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H I G H L I G H T S  

• Module-scale, cost optimization models were developed for LSRRO, COMRO and OARO. 
• We considered desalinating feedwater with 70 g/L TDS at 75% water recovery. 
• LCOW and SEC results ranged from 5.1 to 7.9 $/m3 and 10.3 to 28.9 kWh/m3, respectively. 
• OARO has the lowest LCOW, COMRO has the highest LCOW, and LSRRO has the highest SEC. 
• COMRO can achieve water recovery at high feed salinities without multiple stages. 

A B S T R A C T   

While mechanical vapor compression is typically applied for the concentration of brine, new approaches that are less costly and less energy intensive are needed to 
facilitate minimal and zero liquid discharge. Several variations of reverse osmosis for high-salinity desalination and increasing recovery rates beyond the pressure 
limitation of conventional RO have been proposed in the literature. The promise of these enhanced RO approaches entails a reduction in energy consumption when 
compared with thermal desalination methods. In this paper, low-salt rejection reverse osmosis (LSRRO), cascading osmotically mediated reverse osmosis (COMRO), 
and osmotically assisted reverse osmosis (OARO) were comparatively assessed via module-scale, cost optimization models to gain an accurate perspective of the 
performance differences between each of these configurations. We quantified the optimal levelized cost of water (LCOW) of each technology for the case of desa
linating feedwater at 70 g/L at 75% recovery, which would result in a brine concentration near 250 g/L, a level that allows further treatment with crystallizers. For 
baseline scenarios, LCOW results for LSRRO, COMRO, and OARO were 6.63, 7.90, and 5.14 $/m3 of product water, respectively, while the corresponding specific 
energy consumption (SEC) values were 28.9, 12.8, and 10.3 kWh/m3. A sensitivity analysis is also presented.   
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1. Introduction 

To ensure the sustainable availability of water for global population, 
the environment, and industry, unconventional and alternative water 

sources, such as seawater, brackish water, and wastewaters from 
municipal and industrial sectors, will have to be relied upon to meet the 
challenge. Desalination technology can treat these alternative water 
sources and produces about 95.4 million m3/day of fresh water globally, 
but the associated generation of brine is about 141.5 million m3/day 
[1,2]. Thus, brine management presents a significant barrier for further 
adoption, especially for inland desalination [3]. In the case of coastal 
seawater plants, the typical approach is ocean disposal via discharge 
outfalls with diffusers that promote mixing to dilute and release brine 
into offshore mixing zones [4,5]. Meanwhile, current brine management 
options for inland desalination plants include deep-well injection, 
evaporation ponds, surface and sewer discharge, land application, and 
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brine concentration for minimum liquid discharge (MLD) and zero 
liquid discharge (ZLD) applications [6]. While ZLD is the most beneficial 
approach to minimize the environmental impacts of brine release, it is 
also energy intensive and costly to a degree that limits widescale 
implementation. 

Although reverse osmosis (RO) is the state-of-the-art technology for 
brackish and seawater desalination due to its high energy efficiency and 
cost-effectiveness, the osmotic pressure of hypersaline brine (≥70 g/L) 
exceeds the maximum pressure limit of typical RO membranes, signaling 
a need for technologies that can circumvent such pressure limitations. 
Thermal desalination technologies are not inhibited by pressure limi
tations, but they require a phase-change from liquid to vapor that 
significantly increases energy requirements mainly because of the latent 
heat of vaporization (>630 kWh/m3) [7,8]. Mechanical vapor 
compression (MVC) brine concentrators are currently the state-of-the- 
art technology for concentrating hypersaline brine, typically up to 
≈250 g/L total dissolved solids (TDS), which can then be passed to 
crystallizers for zero-liquid-discharge [9,10]. While MVC possesses a 
high recovery of latent heat and can achieve a specific energy con
sumption in the range of 20–40 kWhe/m3 of feedwater [9–11], the 
technology remains energy-intensive, primarily uses electrical energy 
for vapor compression, and requires stainless steel and titanium mate
rials for avoiding corrosion, resulting in high capital cost. Furthermore, 
based on estimates of second-law efficiencies for zero-liquid-discharge, 
MVC brine concentrators were shown to be less than half as efficient 
(8.5% and 11.6% second-law efficiency for single- and two-stage MVC) 
as multi-effect evaporators used for crystallization (24.4% second-law 
efficiency) [12], indicating that efforts should focus more on 
improving the energy efficiency of the brine concentration step in zero- 
liquid-discharge applications. Thus, there is an opportunity for novel 
desalination technologies to be tailored to treating feedwater concen
trations between 70 and 250 g/L [7,9]. Other emerging technologies 
that have the potential to facilitate MLD and ZLD include membrane 
distillation [10,13–15], forward osmosis with draw recovery [16], 
temperature-swing solvent extraction [8,17], electrodialysis [18,19], 
high-pressure RO [7], and osmotically assisted RO (OARO) [20–22]. 

Recently proposed variations of OARO for treating hypersaline brine, 
hereafter referred to as “enhanced RO,” include low-salt-rejection 
reverse osmosis (LSRRO) [23] and cascading osmotically mediated 
reverse osmosis (COMRO) [24]. The promise behind these enhanced RO 
approaches is a reduction in energy consumption when compared with 
thermal desalination methods. OARO and COMRO overcome the 
maximum pressure limits of conventional RO by using bilateral coun
tercurrent (BCC) modules that pass saline water across the permeate 
channel of the membrane, which reduces the osmotic pressure differ
ence across the membrane. LSRRO incorporates low-salt-rejection (LSR) 
membrane modules (e.g., “loose” nanofiltration membranes), down
stream of a conventional RO module. In this process, the pressure lim
itation is overcome by enabling a saline permeate stream via LSR 
membranes, once again reducing the transmembrane osmotic pressure 
and thus the required hydraulic pressure. Unlike OARO and COMRO 
though, this approach does not use BCC modules; the system follows the 
same crossflow operation of typical RO processes. Due to these differ
ences, concentration polarization effects are expected to vary between 
these technologies, and module-scale modeling is critical for a more 
accurate assessment of technical performance and comparison. 
Although the working principles for COMRO [24] and LSRRO [23] have 
been previously reported, these studies lack module-scale modeling that 
incorporate inefficiencies. Moreover, the technical performance of 
LSRRO, COMRO, and OARO has not been quantitatively compared in 
detail. Lastly, while a cost optimization analysis has shown the potential 
of OARO to be cost-competitive with MVC for high-salinity desalination 
[11], detailed cost optimization analyses have not been reported for 
COMRO and LSRRO. 

In this study, we comparatively assessed the technical performance 
and levelized cost of water (LCOW) for LSRRO, COMRO, and OARO. 

First, to elucidate the extent to which each technology can treat high- 
salinity feeds, the theoretical recovery-rate limit for each technology 
was determined as a function of feed salinity, based on maximum 
pressure constraints and ideal assumptions. Subsequently, we developed 
module-scale optimization models for each technology and set the 
objective function to minimize the LCOW, which enabled a detailed 
comparison and breakdown of the optimal LCOW, the associated spe
cific energy consumption (SEC), and other decision variables. Next, we 
considered the case of treating feedwater at 70 g/ L TDS and concen
trating it to 250 g/ L TDS (the opportunity regime for brine concentra
tion) and solved for system design and operational parameters to 
achieve the minimal LCOW for each technology. Lastly, we conducted 
sensitivity analyses to gain further insights on the effects of several 
design and cost parameters on the LCOW. In doing so, this work provides 
guidance on the design of newly proposed enhanced RO configurations 
for hypersaline desalination and minimal/zero liquid discharge and 
identifies key areas for improvement and opportunity. 

2. Theory & methodology 

2.1. Overview of enhanced RO technologies for minimal/zero liquid 
discharge 

Conventional reverse osmosis has an intrinsic limitation regarding 
the transmembrane osmotic pressure. Once the concentration of the feed 
exceeds a certain maximum, typically in the range of 70–80 g/L TDS, the 
osmotic pressure difference between the feed and permeate channels 
increases so much so that the required applied pressure exceeds the 
maximum allowable pressure of membranes and other system compo
nents. Although specialized membrane modules for high-pressure RO 
can enable higher feed pressures than conventional RO [7], operating at 
such high pressures (e.g., 120–150 bar) is expected to be more chal
lenging and costly in terms of practical implementation [25]. An alter
native approach to raising the maximum allowable pressure of 
membrane modules is to reduce the transmembrane osmotic pressure. In 
this paper, we refer to such approaches as enhanced RO. 

Several variations of enhanced RO are reported in the literature. 
Low-pressure high-recovery (LPHR) RO combines reverse osmosis and 
nanofiltration modules in a multi-stage configuration, comprising pri
mary and secondary treatment units, as reported by Ahunbay [26]. The 
RO units serve as primary, upstream treatment units, while NF and a 
downstream RO unit are used to recirculate concentrate back to the 
primary RO units. The LPHRRO concept draws from previous studies 
that also propose multi-stage configurations. One variation of this 
approach is referred to as energy-efficient RO (EERO) by Chong and 
Krantz [27], while another study refers to this approach as multi-stage 
RO (MSRO) [28]; the term also describes RO stages followed by NF 
stages where NF permeate is recirculated to the feed of previous RO 
stages. The study shows that MSRO can decrease specific energy con
sumption and increase recovery rates by reducing transmembrane os
motic pressure. The LSRRO concept proposed by Wang et al. [23] can 
technically be categorized with the aforementioned LPRHRO, MSRO, 
and EERO concepts [26–28]. In LSRRO, a primary RO train receives 
incoming feedwater and supplies its brine to downstream, low-rejection 
NF stages, where the NF permeate from each stage is recirculated to the 
feed stream of the previous stage. 

Of all the enhanced RO processes proposed thus far, OARO has been 
examined more extensively in terms of technical performance [20,21] 
and cost [11]. Park et al. essentially studied OARO but referred to the 
process as draw solution assisted RO (DSARO) [29]. More recently, 
Peters & Hankins proposed the use of thermo-responsive draw solutions 
in OARO and made comparisons with FO, LSRRO, and conventional 
OARO [30]. OARO has also been referred to as counterflow RO (CFRO) 
by Bouma & Lienhard [22]; the authors analyzed two variations of CFRO 
and proposed a new alternative called split-feed CFRO. One of the var
iations, referred to as feed-through CFRO, is the same configuration as 
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COMRO and was proposed as an alternative concept for treating high- 
salinity feedwaters by Chen and Yip [24,31]. The maximum operating 
pressure, analytical expressions for the SEC, and an assessment of po
tential energy savings were compared with OARO and direct-pass RO. In 
comparison to OARO, COMRO can enable energy savings by adding 
bilateral countercurrent (BCC) modules in series. However, the limit at 
which COMRO can recover water from high-salinity waters remains 
unclear. Moreover, adding BCC modules in series would not increase the 
maximum brine concentration and recovery rate for a given feed con
centration. In terms of cost, a recent study considers a hybrid system that 
integrates forward osmosis (FO) followed by COMRO to treat RO brine 
from a copper production facility in Huelva, Spain [32]. The authors 
performed an experimental and technoeconomic analysis, demon
strating the feasibility of achieving 75% recovery from a feed of ≈41 g/L 
TDS; they estimated an SEC of 6.59 kWh/m3 for COMRO and a total 
LCOW of $6.05/m3 (accounting for the FO system). 

Of the proposed enhanced RO processes found in the literature, 
LSRRO, COMRO, and OARO were selected for comparative analysis due 
to their generality and scalability. 

2.2. Working principles of LSRRO, COMRO, and OARO 

This section summarizes the basic principles of LSRRO [23], COMRO 
[24], and OARO [20]; the corresponding details can be found in the 
cited literature. Fig. 1 shows a general diagram of each system. Fig. 2 
shows multiple-stage configurations of each system. 

In LSRRO (Fig. 1, top), the incoming feedwater enters a conventional 
RO module; the RO concentrate is fed to a low-salt-rejection (LSR) 
membrane module that sends its saline permeate back to the feed of the 
RO module. Since the LSR membrane facilitates salt passage and allows 
the permeate channel to have a higher salt concentration and thus a 
higher osmotic pressure than the permeate channel of conventional RO 
(typically ≤ 0.5 g/L), the transmembrane osmotic pressure can be 
reduced, enabling treatment of high-salinity water and increased 
recovery. 

In COMRO (Fig. 1, center), the incoming feedwater enters the 
permeate channel of a bilateral countercurrent (BCC) membrane mod
ule; this feedwater is diluted within the BCC module and is fed to a 
conventional RO module at a concentration low enough to be feasible 
for water recovery. Concentrate from the conventional RO unit is fed to 
the feed-channel inlet of the BCC module, where water is further 
extracted from the brine for the purpose of diluting new incoming 
feedwater. Overall, COMRO depends on BCC modules that operate 
based on a reduced transmembrane osmotic pressure for the purpose of 
diluting the feed to treatable levels for conventional RO. 

In OARO (Fig. 1, bottom), the incoming feedwater enters the feed 
channel of a BCC module where water permeates across the membrane 
and the resulting concentrate exits the system; the permeate dilutes a 
saline sweep solution in the permeate channel of the BCC. The diluted 
sweep solution exits the BCC permeate channel and is fed into a con
ventional RO module. Like COMRO, OARO uses the BCC module to 
separate water from high-salinity feeds and dilute the feed concentration 
to levels that can be treated with conventional RO. 

Although OARO and COMRO both implement BCC modules, OARO 
utilizes a saline sweep solution to reduce the transmembrane osmotic 
pressure, while COMRO uses the hypersaline brine feed itself as the 
saline solution to reduce transmembrane osmotic pressure. However, 
due to the use of BCC modules, both COMRO and OARO would expe
rience external and internal concentration polarization, which would 
increase the transmembrane osmotic pressure [33]; i.e., external con
centration polarization (ECP) increases concentration at the feed-side of 
the membrane interface, and internal concentration polarization (ICP) 
decreases the concentration at the permeate-side of the membrane 
interface. Chen et al. suggested that, at high salinities, the effect of ICP 
should be reduced because salt flux increases disproportionately with 
water flux [31]. Nevertheless, there would still be a detrimental impact 
on permeate flux. On the other hand, since LSRRO does not use BCC 
modules and instead incorporates typical crossflow operation found in 
conventional RO, LSR modules would only experience ECP in the feed 
channel. Wang et al. point out that, because of countercurrent operation, 
OARO and COMRO would require membranes with a reduced structural 
parameter (effective thickness) and more dense permeate spacers to 
avoid membrane rupture, while LSRRO could use readily available 
membrane modules [23]. However, they also describe the need for very 
low salt-rejection rates (as low as 4% in presented scenarios), which 
would require modified or newly developed membranes to meet the 
promise of LSRRO. 

2.3. Recovery rate limit 

To clarify the extent to which LSRRO, COMRO, and OARO could 
treat high-salinity feedwaters, the theoretical recovery rate limit can be 
estimated under simplifying assumptions. Assuming the van’t Hoff 
relationship for osmotic pressure, 100% salt rejection, neglecting con
centration polarization effects and pressure losses, and setting the 
applied pressure equal to the osmotic pressure of the concentrate, the 
theoretical maximum brine concentration for conventional RO, Cb,max, 
can be expressed as 

Cb,max =
ΔPmax

vRT/MW
(1)  

Fig. 1. Enhanced RO process configurations considered in this study. HP, BP, 
and LP stand for high-pressure, booster, and low-pressure pumps, respectively. 
ERD indicates an energy recovery device corresponding to either a bilateral 
countercurrent (BCC), low-salt rejection (LSR), or conventional RO train. (Qin: 
initial feedwater flow; Qb: exiting brine flow; Qp; final permeate flow). 

A.A. Atia et al.                                                                                                                                                                                                                                  



Desalination509(2021)115069

4

Fig. 2. Configurations considered in this study to increase recovery rate and maximize brine concentration for LSRRO (top), COMRO (center), and OARO (bottom). Repeating units are denoted as stage j. The final stage 
is denoted as Ns. 
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where ΔPmax is the maximum applied pressure, υ is the van’t Hoff 
dissociation factor, and MW is the molecular weight (of NaCl). The 
following derivations for each technology can be determined by using 
the total mass and solute balance equations to solve for recovery rate as 
a function of feed concentration and substituting for the final brine 
concentration, Cout (i.e., R = 1 − Cin / Cout). 

For COMRO, the theoretical recovery rate limit as a function of feed 
salinity can be expressed as 

RT,max = 1 −
Cin

Cin + NCOMROCb,max
(2) 

From this relationship, we observe that the theoretical recovery rate 
limit for COMRO depends on the feed concentration (Cin) and the 
number of COMRO stages in series (NCOMRO). From another perspective, 
the denominator, which is equal to the final brine concentration, is 
dependent on NCOMRO and Cin, and thus the recovery rate limit is 
inversely proportional and nonlinearly related to the feed concentration, 
i.e., RT,max α Cin

− 1. 
The theoretical recovery rate limit for LSRRO and OARO can be 

expressed as 

RT,max = 1 −
Cin

NOARO|LSRROCb,max
(3) 

Here, the number of stages is denoted by NOARO|LSRRO, and unlike 
COMRO, the final brine concentration is primarily dependent on the 
number of stages, while the relationship between recovery rate limit and 
feed concentration is linear. Furthermore, for LSRRO, in addition to 
assuming 100% salt rejection for the conventional RO module, salt 
rejection of the LSR modules is assumed to approach zero. 

Fig. 2 shows how we denote stages in this study for LSRRO, COMRO, 
and OARO, which are configured here in a way that increases recovery 
rate and intensifies the concentration of brine. There is an important 
discrepancy concerning how stages are counted in COMRO compared 
with previous work on COMRO [24]. In this study, one COMRO stage 
comprises a BCC module followed by a downstream conventional RO 
module. The brine exiting the BCC feed channel would then be passed to 
a subsequent COMRO stage (i.e., COMRO stages are placed in series.) 
Meanwhile, OARO and LSRRO require the addition of BCC and LSR 
modules, respectively, between the first stage and the final conventional 
RO stage. 

2.4. Optimization model 

Module-scale, cost-optimization models were developed for LSRRO, 
COMRO, and OARO and solved using the AP Monitor Optimization Suite 
[34]. An overview of the optimization model framework is provided in 
Fig. 3. In each model, the objective function is to minimize the LCOW, 
and the optimal LCOW is obtained by entering the feed concentration, 
the water recovery rate, and the number of stages (additional input 
parameters shown later in Tables 1 and 2). To determine the number of 
stages, we iteratively change the number of stages for each run of the 

optimization model. The optimization results include membrane area, 
pump and ERD capacities, flux and other hydraulic parameters along the 
membrane length, specific energy consumption, and a breakdown of the 
LCOW. 

Module-scale modeling was implemented via a 1D finite difference 
approach as proposed in [11] and [35]. In terms of model accuracy, 
Bartholomew et al. conducted a detailed assessment of computational 
accuracy for membrane process models which included RO and OARO 
[35]. In this work, the authors showed that less than 1% error in average 
water flux can be achieved with 5 nodes; using 2 nodes resulted in errors 
less than 5% for OARO and RO. Thus, in our models, we used 3 nodes for 
all cases to reduce computational time. Moreover, Bartholomew et al. 
found that some of the largest errors in average water flux estimations 
arose from simplifying assumptions rather than the number of nodes. 
For example, assuming no salt flux in OARO can result in more than 30% 

Fig. 3. Overview of optimization model framework.  

Table 1 
Baseline technical parameters used in optimization cases (except for A and B 
values of LSR and BCC membranes, values adopted from [11]).  

Parameter Value 

Water permeability of LSR membrane [m/bar/s] 4.167 × 10− 7 

Water permeability of BCC membranes [m/bar/s] 4.167 × 10− 7 

Solute permeability of LSR membrane [m/s] 3.0699 × 10− 6 

Solute permeability of BCC membranes [m/s] 1.2469 × 10− 8 

Water permeability of conventional RO membranes [m/bar/s] 4.2 × 10− 7 

Solute permeability of conventional RO membranes [m/s] 3.5 × 10− 8 

Structural parameter of BCC membranes [microns] 1200 
Maximum pressure constraint of BCC and LSR membranes [bar] 65 
Maximum pressure constraint of conventional RO membranes 

[bar] 
85 

Feedwater temperature [◦C] 20 
Maximum final permeate TDS [g/L] 0.5 
Load factor [–] 0.9 
Feed & permeate channel height for all technologies [mm] 2 
Spacer porosity for all technologies [–] 0.75 
Pump efficiency for all pumps [–] 0.75 
ERD efficiency for all devices [–] 0.9 
Feed flow rate (m3/day) 468  

Table 2 
Baseline financial parameters used in optimization cases [11].  

Parameter Value 

Pump unit cost [$/bar/m3/h] 53 
ERD capital cost [$] (Q [=] m3/h) CERD = 3134.7 Q0.58 

Conventional RO membrane cost [$/m2] 30 
Bilateral countercurrent membrane cost [$/m2] 50 
Low-salt-rejection membrane cost [$/m2] 50 
Cost of electricity [$/kWh] 0.07 
Discount rate [%] 7.8 
Lifetime [years] 20 
Annual chemical costs [$] 0.01 * CAPEX 
Annual labor & maintenance costs [$] 0.02 * CAPEX 
Practical investment factor [–] 1.6  
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error. Meanwhile, assuming an ideal solution resulted in more than 10% 
error for RO. Our models account for pressure drop across the membrane 
length, external and internal concentration polarization, nonlinear os
motic pressure as a function of concentration at high salinities, equip
ment efficiencies, and variable density with salinity. 

The total mass and solute equations which differentiate LSRRO, 
COMRO, and OARO from each other are listed below, namely, in terms 
of mass inlet, outlet, and recirculation conditions. Other fundamental 
equations, which are shared across technologies (e.g., solution proper
ties, mass transfer, pressure loss), are summarized in the Supplementary 
material. Variables are either nodal or inter-nodal, where i is either the 
node or inter-nodal edge, and j is the stage. Furthermore, the subscript f 
represents the feed channel and p is the permeate channel. In general, 
variables are denoted here in the form of Хchannel, i, j (e.g., Mf,0,1 would 
represent the mass flow in the feed channel, at node 0, stage 1.) 

2.4.1. Mass equations 
The inlet and outlet conditions for solution mass flows of LSRRO are 

as follows. Mf,0,1, the feedwater entering the first stage (i.e., the con
ventional RO stage) is equal to the feedwater entering the system, Min, 
plus Mp,N,2, the saline permeate exiting the second stage (i.e., first LSR 
stage). 

Mf ,0,1 = Min +Mp,N,2 (4) 

From the second stage to the penultimate stage, the feedwater mass 
into stage j, Mf,0,j, is equal to the sum of the concentrate exiting the 
previous stage, Mf,N,j− 1, and the saline permeate exiting the subsequent 
stage, Mp,N,j+1. 

Mf ,0,j = Mf ,N,j− 1 + Mp,N,j+1,∀j : [2,Ns − 1],Ns > 2 (5) 

The feedwater mass flow entering the last stage, Mf,0, Ns, is equal to 
that of the concentrate leaving the penultimate stage, Mf,N,Ns− 1. 

Mf ,0,Ns = Mf ,N,Ns − 1 (6) 

Correspondingly, the solute mass inlet and outlet conditions for 
LSRRO at the first, second through penultimate, and last stage, respec
tively, are 

Mf ,0,1Xf ,0,1 = MinXin +Mp,N,2Xp,N,2 (7)  

Mf ,0,jXf ,0,j = Mf ,N,j− 1Xf ,N,j− 1 + Mp,N,j+1Xp,N,j+1,

∀j : [2,Ns − 1],Ns > 2
(8)  

Mf ,0,Ns Xf ,0,Ns = Mf ,N,Ns − 1Xf ,N,Ns − 1 (9)  

where X is the salt mass fraction at the respective channel, inter-nodal 
edge, and stage. 

Additionally, mass flow at the permeate channel inlet of each stage is 
initialized at Mp, 0, j = 0. 

In COMRO systems, every stage comprises a BCC train and an RO 
train and those are denoted by individual subscripts below. The feed
water going into the system, Min, enters the permeate channel inlet of 
the first BCC stage, represented as Mp,0,1, BCC. 

Min = Mp,0,1,BCC (10) 

The diluted mass exiting the permeate channels of the BCC train at 
stage j, Mp,N,j, BCC (i.e., Mp,out, j, BCC), is equal to the mass entering the 
feed channels of the conventional RO train at stage j, Mf,0, j, RO (i.e., Mf, 

in, j, RO). 

Mp,out,j,BCC = Mp,N,j,BCC = Mf ,in,j,RO = Mf ,0,j,RO,∀j (11) 

The concentrated mass exiting the feed channels of the RO train at 
stage j, Mf, N, j, RO (i.e., Mf,out,j,RO), is equal to the mass entering the feed 
channels of the BCC train at stage j, Mf, N, j, BCC (i.e., Mf, in, j, BCC). 

Mf ,out,j,RO = Mf ,N,j,RO = Mf ,in,j,BCC = Mf ,N,j,BCC,∀j (12) 

From the first stage to the penultimate stage, the concentrated mass 
exiting the feed channels of the BCC train at stage j, Mf,0,j, BCC (i.e., Mf,out, 

j, BCC), is equal to the mass entering the permeate channels of the BCC 
train at the subsequent stage, Mp, 0, j+1, BCC (i.e., Mp, in, j+1, BCC). 

Mf ,out,j,BCC = Mf ,0,j,BCC = Mp,in,j+1,BCC = Mp,0,j+1,BCC,

∀j : [1,Ns − 1],Ns > 1
(13) 

At the final stage, the concentrated mass exiting the feed channels of 
the BCC train at stage Ns, Mf, 0, Ns, BCC (i.e., Mf,out,Ns, BCC) is the final 
brine. 

Mf ,out,Ns ,BCC = Mf ,0,Ns ,BCC (14) 

Correspondingly, the solute mass inlet and outlet conditions for 
COMRO are 

MinXin = Mp,0,1,BCCXp,0,1,BCC (15)  

Mp,N,j,BCCXp,N,j,BCC = Mf ,0,j,ROXf ,0,j,RO, ∀j (16)  

Mf ,N,j,ROXf ,N,j,RO = Mf ,N,j,BCCXf ,N,j,BCC ,∀j (17)  

Mf ,0,j,BCCXf ,0,j,BCC = Mp,0,j+1,BCCXp,0,j+1,BCC,

∀j : [1,Ns − 1],Ns > 1
(18) 

For OARO, the feedwater going into the system, Min, enters the feed 
channel inlet of the first stage, represented as Mf,0,1. 

Min = Mf ,0,1 (19) 

The final brine exiting the system, Mout, is equal to the concentrate 
exiting the first stage, Mf, N, 1, plus any disposal streams, Md,j, from 
subsequent stages. 

Mout = Mf ,N,1 +
∑Ns − 1

j=1
Md,j (20) 

These disposal streams are extractions from the concentrate exiting 
the feed channel outlet of subsequent stages (i.e., from the second stage 
through the final stage). In this study, we only consider one disposal 
stream from the feed outlet of the second stage. Likewise, from stage 2 to 
stage Ns, a recycle stream, Mr,j, is extracted from the concentrate exiting 
the feed channel outlet of stage j and is fed to the sweep inlet of the 
previous stage, stage j − 1. Thus, we consider Md = Mr,1 and the final 
brine is now 

Mout = Mf ,N,1 +Mr,1 (21) 

Additionally, any saline makeup solution, Ma,j, that is required is also 
added at the sweep inlet of a given BCC stage. Thus the saline sweep 
solution entering the permeate channel of each BCC stage, Mp,N,j, is 

Mp,N,j = Mf ,N,j+1 − Mr,j + Mr,j+1 + Ma,j,

∀j : [1,Ns − 2],Ns > 2
(22)  

Mp,N,Ns − 1 = Mf ,N,Ns − Mr,Ns − 1 +Ma,Ns − 1 (23)  

with the corresponding solute balances expressed by 

Mp,N,jXp,N,j =(
Mf ,N,j+1 − Mr,j

)
Xf ,N,j+1 + Mr,j+1Xf ,N,j+2 + Ma,jXa,

∀j : [ 1,Ns − 2 ],Ns > 2
(24)  

Mp,N,Ns − 1Xp,N,Ns − 1 =(
Mf ,N,Ns − Mr,Ns − 1

)
Xf ,N,Ns + Ma,Ns − 1Xa

(25) 

From the second stage to the last stage, the mass flow entering the 
feed channels of stage j, Mf,0,j, is equal to the mass flow of the saline 
sweep solution exiting the permeate channel of the previous stage j − 1, 
Mp, 0, j− 1. 

Mf ,in,j = Mf ,0,j = Mp,0,j− 1 = Mp,out,j− 1, ∀j : [2,Ns] (26) 
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Correspondingly, the system-level solute mass inlet and outlet con
ditions for OARO are 

MinXin = Mf ,0,1Xf ,0,1 (27)  

Mf ,outXf ,out = Mf ,N,1Xf ,N,1 +Mr,1Xf ,N,2 (28) 

The final permeate concentration for LSRRO, COMRO, and OARO 
can be obtained from Eqs. (29), (30), and (31), respectively: 

Mp,finalXp,final = Mp,N,1Xp,N,1 (29)  

Mp,finalXp,final =
∑Ns

j=1
Mp,N,j,ROXp,N,j,RO (30)  

Mp,finalXp,final = Mp,N,Ns Xp,N,Ns (31) 

The solution and solute balances across the membrane feed and 
permeate channels, respectively, for LSRRO are 

Mf ,i,j = Mf ,i− 1,j −
Am,j

N
(
ρwJw,i,j + Js,i,j

)
,∀j (32)  

Mp,i,j = Mp,i− 1,j +
Am,j

N
(
ρwJw,i,j + Js,i,j

)
, ∀j (33)  

Mf ,i,jXf ,i,j = Mf ,i− 1,jXf ,i− 1,j −
Am,j

N
Js,i,j,∀j (34)  

Mp,i,jXp,i,j = Mp,i− 1,jXp,i− 1,j +
Am,j

N
Js,i,j,∀j (35) 

The solution and solute balances across the membrane feed and 
permeate channels, respectively, for BCC modules in COMRO are 

Mf ,i,j,BCC = Mf ,i− 1,j,BCC +
Am,j,BCC

N
(
ρwJw,i,j,BCC + Js,i,j,BCC

)
,∀j (36)  

Mp,i,j,BCC = Mp,i− 1,j,BCC +
Am,j,BCC

N
(
ρwJw,i,j,BCC + Js,i,j,BCC

)
, ∀j (37)  

Mf ,i,j,BCCXf ,i,j,BCC = Mf ,i− 1,j,BCCXf ,i− 1,j,BCC +
Am,j,BCC

N
Js,i,j,BCC,∀j (38)  

Mp,i,j,BCCXp,i,j,BCC = Mp,i− 1,j,BCCXp,i− 1,j,BCC +
Am,j,BCC

N
Js,i,j,BCC,∀j (39)  

and for RO modules in COMRO are 

Mf ,i,j,RO = Mf ,i− 1,j,RO −
Am,j,RO

N
(
ρwJw,i,j,RO + Js,i,j,RO

)
,∀j (40)  

Mp,i,j,RO = Mp,i− 1,j,RO +
Am,j,RO

N
(
ρwJw,i,j,RO + Js,i,j,RO

)
,∀j (41)  

Mf ,i,j,ROXf ,i,j,RO = Mf ,i− 1,j,ROXf ,i− 1,j,RO −
Am,j,RO

N
Js,i,j,RO,∀j (42)  

Mp,i,j,ROXp,i,j,RO = Mp,i− 1,j,ROXp,i− 1,j,RO +
Am,j,RO

N
Js,i,j,RO,∀j (43) 

The solution balances across the membrane feed and permeate 
channels, respectively, for BCC stages in OARO are 

Mf ,i,j = Mf ,i− 1,j −
Am,j
N

(
ρwJw,i,j + Js,i,j

)
,

∀j : [1,Ns − 1]
(44)  

Mp,i,j = Mp,i− 1,j −
Am,j
N

(
ρwJw,i,j + Js,i,j

)
,

∀j : [1,Ns − 1]
(45)  

Mf ,i,jXf ,i,j = Mf ,i− 1,jXf ,i− 1,j −
Am,j
N Js,i,j,

∀j : [1,Ns − 1]
(46)  

Mp,i,jXp,i,j = Mp,i− 1,jXp,i− 1,j −
Am,j
N Js,i,j,

∀j : [1,Ns − 1]
(47)  

and for the RO stage in OARO are 

Mf ,i,Ns = Mf ,i− 1,Ns −
Am,Ns

N
(
ρwJw,i,Ns + Js,i,Ns

)
(48)  

Mp,i,Ns = Mp,i− 1,Ns +
Am,Ns

N
(
ρwJw,i,Ns + Js,i,Ns

)
(49)  

Mf ,i,Ns Xf ,i,Ns = Mf ,i− 1,Ns Xf ,i− 1,Ns −
Am,Ns

N
Js,i,Ns (50)  

Mp,i,Ns Xp,i,Ns = Mp,i− 1,Ns Xp,i− 1,Ns +
Am,Ns

N
Js,i,Ns (51) 

The system solution and solute mass balances for LSRRO (Eqs. (52), 
(53)), COMRO (Eqs. (54), (55)), and OARO (Eqs. (56), (57)), respec
tively, are 

Min = Mp,N,1 +Mf ,N,Ns (52)  

MinXin = Mp,N,1Xp,N,1 +Mf ,N,Ns Xf ,N,Ns (53)  

Mp,0,1,BCC = Mf ,0,Ns ,BCC +
∑Ns

j=1
Mp,N,j,RO (54)  

Mp,0,1,BCCXp,0,1,BCC = Mf ,0,Ns ,BCCXf ,0,Ns ,BCC +
∑Ns

j=1
Mp,N,j,ROXp,N,j,RO (55)  

Mf ,0,1 +
∑Ns − 1

j=1
Ma,j = Mf ,N,1 + Mr,1 + Mp,N,Ns (56)  

Mf ,0,1Xf ,0,1 +
∑Ns − 1

j=1
Ma,jXa = Mf ,N,1Xf ,N,1 + Mr,1Xr,1 + Mp,N,Ns Xp,N,Ns (57)  

2.4.2. Concentration polarization 
COMRO and OARO are affected by ECP in the feed channel and ICP 

in the permeate channel, resulting in an increase in the transmembrane 
osmotic pressure and a decrease in the net driving pressure. Thus, the 
expected water flux of counter-current modules in COMRO and OARO 
would be reduced. For LSRRO, only ECP would impact the permeate 
flux; ICP does not occur since flow moves perpendicularly away from the 
membrane surface [23]. 

Water flux, Jw, and solute flux, Js, can be expressed at each node i 
along the membrane and stage j as 

Jw,i,j = A
(
Pf ,i,j − Pp,i,j − πf ,m,i,j + πp,m,i,j

)
(58)  

Js,i,j = B
(
Cf .m,i,j − Cp,m,i,j

)
(59)  

where A is the membrane water permeability constant, B is the mem
brane solute permeability constant, Pf is the feed pressure, and Pp is the 
permeate pressure. πf, m is the osmotic pressure at the feed-side of the 
membrane interface, and πp, m is the osmotic pressure at the permeate- 
side of the membrane interface (at the active layer), which are 
expressed as follows: 

πf ,m,i,j =
vRTϕf ,m,i,j

MW
Cf ,m,i,j (60)  

πp,m,i,j =
vRTϕp,m,i,j

MW
Cp,m,i,j (61)  

where ϕf, m and ϕp, m are the osmotic coefficients at the membrane 
interface on the feed and permeate sides, respectively. The feed-side 
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concentration at the membrane interface, Cf, m, will exceed that of the 
bulk feed due to ECP, while the permeate-side concentration at the 
membrane interface, Cp, m, will be lower than that of the bulk permeate 
due to ICP. Note that in Eqs. (61) and (63), πp, m = πp and Cp, m = Cp for 
LSRRO (i.e., the osmotic pressure and bulk permeate concentration are 
equal to those of the permeate-side membrane interface since ICP does 
not occur). 

Cf ,m,i,j = Cf ,i,j exp
(

Jw,i,j

kf ,i,j

)

−
Js,i,j

Jw,i,j

(

exp
(

Jw,i,j

kf ,i,j

)

− 1
)

(62)  

Cp,m,i,j =Cp,i,j exp
(

− Jw,i,j

(
S
D
+

1
kp,i,j

))

−
Js,i,j

Jw,i,j

(

exp
(

− Jw,i,j

(
S
D
+

1
kp,i,j

))

− 1
)

(63) 

S is the structural parameter, D is the diffusion coefficient, and k is 
the mass transfer coefficient. 

2.4.3. Specific energy consumption 
The specific energy consumption for LSRRO can be expressed as 

SECLSRRO =
1

ηpQp

[

(QΔP)HP,RO +(QΔP)BP,RO +
∑Ns

j=2

(
QjΔPj

)

HP,LSR

+
(
QjΔPj

)

BP,LSR

] (64)  

where LSR represents the low-salt-rejection membrane modules, the 
subscript, HP, denotes a high-pressure pump, BP is the booster pump, Qj 

represents the flowrate of the respective pump at stage j, and ΔPj represents 
the pump discharge pressure minus the pump inlet pressure at stage j, 
and Qp final permeate flow rate. The efficiency of each pump, ηp, is 
assumed constant and thus is carried outside of the summation (see 
Supplementary material for converting the unit for SEC to kWh/m3). 

The specific energy consumption for COMRO can be expressed as 

SECCOMRO =
1

ηpQp

∑Ns

j=1

(
QjΔPj

)

HP,BCC +
(
QjΔPj

)

BP,BCC +
(
QjΔPj

)

LP,BCC

+
(
QjΔPj

)

HP,RO +
(
QjΔPj

)

BP,RO

(65)  

where the subscript LP is the low-pressure feed pump that provides 
feedwater flow into the permeate channel of the BCC module. 

The specific energy consumption for OARO can be expressed as 

SECOARO =
1

ηpQp

[

(QΔP)HP,RO +(QΔP)BP,RO +
∑Ns

j=2

(
QjΔPj

)

HP,BCC

+
(
QjΔPj

)

BP,BCC +
(
QjΔPj

)

LP,BCC

] (66)  

2.4.4. Levelized cost of water 
The general equation for the LCOW is expressed as 

LCOW =
CRF*CAPEX + OPEX

LF*
∑

Qp
(67)  

where CRF is the capital recovery factor, CAPEX is the total capital cost 
of the system, OPEX is the annual operation and maintenance cost, LF is 
the load factor (or operational availability) of the plant throughout the 
year, and Qp, the design water production rate, is summated over a year. 

The capital recovery factor is expressed as 

CRF =
r

1 − 1
(1+r)t

(68)  

where r is the discount rate and t is the plant lifetime. The capital cost of 
each system comprises costs for membrane modules, pumps, ERDs, and 
miscellaneous capital costs accounted for via a practical investment 

factor. The operation and maintenance costs include those for labor, 
maintenance, chemicals, and electricity. OARO has one additional O&M 
cost component, which is the saline makeup cost, to assist with main
taining the salt balance between stages by adding saturated NaCl solu
tion as new makeup to the system as needed. 

2.4.5. Technical & cost parameters for technology comparison 
In this study, we focus on the scenario of desalinating feedwater at 

70 g/L TDS at a water recovery rate of 75%, which leads to a brine 
concentration of about 250 g/L. We assume that NaCl concentration is 
equivalent to TDS. For the recovery rate of 75%, we adopt the metric 
from Bartholomew et al. [11] for all optimization runs, where recovery 
rate is defined as the mass of water recovered from the mass of water fed 
into the system, as opposed to the more commonly used metric of so
lution recovery rate. Moreover, with exception of the water permeability 
and solute permeability of membranes, baseline technical (Table 1) and 
cost parameters (Table 2) used for the optimization models of the three 
technologies, were also adopted from the OARO model of Bartholomew 
et al. [11]; a comparison of our OARO results for LCOW and SEC with 
those of the aforementioned study is shown in the Supplementary 
material. 

The permeability-selectivity tradeoff should be considered when 
selecting values for water permeability, A, and membrane salt perme
ability, B. In this study, we consider the permeability-selectivity tradeoff 
relationship for thin-film-composite (TFC) polyamide membranes 
[33,36], i.e., 

B = γA3 (69)  

where the empirical constant γ = 0.0133 L− 2 m4 h2 bar3 (corresponding 
to units of L/m2/h/bar for A and L/m2/h for B). For modeling the LSR 
membrane, we considered the typical range of monovalent solute 
rejection for nanofiltration membranes which is 10–90% [37,38]. Thus, 
we expected that NaCl permeability coefficients for LSR membranes 
should be representative of the low end of this rejection range (see 
Supplementary material for supporting figure showing relationship of 
solute rejection with A/B ratio and NDP). For the baseline A value of 
each technology, we assume a value of 1.5 L/m2/h/bar (LMH/bar) since 
representative values for commercial SWRO membranes typically range 
from 1 to 2 LMH/bar [39]. To determine the baseline B value of each 
technology, we ran the optimization model with B as a variable, with the 
lower bound set by the permeability-selectivity tradeoff relationship, 
and thus select the resulting B value associated with the cost optimal 
result at the given baseline conditions in Tables 1 and 2. 

The maximum pressure limit for LSR membranes in LSRRO and BCC 
membranes in COMRO and OARO were assumed to be 65 bar, while the 
limit for conventional RO membranes was set to 85 bar in each system. 
The baseline cost of LSR membranes was assumed to be the same as the 
baseline cost assumed for BCC membranes ($50/m2). The capital re
covery factor was set to ≈ 10%, corresponding to a 7.8% discount rate 
and 20-year plant lifetime. Additionally, the following simplifications 
were made:  

• Diffusion coefficient of NaCl is constant  
• Osmotic coefficient relationship adopted from [11] to account for 

nonlinearity between osmotic pressure and concentration at high 
salinity  

• Hydraulic diameters of feed and permeate channels assumed to be 
≈2× the channel height 

• A and B values are constant across each stage (as opposed to opti
mizing A and B for each stage)  

• Multiple BCC modules in series within a given stage (as modeled in 
[24]) were not accounted for in COMRO 
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3. Results and discussion 

3.1. Recovery rate limit 

Following the ideal assumptions detailed in Section 2.3, Fig. 4 shows 
a comparison of theoretical recovery rate limits for COMRO, LSRRO, and 
OARO as a function of feed salinity, based on Eqs. (2) and (3). The re
covery rate of OARO and LSRRO depend on the number of stages in the 
system. Although LSRRO uses LSR modules to reduce transosmotic 
pressure while OARO uses BCC modules to accomplish the same, LSRRO 
and OARO show the same linear relationship for theoretical recovery 
rate as a function of feed concentration. Thus, to increase the level of 
brine concentration, or to treat feedwaters with high initial concentra
tions, OARO and LSRRO would require multiple stages. Meanwhile, 
COMRO could recover water from high-salinity feedwater with just one 
stage, comprising one BCC module paired with a conventional RO 
module (as shown in Fig. 1). While adding BCC modules between the 
first BCC and the conventional RO module would reduce energy con
sumption [24], it would not increase the potential recovery rate; how
ever, adding more COMRO stages (as depicted in Fig. 2) would increase 
the recovery rate. 

For the example shown in Fig. 4, a 2-stage OARO or LSRRO system 
would only be able to concentrate incoming feedwater up to a concen
tration of approximately 160 g/L. To achieve this level of brine con
centration, the LSR module in LSRRO needs to approach an observed salt 
rejection of ≈0, while OARO requires a saline sweep on the permeate 
side of the BCC membrane. Comparatively, in terms of overcoming os
motic pressure, a single COMRO stage can theoretically recover water 
from feedwater concentrations that approach the solubility limit of NaCl 
at ≈360 g/L. At least 3 stages would be required by LSRRO and OARO to 
concentrate feedwater to a final brine concentration of 250 g/L. On the 
other hand, while 1-stage COMRO could not achieve this level of brine 
concentration for initial feedwater concentrations below ≈166 g/L, it 
could concentrate initial feed concentrations of ≥166 g/L up to a final 
brine concentration ≥250 g/L (see intersection between lines for brine 
concentration = 250 g/L and 1-stage COMRO). Adding COMRO stages 
would enable concentration of lower feed salinities up to 250 g/L. Thus, 
compared with LSRRO and OARO, COMRO appears to be advantageous 
with respect to theoretical recovery rate for high-salinity feeds. 

However, these analytical results are based on ideal assumptions and do 
not consider module-scale performance and the associated cost 
implications. 

3.2. Optimal LCOW case results 

This section presents results obtained from the module-scale cost 
optimization models for the baseline scenario detailed in Section 2.4. A 
summary of the main design parameters and cost optimal results are 
provided in Table 3 (additional input parameters were specified in Ta
bles 1 and 2). 

3.2.1. Pressure profiles 
As shown in Fig. 5, the cost optimal case of each technology corre

sponds to maximum inlet feed channel pressures (i.e., 65 bar for BCC 
and LSR membranes and 85 bar for RO membranes). This agrees with 
the OARO assessment by Bartholomew et al. [11]. To overcome pressure 
drop, feed pressure values for the permeate side in COMRO and OARO 
are close to 2 bar since the outlet permeate channel pressure is con
strained to go no lower than atmospheric pressure. Pressure on the 
permeate side of LSR membranes in LSRRO is assumed constant at at
mospheric pressure for all stages and thus is not shown in Fig. 5. 

3.2.2. Mass and concentration profiles 
Fig. 6 shows mass flow rates moving across the respective membrane 

channel, normalized by feed inlet mass flow rate for each technology (i. 
e., mi, j/min). For LSRRO, we observe that the cost optimal case results in 
higher mass flows in earlier stages than that of COMRO and OARO. The 
peak mass flow rate is found at the feed inlet of stage 2 the first low-salt 
rejection stage, where the mass flow rate is 3.5× the system’s feedwater 
mass flow. Mass flow rates decrease linearly in subsequent stages. These 
high mass flow rates explain the comparatively high energy consump
tion of LSRRO. For COMRO, the peak normalized mass flow rate (1.6×) 
is observed in the first stage at the permeate channel outlet of the BCC 
module. Notably the mass flow rates through the feed channel of each 
BCC stage are lower than that of the BCC’s permeate channel. Mass flows 
decrease in subsequent changes. For OARO, normalized mass flow never 
exceeds 1; mass flows subtly decrease in subsequent stages. Moreover, 
unlike COMRO, mass flow rates through the feed channel of each BCC 
stage exceed that of the BCC’s permeate channel. However, its disposal 
and recycle streams are an additional consideration for OARO. Since a 
salt imbalance occurs in OARO without any disposal or recycle streams 
in place, these streams are needed to achieve steady-state mass conser
vation. While these streams are necessary, they also provide some added 
flexibility to the OARO design whereas the LSRRO and COMRO con
figurations assessed in this study do not have such advantage. 

Although mass flows do not decrease considerably in subsequent 
stages (except for the final RO stage), concentrations decrease quasi- 
linearly in OARO (Fig. 7C). In comparison, concentrations in LSRRO 
increase quasi-linearly with every subsequent stage (Fig. 7A). Recycle 
streams, though not shown explicitly here, enable the dilution of sweep 
inlet concentrations in OARO. This is because some portion of the feed 
outlet flow of stage j will be recycled to stage j-1. Furthermore, some of 

Fig. 4. Recovery rate limit as a function of feed salinity; maximum applied 
pressure set to 70 bar, and water temperature = 20 ◦C; An ideal salt rejection of 
100% is assumed for the conventional RO module in LSRRO and all modules in 
OARO and COMRO, while salt rejection approaches 0 for the low-salt-rejection 
modules in LSRRO. The gray region indicates conditions where the approximate 
solubility limit of NaCl (≈360 g/L) is met or exceeded. 

Table 3 
Summary of design parameters and cost optimal results for baseline cases.   

LSRRO COMRO OARO 

Inputs Feed flow rate in (m3/d)  468  468  468 
Feed salinity (g/L)  70  70  70 
Water recovery rate (%)  75  75  75 

Optimization 
results 

Number of stages (–)  8  4  4 
Membrane area (1000 m2)  20.7  40.1  25.4 
Specific energy consumption 
(kWh/m3)  

28.9  12.8  10.3 

Levelized cost of water 
($/m3)  

6.63  7.90  5.14  
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Fig. 5. Feed pressure at the inlet of each stage in LSRRO (A), COMRO (B), 
OARO (C) for a feed concentration and recovery rate of 70 g/L and 75%, 
respectively. Cyan = BCC permeate channel, blue = RO feed channel, black =
BCC/LSR feed channel (corresponding to color-coded schematics in Fig. 2). 

Fig. 6. Mass flow normalized by inlet mass flow for LSRRO (A), COMRO (B), 
and OARO (C). Each system has a feed concentration and water recovery rate of 
70 g/L and 75%, respectively. For each stage, bars represent sections along the 
membrane length, starting at the respective channel inlet and ending at the 
outlet for each series, namely, cyan = BCC/LSR permeate channel, blue = RO 
feed channel, black = BCC/LSR feed channel (corresponding to color-coded 
schematics in Fig. 2). 
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the flow exiting the feed channel of stage 2 (which is then fed to the inlet 
of the permeate channel in stage 1) will be disposed of. In COMRO 
(Fig. 7B), feed concentration is initially diluted and then concentrated. 
Overall, each stage further concentrates the brine. Thus, LSRRO and 
COMRO concentrate the brine further with each stage while OARO fully 
concentrates the brine in the first stage and separates all product water 
in the final stage. 

3.2.3. Membrane area 
Fig. 8 shows the membrane area allocated for each stage in LSRRO, 

COMRO, and OARO. LSRRO requires the least total membrane area 
(20,724 m2) while COMRO requires the most (40,112 m2). Thus, a 
critical finding from these results is that COMRO requires 1.9× the 
membrane area of LSRRO and 1.6× that of OARO (25,381 m2). 
Regarding the membrane area allocated for conventional RO, each 
system has close to the same total area (≈670 m2). The discrepancy in 
the required membrane area is thereby attributed to the specialized 
modules, i.e., LSR and BCC in each system. More specifically, since 
COMRO must dilute incoming feedwater in each stage down to con
centrations that conventional RO can handle (see concentration profile 
in Fig. 7), the required membrane length progressively increases from 
stage to stage, especially with higher inlet salinities in the last two 
stages. As detailed later (Section 3.2.7), this will have significant cost 
implications. 

3.2.4. Average permeate flux 
Fig. 9 shows the average permeate flux by stage for each technology. 

As expected, permeate fluxes in LSRRO are significantly higher than that 
of COMRO and OARO, which explains the lower requirement of mem
brane area. The highest average permeate flux of the LSR stages is 14.6 
L/m2/h (LMH) at the initial LSR stage and decreases to 2.54 LMH in the 
last stage. For COMRO, permeate flux ranges from 0.7 to 2.3 LMH at its 
BCC stages, with the highest flux occurring at the first stage and the 
lowest flux at the last stage. Meanwhile, permeate flux for OARO ranges 
from 1.1 to 3.7 LMH at its BCC stages, with the lowest flux occurring at 
the first stage and the highest at the last BCC stage (stage 3). While the 
permeate flux of the RO stages in LSRRO and OARO are approximately 
equal (≈21 LMH), COMRO’s RO trains are split between each stage, 
where the first RO train in stage 1 has a flux of 14.3 LMH, subsequently 
decreasing with each stage down to a minimum of 4.2 LMH. 

3.2.5. Concentration polarization effects 
Fig. 10 shows the average concentration polarization (CP) modulus 

(ratio of membrane-interface concentration to bulk concentration) per 
stage for each technology. LSRRO only experiences ECP, and the CP 
modulus is highest at the conventional RO stage (first stage) with a value 
of 1.33. The CP modulus for LSR stages ranges from 1.00 to 1.13, 
descending from stages 2 to 8. COMRO and OARO are more heavily 
affected by ICP than ECP, as shown by the low CP moduli for the 
permeate channel in the BCC modules. OARO has values ranging from 
0.46 to 0.70, while COMRO has CP modulus values of 0.49–0.78 in the 
permeate channel of the BCC modules. In terms of ECP in feed channels, 
the CP modulus of COMRO ranges from 1.03 to 1.07 in BCC modules and 
1.14–1.49 at the RO modules, while OARO ranges from 1.04 to 1.11 at 
the BCC modules and 1.54 at the RO stage. 

The reduction of average net driving pressure because of concen
tration polarization is shown in Fig. 11. The non-ideal net driving 
pressure accounts for concentration polarization effects, while the ideal 
net driving pressure is based on bulk concentrations. Thus, the percent 

reduction of net drive pressure is computed as 100
(

1 − NDPnon ideal
NDPideal

)

. For 

LSRRO (Fig. 11A), ECP in the feed channel results in a 50–55% reduction 
in average net driving pressure per stage. For COMRO (Fig. 11B), the 
combined effect of external and internal concentration polarization re
sults in an NDP reduction of 95.3–98.8%, increasing sequentially by 
stage. ECP alone accounts for a 13–18% reduction in NDP, while ICP 

Fig. 7. Bulk concentration normalized by initial feed concentration for LSRRO 
(A), COMRO (B), and OARO (C). Each system has a feed concentration and 
water recovery rate of 70 g/L and 75%, respectively. For each stage, bars 
represent sections along the membrane length, starting at the respective 
channel inlet and ending at the outlet for each series, namely, cyan = BCC/LSR 
permeate channel, blue = RO feed channel, black = BCC/LSR feed channel 
(corresponding to color-coded schematics in Fig. 2). 
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Fig. 8. Membrane area per stage in LSSRO (A), COMRO (B), and OARO (C) for 
a feed concentration and recovery rate of 70 g/L and 75%, respectively. Blue =
RO membrane, black = BCC/LSR membrane. 

Fig. 9. Average permeate flux per stage in LSRRO (A), COMRO (B), and OARO 
(C) for a feed concentration and recovery rate of 70 g/L and 75%, respectively. 
Blue = RO membrane, black = BCC/LSR membrane. 
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Fig. 10. Average concentration polarization modulus per stage in LSSRO (A), 
COMRO (B), and OARO (C) for a feed concentration and recovery rate of 70 g/L 
and 75%, respectively. 

Fig. 11. Percent reduction in average net driving pressure (NDP) per stage due 
to concentration polarization effects for LSRRO (A), COMRO (B), and OARO 
(C). Results are shown only for specialized (LSR or BCC) membrane modules. 
NDPideal and NDPnon-ideal represent net driving pressure when excluding and 
including concentration polarization effects, respectively. The effects of 
external concentration polarization (ECP), internal concentration polarization 
(ICP), and both ECP and ICP on reducing average NDP are shown. 
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alone accounts for 78–86%. Thus, ICP has a more significant effect than 
ECP. Similarly, for OARO (Fig. 11C), ECP, ICP, and the combined effect 
of both results in NDP percent reductions of 14–21, 73–83, and 
93.8–97.9, respectively. Although ICP also has a more significant impact 
than ECP in OARO, the effect of ICP on NDP reduction is less than that of 
COMRO. Moreover, the combined effect of ECP and ICP is slightly less 

severe in OARO than in COMRO. 

3.2.6. Specific energy consumption 
Fig. 12 shows the total SEC and breakdown for each stage in LSRRO, 

COMRO, and OARO. The total SEC for desalinating a 70 g/L feed at 75% 
is 28.9, 12.8, and 10.3 kWh/m3 for LSRRO, COMRO, and OARO, 
respectively. Thus, the results show that LSRRO would have the highest 
energy consumption at more than double the SEC of COMRO and OARO. 
The increase in SEC and thus the cost of electricity consumption will be 
balanced out by the lower cost attributed to membranes. Moreover, the 
energy consumption is related to the feed pressure values (Section 3.2.1) 
and mass flow rates (Section 3.2.2) throughout the system. Since feed 
pressure for each case is set at its corresponding maximum values, this 
indicates that the primary discrepancy between SEC results for each 
technology is mainly attributed to mass flow rates. For LSRRO, the SEC 
peaks at the second stage (6.7 kWh/m3), where the inlet mass flow rate 
is highest and decreases subsequently across stages. This is attributed to 
high recirculation flow rates. For LSRRO and COMRO, high-pressure 
pumps feeding the conventional RO modules generally have a lower 
SEC than the high-pressure pumps that feed the LSR and BCC modules, 
respectively. On the other hand, for OARO, the high-pressure pump for 
the conventional RO stage is the highest contributor to the SEC. 

3.2.7. Levelized cost of water 
The breakdown of LCOW for LSRRO, COMRO, and OARO is pre

sented in Fig. 13. LCOW components are segregated by the initial capital 
investment for membrane modules, pumps, energy recovery devices, 
miscellaneous capital costs, membrane replacement, electricity, and 
miscellaneous operation & maintenance. Miscellaneous CAPEX accounts 
for other capital expenditures that are encapsulated by the assumed 
practical investment factor of 1.6, while miscellaneous OPEX accounts 
for chemical, labor, and maintenance costs. 

For desalinating a feed concentration of 70 g/L at 75% water re
covery, the total LCOW for each technology is 6.63, 7.90, and 5.14 $/m3 

of water produced, respectively. COMRO has the highest cost of water, 
which is mainly attributed to the large amount of membrane area 
required (as detailed in Section 3.2.3). Meanwhile, LSRRO has the 
lowest membrane area requirement, but its energy cost comprises 31% 
of the LCOW, assuming a cost of electricity of $0.07/kWh. For OARO 
and COMRO, the energy cost comprises 14 and 11% of the LCOW, 
respectively. In terms of membrane costs, initial capital costs for mem
brane modules comprise 14, 22, and 22% of the LCOW for LSRRO, 
COMRO, and OARO, respectively; membrane replacement costs 
comprise 20, 33, and 32%, respectively. Thus, membrane costs are 
dominant for COMRO and OARO, while energy cost is dominant in the 
LCOW of LSRRO. Overall, OARO has the lowest cost of water due to 
having the lowest energy cost, lower membrane costs than COMRO, and 
the lowest costs for pump and ERD equipment. Translating the results to 
unit capital costs and considering the 90% load factor, LSRRO, COMRO, 
and OARO would cost 9096, 13,559, and 7717 $/m3/day of freshwater 
production, respectively (corresponding to 6688, 8973, 5674 $/m3/day 
of feedwater). 

3.2.8. Sensitivity analysis 
A general summary of sensitivity parameters and results are provided 

in Table 4. 
The effect of electricity cost on the optimal LCOW (Fig. 14A) shows a 

linear relationship, where the slope of each line corresponds to specific 
energy consumption, and the intercept corresponds to the lowest LCOW 
that is achieved when electricity is free, for example, when excess 
electricity from solar and/or wind power plants that would otherwise be 
curtailed is used in desalination. If electricity is free, then OARO would 
still have a slightly lower LCOW than LSRRO although LSRRO has lower 
membrane area requirements. This is attributed to the pumping and ERD 
equipment costs that become more relevant when the energy cost of 
LSRRO is eliminated. As shown earlier, LSSRO requires more pumping 

Fig. 12. Breakdown of specific energy consumption per stage in LSSRO (A), 
COMRO (B), and OARO (C) for a feed concentration and recovery rate of 70 g/L 
and 75%, respectively. Total SEC per stage is labeled over each bar. Color 
coding corresponds to pumps shown in Fig. 2. HP = high pressure pump, BP =
booster pump, LP = low pressure pump, BCC = bilateral countercurrent, LSR =
low-salt rejection, RO = reverse osmosis. 
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capacity than COMRO and OARO. As shown previously in Fig. 13, the 
capital cost component attributed to pumps and ERDs is more than 3 
times higher in LSRRO than in OARO (66 cents/m3 and 21 cents/m3 for 
LSRRO and OARO, respectively). Thus, the LCOW values associated with 
free electricity are 4.60, 7.00, and 4.50 $/m3, corresponding to 31, 11, 
and 14% lower costs than baseline values for LSRRO, COMRO, and 
OARO, respectively. Reducing the baseline cost of 7 cents/kWh to 3 
cents/kWh results in 17, 6, and 9% reductions in LCOW for LSRRO, 
COMRO, and OARO, respectively; notably, utility-scale solar and wind- 
based electricity can currently achieve a levelized cost of energy as low 
as ≈2–3 cents/kWh [40]. On the other hand, increasing electricity cost 
from 7 to 20 cents/kWh would increase the LCOW by 57, 21, and 24% 
for LSRRO, COMRO, and OARO, respectively. 

Decreasing the baseline membrane module cost of LSR and BCC 
modules from 50 to $30/m2 would reduce the LCOW of LSRRO, 
COMRO, and OARO by 19, 32, and 31%, respectively (Fig. 14B). 
Meanwhile, increasing the membrane module cost of LSR and BCC 
modules from 50 to $70/m2 would increase the LCOW of LSRRO, 
COMRO, and OARO by 19, 32, and 29%, respectively. In the near term, 
reduced membrane costs seem more likely for LSRRO than for BCC 
modules in COMRO and OARO because modules would be similar to 
low-rejection NF modules, so long as the membrane burst pressure is 
high enough to enable increased feed pressures. 

Reducing the maximum allowable feed pressure has a significant 
impact on LCOW (Fig. 14C). If the maximum allowable pressure of LSR 

and BCC membranes is lowered from 65 to 50 bar, the LCOW increases 
by factors of 1.9, 2.6, and 2.2 for LSRRO, COMRO, and OARO, respec
tively. Of all the sensitivity analyses conducted in this study, decreasing 
the maximum pressure to 50 bar resulted in the highest increase of the 
LCOW. Although not shown, it is worth mentioning that increasing the 
salt permeability, B, of LSR and BCC membranes could partially remedy 
this; as an example, we observed that the LCOW of COMRO only 
increased by 2× (as opposed to 2.6) when allowing the solver to 
recompute B (the cost optimal B value corresponding to the baseline 
case of 70 g/L feed with 75% recovery was used for all sensitivity cases, 
with exception of the sensitivity analysis on membrane water perme
ability, A.) Thus, using membranes with increased salt permeability may 
be beneficial when the maximum allowable pressure cannot be 
increased. On the other hand, increasing the maximum pressure from 65 
to 80 bar would reduce the LCOW by factors of 1.4, 1.5, and 1.5 for 
LSRRO, COMRO, and OARO, respectively. 

The baseline membrane replacement rate was set to an equivalent 
annual replacement rate of 15%, corresponding to a membrane lifetime 
of 5 years at the assumed discount factor of 7.8%. (All the other com
ponents of the system were assumed to have a life expectancy of 20 
years.) Note that the membrane cost of $50/m2 is meant to include the 
module cost (i.e., with pressure vessel), and since only membrane ele
ments would be replaced, the annual replacement rate should be a 
fraction of what was assumed, based on the ratio of membrane element 
to full module cost. Thus, this is a conservative estimate for membrane 

Fig. 13. Breakdown of levelized cost of water of LSRRO, COMRO, and OARO for a feed concentration and recovery rate of 70 g/L and 75%, respectively.  

Table 4 
Summary of sensitivity results. Cool and warm colors represent decreases and increases in LCOW, respectively. 

LSRRO COMRO OARO

X Baseline

% 
change 
in X

% change 
in LCOW

% 
change 
in X

% change 
in LCOW

% 
change 
in X

% change 
in LCOW

Electricity cost 
($/kWh)

0.07 −100.0 −30.5 −100.0 −11.4 −100.0 −13.8

0.07 185.7 56.7 185.7 20.9 185.7 24.3

50 −40.0 −19.2 −40.0 −31.7 −40.0 −30.6

50 40.0 19.2 40.0 31.7 40.0 28.7

BCC/LSR maximum 
pressure (bar)

65 −23.1 85.5 −23.1 156.9 −23.1 115.2

65 23.1 −29.4 23.1 −33.5 23.1 −31.0

Annual membrane 
replacement rate 

(%)

15 −66.7 −13.7 −66.7 −22.3 −66.7 −22.7

15 100.0 20.5 100.0 33.5 100.0 30.6

Structural 
parameter (microns)

1200 – – −75.0 −46.9 −75.0 −42.9

1200 – – 50.0 29.7 50.0 29.9

A (LMH/bar)
1.5 −76.0 52.3 −76.0 5.9 −76.0 8.3

1.5 33.3 −4.4 33.3 −0.1 33.3 −1.5

Membrane cost
 ($/m2)
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replacement cost. Nevertheless, as observed in the LCOW breakdown 
(Fig. 13), membrane replacement is the most significant cost component 
in COMRO and OARO. As shown in Fig. 14D, reducing the annual 
membrane replacement from 15% to 5% (corresponding to an optimistic 
10-year membrane lifetime) decreases the LCOW by 14, 22, and 23%, 
while increasing the replacement rate to 30% (1-year lifetime) raises the 
LCOW by 20, 33, and 31% for LSRRO, COMRO, and OARO, respectively. 
The typical lifetime of a membrane ranges from 3 to 5 years for con
ventional desalination [41]; without improved mitigation strategies for 
scaling and fouling, it is reasonable to hypothesize that membrane 
lifetime would be significantly shorter for such high-salinity 
applications. 

Perhaps the most significant reduction on LCOW for OARO and 
COMRO is due to the structural parameter, S (Fig. 14E). Consequently, 
reducing the S value would decrease the effects of ICP and ultimately 

lower the LCOW. More specifically, reducing the S value would reduce 
the membrane area requirement, which is critical most especially for 
rendering multi-stage COMRO (as modeled here) as cost-competitive 
with OARO and LSRRO at high feed concentrations. Decreasing the S 
value from its baseline value of 1200 μm down to 300 μm (slightly above 
values recently achieved experimentally by Kwon et al. (2021) [42]) 
would result in a 47% decrease in LCOW, down to $4.19/m3 for 
COMRO; furthermore, the required membrane area decreases by 58%. 
For OARO, lowering the S value to 300 μm yields a 43% decrease in 
LCOW, down to $2.98/m3, and a 55% decrease in membrane area. 
Increasing the S value from 1200 to 1800 μm would result in a 30% 
increase in LCOW for both COMRO and OARO. 

The sensitivity analysis for A, the membrane water permeability 
constant, of LSR and BCC membranes (i.e., excluding conventional RO 
membranes in each system) is shown in Fig. 14F. In almost all cases, 

Fig. 14. Sensitivity analysis showing the effect of (A) electricity cost, (B) membrane cost, (C) maximum feed pressure, (D) membrane replacement factor, (E) 
structural parameter, and (F) membrane water permeability on LCOW for LSRRO, COMRO, and OARO. Sensitivity for membrane cost, maximum feed pressure, and 
membrane water permeability was applied to BCC and LSR membranes only (i.e., excluded conventional RO modules), while sensitivity analysis of the structural 
parameter was applied only for COMRO and OARO. 
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OARO achieves the lowest LCOW. COMRO achieves a lower LCOW than 
LSRRO when A is at the low end of the range (0.36 LMH/bar). 
Comparatively, COMRO and OARO have the same range of A values, i.e., 
up to 3 LMH/bar, while the range of A values for LSRRO extends to 15 
LMH/bar, the upper limit for commercial nanofiltration membranes 
[43,44]. This difference is attributed to the cost-optimal salt perme
ability constant, B, associated with each A value (Fig. 15, bottom row). 
Since LSRRO benefits from high B values, the A-B tradeoff limit of 
polyamide is not reached until 10 LMH/bar. Meanwhile, COMRO and 
OARO favor low B values that approach the A-B tradeoff limit and are 
thus confined to a lower range of A values than that of LSRRO. The top 
row of Fig. 15 shows a magnified view of the effect of A on LCOW. 

The general trends show that there is an optimum A around 1.5–2 
LMH/bar for COMRO and OARO and 10 LMH/bar for LSRRO. Moreover, 

the highest LCOWs correspond to the lowest A values. Decreasing A from 
1.5 LMH/bar (value used in baseline scenarios) to 0.36 LMH/bar for 
LSRRO and 0.18 LMH/bar for COMRO and OARO corresponds to an 
increase in LCOW by factors of 1.5, 1.1, and 1.2 for LSRRO, COMRO, and 
OARO, respectively. This increase in cost is primarily attributed to the 
required increase in membrane area (Fig. 15, third row). LSRRO is 
impacted the most by such a decrease in A. Decreasing A from 1.5 LMH/ 
bar to 0.36 LMH/bar results in double the membrane area. Meanwhile, 
decreasing A from 1.5 LMH/bar to 0.18 LMH/bar corresponds to 18% 
and 28% increases in membrane area for COMRO and OARO, respec
tively. On the other hand, increasing the A value past the optimum also 
increases the LCOW of each technology, which can be attributed in part 
to the associated increase in SEC (Fig. 15, second row). Additionally, the 
B value increases with A according to the A-B tradeoff (Fig. 15, bottom 

Fig. 15. Cost optimal sensitivity analysis showing the effect of membrane water permeability, A, on LCOW, SEC, membrane area, and membrane salt permeability, B, 
for LSRRO, COMRO, and OARO. Black point in each plot represents the baseline scenario. 
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row). LSRRO experiences the most significant increase in SEC, going 
from 27.8 to 59.3 kWh/m3 when increasing A from 10 LMH/bar to 15 
LMH/bar, corresponding to a 31% increase in LCOW; additionally, 
specific capital costs for pumping are more than doubled. In terms of the 
impact on membrane area, increasing A above the optimum corresponds 
to a decrease in membrane area for LSRRO and COMRO. However, for 
OARO, the associated increase in LCOW at high A values is related to 
subtle increases in membrane area and SEC. 

Fig. 16 shows the effect of feed concentration and recovery rate on 
LCOW (Fig. 16, top), SEC (Fig. 16, center), and number of stages 
(Fig. 16, bottom). While the LCOW ranged from 5.14 to 7.90 $/m3 for 
desalinating a 70 g/L feed to brine concentrations just above 250 g/L, 
LCOW values ranging from 1.04 to 2.53 $/m3 to desalinate initial feed 
concentrations of 20 and 35 g/L to brine concentrations above 215 g/L; 
LCOW values range from 0.48 to 1.02 $/m3 when desalinating 20 and 
35 g/L to concentrations of ≈ 130 g/L. Thus, while these enhanced RO 
technologies can treat high initial feed concentrations (i.e., ≥ 70 g/L), 
starting at lower initial feed concentrations would certainly be more 
viable. The main cost drivers are membrane modules (initial investment 
and replacement costs) and energy costs. At lower feed and final brine 
concentrations, membrane and energy costs are comparable to one 
another in COMRO and OARO. In LSRRO, energy costs dominate over 
membrane costs. However, when transitioning to high feed or final brine 
concentrations, the difference between membrane and energy costs 

become more pronounced for OARO and COMRO (i.e., membrane costs 
become the dominant cost component), but more significantly for 
COMRO; on the other hand, as the membrane cost component becomes 
more significant, energy and membrane costs become comparable for 
LSRRO. Of the three technologies, OARO has the general cost advantage 
and is better suited for high-salinity feeds than COMRO and LSRRO. The 
disadvantage of LSRRO is its high SEC, reaching as high as 68.3–71.6 
kWh/m3 at an initial feed concentration of 125 g/L. The reason for this is 
related to the high recirculation flow rate required to dilute the feed that 
enters the conventional RO train, as observed in Figs. 6 and 12 for the 
baseline scenario. When increasing the initial feed concentration, this 
effect will be amplified. Meanwhile, at an initial feed concentration of 
125 g/L, SEC ranges are 17.2–25.9 and 9.5–13.1 kWh/m3 for COMRO 
and OARO, respectively, which are significantly lower than that of 
LSRRO. For COMRO, its disadvantage is its high membrane area 
requirement which increases with feed concentration and final brine 
concentration. More membrane area is needed to dilute the feed to 
acceptable concentrations for conventional RO (i.e., within pressure 
limitations). This effect is apparent when observing the allocated 
membrane area per stage (see Fig. 8) which shows that most of the 
required area is due to the last two stages where the stage inlet con
centrations are quite high (≈170 and 215 g/L for stages 3 and 4, 
respectively). Overall, of the three technologies, OARO benefits from a 
balance of relatively low membrane area and SEC. 

3.2.9. Implications of system comparisons 
Reducing the structural parameter would be key for decreasing the 

effect of ICP and, in turn, reducing the membrane area to enable sig
nificant reductions in the cost of water for COMRO and OARO, but the 
challenge lies in the tradeoff between the structural parameter and the 
mechanical integrity of a membrane (i.e., there is a need for membranes 
with a low structural parameter and high mechanical integrity). The S 
value of 1200 μm used in our baseline analysis is fairly high and was 
originally meant to be representative of (and as adopted from [11], is 
double that of) a cellulose triacetate (CTA) membrane with a woven 
fabric support [45]. Recent developments have led to an S value as low 
as 235 μm for a polyamide, polyethylene thin-film composite membrane 
with increased mechanical integrity as well as high water permeability 
[42]; these membranes outperformed commercial TFC and CTA mem
branes in terms of mechanical integrity and were tested for pressure 
retarded osmosis (PRO) operation at pressures up to 23 bar. In other 
work, TFC membranes with A = 2.49 LMH/bar and S = 564 μm were 
successfully operated at 48.3 bar but failed at 55.2 bar, indicating that 
the burst pressure lies within this range [46]. Ensuring that BCC mem
branes can withstand high pressures (e.g., >50 bar) to avoid membrane 
rupture will be important for reducing the LCOW, assuming such 
membranes would not weigh significantly on membrane cost. LSR 
membranes would also need to withstand such high pressures to reduce 
LCOW but is not expected to be as challenging as for BCC membranes. As 
mechanical integrity is reduced, there is more of a need for dense 
spacers, which would then contribute to parasitic energy losses via 
pressure drop in the permeate channel for COMRO and OARO [23]. 
While this is certainly a factor to consider, our results showed that 
LSRRO would have more than double the energy requirement of 
COMRO or OARO (in the baseline scenario). Nevertheless, although our 
results indicate that the difference in SEC between COMRO/OARO and 
LSRRO is significant, further research would be required to quantify 
parasitic losses in the permeate channel of BCC modules since pressure 
loss calculations used here do not capture this effect; i.e., new experi
mental data and friction factor correlations for the permeate channel in 
BCC modules are needed. Furthermore, membranes used for BCC mod
ules in COMRO and OARO will likely require further development to be 
deployed widely at commercial scale. In LSRRO, the rate of salt passage 
is purposely high to render the process successful, and water perme
ability would also be high due to the permeability-selectivity tradeoff 
[43,33,47,48]. Thus, commercial nanofiltration membranes with low 

Fig. 16. The effect of feed concentration and recovery rate on cost optimal 
LCOW (top), SEC (center), and number of stages (bottom) for LSRRO, COMRO, 
and OARO. The final brine concentration for each case is also shown (top, blue 
squares). Membrane costs account for initial investment and replacement. 
Baseline cases are highlighted by the red shaded box (Cin = 70 g/L, R = 75%). 
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monovalent solute rejection may already be sufficient for initiating 
LSRRO as a solution for minimal liquid discharge desalination, though 
starting at high initial feed concentrations (e.g., 125 g/L) would be 
especially energy intensive. 

Regarding the specific energy consumption and capital costs for 
pumping and ERD equipment, configurations in this analysis were 
considered fixed, with a combination of a high-pressure pumpset, a 
booster pumpset, and an isobaric ERD train allocated per module train. 
ERDs were modeled to fully depressurize brine streams down to atmo
spheric pressure. Alternative configurations could be considered, e.g., 
where ERDs partially depressurize brine streams and only a booster 
pump drives the subsequent stage, which could be the case in COMRO. 
OARO requires near-complete depressurization of brine streams to 
continue as low-pressure, sweep inlet streams. Nevertheless, it is 
reasonable to assume that pump and ERD configurations could be 
improved in the field to reduce associated costs or energy losses. 

Multi-stage COMRO, as modeled in this study, was found to be the 
costliest solution when desalinating a 70 g/L feed at 75% recovery; the 
primary discrepancy is because the system requires more membrane 
area than the other two technologies, making it more capital-intensive 
and requiring high membrane replacement costs. However, COMRO 
offers a major advantage of adding BCC modules in series to reduce the 
specific energy consumption [24], the effect of which was not accounted 
for in this analysis; potential energy savings up to 17% and 33% for 70 
g/L and 35 g/L at 50% and 70% recovery, respectively, were reported 
though without directly considering non-idealities such as salt flux and 
concentration polarization. Nevertheless, considering the baseline as
sumptions and results of this analysis, even if the costs attributed to 
electricity, pumps, and ERDS were completely omitted, the LCOW of 
COMRO would approach that of LSRRO but would still exceed that of 
OARO. Thus, our findings indicate that modifications would have to be 
made to the multi-stage COMRO configuration to reduce the required 
membrane area and render it cost-competitive with OARO and LSRRO. 
One such modification includes reduction of the membrane’s structural 
parameter. Perhaps one pathway could be to reduce the structural 
parameter and add BCC modules in series to reduce energy consump
tion. On the other hand, COMRO has one distinguishing characteristic 
from OARO and LSRRO, as illustrated earlier in Section 3.1 (Fig. 4) and 
shown further in Fig. 17: COMRO can treat high-salinity feeds even with 
one stage (though at considerably low overall recovery rates at high 
salinity), while LSRRO and OARO require multiple stages to achieve any 
recovery from high-salinity feeds. 

The implication of this characteristic is that COMRO could be 

designed as a single-stage semi-batch or full batch system. Either 
approach could lead to a reduction in equipment (e.g., pumps, ERDs), 
associated costs, and specific energy consumption [49,50]. Alterna
tively, such a configuration could use an active-salinity-control process 
[51], which could facilitate system flexibility in terms of energy con
sumption and enable adaptation to variable power and electricity prices, 
ultimately meeting a vision of desalination plants that provide energy 
services to enable a clean electricity grid [52]. Such modifications 
should be explored for OARO and LSRRO as well, but COMRO seems 
immediately suited for such adaptations. 

Lastly, scaling and fouling is already a challenge for membrane- 
based desalination when considering brackish or seawater as the feed. 
Such challenges are expected to be amplified when treating high-salinity 
waters at high recovery rate, and the feasibility of enhanced RO would 
hinge upon mitigation strategies for scaling and fouling. 

4. Conclusions 

Enhanced RO has the capability of circumventing the maximum 
pressure limitations of conventional RO to treat hypersaline brines and 
increase recovery rates. Based on our results for desalinating a 70 g/L 
feed concentration at 75% recovery, comparing LSRRO, COMRO, and 
OARO under a common set of baseline assumptions showed that  

• OARO achieved the lowest LCOW of $5.14/m3. The LCOW values for 
LSRRO and COMRO were 6.63 and 7.90 $/m3, respectively.  

• LSRRO has the highest SEC, with values of 28.90, 12.77, and 10.31 
kWh/m3 for LSRRO, COMRO, and OARO, respectively.  

• Membrane costs weighed more heavily than energy costs for OARO 
and COMRO. Membrane replacement costs are dominant, followed 
by the initial investment for membrane modules, and then energy 
costs. For LSRRO, the reverse is true; energy is the highest contrib
utor to the LCOW, followed by membrane replacement and initial 
capital for membrane modules. 

Based on our results and baseline assumptions, a multi-stage COMRO 
system would not be cost-competitive with OARO nor LSRRO for desa
linating a 70 g/L feed and concentrating to a final brine concentration of 
250 g/L. The cost discrepancy of COMRO in comparison with OARO and 
LSRRO diminishes at low feed concentrations (e.g., 20–35 g/L), but the 
disparity in LCOW between COMRO and OARO becomes more pro
nounced at feed concentrations at and above 70 g/L. Modifying the 
multi-stage COMRO configuration to reduce membrane area would be 

Fig. 17. Example showing multi-stage or semi-batch/ 
batch COMRO starting at 70 g/L feed and concentrating 
to 250 g/L. Conventional RO module recovery rate versus 
BCC module recovery rate is shown as a function of feed 
concentration and overall recovery rate, based on the 
theoretical equations listed in Section 2.3. The inset image 
provides an example schematic of semi-batch/batch 
COMRO. Color map and corresponding contours denote 
feed concentration, and second set of contours indicates 
overall recovery rate. Maximum pressure is set to 70 bar 
(corresponding to concentration of ≈84 g/L TDS at the 
outlet of the conventional RO module), and fluid tem
perature is set to 20 ◦C.   
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key to altering this outcome; from our sensitivity analyses, reducing the 
structural parameter had the most significant effect on reducing mem
brane area. Furthermore, future work should explore cases where the 
energy cost component would dominate over membrane costs to 
implement the energy reduction potential of COMRO (i.e., by adding 
BCC modules in series which was not accounted for in this study). 
Additionally, other modified configurations such as semi-batch, batch or 
COMRO with active-salinity control could increase viability and facili
tate resilient desalination and should be explored further. Lastly, bench- 
scale and pilot-scale experimentation is needed to comparatively assess 
LSRRO, COMRO, and OARO. 

Nomenclature 

A membrane water permeability (LMH/bar or m3/m2/s/bar) 
Ac cross sectional channel area (m2) 
Am membrane area (m2) 
B membrane solute permeability (LMH or m3/m2/s) 
BCC bilateral countercurrent 
BP booster pump 
C concentration (g/L) 
Cb,max maximum brine concentration (g/L) 
CAPEX capital expenditures ($) 
CTA cellulose triacetate 
CRF capital recovery factor (–) 
COMRO cascading osmotically mediated reverse osmosis 
dh hydraulic diameter (m) 
ΔPmax maximum applied pressure (bar) 
εsp spacer porosity (–) 
ηp pump efficiency 
F friction factor (–) 
f feed channel 
h channel height (m) 
HP high pressure pump 
i node (or inter-node) 
in inlet 
j stage 
Js solute flux (kg/m2/s) 
Jw water flux (m3/m2/s) 
k mass transfer coefficient (m/s) 
LCOW levelized cost of water ($/m3) 
LF load factor (–) 
LMH L m− 2 h− 1 

LP low pressure pump 
LSRRO low salt rejection reverse osmosis 
LSR low salt rejection 
μ dynamic viscosity (kg/m/s) 
M mass flow rate (kg/s) 
Ma saline makeup mass flow (kg/s) 
Md disposal mass flow (kg/s) 
MW molecular weight (g/mol) 
N nth node 
Ns nth stage 
OARO osmotically assisted reverse osmosis 
OPEX operation and maintenance expenditures ($) 
out outlet 
p permeate channel 
π osmotic pressure (bar) 
P pressure (bar) 
Pl pressure drop (bar/m) 
Q volumetric flow rate (m3/s) 
R ideal gas constant (L bar/mol/K) 
Rs solute rejection (–) 
Re Reynolds number (–) 
ρw density of water (kg/m3) 
RO reverse osmosis 

RT,max theoretical recovery rate limit (–) 
S structural parameter (microns) 
Sch Schmidt number (–) 
Sh Sherwood number (–) 
SEC specific energy consumption (kWh/m3) 
T temperature (K) 
TFC thin-film composite 
v van’t Hoff dissociation factor (–) 
X salt mass fraction (–) 
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