S5 in Supplementary Information, the concentration of
boron in the RO permeate decreases from 1.32 to 0.24mg/L as
SW:WW influent ratio decreases from 100:0 to 0:100. At SW:WW
influent ratios greater than 60:40, because the boron concentration
exceeds 1.0mg/L, partial second-pass RO was added to the model;
the resulting increase in energy consumption is discussed in the



Fig. 5. Required treated wastewater flowrates for both influent dilution and discharge dilution for all seawater:treated wastewater (SW:WW) influent ratios in (a) Scenarios 1 and 2
(the brine blending scenarios), (b) Scenario 3 e the influent blending scenario, and (c) Scenario 4 e the influent blending scenario with osmotic dilution. The horizontal line in
Scenario 3 (Fig. 5b) indicates the available amount of treated wastewater in the current study.

Fig. 6. Discharge flowrates for seawater:treated wastewater (SW:WW) influent ratios in (a) Scenarios 1, (b) Scenario 2, (c) Scenario 3, and (d) Scenario 4.
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next section. For SW:WW influent ratios of 60:40 or less, additional
treatment is not required to reduce the boron concentration.

3.5. Specific energy consumption and specific energy savings in
hybrid systems

3.5.1. Specific energy consumption of RO
The RO SEC values for each SW:WW influent ratio are shown in
Fig. 7. For SW:WW influent ratios greater than 60:40, when partial
second-pass RO (Pass 2) is required, the RO SEC increases by 34%
specifically due to the second pass. For influent ratios of 60:40 and
less, because second-pass RO is not required to reduce the boron
concentration, there are no Pass 2 energy requirements.

3.5.2. Energy consumption of pre-treatment and post-treatment
UF is used for pre-treating seawater in all scenarios and for pre-



Fig. 7. RO specific energy consumption for seawater:treated wastewater (SW:WW)
influent ratios.

X. Wei et al. / Water Research 170 (2020) 115282 7
treating treated wastewater in Scenarios 3 and 4. The UF SEC de-
creases as the SW:WW influent ratio decreases from 100:0 to 0:100
(Fig. S6 in Supplementary Information). This decrease is not
because the UF SEC for pre-treatment of seawater is higher than
that of treated wastewater; in fact, they are assumed to be the same
(both are 0.07 kW h/m3). Instead, total UF SEC decreases because a
higher RO recovery rate can be used when the seawater is diluted
with treated wastewater (Fig. 3) so the UF influent flowrate is
reduced.

UV/H2O2 is modeled as a post-treatment process for the RO
permeate in Scenarios 3 and 4. The UV dose increases linearly from
300 to 900mJ/cm2with decreasing SW:WW influent ratio (Table S1
in Supplementary Information). In Scenario 3, the UV SEC increases
from 0.04 to 0.13 kW h/m3. Pertaining to Scenario 4, it has been
demonstrated in previous studies that forward osmosis rejection is
greater than 40% for tested organic compounds in bench-scale
experiments and greater than 60% for tested organic compounds
in pilot-scale experiments (Hancock et al., 2011). Based on this,
rejection of organic compounds by forward osmosis in this study is
assumed to be 50%. Thus, with the additional barrier provided by
osmotic dilution in Scenario 4, the UV dose is set to range from 300
to 450mJ/cm2 only (Table S1 in Supplementary Information); over
this range, the UV SEC increases from 0.04 to 0.06 kW h/m3.
Fig. 8. Net SEC comparison for seawater:treated waste
3.5.3. Integration into system-scale model
Net SEC values calculated from Equations (3)e(6) are shown in

Fig. 8. In Scenario 1 (the baseline scenario), the net SEC is 3.5 kW h/
m3. This overall energy consumption is approximately two times
the theoretical minimum energy of RO (1.8 kWh/m3 (Elimelech and
Phillip, 2011)) due to the need for partial second-pass RO, UF, and
UV/H2O2 processes. In Scenario 2, the net SEC is 0.42 kW h/m3 less
than that in Scenario 1 due to energy recovery by pressure-retarded
osmosis. Based on the available flowrates and concentrations of the
RO brine and treated wastewater streams, 0.60 kW h/m3 of specific
energy is theoretically available for the pressure-retarded osmosis
system to recover (Yip and Elimelech, 2012). The difference be-
tween the theoretical thermodynamic potential and the modeled
result (30%, or 0.18 kW h/m3) is due to unutilized energy and fric-
tion losses (O’Toole et al., 2016). In Scenario 3, as the SW:WW
influent ratio decreases from 90:10 to 0:100, the net SEC decreases
from 3.4 to 0.6 kW h/m3. The SW:WW influent ratio of 0:100 in
Scenario 3 represents the condition where the RO influent consists
of 100% treated wastewater. In this case, the energy consumption is
0.6 kW h/m3, which is lower than the energy consumption values
for the blended RO influents. However, as can be seen in Fig. 5b, the
available treated wastewater flowrate is not sufficient to achieve
the desired product water flowrates, which would necessitate use
of a blended influent. In Scenario 4, the net SEC values are slightly
less than those in Scenario 3 due to the lower UV doses required in
Scenario 4. All in all, decreasing the percentage of seawater has a
much greater effect on decreasing net SEC than the choice of
scenario.

3.5.4. Composition of net SEC
The data in Fig. 9 show the SEC percentages for each process. In

Scenario 1 (Fig. 9a), the RO and UF contributions to net SEC are 95.9
and 4.1%. In Scenario 2, the RO contribution decreases to 93.9%
because the pressure-retarded osmosis sub-system reduces the
overall SEC by recovering SGE from blending the RO brine with the
treated wastewater. In addition, in Scenario 2, the UF contribution
to net SEC increases to 6.1% because Scenario 2 replaces the direct
blending in Scenario 1 with a pressure-retarded osmosis process,
which requires UF as pre-treatment. In Scenario 3, as the SW:WW
influent ratio decreases from 90:10 to 0:100 and the percentage of
treated wastewater increases, the RO contribution to net SEC de-
creases and the contributions of UF and UV/H2O2 increase. In Sce-
nario 4, the UF contribution to net SEC is slightly higher than
water (SW:WW) influent ratios in four scenarios.



Fig. 9. Percentage of RO, UF, UV/H2O2, and forward osmosis (FO) in net SEC for seawater:treated wastewater (SW:WW) influent ratios in (a) Scenario 1, (b) Scenario 2, (c) Scenario 3,
and (d) Scenario 4.

Fig. 10. RO, UF, UV/H2O2, and forward osmosis (FO) specific energy consumptions, and
pressure-retarded osmosis (PRO) and ERD specific energy savings for Scenarios 1e4.
The net SEC is calculated by subtracting total SES from total SEC.
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Scenario 3 because Scenario 4 replaces the direct blending in Sce-
nario 3 with forward osmosis that is operated at 90% recovery.
Thus, compared to Scenario 3, more treatedwastewater needs to be
pre-treated by UF prior to the forward osmosis process in Scenario
4. The contribution of UV/H2O2 to net SEC in Scenario 4 is 29% lower
than it is in Scenario 3 on average, because the additional barrier
provided by osmotic dilution reduces the UV dose requirement.
Also, considering that the additional wastewater foulants in the RO
influent are being rejected at higher pressure than are typically
used in RO for wastewater reuse, the high-quality pre-treatment
offered by forward osmosis in Scenario 4 may be valuable. In
addition, forward osmosis only contributes negligibly (less than
0.5%) to the SEC.

3.5.5. Specific energy comparison for select conditions of four
scenarios

Energy consumptions in all scenarios are depicted in Fig. 10. SEC
values for all processes are shown above the x-axis and SES values
are shown below the x-axis. Also shown for each scenario is the net
SEC (the sum of SEC values minus the sum of SES values). As
mentioned in Section 3.2, for Scenarios 3 and 4, 40:60 and 50:50 are
selected to compare with Scenarios 1 and 2 because they represent
conditions that meet the limitation for discharge salinity but do not
waste thewater resources in the treated wastewater (i.e., all treated
wastewater is used for influent dilution). In Scenarios 1 and 2, the
RO SEC is greater than in Scenarios 3 and 4 becausewith no influent
dilution, the RO operates at higher pressure in first-pass RO and
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also, second-pass RO is required for boron control. In Scenario 4,
forward osmosis provides a highly selective pre-treatment with
only 11% increase in SEC when compared to Scenario 3.

3.6. Summary for select conditions of four scenarios

The data in Fig. 11 shows the seawater intake flowrates, treated
wastewater flowrates, discharge flowrates, and SECs for the
selected SW:WW influent ratio conditions. It is important to note
that the product water flowrate is constant across all scenarios.
Compared to Scenarios 1 and 2 (without influent dilution),
seawater influent flowrates, discharge flowrates, and net SECs in
Scenarios 3 and 4 are approximately 66, 63, and 42% lower. The
reason is that when treatedwastewater is used for influent dilution,
rather than discharge dilution, a larger fraction of treated waste-
water can be recovered as product water. In addition, the treated
wastewater flowrates in Scenarios 3 and 4 are 34% higher than that
of Scenarios 1 and 2 (but not asmuch as double) mainly because the
reduced influent salinity of RO in Scenarios 3 and 4 allows greater
RO recovery. In Scenario 2, the pressure-retarded osmosis subsys-
tem reduces energy consumption without requiring additional
treated wastewater.

3.7. Concerns for application of blending scenarios

Comparing the brine blending scenarios (Scenarios 1 and 2)
with the influent blending scenarios (Scenarios 3 and 4), there will
be increased likelihood of fouling, and in particular, biological
fouling (or “biofouling”) on the RO membrane in Scenarios 3 and 4.
Considering this, Scenario 4 may have a better lifecycle outlook as
the forward osmosis process provides additional pretreatment to
the treated wastewater by removing most of the dissolved and
colloidal carbon species that are typically only marginally removed
by a UF membrane (Fan et al., 2008; Morrow et al., 2018). With
regard to RO membrane and module selection for Scenarios 3 and
4: although feed channel spacers are necessary to create turbulence
and alleviate concentration polarization, which can ultimately lead
to increased salt passage through the membrane, biofouling of the
spacers may be problematic. Module feed spacers that minimize
biofouling (Linares et al., 2014; Matin et al., 2011; Siddiqui et al.,
2017) and associated pressure drop in the feed channels (Siddiqui
Fig. 11. Required seawater, required treated wastewater, and discharge flowrates
comparison as well as net SEC comparison for four scenarios.
et al., 2017; Vrouwenvelder et al., 2010) are desirable.

4. Conclusion and implication

Given the multiple benefits of the influent blending scenarios
(Scenarios 3 and 4), including that: (1) seawater intake and
discharge requirements are reduced, (2) second-pass RO for boron
control is no longer required, (3) energy consumption is reduced,
(4) seawater and treated wastewater constituents in the brine to be
disposed are diluted (5) land footprint is saved, and (6) pumping
volumes are saved, the advantages of these scenarios are clear. Even
though SGE recovered in Scenario 2 decreases the overall energy
consumption, the saving is not as significant as the RO energy
savings that occur at lower seawater percentages in the influent
blending scenarios (Scenarios 3 and 4). Beyond the framework,
technical and societal challenges associated with direct potable
reuse must be considered. With consideration of developing reg-
ulatory requirements for potable reuse (National Water Research
Institute, 2018; California State Water Resources Control Board,
2019), the benefits of osmotic dilution over other advanced pro-
cesses must be considered. If real-time membrane failure detection
is available for forward osmosis (Desormeaux, 2017), the ability to
achieve additional log removal value credits would provide sig-
nificant value.

Although the framework was developed for use with co-located
seawater desalination and coastal wastewater reclamation facil-
ities, its use can be extended to co-located, or close proximity,
desalination and wastewater reclamation facilities in in-land lo-
cations. At these facilities, disposal of RO concentrate is an equally
serious concern. Considering the large number of seawater and
brackish water RO facilities that are in planning, construction, and
operation in the US west and other arid regions of the world, the
developed framework could have a broad reach.
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