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Water–energy nexus for estuarine systems with seasonal

salinity variations: a thermodynamic feasibility analysis of

reverse osmosis (RO)–pressure retarded osmosis (PRO)

combinations

Arijit Chakraborty and Anirban Roy
ABSTRACT
The underlying philosophy of pressure retarded osmosis (PRO)–reverse osmosis (RO) hybrid technology

is the assumption of the availability of ‘fresh’ water for the purpose, which gets severely affected once

the fresh-water streams undergo seasonal salinity variations. In the present article, the authors have

tried to understand the overall feasibility of PRO-RO combination in such estuarine systems with

appreciable variation of seasonal salinity. The article first discusses the feasibility of pretreating the feed

of PRO using RO and later understanding the feasibility of PRO as supplemental technology to existing RO

units. It was found that pretreating the PRO feed in such estuarine systemswas energetically infeasible.

However, PRO as supporting technology was found to produce energy of around 0.0994 kWh for 50%

recovery. It was also concluded that with a fraction of RO permeate used for PRO, energy savings

increase for estuarine systems with seasonal salinity variations.

Key words | estuaries, Gibbs free energy, pressure retarded osmosis, reverse osmosis, salinity

gradient energy
HIGHLIGHTS

• Pressure retarded osmosis (PRO) feasibility is challenged in estuaries.

• Reverse osmosis (RO) reject disposal is a waste of osmotic energy.

• Salinity variations in rivers challenge RO-PRO combination.

• PRO-RO combination is practical when RO acts as supplement to PRO.
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INTRODUCTION
Pressure retarded osmosis (PRO) and reverse osmosis (RO)

are two technologies which perform analogous to each

other. In RO, hydraulic pressure is used to overcome

osmotic pressure to desalinate saline water, whereas in

PRO osmotic pressure is utilized to salinate fresh water

thereby producing hydraulic pressure. Thus, while RO con-

sumes power to desalinate water, PRO consumes fresh

water to produce power. This technology was first explored

by Pattle () in 1954 and the first experimental PRO

results were published by Loeb et al. () in 1976. The

last decade has witnessed sustained efforts by scientists

and technologists worldwide to explore and address

the challenges in order to make this a viable source of

sustainable energy.

For the present article, it is of utmost importance to

understand the challenges associated with PRO. The first

roadblock was the low efficiency of continuous flow terres-

trial plant configuration as pointed out by Loeb et al.

(). Later with more research and technological develop-

ment it was overcome (with pressure exchangers) but a new

challenge was posed, which was the low power densities of

membranes as well as challenges due to internal and exter-

nal concentration polarization. There was considerable

research conducted to understand the concentration polar-

ization effect in various layers of anisotropic membranes

employed for PRO (Lee et al. ). Such studies demon-

strated the fact that internal concentration polarization

was more severe and reduced power densities (Reali et al.

; de Vilhena ; Achilli et al. ). It was proven in

earlier studies as well as further investigated later that

power densities of membrane modules should be at mini-

mum 4–6 W/m2 (Loeb et al. ; Lee et al. ; Loeb

et al. ; Reali et al. ; de Vilhena ; Gerstandt

et al. ; Achilli et al. ).

After almost three decades from the first conception of

PRO, the first osmotic power plant was installed by Statkraft

to generate 10 kW of power in 2009, with plans to build a

full-scale 25 MW unit by 2015 (Achilli & Childress ).

However, as it turned out Statkraft discontinued investment

in PRO technology in 2014. The decision was primarily

due to the insufficient power densities of commercial
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membranes (1 W/m2) and to economics (availability of

5 W/m2 membranes at less than $20/m2). Thus, this was a

huge challenge posed to the research and manufacturing

sectors of membrane technologies worldwide. However, in

this article, the authors investigate a challenge of entirely

different nature – the salinity variation of rivers.

It is evident that PRO consumes fresh water to generate

hydraulic power. Fresh water available in huge quantities is

obtained from rivers and of course such plants can

be envisaged as being located at the confluence of rivers

and the sea. However, in order to make PRO really versatile,

the challenge of river salinity and its seasonal variations

have not been investigated. Recently, the authors have

investigated this and found that PRO in estuarine systems

can be infeasible (Chakraborty & Roy ). The authors

have investigated the effect of river salinities, which can

vary from approximately 0 mM (1 mM¼ 0.001 M) to

almost that of sea water over a 12-month period and

which results in fluctuating energy generation. The present

effort is an extension to understand this challenge to a

deeper extent. In the present article, it is first investigated

whether an RO can precede a PRO in order to guarantee

‘fresh’ water salinity throughout the year and at the same

time deem the overall configuration energetically feasible.

The second configuration is that of an RO being sup-

plemented by a PRO to make up for the energetics of

desalination. These analyses have been carried out for estu-

arine systems where salinity variations are appreciable

throughout the year. The authors believe that salinity vari-

ations are most important to understand and address

simply because this is not in anybody’s control and the

whole principle of mixing energy harvesting is challenged

once the ‘fresh’ water stream is not so any more.

The primary focus of this research paper is addressing

the core of the water–energy nexus – using novel PRO

energy generation method to minimize energy demand

for a conventional RO desalination system. A reasonable

range of RO input as well as achievable RO permeate con-

centration values have been considered for the purpose of

the calculation of energy saved as well as net energy

required in the combined process. The use of the PRO
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system alongside a conventional RO desalination system is

an add-on whose energetics have been studied for two

purposes – firstly, to evaluate the energetics if no RO perme-

ate leaves the system and secondly, to evaluate the

energetics based on the fraction of RO permeate leaves the

system. These have been compared and can help provide a

reasonable estimate of the energy savings when such

hybrid systems are implemented. This work addresses the

need of the hour in terms of issues pertaining to the

water–energy nexus – a comprehensive assessment of both

has been carried out through the discussed strategies of

the RO-PRO hybrid module.
METHODS

It is important to appreciate at this juncture that there have

been reports of various configurations of RO-PRO combi-

nations. The authors thus have concentrated on recent

literature (Senthil & Senthilmurugan ; Tanioka ;

Wang et al. ; Touati et al. ; Tran et al. ; Xiong

et al. ; Altaee et al. ; Arias ; Cheng et al. ;

Wan et al. ) to understand the differences and salient

features of the present effort. This is detailed later. The

focal points to understand the energetics of PRO are: (i)

the feed solution should ideally be of zero salinity and (ii)

the draw solution should be as saline as possible and prob-

ably even hypersaline (Tran et al. ). Figure 1 depicts

the RO-PRO combination used for the present study and

for estuarine systems where river-water salinities vary
Figure 1 | PRO-RO hybrid configuration for excess energy generation.
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appreciably over a year. The two combinations which are

considered are depicted in Figures 1 and 2.
RO pretreating water for PRO (RO-PRO 1)

A novel configuration was envisioned in an attempt to make

the pressure retarded osmosis (PRO) process feasible for

locations where the river-water properties such as salinity,

and thus osmotic pressure vary seasonally, in Figure 1. The

configuration involved setting up a reverse osmosis (RO)

desalination unit before the PRO unit, such that the input

for the desalination process shall be brackish river water.

The output from the RO desalination unit consists of two

streams – a very low-salinity potable water stream, and a

brine stream of salinity much higher than the input. The

brackish water of the river shall be pretreated using the RO

unit, and the resulting permeate will be used as the feed

solution of the PRO unit. The hypersaline brine reject of

the RO unit shall be used as the PRO unit’s draw solution.

Such a configuration involves pretreatment of brackish

water to generate greater energy than the conventional

PRO unit. Based on the work of Chakraborty & Roy

(), this could provide a solution for those geographies

where river-water properties vary significantly for several

reasons.

For such conditions, the thermodynamic limits were

evaluated such as the maximum energy emanated by the

mixing of streams in the PRO unit, which translates to the

maximum energy that can be obtained from such a unit,

as well as the minimum energy of desalination. If the



Figure 2 | PRO–RO hybrid configuration for potable water.
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difference between the energy input to the desalination unit

exceeded the maximum energy generated by the PRO unit,

then the PRO unit, from an energy generation standpoint,

would be thermodynamically infeasible. This is tantamount

to saying that the net energy input to the PRO-RO hybrid

system exceeds the energy output.

However, if the energy output is more than that input to

the system, then such a system can be used for power gener-

ation. For varying salinities of the river water, for a

multitude of reasons, different values of the net energy

input or output shall result.
PRO supplementing energy for RO (RO-PRO 2)

In the configuration illustrated in Figure 2, the focus for the

previously proposed hybrid PRO-RO system (Figure 1) is

shifted from power generation through salinity gradient

mixing, to one of producing potable water from brackish

river water – with reduced energy requirements. Since pro-

ducing potable water is the objective here, the permeate

stream, which results from the RO unit, in its entirety

cannot be fed into the PRO unit as the feed stream. The

brine reject need not be completely fed into the PRO unit

as the draw solution either.

A trade-off must be made between the quantity of water

that needs to be sent to the PRO unit for producing energy

and the potable water that can be removed without being
om http://iwa.silverchair.com/ws/article-pdf/20/6/2415/767739/ws020062415.pdf
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sent to the PRO unit. The fraction of the RO permeate

that is removed without being further sent to the PRO unit

is denoted by fpermeate. The fraction of the RO brine reject

stream that is sent to the PRO unit is denoted by fBrine.

An optimum quantity must be calculated to find the

maximum energy that can be saved while also obtaining

potable water from the RO unit. The objective of such a

setup is to minimize the energy requirements of the conven-

tional RO desalination unit such that the reduced energy

requirements translate into reduced cost per cubic metre

of potable water.

Modelling of pressure retarded osmosis (PRO) process

When two solutions of different concentrations are mixed, the

Gibbs free energy of mixing is released. For a binary system of

aqueous strong electrolyte solutions pertinent to this study,

we evaluate the Gibbs free energy emanated when two such

solutions of known concentrations and activity coefficients

mix. Gibbs free energy represents the maximum amount of

reversible work that can be extracted from a closed system

(Smith et al. ). As the definition suggests, this is the

work that can only be obtained during a reversible process.

If a solution is considered (containing two or more species)

then the Gibbs free energy is expressed as (Smith et al. ):

�Gi ¼ Gi(T , P)þ RT ln (γixi) (1)
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where �Gi represents free energy per mole of species i in the sol-

ution, Gi(T , P) is the molar Gibbs energy of pure species i at

temperature T (in K) and pressure P (in Pa), R (in J/mol-K)

is the gas constant, xi is the mole fraction of species i in sol-

ution and γi is the activity coefficient of species i in solution.

Total molar Gibbs free energy (G) of a solution composed of

i species is the sum of the weighted contribution of each of

the species (Yip & Elimelech ).

When we consider the mixing of two streams, say A and

B, each with individual Gibbs free energy GA and GB and

the ratios of the total moles of A and B in solution are φA

and φB respectively, there is irreversible mixing which

results in a mixture of Gibbs free energy (GM) (Yip &

Elimelech ). The difference between the Gibbs free

energy of the resultant mixture and the sum of the weighted

components of individual streams is termed the Gibbs free

energy of mixing, denoted by ΔGmix. Thus,

�ΔGmix ¼ GM � (φAGA þ φBGB) (2)

The negative sign indicates that energy is released from

the system due to mixing.

From fundamental material balance, we know that the

species must be conserved even after the mixing process.

The Gibbs free energy per unit volume of mixed solution

(M) released during mixing of two solutions (A and B) can

be calculated as follows (Yip & Elimelech ):

�ΔGmix ¼ RT
� X

xi ln (γixi)
h i

� φA

X
xi ln (γ ixi

h i
A

� φB

X
xi ln (γ ixi)B

h i� (3)

It is well known that the activity coefficient and mole

fraction for water at relatively low salt concentrations can

be approximated to unity (Robinson & Stokes ). Apply-

ing salt mass balance and further simplifying, the following

equation is generated (Yip & Elimelech ):

� ΔGmix

vRT
¼ CM

φ
ln (γs,MCM)� CA ln (γs,ACA)

� (1� φ)
φ

CB ln (γs,BCB) (4)
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In Equation (4), φ is defined as the ratio of moles of feed

solution (solution A for a binary mixture) to the moles of feed

and draw solution, while CM is the molar concentration of the

mixture. An inspection of Equation (4) reveals that the Gibbs

Free Energy of Mixing is dependent on the relative proportion

of the initial solutions and the composition of the solutions for

a mixing process at constant temperature and pressure.

For calculation purposes, CA is the molar concentration

of the feed solution in the PRO unit, CB is the molar concen-

tration of the draw solution in the PRO unit, while CM is the

molar concentration of the mixture, which is given by:

CM ¼ φCA þ (1� φ)CB (5)

Equation (4) can be approximated (Yip & Elimelech

) for highly dilute solutions as:

� ΔGmix

vRT
¼ CM

φ
ln (CM)� CA ln (CA)� (1� φ)

φ
CB ln (CB) (6)

The activity coefficients were adopted from the litera-

ture (Robinson & Stokes ; Pitzer et al. ) and a

linear interpolation function was used to find intermediate

values (Yip & Elimelech ).
Modelling of reverse osmosis (RO) process

Cerci et al. () developed a general relation for the mini-

mum work input required for desalination processes using

the Second Law of Thermodynamics. This relation deter-

mines the minimum work input per unit mass of fresh

water produced for various feed saline water and produced

fresh-water salinities. It is shown that the minimum energy

consumption for the separation of a saline solution into

pure water and concentrated brine is independent of the

process and configuration of the desalination technology

used for the separation.

Particular attention must be paid to the modelling of the

pressure vessel of the RO module where the saline feed

water is separated in two streams – the drinkable permeate

and the rejected brine. The performance of an RO mem-

brane depends on several operating parameters such as

temperature, pressure and salinity of the feed water. The
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membrane is considered as a porous environment

(Al-Zahrani et al. ).

Specific energy consumption is an important parameter

in RO. It is defined as pump energy consumption per unit

amount of produced permeate water. The minimum specific

energy (SE) represents the energy needed to produce a unit

volume of permeate, when the applied hydraulic pressure is

equal to the brine osmotic pressure at the exit of the mem-

brane module. Consequently, SE can be expressed using

the initial osmotic pressure (of feed), πfeed, and the recovery

ratio, R. At the theoretical limit of constant pressure oper-

ation, the RO system operates with an applied hydraulic

pressure that is equal to the final osmotic pressure of the

brine exiting the RO module. Therefore, the minimum

specific energy of desalination for an RO process, SERO,

desal, is expressed as follows (Al-Zahrani et al. ; Straub

et al. ; Touati et al. ):

SERO,desal ¼
πfeed � πpermeate

1� R
(7)

where πfeed is the osmotic pressure of the RO feed solution,

πpermeate is the osmotic pressure of the RO permeate solution

and R is the recovery ratio of the RO module.
RESULTS AND DISCUSSION

Infeasible PRO-RO hybrid system

The configuration depicted in Figure 1 is a hybrid system

involving an RO desalination unit, which pretreats brackish

water and sends the lower-salinity permeate and hypersaline

brine reject to the PRO unit for the purpose of generating

energy, such that the energy would be greater than that

needed to operate the RO unit. For the one-stage RO desali-

nation system, it has been shown in the literature that the

optimal recovery rate for an RO unit is around 40–50%

(Touati et al. ). Hence, for the purpose of calculations,

the recovery has been considered to be 50%, while the temp-

erature has been considered to be constant at 298 K. Also, it

is important to consider that the volume of RO feed is con-

stant at 2 m3, such that the volume of water entering the

PRO module is 1 m3 (at 50% recovery).
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Figure 3 shows the variation of energy required to

operate the PRO-RO hybrid system with the RO feed con-

centration, for different RO permeate concentrations. The

graph shows that with an increase in RO feed concentration,

greater energy is required to operate the hybrid system.

From Figure 3, with higher RO feed concentrations, the

PRO unit generates more energy. For 50% recovery of the

RO unit, for RO feed concentration of 150 mM and RO

permeate concentration as 40 mM, the energy required to

operate the hybrid PRO-RO system is 0.2524 kWh. Simi-

larly, for 40% recovery (not presented in the paper due to

limited space), the energy required is 0.2197 kWh. This

implies that the energy required to run the RO desalination

unit exceeds the energy generated by the PRO unit, thus ren-

dering it infeasible. Another drawback of such a system is

that the entire low-salinity potable water stream is fed into

the PRO unit for producing energy, thus trading off the

possibility of using that water for drinking or other such

purposes.

The inset of Figure 3 shows the variation of energy gen-

erated through the PRO unit in Figure 1, with RO feed

concentration, for different RO permeate concentration

values. It can clearly be inferred from the graph that with

a rise in the RO feed concentration, the energy generated

through the PRO process rises, as with a rise in the RO

feed concentration, the brine reject is correspondingly

high. The greater the difference in salinity between the

feed and draw solutions of the PRO unit, the greater will

be the energy generated. Hence the graph slopes upwards

as RO feed concentration increases. For constant salinity,

higher permeate concentration is higher concentration of

feed solution for the PRO unit. This results in lower

energy generated through the PRO process for higher-sal-

inity permeate, as compared with that for lower salinity.

The energy generated at 50% recovery, for 200 mM of RO

feed and 20 mM RO permeate, is 0.1245 kWh. The same

calculation at 40% recovery results in 0.0902 kWh energy

generated (not presented in the paper).

Feasible PRO-RO hybrid system

For the calculations done below, recovery of the RO desali-

nation unit is considered to be 50% – in accordance with

the optimal recovery rate for an RO unit being around



Figure 3 | Variation of energy generated with RO feed concentrations, for different RO permeate concentrations.
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40–50% (Touati et al. ), while the temperature is

considered to be 298 K.

The variation of net energy required by the whole process

against the fraction of the ROpermeate entering the PROunit,

for different recoveries of the RO desalination unit, is shown

in Figure 4. For this calculation, the RO permeate is assumed

to be 2 mM, while the RO feed concentration is considered to

be 250 mM. For 50% recovery and only half of the RO perme-

ate entering the PRO unit, the energy required is 1.0566 kWh,

while that for 40% recovery is 0.8958 kWh (not presented in

the paper). This can be explained by the increased energy

demand of the RO unit due to higher recovery. It is also

observed that the energy required to operate the RO-PRO

hybrid system decreases with an increase in the fraction of

RO permeate entering the PRO unit.

The inset of Figure 4 depicts the variation of the net

energy saved by the whole process as a result of using the

PRO unit for supplementing some of the energy requirement,

against the fraction of the RO permeate entering the PRO

unit, for different recovery values. For this calculation, the
://iwa.silverchair.com/ws/article-pdf/20/6/2415/767739/ws020062415.pdf
RO input concentration is assumed to be 250 mM while the

RO permeate concentration is assumed to be 2 mM. For

50% recovery and half of the RO permeate entering the

PRO feed, the energy saved is 0.2343 kWh, while that for

40% recovery is 0.1799 kWh (not presented in the paper).

As can be observed, the greater the fraction of the RO

permeate entering the PRO unit, the greater the energy

saved by the whole RO-PRO process as compared with the

regular RO desalination process without the PRO unit.

Another observation is that the greater the recovery, the

greater is the energy produced by the PRO unit or energy

saved, by the whole process. This is intuitive because the

greater the recovery, the greater the volume of low-salinity

permeate. This implies a higher-salinity brine reject stream

being produced from the RO desalination unit which is ulti-

mately increasing the driving force in the PRO unit, and thus

increasing the energy generated by the PRO unit.

Figure 5 depicts the variation of the net energy required

by the whole process against the fraction of the RO

permeate entering the PRO unit, for different RO feed



Figure 4 | Variation of energy required, with fraction of RO permeate entering the PRO unit, for different recoveries.
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concentrations. For this calculation, the RO permeate con-

centration is assumed to be 2 mM. As can be observed, the

lower the fraction of RO permeate entering the PRO unit,

the greater the energy requirement of the whole process.

The energy required for 50% recovery when the RO feed

concentration is 200 mM and only half of the RO permeate

enters the PRO unit is 0.8205 kWh, while that for 40%

recovery is 0.7055 kWh (not presented in the paper).

Although the lowest energy is required when the entire

RO permeate is fed to the PRO as the feed solution, this

defeats the purpose of such a setup. The objective is to

reduce energy such that the cost of drinking water is

reduced.

The inset of Figure 5 shows the variation of the net

energy saved by the whole process against the fraction of

the RO permeate entering the PRO unit, for different RO

feed concentrations. The energy saved is essentially the
om http://iwa.silverchair.com/ws/article-pdf/20/6/2415/767739/ws020062415.pdf
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energy generated by the PRO unit for the given specifica-

tions. For this calculation, the RO permeate concentration

is assumed to be 2 mM. The energy saved for an RO feed

of 200 mM concentration, at 50% recovery and only half

of the RO permeate entering the PRO feed, is 0.1616 kWh,

while that at 40% recovery is 0.1157 kWh (not presented

in the paper).

As can be observed, the greater the fraction of the RO

permeate entering the PRO unit, the greater the energy

saved by the whole RO-PRO process as compared with regu-

lar RO desalination process, without the PRO unit. Another

observation is that the greater the RO feed concentration,

the greater the energy produced by the PRO unit or energy

saved by the whole process.

Figure 6 illustrates the variation of the net energy required

by the whole process against the fraction of the RO permeate

entering the PRO unit, for different RO permeate



Figure 5 | Variation of energy required, with fraction of RO permeate entering the PRO unit, for different RO inputs.
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concentrations. For this calculation, the RO input concen-

tration is assumed to be 250 mM. As can be observed, the

lower the fraction of RO permeate entering the PRO unit,

the greater the energy requirement of the whole process.

Another observation is that the greater the concentration of

the RO permeate, the lower the energy requirement of the

overall process. This is intuitive, as the energy required for

desalination is significantly reduced along with the energy gen-

erated through the PRO process. The net energy required for a

permeate of 40 mM, 50% recovery and where only half of the

RO permeate is fed as PRO feed solution is 0.9397 kWh, while

that for 40% recovery is 0.7958 kWh (not presented in the

paper).

The inset of Figure 6 illustrates the variation of the net

energy saved by the whole process (as a result of using the

PRO unit for supplementing some of the energy
://iwa.silverchair.com/ws/article-pdf/20/6/2415/767739/ws020062415.pdf
requirement), against the fraction of the RO permeate enter-

ing the PRO unit, for different RO permeate concentrations.

The energy saved is essentially the energy generated by the

PRO unit for the given specifications. For this calculation,

the RO feed concentration is assumed to be 250 mM. At

50% recovery, an RO permeate concentration of 60 mM

and only half the RO permeate entering the PRO feed, the

energy saved is 0.1272 kWh, while that for 40% recovery

is 0.0944 kWh (not presented in the paper).

As can be observed, the greater the fraction of the RO

permeate entering the PRO unit, the greater the energy

saved by the whole RO-PRO process as compared with the

regular RO desalination process, without the PRO unit.

Another observation is that the greater the RO permeate

concentration, the lower the energy produced by the PRO

unit, or energy saved by the whole process.



Figure 6 | Variation of energy required with fraction of RO permeate entering the PRO unit, for different RO permeate concentrations.
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Having previously discussed the effects of the concen-

trations of the RO feed stream and the RO permeate

stream, it is essential to delve into a detailed comparison

between the present work and recent reported literature.

The present work emphasizes two separate configurations

of PRO – one being a hybrid in conjunction with an RO desa-

lination unit, with the focus on maximizing the energy

generated through the PRO process, while the other is also a

hybrid with the RO unit but the focus is on reducing the ener-

getics of a conventional RO unit by usage of a PRO unit. The

works of Tran et al. (), Xiong et al. (), Altaee et al.

() and Wang et al. () indicate research on the configur-

ation illustrated in Figure 1. The works of Touati et al. (),

Senthil & Senthilmurugan () and Chung et al. () indi-

cate research on the configuration illustrated in Figure 2.

It is evident from Tables 1 and 2 that the stark difference

between the present work and that of other researchers is
om http://iwa.silverchair.com/ws/article-pdf/20/6/2415/767739/ws020062415.pdf
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that the seasonal variation of river- or fresh-water concen-

tration has been accounted for in the present work. This

has often been overlooked when studying PRO processes –

especially in estuarine geographies, where the river-water

properties vary significantly for a multitude of reasons

such as sea-water intrusion and precipitation. The actual set-

ting up of a PRO process plant demands that such an

analysis be carried out for the purpose of estimating the

cost-effectiveness of the setup. Approximations may result

in over- or under-estimation of energy generated. This

could lead to huge losses in capital expenditure.

The works considered in Table 1, along with the present

work, discuss the hybrid combination in Figure 1. The river-

water concentration was considered to be varying season-

ally in the other works, with the exception of Altaee et al.

() where discrete values were considered – some as

high as the average concentration of sea-water itself



Table 1 | Significance of discussed PRO-RO hybrid combination (Figure 1) in contrast with state-of-the-art literature

PRO-RO combination 1 (Figure 1)

Is river-water (PRO feed)
concentration varying?

Variation of river-water concentration
considered (mM)

Net specific energy generation
estimated (kWh/m3)

Is it thermodynamically
feasible?

Present work Yes ∼ 0–400 0.1605–1.0597 No

Tran et al. () No N/A 4.5 Yes

Xiong et al. () No N/A 0.42 Yes

Altaee et al. () Yes 10, 600 & 700 mM were considered
with different draw solutions

0.54–1.2 Yes

Wang et al. () No N/A 0–0.4 Yes

Table 2 | Significance of discussed PRO-RO hybrid combination (Figure 2) in contrast with state-of-the-art literature

PRO-RO combination 2 (Figure 2)

Is river-water (PRO feed)
concentration varying?

Variation of river-water
concentration considered (mM)

Net specific energy
estimated (kWh/m3)

Is it thermodynamically
feasible?

Present work Yes ∼ 0–400 0.1786–1.2538 Yes

Touati et al. () No N/A 0.11–0.19, 0.7–0.93 Yes

Senthil & Senthilmurugan () Yes 1–100 1.21–2.73 Yes

Chung et al. () No N/A 0.42–0.43 Yes
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(600 mM). Based on the authors’ previous work

(Chakraborty & Roy ), the river-water concentration in

some parts of the world varies from nearly 0 mM to that

of sea water. Realistically, the energy output was obtained

to lie within a range 0.1605–1.0597 kWh/m3.

The present work considering the configuration in

Figure 1 has deemed it thermodynamically infeasible as

the focus was to produce excess energy through the

PRO process, such that the energy requirements of the RO

desalination unit could be supplemented through the PRO

unit and there would be excess energy left to be sent to

the grid. Based on the calculations, the PRO unit falls

short of these energy requirements. Hence, it has been

termed thermodynamically infeasible. For the other works

listed in the table, the focus is not on generating excess

energy through PRO such that the RO unit’s energy require-

ments can be supplemented through the excess energy

generated.

The works considered in Table 2, along with the present

work, discuss the hybrid combination in Figure 2. The
://iwa.silverchair.com/ws/article-pdf/20/6/2415/767739/ws020062415.pdf
river-water concentration was not considered to be varying

seasonally in the other works, with the exception of Senthil

& Senthilmurugan (). The energy estimated here is for

the concentration range of 1–100 mM, with the energy

output being 1.21–2.73 kWh/m3.

As previously discussed, the focus of the configuration

in Figure 2 is on reduction of the energy demand of the con-

ventional RO desalination unit. The energy savings by

introduction of a PRO unit in conjunction with the RO

unit has previously been graphically illustrated in the

insets of Figures 4–6 and discussed in the above sections.

The thermodynamics of the hybrid process–whilst

accounting for the salinity variations – to the best of the

authors’ knowledge has not been discussed previously in

great detail. The membrane module properties and optimiz-

ation have been researched in great detail, however, the

thermodynamics dictates the limits of the processes. The

implication of accurate estimation of the energy require-

ments of the hybrid process is a necessity, and

approximations cannot be relied upon. Furthermore, the
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energy savings due to the PRO unit lead to a reduced oper-

ating cost of the PRO process plant.
CONCLUSION

The following conclusions were drawn in the context of the

present study:

i. Pretreating the feed to a PRO using an RO was found to

be energetically infeasible.

ii. The energy required to operate the RO-PRO hybrid

decreases with increase of RO permeate entering the PRO.

iii. Greater recovery results in higher energy savings from a

RO-PRO hybrid than just a standalone RO.

iv. The current research proves the necessity of establishing

hybrid RO-PRO systems in estuarine geographies.
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