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Abstract 

Two-pass reverse osmosis desalination is a common process to treat high-salinity feed solution 

and provides a low-salinity permeate solution. This study investigated the significance of the 

energy generated by the dual-stage pressure retarded osmosis (DSPRO) from the reverse 

osmosis (RO) brine stream. The main components of the DSPRO-RO hybrid system are RO, 

pressure retarded osmosis (PRO), and energy recovery device, and their models are determined. 

Dymola software, using Modelica modelling language, was utilized for solving the hybrid 

system models. Two different flowsheets were built; the first included a two-pass RO, while 

the second is a hybrid of a two-pass RO (2RO)-DSPRO system. Seawater salinities of 40 and 

45 g/L were the RO feed solution, and 1 g/L tertiary treated wastewater was the feed solution 

of the DSPRO process. The net specific energy consumption was calculated for the 2RO and 

2RO-DSPRO systems for 40 and 45 g/L salinities. At a 47% recovery rate and 40 g/L seawater 

salinity, the 2RO-DSPRO system was 14.7% more energy efficient than the 2RO system. The 

corresponding energy saving at a 47% recovery rate and 45 g/L seawater salinity was 17.5%. 

The desalination energy for the 2RO system was between 3.25 and 3.49 kWh/m3, and for the 

2RO-DSPRO system was between 2.91 and 2.97 kWh/m3. The results demonstrate the great 

potential of integrating the 2RO with the DSPRO to reduce desalination's energy consumption 

and environmental impacts. 

Keywords: Reverse Osmosis (RO), Pressure Retarded Osmosis (PRO), Two-Pass RO-

DSPRO, Salinity Gradients, Renewable Energy 

Nomenclature 

Symbol Definition 

AERD  The inlets side energy recovery device cross-sectional area in m2 

AmRO The RO membrane surface area in m2 

AwPRO The water permeability of the PRO in m3/m2.s.bar 

AwRO The water permeability of the RO in m3/m2.s.bar 
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BPRO The salt permeability coefficient of the PRO in m/s 

BRO The salt permeability coefficient of the RO in m/s 

CF,RO The feed concentration of the RO in g/L 

CFm,RO The feed membrane side concentration of the RO in g/L 

Chi The high-pressure brine inlet concentration of the ERD in g/L 

Cho The high-pressure feed outlet concentration of the ERD in g/L 

Ci,e and Co,g  The inlet and outlet concentration of each stream in the mixer or the splitter in g/L 

Cli The low-pressure feed inlet concentration of the ERD in g/L 

Clo The low-pressure brine outlet concentration of the ERD in g/L 

CB,RO The brine concentration of the RO in g/L 

Cp,RO The product (permeate) concentration of the RO in g/L 

ρwater  The density of the feed water in ERD in g/m3 

ηERD  The ERD efficiency 

ηPump The pump efficiency 

ηTurbine  The turbine efficiency 

DF The darcy’s law constant at the feed side of the RO in bar.s/m4 

DSPRO Dual Stage Pressure Retarded Osmosis 

e and g  The number of inlet and outlet streams in the mixer or the splitter 

ERD Energy recovery device 

HPP High-pressure pump 

i The Van’t Hoff factor 

JRO The product water flux of the RO in m/s 

KFL  The coefficient of the friction loss in the ERD in m 

kRO The mass transfer coefficient of the RO feed side in m/s 

LPP Low-pressure pump 

LRO The length of the pressure vessel of the RO in m 

lRO The length of the RO membrane module in m 

 Lubflow The lubricant flow in the ERD in m3/h 

 LubflowRatio The lubricant flow ratio in the ERD  

M The number of RO membranes in a single pressure vessel 

Mwt The solute molecular weight in g/mol 

%MixERD 
The mixing percentage between the high and the low pressurized streams of the 

ERD 

PDi,PRO The draw inlet pressure of the PRO in bar 

PDo,PRO The draw outlet pressure of the PRO in bar 

PdRO The pressure drop in the RO pressure vessel in bar 

PF,RO The feed pressure of the RO in bar 

Phi The high brine inlet pressure of the ERD in bar 

Pho The high feed outlet pressure of the ERD in bar 

Pli The low feed inlet pressure of the ERD in bar 

Plo The low brine outlet pressure of the PX in bar 

Pp,RO The product pressure of the RO in bar 

PPump,H The head pressure of the pump in bar 

PPump,i The pressure of the inlet stream of the pump in bar 

PPump,o The pressure of the outlet stream of the pump in bar 

PRO Pressure Retarded Osmosis 

PRO1  The first PRO unit 

PRO2 The second PRO unit 
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PTurbine,i The pressure of the inlet stream of the turbine in bar 

PTurbine,o The pressure of the outlet stream of the turbine in bar 

PX Pressure Exchanger  

QB,RO The brine flow rate of the RO in m3/h 

QDi,PRO The draw inlet flow rate of the PRO in m3/h 

QDo,PRO The draw outlet flow rate of the PRO in m3/h 

QF,RO The feed flow rate of the RO in m3/h 

Qhi The high-pressure brine inlet flow rate of the ERD in m3/h 

Qho The high-pressure feed outlet flow rate of the ERD in m3/h 

Qi,e and Qo,g  The inlet and outlet flow rate of each stream in the mixer or the splitter in m3/h 

Qli The low-pressure feed inlet flow rate of the ERD in m3/h 

Qlo The low-pressure brine outlet flow rate of the ERD in m3/h 

Qp,RO The product flow rate of the RO in m3/h 

QPump,i  The flow rate of the inlet stream of the pump in m3/h 

QPump,o The flow rate of the outlet stream of the pump in m3/s 

QTurbine,i The flow rate of the inlet stream of the turbine in m3/h 

QTurbine,o The flow rate of the outlet stream of the turbine in m3/h 

R The universal gas constant in m3.bar/mol.K 

RecvRO The recovery rate of the RO 

RecvPRO The recovery rate of the PRO 

σ The reflection coefficient 

RO Reverse Osmosis 

RO1 The first RO unit 

RO2 The Second RO unit 

SPRO The membrane structural parameter of the PRO membrane in m 

T Temperature in K 

W The energy generation of the PRO in kW 

WPump,Consumed The energy consumption of the pump in  kW 

WTurbine The energy generation of the turbine in  kW 

xPRO, yPRO Constants in mass transfer coefficient correlation of the PRO 

xRO, yRO Constants in mass transfer coefficient correlation of the RO 

ΔPRO Applied hydraulic pressure difference of the RO in bar 

ΔπRO Osmotic Pressure difference of the RO in bar 

 

 

 

 

1. Introduction 

Reverse osmosis (RO) has been recognized as the common technology for seawater treatment 

as the most efficient and affordable technology compared to other desalination processes [1-

3]. The theoretical specific energy consumption for seawater desalination is 1.06 kWh/m3 for 

seawater of 35 g/L total dissolved solids (TDS) and a 50% recovery rate [4]. For an RO plant 

with an energy recovery device, the specific power consumption depends on seawater TDS, 

which is less than 2.0 kWh/m3 for 35 g/L seawater [5, 6]. Compared to thermal desalination, 
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RO technology is more energy-efficient and has higher recovery rates [7]. Nevertheless, it is 

still considered an energy-intensive desalination process, limiting its affordability in countries 

with high energy prices [8]. There were attempts to reduce the RO energy consumption by 

coupling it with renewable energy sources such as solar energy [9, 10], geothermal [11, 12], 

wind energy [13, 14], and wave energy [15, 16]. Integrating the RO plant with renewable 
energy is constrained by their availability throughout the day; therefore, additional energy 

sources may be necessary to power the desalination plant. A relatively new type of renewable 

energy, pressure retarded osmosis (PRO), was suggested for coupling with RO desalination to 

reduce energy consumption [17-20]. The PRO process is a salinity gradient-operated 

technology that uses a slightly pressurized RO brine to convert a chemical potential to 

hydraulic energy [21-23]. The high-pressure RO brine will be pumped into the PRO membrane 

module for freshwater extraction from a lower salinity feed solution in the RO-PRO hybrid 

system. The diluted RO brine (the PRO draw solution) will be depressurized in a hydro-turbine 

system for energy recovery. Previous studies demonstrated that the power consumption of RO 

desalination could be reduced by 14 to 40% when coupled with the PRO process [24].  

Several studies considered coupling the PRO process with the RO desalination plant to reduce 

energy consumption and brine discharge to the sea. For instance, Altaee et al. [25] investigated 

the performance of the RO-PRO hybrid system for energy generation. The study underlined 

the advantage of coupling the RO with the PRO system to reduce the energy consumption of 

the RO plant by 31%. Results also showed that reducing the draw solution flow rate reduced 

the RO plant energy consumption. In another study, Quan et al. (2019) [24] investigated the 

impact of feed temperature on the energy harvested from an RO brine using a PRO unit. The 

study revealed a 14.41% to 17.93% reduction in the specific energy consumption could be 

achieved by increasing the PRO operating temperature from 25 oC to 50 oC. Moreover, it was 

noticed that the PRO operating pressure has an inverse relationship with the specific energy 

consumption of the RO-PRO hybrid system.  

 

Another RO-PRO hybrid study determined the RO recovery rate and feed concentration 

influence on the PRO membrane area, feed pressure, and draw solution concentration [26]. 

Using 35 g/L seawater feed solution in the RO plant at a 52% recovery rate produced a 

maximum power density of 24 W/m2. However, increasing the seawater salinity to 45 g/L and 

reducing the recovery rate to 46% increased the PRO power density to 28 W/m2. The study 

also reported that adding the PRO system to the RO system caused an 18% increase in the RO 

recovery rate. He et al. [27] demonstrated that a standalone RO desalination system with an 

energy recovery device required an optimum net specific energy consumption of around 1.6 

kWh/m3 at a 50% RO recovery rate. At the same recovery rate, coupling the RO desalination 

system with a PRO unit and energy recovery device caused a 1 kWh/m3 drop in the optimum 

net specific energy consumption of the RO plant. The results suggest that adding the PRO 

system to the RO system could reduce the optimum net specific energy consumption to around 

38%. 

 

Touati et al. [28] proposed a hybrid system of two RO units (2RO), an energy recovery device, 

a pressure exchanger, a turbine, and two PRO units. Each RO membrane unit was coupled 

individually with a PRO system. The specific energy generation of the first PRO stage at a 50% 

recovery rate and 80% draw stream dilution was 0.15 kWh/m3. In the second PRO process 

operating under the same conditions, the specific energy consumption was 0.57 kWh/m3. 

Results also revealed that energy generation had an inverse relationship with the RO recovery 
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rate. Nevertheless, the study did not include optimization of the specific energy consumption. 

It should be noted that the 2RO plant is a common design for optimizing the quality of the 

product water [29]. A dual-stage PRO (DSPRO) process would be suitable for optimizing the 

performance of the 2RO plant in a fully integrated RO-PRO hybrid system. However, studies 

that considered the coupling of the DSPRO with the 2RO plant and hybrid system optimization 

are scarce [28, 30]. In the DSPRO process, the draw solution from the first PRO stage is 

coupled with a fresh feed solution in the second PRO stage to reduce the concentration 

polarization effect and improve the harvested energy from the salinity gradient resource [31, 

32].  

 

This study evaluated the performance of the 2RO-DSPRO based on the RO specific energy 

consumption and PRO net specific energy generation as objective functions. Furthermore, 

model-based optimization will enable the plant for a hybrid 2RO-DSPRO system. Accordingly, 

this study evaluated the energy efficiency of the 2RO-DSPRO hybrid system (Fig. 1). In the 

2RO-DSPRO system, RO1 brine is partially depressurized in the ERD2 before going to the 

PRO1 for freshwater extraction from the wastewater feed solution. When leaving the PRO1, 

the diluted draw solution goes to ERD1 to partially pressurize a seawater feed solution. A 

partially depressurized diluted draw solution will leave ERD1 and enter the PRO2 unit for 

freshwater extraction from a wastewater feed solution before splitting it into two streams. The 

first stream goes to a hydro turbine for power generation, and the second stream goes to ERD3 

to depressurize the RO1 permeate that forms the RO2 feed solution. The study developed 

separate models for the RO and PRO processes using the “Modelica” modelling language 

through the Dymola software. The RO and the PRO models were validated using experimental 

data. The performance of the 2RO plant was compared with the 2RO-DSPRO plant at different 

recovery rates and seawater salinities of 40 g/L and 45 g/L. To the best of the authors' 

knowledge, no study is yet available about the 2RO-DSPRO hybrid system and system 

optimization to minimize the specific energy consumption of the desalination process.  

 

 
Fig. 1: The 2RO-DSPRO hybrid system 
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2. Methodology  

 

The hybrid system of the two-pass RO-DSPRO (2RO-DSPRO) includes a turbine, high-

pressure pump (HPP), low-pressure pump (LPP), and an energy recovery device (ERD) (Fig. 

1). Mathematical models were separately defined in Dymola software for the RO and PRO 

systems. Accordingly, the other processes' mathematical models will be introduced in this 

section. The modelling language Modelica is used to model and simulate the RO and the PRO 

processes by Dymola software and system components such as turbines, pumps, and energy 

recovery devices. Simulations were performed on the RO and PRO models to determine the 

applicable range of operating variables. 

 

 

2.1 The RO Model 

 

The RO process model is developed by interacting mass and momentum equations and 

membrane transport and concentration polarization models. There are eight membrane 

elements in the pressure vessel of the RO1 system and seven membrane elements in the 

pressure vessel of the RO2 system. The water flux in the RO unit is calculated based on the 

following equation: 

 

𝐽𝑅𝑂 = 𝐴𝑤𝑅𝑂(∆𝑃𝑅𝑂 − 𝜎∆𝜋𝑅𝑂)                                                                                                 (1) 

 

where JRO is the water flux in the RO process, AwRO is the water permeability, ∆PRO is the 

difference in the applied pressure, σ is the reflection coefficient, and ∆πRO is the difference in 

the osmotic pressure which is calculated by the next equation: 

 

∆𝜋𝑅𝑂 = (
𝑖∗𝑅∗𝑇

𝑀𝑤𝑡
)(𝐶𝐹𝑚,𝑅𝑂 − 𝐶𝑝,𝑅𝑂)                                                                                           (2) 

 

Where, i is the Van’t Hoff factor, R is the real gas constant, T is the feed solution temperature, 

Mwt is the molecular weight of the solute, CFm,RO is the feed membrane side concentration, and 

Cp,RO is the product concentration. To determine the product concentration, the equation of the 

concertation polarization is included with the flux of the solute by the SK model [30] in the 

RO model, and these are described next: 

 

(𝐶𝐹𝑚,𝑅𝑂−𝐶𝑝,𝑅𝑂)

(𝐶𝐹,𝑅𝑂−𝐶𝑝,𝑅𝑂)
= 𝑒

𝐽𝑅𝑂
𝑘𝑅𝑂                                                                                                              (3) 

 

Equation (3) represents the film theory's concentration polarization, where CF,RO is the 

concentration of the feed solution, and kRO is the mass transfer coefficient. Equation (4) 

represents the flux of the solute by the SK model: 

 

𝐶𝑝,𝑅𝑂

𝐶𝐹,𝑅𝑂
(1+ (

𝜎

1−𝜎
) (1− 𝑒

−𝐽𝑅𝑂(1−𝜎)
𝐵𝑅𝑂
⁄

)) = 𝑒
𝐽𝑅𝑂
𝑘𝑅𝑂                                                                       (4) 
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Where, BRO is the solute permeability. Darcy’s model is used to determine the pressure drop 

along the spiral wound membrane as the hydraulic pressure could be varied through the length 

of the membrane as a function of the feed solution flow rate [33]. For simplicity, the pressure 

and flow rate are taken to average inlet and outlet conditions. Thus, the pressure drop (PdRO) 

in the pressure vessel is calculated as follows: 

 

𝑃𝑑𝑅𝑂 = 𝐿𝑅𝑂 ∗ 𝐷𝐹
𝑄𝐹,𝑅𝑂+𝑄𝐵,𝑅𝑂

2
                                                                                                 (5) 

 

where LRO is the pressure vessel length which is equal to the multiplication of the length of one 

membrane module (lRO) times the number of the membrane modules in one pressure vessel 

(M), DF is Darcy’s law constant for the feed solution, QF,RO, and QB,RO is the flow rate of the 

feed and brine solutions, respectively. It is presumed that the pressure of the product solution 

is 1.5 bar, and the pressure drop in the feed and permeate sides is negligible. The difference in 

the hydraulic pressure across the RO membrane (∆PRO) is given as follows: 

 

∆𝑃𝑅𝑂 = 𝑃𝐹,𝑅𝑂 −
𝑃𝑑𝑅𝑂

2
− 𝑃𝑝,𝑅𝑂                                                                                                (6) 

 

where PF,RO is the hydraulic feed pressure, and Pp,RO is the product pressure. The mass transfer 

coefficient (kRO) is calculated by the following correlation with “xRO” and “yRO” are empirical 

constants: 

 

𝑘𝑅𝑂 = 𝑥𝑅𝑂 (
𝑄𝐹,𝑅𝑂+𝑄𝐵,𝑅𝑂

2
)
𝑦𝑅𝑂

                                                                                                   (7) 

 

The product flow rate is calculated from the following equation: 

 

𝑄𝑝,𝑅𝑂 = 𝐽𝑅𝑂 ∗ 𝐴𝑚𝑅𝑂 ∗ 𝑀                                                                                                        (8) 

 

where AmRO is the RO membrane area and M is the number of the membrane modules in a 

pressure vessel. The mass balance equations are included in the model too and added below: 

 

𝑄𝐹,𝑅𝑂 = 𝑄𝐵,𝑅𝑂 +𝑄𝑝,𝑅𝑂                                                                                                           (9) 

 

𝑄𝐹,𝑅𝑂 ∗ 𝐶𝐹,𝑅𝑂 = 𝑄𝐵,𝑅𝑂 ∗ 𝐶𝐵,𝑅𝑂 + 𝑄𝑝,𝑅𝑂 ∗ 𝐶𝑝,𝑅𝑂                                                                     (10) 

 

Where, CB,RO is the brine solution concentration. The last equation of the RO model is the one 

of the recovery rate (RecvRO), and it is found as follows: 

 

𝑅𝑒𝑐𝑣𝑅𝑂% =
𝑄𝑝,𝑅𝑂

𝑄𝐹,𝑅𝑂
∗ 100%                                                                                                     (11) 

 

2.2 The PRO Model 

 

The chosen PRO model in this study is a radial flow model, where feed and draw solutions 

flow in the radial and axial directions, respectively. The membrane module suggested is a 
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hollow fibre membrane, where the mathematical model for the HF PRO model is discussed in 

detail in the literature [34]. 

The total energy generation (W) and the recovery rate (RecvPRO) of the PRO are determined by 

the next equations [35]: 

 

𝑊 = (𝑄𝐷𝑜,𝑃𝑅𝑂 ∗ 𝑃𝐷𝑜,𝑃𝑅𝑂) − (𝑄𝐷𝑖,𝑃𝑅𝑂 ∗ 𝑃𝐷𝑖,𝑃𝑅𝑂)                                                                   (12) 

 

 

𝑅𝑒𝑐𝑣𝑃𝑅𝑂 =
𝑄𝐷𝑜,𝑃𝑅𝑂−𝑄𝐷𝑖,𝑃𝑅𝑂

𝑄𝐷𝑜,𝑃𝑅𝑂
∗ 100%                                                                                       (13) 

 

Where, QDo,PRO, and QDi,PRO is the outlet and the inlet draw flow rate of the PRO unit, 

respectively, and PDo,PRO, and PDi,PRO is the outlet and inlet draw stream pressure of the PRO 

unit, respectively. 

 

2.3 The Pump Model 

 

The pumps were used in the models for pumping the feed seawater to the RO unit at a fixed 

pressure. The mass balance of the pump is given below: 

 

𝑄𝑃𝑢𝑚𝑝,𝑖 = 𝑄𝑃𝑢𝑚𝑝,𝑜                                                                                                                 (14) 

 

Where, QPump,i, and QPump,o are the inlet and outlet flow rates, respectively. The next equation 

is the momentum balance of the pump: 

 

𝑃𝑃𝑢𝑚𝑝,𝑜 = 𝑃𝑃𝑢𝑚𝑝,𝑖 + 𝑃𝑃𝑢𝑚𝑝,𝐻                                                                                                (15) 

 

where PPump,o, PPump,i, PPump,H are the outlet, inlet, and head pressures, respectively. The energy 

consumed by the pump (WPump,Consumed) is determined as follows: 

 

𝑊𝑃𝑢𝑚𝑝,𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 =
𝑄𝑃𝑢𝑚𝑝,𝑖∗𝑃𝑃𝑢𝑚𝑝,𝐻

𝜂𝑃𝑢𝑚𝑝
                                                                                        (16) 

 

Where, ηPump is the pump efficiency.  

 

2.4 The Energy Recovery Device (ERD) Model  

 

Two streams are entering the ERD, the high-pressure one and the low-pressure one, as shown 

in Fig. 2. The high-pressure stream will leave the device at lower pressure (Pho) compared to 

its inlet pressure (Phi), while the low-pressure stream will leave at higher pressure (Plo) 

compared to its inlet pressure (Pli). The mass balance equations in the ERD are given below: 

 

𝑄ℎ𝑜 − 𝑄ℎ𝑖 = 𝑄𝑙𝑖 − 𝑄𝑙𝑜                                                                                                           (17) 

 

𝑄𝑙𝑖𝐶𝑙𝑖 +𝑄ℎ𝑖𝐶ℎ𝑖 = 𝑄𝑙𝑜𝐶𝑙𝑜 + 𝑄ℎ𝑜𝐶ℎ𝑜                                                                                      (18) 
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Where, Qhi, Qho, Qli, and Qlo are the inlet flow rate of the high-pressure stream, the high-

pressure outlet stream, the low-pressure inlet stream, and the low-pressure outlet stream, 

respectively, Chi, Cho, Cli, and Clo is the concentration of the high-pressure inlet stream (brine 

inlet), of the high-pressure outlet stream (feed outlet), of the low-pressure inlet stream (feed 

inlet), and the low-pressure outlet stream (brine outlet), respectively. 

 

 
Fig. 2: Representative figure of energy recovery device. 

 

Through the mixing of the two streams of different pressures in the ERD, the outlet 

concentrations of these streams will vary accordingly and can be estimated by defining the 

mixing percentage (%MixERD) in the ERD as the following: 

 

%𝑀𝑖𝑥𝐸𝑅𝐷 =
𝐶𝑙𝑜−𝐶𝑙𝑖

𝐶ℎ𝑖−𝐶ℎ𝑜
∗ 100%                                                                                                 (19) 

 

The following equation is used to calculate the outlet pressure of the low-pressure stream (Plo) 

based on Bernoulli’s equation [36]:  

 

𝑃𝑙𝑜 =
𝜂𝐸𝑅𝐷(𝑄ℎ𝑖𝑃ℎ𝑖−𝑄ℎ𝑜𝑃ℎ𝑜)+𝑄𝑙𝑖𝑃𝑙𝑖−𝐾𝐹𝐿(𝜂𝐸𝑅𝐷𝑄ℎ𝑜𝜌𝑤𝑎𝑡𝑒𝑟(

𝑄ℎ𝑖
𝐴𝐸𝑅𝐷

2
)−𝑄𝑙𝑜𝜌𝑤𝑎𝑡𝑒𝑟(

𝑄𝑙𝑖
𝐴𝐸𝑅𝐷

2
))

𝑄𝑙𝑜
                          (20) 

 

where, ηERD is the ERD efficiency, Phi, Pho, Pli, and Plo are the pressure of the high-pressure 

inlet stream, the pressure of the high-pressure outlet stream, and the pressure of the low-

pressure inlet stream. In the low-pressure outlet stream, ρwater is the density of the feed water, 

KFL is the friction loss coefficient, and AERD is the inlet's side cross-sectional area of the energy 

recovery device. Next is the lubricant flow (Lubflow) equation in the ERD as a small amount of 

the high-pressure stream will flow towards the low-pressure stream: 

 

𝐿𝑢𝑏𝑓𝑙𝑜𝑤 = 𝐿𝑢𝑏𝑓𝑙𝑜𝑤𝑅𝑎𝑡𝑖𝑜 ∗ 𝑄ℎ𝑖                                                                                                (21) 

 

LubflowRatio is the ratio of the lubricant flow and the inlet flow of the high-pressure stream.   

  

2.5 The Mixer and The Splitter Models 

 

The mixer is used to mix the multiple streams, while the splitter divides one stream into 

multiple streams. The pressure drop in both models is suggested to be neglected for simplicity. 

The mass balance for both models is given next: 

 

∑ 𝑄𝑖,𝑒
𝑒
1 = ∑ 𝑄𝑜,𝑔

𝑔
1                                                                                                                     (22) 
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where e and g are the number of inlet and outlet streams in the corresponding model, Qi,e, and 

Qo,g are each stream's inlet and outlet flow rate in the corresponding system. The outlet 

concentration of all streams leaving the splitter will equal the concentration of the inlet stream. 

On the other hand, the concentration of the outlet stream in the mixer will be determined by 

the solute balance as the following: 

 

∑ 𝑄𝑖,𝑒𝐶𝑖,𝑒
𝑒
1 = ∑ 𝑄𝑜,𝑔𝐶𝑜,𝑔

𝑔
1                                                                                                         (23) 

 

where Ci,e, and Co,g are each stream's inlet and outlet concentration in the corresponding system. 

 

2.6 The Turbine Model 

The turbine is utilized to produce the energy from the inlet pressure head. The next equations 

are the mass balance and the pressure head for the turbine: 

𝑄𝑇𝑢𝑟𝑏𝑖𝑛𝑒,𝑖 = 𝑄𝑇𝑢𝑟𝑏𝑖𝑛𝑒,𝑜                                                                                                           (24) 

𝑃𝑇𝑢𝑟𝑏𝑖𝑛𝑒,𝑜 = 𝑃𝑇𝑢𝑟𝑏𝑖𝑛𝑒,𝑖 − 𝑃𝑇𝑢𝑟𝑏𝑖𝑛𝑒,𝐻                                                                                      (25) 

where QTurbine,i, and QTurbine,o are the flow rate of the inlet and the outlet streams of the turbine, 

PTurbine,i, and PTurbine,o are the pressure of the inlet and the outlet streams of the turbine and 

PTurbine,H is the head pressure used in the turbine to produce the energy (WTurbine) which is 

determined as next: 

 𝑊𝑇𝑢𝑟𝑏𝑖𝑛𝑒 = 𝜂𝑇𝑢𝑟𝑏𝑖𝑛𝑒 ∗ 𝑄𝑇𝑢𝑟𝑏𝑖𝑛𝑒,𝑖 ∗ 𝑃𝑇𝑢𝑟𝑏𝑖𝑛𝑒,𝐻                                                                     (26) 

In Equation 26, ηTurbine is the turbine efficiency.  

2.7 RO-PRO Hybrid System 

 

The performance of S1-C1 (2RO) and S2-C1 (2RO-DSPRO) was carried out at 40 g/L seawater 

salinity to compare recovery rate, permeate concentration, and the net specific energy 

consumption (NSEC). In the S1-C1 system, the permeate from the RO1 membrane will form 

the feed to the RO2 membrane to provide high-quality freshwater (Fig. 3). For the S2-C1 

system, the RO1 permeate and brine will be the feed to the RO2 and the draw solution to the 

PRO1, respectively (Fig. 1). Then, the diluted draw solution from the PRO1 will form the draw 

solution of the PRO2 system, using a new wastewater feed solution. The performance of S1-

C2 (2RO) and S2-C2 (2RO-DSPRO) was also carried out at 45 g/L seawater salinity to 

compare recovery rate, permeate concentration, and the net specific energy consumption 

(NSEC) with S1-C1 and S2-C1 systems. The systems' performance was evaluated at recovery 

rates between 30 and 46% to determine the net specific energy consumption for desalination. 

 

The permeate from the RO1 membrane in the S1-C2 system will form the feed of the RO2 

membrane (Fig. 3). For the S2-C2 system, the RO1 permeate and brine will be the feed to the 

RO2 and the draw solution to the PRO1, respectively (Fig. 1). Then, the diluted PRO1 draw 

solution will form the inlet draw solution of the PRO2 system, using a new wastewater feed 
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solution. The seawater feed flow rate to the HPP4 (Fig. 3) in S1-C2 and the HPP3 (Fig. 1) in 

S2-C2 was fixed at 172.8 m3/h and 162 m3/h, respectively.  

 

 

3. Results and Discussion  

 

Two scenarios are determined in this study i) two-pass reverse osmosis system (2RO) (Fig. 3) 

and ii) two-pass reverse osmosis-dual stage pressure retarded osmosis system (2RO-DSPRO) 

(Fig. 1). The first system consists of 2RO units, with one ERD proposed for freshwater 

production. The 2RO-DSPRO system will produce freshwater and benefit from the energy 

generation by the DSPRO.  

The seawater is pumped by the high-pressure pump (HPP1) and introduced to the ERD in the 

2RO system (Fig. 3) as the low-pressure stream inlet, while the RO1 brine will be the high-

pressure stream inlet. The energy will be exchanged in the ERD from the RO1 brine to the 

seawater, which after leaving the ERD, goes to pump HPP3 and mixed with another high-

pressure seawater stream. The RO1 feed stream represents the outlet stream of the mixer. The 

RO1 product stream will be pressurized in the low-pressure pump (LPP) and sent to the RO2 

for freshwater production (RO2 product), and the RO2 brine goes to a turbine for energy 

recovery. 

 

 
Fig. 3: Schematic diagram of the two-pass RO system for seawater desalination. 

 

The other proposed 2RO-DSPRO hybrid system consists of two RO units (RO1 and RO2) and 

a DSPRO system (PRO1 and PRO2) (Fig. 1). The system includes three ERDs (ERD1, ERD2, 

and ERD3) to exchange energy between various streams of different flow rates, concentrations, 

and pressures. Initially, seawater is pressurized by pump HPP3 and mixed with the low-

pressure stream outlet from ERD2 to form the feed stream of the RO1 unit. The RO1 brine 

stream will be sent to ERD2 to exchange its energy with the low-pressure stream inlet coming 

from the low-pressure stream outlet from ERD1 (Fig. 1). The high-pressure stream outlet from 

ERD2 will be the draw solution inlet of the PRO1, in which wastewater solution will be the 

feed inlet stream. The draw solution outlet of the PRO1 will be sent to ERD1 to exchange 

energy with the low-pressure seawater inlet of ERD1. In the second DSPRO stage, wastewater 

is the feed inlet stream, while the high-pressure stream outlet of ERD1 forms the draw solution 

inlet. Then, the draw outlet stream of PRO2 will go to the ERD3 to exchange energy with the 
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product stream of the RO1. The low-pressure stream outlet of the ERD3 will be the feed stream 

of the second RO unit, i.e. RO2, for further treatment and freshwater production.  

As shown in Fig. 1 and 3, the main difference between the two systems is the addition of the 

DSPRO in the second system. The DSPRO will be responsible for energy generation to 

minimize the net specific energy consumption of the RO plant. The efficiency of HPP, LPP, 

and ERD is 80%, 80%, and 96%, respectively. Four scenarios of 2RO and 2RO-DSPRO were 

investigated in this study with 40 g/L and 45 g/L seawater salinities (Table 1). Scenarios S1-

C1 and S1-C2 are for the 2RO system without the DSPRO process, and scenarios S2-C1 and 

S2-C2 with the DSPRO process. The salinity of the feed solution of DSPRO stages one and 

two was fixed at 1 g/L, while the pressure of the feed solutions was fixed at 1.5 bar, and the 

feed solution flow rate was fixed at 163 m3/h. On the other hand, the inlet pressures of the draw 

solution of the first and second DSPRO stages are fixed at 39 and 26.5 bar, respectively.  

Table 1: Type of investigated RO and RO-PRO systems and seawater salinities.  

System and Case 

Number 

Abbreviation RO Units PRO Units Seawater Salinity 

(g/L) 

System 1-Case 1 S1-C1 2 - 40 

System 2-Case 1 S2-C1 2 2 40 

System 1-Case 2 S1-C2 2 - 45 

System 2-Case 2 S2-C2 2 2 45 

 

This section will include the RO model validation, the PRO model validation, the comparison 

of systems net specific energy consumption, the total energy consumed, the total energy 

generated, the net energy consumed, and the final product concentration.  

  

3.1 The RO and PRO Models Validation 

 

Data from the RO model in Dymola was validated using experimental data of a spiral wound 

DOW Filmtech (FT-30) RO membrane system [30] of 32 g/L (Table 2). The main parameters 

of the model as xRO, yRO, AwRO, BRO, σ, and DF were determined by using the experimental data 

to rationalize the model results. Table 2 shows that the absolute percentage error, the difference 

between the model and the experimental data divided by the experimental data, was between 

0.13-10.47 %.  

 

Table 2: The validation results of the RO model.  

Feed flow 

rate 

(m3/h) 

Feed 

pressure 

(bar) 

 

Parameter 

 

Experimental 

Result 

 

Model 

Result 

 

Error 

% 

 

1047.6 

  

50.47 

Product Flow Rate (m3/h) 336.24 351.00 4.39 

Product Concentration (g/L)  0.044 0.0415 5.71 

Brine Pressure (bar) 48.23 49.39 2.40 

  Product Flow Rate (m3/h) 417.60 420.48 0.7 
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1047.96 55.81 Product Concentration (g/L)  0.049 0.0442 9.79 

Brine Pressure (bar) 54.72 54.79 0.13 

 

1047.96 

 

60.28 

Product Flow Rate (m3/h) 460.80 475.20 3.12 

Product Concentration (g/L)  0.052 0.0466 10.47 

Brine Pressure (bar) 59.22 59.30 0.14 

 

The pilot plant PRO experiments were performed in the Water and Energy Nexus Laboratory, 

Indian Institute of Technology Guwahati, using a Toyobo hollow fibre (HF) CTA membrane 

module. The membrane area is 63 m2, and the effective length is 0.78 m. Toyobo membranes 

can tolerate hydraulic pressure of 30 bar compared to 10 bar for TFC and CTA FO membranes 

made by Hydration Technology Innovation (HTI, USA) [37]. High pure NaCl purchased from 

Sigma Aldrich was used to prepare the draw solution with different salinity gradients. The 

schematic diagram of the experimental setup is shown in Fig. 4. The experimental PRO setup 

consists mainly of the Toyobo HF PRO membrane module, four tanks for the feed and the draw 

solutions, a temperature controller for input feed and the draw solutions tank by circulating 

cold water, and two pumps for pumping the feed and the draw solutions to HF PRO module. 

The pressure, temperature, flow rate, and volume of the inlet and outlet feed and draw solution 

were recorded using the data acquisition system (DAS). All the experiments in the current 

study were performed in counter-current mode, where the feed solution was circulated on the 

fibre lumen side and the draw solution on the shell side of the HF membrane module. Before 

the start of the experiment, the feed solution side was closed. Then, the draw solution was 

circulated in the shell side of the membrane till reaching a steady-state concentration of the 

draw solutions inlet and outlet, measured by conductivity sensors. The feed solution is passed 

through the fibre lumen at a constant flow rate by switching on the feed pump VFD. Each 

experiment was performed three times, and the average of the results was recorded to ensure 

the accuracy of the results. 
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Fig. 4: Schematic diagram of the PRO experimental setup 

 

The PRO plug flow model was validated for a Toyobo HF membrane module (HP5230SI) 

using Dymola software. The obtained water permeability (AwPRO), the salt permeability 

coefficient (BPRO), the membrane structural parameter (SPRO), and the mass transfer coefficients 

for the feed (xPRO and yPRO) of the Toyobo membrane are 1*10-7 m/bar.s, 6.2*10-9 m/s, 880*10-

6 m, 0.002068 bar.s/m4, and 0.501, respectively. The validation results of the PRO model 

showed a 1.45% to 15% error between the experimental water flux results and the PRO model 

water flux results (Fig. 5). 

 

 
Fig. 5: The model water flux versus the experimental water flux of the PRO system.  

 

 

3.2 2RO and 2RO-DSPRO Systems of 40  g/L Seawater 

The 2RO and 2RO-DSPRO systems' performance was evaluated at recovery rates between 26 

and 49%, and the net specific energy consumption was calculated from the following 

expression:                                                                    

𝑁𝑆𝐸𝐶 =
1

𝑄𝑝
∗ (∑ 𝑊𝑃𝑢𝑚𝑝

𝑃𝑁
1 − ∑ 𝑊𝑇𝑢𝑟𝑏𝑖𝑛𝑒

𝑇𝑁
1 )                                                                (27) 

where, NSEC is the net specific energy consumption in kW.h/m3, PN is the number of the 

pumps in the system, TN is the turbines number in the system, WPump is the consumed energy 

by the pump in kW, WTurbine is the generated energy by the turbine in kW, and Qp is the final 
product water flow rate in m3/h.  

The seawater feed flow rate to the HPP4 (Fig. 3) in S1-C1 and the HPP3 (Fig. 1) in S2-C1 was 

fixed at 172.8 m3/h and 162 m3/h, respectively. Fig. 6a shows that the RO2 permeate 

concentration (the final product stream) was higher in S2-C1 compared to S1-C1. The reason 

for this is that the feed stream of the RO2 unit in S1- C1 represents the product stream of RO1 

(Fig. 3), while, in S2-C1, it is the low-pressure stream outlet of ERD 3 (Fig. 1), which is more 

concentrated than the RO1 product stream in S1-C1. Nevertheless, the final product 

concentration of both systems shows exceptionally low salinity compared to the allowable 
drinking water limits (0.25 g/L) [38]. Interestingly, the product concentration of S1-C1 slightly 
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increased with the RO1 feed pressure due to the recovery rate increase; hence, the bulk 

concentration of feed solution in the RO1 increased. For the S2-C1, the product concentration 

decreased with increasing the RO1 feed pressure due to the RO1 feed flow rate increase. As 

feed pressure increases, the RO1 recovery rate and brine concentration increase, increasing the 

PRO1 permeation flux and, hence, the ERD1 low-pressure flow rate that composes the feed 
stream to the RO1 unit (Fig. 1). Moreover, Fig. 6b and Fig. 6c show an increase in the SEC of 

the RO1 with the increase in the RO recovery rate of S1-C1 and S2-C1 due to the greater feed 

pressure required to overcome the brine osmotic pressure [30]. The RO1 energy consumption 

of the S1-C1 and S2-C1 systems is almost the same, while the RO2 energy consumption was 
higher in the S2-C1 system due to higher feed salinity.  

The NSEC of S1-C1 and S2-S1 was calculated for the recovery rates ranging from 26 to 49% 
by varying the RO feed pressure (Fig. 5d). The NSEC decreased with increasing the feed 

pressure, then increased again at 66 bar for S1-C1 and 69 bar for S2-C1. However, NSEC was 

lower in the S2-C1 system than in the S1-C1 system, indicating the role of PRO in reducing 

desalination energy consumption. For example, at 60 bar, the NSEC of the S2-C1 system was 

0.34% lower than that of the S1-C1 system and increased to 15.3% at 74 bar. Similar results 

were found in the literature [30]. The authors suggested that utilizing a hybrid SWRO-PRO 

system at 32 g/L draw solution and 1 g/L feed solution saved 16% of the net energy 

consumption compared to the SWRO system. In general, the profile of NSEC on S1-C1 and 

S2-C1 agrees with the literature findings that the RO energy consumption reaches an optimum 

value at a certain recovery rate and then increases due to the increased bulk feed concentration 
[39]. As shown in Fig 6d, the energy consumption increased at a hydraulic pressure of > 66 bar 

for the S1-C1 system and at a hydraulic pressure of > 69 bar for the S1-C1 system due to the 
high energy demand in the RO system. 

The RO1 membrane system is practically responsible for the most desalination energy 

consumption due to high seawater feed salinity (Fig. 6e). In the S1-C1 system, the RO1 was 

responsible for 93.5 and 89.8% of total energy consumption at 60 and 74 bar feed pressure. 
The corresponding values for the S2-C1 system are 89.9 and 85.1% of the total energy 

consumption at 60 and 74 bar feed pressure. In contrast, 6.5 to 10.2% of the total energy 

consumption was in the RO2 of the S1-C1 system and 10.1 to 14.9% in the RO2 of the S2-C1 

system. The difference between the RO1 energy consumption of S1-C1 and S2-C1 systems is 

7.4% at 60 bar feed pressure and decreased to 5.2% at 74 bar feed pressure. For the RO2 

membrane, the energy consumption in the S1-C1 system was lower than in the S2-C1 system. 

The RO2 energy consumption of the S2-C1 system was 49% higher than that of the S1-C1 
system at 60 bar and 46.4% at 74 bar.  
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Fig. 6: (a) The product concentration of S1-C1 and S2-C1 with the variation of the RO feed 

pressure, (b) The SEC of RO1 and RO2 of S1-C1 with the variation of the RO recovery rate, 

(c) The SEC of RO1 and RO2 of S2-C1 with the variation of the RO recovery rate, (d) The 

NSEC of S1-C1 and S2-C1 with the variation of the RO feed pressure, (e) The energy 

consumption of RO1 and RO2 of S1-C1 and S2-C1 with the variation of the RO feed pressure.  

 

Moreover, Fig. 7a displays the energy efficiency of S1-C1 and S2-C1 systems at 39-47% 

recovery rates. There is an 11.2 to 14.7% decrease in the NSEC of the S2-C1 compared to the 

S1-C1 system (Fig. 7a). The NSEC of the S1-C1 system increased by increasing the recovery 

rate from 39 to 47%. In comparison, the NSEC of the S2-C1 system decreased with the 

recovery rate and reached the lowest value of 2.9 kWh/m3 at a 45% recovery rate before it 

increased again. The NSEC of the S1-C1 system at a 45% recovery rate is 3.4 kWh/m3, which 

is 14.7% higher than that of the S2-C1 system.  

Fig. 7b and 6c show the energy generation and water flux of the DSPRO process in the S2-C1 

system. The energy generation of the first PRO stage (PRO1) increased with increasing the 

recovery rate of the RO system (Fig. 7b) due to the increased water flux (Fig. 7c). Overall, the 

PRO water flux is directly proportional to the net pressure difference in the PRO [30]. The net 

pressure difference in PRO2 (∆π-∆P) has decreased with increasing the recovery rate (Fig. A), 
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and that causes the drop in the energy generation and the water flux of the PRO2, as shown in 

Fig. 7b and 7c, respectively.  

The maximum energy generation of the PRO1 in the S2-C1 system was 102.7 kW. For the 

second PRO stage (PRO2) of the DSPRO process, the energy generation decreased with 

increasing the RO recovery rate (Fig. 7b) due to the decreased water flux (Fig. 7c). The higher 

energy generation of the PRO2 was 71.9 kW at a 39% recovery rate. The maximum energy 

generation of the PRO1 is 40.9% higher than that of the PRO2, underlining the fact that PRO1 

is responsible for the most energy generated in the DSPRO process.  
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Fig. 7: (a) The NSEC of S1-C1 and S2-C1 with the variation of the recovery rate, (b) The 

energy generation of PRO1, PRO2, and the total energy generation with the variation of the 

recovery rate of S2-C1, (c) The water flux of PRO1 and PRO2 with the variation of the recovery 

rate of S2-C1. 

 

3.3 2RO System and 2RO-DSPRO System of 45 g/L Seawater  

The permeate concentration (the RO2 product) was higher in the S2-C2 system than in the S1-
C2 system (Fig. 8a). This is because the feed stream of the RO2 unit in the S1-C2 system is the 

RO1 product (Fig. 3), while it is the low-pressure outlet stream of ERD 3 in the S2-C2 system 

(Fig. 1). The latter stream is more concentrated than the RO1 product stream in the S2-C2 

system. The final product concentration of S1-C2 and S2-C2 systems are much lower than the 

allowable drinking water limits (0.25 g/L) [38]. Results also showed that the product 

concentration of the S1-C2 system slightly increased with the RO1 feed pressure due to the 

recovery rate increase, which in turn increased the bulk concentration of feed solution in the 

RO1. For the S2-C2 system, the product concentration was reduced with the increase of the 

RO1 feed pressure due to the increase of the RO1 feed flow rate. As feed pressure increases, 

the RO1 recovery rate and brine concentration increase, increasing the PRO1 permeation flux 

and, hence, the ERD1 low-pressure flow rate that forms the feed stream to the RO1 membrane 
(Fig. 1). Furthermore, Fig. 8b and Fig. 8c show an increase in the SEC of the RO1 with the 

increase of the RO recovery rate of S1-C2 and S2-C2, respectively [30]. The energy 

consumption of RO1 was similar in the S1-C2 and S2-C2 systems, but the RO2 energy 

consumption was higher in the S2-C2 system than in the S1-C2 system due to the higher feed 
salinity. 

The NSEC of S1-C2 and S2-C2 systems was calculated for the recovery rates ranging from 30 

to 46% by varying the RO feed pressure (Fig. 8d). The NSEC decreased with increasing the 

feed pressure, then increased again at 71 bar for the S1-C2 system and 74 bar for the S2-C2 

system. However, NSEC was lower in the S2-C2 system than in the S1-C2 system, 

emphasizing the PRO merit in reducing the desalination energy consumption. For example, at 

67 bar, the NSEC of the S2-C2 system was 10.43% lower than that of the S1-C2 system and 

increased to 17.37% at 77 bar. In general, the profile of NSEC for S1-C2 and S2-C2 systems 

agrees with the literature findings that the RO energy consumption reaches an optimum value 
at a certain recovery rate and then increases due to the increased bulk feed concentration [39].  
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The RO1 membrane system is practically responsible for the most desalination energy 

consumption due to high seawater feed salinity (Fig. 8e). In the S1-C2 system, the RO1 was 

responsible for 94.1 and 91.0% of total energy consumption at 67 and 77 bar feed pressure. 

The corresponding values for the S2-C2 system are 89.1 and 86.5% of the total energy 

consumption at 67 and 77 bar feed pressure. In contrast, 5.9 to 8.9% of the total energy 

consumption was in the RO2 of the S1-C2 system and 10.9 to 13.5% in the RO2 of the S2-C2 

system. The difference between the RO1 energy consumption of S1-C2 and S2-C2 systems is 

24.9% at 67 bar feed pressure and decreased to 7.5% at 77 bar feed pressure. For the RO2 

membrane, the energy consumption in the S1-C2 system was lower than in the S2-C2 system. 

The RO2 energy consumption of the S2-C2 system was 46.7% higher than that of the S1-C2 

system at 67 bar and 46.4% at 77 bar.  
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Fig. 8: (a) The product concentration of S1-C2 and S2-C2 with the variation of the RO feed 

pressure, (b) The SEC of RO1 and RO2 of S1-C2 with the variation of the RO recovery rate, 

(c) The SEC of RO1 and RO2 of S2-C2 with the variation of the RO recovery rate, (d) The 

NSEC of S1-C2 and S2-C2 with the variation of the RO feed pressure, (e) The energy 

consumption of RO1 and RO2 of S1-C2 and S2-C2  with the variation of the RO feed pressure. 
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Furthermore, Fig. 9a displays the energy efficiency of S1-C2 and S2-C2 systems at 39-47% 

recovery rates. There is a 15.03 to 17.53% decrease in the NSEC of the S2-C2 compared to the 

S1-C2 system (Fig. 9a). The NSEC of the S1-C2 system increased by increasing the recovery 

rate from 39 to 47%. In comparison, the NSEC of the S2-C2 system decreased with the 

recovery rate and reached the lowest value of 3.04 kWh/m3 at a 43% recovery rate before it 

increased again. The NSEC of the S1-C2 system at a 43% recovery rate is 3.7 kWh/m3, which 

is 17.8% higher than that of the S2-C2 system.  

The energy generation of the DSPRO system was calculated; Fig. 9b and 9c show the energy 

generation and water flux of the DSPRO process in the S2-C2 system. The energy generation 

of the PRO1 increased with increasing the recovery rate of the RO system (Fig. 9b) due to the 

increased PRO1 water flux (Fig. 9c). Overall, the PRO water flux is directly proportional to 

the net pressure difference in the PRO [30]. The net pressure difference in PRO2 (∆π-∆P) has 

decreased with increasing the recovery rate (Fig. A), and that causes the drop in the energy 

generation and the water flux of the PRO2 (Fig. 9b and 9c). 

The maximum energy generation of the PRO1 in the S2-C2 system was 126.7 kW. For the 

second PRO2 unit, the energy generation decreased with increasing the RO recovery rate (Fig. 

9b) due to the decreased water flux (Fig. 9c). The highest energy generation of the PRO2 was 

79.3 kW at a 39% recovery rate. The maximum energy generation of the PRO1 is 47.7% higher 

than that of the PRO2, underlining the fact that PRO1 is responsible for the most energy 

generated in the DSPRO process.  
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Fig. 9: (a) The NSEC of S1-C2 and S2-C2 with the variation of the recovery rate, (b) The 

energy generation of PRO1, PRO2 and the total energy generation with the variation of the 

recovery rate of S2-C2, (c) The water flux of PRO1 and PRO2 with the variation of the recovery 

rate of S2-C2. 

 

3.4 Comparison between S2-C1 and S2-C2  

The performance of the S2-C1 system was compared with that of the S2-C2 system. The 

difference between the systems is that they use 40 g/L and 45 g/L seawater salinity in the S2-

C1 and S2-C2 systems. Fig. 10a shows that the permeate water salinity of the S2-C2 system 

was greater than that of the S2-C1 system due to the higher seawater salinity. The increase in 

seawater salinity from 40 g/L in S2-C1 to 45 g/L in the S2-C2 system led to a decrease in the 

recovery rate of the latter system. For example, at 67 bar feed pressure, the recovery rate was 

42% and 31% in the S2-C1 and S2-C2 systems, respectively (Fig. 10b). The NSEC for seawater 

desalination of the 2RO-DSPRO systems was 2.94 kWh/m3 for the S2-C1 system and 3.36 

kWh/m3 for the S2-C2 system (Fig. 10c). The higher NSEC in the S2-C2 system is mainly due 

to the higher energy requirements for desalination in the RO membrane using 45 g/L seawater 

salinity.  
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Fig. 10: (a) The product concentration of S2-C1 and S2-C2 with the variation of the RO feed 

pressure, (b) The recovery rate of S2-C1 and S2-C2 with the variation of the RO feed 

pressure, (c) The NSEC of S2-C1 and S2-C2 with the variation of the RO feed pressure, (d) 

The energy consumption of RO1 and RO2 of S2-C1 and S2-C2 with the variation of the RO 

feed pressure. 

 

Fig. 11a shows the energy generation in the PRO1 and PRO2 of S2-C1 and S2-C2 systems. 

Results reveal that the energy generation of PRO1 and PRO2 in the S2-C2 system was greater 

than in the S2-C1 system due to the higher seawater salinity that generated more concentrated 

brine. The more concentrated brine in the S2-C2 system increased the osmotic pressure 

gradient in the PRO1 and PRO2, increasing the water flux and energy generation in the DSPRO 

system (Equation 12). As shown in Fig. 11b, the osmotic pressure difference in the PRO1 and 

PRO2 of the S2-C2 system was higher than that of the S2-C1 system. The total desalination 

energy consumption is equal to the energy consumption in the RO1 and RO2 membranes. In 

contrast, the net energy consumption is determined as the difference between the total energy 

consumption and the total energy generation in the PRO1 and PRO2 systems. Despite the 

higher energy generation in the S2-C2 system, Fig. 11d shows that the net energy consumption 

was higher in the S2-C2 system than in the S2-C1 system. This is attributed to the higher 

seawater salinity in the S2-C2 system.  
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Fig. 11: (a) The energy generation of the PRO1 and PRO2 of S2-C1 and S2-C2 at various 

recovery rates, (b) The osmotic pressure difference of the PRO1 and PRO2 of S2-C1 and S2-

C2 at various recovery rates,  (c) The total energy consumption, the total energy generation and 

the net energy consumption of S2-C1 and S2-C2 at various recovery rates. 

 

3.5 Optimization Problem Formulation 
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The NSEC is optimized using the “Modelica” modelling language for 158.4 m3/h capacity two-

pass RO desalination plants with and without PRO systems. The main constraints were decided 

prior to the simulation of the hybrid systems, where parameters that showed a strong impact 

on the NSEC were selected as the constraints in the optimization problem formulation of the 

hybrid systems, such as feed and draw solutions flow rate, draw solution pressure, and seawater 

flow rate[25]. The systems constraints (ranges of the output parameters) and the tuner 

parameters  (input parameters) are illustrated in Table 3, knowing that the tunning parameters 

related to the PRO system are not applicable for the standalone 2RO plant. 

In the case of 40 g/L and 45 g/L seawater TDS, S2-C1 and S2-C2 systems, respectively, the 

outlet stream of the LPP is sent to ERD3 ( Fig. 1), and the other inlet stream to the ERD3 is the 

draw outlet from the PRO2. The optimization process will change the pressure of the draw 

solution outlet in the PRO2. Dymola software suggests that the ERD model should fix the 

pressure of one of the inlet streams; hence, the pressure of the outlet stream of the LPP was 

fixed in this study. Accordingly, this stream is not included in the optimization problem 

formulation (Table 3).  

Table 3: Constrains and tuner parameters for the 2RO and 2RO-DSPRO systems at 40 g/L and 

45 g/L seawater salinity. 

Constrains S1-C1 S2-C1 S1-C2 S2-C2 

Minimized 

constrain 

NSEC NSEC NSEC NSEC 

Equality 

constrain 

Qp,RO2 = 158.4 

(m3/h) 

Qp,RO2 = 158.4 

(m3/h) 

Qp,RO2 = 158.4 

(m3/h) 

Qp,RO2 = 158.4 

(m3/h) 

 

 

 

Inequality 

constraints 

 

RecvRO1 ≤ 45 

RecvRO1 ≤ 45  

RecvRO1 ≤ 45 

RecvRO1 ≤ 45 

RecvRO2 ≤ 95 RecvRO2 ≤ 95 

RecvPRO1 ≤ 45 RecvPRO1 ≤ 45 

 

 

RecvRO2 ≤ 95 

RecvPRO2 ≤ 45  

 

RecvRO2 ≤ 95 

RecvPRO2 ≤ 45 

𝑄𝐷𝑖,𝑃𝑅𝑂1
𝑄𝐹𝑖,𝑃𝑅𝑂1

≤ 2 
𝑄𝐷𝑖,𝑃𝑅𝑂1
𝑄𝐹𝑖,𝑃𝑅𝑂1

≤ 2 

𝑄𝐷𝑖,𝑃𝑅𝑂2
𝑄𝐹𝑖,𝑃𝑅𝑂2

≤ 2 
𝑄𝐷𝑖,𝑃𝑅𝑂2
𝑄𝐹𝑖,𝑃𝑅𝑂2

≤ 2 

Tuner 

Parameter 

S1-C1 S2-C1 S1-C2 S2-C2 

Seawater flow 

rate 

72 ≤ QSW ≤ 324 

(m3/h) 

72 ≤ QSW ≤ 324 

(m3/h) 

72 ≤ QSW ≤ 324 

(m3/h) 

72 ≤ QSW ≤ 324 

(m3/h) 

Pressure of the 

LPP 

10 ≤ PLPP ≤ 22 

(bar) 

N/A 10 ≤ PLPP ≤ 22 

(bar) 

N/A 

Pressure of the 

HPP3 

45 ≤ PHPP3 ≤ 85 

(bar) 

45 ≤ PHPP3 ≤ 85 

(bar) 

45 ≤ PHPP3 ≤ 85 

(bar) 

45 ≤ PHPP3 ≤ 85 

(bar) 



 

28 
 

Feed inlet flow 

rate of PRO1 

N/A 72 ≤ QFi,PRO1 ≤ 

324 (m3/h) 

N/A 72 ≤ QFi,PRO1 ≤ 

324 (m3/h) 

Feed inlet flow 

rate of PRO2 

N/A 72 ≤ QFi,PRO2 ≤ 

324 (m3/h) 

N/A 72 ≤ QFi,PRO2 ≤ 

324 (m3/h) 

 

After defining the main constraints and the tuner parameters, the optimum NSEC for S1-C1, 

S2-C1, S1-C2, and S2-C2 systems are determined (Table 4). Fig. 12 shows that the NSEC for 

the optimized S1-C1, S2-C1, S1-C2, and S2-C2 systems is lower than that for the unoptimized 

systems. There is a difference between 2.68% and 3.59% in the NSEC in favour of the 

optimized S1-C1, S2-C1, S1-C2, and S2-C2 systems. The maximum NSEC difference is 3.59% 

for the S1-C2 system, while the minimum difference is 2.68% for the S2-C1system. The 

optimum NSEC of S1-C1and S2-C1 systems are 3.25% and 2.91 kWh/m3, respectively (Table 

4). At 40 g/L seawater salinity, the energy-saving due to the optimization of the 2RO-DSPRO 

hybrid system is 10.46% higher than that of the 2RO system. In contrast, the optimum NSEC 

of S1-C2 and S2-C2 are 3.49 and 2.97 kWh/m3 (Table 4). The results indicate that at  45 g/L 

seawater salinity, the energy-saving due to the optimization of the 2RO-DSPRO hybrid system 

is 14.92% higher than that of the 2RO system. The increase in energy-saving in the 2RO-

DSPRO hybrid systems has highlighted the significance of coupling the DSPRO with the RO 

plant to reduce desalination energy consumption.  

It is noteworthy that the PRO performance is a function of the osmotic pressure gradient of the 

salinity gradient resource; the higher the osmotic pressure difference, the higher energy 

extracted in the PRO process. Using the same wastewater feed solution, power generation in 

the PRO1 and PRO2 from 40 g/L seawater was lower than that from PRO1 and PRO2 from 45 

g/L (Fig. 11a). Generally, for the same feed solution concentration, power generation in the 

PRO process increases with the concentration of the seawater. Therefore, the power generation 

will be lower at 35 g/L seawater than at 40 g/L and 45 g/L seawater salinity.  

 

Table 4: The NSEC for the optimized 2RO and 2RO-DSPRO systems at 40 g/L and 45 g/L 

seawater salinity.  

Results S1-C1 S2-C1 S1-C2 S2-C2 

NSEC 3.25 (kWh/m3) 2.91 (kWh/m3) 3.49 (kWh/m3) 2.97 (kWh/m3) 

Product flow 

rate  

158.4 (m3/h) 158.36 (m3/h) 158.4 (m3/h) 158.47 (m3/h) 

 

 

 

Recovery Rate  

 

RecvRO1 = 40% 

RecvRO1 = 43%  

RecvRO1 = 39% 

RecvRO1 = 42% 

RecvRO2 = 93% RecvRO2 = 94% 

RecvPRO1 = 29% RecvPRO1 = 35% 

 RecvPRO2 = 30%  RecvPRO2 = 31% 
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RecvRO2 =95% 

𝑄𝐷𝑖,𝑃𝑅𝑂1
𝑄𝐹𝑖,𝑃𝑅𝑂1

= 1.3 
 

RecvRO2 = 95% 

𝑄𝐷𝑖,𝑃𝑅𝑂1
𝑄𝐹𝑖,𝑃𝑅𝑂1

= 0.73 

𝑄𝐷𝑖,𝑃𝑅𝑂2
𝑄𝐹𝑖,𝑃𝑅𝑂2

= 0.86 
𝑄𝐷𝑖,𝑃𝑅𝑂2
𝑄𝐹𝑖,𝑃𝑅𝑂2

= 0.74 

Tuner 

Parameter 

S1-C1 S2-C1 S1-C2 S2-C2 

Seawater flow 

rate  

164.16 (m3/h) 162.60 (m3/h) 164.12 (m3/h) 162.68 (m3/h) 

Pressure of the 

LPP  

17 (bar) N/A 17 (bar) N/A 

Pressure of the 

HPP3  

65 (bar) 67 (bar) 71 (bar) 73 (bar) 

Feed inlet flow 

rate of PRO1  

N/A 172.44 (m3/h) N/A 313.20(m3/h)  

Feed inlet flow 

rate of PRO2  

N/A 252.04 (m3/h) N/A 309.60 (m3/h) 

 

 

Fig. 12: The NSEC, the optimum NSEC, and the percentage difference in the NSEC of S1-C1, 

S2-C1, S1-C2, and S2-C2. 

 

3.6 Membrane and Energy Costs   

The cost and area of the hollow fibre PRO element in stages one and two were provided by 

Toyobo Company (Japan), and the spiral wound RO element in stages one and two from the 

literature [30]. The active membrane and cost of the PRO element are 63 m2 and $ 5193 

US/element, i.e. $ 82 US/m2. The RO element has 30.5 m2 of active membrane area and $ 600 
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US/element, $ 15 US/m2. The membrane area and cost for two-stage RO and two-stage RO-

DSPRO plants of 3801.6 m3/d capacity were calculated (Table 5). It is worth noting that the 

reported cost of PRO membranes is the retail cost, and it is expected that this cost will be 

reduced with increased demand and supply of PRO membranes. The membrane cost is reported 

based on the retail price for the 70 m2 PRO membrane model, even though the 650 m2 PRO 

model is less expensive. However, the PRO membrane cost is expected to drop in the future or 

when there is a large market for the PRO technology.  

The cost of RO1 in S2-C1 and S2-C2 systems is 5% more expensive than in S1-C1 and S1-C2 

systems. The same trend is noticed for RO2, where the cost of RO2 in S2-C1 and S2-C2 

systems is 10% more expensive than in S1-C1 and S1-C2 systems due to the higher salinity of 

feed solution in the former systems, which requires the higher salinity of feed solution larger 

membrane areas. The required PRO1 membrane area for the S2-C1 system was 23% higher 

than that for the S2-C2 system due to the higher draw solution concentration in the S2-C2 

system using 45 g/L seawater salinity. The higher seawater salinity increased the osmotic 

pressure of the PRO1 draw solution and the water flux, reducing the required PRO membrane. 

Similarly, the required PRO2 membrane area for the S2-C1 system was 9% higher than that 

for the S2-C2. The cost of S2-C1 and S2-C2 systems with PRO units for energy generation is 

higher than the S1-C1 and S1-C2 systems with RO units only. Toyobo hollow fibre PRO 

membranes are modified from the RO membrane with a water permeability coefficient of about 

0.36 L/m2h.bar, which is less than the TFC membranes with a water permeability coefficient 

of about 1.25 L/m2h.bar [40]. The PRO membrane cost could be reduced by i) applying an 

improved PRO membrane with a higher water permeability coefficient and ii) reducing the cost 

of the PRO membrane when there is a big market for the technology. For example, the cots of 

the PRO membrane could be decreased 6 times when buying a large hollow fibre PRO 

membrane module.  

However, the NSEC of the 2RO-DSPRO system is lower than that of the 2RO system. The 

NSEC in the S2-C1 system was 9.55% lower than that of the S1-C1 system. For 45 g/L 

seawater salinity, the NSEC of the S2-C2 was 15% lower than that of the S1-C2 system. The 

annual energy saving in the 2RO-DSPRO systems S2-C1 and S2-C2 is 471779 and 721544 

kWh per year, respectively. 53% more energy-saving was achieved for 45 g/L seawater salinity 

because of the higher RO brine salinity, underlining that the 2RO-DSPRO system generates 

more energy than seawater salinity increases.  

 

Table 5: The membrane cost of RO and PRO processes based on the current study. 

Process Parameter 

System type  

S1-C1 S2-C1 S1-C 2 S2-C2 

RO1 

  

Membrane Area 

(m2) 

 

5943 

 

6240 

 

5941 

 

6237 

Cost (US$) 89,145 93,600 89,115 93,555 

 

RO2 
  

  

Membrane Area 

(m2) 

 

5813 

 

6419 

 

5819 

 

6429 

Cost (US$) 87,195 96,285 87,285 96,435 
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PRO1 

  

   

Membrane Area 

(m2) 

 

- 

 

176624 

 

- 

 

136215 

Cost (US$) - 14,483,168 - 11,169,630 

PRO2 

  

  

Membrane Area 

(m2) 

 
- 

 
149914 

 
- 

 
135841 

Cost (US$) - 12,292,948 - 11,138,962 

Total NSEC kWh/m3 3.25  2.91  3.49  2.97  

Energy Saving kWh/year  471779  721544 

Total cost  ($US) 176,340 26,966,001 176,400 22,498,582 

 

Conclusion  

The study evaluated the feasibility of coupling the DSPRO with a two-pass RO plant, 2RO-

DSPRO, for 40 g/L and 45 g/L salinity seawater treatment. The performance of the 2RO plant 

was compared with that of the 2RO-DSPRO plant to study the impact of system hybridization 

on the permeate quality and NSEC. The study showed that 2RO systems provided a higher 

quality desalinated water than the 2RO-DSPRO system. However, both systems could generate 

desalinated water that meets the drinking water quality of TDS < 0.25 g/L. The advantage of 

coupling DSPRO with the 2RO plant was evidenced in reducing the NSEC of the desalination 

process. At 40 g/L seawater and recovery rates between 39% and 47%, the NSEC of the S2-

C1 system was 11.2%-14.7% lower than that of the S1-C1 system (RO plant only). 

Interestingly, the reduction in the NSEC of desalination further increased at 45 g/L seawater 

salinity. At 45 g/L seawater salinity, the NSEC of the S2-C2 system was 15.03%-17.53% lower 

than that of the S1-C2 system. Furthermore, the optimization of the NSEC showed preferred 

minimization results. For instance, the NSEC of S1-C2 decreased from 3.62 kWh/m3 to 3.49 

kWh/m3 after the optimization. The energy generated by the DSPRO will cover part of the 

energy required for powering the 2RO system, reducing the reliance on fossil fuels and the 

environmental impact of the CO2 gas emissions. Another significant benefit of the 2RO-

DSPRO system is that it would reduce the RO brine concentration due to dilution in the PRO 

process. Consequently, this will reduce the negative environmental impact of the high 

concentrated brine on the sea. It should be noted that the cost of the 2RO-DSPRO was around  

$US 27 million compared to $US176 thousand for the 2RO plant, mainly due to the cost of the 

PRO membrane. However, the cost of the PRO membrane is expected to decrease when there 

is a market for the technology.  

One of the main obstacles in commercializing the PRO process is finding a suitable membrane 

and the cost of membranes. Toyobo CTA PRO membrane is about 1.0*10-7 m/s.bar is rather 

low compared to 1.69*10-7 m/s.bar for HTI CTA membrane and 3.25*10-7 m/s.bar for HTI 

TFC membrane and 5.25*10-7 m/s.bar for Porifera TFC membrane. A membrane with higher 

water permeability is desirable to improve the PRO performance [41]. Also, the cost of the 

PRO membrane should be affordable, knowing that the Toyobo membrane costs less than HTI 

and Poreifera membranes [25].  
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Appendix A 

The Impact of Recovery Rate on the DSPRO Net Pressure Difference  

  

The net pressure difference between the first and the second DSPRO stages is calculated as 

(∆π-∆P) and shown in Fig. A concerning the RO1 recovery rate. As shown in the figure, for 

the PRO2 of the S2-C2 system, there was a sharp drop in the net pressure difference across the 

membrane with the recovery rate increase. In contrast, for the PRO1 of the S2-C2 system, the 

net pressure difference across the membranes increased with the recovery rate increase. 

Technically, the RO brine concentration increases with recovery rates increase, leading to an 

increase in the osmotic pressure of the PRO1 draw solution. Nevertheless, the PRO2 draw 

solution is the high-pressure outlet stream of ERD1 (Fig. 1). The concentration of this stream 

decreases with the increase of the RO recovery rate. Therefore, the net pressure difference of 

the second DSPRO stage of these two systems decreases with the recovery rate. In general, the 

concentration of the PRO 1 draw solution is higher at elevated RO1 recovery rates, increasing 

the performance of the PRO1  

 

 
Fig. A: The net pressure difference of the PRO1 and PRO2 of System 2 with the variation of 

the recovery rate.  
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