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a b s t r a c t 

The Dual Stage Pressure Retarded Osmosis technique is considered for power generation. The influence of feed 

flow rates, hydraulic pressure, and pressure drop on mass transfer and solute diffusion in a full-scale mem- 

brane model was investigated for the first time to maximize power generation. Dead Sea-seawater, Dead Sea- 

reverse osmosis brine, reverse osmosis brine-wastewater, and seawater-wastewater salinity gradient resources 

were investigated for power generation. Results revealed a 71.07% increase in the specific power generation 

due to the dual-stage pressure retarded osmosis process optimization using Dead Sea-seawater salinity gradient 

resources. The increase in the specific power generation due to the dual-stage pressure retarded osmosis opti- 

mization was 108.8%, 63.18%, and 133.54%, respectively, for Dead Sea-reverse osmosis brine, reverse osmosis 

brine-wastewater, and seawater-wastewater salinity gradient resources. At optimum operating conditions, using 

the dual-stage pressure retarded osmosis process as an alternative to the single pressure retarded osmosis process 

achieved up to a 22% increase in the energy output. Interestingly, the hydraulic pressure at optimum operating 

conditions was slightly higher than the average osmotic pressure gradients in the dual-stage pressure retarded os- 

mosis process. The study also revealed that power generation in the dual-stage pressure retarded osmosis process 

operating at constant mass transfer and solute resistivity parameters was overestimated by 2.8%. 

1

 

s  

b  

e  

t  

p  

p  

a  

p  

s  

I  

d  

i  

b  

[  

p

 

a  

w  

i  

o  

o  

o  

a  

m  

o  

w

 

s  

s  

h

R

A

2

(

. Introduction 

Sustainable energy is acquired from everlasting sources; these

ources are naturally reproduced, such as wind, solar, geothermal heat,

iomass and hydropower. The most significant attribute for renewable

nergy, being clean, is infinite. It has much lower negative impacts on

he environment compared to conventional fossil energy [1] . Further,

roductizing and capitalising on renewable energy sources would im-

rove the world’s energy security, lower the conventional fuels price,

nd save fossil fuel reserves for future generations. It would also reduce

ollution and present a possibility to minimize greenhouse gas emis-

ions to levels that will settle down greenhouse gases in the atmosphere.

t might also decrease the reliance on imported fuels, support economic

evelopment, and offer new jobs [2] . Pressure Retarded Osmosis (PRO)

s considered a potential source of sustainable energy, and it is found to

e higher power density and more efficient than reverse electrodialysis
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3] . It is the process that produces hydraulic pressure from the osmotic

ressure of a saline mixture. 

A colossal power is available in the earth’s waters due to the vari-

nce in the salinity of freshwater and seawater. Annually and world-

ide, there are around 37,300 km 

3 discharged from rivers water. Mix-

ng this amount of water with seawater could produce around 2 TW

f renewable energy. The pressure Retarded Osmosis (PRO) process is

ne methodology that can be considered to gather the power obtainable

f salinity gradient resources (SGRs). Unlike other renewable energies

ffected by solar irradiation and wind variation, pressure retarded os-

osis employs membrane technology for power generation from a pair

f solutions of different salinity concentrations, which is not affected by

eather conditions [4] . 

The concept of using stages in the pressure retarded osmosis (PRO),

uch as dual-stage pressure retarded osmosis (DSPRO), has demon-

trated the capability of increasing the generated energy from salinity
. Al-Juboori). 
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Nomenclature 

Symbol 

DSPRO Dual Stage Pressure Retarded Osmosis 

DS-SW Dead Sea-Sea Water 

DS-ROB Dead Sea- Reverse Osmosis Brine 

ROB-WW Reverse Osmosis Brine-Waste Waters 

SW-WW Sea Water-Waste Water 

SGRs Salinity Gradient Resources 

PRO Pressure Retarded Osmosis 

CP Concentration Polarization 

DS Draw Solution 

FS Feed Solution 

ΔP Applied hydraulic pressure difference 

Δ𝜋 Osmotic Pressure difference 

Aw The water permeability in L/m 

2 .h.bar 

B The salt permeability in L/m 

2 .h.bar 

S The membrane structural parameter in μm 

k d The mass transfer coefficient in m/h 

Sh Sherwood number 

D The diffusion coefficient in m 

2 /s at 20°C 

d h The hydraulic diameter in m 

Re Reynold number 

Sc Schmidt number 

𝜌D The draw solution density in Kg/m 

3 

V The draw solution velocity in m/s 

μ The viscosity of the draw solution in kg/m.s at 20 °C 

X NaCl The mass fraction of the salt in the draw solution 

X H2O The mass fraction of the water in the draw solution 

Q The solution flow rate in L/h 

As The cross-section area of the membrane in m 

2 

A The membrane surface area in m 

2 

D T2 The diffusion coefficients in m 

2 /s at 25°C 

K The solute diffusion resistivity in h/m 

D F The diffusion coefficient at the support layer in m 

2 /s 

at 20°C 

n The number of the ions in solution 

R The universal gas constant in J/mol.K 

C The stream molar concentration in M 

P The hydraulic pressure in bar 

W Power density in W/m 

2 

Eo The specific power generation in kWh/m 

3 

Eo_tot The specific power generation in the entire system in 

kWh/m 

3 

The subscripts 

i Used for the inlet parameters 

o Used for the outlet parameters 

T Temperature of 20°C (293 K) 

T2 Temperature of 25°C (298 K) 

j Represents the stage number ( j = 1 for the first DSPRO 

stage and j = 2 for the second DSPRO stage) 

F Used for feed solution 

D Used for draw solution 

x Represents the distance along the membrane in m 

1 Represents the first DSPRO stage 

2 Represents the second DSPRO stage 

radient resources (SGRs) [ 5 , 6 ]. Adding another stage to the PRO pro-

ess recovers the residual osmotic power in the less concentrated draw

tream before exiting the first PRO stage [4–7] . In the DSPRO process, a

ortion of the diluted draw stream equals the permeate flow rate in stage

ne of the process and goes to stage two ( Fig. 1 ). A new feed stream is

ntered to the second DSPRO stage to rejuvenate the chemical potential

y reducing the feed side concentration polarization (CP) [ 6 , 8 ]. 
2 
A recent study exhibited that power generated from the PRO pro-

ess could be elevated by 18% when a second stage is added [4] . An

mprovement of up to 8% in the specific energy was noticed in research

hen the DSPRO system was utilized instead of a single PRO process

4] . Altaee et al. [6] proposed that the maximum power generation for

ead Sea-reverse osmosis brine (DS-ROB) SGR showed 16% enhance-

ent due to adding a second PRO stage. Another study investigating

he PRO membrane arrangement in the DSPRO process revealed that

he highest specific power generation was when two PRO modules were

sed in stage one and one module in the second stage [6] . The study as-

umed an operating pressure of 50% of the osmotic pressure difference

 ΔP =Δ𝜋/2), and the draw to feed solution flow rate ratio is equal to one.

hese optimum conditions in laboratory-scale systems are not valid in

he PRO process using a full-scale module owing to the simultaneous di-

ution of the draw solution (DS) and concentration of the feed solution

FS) along the PRO module [9] . As a matter of fact, power generation

ould be increased by ∼54% due to optimizing the hydrodynamic pa-

ameters, i.e. flow rates and hydraulic pressure [9] . Unfortunately, there

s no study yet, investigating power generation in the DSPRO, consider-

ng the impact of hydrodynamic parameters on the coefficients of mass

ransfer and solute resistivity to diffusion. 

Soltani and Struchtrup [8] showed a preferable performance of the

SPRO over a single PRO process. The study examined changes in hy-

raulic pressure, flow rates, and feed concentrations through the mem-

rane length, but it assumed that hydrodynamic parameters were con-

tant along the membrane. Another study performed by He et al. [5] con-

rmed that including a second stage in the PRO process would increase

he energy harvested from the salinity gradient. The study did optimize

he main operating conditions, but it did not investigate the changes

n the draw and feed streams concentrations in a full-scale module. The

RO process was also investigated under theoretical basis and optimiza-

ion of extractable osmotic power from a brine solution, proposing a

odel-based optimization to maximize the normalized specific energy

roduction (NSEP) [10] . In this study, the power generation from a

ounter-current and constant pressure DSPRO has taken place by ap-

lying dimensionless parameters in the simulation model, considering

he membrane characteristics and feeds and operating conditions. The

tudy outcomes demonstrated that the multistage PRO process is more

roductive than a single-stage PRO [10] . Nevertheless, the study ignored

he pressure drop and did not include the CP effect. Altaee et al. [11] also

howed the superiority of DSPRO over a single-stage PRO in their study;

owever, the study did not evaluate the effect of flow rate and applied

ressure in the PRO module. In 2013, a full-scale module (hollow-fibre)

as employed in a PRO pilot plant process [12] . The power density was

.4 W/m 

2 from a 4.7% sodium chloride RO brine-sewage solution salin-

ty gradient with equal feed stream flow rates. The work overlooked the

nfluence of the applied pressure and the flow rate ratio of the feed to

he draw solution on the pilot plant performance. In another PRO pilot

lant study [13] , a power density of 7.7 W/m 

2 was attained utilizing RO

rine-wastewater salinity gradient and Toyobo hollow fibre membrane.

owever, the study did not consider the effect of feed and draw solutions

ow rates on the process productivity. A PRO process with a full-scale

odule was optimized by a machine learning algorithm based on non-

deal operating parameters [14] . The study demonstrated that power

eneration maximized at an applied pressure lower than ΔP =Δ𝜋/2. Nev-

rtheless, the study did not consider the changes in mass transfer and

olute resistivity through the membrane length. 

It has also been noticed that only a few studies focused on the

SPRO modelling [ 15 , 16 ], despite that, no studies are available to de-

ne the optimum hydraulic pressure, the ratio of the inlet flow rates, and

he pressure drop in both sides of a full-scale PRO module. Moreover,

everal studies in the literature did investigate the impact of utilizing

igher draw and feed flow rates in the process. Recently Habtom et al.

17] studied the importance of optimizing the operating parameters and

odule dimensions in the PRO process to achieve maximum energy out-

ut from seawater-river water SGR. Also, the study concluded that the
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Fig. 1. Illustration figure of DSPRO process for power generation from SGRs, where the SGRs as draw solution-feed solution can be Dead Sea-Sea water, Dead 

Sea-Reverse Osmosis brine, Reverse Osmosis brine-Wastewater or Sea water-Wastewater, respectively. 

o  

c  

t  

f  

t  

b  

o

 

t  

f  

i  

c  

d  

T  

i  

P  

w  

d  

t  

t  

t  

R  

(

2

2

 

s  

i  

f  

H  

g  

[  

t  

1  

a  

6

2

 

(  

R  

t

𝑘  

 

t  

h  

S

𝑆  

w  

T

𝑅  

 

2  

o

𝜌

𝑉  

 

i  

t  

n

𝑆

 

b  

u  

 

0

 

d  

t

𝐾  

 

c  

t  

2

 

m  

t  
ptimization of the PRO process is based on power density or might

ause a suboptimal solution for the PRO-ERD integrated system. Still,

he optimum hydrodynamic parameters of PRO and DSPRO processes

or various salinity gradient resources are not reported in the litera-

ure [ 11 , 18 , 19 ]. Regardless of that, some studies considered optimizing

ench-scale PRO processes [ 20 , 21 ], but there is no study available to

ptimize a DSPRO. 

Herein, this study investigated the optimum operating parameters in

he DSPRO using a full-scale module, considering the influence of the

eed stream flow rates on solute resistivity and mass transfer conditions

n the PRO module. The latter parameters are a function of solution con-

entration which varies along the PRO module. In addition, the pressure

rop on both solutions sides of the membrane was taken into account.

o the extent of our knowledge, no research has been performed to date,

nvestigating the variations of the hydrodynamic parameters along the

RO membrane. Four different SGRs were investigated in the current

ork, i.e. 5M-0.6 M, 5M-1.2 M, 1.2M-0.02 M, and 0.6M-0.02 M, to un-

erstand the influence of the feed and the draw solutions concentra-

ions on the process productivity and hydrodynamic operating condi-

ions. These SGRs are widely investigated in literature and available in

he environment, representing Dead Sea-Sea water (DS-SW), Dead Sea-

everse Osmosis brine (DS-ROB), Reverse Osmosis brine-Wastewater

ROB-WW), Sea water-Wastewater (SW-WW), respectively. 

. Methodology 

.1. Spiral-Wound FO membrane characteristics 

Since there is no spiral wound PRO membrane available now, this

tudy assumed that the PRO membrane would have the same character-

stics of commercial spiral wound cellulose triacetate (CTA) membrane

abricated by Hydration Technology Innovation Company (HTI). The

TI membrane series OsMem 8040FO-FS-P was investigated for power

eneration, assuming it would tolerate elevated hydraulic pressures

22] . The active membrane area is 16.5 m 

2 , module length is 1.0 m,

he feed temperature is 20 °C, and the number of membrane leaves is

1. The coefficient of water permeability (Aw), salt permeability (B),

nd the structural parameter (S) are 0.76 L/m 

2 .h.bar, 0.44 L/m 

2 .h and

55 μm, respectively [22] . 

.2. The mass transfer and solute diffusion resistivity coefficient 

The mass transfer coefficient ( k d ) varies along the membrane length

e.g. at every x (m) distance of the membrane) as the draw flow rate,

e number, the draw stream concentration, and diffusivity varies along

he membrane length. k d , was determined by the following equations: 

 = 𝑆ℎ ∗ 𝐷∕ 𝑑 (1)
𝑑 ℎ 

3 
The hydraulic diameter of the flow through the feed spacer is equal

o double the feed spacer thickness (2 × 0.0025 = 0.005 m). The flow

as been assumed turbulent at all flow rates, and under that condition,

h number can be found by the following expression: 

ℎ = 0 . 2 𝑅 𝑒 0 . 57 𝑆 𝑐 0 . 40 (2)

here Re and Sc are the Reynold and the Schmidt number, respectively.

he Reynolds number is calculated using Eq. (3) . 

𝑒 = 𝜌𝐷 𝑉 𝑑 ℎ ∕ 𝜇 (3)

The draw solution viscosity was calculated at each concentration at

0 °C and 25°C by interpolating data from literature [23] . The density

f the draw solution was calculated based on Eq. (4) . 

𝐷 = 

1 (
𝑋 𝑁𝑎𝐶𝑙 

𝜌𝑁𝑎𝐶𝑙 

)
− 

(
𝑋 𝐻2 𝑜 
𝜌𝐻2 𝑜 

) (4) 

The solution velocity is calculated as: 

 = 𝑄 𝐷𝑖,𝑥 ∕ 𝐴 𝑠 (5)

In equation [5] , A s is the cross-section area of the membrane, which

s equal to the multiplication of the thickness of the spacer (0.0025 m) by

he width of the channel (0.66 m); A s = 0.00165 m 

2 . Next, the Schmidt

umber ( Sc ) can be given by the following equation: 

 𝑐 = 

𝜇

𝜌𝐷 𝐷 

(6) 

The diffusivity of NaCl at different concentrations at 25 °C was found

y interpolating data found in the literature [24] . These values were

sed to calculate the diffusivity of the draw solutions at 20 °C as follows:

𝐷 

𝐷 𝑇 2 
= 

𝑇 

𝑇 2 

𝜇

𝜇𝑇 2 
(7) 

After finding D at 20°C, Sc , Sh, and k d can be calculated at every

.1 m of the membrane length. 

The solute diffusion resistivity (K) will vary along the PRO module

ue to the variations in the viscosity of the FS, and the following equa-

ion calculates it: 

 = 

𝑆 

𝐷 𝐹 

(8)

DS-SW, DS-ROB, ROB-WW, and SW-WW SGR were investigated to

over a variety of feed and draw solutions concentrations, regardless of

he osmotic energy and the power generated by these salinity gradients.

.3. The numerical model of PRO 

Water flux was predicted in both DSPRO stages using a mathematical

odel developed by Ali et al. [25] , that considers the effect of concen-

ration polarization and the external resistivity on the support layer, as
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Fig. 2. Schematic representation of the systematic simulation 

of DSPRO system for process optimization, three suboptimal 

cases were considered to determine the optimum operating pa- 

rameters. The highest specific power generation from the three 

cases is compared with the corresponding one in the conven- 

tional scenario. 
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𝑛𝑅𝑇 𝐶 𝐷𝑖,𝑥 

( 
1+ 𝑄 𝐷𝑖,𝑥 

𝑄 𝐷𝑜,𝑥 

) 
2 

⎞ ⎟ ⎟ ⎠ exp 
(

− 𝐽 𝑤,𝑥 
𝑘 𝑑,𝑥 

)
− 

⎛ ⎜ ⎜ ⎝ 
𝑛𝑅𝑇 𝐶 𝐹 𝑖,𝑥 

( 
1− 𝑄 𝐹 𝑖,𝑥 

𝑄 𝐹𝑜,𝑥 

) 
2 

⎞ ⎟ ⎟ ⎠ exp 
(
𝐽 𝑤,𝑥 𝐾 𝑥 

)
1 + 

𝐵 

𝐽 𝑤,𝑥 

(
exp 

(
𝐽 𝑤,𝑥 𝐾 𝑥 

)
− exp 

(
− 𝐽 𝑤,𝑥 
𝑘 𝑑,𝑥 

)) − Δ𝑃 𝑥 

⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ 
(9) 

In Eq. (9) , ΔP x is ((P Di,x - ΔP D,x )-(P Fi,x - ΔP F,x )). This model is used to

etermine the permeation flux value in the two DPRO stages. k d and K

ere changing along the membrane length. It has been presumed that

he pressure exchanger efficiency is 98%, and the solute leakage in the

ressure exchanger is neglected. The specific power generation (Eo x,j )

long the two DPRO stages was calculated, as shown in Eq. (10) . 

 𝑜𝑥,𝑗 = 

Δ𝑃 𝑥,𝑗 ∗ 𝑄 𝑃𝑥,𝑗 

𝑄 𝐷𝑖,𝑗 + 𝑄 𝐹 𝑖,𝑗 

(10)

Where ΔP x,j ((P Dix,j - ΔP Dx,j )-(P Fix,j - ΔP Fx,j )) is the effective pressure

ariance between the draw and feed streams at distance x in j DPRO

tage through considering the pressure drop at the draw ( ΔP D,xj ) and

he feed side ( ΔP Fx,j ) and Q Px,j is the permeate flow rate at distance x

n the membrane module. In the second DPRO stage, the feed and draw

ow rates equal the permeate flow rate in stage one (Q Di,2 = Q Fi,2 = Q P,1 ).

he membrane area in the second DSPRO stage can be correlated to the

rst and second stage flow rate of the draw solution and the membrane

rea of the first DSPRO stage, and it was calculated as follows: 

 2 = 𝐴 1 ∗ 
𝑄 𝐷𝑖, 2 

𝑄 𝐷𝑖, 1 
(11)

The sum of the specific power generation in both DSPRO stages

quals the net specific power generation. More details about the wa-

er flux can be found in the literature [26] . The built MatLab Code did

ll of the previous calculations at every x (m) of the membrane length.

he systematic simulation-based optimization study of the DSPRO was

one by varying the main operating parameters: the draw flow rate, the

eed flow rate, and the applied hydraulic pressure [ 18 , 20 ]. The study

f determining the optimum parameters of the DSPRO is divided into

hree main parts (suboptimal cases) ( Fig. 2 ), where the results from all

ases are compared to the conventional scenario: 

i Determining the optimum feed flow rate (Q F ) at fixed Q D and

P Di,1 =Δ𝜋/2 
4 
ii Determining the optimum draw flow rate (Q D ) at fixed Q F and

P Di,1 =Δ𝜋/2 

iii Determining the optimum P Di,1 at constant Q D = Q F 

In each scenario, various pressure values or various flow rates were

ssumed. The specific power generated was calculated for the four dif-

erent sets of SGRs. In the end, the maximum specific power generated

as compared with the specific power generated by the conventional

SPRO process. The parameter that governs the productivity of the

SPRO process in the current study is the produced specific power. The

hree cases will demonstrate which parameter is the most dominant on

he DSPRO performance. Eqn. (1) –8 

.4. The model validation 

The experimental data performed by Achilli et al. [27] on a

aboratory-scale FO membrane is considered in this study to validate the

odel of water flux. In the experimental study, 18.75 cm 

2 is the flat-

heet membrane area, A w 

is 6.7 × 10 − 4 m/h bar, B is 4 × 10 − 4 m/h, the

embrane module length is 75 mm, S is 800 μm, k d is 0.306 m/h, and K

s 125.27 h/m [27] . The feed solution concentration in the experimental

tudy is between 0 and 5 g/L, while the draw solution concentration is

5 and 60 g/L. The applied pressure ranged from 11 to 24 bar ( Table 1 ),

ith a 0.5 L/min flow rate for the draw and the feed solutions [27] . The

greement percentage is calculated as 100% minus the error percentage.

he error percentage is the absolute difference between the model out-

ut (water flux or power density) and the experimental output divided

y the experimental output. Results show a significant agreement, over

9% compatibility, between the experiment and the model ( Table 1 ). 

.5. Pressure drop calculations 

The pressure drop on the feed and draw sides was calculated.

q. (12) was suggested by the HTI company to calculate the pressure

rop in the feed stream at 20°C: 

0 . 097 ∗ ( 𝑄 𝐹 𝑖, 1 𝑖𝑛 𝐿𝑃 𝑀∕( 𝑡𝑜𝑡𝑎𝑙 𝑙𝑒𝑎𝑣𝑒𝑠 ) ) + 5 . 9 
]

∗ 
(
𝑄 𝐹 𝑖, 1 𝑖𝑛 𝐿𝑃 𝑀∕ ( 𝑡𝑜𝑡𝑎𝑙 𝑙𝑒𝑎𝑣𝑒𝑠 ) 

)
= Δ𝑃 𝐹 ( 𝑖𝑛 𝑘𝑃 𝑎 ∕ 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 ) (12) 

The pressure drop from Eq. (12) represents the pressure drop in one

embrane module. To find the pressure drop in the feed side at every

.1 m of the membrane length, the value from Eq. (12) is multiplied by

.1 since the length of the membrane is 1.0 m with 10 sections of 0.1 m
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Table 1 

The percentage agreement between the water flux and the power density of the experimental results, [27] and the model used in the current study. 

Draw Con- 

centration 

(g/L) ∗ 

Feed con- 

centration 

(g/L) ∗ 
Pressure 

(bar) ∗ 

Water flux- 

Experimental 

(LMH) ∗ 

Water 

flux-Model 

(LMH) 

%Water flux 

agreement 

Power density- 

Experimental 

(W/m 

2 ) ∗ 
Power density- 

Model(W/m 

2 ) 

%Power 

densityagreement 

35 0 13 7.9 8.8 89% 3.1 3.4 90% 

2.5 12 6.8 6.8 100% 2.3 2.5 91% 

5 11 5.6 5.5 98% 1.8 1.8 100% 

60 0 24 12.4 12.8 97% 8.9 8 90% 

2.5 23 10.1 9.9 98% 6.2 6.6 94% 

5 22.5 8.5 8.1 95% 4.8 5.2 92% 

∗ parameters are from reference [27] . 

Fig. 3. The specific power generation along the membrane module of a PRO 

system of three elements in series and two configurations of a DSPRO system 

(1element in stage one-2 elements in stage two, and 2 elements in stage one-1 

element in stage two). The feed and the draw solutions flow rates are 500 L/h, 

5M-0.6 M NaCl are the salinity gradient sources, and the hydraulic pressure is 

half of the osmotic pressure. 
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Fig. 4. The pressure drop of the DSPRO process includes two membrane mod- 

ules in stage one and one membrane module in stage two of equal feed’s flow 

rates (1000 L/h) and hydraulic pressure of half of the osmotic pressure differ- 

ence for various SGRs. 
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ach. On the draw stream, the pressure drop at 20 °C was calculated

rom Eq. (13) : 

5 ∗ 
[
𝑄 𝐷𝑖, 1 𝑖𝑛 𝐿𝑃 𝑀∕ ( 𝑡𝑜𝑡𝑎𝑙 𝑙𝑒𝑎𝑣𝑒𝑠 ) 

]
= Δ𝑃 𝐷 ( 𝑖𝑛 𝑘𝑃 𝑎 ∕ 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 ) (13)

Likewise, the pressure drop in the draw side was calculated at every

.1 m of the membrane by multiplying the pressure drop value from

q. (13) by 0.1. Eqs. (12) and 13 calculate pressure drop at 20 °C. Also,

ressure drops from Eqs. (12) and 13 are multiplied by the solution

iscosity at 20 °C when different concentrations are used. 

. Results and discussions 

.1. PRO membranes arrangement in the vessel 

The effect of the membrane arrangement on the DSPRO performance

s investigated with 5M-0.6 M SGR, representing the DS-SW salinity gra-

ient often used in the PRO process [6] . Previous studies suggested three

RO elements to evaluate the specific power generation at different

embrane arrangements [6] . In practice, water flux drops significantly

t the end of the third PRO element; hence, adding a fourth PRO element

ill not generate tangible permeation flow to impact the performance

f the PRO process. Also, the HTI pressure vessel accommodates up to

hree elements. Considering these technical limitations, the following

SPRO membrane configurations were simulated ( Fig. 3 ) i) three mod-

les in a single PRO stage ii) DSPRO system with one module in stage

ne and two modules in stage two, and iii) the third DSPRO configu-

ation suggests two modules in sage one and one module in stage two.

t should be noted that the PRO and the DSPRO process use an equal

embrane area, i.e. three membranes in the vessel. 
5 
The draw solution pressure is half of the osmotic pressure of the DS-

W salinity gradient ( ΔP =Δ𝜋/2), and each module is 1 m long, with

6.5 m 

2 active membrane area. The specific power generation was cal-

ulated for each case and used to identify the best performance configu-

ation. As shown in Fig. 3 , the PRO system with three modules in series

ad the lowest specific power generation (0.606 kWh/m 

3 ) compared

o the other configurations. Using a DSPRO system with one module in

tage one and two modules in stage two achieved 0.646 kWh/m 

3 , i.e.

reater than three membrane modules in series. The maximum power

enerated (0.676 kWh/m 

3 ) occurred at the DSPRO system with two

odules in stage one and one module in stage two, and hence this con-

guration was selected in this study. The findings are consistent with

he previous study by Alanezi and Altaee [15] , where the DSPRO sys-

em performed better when configured as two modules in stage one and

ne module in stage two. 

.2. Pressure drop in the module 

The pressure drop in the HTI membrane was calculated at the

eed and the draw stream sides at 0.1 m distance along the module.

qs. (12) and 13 show that mass transfer across the membrane will in-

uence the pressure drop of the PRO membrane. Technically, the hy-

rodynamic conditions of the feed and the draw solutions change due to

he permeation flow, affecting the pressure drop in the PRO membrane.

qual flow rates of the draw and the feed solutions (1000 L/h) were

tilized to determine the pressure drop along the membrane modules

n the DSPRO process and ΔP =Δ𝜋/2. For instance, the pressure drop at

he end of the third PRO module for 5M-0.6 M was a 4.2 bar, as shown

n Fig. 4 . The results show a higher pressure drop in the SGRs of higher

smotic pressure gradients. The pressure drop for the 5M-0.6 M was

lightly higher than the other SGRs as a result of the higher permeation

ux and flow rate along the PRO module. 
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Fig. 5. The effect of the optimum hydraulic pressure of the DSPRO process on 

the specific power generation for various SGRs. A) the conventional and opti- 

mized hydraulic pressure and the conventional and optimized membrane area 

ratio (A 2 /A 1 %) for all SGRs. B) Specific power generation in the conventional 

and optimized DSPRO processes for the used SGRs at stage one (Eo1), stage two 

(Eo2), and the total amount at both stages (Eo_tot). 
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Fig. 6. The effect of DSPRO optimum draw solution flow rate on the specific 

power generation for various SGRs. A: the conventional and optimized ratio of 

Q D /Q F % and conventional and optimized A 2 /A 1 % for the four SGRs. B: Specific 

power generation in the conventional and optimized DSPRO processes for the 

SGRs at stage one (Eo1), stage two (Eo2), and the total amount at both stages 

(Eo_tot). 
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.3. Determining the optimum hydraulic pressure 

Previous laboratory-size studies pointed out that the optimum hy-

raulic pressure of ΔP =Δ𝜋/2 is not applicable for large-scale systems

 11 , 14 ]. Accordingly, this work investigated the impact of the hydraulic

ressure on the power generation to find the optimum hydraulic pres-

ure (PDi,1) at a 1000 L/h flow rate for the draw and feed solutions. It is

orth mentioning that 1000 L/h is within the flow rate recommended

y the HTI Company. The membrane area on the second stage was cal-

ulated using Eq. (11) . 

Results indicated that the optimum hydraulic pressure of the opti-

ized DSPRO process is slightly higher than Δ𝜋/2 for all SGRs ( Fig. 5 A).

he optimum hydraulic pressure was 0.76%, 1.36%, 1.41, and 14.16%

igher than Δ𝜋/2 for 5M-0.6 M, 5M-1.2 M, 1.2M-0.02 M, and 0.6M-

.02 M SGR, respectively. The results disagree with previous studies

ndings and suggest that the optimum hydraulic pressure in a full-scale

odule is less than Δ𝜋/2 [28] . This disagreement can be justified since

revious studies did not consider the pressure drop in the PRO process

r the change in mass transfer. Fig. 5 A also shows a higher membrane

rea in the second stage, i.e. A 2 /A 1 ratio, in the conventional DSPRO

rocesses that operates at lower hydraulic pressure due to higher wa-

er flux than in the DSPRO working at optimum pressure (Appendix A

ig. A1). The ratio of A 2 /A 1 in the conventional DSPRO was between

6.34% and 33.53%, while it was between 16.14% and 33.05% in the

rocesses operating at optimum pressure. 

The specific power generation was calculated for optimized and con-

entional DSPROs ( Fig. 5 B). The specific power production was calcu-

ated in stage one (Eo1), stage two (Eo2), and the entire process (E_tot).

n stage one, the results showed a slight increase in the specific power

eneration in the DSPRO process operated at optimum applied pres-
6 
ure compared to the conventional DSPRO process, probably, due to

he higher draw solution pressure in the former process. In stage two,

o2 in the DSPRO process at optimum applied pressure was lower than

n the conventional DSPRO process for 5M-0.6 M, 5M-1.2 M, and 1.2M-

.02 M SGRs and higher for 0.6M-0.02 M SGR ( Fig. 5 A). The reduction

n Eo2 for 5M-0.6 M, 5M-1.2 M, and 1.2M-0.02 M is attributed to the

erious CP in the first stage, which reduced the permeation flow, hence

he flow rates of the draw stream entering the second stage, leading to a

ecrease of Eo2. The effect of concentration polarization in 0.6M-0.02 M

as inadequate due to the low water flux produced by these solutions.

ence, the Eo2 was slightly higher in the DSPRO process operating at

ptimum pressure. 

The total specific power (Eo_tot) was between 0.007% and 2.45%

igher in the DSPRO process operating at optimum hydraulic pressure,

nd the highest increase was for 0.6M-0.02 M. Generally, using optimum

ydraulic pressure caused only a slight increase in Eo_tot. Compared to

 single-stage PRO process, using DSPRO process brought about 33.8%,

5%, 31% and 34.7% increase in Eo_tot for 5M-0.6 M, 5M-1.2 M, 1.2M-

.02 M, and 0.6M-0.02 M, respectively. 

.4. Determining the optimum draw flow rate 

The flow rate of the draw solution is a critical parameter that im-

acts the DSPRO processes’ efficiency [ 5 , 26 ]. Determining the optimum

alue of the draw solution flow rate in the DSPRO process was per-

ormed at P Di,1 = Δ𝜋/2, and Q Fi,1 = 1000 L/h. The flow rates ratio in the

rst DSPRO stage (Q D /Q F ) and the membrane areas ratio (A 2 /A 1 ) for

he optimized and conventional DSPRO processes are shown in Fig. 6 A.

he optimum ratio of Q /Q was different for each SGR. For instance,
D F 
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Fig. 7. Impact of the optimum feed solution flow rate on the specific power 

generation for various SGRs. A) the conventional and optimized ratio of the 

feed solution flow rate to the draw solution flow rate in the first DSPRO stage 

(Q F /Q D %) and the conventional and optimized membrane area ratio (A 2 /A 1 %) 
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mized DSPRO processes for the SGRs. 
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he optimum Q D /Q F ratio was 57% for 5M-0.6 M, 48.7% for 5M-1.2 M,

6.9% for 1.2M-0.02 M, and 36.7% at 0.6M-0.02 M. The Q D /Q F is gov-

rned by the water flux influenced by the concentration polarization in

embrane processes. For example, Q D /Q F ratio 5M-0.6 M was higher

han in 5M-1.2 M salinity gradient as a result of the greater permeation

ux in the former salinity gradient that required an increase in the flow

ate of the draw solution to reduce the dilutive CP. Likewise, the lowest

 D /Q F ratio was the 0.6M-0.02 M SGR that exhibited low water flux. 

The percentage of A 2 /A 1 in Fig. 6 A shows differences in the mem-

rane areas required in the optimized and the conventional DSPRO pro-

esses. For example, the A 2 /A 1 ratio in the 0.6M-0.02 M was 45.06%

nd 23.57% in the optimized and conventional DSPRO processes, re-

pectively. A 91.17% increase in the A2/A1 in the optimized process is

ue to the lower Q Di,1 in the first stage of the optimized DSPRO process.

ccording to Eq. (11) , A 2 is a function of Q Di,1 and Q Di,2 , but it is more

ffected by Q Di,1 . On the contrary, for the 5M-0.6 M SGR, A 2 increased

y 47.25% in the DSPRO process operated at optimum draw solution

ow rate compared to the conventional process due to the lower Q Di,1 

f the optimized process, which confirms the finding mentioned above.

 2 /A 1 ratios were between 16.34% and 33.53% in the conventional pro-

esses and 27.19% and 47.42% in the DSPRO at optimum draw solution

ow rates. 

The specific power generation was calculated for all SGRs at op-

imum draw solution flow rates and compared with the conventional

rocesses ( Fig. 6 B). The Eo_tot was 9.1%, 13.93%, 8.05%, and 24.22%

igher for salinity gradients 5M-0.6 M, 5M-1.2 M, 1.2M-0.02 M, and

.6M-0.02 M, respectively, in the DSPRO process operating at the op-

imum Q D . At optimum Q D , there was between 5% and 12% increase

n the Eo1 and between 13% and 61% in the Eo2. Using optimum Q D 

aused an increase in Eo1 and Eo2 due to the lower Q D in the DSPRO

rocess ( Eq. (10) ). The effect of using the optimal draw flow rate on pro-

ess performance was significantly greater than the effect of using the

ptimal hydraulic pressure. The specific power generated improved by

.1% to 24.22% after determining the optimum Q D , but it was 0.007%

o 2.45% after determining the optimum hydraulic pressure. The results

lso revealed an enhancement in Eo_tot between 35.6% and 49.4% when

ncluding a second PRO stage to the DPSRO process in comparison to a

ingle-stage PRO process. 

.5. Determining the optimum feed flow rate 

The flow rate of the feed solution is another important parameter

hat affects DSPRO performance. The optimum feed flow rate and its

mpact on the power generation were performed at P Di,1 = Δ𝜋/2 and

 Di,1 = 1000 L/h. Fig. 7 shows Q F /Q D ratio, A 2 /A 1 ratio, and Eo_tot of

he optimized and conventional DSPRO processes. Results show that the

ptimized DSPRO required lower Q F /Q D ratios than the conventional

SPRO ( Fig. 7 A). The Q F /Q D ratios for the optimized processes were

8%, 42.4%, 27.8% and 25.8% for 5M-0.6 M, 5M-1.2 M. 1.2M-0.02 M,

nd 0.6M-0.02 M, respectively. The highest optimum flow rates ratio

Q F /Q D ) was 42.4% for 5M-1.2 M, which is expected as the feed concen-

ration is the highest compared to other SGRs. Internal CP has a greater

ffect as feed concentration increases, and thus a high feed solution flow

ate is required to minimize concentrative CP. [29] . The severity of the

oncentrative CP for 1.2M-0.02 M and 0.6M-0.02 M is lower than the

ther SGRs due to the low feed concentration. Consequently, the Q F /Q D 

alues were lower for 1.2M-0.02 M and 0.6M-0.02 M. In effect, the Q F 

nd the ratio of Q F /Q D are governed by the feed concentration; the lower

he feed concentration, the lower the feed solution flow rate is required.

Fig. 7 A also shows the A 2 /A 1 ratio of the optimized and conven-

ional DSPRO processes. Contrary to the optimum Q D , the A 2 /A 1 ra-

ios were less in the optimized DSPRO processes than the conventional

nes. The A 2 /A 1 ratios for the conventional processes were 24.9%,

6.34%, 33.53% and 23.57% for 5M-0.6 M, 5M-1.2 M. 1.2M-0.02 M,

nd 0.6M-0.02 M, respectively. The corresponding results for the op-

imized DSPRO processes were 20.76%, 13.88%, 26.42%, and 21.45%
7 
or 5M-0.6 M, 5M-1.2 M. 1.2M-0.02 M, and 0.6M-0.02 M, respectively.

herefore, a smaller membrane area for the second DSPRO stage was

equired in the optimized processes than the conventional ones. In ac-

ordance with the DSPRO process design demonstrated in Fig. 1 , lower

ater flux in the optimized process requires a smaller membrane area in

he second DSPRO stage. The results pointed out a 9% to 21% reduction

n the second stage membrane area of the optimized processes, suggest-

ng that Q F optimization would reduce the capital cost of the DSPRO

 Fig. 7 A). 

Determining the optimum value of the Q F brought about a higher

nhancement in the specific power generation than the optimization of

he applied pressure or the Q D . When the DSPRO process was operated

t its optimal feed solution flow rate, the increase in specific power gen-

ration in stage one (Eo1) was 31% for 5M-0.6 M, 19% for 5M-1.2 M,

4% for 1.2M-0.02 M, and 46% for 0.6M-0.02 M ( Fig. 7 B). While the

ncrease in Eo2 was 6% for 5M-0.6 M, 4% for 5M-1.2 M, 8% for 1.2M-

.02 M, and 2% for 0.6M-0.02 M. Generally, the increase in the Eo1 was

igher than the increase in Eo2 due to the higher water flux in stage one

ompared to stage two of the DSPRO process. It is also due to the lesser

smotic power and hence water flux in stage two of the DSPRO process.

he enhance in the total specific power generation (E_tot) due to Q F op-

imization was 24.39%, 15.44%, 20.58% and 34.54% for 5M-0.6 M, 5M-

.2 M, 1.2M-0.02 M, and 0.6M-0.02 M, respectively. The Eo_tot in the

ptimized DSPRO was 0.602, 0.318, 0.193, and 0.069 kWh/m 

3 for 5M-

.6 M, 5M-1.2 M, 1.2M-0.02 M, and 0.6M-0.02 M, respectively. When

he DSPRO is compared to a single-stage PRO, Eo_tot was 27.6%, 30.7%,

7.1%, and 23.9% higher in the DSPRO process for 5M-0.6 M, 5M-1.2 M,

.2M-0.02 M, and 0.6M-0.02 M, respectively. 

Table 2 shows the percentage increase in Eo_tot in the DSPRO pro-

ess at optimum operating conditions. The maximum increase in the spe-

ific power occurred at the optimum Q F , followed by the optimum Q D 

ollowed by the hydraulic pressure. As such, the systematic simulation-
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Table 2 

The percentage increase in total specific power generation in the DSPRO processes resulting from the systematic simulation-based 

optimization of the main process parameters. 

Salinity gradient 

resources (M) 

The percentage increase in the total 

specific power generation at an 

optimum applied pressure 

The percentage increase in the total 

specific power generation at an 

optimum draw flow rate 

The percentage increase in the total 

specific power generation at an 

optimum feed flow rate 

5–0.6 0.007% 9.10% 24.39% 

5–1.2 0.022% 13.93% 15.44% 

1.2–0.02 0.025% 8.05% 20.58% 

0.6–0.02 2.45% 24.22% 34.54% 

Table 3 

The optimum values of applied pressure and draw solution flow rate at the 

systematic simulation-based optimization of the DSPRO process with the max- 

imum percentage of the specific power generation. 

SGR (M) The Optimum Values of P (bar) The Optimum Values of Q D (L/h) 

5–0.6 108 570 

5–1.2 93.83 487 

1.2–0.02 29.15 569 

0.6–0.02 16.13 367 
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a  
ased optimization of the Q F at the optimum values of the applied pres-

ure and the Q D rate is considered next to determine the percentage

ncrease in Eo_tot due to the systematic simulation-based optimization

n the DSPRO processes for the SGRs. 

.6. Optimization of feed flow rate at optimum draw flow rate and pressure

This section obtains the optimum draw solution flow rate and hy-

raulic pressure parameters from the simulation processes mentioned

bove ( Table 3 ) to optimize the Q F . The Q F /Q D ratio, A 2 /A 1 ratio, and

o_tot of the optimized and conventional DSPRO processes are shown

n Fig. 8 . The Q F /Q D ratio increases with raising water flux to overcome

he impact of concentrative CP. It also relies on the nature of SGR that

etermines water flux in the membrane. For example, the Q F /Q D ratio

ncreased from 35.11% for 5M-1.2 M SGR to 46.32% for 5M-0.6 M SGR

ue to the greater permeation flux in the latter salinity gradient. This

bservation was also found in 1.2M-0.02 M and 0.6M-0.02 M SGRs. A

igher Q F /Q D ratio is required in the 0.6M-0.02 M salinity gradient to

vercome the impact of CP when using a low concentration draw so-

ution such as seawater (0.6 M). The membrane area in stage two was

arger in the optimized process than the conventional process ( Fig. 8 A)

ue to the lower Q D in the first DSPRO stage ( Eq. (11) ). A 2 /A 1 ratio

f the optimized processes was 33.81%, 25.54%, 41.96%, and 36.64%

or 5M-0.6 M, 5M-1.2 M, 1.2M-0.02 M, and 0.6M-0.02 M, respectively.

hile A 2 /A 1 ratio of the conventional processes was 24.9%, 16.34%,

3.53%, and 23.57% for 5M-0.6 M, 5M-1.2 M, 1.2M-0.02 M, and 0.6M-

.02 M, respectively. 

The Eo_tot was higher in the optimized DSPRO processes than the

onventional processes ( Fig. 8 B). Although a significant enhancement

n Eo_tot was achieved in the optimized processes, the increase in Eo_tot

as higher in the first DSPRO stage. It could also be related to the greater

ermeation flow in the first DSPRO stage compared to the second DSPRO

tage. The osmotic pressure in the second DSPRO stage was lower than

n the first stage, leading to a lower water flux. The maximum increase

n Eo_tot due to the optimization was 133.54% for 0.6M-0.02 M, fol-

owed by 108.8% for 5M-1.2 M, 71.07% for 5M-0.6 M, and 63.18% for

.2M-0.02 M. Results in Fig. 8 B reveal that using a low concentration

eed solution, such as 0.02 M wastewater, would improve the optimized

SPRO process due to the negligible internal CP on the feed solution

ide. 

The outcomes revealed the advantages of DSPRO over the single-

tage PRO process in rising the energy output from salinity gradient

esources. There was a considerable enhancement in the specific power
8 
eneration in the DSPRO processes with 5M-0.6 M, 5M-1.2 M, and 0.6M-

.02 M SGRs. Fig. 8 revealed that Eo_tot increased by 22% when a sec-

nd PRO process was added. The increase in the energy output due to

dding a second PRO stage was 21.5%, 19.1%, 22.4%, and 20.5% for

M-0.6 M, 5M-1.2 M, and 0.6M-0.02 M salinity gradient resources, re-

pectively. This underlines the benefit of using the DSPRO process com-

ared to the single PRO process regarding renewable power generation.

oreover, this may encourage the development and usage of hybrid

ystems where DSPRO can be coupled with desalination units as RO to

educe the power consumption and minimize the water pretreatment

teps [4] . 

.7. Mass transfer, solute resistivity and pressure drop impact on DSPRO 

erformance 

The previous DSPRO simulation scenarios considered the impact of

ydrodynamic conditions on the k d and the K along the full-scale PRO

odule. Three scenarios are investigated here to study the DSPRO pro-

ess performance 

i Case 1 assumes k d and K are variables with pressure drop in the PRO

module 

ii Case 2 assumes k d and K are constants with pressure drop in the PRO

module 

iii Case 3 assumes k d and K are without pressure drop in the PRO mod-

ule 

In the comparison study, case 1 vs case 2 displays the effect of k d 
nd K, case 2 vs case 3 displays the effect of pressure drop, and case

 vs case 1 shows the effect of k d , K, and pressure drop on the process

erformance ( Table 4 ). 

The results were obtained at 1000 L/h feed and draw solutions flow

ates and a hydraulic pressure equal to 𝜋/2 to determine the impact

f these parameters under the same experimental conditions. Fig. 9 ex-

lains the specific power generation in the first and second stages (Eo1

nd Eo2), total specific power generation (E_tot), and A 2 /A 1 ratio in

SPRO processes. In the first DSPRO stage, the specific power gener-

tion for 5M-0.6 M was 0.361, 0.360, and 0.359 kWh/m 

3 in case 1,

ase 2, and case 3, respectively. The results indicated that the DSPRO

erformance was subtly higher in case 1 ( Fig. 9 A). The same trend was

oticed for 5M-1.2 M and 1.2M-0.02 M ( Fig. 9 B and 9 C), in which Eo1

as the highest in case 1. For 0.6M-0.02 M, Eo1 was slightly higher

0.0382 kWh/m 

3 ) in case 3 ( Fig 9. D) as a consequence of the com-

ined impact of the applied pressure and water flux on the specific

ower generation (Fig. A3B-Appendix A). In the second DSPRO stage,

he maximum specific power generation was in case 2, followed by

ase 3, then case 1 for 5M-0.6 M, 5M-1.2 M, and 1.2M-0.02 M. Com-

ared to case 2, there was 11.14%, 13.04%, 9.2%, and 8.82% reduction

n the second stage power generation for 5M-0.6 M, 5M-1.2 M, 1.2M-

.02 M, and 0.6M-0.02 M, respectively, due to changing k d and K in

ase 1. The increase in Eo2 in case 2 was due to increasing the per-

eation flux in stage 2 (Fig. A2-Appendix A). Nevertheless, the high-

st increase in Eo2 for 0.6M-0.02 M was in case 3 ( Fig. 9 D). The dif-

erence in the specific power generation of the DSPRO at constant k d 
nd K and ignoring the effect of pressure drop in the membrane is af-
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Fig. 8. The optimum feed solution flow rate at the optimum 

applied pressure values and the draw flow rates of the DSPRO 

process on the produced power generation for various SGRs. A: 

the conventional and optimized ratio of Q F /Q D % and the con- 

ventional and optimized ratio of A 2 /A 1 % for the four SGRs. B: 

Eo1, Eo2, and Eo_tot in the conventional and optimized DSPRO 

processes for the SGRs. 

Table 4 

The effect of considering the variation of k d , K and the pressure drop along membrane modules in the DSPRO processes for the SGRs in the total 

specific power generation. 

Scenarios Parameters SGRs NaCl (M) Comparison % Difference in Eo1 % Difference in Eo2 %Difference in Eo_tot 

Case 1 k d and K are 

variables with 

pressure drop 

5–0.6 

Case 1 Vs. Cas2 

0.39 − 11.14 − 2.8 

5–1.2 0.57 − 13.04 − 3.37 

1.2–0.02 0.78 − 9.2 − 1.78 

0.6–0.02 0.39 − 8.82 − 2.13 

Case 2 k d and K are 

constants with 

pressure drop 

5–0.6 

Case 2 Vs. Case 3 

0.25 1.66 0.63 

5–1.2 0.25 1.07 0.49 

1.2–0.02 1.04 5.98 2.27 

0.6–0.02 − 0.79 − 1.63 − 1.03 

Case 3 k d and K are 

constants without 

pressure drop 

5–0.6 

Case 3 Vs. Case 1 

− 0.63 10.7 2.24 

5–1.2 − 0.81 13.77 2.99 

1.2–0.02 − 1.8 3.92 − 0.44 

0.6–0.02 0.41 11.49 3.23 
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t  
ected by water flux and hydraulic pressure. For 0.6M-0.02 M SGR, wa-

er flux was higher in case 1 than in case 3 (Fig. A2D-Appendix A),

ut Eo2 was higher in case 3 in which the pressure drop was ignored

ue to the higher hydraulic pressure (Fig. A3B-Appendix A). For 5M-

.6 M, 5M-1.2 M, and 1.2M-0.02 M, Eo_tot was greater in case 2 than

n case 1. Compared to in case 2, Eo_tot decreased by 2.8%, 3.37%,

.78%, and 2.13% for 5M-0.6 M, 5M-1.2 M, 1.2M-0.02 M, and 0.6M-

.02 M, respectively, in case 1. Comparing case 3 to case 1, 2.24%,

.99%, and 3.23% increase in the Eo_tot occurred for 5M-0.6 M, 5M-

.2 M, and 0.6M-0.02 M, respectively, due to the variation in k d , K, and

onsidering the pressure drop in the modules. In contrast, a reduction

f 0.44% for 1.2M-0.02 M ( Table 4 ) occurred due to the reduction in

he permeation flow and applied pressure in case 1 compared to case 3

Fig. A3A-Appendix). 
9 
There was also a subtle difference in the A 2 /A 1 ratio in case 1, case

, and case 3. A 2 /A 1 ratio was slightly higher in the DSPRO processes

erformed in case 1 followed by case 2, then case 3 as a result of the

reater permeation flow rate in stage one (Fig. A2-Appendix A). A 2 is

nfluenced by the permeate flow rate ( Eq. (11) ); the higher the perme-

tion rate in the first DSPRO stage, the higher A 2 /A 1 ratio. The variation

f k d , K , and considering the pressure drop in the membrane generated a

igher permeation flow rate in stage one, which forms the draw solution

ow rate in stage two, increasing the membrane area of stage two. 

Practically, k d and K parameters and the pressure drop will change

n the full-scale module due to the variation in feed and draw solution

ow rates. Overlooking variation in k d and K parameters will overesti-

ate Eo_tot, as shown in case 2 relative to case 1. Likewise, ignoring

he pressure drop along the PRO membrane will subtly affect Eo_tot, as
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Fig. 9. The impact of changing k d and K and included the pressure drop in the 

DSPRO processes on the produced power generation in the first, second stages 

and the total amount at case 1, case 2, and case 3 on 5M-0.6 M, 5M-1.2 M, 

1.2M-0.02 M, and 0.6M-0.02 M (A, B, C, and D, respectively). 

s  

i  

t  

t  

p  

c

4

 

S  

e  

s  

c  

r  

A  

t  

p  

s  

7  

a  

t  

p  

s  

f  

t  

2  

S  

p  

s  

v  

e  

i  

d  

e

D

 

i  

t

A

 

v  

a

A

A

 

m  

b  

t  

n  

p  

f  

t  

a  

m  

w

10 
hown in case 3 compared to case 2. Overall, results in Fig. 9 showed the

mpact of k d and K parameters on Eo_tot (case 1 vs case 2) is higher than

he impact of pressure drop on the Eo_tot (case 2 vs case 3). In effect,

he DSPRO performance would be closer to real field conditions when

ressure drop and variation in hydrodynamic conditions are included in

alculating the specific power generation. 

. Conclusion 

DSPRO process was suggested for higher power generation from

GRs. However, the determination of the optimum operating param-

ters would further enhance process performance. Process systematic

imulation would improve the produced specific energy and lower the

ost of energy required. The study results revealed that the optimum

atio of the QF/QD is lower than that in the conventional processes.

dditionally, the results indicated that the feed solution flow rate is

he most influential parameter affecting the performance of the DSPRO

rocess, followed by the draw solution flow rate and hydraulic pres-

ure. The DSPRO process total power generation could be increased by

1.07%, 108.8%, 63.18%, and 133.54% for DS-SW, DS-ROB, ROB-WW,

nd SW-WW SGRs, respectively, after optimizing the operating parame-

ers. For the first time, the study evaluated the impact of hydrodynamic

arameters, such as k d and K coefficients, in process simulation. The

tudy found that k d and K coefficients affect the DSPRO process per-

ormance, and overlooking these parameters may overestimate the to-

al specific power generation in the DSPRO process. This study showed

.8% more power generation occurred in the DSPRO process using DS-

W SGR when k d and K were considered constants. Moreover, the total

ower generation was increased by 0.63% for DS-SW when the pres-

ure drop was ignored in the DSPRO process while ignoring k d and K

ariations and pressure drop in the process results in 2.24% higher en-

rgy output. Accordingly, the results showed that k d and K variations

n the DSPRO process would have more impact than ignoring pressure

rops on the energy output. These parameters should be considered in

stimating the energy produced from an SGR. 
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ppendix A 

.1. The impact of the optimum hydraulic pressure 

Water flux of the DSPRO process declines through the membrane

odules due to the lessening of the osmotic power through the mem-

rane length. In the second DSPRO stage, the water flux increased as

he osmotic power increased by the fresh feed solution due to adding

ew feed to that stage. Determination of the optimum value of the ap-

lied pressure in the DSPRO process showed mitigation in the water flux

or 5M-1.2 M SGR ( Fig. A1 ). The optimum applied pressure was greater

han the applied pressure in the conventional DSPRO process, causing

 reduction in the amount of water permeating through the membrane

odules in the DSPRO both stages, which explains the reduction in the

ater flux due to the usage of the optimum hydraulic pressure. 
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Fig. A1. Water flux along the membrane modules in the DSPRO process where 

two modules in stage one and one module in stage two for 5M-1.2 M SGR. P Di,1 

is 92.57 bar and equal flow rates of 1000 L/h of the feed and the draw solutions 

in the conventional case. While P Di,1 is 93.83 bar at 1000 L/h feed flow rate and 

1000 L/h draw flow rate for the DSPRO process at optimum pressure. 
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.2. The impact of variation of mass transfer, solute resistivity and 

ressure drop on water flux 

The impact of variation in mass transfer, solute resistivity and pres-

ure drop through the membrane modules in DSPRO processes was con-

idered for 5M-0.6 M, 5M-1.2 M, 1.2M-0.02, and 0.6M-0.02 M. Fig. A2

epresents the variation in the water flux along the membrane mod-

les of the DSPRO processes performed at case 1, case 2, and case 3 for

ll SGRs. For all SGRs; higher water flux in the first DSPRO stage was

btained at case 1 followed by case 2 than case 3, which means that

onsidering the variation in k d , K, and the pressure drop in the DSPRO

rocesses improve the water permeation through the membrane in the

rst DSPRO stage. Higher water flux at the second DSPRO stage per-

ormed at case 2 resulted from all SGRs, representing that ignoring the

ariation of kd and K along the DSPRO membrane modules will overes-

imate the water flux in the second DSPRO stage. Ignoring the pressure
ig. A2. The variation in the water flux along the membrane modules in the DSPR

M-1.2 M (figure B), 1.2M-0.02 M (figure C), and 0.6M-0.02 M (figure D). 

11 
rop at the DSPRO processes performed in case 3 displayed lower water

ux for all SGRs than the water flux of the DSPRO processes performed

n case 2. The figure shows that the water flux is affected by k d , K, and

he pressure drop in the DSPRO processes for all SGRs, and their impacts

annot be ignored. 

.3. The impact of variation of mass transfer, solute resistivity and 

ressure drop on permeation rate and the hydraulic pressure 

As discussed earlier, the variation of k d , K , and the pressure drop af-

ect the DSPRO process’s performance represented by the specific power

eneration. The applied hydraulic pressure controls the specific power

eneration, permeation flow rate, feed, and draw solutions flow rates.

ince the feed and the draw solutions flow rates are the same for all the

ases presented in Section 3.7 ; then the variation in specific power gen-

ration between the SGRs was governed by the permeation flow rate and

he applied hydraulic pressure. Accordingly, the combined effect of the

ermeation rate (Qp) and the applied hydraulic pressure (P) was stud-

ed and shown in Fig. A3 . The figure shows the permeate flow rate times

he applied pressure for the DSPRO processes of 1.2M-0.02 M and 0.6M-

.02 M performed at case 1 and case 3. Qp ∗ P is higher for the DSPRO

rocess performed at case 1 for 1.2M-0.02 M than case 3. The water

ux of the DSPRO process of 1.2M-0.02 M performed at case1 showed

igher values than the water flux of the DSPRO process performed in

ase 3 (Fig. A2C-Appendix). For the DSPRO process performed in case

, the pressure drop was ignored, then the optimum applied pressure

as higher than the DSPRO process performed in case 1. 

Nevertheless, the combined effect of the lower permeate flow rate

nd higher applied pressure caused a reduction in Qp ∗ P for the DSPRO

rocess at case 3 compared to case 1, which clarifies that Eo_tot for

he DSPRO process of 1.2M-0.02 M was lower in case 3 relative to the

ase 1 ( Fig. 9 C). The scenario was the opposite of the DSPRO process of

.6M-0.02 M. Qp ∗ P is lower for the DSPRO process performed at case

 for 0.6M-0.02 M than case 3. The water flux of the DSPRO process of

.6M-0.02 M performed at case1 showed higher values than the water

ux of the DSPRO process performed in case 3 (Fig. A2D-Appendix). For

he DSPRO process performed in case 3, the pressure drop was ignored,
O processes performed at case 1, case 2, and case 3 for 5M-0.6 M (figure A), 
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Fig. A3. The variation in the permeate flow rate along the membrane modules in the DSPRO processes performed at case 1 and case 3 for 1.2M-0.02 M (figure A) 

and 0.6M-0.02 M (figure B). 
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hen the optimum applied pressure was higher than the DSPRO process

erformed in case 1. Then, the combined effect of the lower permeate

ow rate and higher applied pressure caused enhancement in Qp ∗ P for

he DSPRO process in case 3 relative to the case 1, which explains that

o_tot for the DSPRO process of 0.6M-0.02 M was higher in case 3 rel-

tive to the case 1 ( Fig. 9 D). 
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