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ABSTRACT 

Pressure retarded osmosis (PRO) is a power generation process that harnesses the salinity 

gradient between two bodies of water.  In literature, the most dominant example of this type of 

energy is from the mixing of sea water and river water. However, as the first pilot plant of this 

type proved, this pair is not sufficient to generate enough energy to offset the cost of generation 

and is unfeasible economically.  

This work aims to assess the techno-economic feasibility of both single stage and multistage 

PRO design configurations using hypersaline solution (as Draw) and Seawater (as feed). The 

hypersaline draw of focus is produced water which is obtained from oil and gas reservoirs.   For 

this work, a PRO simulator is used, which was developed at Texas A&M University at Qatar. 

It uses the Q-electrolattice Equation of State (EoS) and a mass transfer model to determine 

equipment parameters, pump and turbine powers as well as stream properties of interest. This 

work extends the capabilities of the simulator to handle economic calculations as well as the 

decision-making criteria that points to profitability or lack thereof. Its capabilities were also 

extended to interface with DAKOTA – a tool to aid in sensitivity analysis and mathematical 

optimization. 

Using Levelized Cost of Electricity (LCOE) as the techno-economic parameter of interest, this 

work shows that energetic and economic optimum occur at different system conditions, 

quantifies the effect of membrane nonidealities on LCOE, shows the optimal plant dimensions 

and system conditions to operate a PRO plant using both ideal and real membranes and 

compares PRO to other renewable energy technologies. It also shows results of the energetic 

and economic performance of multistage systems.  
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NOMENCLATURE 

A  water permeability of the membrane 

∆𝐴𝑀𝑇𝐶  contribution to Helmholtz energy from Matted-Tavares-Castier (MTC) EoS 

∆𝐴𝑀𝑆𝐴  contribution to Helmholtz energy from the mean spherical approximation 

∆𝐴𝐵𝑜𝑟𝑛 contribution to Helmholtz energy calculated from Born Equation 

𝐴𝑚  wrea of the membrane 

𝐴𝑅  residual Helmholtz free energy 

B  Salt permeability of the membrane 

𝐶𝐶  Capital cost of an equipment 

𝐶𝑂𝑃𝐸𝑋   total operating cost 

𝐶𝐹,𝑏   concentration of the bulk feed solution 

𝐶𝐷,𝑏  concentration of the bulk draw solution 

𝐶𝐶𝐴𝑃𝐸𝑋  total Capital cost 

CEPCI  Chemical Engineering Plant Cost Index 

D  bulk diffusion coefficient 

E  energy produced by the plant per year 

h   molar enthalpy 

i   discounting factor 

𝐽𝑠  reverse salt flux 

𝐽𝑊  Water flux across the membrane 
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k  Mass transfer co-efficient 

LCOE   Levelized Cost of Electricity  

𝑚̇𝑃,𝑠  salt molar flowrate 

𝑛̇  molar flowrate 

𝑛𝐹  feed molar flowrate 

𝑛𝐷  draw molar flowrate 

𝑛𝑤
𝐷   molar flowrate of water in the draw stream 

𝑛𝑠
𝐷  molar flowrate of salt in the draw stream 

𝑛𝑤
𝐹   molar flowrate of water in the feed stream 

𝑛𝑠
𝐹  molar flowrate of salt in the feed stream 

N   total life of the plant 

OC  Operating cost 

S  structural parameter of the membrane support layer 

s   molar entropy 

𝑉̇𝑑𝑟𝑎𝑤  volumetric flowrate of the draw 

𝑉̇𝑓𝑒𝑒𝑑  volumetric flowrate of the feed 

𝑉̇𝑃  water permeate flowrate 

𝑉̇𝑃𝑋  volumetric flowrate through the pressure exchanger 

𝑉𝑚  molar volume of the solution 

𝑊̇𝑠ℎ𝑎𝑓𝑡,𝑟𝑒𝑣 reversible shaft power 
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𝑊̇𝑠ℎ𝑎𝑓𝑡  Shaft Power 

𝑊̇𝑠𝑦𝑠𝑡𝑒𝑚 net power produced – difference between pump and turbine powers 

𝑥  mole fraction 

Greek letters 

𝜋  Osmotic Pressure of the solution 

𝜋𝐷,𝑏  osmotic pressure of the bulk draw solution 

𝜋𝐹,𝑏  osmotic pressure of the bulk feed solution 

𝜂  efficiency 

𝜙  ratio of feed flowrate to total flowrate 

Subscripts  

w  water 

s   salt 
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1 INTRODUCTION 

Increasing energy demand and anthropogenic climate change have led to increased research in 

alternative sources of energy [1].  Among these technologies are solar and wind power, which 

has experienced increased adoption due to sufficient economic viability to attain grid parity 

[2][3]. Grid parity refers to the point where renewable energy technologies can produce power 

at the same cost or lower than that obtainable from conventional grids powered by 

hydrocarbons [4]. 

Salinity gradient energy, which refers to the energy of mixing solutions with different salt 

concentrations, has also enjoyed increased research interest [5]. Salinity gradient energies can 

be harnessed through technologies that include reverse electrodialysis (RED) [6], capacitive 

mixing [7], hydrogel swelling [8], and pressure retarded osmosis [9]. 

Pressure retarded osmosis (PRO), which is the focus of this work, makes use of a semi-

permeable membrane between two solutions of different concentrations. Due to osmosis, water 

molecules move through the membrane from the solution of low concentration to that with the 

higher concentration. The process operates in such a way that the pressure on the side of the 

higher salt concentration (draw solution) is higher than the pressure on the side of the lower 

salt concentration (feed solution). The value of this hydraulic pressure difference is smaller 

than the osmotic pressure difference between the draw and feed solutions. In this way, there is 

an osmotic flow of solvent – water, typically – from the feed to the draw solution. These two 

effects – increase in pressure of draw solution and its flow rate enable the generation of 

mechanical power in a hydroturbine, which extracts power from the pressurized draw solution 

[5]. 
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1.1 AIM OF THIS WORK  

This work aimed to investigate the economic feasibility of PRO to produce energy using 

hypersaline draw solutions, and evaluate the performance of different PRO configurations. 

Also, the work includedcomparison of this technology with other renewable energy 

technologies, analyzing the sensitivity of costs to selected model parameters, and determining 

optimal operating conditions.  

1.2 THESIS OVERVIEW  

Chapter 2 reviews the existing body of work on PRO, dividing the literature broadly into three 

distinct timelines – early-stage development, an optimistic period that ends with the close of 

the first pilot plant, and a cautious period that looks at PRO process scalability. Also, an 

overview of the simulator and the process for membrane development already embedded in the 

simulator is provided. Additionally, this chapter discusses existing literature on cost estimation 

methods and types. 

Chapter 3 presents the details of the methodology used in developing the techno-economic 

framework. Equations underlying the development of each equipment and associated costing 

models are included.  

Chapter 4 presents results showoff this research on how the current state-of-the-art PRO 

process compares with other renewable energy technologies, the sensitivity of various process 

variables to LCOE (levelized cost of electricity), proposed optimal membrane properties, and 

comparison of PRO to other renewable energy technologies. Multistage analysis is carried out 

to asssess whether incremental power gained from additional equipment justifies the increased 

capital expenditure involved. 

Chapter 5 gives the conclusions and recommendations for future work.
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2 LITERATURE REVIEW  

2.1 THE OSMOTIC PROCESS 

In general, osmotic processes occur as a result of the difference in chemical potential of each 

component in two solutions separated by a semi-permeable membrane. Depending on the 

magnitude of osmotic pressure difference (Δ𝜋) and the magnitude of hydraulic pressure (ΔP), 

three types of osmotic processes can be identified as shown in Figure 1. 

1. Forward Osmosis describes the ‘natural tendency’ of solvent in a solution of lower 

concentration to move to a solution of higher solute concentration, with ΔP=0. 

2. Reverse Osmosis in which an external hydraulic pressure is applied to the more 

concentrated solution to force out freshwater, leaving behind solute, with ΔP> Δ𝜋. 

3. Pressure Retarded Osmosis describes the process in which an external hydraulic 

pressure is applied to a highly concentrated solution (called draw solution) and the less 

concentrated solution (called feed solution) is allowed to permeate through the 

membrane towards the draw solution. However, permeate water flow is retarded by 

applying hydraulic pressure difference lower than osmotic pressure difference. The 

excess water is then channeled to a turbine to produce power. In this case, 0< ΔP< Δ𝜋 

 

Figure 1:Schematic of Different Osmotic Processes. Reprinted with permission from Achilli 

et al.  [10]. Copyright 2009 Elsevier  
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2.2 DEVELOPMENT OF PRO 

The development of PRO can be divided into three broad timelines – 

1. Early stages– a period which ranged from 1954 to 1990 

2. Optimism period – a period which ended in 2014 with the closedown of the first PRO 

plant 

3. Cautious times – a period which birthed a more critical look at the scalability of PRO 

processes  

2.2.1 EARLY STAGES 

Utilization of salinity gradient as an energy source was first reported by Pattle [11] who posits 

that the energy of mixing of the river and sea is equivalent to the energy obtainable from a 

680ft waterfall. In this same work, he proposes that the economics of this process hinges on 

how frequently the membranes need to be replaced. 

In a series of two papers, Loeb [12] and Loeb et al. [13] reported the first techno-economic 

evaluation of the PRO process. This was also the first mention of hypersaline pairing as they 

envisioned the Dead Sea and Jordan River as the draw and feed, respectively. This work also 

gave some insight into membrane qualities desired for hypersaline pairing as they reported 

membrane damage on contact with Dead Sea water. It also concluded that energy generation 

costs amount to $0.072/kWh under highly optimistic assumptions for the equipment costs and 

efficiency as well as increased capability of the membrane to resist fouling. In 2001, however, 

the author revised this estimation when he carried out an economic evaluation of the PRO 

process and concluded that the cost of energy generation is $0.09/kWh [14]. For this analysis, 

the capital cost was based on the capital cost for a Brackish Water Reverse Osmosis (BWRO) 

Plant of $320/(m3/day) which is the value gotten after a scale-down factor applied to correct 

for the location of the PRO plant. This is much less than the average cost per volume for a Sea 



 

5 

 

Water Reverse Osmosis plant of $1,000(m3/day) [15]. BWRO cost is not an adequate 

estimation of capital costs for PRO due to  the absence of high pressure booster pumps [3]. 

Lee et al. [16] also carried out techno-economic evaluations but they assumed that all 

equipment and membrane costs are $100/m2. Thus, the model lacks the robustness needed to 

truly evaluate the PRO process.  However, in this work, they also conclude that the 

seawater/wastewater pairing was economically unfeasible.  

For an ideal membrane, the water flux (𝐽𝑊) associated with transport across it can be given by 

equation 1 [16]. An ideal membrane is one with no concentration polarization or reverse salt 

flux. 

𝐽𝑊 = 𝐴(𝛥𝜋 − 𝛥𝑃) (1) 

where 𝐴 represents water permeability. 

The relationship for water flux in a non-ideal membrane by incorporating salt leakage and 

internal concentration polarization was developed by Lee et al. [16]  

𝐽𝑊 = 𝐴 (𝜋𝐷,𝑏

1 −
𝐶𝐹,𝑏 

𝐶𝐷,𝑏
𝑒𝑥𝑝(𝐽𝑤𝐾)

1 +
𝐵
𝐽𝑤

[𝑒𝑥𝑝(𝐽𝑤𝐾) − 1] 
−  𝛥𝑃) 

(2) 

where 𝜋𝐷,𝑏 represents the osmotic pressure of the bulk draw solution, 𝐶𝐹,𝑏 and 𝐶𝐷,𝑏 represent 

the concentration of the bulk feed and draw solutions respectively. 𝐵 represents salt 

permeability and K is the mass transfer coefficient. 

In this same work, they also presented a preliminary economic analysis where they concluded 

that capital costs of the PRO plant depend on three main factors: the salinity gradient pairing 

used, the membrane characteristics that determine the maximum allowable pressure, and the 

power output per unit area as well as installed membrane costs. They also concluded that the 
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economic viability of seawater/freshwater pairing would be possible only with a membrane 

that is impermeable to salt (such that B~0). 

2.2.2 OPTIMISTIC PERIOD 

Interest in PRO picked up steam after the Kyoto Meeting in 1997 and with the famous question 

by Sidney Loeb ‘Energy production at the Dead Sea by pressure-retarded osmosis: challenge 

or chimera?’[17] where he concluded optimistically that the cost of electricity generated would 

be in the range of $0.017/kWh – $0.058/kWh, with the added benefit of refilling the Dead Sea 

with discharge brine. In 2009, Achilli et al. [10] developed a model which incorporated dilutive 

external concentration polarization (ECP) into the water flux model.  

𝐽𝑊 = 𝐴 (𝜋𝐷,𝑏 𝑒𝑥𝑝 (−
𝐽𝑤

𝑘
)

1 −
𝜋𝐹,𝑏

𝜋𝐷,𝑏
𝑒𝑥𝑝(𝐽𝑤𝐾) 𝑒𝑥𝑝 (

𝐽𝑤

𝑘
)

1 +
𝐵
𝐽𝑤

[𝑒𝑥𝑝(𝐽𝑤𝐾) − 1]
−  𝛥𝑃) 

(3) 

where 𝑘 is the mass transfer coefficient of the membrane and 𝐾 represents the effect of ICP on 

water flux.  

An alternative model was developed by Yip et al. [18], which simultaneously accounted for 

Internal Concentration Polarization (ICP) and dilutive External Concentration Polarization 

(ECP). This is the model most commonly used to simulate PRO processes and it is used in this 

work –  

𝐽𝑊 = 𝐴 (
𝜋𝐷,𝑏 𝑒𝑥𝑝 (−

𝐽𝑤

𝑘𝐷
) − 𝜋𝐹,𝑏 𝑒𝑥𝑝 (

𝐽𝑤𝑆
𝐷 )

1 + (
𝐵
𝐽𝑤

) [𝑒𝑥𝑝 (
𝐽𝑤𝑆
𝐷 ) − 𝑒𝑥𝑝 (−

𝐽𝑤

𝑘𝐷
)]

− 𝛥𝑃) 

(4) 

where 𝜋𝐷,𝑏 and 𝜋𝐹,𝑏 represents the osmotic pressure of the bulk draw and bulk feed solutions 

respectively, 𝑆 represents the structural parameter of the membrane support layer and 𝑘𝐷 is the 

boundary layer mass transfer co-efficient.   
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In 2008, researchers from Statkraft [19] published a report of the research progress made by 

the company in osmotic power and membrane technology and its outlook that investment in 

the technology would allow for a profitable margin. Gerstandt et al. [20] carried out more 

laboratory-scale research into developing a membrane that would give a power density of 

5W/m2, also in preparation for the pilot plant deployment by Statkraft. In 2014, the pilot plant 

closed down due to insufficient power production, which was reportedly caused by reverse salt 

flux, membrane fouling, and concentration polarization [21]. The plant had achieved a total 

power output of 2kW with a membrane size of 2000m2 (power density of 1W/m2). The 

closedown of the pilot plant birthed a new phase in PRO research with more emphasis on the 

scalability of coupon scale parameters.  

2.2.3 CAUTIOUS PERIOD – CRITICAL LOOK AT SCALABILITY  

Feinberg et al. [22] assessed the scalability of both Reverse Electro Dialysis (RED) and PRO. 

They accounted for plant scale system losses which are not observable in lab-scale modeling 

and concluded that  actual power density for PRO processes in full scale is much lower than 

those reported in literature via the extrapolation of laboratory-scale results. Interestingly, they 

concluded that maximum power density is not an adequate parameter to assess plant scale 

system feasibility.  

A method of assessing the feasibility of different standalone PRO projects was proposed by  

Chung et al. [3]. They proposed a ‘lower bound cost’ scenario that leads to a decision on which 

scenarios are uneconomical. They concluded that only hypersaline water/river water or 

produced water/river water pairing with more than 18% wt draw solution salinity can compete 

with wind energy at its levelized cost of $0.074/kWh. 

In keeping with the hypersaline water for draw solution, Khasawneh et al. [23] evaluated the 

feasibility of three proposed PRO projects on the Dead Sea – Red Sea water conveyance project 
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(RSDS). Their results showed that while all three projects were technically viable, only the 

third, with the Dead Sea/reverse osmosis brine, was economically feasible. Some location-

specific economic evaluation of PRO processes has been reported in literature. Ansari et al. 

[24] evaluated the economic feasibility of deploying a PRO plant in Iran and concluded that 

the deployment of PRO is unfeasible in that location. 

2.3 SIMULATOR OVERVIEW 

The developed FORTRAN-based simulator has different subroutines/modules which 

correspond to the different equipment that makes up a PRO process. This modularity enables 

ease of implementing user-specific design configurations. The properties of each stream 

entering the process from the environment is user-specified and stream property calculations 

within the process are calculated using the Q-electrolattice Equation of State (EoS) developed 

by Zuber et al. [25]. The use of this advanced EoS enables accurate computation of stream 

thermodynamic properties and this gives more accurate osmotic pressure difference which is 

the driving force for energy production. The inputs required by the simulator as well as the 

corresponding units are shown in Table 1.  

Table 1: Inputs needed by the simulator 

INPUT UNIT 

Membrane 

Water Permeability (A) L/(m2.h.bar) 

Salt Permeability (B) L/(m2.h) 

Structural Parameter (S) m 

Slope of Structural Parameter against Pressure (used for 

pressure-dependent structural parameter) 

m/Pa 

Slope of Salt Permeability against Pressure (used for 

pressure-dependent salt permeability) 

L/(m2.h.Pa) 

Mass Transfer Coefficient (k) L/(m2.h) 

Area  m2 
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Table 1: Inputs needed by the simulator (continued) 

INPUT UNIT 

Equipment 

Draw Solution Pressure (supplied by draw pump) Pa 

Feed Solution Pressure (supplied by feed pump) Pa 

Pump Efficiency  % 

Turbine efficiency  % 

Pressure Exchanger (Depressurization efficiency) % 

Pressure Exchanger (Pressurization efficiency) % 

Stream Properties 

Draw and Feed Solutions Salinity  g/L 

Draw and Feed Solutions Flowrate  m3/s 

Stream Temperature  K 

Economics 

CEPCI Inflation Index for current year  - 

Membrane cost  $/m2 

Total Life of Membrane Years 

Total Plant Life Years 

Interest rate (i) - 

Electricity Selling Price $/kWh 

2.3.1 EQUATION OF STATE  

The van’t Hoff equation which is the most widely used Equation of State in PRO literature 

[26], [27],[28] assumes ideal solution behavior which makes it unsuitable to model hypersaline 

solutions. When compared with experimental data, it was observed that at low salinities, it 

overpredicts the specific energy produced while it under-predicts the specific energy at high 

salinities [29].  

In contrast, the developed simulator uses the Q-electrolattice EoS which is based on Helmholtz 

free energy expansion. The thermodynamic properties of interest which enable osmotic 
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pressure calculations are density, molar enthalpy, and molar entropy of the process stream as 

well as the chemical potential.  

The residual Helmholtz free energy in the Q-electrolattice EoS is given by  

𝐴𝑅(𝑇, 𝑉, 𝑛) = ∆𝐴𝑀𝑇𝐶 + ∆𝐴𝐵𝑜𝑟𝑛 + ∆𝐴𝑀𝑆𝐴 (5) 

Where ∆𝐴𝑀𝑇𝐶 represents the contribution of short-range non-electrostatic interactions to the 

Helmholtz free energy based on the Matted-Tavares-Castier (MTC) EoS [30].  

 ∆𝐴𝐵𝑜𝑟𝑛is the contribution due to interaction between ion and solvent (ion-solvation effect) 

based on the Born Model [31].  

∆𝐴𝑀𝑆𝐴 is the contribution to Helmholtz energy due to long-range ion-ion interaction and is 

based on the mean spherical approximation [32].  

To carry out the calculation of the real entropy and enthalpy of the system, residual properties 

gotten from the Q-electrolattice EoS are added to the ideal gas properties of the solution at the 

same temperature and pressure. 

An electrolyte solution and a pure solvent at the same temperature separated by a semi-

permeable membrane would reach equilibrium when the pressure difference is such that there 

is no flow of solvent from the pure solvent side to the solution side. In this way, at equilibrium, 

the fugacity of pure solvent and the solvent in the solution can be expressed as; 

𝑓𝑠
𝐼 = 𝑓𝑠

𝐼𝐼 (6) 

where 𝑓𝑠
𝐼 is the fugacity of the solvent in the solution and 𝑓𝑠

𝐼𝐼 is the fugacity of the pure solvent 

at the same temperature.  

In terms of variables, equation ) can be written as; 
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𝑥𝑠
𝐼𝜑

𝑠(𝑇𝑠,𝑃𝑠
𝐼,𝑥𝐼) 

𝐼 𝑃𝑠
𝐼 = 𝑥𝑠

𝐼𝐼𝜑
𝑠(𝑇𝑠,𝑃𝑠

𝐼𝐼,𝑥𝐼𝐼) 
𝐼𝐼 𝑃𝑠

𝐼𝐼 (7) 

Where 𝜑𝑠
𝐼 is the fugacity coefficient of the solvent in the solution and 𝜑𝑠

𝐼𝐼 is fugacity coefficient 

for the pure solvent, 𝑥𝐼 and 𝑥𝐼𝐼 are the mole fractions in the solution and the pure solvent 

respectively.  

By assuming that the pressure of the pure solvent is atmospheric, equation (7) is solved for 𝑃𝑠
𝐼 

such that the equilibrium condition is satisfied. After equilibrium is reached, the osmotic 

pressure 𝜋 of the solution can be calculated as; 

𝜋 = 𝑃𝑠
𝐼 − 𝑃𝑠

𝐼𝐼 (8) 

The full development of this EoS and the mathematical expressions is given in the original 

work by Zuber et al. [25] 

2.3.2 MEMBRANE IMPLEMENTATION 

The simulator includes flat sheet membrane designed by Manzoor [33] and spiral wound 

membrane designed by Matta [34]. Full details of the work done can be found in their theses 

and in addition to that, the flat sheet membrane design can also be found in the paper published 

by Manzoor et al. [29].   

However, this section presents a brief overview of the equations used in the design of the 

membrane, and Appendixes 1 and 2 presents the flowcharts for solving the membrane in co-

current flow and countercurrent flow configuration respectively.  

To calculate the water flux across, the mass transfer model developed by Yip et al. [18] is used.    
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𝐽𝑤 = 𝐴 [
𝜋𝐷,𝑏 𝑒𝑥𝑝 (−

𝐽𝑤

𝑘
) − 𝜋𝐹,𝑏 𝑒𝑥𝑝 (

𝐽𝑤𝑆
𝐷 )

1 +
𝐵
𝐽𝑤

[𝑒𝑥𝑝 (
𝐽𝑤𝑆
𝐷 ) − 𝑒𝑥𝑝 (

𝐽𝑤

𝑘
)]

− ∆𝑃] 

(9) 

where 𝐴 (L/m2.h.bar) is the water permeability, 𝐵 is the salt permeability (L/(m2.h)), 𝑘 

(L/(m2.h))  is the membrane mass transfer coefficient, 𝑆(m) is the structural parameter of the 

membrane, 𝐷 (m2/s) is the bulk diffusion coefficient and 𝜋𝐷,𝑏 and 𝜋𝐹,𝑏 are osmotic pressures 

(bar) of the bulk draw and feed solutions respectively.  

However, an imperfect membrane allows both water and salt to pass through it as shown in 

Figure 2. This gives rise to the reverse salt flux which can be computed by equation (10); 

 

Figure 2: Imperfect Membrane allowing both water and reverse salt flux.  Reprinted with 

permission from Achilli et al.  [10]. Copyright 2009 Elsevier 

𝐽𝑠 = 𝐵(𝐶𝐷,𝑚 − 𝐶𝐹,𝑚) (10) 

where 𝐽𝑠(mol/(m2.h) is the salt flux, 𝐶𝐷,𝑚, 𝐶𝐹,𝑚 (mol/L) are the concentration of draw and feed 

at the active layer of the membrane respectively.   
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This reverse salt flux leads to performance limitation in both the active and support layers of 

the membrane. As water permeates through the membrane from the feed to the draw side, salt 

particles are engrained in the semipermeable active layer and also accumulate in the support 

layer of the membrane. In this way, the concentration at the porous support layer 𝐶𝐹,𝑚 is higher 

when compared to the bulk feed concentration 𝐶𝐹,𝑏. On the draw side, the concentration just at 

the surface of the membrane 𝐶𝐷,𝑚 is less than the concentration of the bulk draw solution 𝐶𝐷,𝑏. 

The concentrations just at the membrane surface can be expressed in terms of the bulk 

concentration by the equations (11) and (12)  

𝐶𝐷,𝑚 = 𝐶𝐷,𝑏 𝑒𝑥𝑝 (−
𝐽𝑤

𝑘
) +

𝐵

𝐽𝑤
(𝐶𝐷,𝑚 − 𝐶𝐹,𝑚) [1 − 𝑒𝑥𝑝 (−

𝐽𝑤

𝐷
)] 

(11) 

𝐶𝐹,𝑚 = 𝐶𝐹,𝑏 𝑒𝑥𝑝 (
𝐽𝑤𝑆

𝐷
) +

𝐵

𝐽𝑤
(𝐶𝐷,𝑚 − 𝐶𝐹,𝑚) [𝑒𝑥𝑝 (

𝐽𝑤𝑆

𝐷
) − 1] 

(12) 

where 𝐶𝐷,𝑏 and 𝐶𝐹,𝑏 are the concentration (mol/L) of the draw and feed in the bulk solution 

respectively.  

Substituting equations (11) and (12) into (10), the full expression of the reverse salt flux is; 

𝐽𝑠 = 𝐵 [
𝐶𝐷,𝑏 𝑒𝑥𝑝 (−

𝐽𝑤

𝑘
) − 𝐶𝐹,𝑏 𝑒𝑥𝑝 (

𝐽𝑤𝑆
𝐷 )

1 +
𝐵
𝐽𝑤

[𝑒𝑥𝑝 (
𝐽𝑤𝑆
𝐷 ) − 𝑒𝑥𝑝 (

𝐽𝑤

𝑘
) ]

] 

(13) 

To get the water permeate flowrate 𝑉̇𝑃 (L/hr) across the membrane, the water flux 𝐽𝑤 is 

integrated over the total area 𝐴𝑚 of the membrane; 

𝑉̇𝑃 = ∫ 𝐽𝑤 𝑑𝑎
𝐴𝑚

0

 
(14) 
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The molar flowrate can in turn be gotten by using the molar volume gotten from the Q-

electrolattice EoS to convert the volumetric flowrate.  

The salt molar flowrate (mol/s) can be gotten by integrating the salt flux 𝐽𝑠 over the area of the 

membrane; 

𝑚̇𝑃,𝑠 = ∫ 𝐽𝑠 𝑑𝑎
𝐴𝑚

0

 
(15) 

Both water and salt fluxes depend on the concentration and osmotic pressure which in turn 

depends on the flux profile at the membrane surface. This makes analytical integration difficult 

and a numerical technique is used instead to estimate the concentration profile in the membrane 

unit. The mass transfer equations are solved for each discrete element of the membrane and the 

boundary conditions are determined by the feed and draw inlet streams using sufficient step 

size.   

Assuming that the membrane operates isothermally and that pressure drop across the 

membrane unit is user-specified, for each element 𝑗, the following mass balances must be 

satisfied;  

𝑛𝑤,𝑗−1
𝐷 +

∫ 𝐽𝑤 𝑑𝑎
𝐴𝑚

0

𝑉𝑚 ∗ 3600 ∗ 1000
= 𝑛𝑤,𝑗

𝐷  

(16) 

𝑛𝑠,𝑗−1
𝐷 −  

∫ 𝐽𝑠 𝑑𝑎
𝐴𝑚

0

3600
= 𝑛𝑠,𝑗

𝐷  

(17) 

𝑛𝑤,𝑗−1
𝐹 −  

∫ 𝐽𝑤 𝑑𝑎
𝐴𝑚

0

𝑉𝑚 ∗ 3600 ∗ 1000
= 𝑛𝑤,𝑗

𝐹  

(18) 
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𝑛𝑠,𝑗−1
𝐹 +  

∫ 𝐽𝑠 𝑑𝑎
𝐴𝑚

0

3600
= 𝑛𝑠,𝑗

𝐹  

(19) 

where 𝑛𝐷 and 𝑛𝐹 (mol/s) are the draw and feed molar flowrates, respectively, 𝐽𝑤 is the water 

permeability (L/(m2.h)), 𝐽𝑠 is the salt flux (mol/(m2.h)), 𝐴𝑚 is the membrane area (m2), 𝑉𝑚 is 

the molar volume of the solution (m3/mol). The molar volume is calculated by the EoS at the 

solution’s pressure and temperature. The subscripts 𝑠 and 𝑤 represent solute and water in the 

draw and feed streams and the superscripts 𝐷 and 𝐹 represent draw and feed respectively.  

For a full-scale membrane, the power density is given by; 

𝑊̇

𝐴𝑚
= 𝑊̇𝑝𝑢𝑚𝑝 + 𝑊̇𝑡𝑢𝑟𝑏𝑖𝑛𝑒 

(20) 

where 𝑊̇𝑝𝑢𝑚𝑝 and 𝑊̇𝑡𝑢𝑟𝑏𝑖𝑛𝑒 are the shaft power of the pump and turbine respectively.  

2.4 COST ESTIMATION METHODS 

Plant costing can be predicted using various design philosophies when the actual cost of 

equipment from the vendor is not available at the time of costing. If previous cost data is 

available, Turton et al. [35] estimated that the relationship between the purchased costs and an 

attribute that relates to the capacity of the equipment is given by 

𝐶𝑎

𝐶𝑏
= (

𝐴𝑎

𝐴𝑏
)

𝑛

 
(21) 

where 𝐴 is the equipment cost attribute (such as the power of a pump), 𝐶 is the purchased costs 

and 𝑛 is the cost exponent. Subscript 𝑎 refers to the equipment with the required attribute and 

𝑏 refers to the equipment with the base attribute (e.g. for a pump, the cost corresponding to a 

base power output is known). This exponent ‘𝑛’ varies for different equipment and is a 
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representation of the advantage of economy of scale and is usually taken as 0.6 or 0.7 for 

process equipment [36].  

To correct for inflation thus bringing costs of the same equipment from different years to a 

current time, the relationship is given as  

𝐶2 = 𝐶1 (
𝐼2

𝐼1
) 

(22) 

where 𝐶 is purchased cost, 𝐼 represents the cost index, subscript 2 represents the current time 

and 1 represents the base time.  

There are three main cost indices used to correct for inflation in chemical engineering plants - 

The Nelson-Farrar Refinery Index, The Marshall and Swift (M&S) Index, and the Chemical 

Engineering Plant Cost Index (CEPCI) [37]. CEPCI is used in this work.  

To calculate total capital costs, there are some methods proposed in literature; 

2.4.1 LANG FACTOR TECHNIQUE  

This method gives an order-of-magnitude estimate and gives the total cost of a plant by 

multiplying the sum of basic equipment cost by a Lang factor [38]. 

𝐶𝑛 = 𝐹𝐿𝑎𝑛𝑔 ∑ 𝐶𝑝,𝑖

𝑛

𝑖=1

 
(23) 

where 𝐶𝑛 is the capital cost of the plant, 𝐹𝐿𝑎𝑛𝑔 is the Lang factor (gotten from Lang tables) and 

it varies depending on the type of plant, 𝑛 is the total number of units and 𝐶𝑝,𝑖 is the purchased 

cost of each equipment unit.  
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2.4.2 UNIT COST ESTIMATE  

This cost estimation method is useful in cases where past data exists for executed projects. It 

takes into cognizance costs ranging from labor costs for equipment installation to design costs 

as shown in the cost equation (24 ) below [39].  

𝐶𝑛 = [∑(𝐸𝑖 + 𝐸𝐿,𝑖)

𝑚

𝑖=1

+ ∑(𝑓𝑗𝑀𝑗 + 𝑔𝑗𝑀𝐿
′ ) + ∑ 𝑓𝑘𝐻𝑘 + ∑ 𝑓𝑙𝑑𝑙   

𝑐

𝑙=1

𝑏

𝑘=1

𝑎

𝑗=1

 ] 𝑓𝐹 

(24) 

where 𝐶𝑛 is new capital investment, m is the total number of equipment purchased, 𝑎 is the 

number of specific materials which is not a piece of equipment (such as pipes), 𝑏 is the total 

number of engineering hours, 𝑐 is the total number of drawings needed to design the plant, 𝐸𝑖 

is the purchased equipment cost, 𝐸𝐿,𝑖 is purchased equipment labor cost, 𝑓𝑗 is specific material 

unit cost (j can represent pipe, fitting, elbows, etc.), 𝑀𝑗 is the quantity of material in comparable 

units (j can represent pipe etc.), 𝑔𝑗 is the labor cost per employee hour, 𝑀𝐿
′  is total employee 

hour for the specified material, 𝑓𝑘 is the unit cost for engineering, 𝐻𝑘 is the engineering 

employee hour, 𝑓𝑙 is unit cost per drawing/specification, 𝑑𝑙 is the number of 

drawings/specifications, 𝑓𝐹 is the construction factor which is always greater than one and gives 

a margin to account for uncertainties. 

2.4.3 PERCENTAGE OF DELIVERED EQUIPMENT COST  

In this method, after the determination of fixed equipment costs, other costs that go into the 

setup and commissioning of the plant are calculated based on a percentage of the delivered 

equipment costs [39].  

𝐶𝑛 = [∑ 𝐸𝑖 

𝑚

𝑖=1

 (1 + 𝑓1,𝑖 + 𝑓2,𝑖 + 𝑓3,𝑖 + ⋯ )] 𝑓𝑙 
(25) 
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where E is the cost of the major equipment delivered (e.g., pump) and 𝑓1, 𝑓2 are multiplying 

factors for piping, electrical, instrumentations, needed to install the main equipment, subscript 

𝑖, represents the particular equipment of interest (e.g. pump, turbine) and 𝑓𝐼 is the indirect cost 

factor which is always greater than one. 

2.4.4 MODULE COSTING METHOD 

This costing method includes the free-on-board costs (F.o.B.), the costs of materials needed for 

installation, and the indirect costs that add to the engineering expenses [35]. 

𝐶𝐵𝑀 = 𝐶𝑃
0𝐹𝐵𝑀 (26) 

where 𝐶𝐵𝑀 is the bare module equipment cost, 𝐶𝑃
0 is the cost of equipment at base conditions, 

𝐹𝐵𝑀 is the cost factor from tables by Turton et al. [35] and it is based on the operating pressure 

and the material of construction. 

To allow for cost consideration due to a different type of material being used for high-pressure 

operations, the equation is modified as shown below and correlation constants B1 and B2 are 

found in tables provided by Turton et al. [35].  

𝐶𝐵𝑀 = 𝐶𝑝
0𝐹𝐵𝑀 = 𝐶𝑝

0(𝐵1 + 𝐵2𝐹𝑀𝐹𝑃) (27) 

where 𝐵1 and 𝐵2 are material-specific and can be found in tables [35], 𝐹𝑀 is the material of 

construction factors which is not equal to one for any material that is not carbon steel and 𝐹𝑃 

which is the pressure factor that shows increased costs for high-pressure operations.  

2.5 COST ESTIMATION SCHEMES 

Reverse Osmosis has had a head start on PRO and, due to some similarities in mechanical 

equipment, some ideas on costing have been borrowed from the literature on costing reverse 

osmosis (RO) plants. In desalination plants, there are four schemes of desalination cost 
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estimates [40]. They are Conceptual, Preliminary, Budgetary, and Detailed. Each of these 

estimates has different levels of accuracy  

2.5.1 CONCEPTUAL COST ESTIMATE  

This cost modeling is performed as a means to compare between supply alternatives without 

knowledge of the full scope of the project. For this type of costing, its strength is based on 

knowledge of similar projects already executed which are used as benchmarks to which 

incremental “plus” or “minus” cost factors are applied. This gives rise to the name ‘incremental 

budgeting’ [40] and it is a fatal flaw analysis of the project. The accuracy deviation is in the 

range of -50 – 100%.  

2.5.2 PRELIMINARY COST ESTIMATE  

This type of costing defines a basis for further analysis. It represents the cost estimate of the 

plant without going into location-specific details such as cost of land and transportation, or 

country-specific labor costs [40]. This costing type combines the use of costing models or 

quotes from suppliers with knowledge of specific processes to make a judgment on costs. The 

accuracy deviation is in the range of -30 to +50%. This is the type of cost estimation carried 

out in this work.  

2.5.3 BUDGETARY COST ESTIMATE  

This type of costing is done during authorization for project implementation. It takes 

preliminary costings and adds land use considerations such as geotechnical surveys, 

architectural designs as well as costs of supply systems logistics to the plant. [40]. It accounts 

for site-specific factors. The accuracy deviation is in the range of -15 to +30%. 

2.5.4 DETAILED COST ESTIMATE  

This cost estimate determines the tender/bidding price for a project. It goes beyond the 

Budgetary cost estimate to include contractor profit margin, binding vendor supply prices, costs 
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for startup and commissioning, and costs due to governmental regulation [40]. It is a highly 

accurate estimation method with an accuracy deviation in the range of -5 to +10%.  
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3 METHODOLOGY 

To achieve the goal of investigating the techno-economic feasibility of PRO to produce energy, 

the capabilities of the simulator were extended to handle the economic calculations of a full 

scale plant.  

Models are used to evaluate the costs of each component that makes up the PRO system as 

shown in Figure 3 and the Chemical Engineering Plant Cost Index (CEPCI) is used to correct 

for inflation. A typical PRO process has 5 modules as described below: 

1. the semipermeable membrane, which selectively allows water (but not salt, ideally) 

molecules to permeate through it; 

2. the booster pump (or high-pressure pump), which drives the draw solution (high salinity 

stream) to the membrane; 

3. the feed pump (or low-pressure pump), which drives the feed (low salinity stream) to 

the membrane. This is the stream that permeates through the membrane; 

4. the pressure exchanger, which receives part of the pressurized stream with the diluted 

draw solution that exits the membrane unit. Its purpose is to reduce the pumping 

requirement of the booster pump; 

5. the hydro turbine where energy is recovered from the other part of the pressurized 

stream with the diluted draw solution that exits the membrane unit. 
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Figure 3: Typical PRO configuration. Figure adapted from Manzoor [33] 

 

The following sections show the breakdown of the CAPEX and OPEX computation. 

3.1 CAPITAL COSTS (CAPEX) 

The evaluation of capital costs is based on empirical cost correlations that depend on a few 

technical parameters that are characteristic of each type of equipment. For example, the cost 

correlations for pumps and turbines often are explicit functions of mechanical power; the cost 

correlations for vessels generally depend on the vessel’s volume and operating pressure. This 

section presents the main equations of the models that are used to determine the design 

parameters of PRO process components and the corresponding cost correlation formulas for 

these components.  The models are developed and applied under the assumption that the PRO 

process is continuous and operates at steady-state. The capital cost correlations provide 
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estimates in U.S. dollars in a given year. The obtained costs are updated using the Chemical 

Engineering Plant Cost Index (CEPCI) [41]. 

3.1.1 PUMP AND TURBINE MODULES 

3.1.1.1 Design Equation  

The cost of pumps and turbines depends on power. The pump is modeled based on the first and 

second laws of thermodynamics for an open system. The equation, as shown in equation (28) 

is the energy balance obtained by assuming that the pump is adiabatic, operates at steady-state, 

and that changes to the fluid’s kinetic and potential energies are negligible: 

𝑊̇𝑠ℎ𝑎𝑓𝑡 = 𝑛̇[ℎ𝑜𝑢𝑡(𝑇𝑜𝑢𝑡, 𝑃𝑜𝑢𝑡, 𝑥𝑜𝑢𝑡) − ℎ𝑖𝑛(𝑇𝑖𝑛, 𝑃𝑖𝑛, 𝑥𝑖𝑛)] (28) 

where ℎ represents molar enthalpy, 𝑥 represents an array with the mole fraction of all 

components, 𝑛̇ represents the molar flowrate, 𝑇 and 𝑃 represent temperature and pressure, 

respectively, and the subscripts 𝑖𝑛 and 𝑜𝑢𝑡 correspond to stream properties of the inlet and 

outlet. It is assumed that the molar flow rate and the component mole fractions remain 

unchanged across the pumps. To calculate the temperature of the outlet stream, 𝑇𝑜𝑢𝑡, and for a 

specified outlet pressure, assuming isentropic conditions enables the first approximation of the 

outlet temperature, by solving: 

𝑛̇[𝑠𝑜𝑢𝑡(𝑇𝑜𝑢𝑡, 𝑃𝑜𝑢𝑡, 𝑥𝑜𝑢𝑡) − 𝑠𝑖𝑛(𝑇𝑖𝑛, 𝑃𝑖𝑛, 𝑥𝑖𝑛)] = 0 (29) 

where 𝑠 represents the molar entropy 

The reversible and adiabatic shaft power, 𝑊̇𝑠ℎ𝑎𝑓𝑡,𝑟𝑒𝑣, can be calculated by substituting the 

evaluated temperature into the equation (28). The reversibility assumption is relaxed such that 

when the efficiency (𝜂) of the mechanical component is specified, the actual power can be 

calculated.  
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𝑊̇𝑠ℎ𝑎𝑓𝑡 =
𝑊̇𝑠ℎ𝑎𝑓𝑡,𝑟𝑒𝑣

 𝜂𝑝𝑢𝑚𝑝
 

(30) 

An analogous procedure is executed for the turbine, with 

𝑊̇𝑠ℎ𝑎𝑓𝑡 = 𝑊̇𝑠ℎ𝑎𝑓𝑡,𝑟𝑒𝑣 ∗  𝜂𝑡𝑢𝑟𝑏𝑖𝑛𝑒 (31) 

The outlet stream temperature, 𝑇𝑜𝑢𝑡, is then re-evaluated such that it satisfies the energy 

balance, equation (28).  

3.1.1.2 Cost Equation  

The models to calculate the cost relationship for the pumps and turbines are obtained from 

Feinberg [42]. The correlations were developed using cost information from suppliers in the 

year 2014 and the CEPCI inflation index for that year was 576.1. The cost correlation for pumps 

is: 

𝐶𝐶𝑝𝑢𝑚𝑝 =    0.4744𝑊̇𝑝𝑢𝑚𝑝
2 + 606.76𝑊̇𝑝𝑢𝑚𝑝 + 663998 𝑊̇𝑝𝑢𝑚𝑝 >  550𝑘𝑊 (32) 

𝐶𝐶𝑝𝑢𝑚𝑝 = −0.617𝑊̇𝑝𝑢𝑚𝑝
2 + 1576.58𝑊̇𝑝𝑢𝑚𝑝 + 350323 350𝑘𝑊 < 𝑊̇𝑝𝑢𝑚𝑝 < 550𝑘𝑊 (33) 

𝐶𝐶𝑝𝑢𝑚𝑝 =  − 1.7084𝑊̇𝑝𝑢𝑚𝑝
2 + 2546.4𝑊̇𝑝𝑢𝑚𝑝 + 36648 𝑊̇𝑝𝑢𝑚𝑝 < 350𝑘𝑊 (34) 

The cost correlation for turbines is: 

𝐶Cturbine = 0.0009Ẇturbine
2 + 204.9Ẇturbine + 127049 

(35) 

where 𝑊̇𝑝𝑢𝑚𝑝 and 𝑊̇𝑡𝑢𝑟𝑏𝑖𝑛𝑒  is the power of the pump and turbine, respectively, in kW.  
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3.1.2 PRESSURE EXCHANGER 

3.1.2.1 Design Equation 

A pressure exchanger has two sides – a pressurization side and a depressurization side. It 

operates on the mechanical energy supplied by the high-pressure flow which is transferred to 

the low-pressure flow. Mechanical power from the depressurization side is transferred to the 

pressurization side and thus, the pressurization side is similar to a pump. The depressurization 

side is similar to a turbine. By assuming adiabatic and reversible operations, the isentropic 

power (𝑊̇𝐻𝑃,𝑟𝑒𝑣) and temperature can be calculated using equations (28)and (29) while the 

actual power transferred from the depressurization side (𝑊̇𝐻𝑃) is evaluated by substituting 

equation (31) into (28) to allow re-evaluation of the outlet temperature needed to satisfy the 

energy balance.  

The output pressure of the depressurization side is unknown but can be calculated from the 

power supplied by the pressurization side ( 𝑊̇𝐻𝑃) after accounting for frictional losses 

calculated as (1 − 𝜂𝐿𝑃)𝑊̇𝐻𝑃. The entropy balance for the pressurization side is given as; 

𝑛̇𝐿𝑃(𝑠𝐿𝑃,𝑖𝑛 − 𝑠𝐿𝑃,𝑜𝑢𝑡) + 𝑆̇𝑔𝑒𝑛 = 0 (36) 

where 𝑛̇𝐿𝑃 is the molar flow rate of the low-pressure stream and 𝑆̇𝑔𝑒𝑛 is the rate of entropy 

generation given as; 

𝑆̇𝑔𝑒𝑛 =
(1 − 𝜂𝐿𝑃)𝑊̇𝐻𝑃 

𝑇
 

(37) 

where T is the arithmetic average temperature of the inlet and outlet stream of the pressurization 

side. The energy and entropy balance for a pressure exchanger pressurization side is shown in 

equations (38) and (39) such that solving both simultaneously give the values of 𝑇𝐿𝑃,𝑜𝑢𝑡 and 

𝑃𝐿𝑃,𝑜𝑢𝑡.  
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𝑛̇𝐿𝑃ℎ(𝑇𝐿𝑃,𝑜𝑢𝑡, 𝑃𝐿𝑃,𝑜𝑢𝑡, 𝑥𝐿𝑃) = 𝑛̇𝐿𝑃ℎ(𝑇𝐿𝑃,𝑖𝑛, 𝑃𝐿𝑃,𝑖𝑛, 𝑥𝐿𝑃) + |𝑊̇𝐻𝑃| (38) 

𝑛̇𝐿𝑃 𝑠 (𝑇𝐿𝑃,𝑜𝑢𝑡, 𝑃𝐿𝑃,𝑜𝑢𝑡, 𝑥𝐿𝑃) = 𝑛̇𝐿𝑃 𝑠 (𝑇𝐿𝑃,𝑖𝑛, 𝑃𝐿𝑃,𝑖𝑛, 𝑥𝐿𝑃) +
(1 − 𝜂𝐿𝑃)  × |𝑊̇𝐻𝑃| 

𝑇𝐿𝑃,𝑖𝑛 + 𝑇𝐿𝑃,𝑜𝑢𝑡

2

 
(39) 

where 𝑛̇ represents molar flowrate, ℎ represents molar enthalpy, 𝑥 represents component mole 

fraction, 𝐿𝑃 represents the low-pressure stream, 𝜂𝐿𝑃 represents the efficiency of the low-

pressure stream and 𝑊̇𝐻𝑃 is power transferred from the depressurization side of the pressure 

exchanger.  

3.1.2.2 Cost Equation 

The costing model of a pressure exchanger depends on the volumetric flow rate through it. The 

cost model for pressure exchanger is based on cost correlation from Energy Recovery 

International (ERI) as reported in [43] with 𝑉̇𝑃𝑋in m3/h. The model was developed in 2006 and 

the CEPCI inflation index was 499.6. 

𝐶𝐶𝑃𝑋 = 19802.4 (𝑉̇𝑃𝑋)0.58 (40) 

3.1.3 MEMBRANE 

The membranes do not have costing models but costs depend on the required membrane area, 

the manufacturer, and the type of membrane. The costs of membrane can range from $ -

14.18/m2 [44] to $25/m2 [23]. $15/m2 was used as the membrane cost in this work.  

3.1.4 PRESSURE VESSEL 

The pressure vessel houses the spiral wound membranes. The cost model is obtained from Sim 

et al. [45]. The cost depends on the number of pressure vessels needed (𝑁𝑃𝑉), which in turn 

depends on the area of membrane to be housed. In general, in desalination processes, there are 

typically 7 membrane elements per pressure vessel and each membrane element has an area of 
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40.88m2 [44]. The model was developed in 2013 and the CEPCI inflation index for that year 

was 567.3 

3.2 OPERATING COSTS (OPEX) 

The main operating costs encountered in desalination plants are energy (power), maintenance, 

chemicals, labor, and membrane replacement [46]. However, for PRO plants, operating costs 

computations reduce to maintenance, chemicals and pretreatment, labor, and membrane 

replacement since it generates power. 

3.2.1 PRETREATMENT 

Pretreatment is done to prevent membrane fouling which occurs when particles accumulate on 

the surface or in the membrane pores [47]. The energetic cost of pretreatment is assumed to 

range between 0.1 – 0.4 kWh/m3 [48]. 

𝑂𝐶𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡 = 0.256
𝑘𝑊ℎ

𝑚3
∗ 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦

$

𝑘𝑊ℎ
∗ (𝑉̇𝑑𝑟𝑎𝑤 + 𝑉̇𝑓𝑒𝑒𝑑  ) ∗

𝑚3

𝑠
 𝑥 3.154𝑒07

𝑠

𝑦𝑟
 

(41) 

𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 is taken as $0.032/kWh, which is the year 2021 electricity cost in Qatar. The value 

of 0.256𝑘𝑊ℎ/𝑚3 is an approximation of the energetic cost of pretreatment as reported by 

Straub et al. [48]  

3.2.2 CHEMICALS 

The annual cost of chemicals depends on the sum of the flowrates of feed and draw treated. An 

inherent assumption to this is that both feed and draw require the same type of treatment. This 

simplifying assumption may not be true in all cases depending on the composition of the feed 

and draw. 

The annual cost of chemicals ($/m3) ranges from $ 0.018/m3 in year 2008 [49] to a bracket 

between 0.03 – 0.06$/m3 in year 2018 [46].  
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𝑂𝐶𝑐ℎ𝑒𝑚 = (𝑉̇𝑑𝑟𝑎𝑤 + 𝑉̇𝑓𝑒𝑒𝑑 )
𝑚3

𝑠
∗ 24

ℎ𝑟𝑠

𝑑𝑎𝑦
 ∗  365 

𝑑𝑎𝑦𝑠

𝑦𝑟
∗ 𝐶𝑢𝑛𝑖𝑡

$

𝑚3
 

(42) 

where 𝐶𝑐ℎ𝑒𝑚 is the total annual cost of chemicals, 𝑉̇𝑑𝑟𝑎𝑤 + 𝑉̇𝑓𝑒𝑒𝑑   is the total flow rate in m3/hr. 

of liquid (draw and feed) to be treated and 𝐶𝑢𝑛𝑖𝑡 is the unit cost of chemicals in $/m3.  

3.2.3 MEMBRANE REPLACEMENT 

Reverse osmosis membranes usually have a life span between 5 and 7 years [50] or 3 and 5 

years [51] and the plants last for an average lifetime of about 20 years [23]. Based on this 

information, the operating cost associated with membrane replacement is [23]; 

𝑂𝐶𝑚𝑟 =

($𝑚𝑒𝑚 ∗  𝐴𝑚 ∗ (
𝑝𝑙𝑎𝑛𝑡 𝑙𝑖𝑓𝑒

𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑙𝑖𝑓𝑒
− 1))

𝑃𝑙𝑎𝑛𝑡 𝑙𝑖𝑓𝑒
 

(43) 

where 𝑂𝐶𝑚𝑟 is the cost of membrane replacement per year, $mem is the purchasing cost of the 

membrane per unit area, Am is the total area of the membrane to be replaced. For this work, a 

membrane life of 5 years is used. 

3.2.4 LABOR AND MAINTENANCE 

Labor costs largely depend on the location and size of the plant, while maintenance costs 

depend on the size of the plant. A simple approximation takes these costs (annual amount) as 

a percentage of the capital cost of the plant [23]. 

Together, they are taken as 3% of initial capital costs [23]. This equals the amount that would 

be spent yearly on labor and maintenance 
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3.3 ECONOMIC EVALUATION AND DECISION MAKING – LEVELIZED COST OF 

ELECTRICITY (LCOE) 

A parameter that combines both economic and energetic information of energy generation 

systems is the LCOE, which is calculated using the formula as shown below [5]; 

𝐿𝐶𝑂𝐸 =
(𝐶𝐶𝐴𝑃𝐸𝑋 + 𝐶𝑂𝑃𝐸𝑋 

(1 + 𝑖)𝑁 − 1
(1 + 𝑖)𝑁 ∗ 𝑖

)

𝐸
(1 + 𝑖)𝑁 − 1
(1 + 𝑖)𝑁 ∗ 𝑖

 

(44) 

where 𝐶𝐶𝐴𝑃𝐸𝑋   is the capital expenditure, 𝐶𝑂𝑃𝐸𝑋 represent annual operating costs, 𝑖 represents 

the yearly discounting factor, N represents the total life of the plant in years and E represents 

the net total electricity produced by the plant every year (kWh/yr.) A graphical representation 

of the LCOE is shown in Figure 4 below; 
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 Figure 4: Components of the LCOE for a PRO Plant 

In general, the LCOE is used to compare amongst different types of electricity generation 

technologies.  The LCOE depends on the cost of generation as well as the amount of electricity 

generated. For a PRO plant, the cost of generation is made up of capital and operating 

expenditure. The capital expenditure (CAPEX) is the sum of the costs of the mechanical 

equipment and membrane used in power generation. The OPEX refers to the costs for labor 

and maintenance, membrane replacement, chemicals, and pretreatment. The energy produced 
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is a function of the draw and feed flowrates and salinity, membrane properties such as water 

and salt permeability as well as the applied hydraulic pressure.  

Figure 5 presents the flowchart that shows the work flow within the simulator. 
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                              Figure 5: Flowchart showing simulator workflow

YES 

NO 

NO 

Start 

Input properties: A, B, S, D, k, T, Area 

Economic:  Membrane cost 

𝐶𝐸𝐶𝑃𝐼𝑖𝑛𝑑𝑒𝑥, 𝐿𝑖𝑓𝑒𝑃𝑙𝑎𝑛𝑡 , 𝐿𝑖𝑓𝑒𝑚𝑒𝑚 , 𝑟𝑎𝑡𝑒, 𝐶𝑜𝑠𝑡𝑚𝑒𝑚,𝑃𝑟𝑖𝑐𝑒𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 

Define Inlet conditions: 

𝐶𝐹,𝑏(𝑗=1), 𝐶𝐷,𝑏(𝑗=1) 

𝑉̇𝐹(𝑗=1), 𝑉̇𝐷(𝑗=1) 

 

Calculate osmotic pressure of Draw 
and Feed streams using EoS 

Provide initial guess for 𝐽𝑤 

Evaluate L.H.S. and R.H.S. of 
eqn.(9) 

Update 

𝐶𝐹,𝑏(𝑗+1), 𝐶𝐷,𝑏(𝑗+1) 

   𝑉̇𝐹(𝑗+1), 𝑉̇𝐷(𝑗+1) 

Use Broyden method to provide 

new guess for 𝐽𝑤 

Is the error deviation 

less than 0.001%? 

Using eqn. (14) calculate power 

density 

    j = n 

Stop 

YES 

COST MODELS 

CAPEX 

OPEX 

 

LCOE 



 

33 

 

4 RESULTS 

The developed PRO simulator had its capabilities extended to perform techno-economic 

analysis. Using the DAKOTA Sensitivity Analysis and Optimization tool [52], various 

analyses were carried out to understand system behavior in the face of both technical and 

economic constraints.  

4.1 ENERGETIC AND ECONOMIC OPTIMUM OCCUR AT DIFFERENT SYSTEM 

CONDITIONS  

To arrive at this result – that energetic and economic optimum occur at different system 

conditions – a sensitivity analysis was carried out using membrane sizes ranging from 20,000 

to 200,000 m2 and hydraulic pressure ranging from 10 to 100 bar. Flowrates of the draw and 

feed were scaled up in tandem with membrane sizes for each analysis. 

The results reported in Figure 6 and Figure 7 are for 20,000 and 200,000m2 membrane area 

respectively at equal volumetric flowrates of the draw and feed such that (𝜙 = 0.5) where; 

𝜙 =
𝑉̇𝑓𝑒𝑒𝑑

𝑉̇𝑑𝑟𝑎𝑤 +  𝑉̇𝑓𝑒𝑒𝑑

 

For each area, the curves shown are for Net Power produced and LCOE at various values of 

pressure. The net power of the system can be defined as;  

𝑊̇𝑠𝑦𝑠𝑡𝑒𝑚 = 𝑊̇𝑡𝑢𝑟𝑏𝑖𝑛𝑒 − 𝑊̇𝑝𝑢𝑚𝑝 

At both membrane areas and specified process conditions, the pressure that maximizes the net 

power produced and the pressure that minimizes the LCOE occurs at different operating 

conditions of the system. It has been established from literature that for an ideal membrane and 

using dilute solutions, the theoretical optimum applied pressure, which is the pressure at which 

power density is maximum, is at half the osmotic pressure difference [53][23]. However, for 
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full scale membranes, the actual optimum differs from half of osmotic pressure difference due 

changes in the driving force along the membrane. This change in driving force is  due to 

concentration polarization of the membrane at the feed stream side and the dilution of the draw 

stream [33][54].   

Recent studies have reported that this value may be around 40% - 47% [54] but the LCOE 

occurs at pressures lower than 40% of the osmotic pressure difference – which is the least 

percentage currently reported in literature.   

At 20,000m2 and at the process conditions specified in Table 2, the pressure that maximizes 

net power produced is at 79 bar. This is hypothetical case because the maximum pressures that 

current PRO membranes can withstand are much less than this value. In contrast to this, the 

pressure that minimizes the LCOE is 55 bar. While increased power production is desirable, 

the cost of generation is such that, beyond a certain point, the additional power produced does 

not justify the costs of production. 

The effect of the trade-off between cost of generation and power production is even more 

dramatic at higher areas. At 200,000m2, the pressure that minimizes LCOE is 25 bar. While 

larger areas correspond to higher power generation, the combined effect of the increased cost 

of pumping the required draw solution through the system, and the higher cost of the membrane 

due its area make operating the system in maximum power production mode undesirable. 

Table 2: Properties and Process conditions used in simulation. Membrane used is HTI-CTA 

reported by Straub et al.[55] 

Property Values 

Area (m2) 20,000 200,000 

Volumetric flowrate draw (m3/s) 0.252 2.52 

Volumetric flowrate feed (m3/s) 0.252 2.52 

Water Permeability (L/m2.h.bar) 2.49 

Salt permeability (L/m2.h) 0.39 
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Table 2: Properties and Process conditions used in simulation. Membrane used is HTI-CTA 

reported by Straub et al.[55] (continued) 

Property Values 

Structural parameter (m) 5.64x10-4 

Diffusion coefficient (m2/s) 1.48x10-9 

Mass transfer coefficient (L/m2.h) 99.0 

Hydraulic pressure (bar) {10 – 100} 

Salinity  Draw salinity Feed salinity 

Temperature 298.15 298.15 

Na+ ion (g/L) 68.97 0 

Cl- ion (g/L) 106.51 0 

 

 

Figure 6: Net Power and LCOE vs Pressure at 20,000m2 membrane area. Analysis done at ϕ =0.5 

 

Figure 7: Net Power and LCOE vs Pressure at 200,000m2 membrane area. Analysis done at ϕ=0.5 
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4.2 OPTIMAL ECONOMICAL OPERATING PRESSURE RANGE DECREASES AS 

PLANT SYSTEM SIZE INCREASES 

This section shows that there is a narrower range of technical parameter allowance for optimum 

economic performance as system size increases. Table 3 presents the data used in performing 

the simulation for this section. The flowrate for the draw is fixed while that of the feed varies 

such that plot legends in Figure 8 and Figure 9 are presented on the basis of 𝜙.  

This simulation was done for membrane sizes ranging from 5,000 to 500,000m2, but the results 

are shown for 20,000 and 200,000m2 for 𝜙 ranging from 0.25 to 0.62. Figure 8 and Figure 9 

show results for 20,000m2 and 200,000m2 membrane areas respectively. 

 At 20,000m2 and for different values of 𝜙, the plot of LCOE ($/kWh) against pressure (bar) 

in Figure 8 shows that, between 43.75 and 66.25 bar, the LCOE reaches a minimum. The 

percentage change in the value of LCOE between these pressures range from 1.77% at 𝜙=0.25 

to 4.26% at 𝜙=0.63. The changes in LCOE within this pressure range is less than 5% and 

indicates that the system can operate within this range with little detrimental effect to plant 

techno-economics.  For comparison, the two renewable energy technologies with the least 

value of LCOE as at 2019 [56] (Hydro and Onshore Wind) have a percentage difference of 

11.3% between their values.  

However, at 200,00m2, the range of pressure that minimizes the LCOE is between 21.25 and 

33 bar as seen in Figure 9. While we had a band of 22.5 bar (difference between 66.25 and 

43.75 bar) to operate within when the system was smaller, this band decreases to 11.75 bar 

with increased system size. The twin effect of higher pumping costs and higher total membrane 

costs narrows the range of operating conditions for which LCOE might be minimized.  
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Table 3:Properties and Process conditions used in Simulation of Operating Pressure Ranges 

as Area Increases 

Property Values 

Area (m2) 20,000 200,000 

Volumetric flowrate draw (m3/s) 0.25 2.52 

Volumetric flowrate feed (m3/s) {0.084 – 0.75} {0.84 – 7.58} 

Water Permeability (L/m2.h.bar) 2.49 

Salt permeability (L/m2.h) 0.39 

Structural parameter (m) 5.64x10-4 

Diffusion coefficient (m2/s) 1.48x10-9 

Mass transfer coefficient (L/m2.h) 99.0 

Hydraulic pressure (bar) {10 – 100} 

Salinity  Draw salinity Feed salinity 

Temperature 298.15 298.15 

Na+ ion (g/L) 68.97 0 

Cl- ion (g/L) 106.51 0 

 

 

Figure 8: Plot of LCOE vs Pressure at 20,000m2 

 

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

10 20 30 40 50 60 70 80 90 100

L
C

O
E

($
/k

W
h
)

Pressure (bar)

Ф=0.25

Ф=0.40

Ф=0.50

Ф=0.63



 

38 

 

 

Figure 9: Plot of LCOE vs Pressure at 200,000m2 

4.3 EFFECT OF MEMBRANE PROPERTIES ON LCOE 

Membrane properties affect how much power can be produced via PRO for a specific 

configuration and this, in turn, affects the value of LCOE. An ideal membrane would be one 

that maximizes flux by increasing the value of water permeability while decreasing salt 

permeability as much as possible [57].  

Although membrane properties such as water permeability (A), salt permeability (B), and 

structural parameter (S), are usually assumed to be independent of pressure, Madsen et al. [58] 

have published findings that show that B and S vary with pressure. However, water 

permeability (A) was reported to be independent of pressure. The results obtained by Madsen 

et al. for the effect of pressure on the salt permeability and structural parameter were used in 

the simulator so that these parameters are expressed as functions of applied pressure.  
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4.3.1 EFFECT OF SALT PERMEABILITY AND MEMBRANE COMPACTION ON 

LCOE  

Madsen et al. [58] report that the variation of salt permeability with pressure can be expressed 

by a linear relationship defined by an intercept and slope. These values as well as other 

membrane properties and process conditions that were used in the set-up of the simulator are 

given in Table 4. 

Section 4.3.1.1 reports the analysis made when the intercept of the curve of the salt permeability 

against pressure is varied and section 4.3.1.2 show results when the slope of the salt 

permeability against pressure curve is varied. 

Table 4: Madsen et al. [14] HTI-CTA membrane properties and Process Conditions 

Property  Values 

Area (m2) 40 

Water Permeability (L/m2.h.bar) 0.42 

 LCOE vs Intercept of B vs P 

curve 

LCOE vs Slope of B vs P curve 

Salt permeability(B) (L/m2.h) {0.0 – 0.75} 0.284 

Slope of B vs P line (L/(m2.h. Pa)) 8.357x10-8 {2x10-9 – 9x10-8} 

Structural parameter(S) (m) 1.00x10-3 

Slope of S vs P line (m/Pa) 2.367x10-10 

Diffusion coefficient (m2/s) 1.48x10-9 

Mass transfer coefficient (L/m2.h) 300.0 

Hydraulic pressure (bar) {10 -90} 

Draw flowrate (m3/s) 3.5x10-4 

Feed flowrate (m3/s) 3.5x10-4 

Temperature 298.15 298.15 

Na+ ion (g/L) 68.97 0 

Cl- ion (g/L) 106.51 0 
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4.3.1.1 Effect of Salt Permeability (Intercept) on LCOE 

To study the effect of the intercept of the Salt Permeability-Pressure relationship on LCOE, the 

intercept is varied from 0 – 0.75 L/m2.h with the rate of increase over the pressure range 

evaluated kept constant. The graphical representation of the range used in the analysis is shown 

in Figure 10. 

 

Figure 10:  Graphical representation of the variation of intercept with pressure used in problem set-up 

. 

 

Figure 11: LCOE vs Pressure at different values of B intercept 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 10 20 30 40 50 60 70 80

B
 (

L
/m

2
.h

)

Pressure (Pa) x 100000

0

5

10

15

20

25

30

35

10 20 30 40 50 60 70 80

L
C

O
E

 (
$

/k
W

h
)

Pressure (Pa) x 100000

Intercept=0.75

Intercept=0.50

Intercept=0.25

Intercept=0



 

41 

 

The result obtained is shown in Figure 11. At any specific pressure, as the value of the intercept 

increases, the value of LCOE also increases. This is not unexpected because higher values of 

salt permeability indicate that the membrane is more susceptible to reverse salt flux and thus 

power produced is lower for the same economic costs. At any specific value of intercept, the 

LCOE reaches a minimum but increases beyond a certain pressure. This is because, beyond 

optimal pressure where maximum power is produced, further increase in pressure actually leads 

to a decrease in power production. This combined effect of increased pumping cost (due to 

increased pressure) but decreased power production causes a rise in the value of LCOE. 

Comparing the curves gotten at 0 and 0.75 L/m2.h, when the pressure is increased from 40bar to 

60bar the LCOE increased by 16.15% for the membrane with 0 L/m2.h and 35.62% for that with 0.75 

L/m2.h. Thus, LCOE increases at a faster rate for membranes with higher values of salt permeability.  

4.3.1.2 Effect of the Rate of Salt Permeability Increase against Pressure on the LCOE  

The value of the salt permeability as a function of pressure for different rate of increase values 

ranging from 9x10-8 to 2x10-9 L/(m2.h. Pa) is shown in Figure 12.  

 

 

Figure 12: Graphical representation of the variation of slope with pressure used in problem set up. 
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Figure 13: Plot of LCOE against the rate of increase of B vs P  

The results obtained ares shown in Figure 13. At 30bar, increasing the rate from 2x10-9 to 8x10-

9 L/(m2.h. Pa) (increase done within values of the same order of magnitude) leads to an increase 

of 1.5% in LCOE. At the same pressure, an increase from 2.24x10-8 to 5.12x10-8 L/(m2.h. Pa) 

leads to an increase of 6.25% in LCOE. A 4-times increase in value of the rate at a lower order of 

magnitude yields only a 1.5% increase in LCOE while a 2-times increase in value of the slope at a 

higher order of magnitude gives an increase in LCOE of 6.25%. 

At a higher pressure of 50 bar and using the same range of increase rates of B, the increase in LCOE 

becomes 3.17% and 18.78% respectively. This is an indication that beyond a certain value of the 

increase rate, the detrimental effect that rate contributes to LCOE becomes negligible.  

4.3.2 EFFECT OF STRUCTURAL PARAMETER ON LCOE  

This section is divided into two subsections. Subsection 6.2.1 presents the analysis made when 

the intercept of the curve of Structural Parameter against Pressure (S vs P) is varied and section 

6.2.2 shows results when the slope of the S vs P curve is varied. Table 5 presents the membrane 

properties and process conditions used in the set-up of the simulation.  
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Table 5: HTI-CTA membrane properties and Process Conditions  

Property  Values 

Area (m2) 40 

Water Permeability (L/m2.h.bar) 0.42 

Salt permeability (L/m2.h) 0.284 

Slope of B vs P line (L/(m2.h. Pa)) 8.357x10-8 

 LCOE vs Intercept of S vs 

P curve 

LCOE vs Slope of S vs P 

curve 

Structural parameter (m) {1.00x10-3 – 1.00x10-4} 1.00x10-3 

Slope of S vs P line (m/Pa) 2.367x10-10 {2x10-10– 1x10-11} 

Diffusion coefficient (m2/s) 1.48x10-9 

Mass transfer coefficient (L/m2.h) 300.0 

Hydraulic pressure (bar) {10 -90} 

Draw flowrate (m3/s) 3.5x10-4 

Feed flowrate (m3/s) 3.5x10-4 

Temperature 298.15 298.15 

Na+ ion (g/L) 68.97 0 

Cl- ion (g/L) 106.51 0 

 

4.3.2.1 Effect of Structural Parameter (Intercept) on LCOE 

The graphical representation of the analysis is shown in Figure 14. The intercept is varied from 

1x10-4 – 1x10-3 m with the of increase of “S” kept constant.  

 

Figure 14: Graphical representation of the variation of intercept with pressure used in the problem set 

up. 
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The results obtained are shown in Figure 15 and indicate that at any specific value of pressure, 

the LCOE increases as the value of intercept increases. Higher values of LCOE indicate less 

efficiency in power generation (as the cost remains unchanged). For a specific value of 

intercept, the LCOE reaches a minimum and then increases beyond a certain pressure. This 

trend is generally observed for Pressure-LCOE relationships as increased pumping costs and 

decreased power production beyond optimum pressure results in the trend seen. 

Increasing the simulation limits show that decreasing the value of intercept from 5.5x10-6 to 

5.5x10-7m only leads to a 0.22% decrease in LCOE.  

 Figure 15: LCOE vs structural parameter 
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4.3.2.2 Effect of the Rate of Structural Parameter Increase against Pressure on LCOE 

Figure 16 shows the graphical setup when the “S” increase rate is varied from 2x10-11 to 2x10-

10 m/Pa.  

Figure 16:Graphical representation of “S” increase rate 

From Figure 17, the results show that increasing the “S” increase rate from 2x10-11m/Pa to 

2x10-10m/Pa, the LCOE increased by 29.4% at 20bar and 84.5% at 50bar. At lower pressures, 

the effect of slope on the LCOE is minimal.  

 

 

Figure 17: Plot of LCOE vs Pressure at different values of “S” increase rate 
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For the range studied, the impact of “S” increase rate versus pressure remains appreciable. For 

example, at 40bar, increasing the rate by a small value from 2x10-11m/Pa to 5.6x10-11m/Pa, the 

LCOE increases by 11.2%.  

4.3.3 EFFECT OF WATER PERMEABILITY ON LCOE AND NET POWER  

This section presents the effect of water permeability “A” on LCOE. The water permeability 

was reported to be independent of pressure [58]. Hence, unlike the previous two sections, only 

the absolute value of salt permeability is varied. Table 6 presents the parameters and process 

conditions used in the problem setup.  

Table 6: HTI-CTA membrane properties and Process Conditions 

 Values 

Area (m2) 40 

Water Permeability (L/m2.h.bar) {0.2 – 10} 

Salt permeability (L/m2.h) 0.284 

Slope of B vs P line (L/(m2.h. Pa)) 8.357x10-8 

Structural parameter (m) 1.00x10-3 

Slope of S vs P line (m/Pa) 2.369x10-10 

Diffusion coefficient (m2/s) 1.48x10-9 

Mass transfer coefficient (L/m2.h) 300.0 

Hydraulic pressure (bar) {10 -90} 

Draw flowrate (m3/s) 3.5x10-4 

Feed flowrate (m3/s) 3.5x10-4 

Temperature 298.15 298.15 

Na+ ion (g/L) 68.97 0 

Cl- ion (g/L) 106.51 0 
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Figure 18:  Plot of LCOE vs Pressure at different values of Water Permeability “A” 

(L/m2.h.bar) 

The results presented in Figure 18 show a negligible decrease in LCOE beyond certain values 

of water permeability. For clearer data presentation, the LCOE is plotted against water 

permeability at different values of applied pressure, as shown in Figure 19. The results shown 

in  Figure 19  indicate that although a high value of water permeability is desirable, beyond a 

certain point, further increase has little impact on LCOE. For example, at 30bar, increasing the 

“A” from 0.2 to 0.6 L/(m2.h.bar) decreases the LCOE by 25.35%. Increasing from 2 to 5 

L/(m2.h.bar) causes a decline of 4.28% in LCOE but increasing from 5 to 10 L/(m2.h.bar) only 

achieves a 1.42% decline in LCOE. 
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 Figure 19: Plot of LCOE against Water Permeability 

4.4 OPTIMIZATION STUDIES  

This section presents optimization studies that were performed to better understand plant 

conditions and dimensions that minimize LCOE as well as compare the LCOE values obtained 

from PRO with other renewable energy technologies.  

Section 4.4.1 shows the LCOE obtainable from using an ideal membrane and at 100% 

efficiency of mechanical components.  

Section 4.4.2 presents information on the LCOE obtained using current state of the art PRO 

membrane operating with perfect efficiency of mechanical components.  

Section 4.5 shows the results for a PRO plant taking into account efficiencies of the mechanical 

components and the results obtained from the three sections are compared with the LCOE of 

other renewable energy systems using global average values from the IRENA database [56]. 

4.4.1 LCOE CALCULATIONS WITH IDEAL MEMBRANE AND 100% EFFICIENCY 

OF MECHANICAL COMPONENTS 

An optimization was carried out using the DAKOTA optimization tool with the LCOE as the 

objective function to be minimized. The flowrates of the draw and feed, applied pressure and 
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membrane area were the parameters. Table 7 shows the membrane properties used to represent 

ideal conditions, as well as process and stream conditions used in the problem set up.  

Table 7: Ideal Membrane Properties and Stream Conditions 

Property  Values 

Area (m2) {45,000 -200,000} 

Water Permeability (L/m2.h.bar) 6 

Salt permeability (L/m2.h) 0 

Structural parameter (m) 0 

Diffusion coefficient (m2/s) 1.48x10-9 

Mass transfer coefficient (L/m2.h) 99.0 

Hydraulic pressure (bar) {40 – 90} 

Draw flowrate (m3/s) {0.15 – 0.5} 

Feed flowrate (m3/s) {0.3 – 0.7} 

Temperature 298.15 298.15 

Na+ ion (g/L) 68.97 13.8 

Cl- ion (g/L) 106.51 21.3 

 

Table 8: Optimization Results for Ideal Membrane 

Pressure (bar) 42.69 

Draw flowrate (m3/s) 0.2855 

Feed flowrate (m3/s) 0.477 

Area (m2) 71,215 

LCOE ($/kWh) 0.0704 

 

The results obtained from the optimization study is shown in Table 8. This value represents the 

lowest achievable LCOE for a single stage system using the specified process conditions and 

stream salinities. Levelized cost of $0.0704/kWh was achieved which is better than Geothermal 

energy, offshore wind and CSP using 2019 global average value reported by IRENA [56]. 
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4.4.2 LCOE CALCULATIONS WITH REAL MEMBRANE PERFORMANCE AND 100% 

EFFICIENCY OF MECHANICAL COMPONENTS 

Using the mass transport parameters of a real membrane, this section reports the LCOE for a 

full-scale plant with 100% efficiency of mechanical components. The process conditions and 

membrane properties used in this set up are given in Table 9.  

Table 9:Properties of Struab et al. HTI-CTA Membrane and Stream Properties 

Property Values 

Area (m2) {1,000 – 500,000} 

Water Permeability (L/m2.h.bar) 2.49 

Salt permeability (L/m2.h) 0.39 

Structural parameter (m) 5.64x10-4 

Diffusion coefficient (m2/s) 1.48x10-9 

Mass transfer coefficient (L/m2.h) 99.0 

Hydraulic pressure (bar) {30 -90} 

Draw flowrate (m3/s) {2.65e-03 -13.25} 

Feed flowrate (m3/s) {2.65e-03 -13.25} 

Temperature 298.15 298.15 

Na+ ion (g/L) 68.97 13.8 

Cl- ion (g/L) 106.51 21.3 

 

Table 10: Optimization Results using Real Membrane  

Pressure (bar) 48.48 

Draw flowrate (m3/s) 0.2853 

Feed flowrate (m3/s) 0.4437 

Area (m2) 137,255 

LCOE ($/kWh) 0.1255 

 

The results for the optimization study is presented in Table 10. Nonidealities in the membrane 

leads to 92.7% increase in the required membrane area as well as 78.5% increase in the value 

of LCOE. At this value of LCOE, PRO technology is only better than CSP [56]. 
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4.5 COMPARING PRO WITH OTHER RENEWABLE ENERGY SOURCES  

The International Renewable Energy Agency (IRENA) released the Renewable Energy power 

generation costs for year 2019 [56]. The reported results in Figure 20 are used as a basis of 

comparing between different renewable energy sources. The values reported are global 

averages. 

  

Figure 20: 2019 IRENA Reported LCOE values compared with PRO 

 

Figure 20 shows that the LCOE of PRO with real membrane performance and considering 

equipment efficiencies is higher than other sources. However, it is comparable to both Solar 

Photovoltaics and Concentrated Solar Power considering their costs at the start of their 

production in 2010 as shown in Figure 21. 
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Figure 21: 2010 IRENA Reported LCOE values compared with PRO 

4.6 MULTI-STAGE ANALYSIS 

PRO and RO systems have many similarities and it has been shown that multistage operation 

improves the energetic performance of a reverse osmosis process [59],[60], [61]. Wei et al. 

[59]  show that for a reverse osmosis process, the energetic benefits gotten from staged designs 

is confounded by increased costs of membrane area – although with careful design, the 

energetic benefits could outweigh costs. 

Some interesting multistage design for PRO has been reported in literature. Chung et al. [62] 

classified all two-module multistage designs into two broad families – interstage pressure 

control and input exergy control. Interstage Pressure control refers to designs with either a 

pump (for interstage pressurization) or a turbine (for interstage depressurization) between 

membrane modules. Pressure control is important in reducing entropy generation because it 

helps to achieve a more uniform osmotic driving force [63], [64].  

Input exergy control refers to a design philosophy that allows for modification to the draw and 

feed streams as they enter the process. This control method seeks to maintain the salinity 

gradient across the membrane in both stages.  
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Altaee et al. [65] and Li [66]  studied dual stage systems that can be classified as Interstage 

pressure control. While Altaee et al. had design with interstage pressurization, Li had interstage 

depressurization.  

He et al. [67] introduced four designs for two-stage PRO systems and each design is named 

depending on if the draw or feed solution is split on entering the process. Their design can be 

classified as Input Exergy Control.  Of the four designs, two of them are studied in this work.  

Designs Evaluated 

A single stage system with the process conditions shown in Table 11 is set as a benchmark 

against which different multistage designs are evaluated. 

Table 11: Input Properties Used in Evaluating the Benchmark Single Stage System 

Property Values 

Area (m2) 137255 

Water Permeability (L/m2.h.bar) 2.49 

Salt permeability (L/m2.h) 0.39 

Structural parameter (m) 5.64x10-4 

Diffusion coefficient (m2/s) 1.48x10-9 

Mass transfer coefficient (L/m2.h) 99.0 

Hydraulic pressure (bar) 48.48 

Draw flowrate (m3/s) 0.2853 

Feed flowrate (m3/s) 0.6758 

Temperature 298.15 298.15 

Na+ ion (g/L) 68.97 0 

Cl- ion (g/L) 106.51 0 

 

The resultant net power produced and LCOE is 2,233.88kW and $0.0693/kWh respectively. 

The designs evaluated are Differentiated Draw Continuous Feed (DDCF) and Continuous 

Draw Differentiated Feed (CDDF). 
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4.6.1 DIFFERENTIATED DRAW CONTINUOUS FEED (DDCF) 

The configuration shown in Figure 22 represents the DDCF design and is evaluated on the 

basis of net power produced as well as the resultant LCOE. Pressurized undiluted draw enters 

into both stages (stage 1 and stage 2) while the feed moves from stage 2 to stage 1 in counter 

flow direction. 

 

 

Figure 22: Differentiated Draw Continuous Feed Configuration. Figure Adapted from [67] 

One clear advantage of this design is that salinity gradient across membrane 2 is higher than 

would otherwise have been had the draw moved continuously from stage 1 to 2. 

The process conditions and membrane properties used are shown in Table 12. The split ratio 

indicates the ratio of total membrane area as well as the ratio of the total draw flow rate 

allocated to each stage. This ratio adds up to 1. 

Table 12: Input Properties Used in Evaluating DDCF Configuration 

Property Values 

Total Membrane area (m2) 137,255 

Total Draw Flowrate (m3/s) 0.2852 

Total Feed flowrate (m3/s) 0.6758 

Property Values 

 Stage 1 Stage 2 

Split Ratio {0.01 – 0.90} {0.99 – 0.10}  

Area (m2) {1,372.55 – 123,529.50} {135,882.45 – 13,725.50} 

Draw flowrate (m3/s) {0.0028523 - 0.25670} {0.2824 – 0.02852} 

Property Values 

Stage 1 Stage 2 
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Table 12: Input Properties Used in Evaluating DDCF Configuration (continued) 

Property Values 

Water Permeability (L/m2.h.bar) 2.49 

Salt permeability (L/m2.h) 0.39 

Structural parameter (m) 5.64x10-4 

Diffusion coefficient (m2/s) 1.48x10-9 

Mass transfer coefficient (L/m2.h) 99.0 

Hydraulic pressure (bar) 48.48 

Temperature 298.15 298.15 

Na+ ion (g/L) 68.97 0 

Cl- ion (g/L) 106.51 0 

 

The power produced by both turbines (Turbine 1 and Turbine 2) are shown against split ratio 

of membrane 1 in Figure 23. At equal split of the membranes (split ratio of 50:50), Turbine 2 

(associaed with membrane 2) produces 4.85% more power than Turbine 1 because of higher 

salinity graient across Membrane 2.  

 

Figure 23: Power of Turbines against Split ratio of Membrane 1 

The split ratio affects the net power produced by the system. A split ratio of 0.3 (Membrane 1 

gets 30% while Membrane 2 gets 70% of both total area and draw) does not give the same net 

power as a split ratio of 0.7. From Figure 24, the Net Power produced is higher at a ratio of 0.3 

than 0.7 and the difference is 29.19kW.  
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.  

 

Figure 24: Net Power (kW) produced against Split ratio for Membrane 1  

There are two effects contributing to power production. The first is that to reduce irreversible 

losses, a larger membrane area is required and the second is the salinity gradient across the 

membrane – higher gradient increases the driving force across the membrane. Stage 1 always 

has lower gradient across it because the feed stream that enters in is concentrated via reverse 

salt flux on leaving Stage 2. Although assigning a larger portion of the total area to Stage 1 

(ratio > 0.5) gives larger turbine power to Turbine 1 compared to Turbine 2, the net power 

produced is lower overall. This could be an indication that salinity gradient plays a larger role 

in power generation than membrane area.  

Comparing the net power produced from the DDCF design against that of Single stage, lower 

split ratio for Membrane 1 is more favorable to power production. At ratio > 0.65, the 

multistage design produces lower power than for a single stage system.  

On the basis of LCOE, as seen from Figure 25, as expected, the trend is the mirror image of 

the Net Power. Compared to single stage LCOE value, only split ratio below 0.08 gives LCOE 

2210

2220

2230

2240

2250

2260

2270

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

N
et

 P
o

w
er

 (
k
W

)

Split Ratio for Membrane 1

DDCF

Single Stage



 

57 

 

values lower than single stage. However, the LCOE is just 0.25% better than the value of single 

stage.  

It would seem that the extra power generated in the DDCF design is not enough to justify the 

cost of production.   

 

Figure 25: LCOE against Membrane 1 Split Ratio 

4.6.2 CONTINUOUS DRAW DIFFERENTIATED FEED (CDDF) 

The configuration shown in Figure 26 represents the CDDF design and is evaluated on the 

basis of net power produced and LCOE. In this configuration, undiluted feed enters both stages 

while the draw moves from stage 1 into stage 2.  

  

 
Figure 26: Continuous Draw Differentiated Feed Configuration. Figure Adapted from [35] 
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The process conditions and membrane properties used are shown in Table 13. The split ratio 

indicates the ratio of total membrane area as well as the ratio of the total draw flow rate 

allocated to each stage. This ratio adds up to 1. 

Table 13: Input Properties Used in Evaluating CDDF Configuration 

Property Values 

Total Membrane area (m2) 137,255 

Total Draw Flowrate (m3/s) 0.2852 

Total Feed flowrate (m3/s) 0.6758 

 Stage 1 Stage 2 

Split Ratio {0.90 – 0.15} {0.1 – 0.85}  

Area (m2) {123,529.50 – 20,588.25} {13,725.50 – 116,666.75} 

Feed flowrate (m3/s) {0.60822 – 0.10137} {0.06758 – 0.57443} 

Water Permeability (L/m2.h.bar) 2.49 

Salt permeability (L/m2.h) 0.39 

Structural parameter (m) 5.64x10-4 

Diffusion coefficient (m2/s) 1.48x10-9 

Mass transfer coefficient (L/m2.h) 99.0 

Hydraulic pressure (bar) 48.48 

Temperature 298.15 298.15 

Na+ ion (g/L) 68.97 0 

Cl- ion (g/L) 106.51 0 

 

The split ratio has an effect on the net power produced. From Figure 27, assigning 80% of the 

total area and total feed to Stage 1  produces 70.7kW less power than assigning 80% of total 

area and feed to Stage 2. This design favors allocation of the larger percentage of area and feed 

to the second stage. This is because lower volumetric flow of the feed in Stage 1 leads to lower 

draw dilution before entering Stage 2. However, this design produces less power than a single 

stage system. 
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Figure 27: Net Power (kW) produced against Split ratio for Membrane 1 

The LCOE for the CDDF configuration is higher than that of single stage for all values of split 

ratio as shown in Figure 28.  

 

Figure 28: LCOE ($/kWh) against Membrane 1 Split Ratio 

4.6.3 DIFFERENTIATED DRAW CONTINUOUS FEED (DDCF) USING PRODUCED 

WATER AND SEAWATER 

The result from the single stage optimization gave the dimensions of the plant as well as stream 

volumes that minimized LCOE as shown in Table 14. The net power produced is also shown. 

 2,050.00

 2,100.00

 2,150.00

 2,200.00

 2,250.00

 0.10  0.20  0.30  0.40  0.50  0.60  0.70  0.80

N
et

 P
o

w
er

 (
k
W

)

Split Ratio for Membrane 1

CDDF

Single stage

0.065

0.067

0.069

0.071

0.073

0.075

0.077

0.079

 0.10  0.20  0.30  0.40  0.50  0.60  0.70  0.80

L
C

O
E

 (
$

/k
W

h
)

Split Ratio for Membrane 1

CDDF

LCOE Single stage



 

60 

 

Only DDCF is evaluated because it has been shown that even with fresh water, the CDDF did 

not give more power than the single stage.  

Table 14: Single Stage Optimized Result 

Pressure (bar) 48.48 

Draw flowrate (m3/s) 0.2853 

Feed flowrate (m3/s) 0.4437 

Area (m2) 137,255 

Net Power (kW) 849.14 

LCOE ($/kWh) 0.1255 

 

Table 15 presents the information used to set up the analysis using the Differentiated Draw 

Continuous Feed (DDCF) configuration. 

Table 15: Input Properties Used in Evaluating DDCF Configuration  

Property Values 

Total Membrane area (m2) 137,255 

Total Draw Flowrate (m3/s) 0.2852 

Total Feed flowrate (m3/s) 0.4437 

 Stage 1 Stage 2 

Split Ratio {0.01 – 0.90} {0.99 – 0.10}  

Area (m2) {1,372.55 – 123,529.50} {135,882.45 – 13,725.50} 

Draw flowrate (m3/s) {0.00285 - 0.2567} {0.2824 – 0.02852} 

Water Permeability (L/m2.h.bar) 2.49 

Salt permeability (L/m2.h) 0.39 

Structural parameter (m) 5.64x10-4 

Diffusion coefficient (m2/s) 1.48x10-9 

Mass transfer coefficient (L/m2.h) 99.0 

Hydraulic pressure (bar) 48.48 

Temperature 298.15 298.15 

Na+ ion (g/L) 68.97 13.8 

Cl- ion (g/L) 106.51 21.3 
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The results of net power against split ratio in Figure 29 show that at ratio < 0.15, the net power 

produced is less than that of single stage.  

 

Figure 29: Net Power (kW) produced against Split ratio for Membrane 1 

The plot of LCOE Figure 30 show that the LCOE of the single stage is lower than the LCOE 

of DDCF at all values of split ratio. 

 

Figure 30: LCOE ($/kWh) against Membrane 1 Split Ratio 

  

790

800

810

820

830

840

850

860

870

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

N
et

 P
o

w
er

 (
k
W

)

Split ratio of Membrane 1

DDCF

Single Stage

0.12

0.126

0.132

0.138

0.144

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

L
C

O
E

 (
$

/k
W

h
)

Split Ratio of Membrane 1

DDCF

Single Stage



 

62 

 

5 CONCLUSION AND FUTURE WORK  

In this work, techno-economic analysis was carried out on full scale single stage and multistage 

pressure retarded osmosis systems to determine its economic viability.   The draw and feed 

solutions were Produced water (3M NaCl) and Seawater (0.6M NaCl) respectively. The 

techno-economic parameter of interest is the Levelized cost of electricity (LCOE) which 

depends on the cost of energy produced as well as the total amount of electrical energy 

produced.  

Each module making up the PRO system was costed based on a relevant attribute (e.g., turbines 

costed on the basis of power produced). The Chemical Engineering Plant Cost Index (CEPCI) 

was used to account for inflation – thus bringing the capital costs to the year of interest/project 

execution. 

Although much focus in literature has been on the energetic performance of PRO systems, this 

work shows that energetic and economic optimum occur at different system conditions. Hence 

conditions that maximize energy production might be economically unfeasible. An example 

can be seen in the fact that while larger membrane areas minimize irreversible losses, they 

incur a penalty by increasing capital expenditure. Similarly, larger pumping power also incurs 

higher costs. System size might be advantageous in terms of the benefits to economies of scale; 

however, scale limits the operating conditions that minimizes LCOE. This means that larger 

plants would be more difficult to operate as the operating constraints are narrower.  

Membrane properties play an important role in the techno-economics of PRO systems. For the 

same membrane area (and costs), a membrane with higher water permeability and lower salt 

permeability and structural parameter produces more energy. Hence, more energy is produced 

at the same cost lowering LCOE. A set of analyses was performed using a membrane with 

pressure dependent salt permeability and structural parameter with Produced water and Fresh 
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Water as draw and feed respectively. The results show that beyond a water permeability value 

of 5L/(m2.h.bar), increasing the water permeability to a value of 10 L/(m2.h.bar), gives a mere 

1.42% decrease in LCOE suggesting little incremental advantage by increasing water 

permeability beyond a certain point. On the other hand, minimum LCOE was achieved at a salt 

permeability of 0 L/(m2.h). For structural parameter, moving from a value of 5.5x10-6m, to 

5.5x10-7m, the decrease in LCOE is a meagre 0.22%.  This is an important future work – 

improving the membrane properties to these benchmark points.  

Optimization studies were carried out to determine the system size, operating pressure and 

stream flowrates to minimize the objective function LCOE.  Both ideal and real membranes 

were used. Using Ideal membrane and keeping the efficiency of all mechanical components at 

100%, the LCOE achieved is $0.074/kWh which is comparable to Geothermal energy and 

better than Offshore wind and CSP using the International Renewable Energy Agency 

(IRENA) 2019 global average values for LCOE. With real membranes, the LCOE increases to 

$0.1255/kWh which is better than only CSP.  Using real membranes and considering 

efficiencies of mechanical components, the LCOE increases to $0.352/kWh – higher than all 

other renewable energy sources. 

Multistage analysis was carried out using two design configurations – on that supplies fresh 

draw to each module and the other that supplies fresh feed to each module. Using produced 

water and fresh water as draw and feed respectively, only the design which supplies fresh draw 

produced more power than the single stage system. The power produced depends highly on the 

ratio of membrane area and draw flowrate allocated to each stage. Even with this design 

supplying fresh feed, wrong allocation of area between stages led to power production lower 

than single stage. Using Produced water and Seawater, more power was produced than the 

single stage system at some ratio allocation of area and draw flowrate but the LCOE remained 
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higher than for single stage at all ratio allocation indicating that extra power produced does not 

justify the cost of production.  

Future work can be two-fold – the first is by continuous improvment of membrane properties 

to maximize power production at lower cost. The second deals with the cost angle to the LCOE.  

From solar photovoltaics, IRENA reports that costs have declined by 82% from 2010 to 2019. 

However, the efficiency of panels has increased by 30% within the same time period. This is 

an indication that market forces of incentivizing demand for renewable energy technology 

remains the largest driver of adoption. Increased demand then improves technology demand 

until competition drives lower prices without incentives.  

PRO has another advantage that other renewable energy technologies do not have – the use of 

hypersaline produced water. As oil and gas reservoirs mature, they produce more water. 

Depending on the salinity, regulation mandates the drilling of deep disposal wells which 

increase the cost of the operation. If the capital cost for PRO system is channeled from this 

mandated disposal system, then where once produced water was a total liability, it becomes a 

source of generating electricity and carbon credits.
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APPENDIX 1: FLOWCHART FOR SOLVING CO-CURRENT FLOW 

ACCOUNTING FOR VARIATIONS ALONG THE MEMBRANE 

 

Start 

Input properties: A, B, S, 

D, k, T, Area 

Define Inlet 

conditions: 

𝐶𝐹,𝑏(𝑗=1), 𝐶𝐷,𝑏(𝑗=1) 

   𝑉̇𝐹(𝑗=1), 𝑉̇𝐷(𝑗=1) 

Calculate osmotic pressure 

of Draw and Feed streams 

using EoS 

Provide initial guess for 𝐽𝑤 

Evaluate L.H.S. and R.H.S. 

of eqn.(9) 

Update 

𝐶𝐹,𝑏(𝑗+1), 𝐶𝐷,𝑏(𝑗+1) 

   𝑉̇𝐹(𝑗+1), 𝑉̇𝐷(𝑗+1) 

 

Use Broyden method to 

provide new guess for 𝐽𝑤 

Is the error 

deviation less 

than 0.001%? 

Using eqn. (14) calculate 

power density 

j = n 

Stop 

YES 

NO 

NO 

YES 
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APPENDIX 2: FLOWCHART FOR SOLVING COUNTER-CURRENT FLOW 

CONFIGURATION 

YES 

NO 

NO 

Define Inlet conditions: 

𝐶𝐹,𝑏(𝑗=𝑛), 𝐶𝐷,𝑏(𝑗=1) and  

   𝑉̇𝐹(𝑗=𝑛), 𝑉̇𝐷(𝑗=1) 

 

Calculate osmotic pressure of Draw and Feed 

streams using EoS of stage j 

Initialize intermediate Feed-in streams 

𝐶𝐹,𝑏(𝑗=1,2…,𝑛−1),   𝑉̇𝐹(𝑗=1,2…𝑛−1) 

Provide initial guess for 𝐽𝑤 

Start 

Input properties: A, B, S, 

D, k, T, Area 

Evaluate L.H.S. and R.H.S. 

of (9) 

Is the error 

deviation less 

than 0.001%? 

Using (14) calculate power 

density 

Update using Wegstein 

method 

𝐶𝐹,𝑏(𝑗=1,2…,𝑛−1), 𝐶𝐷,𝑏(𝑗=1,2…,𝑛−1) 

𝑉̇𝐹(𝑗=1,2,…𝑛−1), 𝑉̇𝐷(𝑗=1,2,…𝑛−1) 

 

j = j+1 

Use Broyden method to 

provide new guess for 𝐽𝑤 

j=n 

Is Eq (16) within 

error criterion? 

Stop 

YES 

NO 

YES 
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APPENDIX 3: CALCULATION PROCEDURE FOR SPIRAL WOUND 

MEMBRANE 

 

 

 

 

 

 

 

Start 

Specify properties  

𝐶𝐷,𝑏 , 𝐶𝐹,𝑏 , 𝑉𝐹 , 𝑉𝐷 

Specify parameters 

A,B,S,k,Am 

Q-electrolattice EoS 

is used to calculate 

osmotic pressure  

Re-iterate Jw until 

error < 0.001% 

Calculate Power 

density, 

𝐶𝐷,𝑏 , 𝐶𝐹,𝑏 , 𝑉𝐹 , 𝑉𝐷 

Last element? Stop Yes No 


