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A B S T R A C T
This work evaluates a novel osmotically assisted reverse osmosis (OARO) process for dewatering high salinity
brines using readily available membranes and equipment. While traditional reverse osmosis processes are
limited to treating brines with osmotic pressures below the membrane burst pressure, in OARO, the osmotic
pressure diﬀerence across a membrane is reduced with a permeate side saline sweep. A series of OARO stages can
be used to sequentially reduce the concentration of the feed until a traditional RO process can obtain fully
desalinated water. This paper develops an OARO model to identify feasible operating conditions for this process
and to estimate the water recovery and energy consumption across a range of brine feed concentrations. For a
feed of 100–140 g/L sodium chloride, we estimate that the OARO process is capable of a 35–50% water recovery
with an energy consumption of 6–19 kWh per m3 of product water. The results suggest that an OARO dewatering
process improves upon the recovery of reverse osmosis for high salinity brines and has a comparable or lower
energy consumption than mechanical vapor compression.

1. Introduction
There is growing demand from the oil and gas, electric power, and
industrial sectors for processes to desalinate high salinity brines with
50–350 g/L of total dissolved solids (TDS) [1–3]. Current brine
dewatering techniques are expensive, energy intensive, or limited to
low water recovery. There is an urgent need for new, scalable methods
for concentrating brine prior to crystallization or disposal.
Current technologies for brine dewatering include both evaporative
and non-evaporative approaches. The most common evaporative technologies include multi-stage ﬂash distillation (MSF), multi-eﬀect distillation (MED), membrane distillation (MD), and mechanical vapor
compression (MVC) [4,5]. MSF, MED, and MD processes use thermal
energy, commonly steam, which limits the practicality of these
processes on ﬁeld-deployable skids [1,4]. In contrast, the MVC process
uses only electricity and is now widely adopted for dewatering high
salinity brines in the oil and gas industry [1]. As an evaporative process,
the energy consumption of MVC ranges from 11 to 25 kWh per m3 of
produced water, which is signiﬁcantly greater than the theoretical
minimum work of approximately 1–5 kWh per m3 to dewater a brine
with TDS of 35–150 g/L at 50% recovery [6].
By avoiding a phase change, non-evaporative membrane based
technologies may reduce the energy intensity of desalination and brine
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dewatering processes. Reverse osmosis (RO), forward osmosis (FO), and
pressure assisted forward osmosis (PAFO) oﬀer several pathways for
brine dewatering across a semi-permeable membrane [7–10]. Fig. 1A
presents the set driving and retarding forces in membrane-based
separation processes where positive water ﬂux is deﬁned as ﬂow
against the osmotic pressure diﬀerence from the feed side (f) to the
permeate side (p) of the membrane. A positive hydraulic pressure
diﬀerence (Pf − Pp, ΔP) drives water transport, while a negative ΔP
retards water transport. In contrast, a positive osmotic pressure
diﬀerence (πf − πp, Δπ) retards water transport, while a negative Δπ
drives water transport.
In RO, a positive hydraulic pressure diﬀerence (+ΔP) drives water
transport against the retarding force of a positive osmotic pressure
diﬀerence (+ Δπ). In FO, there is a negligible hydraulic pressure
diﬀerence (ΔP ≈ 0) and a highly concentrated draw solution establishes a negative osmotic pressure diﬀerence (−Δπ) to drive water ﬂux
from the feed to the draw. In PAFO, a positive hydraulic pressure
gradient is used to augment the negative osmotic gradient of FO (+ ΔP,
− Δπ). While not a separation process, pressure retarded osmosis (PRO)
processes utilize the hydraulic pressure as a retarding force (−ΔP) and
the osmotic pressure as the driving force (− Δπ). Of these membrane
processes, only RO directly dewaters brines. FO and PAFO require a
second process, most commonly a RO or thermal draw solute regenera-
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Nomenclature
Treatment technology
FO
MD
MED
MSF
MVC
OARO
PAFO
PRO
RO

forward osmosis
membrane distillation
multi-eﬀect distillation
multi-stage ﬂash distillation
mechanical vapor compression
osmotically assisted reverse osmosis
pressure assisted forward osmosis
pressure retarded osmosis
reverse osmosis

Subscripts
f
p
s
b
m

Variables
P
ΔP
π

hydraulic pressure
hydraulic pressure diﬀerence across the membrane
osmotic pressure

feed side
permeate side
sweep side
bulk
membrane surface

across the membrane. This modiﬁcation enables water transport even
when the osmotic pressure of the feed exceeds the burst pressure of the
membrane. Therefore, OARO expands the maximum TDS from which
water can be recovered from a hydraulic pressure driven membrane
processes (Fig. 1B). When multiple OARO stages are linked in series,
this process enables the recovery of freshwater from high salinity
brines.
The present work explores the theoretical limits of OARO processes
and quantiﬁes key performance metrics. We develop a discrete model
that includes concentration polarization eﬀects, and we apply this
model to estimate the water recovery and energy consumption of the
OARO process. We also explore the decision space of the OARO process
by varying inlet feed and sweep concentrations, the feed pressure, the
number of OARO stages, and the membrane area. Additionally, we
compare the performance of OARO to other electricity driven desalination technologies, MVC and RO. Finally, we discuss the limitations of
our model and identify the critical research steps necessary to fully
assess the technical and economic feasibility of the OARO process.

tion step, to produce a pure water permeate.
While non-evaporative membrane-based processes more closely
approach the thermodynamic minimum of separation for seawater
desalination, they are limited in their eﬀectiveness for treating high
salinity brines [11]. RO water recovery is limited for high salinity
brines (> 50 g/L) because the hydraulic pressure cannot exceed the
membrane burst pressure (membrane dependent, but typically about
70–80 bar) [7]. While ongoing research is focused on increasing this
burst pressure, operating at ultra-high pressures may lead to severe
compression of the polymer active layer and greater irreversible
fouling. FO processes simply perform a salt exchange across a membrane, and thus do not dewater brines in the traditional sense without a
second membrane, thermal, or solvent induced separations step.
Osmotically assisted reverse osmosis (OARO) is a non-evaporative,
membrane-based process for high recovery, energy eﬃcient desalination of high salinity brines [3,12–14]. OARO, like RO, uses hydraulic
pressure to transport water across a semi-permeable membrane against
the osmotic pressure diﬀerence between the feed and permeate (+ΔP,
− Δπ). Unlike RO, where the permeate TDS approaches zero, OARO has
a permeate-side saline sweep to reduce the osmotic pressure diﬀerence

Δπ
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Fig. 1. A) Driving and retarding forces for reverse osmosis (RO), osmotically assisted reverse osmosis (OARO), forward osmosis (FO), pressure assisted forward osmosis (PAFO), and
pressure retarded osmosis (PRO) membrane processes. We deﬁne the feed side (f) and permeate side (p) of the processes by the direction of the water ﬂux (feed to permeate). Hydraulic
pressure diﬀerence (Pf − Pp, ΔP) is a driving force when positive and is a retarding force when negative. Osmotic pressure diﬀerence (πf − πp, Δπ) is a retarding force when positive and
is a driving force when negative. The white region is where the driving force is smaller than the retarding force, thereby changing the direction of water transport and inverting the
deﬁnition of the feed side and permeate side. B) RO (dark blue line, πp = 0) and OARO process region (blue) for two potential sweep concentrations (white dotted lines, πp = πs,1,
πp = πs,2) at a constant applied hydraulic pressure diﬀerence (ΔP). The net driving force (ΔP − Δπ) of OARO is greater than the net driving force of RO with the same πf. The grey region
represents the infeasible case of πp being negative. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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2. Multi-staged osmotically assisted reverse osmosis process for
water recovery
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OARO is a novel process for realizing moderate water recoveries
from high salinity brines at ambient temperatures via a membranebased separation process. Fig. 2 presents a schematic diagram of the
proposed OARO process requiring multiple stages to produce desalinated water. Here, a high salinity feed is fed into an OARO module at a
high hydraulic pressure. On the permeate-side of the module, a lowpressure sweep with a lower salinity ﬂows counter-current to the feed.
The high-pressure feed and low-pressure sweep establishes a hydraulic
pressure diﬀerence that is greater than the osmotic pressure diﬀerence
across the membrane. The resulting water ﬂux concentrates the feed
and dilutes the sweep. The concentrated feed is the reject from the
OARO process and may be crystallized or otherwise disposed.
If the diluted sweep concentration is relatively high and the target
recovery is not achievable via RO, then the diluted sweep can be
pressurized and fed into a second OARO module. Since the diluted
sweep has a lower concentration than the original feed, an equivalent
permeate volume can be realized with a lower sweep concentration.
This second OARO module re-concentrates the diluted ﬁrst sweep and
dilutes the second sweep. The re-concentrated ﬁrst sweep can be reused
as the sweep inlet for the ﬁrst OARO module and the diluted second
sweep may require another OARO stage. The sweep concentrations
successively decrease over a series of OARO stages until the sweep
concentration is suﬃciently low for RO. Ultimately, the OARO process
will involve a feed inlet, a concentrated waste outlet, closed cycles of
saline sweeps, and a product water outlet.
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Water Transport
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Fig. 3. Schematic diagram of an OARO module and the eﬀects of concentration
polarization on the solute concentration at the membrane surface (C∗ , m) relative to
the bulk concentration (C∗ , m) of the feed (f) and sweep (s).

feed and sweep, and πf , m and πs , m are the osmotic pressure at the
membrane surface for the feed and sweep. The osmotic pressure of a
solution can be estimated as a function of solute concentration (Eq. (2)).

2.1. Energy consumption of the OARO process

π(C)=iϕCRT

here, i is the number of dissociating ions, ϕ is the osmotic coeﬃcient, C
is the solute concentration, R is the gas constant, and T is the
temperature. Oftentimes, the solution is assumed to be ideal, ϕ = 1.
However, solutions with high solute concentrations deviate signiﬁcantly from ideal behavior. To account for non-ideal behavior, we
model the osmotic coeﬃcient as a function of solute concentration
based on experimental results.
The osmotic pressure at the membrane surface is determined by
adjusting the bulk solute concentration for concentration polarization
eﬀects [15]. In concentration polarization, water ﬂux increases solute
concentration at the membrane on the feed side and decreases solute
concentration at the membrane on the sweep side relative to the bulk
concentration, as shown in Fig. 3. The solute concentration at the
membrane surface for the feed and sweep can be calculated from Eqs.
(3) and (4) [16].

The primary energy demand of the OARO process is the electricity
required to power the pumps to pressurize the feed. A pressure
exchanger, represented as a box linking the feed and the permeate
streams in Fig. 2, lowers the energy demand by transferring energy
from the high pressure waste stream to the low pressure feed before the
feed is pumped to the designed pressure [7]. In OARO, not only can the
pressure exchanger be used for the feed, it can also be used for each
sweep cycle, as shown in Fig. 2. An eﬀective use of multiple pressure
exchangers will lower the energy consumption of the OARO process.
2.2. OARO water ﬂux and concentration polarization
Water ﬂux in OARO processes depends upon the hydraulic and
osmotic pressure diﬀerence across the membrane (Eq. (1)).

Jw = A[(Pf − Ps) − (π f,m − πs,m)]

(2)

(1)

⎛J ⎞
C f,m = C f,b exp⎜ w ⎟
⎝k⎠

here, Jw is the water ﬂux from the feed to the sweep, A is the pure water
permeability coeﬃcient, Pf and Ps are the hydraulic pressures for the

(3)
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Fig. 2. Process diagram of the OARO process. The ﬁrst two stages are OARO, while the ﬁnal stage is RO.
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Cs,m = Cs,b exp( −JwK)

(4)

Table 1
User speciﬁed variables for the OARO base-case scenario.

where, Cf , m and Cs , m are the solute concentrations at the membrane
surface for the feed and sweep, Cf , b and Cs , b are the respective bulk
solute concentrations of the feed and sweep, k is the feed mass transfer
coeﬃcient, and K is the solute resistivity for diﬀusion in the sweep side
porous support; refer to McCutcheon and Elimelech for further direction in determining these parameters [16].
3. Methods
3.1. Discrete element model for the OARO module
We model the OARO module as a ﬂat plate with counter-current
ﬂow. The model uses a discrete element approach and an iterative
method to solve the implicit calculations. Additional details on the mass
balance equations and solution methods are provided in SI Section 2.
The model input variables for a single OARO module include: the
module dimensions, and inlet ﬂowrates, concentrations, and hydraulic
pressures for the feed and sweep. The model output variables for a
single OARO module include: water recovery, and outlet ﬂowrates,
concentrations, and hydraulic pressures of the feed and sweep. For
simplicity, we assume that the solute for the feed and sweep is sodium
chloride, though any solute with low reverse ﬂux, high osmotic
pressure, and high diﬀusivity could be used [17]. We source membrane
speciﬁc parameters from literature and use regressions of literature
sources and databases to determine the concentration dependent
solution properties: osmotic coeﬃcient, diﬀusivity, and density
[18–20].

Parameter

Symbol

Value

Units

Module length
Module width
Module height
Feed inlet ﬂowrate
Sweep inlet ﬂowrate
Feed inlet pressure
Feed TDS
Sweep inlet pressure
First sweep TDS

L
W
H
Qf
Qs
Pf
Cf
Ps
Cs

10
1
1
1.0E − 05
5.0E − 06
65
125
2
175

m
m
mm
m3/s
m3/s
bar
g/L
bar
g/L

Eventually, the last module will require a sweep TDS of zero, at which
point a RO module is speciﬁed. Since there is no sweep for the RO
module, we adjust the feed pressure to obtain the same permeate
volume as the ﬁrst module. Once the entire OARO process is speciﬁed,
we can determine the total number of modules and estimate the energy
consumption of the high-pressure pumps. In calculating the energy
consumption, we assume the pumps have an 80% isentropic eﬃciency
and the pressure exchangers are 96% eﬃcient [7].
3.3. Base case
We deﬁne a base-case scenario to provide a thorough example of the
OARO process and establish a basis from which to compare other
operating conditions. Our base case achieves the goal of > 30% freshwater recovery for a 125 g/L sodium chloride brine. Table 1 provides
the user speciﬁed variables of the base-case scenario. We use a common
RO operating pressure of 65 bar, which is below the assumed membrane burst pressure of 70 bar. The module dimensions are arbitrarily
chosen in this study. We assume the sweep inlet ﬂowrate is half of the
feed inlet ﬂowrate. We assume the membrane speciﬁc parameters are
1.0 × 10− 12 m/(s-Pa) for the water permeability coeﬃcient and
1000 μm for the structural parameter, which is representative of a
commercial, asymmetric, cellulose triacetate membrane [19]. We
assume a temperature of 298 K for both the feed and sweep solutions.

3.1.1. Salt rejection
The amount of salt ﬂux will vary for each OARO module and will
lead to salt accumulation or depletion within the sweep cycles. We
assume there is no salt ﬂux (100% salt rejection) to simplify the model
and assess steady state operation. We consider salt ﬂux and assess the
expected salt rejection in SI Section 5.
3.1.2. Transitional ﬂow regime
We assume a Reynolds number of 1000 for the feed and sweep ﬂow.
This transitional ﬂow regime is typical of RO and FO processes in which
spacers are utilized to promote mixing [21–24]. The eﬀect of diﬀerent
spacer shapes is outside the scope of this work.

4. Results and discussion
The OARO process expands the use of membrane-based separation
processes for high salinity brine dewatering. OARO can increase water
recovery at hydraulic pressures below the membrane burst pressure by
utilizing a saline sweep to reduce the osmotic pressure diﬀerence across
the membrane. The sweep concentration is reduced in successive stages
until the diluted sweep can be eﬀectively treated using a traditional RO
process. The OARO process has several key design considerations, such
as: freshwater recovery, inlet feed and sweep concentration, hydraulic
pressure of the feed, number of stages, and membrane area. We assess
these design variables by systematically varying the parameters around
the base-case scenario established in Table 1.

3.1.3. Pressure drop
Pressure drop is dependent on: module design, spacers, ﬂow regime,
and membrane roughness. We assume a 5 kPa pressure drop per meter
of membrane length, which aligns with a combination of previous
modeling and experimental work, as well as a friction based analytical
calculation [25,26]. The sensitivity of the pressure drop on the
performance of the OARO process is presented in SI Section 6.
3.2. Determining the number of modules and estimating the energy
consumption

4.1. Systematic analysis of OARO performance as a function of key design
parameters

The OARO process is a system of modules that successively
decreases the sweep concentration until a RO unit can be used to
dewater a brine without exceeding the burst pressure of the membrane.
To model this process, we require the OARO process to operate at
steady state such that the permeate volume is equivalent across the
multiple modules. Therefore, after the ﬁrst OARO module is speciﬁed,
successive OARO module design is deterministic.
We determine the operating parameters for successive modules by
ﬁxing design variables and adjusting the sweep concentration. We hold
the module dimensions, inlet pressure, and sweep ﬂow constant across
all stages. We then adjust the sweep concentration for each OARO
module to obtain the same permeate volume as the ﬁrst module.

The purpose of the OARO process is to obtain higher water
recoveries than RO by utilizing saline sweeps to reduce the osmotic
pressure diﬀerence across the membrane. Fig. 4A provides the simulated recovery for an OARO module with the base case module
dimensions and a feed pressure of 65 bar across a range of inlet feed
and sweep concentrations. The sweep with zero TDS has a recovery of
54% for a feed TDS of 35 g/L, which matches the expected performance
of RO processes. As the feed concentration increases, the recovery rate
from the RO process drops sharply to only 4% for a feed TDS of 75 g/L.
This sharp decrease in recovery at higher feed concentrations demon4
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A

B

Fig. 4. OARO module recovery with base case module dimensions. A) OARO module recovery for a constant feed pressure of 65 bar and variable feed and sweep concentration. Cases
with high sweep concentration and low feed concentrations operate as PAFO and are omitted from this graph. B) OARO module recovery for a feed with a TDS of 125 g/L sodium chloride
and variable feed pressure and sweep concentration. The shaded region represents infeasible operating pressures based on the assumed membrane burst pressure of 70 bar (dotted line).
Cases with high sweep concentrations and low feed pressure operate as PAFO and are omitted from this graph.

decreasing sweep concentrations. This second constraint is violated at
low feed concentrations and high sweep concentrations for some set of
feed pressures (Fig. 4A). It is also violated at low feed pressures and
high sweep concentrations for some set of feed concentrations (Fig. 4B).
In both cases, the water permeate volume is not suﬃcient to dilute the
sweep below the feed inlet concentration, causing the module to
operate in a PAFO regime (Fig. 1). Fig. 4 plots only OARO processes,
and excludes the PAFO conditions.
In addition to the above physical and process constraints, a
minimum target recovery is typically set to achieve water treatment
goals. With these three constraints, a deﬁned range for feasible OARO
operation can be determined. Given a feed TDS of 125 g/L sodium
chloride, minimum recovery of 30%, base-case module dimensions, and
membrane burst pressure of 70 bar, the range of feasible inlet sweep
TDS is 150–250 g/L and the maximum recovery is ~47%. For much
higher feed TDS, the solubility of the solute may be an upper limit of
sweep TDS, which for sodium chloride is 357 g/L at ambient temperatures [27].
While a high sweep concentration in the ﬁrst module enhances
water recovery, it also has a profound eﬀect on the multi-module
conﬁguration and energy consumption of the process. Here, the multimodule conﬁguration is determined from the ﬁrst OARO module by
requiring successive modules to operate at steady state and assuming all

strates the value of the OARO process for enhancing recovery of high
salinity brines. Using saline sweeps increases the recovery for a given
feed concentration, and recoveries > 30% are obtained for feed TDS up
to 145 g/L with sweep TDS up to 200 g/L.
Fig. 4B provides the simulated recovery for an OARO module with
an inlet feed TDS of 125 g/L across a range of feed pressures and sweep
inlet concentrations. For this high salinity feed, RO processes (sweep
TDS of 0 g/L) are not capable of recovering any freshwater using
membranes with a burst pressure of 70 bar. Therefore, it is necessary to
use a saline sweep to obtain operating conditions with higher recoveries
and feasible operating pressures. Recoveries above 30% at feasible
operating pressures occur only for sweep TDS above 150 g/L. In these
instances, the inlet sweep TDS is greater than the inlet feed TDS of
125 g/L. However, the feed concentration is greater than the sweep
concentration along the membrane because the module operates in
counter-current ﬂow. SI Section 4 provides a detailed description of the
modeled concentration proﬁle along the OARO module for the basecase scenario.
The OARO process has a set of physical, process, and operator
imposed constraints that deﬁne a window of feasible OARO operating
conditions. As discussed above, the feed pressure must be below the
membrane burst pressure and the concentration of the sweep outlet
must be less than that of the feed inlet to realize a series of successively

A

B

C

Fig. 5. Recovery (A), number of modules (B), and energy consumption (C) as a function of ﬁrst inlet sweep concentration for the base-case module dimensions, feed pressure of 65 bar,
and inlet feed TDS of 125 g/L sodium chloride.
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In addition to considering the feed and sweep concentration, feed
pressure, recovery, the number of modules, energy consumption, and
module dimensions, the OARO process is dependent upon membrane
properties. An ideal OARO membrane would have high water permeability, high water selectivity, high membrane burst pressure, and a low
structural parameter. RO membranes are designed for only three of the
four ideal properties: high water permeability, high water selectivity,
and high membrane burst pressure [28]. RO membrane design has not
prioritized reducing the structural parameter of the membrane support
layer because RO does not experience permeate-side concentration
polarization. In contrast, FO membranes are designed with low
structural parameters, but they are not typically designed for high
membrane burst pressures [28]. Ultimately, ideal OARO membranes
most closely resemble ideal PRO and PAFO membranes, with high
membrane burst pressures and low structural parameters [29,30]. Thus,
we base the membrane properties on a commercially available cellulose
triacetate asymmetric membrane commonly used in FO, PRO, and
PAFO experiments [19].
This section has detailed the general operating conditions for OARO
processes over the range of feedwater salinities and recovery rates
attractive for brine treatment associated with common industrial
processes. In the subsequent sections, we detail the process variables
and separation performance for the base case established in Table 1,
providing detailed information about the process conﬁguration, the
concentration of each sweep, and the process performance as a function
of membrane area and feed pressure.

module and operating variables are constant, except for the sweep
concentration, as described in Section 4. Once the entire OARO process
is speciﬁed, we estimate the energy consumption of the high-pressure
pumps. Fig. 5 provides the freshwater recovery, number of modules,
and energy consumption of the OARO process with the base case
module dimensions, feed inlet pressure of 65 bar, and a feed TDS of
125 g/L sodium chloride.
As the ﬁrst sweep TDS ranges from 100 to 225 g/L, the recovery, the
number of modules, and the energy consumption increases from 17 to
42%, 3 to 7 modules, and 5.7 to 14 kWh per m3 of produced water,
respectively (Fig. 5). Freshwater recovery increases because a higher
sweep concentration decreases the osmotic pressure diﬀerence across
the membrane and increases water ﬂux. The number of modules
increases because a higher ﬁrst sweep concentration directly increases
the concentration of the ﬁrst diluted sweep and requires additional
stages to lower the concentration to the point at which an RO module
can be used. The energy consumption increases with a higher ﬁrst
sweep concentration for two reasons. First, an increase in the number of
modules increases the mechanical energy loss for the system from the
pressure drop along the additional module and ineﬃciencies of the
additional high pressure pump and pressure exchanger. Second, in
instances where the number of modules stays constant, a higher ﬁrst
sweep concentration will result in a higher diluted sweep concentration
into the RO module. Recovering freshwater will thus require higher RO
operating pressures and increased energy consumption. The trade-oﬀs
associated with the ﬁrst sweep concentration on recovery, number of
modules, and energy consumption will be key design considerations.
While higher freshwater recovery will be beneﬁcial, increasing the
number of modules and energy consumption will also increase the
capital and operating costs of the OARO system.
In addition to the process conﬁgurations, the type and dimensions of
the module will inﬂuence the OARO process. In principle, the OARO
module could adopt any conﬁguration with a permeate side sweep. An
ideal OARO module conﬁguration will have counter-current feed and
sweep ﬂow, relatively high turbulence, and relatively low pressure
drop. Counter-current feed and sweep ﬂow minimizes the osmotic
pressure diﬀerence across the membrane. As in RO, a relatively high
turbulence is preferred to reduce concentration polarization eﬀects and
a relatively low hydraulic pressure drop across the module will increase
water ﬂux and pressure recovery. However, turbulence and pressure
drop increase together, so the trade-oﬀ between increasing the turbulence and lowering the pressure drop will be a key design consideration.
Another design consideration is the membrane area for each module.
While increasing membrane area will increase the freshwater recovery,
it also increases the pressure drop, salt permeate, and capital and
operating costs of the OARO module. Varying the membrane area adds
another dimension to the OARO operating decision space, and this
dimension is investigated further in Section 4.3 when the recovery of
the process is set.

4.2. Detailed process conditions in base case
The base case requires four modules, as shown in Fig. 6, and has an
average water ﬂux of 1.3 L/(m2 h), a recovery of 34%, and energy
consumption of 8.6 kWh per m3 of produced water. Fig. 7 provides the
corresponding concentration proﬁles of the feed and sweep cycles. The
three OARO modules decrease the sweep TDS to 37 g/L (stream 8 in
Figs. 5 and 4), which is suﬃciently low for the ﬁnal RO module to
achieve the same permeate volume as the upstream OARO modules.
The detailed process conﬁguration and variables of the base case
demonstrates the OARO treatment process can treat a high salinity
feed (125 g/L TDS) through successively decreasing the concentration
of the sweeps, but that the ﬂux for this OARO example lies signiﬁcantly
below the ﬂux that is typical for RO.
4.3. Eﬀect of membrane area on energy consumption for a set recovery
To evaluate the eﬀect of membrane area on OARO process
performance, we set the freshwater recovery at 35 and 40% and assess
how increasing the module membrane area (10 m2 in the base-case
scenario) inﬂuences the energy consumption of the OARO process. We
adjust the ﬁrst sweep inlet concentration to maintain a constant

P2
(4)

P4
(8)

Sweep 1

Feed
(1)

Sweep 3

(5)

P1

(3)
(2)

(7)

(6)

(9)

Sweep 2
P3

Product Water

Waste

Fig. 6. The multi-module OARO process for the base-case scenario. The ﬁrst three modules are OARO and the last module is RO. The streams are numbered (1)–(9). There are four pumps
(P1–P4) and four pressure exchangers for the feed and sweep cycles (not shown).

6

Desalination xxx (xxxx) xxx–xxx

T.V. Bartholomew et al.

increased from 9 to 10 m2 for a 35% recovery, the total membrane area
decreased from 45 m2 (5 modules at 9 m2 each) to 40 m2 (4 modules at
10 m2 each). In these cases, not only did increasing the membrane area
per module decrease the energy consumption but it also decreased the
total amount of membrane area and likely the associated membrane
costs. This ﬁnding suggests that for a given recovery it is better to have
fewer large OARO modules rather than more numerous small modules
to decrease energy consumption and membrane costs.
4.4. Eﬀect of hydraulic pressure on energy consumption for a set recovery
We assess the eﬀect of feed pressure on OARO energy consumption
for a set freshwater recoveries of 35 and 40%. We maintain a constant
recovery for the variable feed pressure by adjusting the ﬁrst sweep
concentration. Increasing the feed pressure from 55 to 75 bar decreases
the ﬁrst sweep TDS from 195 to 160 g/L and 220 to 190 g/L, the
number of modules from 6 to 3 and 8 to 4, and energy consumption
from 11.1 to 7.8 and 14.7 to 9.6 kWh per m3 of produced water for a
recovery of 35 and 40%, respectively (Fig. 9). The feed pressure
relationship to the ﬁrst sweep concentration, number of modules, and
energy consumption is similar to the membrane area per module for the
same reasons. Feed pressure increases the driving force for water ﬂux,
thereby allowing a lower ﬁrst sweep concentration to obtain the target
recovery. The lower ﬁrst sweep concentration results in lower energy
consumption through either fewer modules or a lower pressure demand
in the ﬁnal RO module. While higher feed pressures decrease the
number of modules and energy consumption, further increases in feed
pressure are physically limited by the membrane burst pressure.

Fig. 7. Concentration proﬁle of the feed and sweep cycles for the base case. The streams
(1)–(9) are labeled in Fig. 6. The dotted line represents the typical TDS upper limit (40 g/
L) of economically viable reverse osmosis.

recovery for the variable membrane area per module. Increasing the
membrane area per module from 9 to 13 m2 decreases the ﬁrst stage
sweep TDS from 185 to 165 g/L and 215 to 190 g/L, the number of
modules from 5 to 4 and 7 to 5, and energy consumption from 9.7 to 7.8
and 14.4 to 9.3 kWh per m3 of produced water for a recovery of 35 and
40%, respectively (Fig. 8). As membrane area increases, the water ﬂux
can be lower to obtain the same desired recovery, thereby allowing a
lower ﬁrst sweep concentration. As discussed previously, a lower ﬁrst
sweep concentration results in either a fewer number of modules or a
lower concentration of the diluted sweep into the ﬁnal RO module.
Ultimately, fewer number of modules or a lower operating pressure
requirement on the RO unit decreases energy consumption.
Although larger membrane area per module decreases energy
consumption, continued increases in membrane area are limited
economically. Larger membrane areas will have greater capital and
operating costs so the trade-oﬀ between the marginal performance
improvement with increased cost will be a critical design consideration.
In instances where a small increase in membrane area per module
decreases the number of modules, the total membrane area of the
OARO process decreased. For example, when the area per module

A

4.5. Comparison of OARO energy consumption to other brine treatment
processes
The energy consumption is a key metric for assessing the eﬀectiveness and economic feasibility of the OARO process relative to state of
the art evaporative processes, such as MVC. Fig. 10 provides literature
reported energy consumption values for RO, MVC, and our OARO
simulations at a feed pressure of 65 bar and a membrane area per
module of 10 and 20 m2 for recoveries of 35 and 50%, respectively. RO
energy consumption ranges from 1 to 2 kWh per m3 of produced water
for brackish (~ 5 g/L TDS) and seawater (35 g/L TDS) at a 50%
recovery [7]. MVC energy consumption ranges from 11 to 25 kWh
per m3 of produced water for seawater (35 g/L TDS) to high salinity
brines (150 g/L TDS) at recoveries of 35 to 50% [1,6,31]. The OARO
energy consumption is estimated as 2.9 to 3.7 kWh per m3 of produced
water for feed TDS of 60 g/L at 35 and 50% recovery, respectively. At a
higher feed TDS of 140 g/L, these values increase to 12.4 and 19.3 kWh
per m3 of produced water for recoveries of 35 and 50%, respectively.

B

C

Fig. 8. First sweep concentration (A), number of modules (B), and energy consumption (C) versus membrane area for set recoveries of 35% and 40% (circle and asterisk, respectively).
The inlet feed TDS is 125 g/L and feed pressure is 65 bar.
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A

B

C

Fig. 9. First sweep concentration (A), number of modules (B), and energy consumption (C) versus feed pressure for set recoveries of 35% and 40% (circle and asterisk, respectively). The
inlet feed TDS is 125 g/L sodium chloride and membrane area per module is 10 m2. The shaded region represents infeasible operating pressures based on our assumed membrane burst
pressure of 70 bar (dotted line).

increases signiﬁcantly with increasing feed concentration and freshwater recovery. For all investigated salinities, the membrane-based
processes (RO and OARO) have lower energy consumption than MVC.
However, MVC can obtain recoveries as high as 90% for brines, which is
well above the OARO recoveries from the base case examined in this
study [32]. While it is possible to increase the recovery of the OARO
process by increasing the total membrane area, the sweep concentrations, and number of modules, these changes would increase the energy
consumption and the costs of the OARO process.

50% Recovery
35% Recovery

4.6. OARO model limitations
This work presents a ﬁrst order model to estimate key performance
metrics of the OARO process. Though the model estimates reasonable
recovery rates and energy consumption, there are several other factors
including capital costs and pretreatment requirements that will contribute to determining the technical and economic viability of OARO
process.
This work does not assess the economics of the OARO process.
Without an economic analysis, we cannot determine whether our base
case module assumptions and results are feasible. We recognize that
many of the critical design variables, such as the membrane area and
the number of modules, are solely constrained by costs. In general, the
OARO process is expected to have high capital costs due to using
multiple membrane modules, high pressure pumps, and pressure
exchangers. While multiple modules suggest a high total membrane
area, it is expected that the bulk of the capital costs will stem from the
physical modules, pumps, and pressure exchangers. This realization
suggests that a cost optimal OARO process will likely have a small
number of stages, e.g. 2 to 3 large modules. While the maintenance of
the membrane and equipment contribute to the operating costs, it is
expected that the energy consumption will dominate.
In addition, this work does not address pretreatment processes that
are essential for reducing membrane fouling. Pretreatment is especially
pertinent for high salinity brines sourced from the oil and gas industry
that include many contaminants [1]. Further work to provide cost
estimates and energy consumption of pretreatment will be critical to
fully assessing the feasibility of the OARO process.
Finally, we make several simplifying assumptions in our analysis
that require further investigation. First, we simplify the OARO model by
assuming 100% salt rejection. In reality, salt will diﬀuse across the
membrane and the salt ﬂux will vary for each module in the OARO
process. The resulting non-steady state conditions will lead to salt
accumulation or depletion within the sweep cycles and will require the
addition of a purge stream and/or input of a saline solution for sweep
TDS and volume adjustment. Other non-steady state processes, e.g.

Fig. 10. Energy consumption of RO, MVC, OARO processes and theoretical minimum
work with respect to feed concentration and recovery (35% dark blue, 50% light blue).
The RO energy consumption is for the desalination of brackish and seawater at a recovery
of 50% [7]. The MVC energy consumption spans seawater and higher salinity brines from
the oil and gas industry at recoveries of 35–50% [1,6,31]. The OARO simulation uses a
feed pressure of 65 bar and a membrane area per module of 10 and 20 m2 for a recovery
of 35 and 50%, respectively. The theoretical minimum work is based on the diﬀerence in
Gibbs free energy from the inlet feed and outlet products [3]. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

These estimates of OARO energy consumption account for losses
associated with pressure drop across the module, losses in the pressure
exchangers, and the isentropic eﬃciency of the high pressure pump. We
do not account for some ineﬃciencies in actual system operation,
including membrane fouling and incomplete utilization of membrane
area. Fig. 10 also presents the theoretical minimum work to dewater the
brines, which was calculated as the diﬀerence between Gibbs free
energy of the inlet feed and the two products (freshwater and
concentrated brine) [3]. The Electrolyte NRTL method in AspenPlus is
used to determine the Gibbs free energy of the solutions. The dewatering eﬃciency, deﬁned as the ratio of the minimum theoretical work to
the energy consumption, ranges from 30 to 55% for the membrane
processes (RO and OARO) and 10–20% for MVC.
As anticipated, the energy consumption of treatment processes
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variable feed quality and membrane scaling and fouling, were also not
assessed. Finally, we assume the membrane properties from experiments with relatively low concentrations and applied hydraulic pressure are applicable for the OARO process [19]. There is signiﬁcant need
for experimental work on the performance of membranes in the high
salinity and high pressure operating conditions associated with the
OARO process to compliment the modeling work performed in this
study. Preliminary experimental work for OARO conditions have
recently been reported by Arena et al. [33].
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5. Conclusions
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