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Abstract: Pressure-retarded osmosis (PRO) is viewed as a highly promising renewable energy
process that generates energy without carbon emissions in the age of the climate change regime.
While many experimental studies have contributed to the quest for an efficiency that would make
the PRO process commercially viable, computational modeling and simulation studies have played
crucial roles in investigating the efficiency of PRO, particularly the concept of hybridizing the PRO
process with reverse osmosis (RO). It is crucial for researchers to understand the implications of
the simulation and modeling works in order to promote the further development of PRO. To that
end, the authors collected many relevant papers and reorganized their important methodologies and
results. This review, first of all, presents the mathematical derivation of the fundamental modeling
theories regarding PRO including water flux and concentration polarization equations. After that,
those theories and thermodynamic theories are then applied to depict the limitations of a stand-alone
PRO process and the effectiveness of an RO-PRO hybridized process. Lastly, the review diagnoses the
challenges facing PRO-basis processes which are insufficiently resolved by conventional engineering
approaches and, in response, presents alternative modeling and simulation approaches as well as
novel technologies.

Keywords: pressure-retarded osmosis; reverse osmosis; desalination process; computational
modeling; hybridized process

1. Introduction

The force of climate change is becoming more apparent as the temperature of the earth continues
to break records, farmlands are ruined by abnormally low rainfall, and the fury of extreme weather
grows increasingly life-threatening [1,2]. Climate change is depleting resources that are indispensable
for human life such as water while highlighting the importance of renewable energy sources. In the face
of these crises, membrane-based desalting processes are regarded as effective alternatives to confront
the need for water and alternative energy in the age of the climate change regime. Membrane-based
desalting processes that aim to produce freshwater are already contributing to relieving water shortages
around the world. Out of many desalination processes, reverse osmosis (hereafter abbreviated as RO)

Energies 2019, 12, 243; doi:10.3390/en12020243 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-9916-8086
http://dx.doi.org/10.3390/en12020243
http://www.mdpi.com/journal/energies
http://www.mdpi.com/1996-1073/12/2/243?type=check_update&version=2


Energies 2019, 12, 243 2 of 38

is the most widely used. Meanwhile, another type of membrane-based desalting process that generates
energy by mixing two sorts of differently concentrated liquids is being used to meet energy needs.
Pressure-retarded osmosis (hereafter abbreviated as PRO) is regarded as the exemplar of this type of
membrane-based desalting process.

The objective of PRO is to generate electricity using a salinity gradient by mixing two types of
differently concentrated solutions such as seawater and river water. Given that the amount of seawater
around the globe is immense, the PRO process has a high potential to provide a significant energy
supply if satisfactory process efficiency can be attained. Moreover, the PRO process is attracting strong
attention as an alternative renewable energy technology that can comply with the expectations of
the current climate change regime since the process theoretically does not emit any carbon-related
compounds. Encouraged by such merits of PRO, research projects related to PRO have been carried out
vigorously around the globe to commercialize this process by resolving the technological problems [3].
For example, Statkraft, a renewable energy company based in Norway, ran a pilot-scale PRO process
for the first time in the world in 2009 and analyzed the feasibility of the PRO process according to the
operational data [4,5]. Thereafter, many countries began to develop PRO-related technologies, among
them the global MVP project in the Republic of Korea and the Megaton project in Japan [6–8].

While the PRO process has achieved appreciable technological advances in a number of research
projects, nevertheless, several obstacles still hamper the commercialization of the process. For example,
multiple types of research concluded that a stand-alone PRO process was not viable due to the inherent
thermodynamic limits [9–12] and the vulnerability of a membrane to the fouling propensity [13–19]:
the inherent thermodynamic limits and the vulnerability of a membrane to the fouling propensity will
be elaborated in the upcoming sections.

To compensate for the aforementioned limits and to stabilize the supply of water and energy
around the world simultaneously, a concept of hybridization that combines the PRO process with other
desalination processes has been widely applied in this field. By applying the hybridization strategy
to PRO, the vulnerability of a PRO membrane to fouling can be mitigated because of pretreatment
deployed prior to a desalination process. Furthermore, the energy consumed by a desalination process
can be recovered partially by a PRO process [13,14]. Due to these advantages, PRO hybridized processes
were rapidly seen as a promising process type. In particular, an RO-PRO hybridized process became
the most popular since RO is most widely implemented desalination process today.

Nevertheless, the RO-PRO hybridized process is far from maturation: technological discrepancies
between the RO and PRO processes are so vast that implementing an RO-PRO plant is quite a task.
Therefore, a series of simulation and modeling studies are imperative to analyze and improve the
efficiency of the RO-PRO process. To that end, hundreds of research papers regarding the simulation
and modeling of PRO-hybridized processes have been published thus far. For example, some
researchers such as Khaled Touati attempted to combine a PRO process with conventional thermal
desalination processes (e.g., multi-effect distillation) and to test the feasibility of the hybridized
processes with a numerical analysis approach [20,21]. Meanwhile, some researchers such as Wei He
had sought to maximize the efficiency of a PRO process by connecting the stand-alone PRO processes
in series [22,23]. There were also other novel approaches expanding the scale of a PRO-hybridized
process such as RO-membrane distillation-PRO [24,25]. However, most of the papers related to
PRO-hybridized processes are dedicated to the RO-PRO process. The aforementioned new attempts
are just expanded versions of RO-PRO. So a more complete understanding of the RO-PRO process
should supersede the consideration of other hybridized processes.

The objective of this review is to survey the current status of PRO process technology and
ultimately provide a prospect for the PRO-hybridized process which is represented by the RO-PRO
process, by reflecting the important methodologies and results from relevant computational modeling
and simulation studies. To do so, this review first introduces mathematical theories of stand-alone
PRO which are imperative for understanding PRO-basis processes. The subsequent section elaborates
on the viability limit of a stand-alone PRO process and the hybridization features in an RO-PRO
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process, using the thermodynamic theories and the fundamental theories introduced in the first section.
In the last section, the major challenges to the PRO-basis process, which are insufficiently resolved by
conventional engineering approaches, are considered, and novel technologies that can cope with the
major challenges are addressed.

2. Fundamental Theories for a PRO Process

As is widely known, there are three broad categories of membrane-based desalting processes,
consisting of forward osmosis (FO), RO, and PRO (Figure 1). FO is a process that utilizes the
phenomenon of osmosis as it exists in nature: i.e., the solvent of a lower-solute concentration solution
naturally shifts towards a higher-solute concentration solution until the concentration of the latter
decreases. RO is a process that utilizes the opposite mechanism: in RO, external hydraulic pressure
sufficiently higher than the osmotic pressure is applied to a highly concentrated solution. The external
hydraulic pressure forces freshwater in a more highly concentrated solution to cross a membrane
by leaving solutes behind. When examining the mechanisms of FO and RO, it is apparent that the
objectives of the processes are to dilute a more concentrated solution or to produce freshwater.

The objective of PRO is quite different from that of FO and RO. Whereas FO and RO focus
on producing clean water, PRO mainly focuses on generating electricity using a salinity gradient.
An operational mechanism of PRO is an intermediate form between FO and RO. That is, in PRO,
an external hydraulic pressure is applied to a more highly concentrated solution usually called
a draw solution (hereafter, the draw solution will refer to that of a PRO process unless otherwise
noted). However, the solvent of a less concentrated solution, usually called a feed solution (feed solution
hereinafter refers to that of a PRO process unless noted) also shifts towards a higher concentrated
solution simultaneously (Figure 1). In short, a higher-solute concentration solution such as seawater
draws a lower-solute concentration solution when an external hydraulic pressure is applied.
The pressurized solution that has drawn a lower solution now attains the potential power for generating
electricity. After that, the pressurized solution serves as an energy source and the potential power turns
into the mechanical energy due to an energy converter such as a hydro turbine or an energy exchanger.
That is, the potential power in the pressurized solution is ‘harvested’ by the energy converter and the
PRO can generate the electricity.

In this section, for a clear understanding, the fundamental models mathematically describing the
energy-generating procedures in PRO will be elaborated with detailed derivation steps.
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2.1. Water Flux and Power Density

Now let us introduce mathematical notations and equations. The most fundamental and common
equation for membrane-based desalting processes regardless of types is the van’t Hoff equation which
describes the relationship between the osmotic pressure (π) and the solute concentration of the solution
(C), and absolute temperature (T). The van’t Hoff equation is given as,

π = iCRT, (1)

where, i and R indicate the van’t Hoff factor and the universal gas constant, respectively. In principle,
Equation (1) only holds for the dilute solution. But for the sake of convenience, Equation (1) is assumed
to be valid for a wide range of solution solute concentrations in this review. By determining the
osmotic pressure based on Equation (1), a new criterion for each FO, RO, and PRO is made. A process
becomes RO if the external hydraulic pressure (∆P) is higher than the osmotic pressure difference
between the low-solute concentration solution and the high-solute concentration solution (∆π). On the
other hand, a process becomes FO if the external hydraulic pressure is not applied. If a process
is in an intermediate form (i.e., 0 < ∆P < ∆π), then it would be PRO (Figure 2). It is necessary
to understand the concepts of water flux (Jw) and power density (PD) in order to grasp how PRO
generates electricity. Water flux is a concept that is used in FO and RO as well. However, while the
water flux in FO and RO is utilized to measure the produced amount of freshwater in a process,
water flux in PRO is regarded as a preliminary parameter to calculate power density. Therefore, it is
essential to comprehend what flux means to understand the mechanism for generating electricity in
PRO. According to the solution-diffusion model, the water flux is expressed as [26]

Jw = −Dm
dC(x)

dx
, (2)

where Dm is the diffusion coefficient of water in the membrane and C(x) is the solute concentration
according to x, which is the distance from the membrane surface. Now (2) becomes (3) in accordance
with the well-known Henry’s law which states that dµw = − RTdC(x)

C(x) ,

Jw = −Dm
dC(x)

dx
=

DmC(x)
RT

dµw

dx
≈ DmC(x)

RT
∆µw

∆x
. (3)

Here, ∆µw stands for the change of water chemical potential across a membrane. ∆µw can be
alternatively expressed as follows, according to the definition of chemical potential,

∆µw = RT ln ∆aw + Vw∆P, (4)

where aw and Vw indicate the chemical activity of water and partial molar volume of water.
Assuming Vw is independent of the pressure, Equation (4) becomes

∆µw = −Vw∆π + Vw∆P = Vw(∆P− ∆π). (5)

A conversion of RT ln ∆aw into −Vw∆π is based on another thermodynamic definition of π,
which is described as π = − RT

Vw
ln aw [27,28]. By combining Equations (3) and (5), the last form

regarding the water flux (Jw) is derived:

Jw =
DmC(x)Vw

RT∆x
(∆P− ∆π). (6)

Ultimately, regardless of the type of membrane-based desalting process, water flux is calculated
as Equation (6). Note that signs for the hydraulic pressure and the osmotic pressure in PRO are
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switched because the osmotic pressure is always higher than the hydraulic pressure in PRO. If a set of
parameters ( DmCVw

RT∆x ) on the right-hand side of Equation (6) are replaced with A, as in

Jw = A(∆π − ∆P), (7)

Then, Equation (7) is the most basic water flux model used in a PRO-basis process. Here, A is one of the
membrane parameters in membrane-based desalting processes, which is called the water permeability.
The water permeability implies how much water flux can be measured per unit of external pressure
(the unit of water permeability is a ratio of the water flux to the pressure). This is one of the important
parameters that indicates the performance of the membrane together with salt permeability (B) and
membrane structure parameter (S). Meanwhile, the second term on the right-hand side of (7), ∆π−∆P,
denotes the net driving pressure of membrane-based desalting processes. By multiplying this term
with the water permeability, the flux of water permeated across a membrane is calculated.

A physical meaning of water flux is the volumetric rate of fresh water permeated per unit
membrane area ( m3

m2·s ). In a PRO process, the water flux is directly related to a process index, PD. PD is
an indicator meaning how much energy is generated per unit time and per unit membrane area: thus,
it can be interpreted as a kind of energy flux ( Joule

m2·s ). PD in PRO is defined as

PD = Jw∆P. (8)

By substituting Equation (7) into Equation (8), an equation is obtained as follows:

PD = A(∆π − ∆P)∆P. (9)

If the osmotic pressure of each solution (i.e., a more highly concentrated solution and a less
concentrated solution) is constant, then Equation (9) becomes a quadratic function with respect to the
external hydraulic pressure. Now Equation (9) should be differentiated in order to find the maximum
value of PD under the given condition. By doing so, a relation between ∆π and ∆P for the maximum
PD is found as follows:

∆P =
∆π

2
. (10)

In short, the PD of PRO is maximized when the external hydraulic pressure of PRO becomes half
of the osmotic pressure difference. By combining Equation (9) and Equation (10), the maximum PD is
calculated as [29,30],

PDMAX = A× (∆π)2

4
(11)

It is instructive for readers to remember this criterion because it is frequently used to design an
optimal PRO process. In Figure 2, a red-dashed parabola depicts how PD varies according to the
external hydraulic pressure. Since the objective of PRO is to generate electricity, the external hydraulic
pressure must maintain its own range between zero and the osmotic pressure difference.
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2.2. Water Flux with Concentration Polarization Phenomena

In a previous subsection, the water flux for PRO was derived as given in (7). One should note that
the water flux is based on an ideal assumption that ∆π is only represented by the solute concentration
difference between the bulk feed solution (CF,b) and bulk draw solution (CD,b). Although such an ideal
assumption often provides convenience in observing the overall tendency of a PRO process, the values
resulting from the water flux with an ideal assumption are usually incorrect due to the lack of the
reflection of the concentration polarization. Concentration polarization (CP) is a phenomenon which is
led by an encounter between the water flux and the salt flux, occurring in the inside and near-outside
of a membrane. To understand CP, the basic transport phenomena around a membrane first should
be acknowledged.

2.2.1. Internal Concentration Polarization

As the solvents in the solution travel across a membrane, the solutes in the solution
cross a membrane due to the solute concentration difference between the feed and draw sides.
This phenomenon of solute transport across a membrane is called salt flux. The physical meaning of
salt flux is the mass rate of solute penetrating per unit membrane area ( g

m2·h ). Understanding the factor
of salt flux is imperative for understanding the system dynamics and CP in membrane-based desalting
processes. As shown in Figure 3, the water flux and the salt flux in a PRO system, as well as in a FO
system, tend to flow in opposite directions.
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That is, while the water flux in a PRO system tends to stream from the feed side to the draw
side, the salt flux streams from the draw side to the feed side. This contrary tendency results from the
difference of media which drive the flow of each flux. The opposite directions of each flux, first of
all, result in the isolation of salts inside a membrane—imagine a situation in which the salts try to
reach the feed side but fail because of the water flux serving as shoving the salts back to the draw
side. Consequently, some amounts of salts are stranded in a membrane permanently and form a new
concentration located inside a membrane, CICP. This phenomenon is called internal concentration
polarization (ICP). ICP is one of the major burdens imposed on FO and PRO processes, as it strongly
aggravates the performance of those processes. As ICP is taken into consideration, the substantial
osmotic pressure difference changes from the one estimated with CF,b and CD,b to the one estimated
with CICP and CD,b. Such a change in the substantial osmotic pressure difference is directly linked
to the decrease in the driving force. Naturally, the performance of a PRO process decreases, as well.
If the composition of solutes is not just confined to a pure salt, the impact of ICP grows even larger.
As the composition of solutes gets intricate, the interactions among the solute compounds or organisms
aggravate the performance of a membrane. For example, the microbes in the feed and draw solutions
produce byproducts such as polysaccharides and proteins [13]. Such byproducts get accumulated
inside a membrane and result in a severer ICP. In addition, the increased microbes also clog the pores
in a membrane so that the performance of a process essentially goes down. One of the ways to relieve
such an impact of fouling propensity worsened by ICP is to switch the membrane orientation [13,31].
A PRO process usually sets the membrane orientation of a system as Figure 3a, which is called the
AL-DS (Active Layer–Draw Solution) mode, due to its higher initial water flux than that of Figure 3b,
which is called the AL-FS (Active Layer–Feed Solution) mode [32,33]. However, the AL-DS mode is
more vulnerable to the fouling propensity incurred inside a membrane than the AL-FS mode since
the porous structure of the support layer plays a role to trap the foulants from the feed solution
more sensitively [34]. Therefore, while the same amount of foulants is accumulated on the surface
of a membrane, the water flux in the AL-DS mode declines more rapidly than that in the AL-FS
mode [13,31]. However, a sequence in which ICP induces the fouling further or the fouling induces ICP
further depends on the composition of foulants in the raw water [13,17,35,36]. Thus, an operator should
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choose whether to apply the AL-DS mode or the AL-FS mode for a given system in accordance with
the compound composition of the intake water. As the orientation of a PRO membrane is switched,
the equations of the models are also slightly changed since the solute concentration distribution
inside a membrane changes. In the current paper, the equations of the AL-FS mode will not be
represented additionally because most of the research works regarding a PRO process are based on the
AL-DS mode.

ICP is an inevitable phenomenon in the FO and PRO processes since the directions of water
flux and salt flux in the processes are always oriented reversely. To analyze ICP mathematically,
the mathematical expression of the salt flux should be noted first [37,38].

Js = B(CD,m − CF,m) (12)

Here, Js, B, CD,m, and CF,m represent the salt flux, the salt permeability, the solute concentration of
the draw solution at the adjacent area of the membrane, and the solute concentration of feed solution
at the adjacent area of the membrane, respectively. Lee et al. [37] developed a theoretical model for
the PRO process based on the conservation of the mass resulting from the water flux and the salt
flux. Assuming, for the sake of simplicity, that there is only one solute (i.e., salt) in the draw solution,
the mass transfer of the salt entering the membrane support layer at each boundary layer is always
equal to the sum of the salinity displacement due to convection and diffusion caused by the salinity
difference. Thus, at a steady-state, the conservation of mass in a system can be described as follows, [39]

Ds.l
dC(x)

dx
− JwC(x) = Js (13)

As noted in a previous subsection, C(x) is the solute concentration at position x; and Ds, l is the
diffusion coefficient at the support layer of a membrane (Figure 3), which is defined as [40],

Ds.l =
εD
τ

(14)

Here, D is the diffusion coefficient, which is commonly referred to as diffusivity, in the bulk
solution; ε is the porosity of the support layer; and τ is the tortuosity of the support layer. A detailed
description of these parameters will be covered a bit later. By rearranging Equation (13) appropriately,
the following relation is derived,

dC(x)
C(x) + Js

Jw

=
τ

εD
Jwdx (15)

If (15) is integrated along with the boundary conditions shown in Equation (16), the solute
concentration of ICP (Cicp) comes out as given in Equation (17) [14],

C(x = 0) = CF,m, C(x = ts) = Cicp (16)

Cicp =

(
CF,m +

Js

Jw

)
exp(JwK)− Js

Jw
(17)

where x is the distance from the support layer to the active layer boundary; and ts is the thickness of the
support layer of a membrane (Figure 3). A new term that emerges in Equation (17), K, represents the
solute resistivity in the support layer and is defined as [41]

K =
τts

εD
=

S
D

(18)

As shown in Equation (18), τts
ε is generally expressed as S, structure parameter. As mentioned

before, three membrane parameters, A (water permeability), B (salt permeability), and S
(structure parameter), are considered the main parameters displaying the properties of a membrane.
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The roles of A and B are relatively clear. In order to enhance the performance of a system, the operators
of a PRO process should increase the water flux by augmenting the value of A as much as possible:
see Equation (7). In the meantime, the salt flux should be decreased as much as possible, so that the
value of B must be repressed: see Equation (12). However, understanding the role of S is a bit more
complicated than understanding those of A and B. When considering Equation (18), it is apparent
that K is proportional to the value of S. Considering that Cicp increases as K increases, the value
of S should be kept minimal to maintain a high substantial osmotic pressure difference. However,
the reduction of S must be in a balance with the tortuosity and the thickness of the support layer
because excessively low values of those terms can have harmful impacts on the mechanical strength
of a membrane. In short, recalling that S = τts

ε , the thickness of the support layer and the tortuosity
should be as low as possible while the porosity is kept high. Therefore, satisfying these features should
be the priority when fabricating a PRO membrane.

2.2.2. External Concentration Polarization

ICP is a phenomenon resulting from a lump of concentration located inside a membrane.
Unlike ICP, there are two more CPs that occur outside of a membrane, known as external concentration
polarization (ECP). The names of ECP differ according to regions where CP occurs. If ECP occurs at an
interface region between the draw solution and a membrane, such a CP is referred to as dilutive ECP
because the interface region becomes diluted by water which has crossed a membrane. By contrast,
ECPs occurring at an interface region between the feed solution and a membrane is called concentrative
ECP due to the impact of salt shifting from the draw side to the feed side. Much like the term ICP was
derived, the terms for each ECP phenomenon are derived based upon the interaction with boundary
conditions. The boundary conditions and the solute concentration at the interface region of the draw
side are given as follows (Figure 3):

C(x = 0) = CD,m, C(x = δD) = CD,b (19)

If the integration of Equation (15) is carried out according to the boundary conditions as in the
case of ICP, then the solute concentration at the interfacial region of the membrane and the draw
solution (CD,m) comes as follows:

CD,m =

(
CD,b +

Js

Jw

)
exp

(
− Jw

kD

)
− Js

Jw
(20)

Meanwhile, the boundary conditions and the solute concentration at the interface region of the
feed side are given as follows:

C(x = 0) = CF,b, C(x = δF) = CF,m (21)

In the same manner, the concentration at the interfacial region of the membrane and the feed
solution (CF,m) can be obtained with the integration as follows:

CF,m =

(
CF,b +

Js

Jw

)
exp

(
− Jw

kF

)
− Js

Jw
(22)

Here, δ and k represent the thickness of the solution boundary layer and the mass transfer
coefficient, respectively. The subscripts appended to the notation each indicates a different region:
subscript F indicates the feed solution; D, the draw solution. It should be noted that the thickness of
the boundary layer and mass transfer coefficient are interrelated based on the famous stagnant film
theory [41–45],

δ = D/k (23)
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In other words, the thickness of the solution boundary layer diminishes as the mass transfer
coefficient of a given system increases. Thus, understanding the characteristics of the mass transfer
coefficient can aid in designing a complete system. In membrane-based desalting systems, the mass
transfer coefficient can be calculated in two different ways: one is based on a dimensionless
number concerned with an empirical method, and the other is based on an equation derived by
the diffusion-convection equation. The first empirical method is as follows [14]:

k =
ShD
dh

(24)

Here, dh and Sh represent the hydraulic diameter and the Sherwood number, respectively. Sh is a
dimensionless number which represents the ratio of the convective mass transfer to the rate of mass
diffusion. In the PRO system, empirical relations for Sh are given as follows [14,46,47]:

Sh = a1RebScc, (25)

Sh = a2(Re·Sc
dh
L
). (26)

It should be noted that the dimensionless constants in the relations (i.e., a1, a2, b, and c) are
determined in experimental procedures by separating a turbulence state (Equation (25)), and a laminar
state (Equation (26)). Two newly emerged terms in Equations (25) and (26), Re and Sc, also represent
dimensionless numbers, which are called the Reynolds number and the Schmidt number, respectively.
These dimensionless numbers illustrate the physical and motional characteristics of fluids in a given
system. For example, when the value of Re is more than 2000 for a completely stabilized fluid, the fluid
motion of the system is generally classified as a turbulence state [48]. Such properties of Re and
Sc imply that Sh also can illustrate the characteristics of fluids in a given system, given that Sh is
expressed by a linear relation of Re and Sc. When considering this sequential logical flow, a final
conclusion can be drawn: that the area of the ECP boundary layer will decrease as the value of k
increases: see Equations (23) and (24). Although the diffusivity and the hydraulic pressure are engaged
when calculating k, the effects of those parameters upon k are relatively small unless a dramatic change
in the given system occurs [33,49,50]. Furthermore, D is canceled out if Equations (23) and (24) are
incorporated. Thus it can be concluded that the motional characteristics of fluids in the system play
a primary role in determining the impact of ECP. The motional characteristics of fluids are mainly
controlled by the operation conditions such as the velocity of inlet solutions or the hydraulic pressure.
However, the motional characteristics of fluids can be also controlled to some extent with a membrane
spacer or other auxiliary parts. The membrane spacer contributes to promoting the displacement of
fluids by enhancing the mass transfer of the system (i.e., increasing the value of k) [51,52]. Furthermore,
it was shown that the value of Sh can be significantly varied as the geometry of a membrane spacer
and the frequency of the spacer channels change, according to the previous studies [51–53]. That is,
the way a membrane spacer takes its own shape can also be a critical factor to relieve ECP.

The fact that the impact of ECP is highly dependent upon the motional characteristics of fluids
is intriguing given that by contrast, the impact of ICP is mainly dependent on the parameters of a
membrane. During the nascent period of the PRO process, ECP was often dismissed because of its
small impact compared to ICP. However, as the scale of the process became sizable, it was found that
the impact of ECP could no longer be overlooked. Consequently, to address the optimization of a
membrane structure and the control over the fluid dynamics simultaneously became a significant goal
for researchers.

The second way to find the mass transfer coefficient in the membrane-based desalting process is
to harness an equation derived from the diffusion-convection differential equation. The equation is
given as,
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Jw = −kD ln
CD,m − CF,m

CD,b − CF,m
. (27)

known as Brian’s equation, which describes a relationship between the mass transfer coefficient and the
water flux [54–56]. The rearranged form of Equation (27) leads to the advent of a new dimensionless
number, called Pe, as follows,

Pe =
Jw

kD
= − ln

CD,m − CF,m

CD,b − CF,m
(28)

Pe is the Péclet number, which is defined as the ratio of the advection rate to the diffusion rate. As Sh
was, so Pe is represented by the linear relation of Re and Sc: in other words, Pe represents the motional
characteristics of a system as Sh does. In theory, this implies that the motional characteristics of fluids
can be described only with the concentration deployments in a given system, or the ratio of the water
flux to the mass transfer coefficient (Figure 4). Thus, the importance of the mass transfer coefficient is
again apparent, given that it can contribute to illustrating the overall tendency of a system.
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Figure 4. The variation of the dimensionless mass transfer coefficient (β/kD) according to the Pe
number (i.e., Jw/kD). If the value of k is kept constant, the value of β/kD increases in the RO process
as the Pe number increases. On the other hand, in the FO/PRO processes, the value of β/kD goes
down while the Pe number increases. In this figure, A = 5× 10−7 m/s/atm; B = 1.1× 10−7 m/s;
S = 7.2× 10−4 m; kD = 5× 10−5 m/s; CD,b = 58, 500 ppm; CD,F = 2500 ppm; and ∆P = 5 atm. [50]
The figure is reproduced from Reference [50] with permission.

2.3. Water Flux Models Applicable to PRO

2.3.1. Water Flux Models for Flat-Sheet Membrane

Since the first model of water flux—Equation (7)—was developed, many models describing the
water flux in the PRO process appeared. The aforementioned water flux model developed by Lee
et al. [37] is the first model that considered the impact of CP by taking the concentration of ICP into
account. The water flux model developed by Lee et al. is given as

Jw = A[πD,b

1− CF,b
CD,b

exp(JwK)

1 + B
Jw
[exp(JwK)− 1]

− ∆P] (29)
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Equation (29) can be obtained by constructing a set of simultaneous equations with the relations
used in solving the concentration of ICP, which are Equations (12)~(18), and by removing the salt
flux terms in the resultant term. Although Equation (29) is the first equation providing insight into
the impact of CP, it is not possible to find an analytical solution due to its non-linearity. Therefore,
the iterative method based on a numerical analysis should be utilized for approximating the value
of water flux. It should be noted that all water flux models hereafter, including the impacts of CP,
are estimated with a numerical analysis. However, such numerical analysis methods are relatively
difficult to apply because the approximation results can be uncertain along with given simulation
conditions. Fortunately, a previous study demonstrated that the water flux models together with CPs
can be converted into polynomial functions by Taylor expansion and it was found that the expanded
polynomial functions can be used instead of the original water flux models to some extent [56].

After the development of Equation (29) in 1981, no additional water flux models were developed
for several years. In 2009, a new water flux model which accounts for the impact of dilutive ECP was
developed by Achilli et al. [29], as given below,

Jw = A[πD,bexp(− Jw

k
)

1− πF,b
πD,b

exp(JwK)exp( Jw
k )

1 + B
Jw
[exp(JwK)− 1]

− ∆P]. (30)

Subsequently, Yip et al. [57] developed a new water flux model simultaneously taking into
consideration ICP, dilutive ECP, and the effect of salt flux on the region of dilutive ECP. That is,
concentrative ECP on the feed side was not considered for this model. Therefore, Cicp and CD,m are
denoted as the concentrations for the feed side and the draw side, respectively. By subtracting Equation
(17) from (20), the following relationship is yielded:

CD,m − Cicp =
CD,bexp

(
− Jw

kD

)
− CF,bexp

(
JwS
D

)
1 +

(
B
Jw

)[
exp

(
JwS
D

)
− exp

(
− Jw

kD

)] (31)

Equation (31) represents the concentration difference between the draw side and the feed side in a
system. By incorporating Equations (1), (7), and (31), the final form of Yip model is shown as follows:

Jw = A

 πD,bexp
(
− Jw

kD

)
− πF,bexp

(
JwS
D

)
1 +

(
B
Jw

)[
exp

(
JwS
D

)
− exp

(
− Jw

kD

)] − ∆P

 (32)

Equation (32) might be the most widely utilized water flux model in the recent PRO-basis research.
This model not only reflects the impact of ICP and dilutive ECP but also considers the mass balance
of salts within the boundary layer region of dilutive ECP. Hence, almost every effect of salts on the
given system can be considered with this model, with the exception of concentrative ECP. However,
the impact of concentrative ECP is negligible compared to that of ICP [44], so it is generally not
necessary to consider. Figure 5 displays the distinctions among Equations (7), (29), (30), and (32),
which are made along with the types of CPs and factors considered by each model. As given in
Figure 5a, the water flux declines as the number of factors considered for water flux models increases.
The declined water flux eventually results in a decrease of PD, as shown in Figure 5b.
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Figure 5. The variation of the water flux (Jw) and power density according to the external
hydraulic pressure (∆P). As seen in (a), the water flux in a PRO process gradually decreases as
the types of concentration polarization are taken into consideration. Consequently, the magnitudes
of power density naturally decrease, as shown in (b). In these figures, A = 4.83× 10−12 m/s/Pa;
B = 4.44× 10−8 m/s; S = 3.07× 10−4 m; CD,b = 35, 000 ppm; CF,b = 1000 ppm; k = 3.85× 10−5 m/s;
and K = 2.06× 105 m−1.

2.3.2. Water Flux Models for Hollow Fiber Membrane

The models described thus far are mainly applied to the flat-sheet membrane types. Because the
geometries of membranes are different for each membrane configuration, it is necessary to find
optimized models for each case. As widely known, the hollow fiber membrane configuration is a good
alternative to the flat-sheet membrane type. Since the fundamental structure of the cross-section of
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a fiber in the hollow fiber membrane configuration is round in shape, Sivertsen et al. constructed a
water flux relation for the hollow fiber membrane [58] as follows:

Jwm2πr0 = Jw2πr. (33)

Here, r and r0 represent the distance from the center of a single fiber and the radius to the outer
skin of a single fiber, respectively, and Jwm stands for the water flux at the outer skin of a single fiber.
This relationship is based on the logic that the amount of water flux within and outside of a fiber
cannot be equal due to the difference of membrane area (See the structure of hollow fiber membrane
shown in Figure 6). Equation (13) becomes the following equation after Equation (33) is substituted for
Jw of (13):

− Js

Jw
= Ds,l

(
r

Jwmr0

)
dC(x)

dr
− C(x) (34)

To find the concentration difference between an outer-shell skin and inner porous layer (∆Cskin),
Equation (34) should be integrated along with boundary conditions shown below:

C(x = r0) = CD,m, C(x = r0 + δD) = CD [Draw side]
C(x = r0 − ∆xmem − δF) = CF, C(x = r0 − ∆xmem) = CF,m [Feed side]

C(x = r0 − ∆xmem) = CF,m, C(x = r0) = Cp [Porous layer]
(35)

Here, Cp represents the concentration at the interfacial region between the porous layer and
the outer-shell skin. Therefore, ∆Cskin is the concentration difference between CD,m and Cp (i.e.,
∆Cskin = CD,m − Cp). By incorporating the results obtained from integration steps, ∆Cskin is finally
given as,

∆Cskin = CD−CF(r0+δD/r0)
Jwmr0/D(r0−∆xmem/r0−∆xmem−δF)

Jwmr0/D(r0/r0−∆xmem)Jwmr0τ/Dε

(r0+δD/r0)
Jwmr0/D+

(
B

Jwm

)
[((r0+δD/r0)

Jwmr0/D)(r0−∆xmem/r0−∆xmem−δF)
Jwmr0/D(r0/r0−∆xmem)Jwmr0τ/Dε−1]

(36)

Here, ∆xmem represents the thickness of a single fiber, as shown in Figure 6. By incorporating
Equations (1), (7), and (36), the water flux model for a hollow fiber membrane can be obtained.
Incidentally, note that Sivertsen et al. positioned the draw solution and the feed solution outside and
inside of a hollow fiber membrane, respectively. This sort of solution positioning is the opposite of the
conventional orientation for PRO: usually, the draw solution in a PRO system faces the active layer of a
membrane. Therefore, the concentration distribution in Figure 6 does not hold for the Sivertsen model.
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In another paper, Zhen Lei Cheng et al. [44] expanded the water flux models, based on the
methodology of Sivertsen et al., for the hollow fiber membrane configuration (see Figure 6) as given in
Equations (37a) and (37b),

Jw = A


πD,b

(
ri

ri− D
kD

)− Jwri
D
− πF,b

(
r0+

D
kF

r0

) Jwri
D (

r0
ri

) Jwriτ
Dε

1 + B
Jw

( r0+
D
kF

r0

)(
Jwri

D )(
r0
ri

) Jwriτ
Dε −

(
ri

ri− D
kD

)− Jwri
D

 − ∆P


(37a)

Jw = A


πD,b

(
ri+

D
kD

ri

)− Jwr0
D

− πF,b

(
r0

r0− D
kF

) Jwr0
D (

r0
ri

) Jwr0τ
Dε

1 + B
Jw

( ri
ri− D

kF

)(
Jwr0

D )(
r0
ri

) Jwr0τ
Dε −

(
r0+

D
kD

r0

)− Jwr0
D

 − ∆P


(37b)

Here, ri represents the radius to the inner skin (lumen) of a single fiber (Figure 6).
Equations (37a) and (37b) represent the water flux models for cases in which a selective layer is located
at the inner skin and the outer skin, respectively. The difference in the forms of Equations (37a) and (37b)
reflects that the characteristic lengths of a hollow fiber configuration are the primary consideration.
As the terms appear in both Equations (37a) and (37b), it could be concluded that ∆xmem plays a key
role in calculating the water flux of a hollow fiber membrane configuration—clearly, xmem = r0 − ri.
Therefore, the existence of a porous layer, which has been referred to as a support layer in this review, is
of huge importance for a hollow fiber membrane. Equations (37a) and (37b) have a special meaning in
that these relations, for the first time, describe the water flux of a hollow fiber membrane configuration
by considering its signature design. One should note is that the water flux models for a hollow fiber
configuration are not the irreplaceable ones since the water flux models for the flat-sheet membrane
configuration are also applicable for the hollow fiber membrane configuration to some extent. However,
the difference between the two types of models starts to appear as the scale of membrane configuration
grows larger. In the aforementioned paper of Zhen et al., they demonstrated in their paper that the
results of the hollow fiber models and the flat-sheet models are identical if ECP is assumed to be
negligible [44]. However, they also showed that the impact of the difference in membrane designs
should be taken into account, due to the increased ECP, as the size of the membrane configuration
grows sufficiently large.

In this section, fundamental theories that have been researched with a stand-alone PRO
configuration were introduced. The theories explained in this section will be used to describe the
simulation and modeling works on an RO-PRO hybridized process in the subsequent section.

3. Hybridization of a PRO Process with RO

RO has played a significant role in relieving water stresses around the world. In spite of the
considerable technological advancements in RO made in recent decades, however, this process is
still considered energy-intensive. Toward the goal of reducing the energy consumption of RO while
maintaining the same water productivity, a strategy to employ a PRO process in conjunction with RO
is considered an effective approach. In this section, various types of modeling and simulation studies
that sought to demonstrate the efficiency of an RO-PRO hybridized process will be introduced, and the
possibility and the current limit of the corresponding process will be discussed.
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3.1. Theoretical Energy Consumption in an RO Process

A PRO process is not commonly considered a type of desalination process. The seawater
desalination process, which is mainly represented by the RO process, is literally a process of attracting
seawater to produce clean freshwater by consuming energy. On the other hand, PRO is a process of
which the main purpose is to produce energy, unlike the conventional seawater desalination processes.
However, due to the similarity of the basic driving principle and the know-how accumulated over
a long period of time, the analysis method of RO is usually applied to a number of PRO processes.
Therefore, to understand the PRO process well, it is necessary to understand the basic principles of the
RO process. Conversely, the principles of a PRO process can be applied to an RO process, as well.

Before considering the mathematical models of an RO-PRO hybridized process, it is worthwhile
to investigate the energy consumption magnitude of an RO process because it has been researched
even more widely than that of a PRO process. In addition, recognizing the magnitude of RO energy
consumption may provide clues regarding the energy recovery efficiency of PRO to researchers.

The main interest of recent desalination processes including RO is to reduce the energy
consumption as much as possible. Therefore, the minimum energy consumption calculated with
thermodynamics plays an important role in setting an objective of a given desalination process.
To discuss the minimum value of energy consumption required for the seawater desalination process,
the theoretically ideal energy consumption is often referred to as the thermodynamically minimal
energy (TME). For the RO process at 50% of the water recovery rate (RecRO) and 35,000 ppm of the
sodium chloride concentration in the feed solution, this value is calculated to be 1.1 kWh/m3: this value
includes only RO train energy consumption and does not encompass the energy recovery device.
A further widening of the investigation reveals that TME consumption is much lower for the entire
desalination process. According to a previous study, the thermodynamic minimum energy required
for the desalination process is estimated to be 0.7 kWh per cubic meter of permeate (i.e., 0.7 kWh/m3),
when produced without an additional energy recovery [59].

Meanwhile, the actual energy consumed by current RO is today about 2 kWh/m3 at 50% of water
recovery [60]. Considering the TME calculated for RO process (=1.1 kWh / m3), it is apparent that
more work remains to be done. However, it should be noted that the TME of RO is actually impractical
because it is the result of a batch RO process. In the case of the batch RO process, the concentrated
brine discharged from the RO train is returned to the supply tank after the permeation step and the
concentrated brine water is injected again into the RO train (Figure 7). This cycle continues until
there is no more water to extract from the brine. Batch RO processes exhibit higher energy efficiency
than semi-batch RO and multi-stage RO systems. This is because the batch RO results in the reduced
entropy generation and thereby exhibits less entropic energy loss [61]. On the other hand, semi-batch
RO and multistage RO systems are conventional process configurations used for reducing the energy
consumption magnitude of a stand-alone RO process. However, the batch RO process cannot be
applied in a real field because its water production rate is excessively slow. Therefore, the values
of TME shown above should be regarded as ineffective ones in an actual RO process [61] unless
accompanied by an innovative configuration for the batch RO process. This perspective underscores
the utility of the PRO process in energy reduction in an actual RO process.
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Figure 7. The schematic illustrations of the configurations of each RO type: (a) batch-configuration,
(b) semi-batch configuration, and (c) multistage configuration. In these figures, HPP stands for
the high-pressure pump and BP stands for the brine pump [61]. The figure is reproduced from
Reference [61] with permission.

3.2. An Ideal RO-PRO Hybridized Process: Thermodynamic Approaches

3.2.1. A Fundamental Relationship between the Pressure and Specific Energy

Investigating the relationship between the pressure and specific energy (SE) is worthwhile because
the derivation steps of this relation comprise the theoretical background of membrane-based desalting
processes. In membrane-based desalting processes, SE is defined as the energy per unit volume of
permeate (kWh/m3). If the energy per unit volume of permeate is ‘consumed’ to produce freshwater,
then SE is labeled the specific energy consumption (SEC). On the other hand, if the energy per unit
volume of permeate is ‘recovered’ by the mixing process, SE turns into specific energy recovery (SER).
That is, SEC and SER are energy units for the RO and PRO processes, respectively. Unlike the case of a
stand-alone process, a PRO subunit process in an RO-PRO hybridized process must utilize a unit of SE
because PD is incompatible with SEC. Considering that one of the objectives of a PRO subunit process
in a hybridized RO-PRO is to reduce the energy consumption of RO, understanding the essence of SE
is hugely important. To clarify the actions upon these terms, a dimension analysis procedure will be
described hereafter. The SI unit of pressure is given as Pa, which is identical to [11,62]

Pa =
N
m2 , (38)

where N denotes newtons, the unit of force. Manipulating the right-side term slightly yields the
following relation:

N
m2 =

N·m3·s
m2·m3·s . (39)
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After offsetting m3 in the numerator with m2 in the denominator, the term N·m
s turns into W (watt)

according to the definition. Since 1 kW = 1000 W and 3600 s = 1 h, (39) is now rearranged as,

N
m2 =

1
1000

· 1
3600

(
kWh
m3 ) (40)

Thereby,

1 Pa =
1

1000
· 1
3600

kWh
m3 = 2.72× 10−7 kWh

m3 (41)

A final result shown in Equation (41) implies that the pressure itself in the membrane-based
desalting processes can be converted to SE. Consequently, it can be concluded that the unit of SE
is the same as that of the pressure for all the equations and relations regarding SE that will be
mentioned subsequently, regardless of whether each pressure term represents the hydraulic pressure
or the osmotic pressure. Equations from Equations (38) to (41) show that the energy efficiency of
an RO-PRO hybridized process basically results from the ratio of net driving pressures in each
membrane-based desalting process. To maximize the energy efficiency of an RO-PRO hybridized
process, the optimization works for net driving pressure have to be accompanied. However, it is
impractical to conduct the optimization works only with the rough results from Equations (38) to (41).
In the next subsection, rigorous models established based on fundamental thermodynamics for RO
and PRO processes will be addressed.

3.2.2. Thermodynamic Models for RO and PRO Processes

In this subsection, thermodynamic models for calculating the ideal energy consumption and
energy recovery in the RO-PRO hybridized process are described. The first value to be calculated
for the energy terms in the RO-PRO process is the thermodynamic work of each subunit process.
The thermodynamic work (W) is defined as follows,

W =
∫ ∆V

0
∆P dV (42)

To derive the ideal energy consumption term of RO and the ideal energy recovery term of PRO,
Equation (42) should be modified appropriately. The idea of derivation is based on the fact that ∆P can
be expressed by the molar fraction of the lower-concentration solution (Xl) and the molar fraction of the
higher-concentration solution (Xh) in a reversible membrane-based process [11,23,63–67]. This idea can
be depicted as an imaginary reversible system comprised of two distinct solutions, positioned at the other
sides of a membrane, with different concentrations. A depiction of such a system is given in Figure 8.
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In this system, for the sake of simplicity, the volume of each solution is assumed to be the same as
the volume of the respective chambers, like a piston. If an arbitrary amount of water shifts from the
less concentrated side to the more concentrated side, the mass balance of a complete system can be
represented as below,

Ch = Ch,i

(
Vh,i

Vh,i + Vs

)
(43)

Cl = Cl,i

(
Vl,i

Vl,i −Vs

)
. (44)

where V stands for the volume of each solution, and subscripts h, l, i, and s stand for
higher-concentration solution, lower-concentration solution, initial state, and shift, respectively. Then,
the following relation appears if Equations (1), (43), and (44) are combined.

∆π = iRT(Ch − Cl) = πh,i

(
Vh,i

Vh,i + Vs

)
− πl,i

(
Vl,i

Vl,i −Vs

)
(45)

Equation (45) can be simplified as below if the concentration of a lower-concentration solution is
negligible compared to that of a higher-concentration solution:

∆π ≈ πh,i

(
Vh,i

Vh,i + Vs

)
. (46)

Now the ideal energy recovery term of PRO can be obtained as Eqations (42) and (46) are
incorporated. Herein, ∆π is assumed to be equivalent to ∆P.

W =
∫ ∆V

0
∆P dV = πh,iVh,i ln

(
Vh,i + Vs

Vh,i

)
(47)

Equation (47) takes on a new form as it is rearranged appropriately with Equation (43):

WPRO =

(
πh,iπh

πh,i − πh

)
ln
(

πh
πh,i

)
(48)

Here, WPRO is the amount of ideal work per unit volume of the solution that shifted from the
lower concentration side to the higher concentration side in a PRO process. Therefore, WPRO is SER.
Above, Equation (48) represents the ideal energy recovery term of PRO process. Likewise, the ideal
energy consumption term of RO process can be determined in a similar manner. The ideal energy
consumption term of RO process is given as below,

WRO =

(
πhπc

πh − πc

)
ln
(

πc

πh

)
(49)

Here, the subscript c stands for the concentrated brine solution discharged from an RO process.
If the RO and PRO processes are connected, the concentrated brine solution discharged from the
RO subunit process serves as the draw solution in the PRO process. In that case, the signs of
Equations (48) and (49) should be opposite to each other. For example, the sign of Equation (48)
should be + if the sign of Equation (49) was designated as −, and vice versa.

From the derivations of Equations (48) and (49), it can be remarked that the ideal energy terms
shown above are calculated only with the osmotic pressures of the lower-concentration solution and
the higher-concentration solution of each subunit process. Those results hint at the role of a membrane
only with a term Vs—when it comes to an actual process, the membrane parameters become more
important to estimate Vs more precisely.
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Equations (48) and (49) can also be derived by another approach of utilizing Gibbs free energy
difference. The infinitesimal change of Gibbs free energy is generally defined as [67,68],

dG = VdP− SdT + ΣiµidNi, (50)

where S, µi, and Ni indicate the entropy of a system, chemical potential of component i, and number
of moles for component i, respectively. For the mixing process of the less-concentrated solution and
the more highly concentrated solution, it is assumed that there is no change in the temperature and
pressure (i.e., dP = dT = 0). Meanwhile, the chemical potential of an ideal solution is given as,

µi = µ0 + RT ln(xi), (51)

where µ0 represents the chemical potential under standard conditions and xi represents the mole
fraction of component i. Subsequently, according to the energy balance, a final form which is based on
Equations (50) and (51) appears as follows [9,69–71],

dG = ΣiµidNi = {[ChVhµ0 + ChVhRT ln(xh)] + [ClVlµ0 + ClVl RT ln(xl)]} − [CmVmµ0

+CmVmRT ln(xm)]
(52)

where a subscript m indicates the mixed solution. Herewith, all the assumptions used for
Equations (43) and (44) should be utilized once again: that is, the concentration of the
lower-concentration solution is negligible compared to that of the higher-concentration solution (i.e.,
ClVlµ0 + ClVl RT ln(xl)→ 0), and the total mass of a given system is conserved (i.e., ChVh = CmVm).
Hence, the following relation is produced:

∆G
iRT

= ChVh ln(xh)− CmVm ln(xm) (53)

After a few steps, the final form of Equation (53) becomes identical to Equation (48). The existence
of i in Equation (53) results from the composition of NaCl in a solution, which dissolves into Na+

and Cl− in an aqueous state. In many previous studies [9,23,64,67,69], Gibbs free energy has been
calculated without the presumption of the negligible low concentration of the lower-concentration
solution. Without that presumption, Equation (53) becomes

∆G
iRT

= CmVm ln xm − ClVl ln xl − ChVh ln xh (54)

Regardless of approaches for derivation, conclusions made so far imply the same lesson:
no membrane parameters such as A and B are taken into consideration for computing the ideal
energy recovery or consumption. However, the membrane parameters or the efficiencies of auxiliary
instruments must be considered when calculating the energy recovery or consumption of actual
processes since the water flux plays a critical role in tallying SE.

3.3. In the Case of an RO-PRO Hybridized Process

In a thermodynamic approach, it could be found that the theories for the RO and PRO processes
coincide in many aspects. However, such common features are not valid for realistic RO and PRO
processes. In this subsection, the methods of calculating the SEC of RO and SER of PRO processes are
independently described, and the differences between the methods in tallying SE are discussed.

3.3.1. Specific Energy Consumption Model of RO Process with Process Efficiencies

The total energy efficiency of the RO-PRO hybrid process cannot be calculated with only
Equations (48) and (49) if the efficiency of the pump, energy recovery device, and membrane is
related to the actual operation of the process. The term “ideal” mentioned in a previous subsection
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indicates that all efficiencies within the process are 100%, but the process efficiency in the real world is
never 100%. Therefore, in order to predict the energy efficiency of the process in accordance with the
realistic constraints, all factors should be considered as much as possible. Zhu et al. derived a SEC
model of real RO process (SECRO,tr) as follows [72,73],

SECRO,tr =
(1− ηe(1− RecRO))Rej ∗ πF

ηpRecRO(1− RecRO)
, (55)

where ηp represents the efficiency of the high-pressure pump, and ηe represents the efficiency of
the energy recovery device, and Rej indicates the rejection rate of an RO membrane. It should be
noted that F in Equation (55) stands for the feed solution in an RO process, not in a PRO process.
Typically, ηp is assumed to be in the range of approximately 0.8 to 0.85, and ηe is assumed to be in the
range of approximately 0.95 to 0.98 [28,69,74–79]. As shown in Figure 9, the SEC of a stand-alone RO
process changes as ηp and ηe vary. In spite of this change, stand-alone RO processes, in particular a
seawater RO process, conventionally set the water recovery rate as 0.5, considering the productivity
of freshwater. However, such a conventional operational condition only holds for a stand-alone RO
process. By contrast, in the case of an RO-PRO hybridized process, the energy efficiency becomes
lowest at a water recovery rate of 0.5. This tendency of the RO-PRO hybridized process will be
elaborated in a later subsection.
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Figure 9. The plot depicting the specific energy consumption (SEC) trend in a stand-alone RO process.
As shown in the figure, a graph with the zero of energy recovery device efficiency (ηe) displays an
almost perfectly symmetric parabola shape, and its specific energy consumption becomes lowest at 0.5
of the water recovery rate. Meanwhile, parabolic trends in other graph lines descend as the efficiency
of an energy recovery device increases. In this figure, Rej = 100%; CF,b,RO = 35, 000 ppm.

3.3.2. Dilutive Factor of the PRO Process

Once a PRO process is combined with an RO process, the energy consumed by the RO is
automatically recovered to some extent by the PRO process. However, in order to maximize the
energy recovery efficiency, it is necessary to consider not only the system parameters of RO such as
RecRO but also the system parameters of PRO. One of the PRO system parameters that should be



Energies 2019, 12, 243 22 of 38

considered when operating the RO-PRO hybridized process is called the dilutive factor (DF) and is
defined as follows [25,80],

DF =
Vp, PRO

VD,ex
, (56)

where VD,ex represents the volumetric flow rate of the draw solution exiting the PRO process. As DF
increases, the amount of energy that can be extracted from the PRO process increases. Interestingly,
it was also found that DF increases along with RecRO (Figure 10). This is because a larger amount
of water moves across the membrane as the concentration of the draw solution increases: recall
that Jw = A(∆π − ∆P). In the PRO process, the larger the amount of Vp, PRO, the higher the energy
generation; and more energy is extracted in the PRO process as RecRO increases. However, because
the energy consumption of RO also increases along with RecRO, the absolute energy production of
the PRO process itself is not highly significant in the overview of the RO-PRO hybridized process.
The overall energy recovery efficiency of the RO-PRO process will be addressed in a later subsection,
taking into account the respective effect of RecRO on the RO and PRO processes.
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Figure 10. The relationship between the water recovery rate (RecRO) of an RO process and the dilutive
factor (DF) of a PRO process in an RO-PRO hybridized process. Dashed graph lines in this figure clearly
show that the values of DF increase as RecRO becomes higher. In this figure, membrane performances:
membrane A > membrane B > membrane C; and CF,b,RO = 35, 000 ppm.

3.3.3. Specific Energy Recovery Models of the Module-Scale PRO System

As mentioned at the end of Section 3.3.1., it should be noted that the energy efficiency of an
RO-PRO process with ideal conditions is not related to the operational constraints of a realistic process,
but only to the concentration of the feed and draw solutions. If other operational constraints are
added to a given process, the results vary significantly. To take the realistic operational constraints into
consideration, imagine a PRO membrane module for which the process is subjected to constant external
hydraulic pressure, and the draw and feed solutions flow counter-currently. Here, counter-current
indicates a system configuration in which the draw and feed solutions of PRO are injected at opposite
ends and directed to flow in the reverse direction: that is, a module inlet position for the draw solution
becomes a module outlet position for the feed solution in the counter-current configuration, and
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vice versa. To calculate the maximum SER in the counter-current membrane module configuration,
the following equation can be used [81–84]:

SERMAX,module =
iRT

4

(
Cd − C f

)2

Cd + C f
. (57)

By contrast, the maximum SER with ideal conditions can be calculated as follows [71,85]:

∆GMAX
iRT

=
CdC f

Cd − C f

(
ln(Cd)− ln

(
C f

))
− exp(

Cd ln(Cd)− C f ln
(

C f

)
Cd − C f

− 1) (58)

Equation (58) is derived by differentiating Equation (54) with respect to Vl/Vm. As seen in
Figure 11, SER calculated from Equation (57) is always about 20~30% lower than the SER calculated
from Equation (58). A discrepancy between Equations (57) and (58) is attributed to the nature of mass
transport phenomena in a PRO process. When Equation (58) was derived, the salt flux heading for the
feed side was overlooked according to the ideal assumptions. In addition, the mixing process between
the feed and draw solutions was assumed to be perfect mixing, which never happens in an actual
process due to the limitations of the membrane area. Considering that the membrane area is not a
constituent used for calculating SEC of RO, a decisive difference in tallying the SE of RO and PRO
processes can be discovered hereby [9,10,83]. Another piece of knowledge that can be obtained from the
result of Figure 11 is the thermodynamic limits of the stand-alone PRO process. As shown in Figure 11,
the maximal SER of the module-scale PRO process with 0.6 M NaCl o the draw solution and 0.015 M
NaCl of the feed solution is around 0.26 kWh/m3 [12,84]. Here, 0.6 M NaCl represents the global
average of seawater salinity. Considering that the energy consumption of the pretreatment facility for
seawater desalination plants generally ranges from 0.24 to 0.40 kWh/m3 [86], such a magnitude of SER
may not be even compatible with the pretreatment step for the stand-alone PRO process. Furthermore,
the feed solution for the PRO-basis process also needs to be pretreated unless the feed solution is DI,
so that the additional energy consumption is required for the PRO-basis processes. On the other hand,
the energy efficiency of PRO increases as the process utilizes the brine from RO as the draw solution.
After the stand-alone PRO process is hybridized with the seawater RO with 50% of the water recovery
rate, the maximal SER leaps from 0.26 kWh/m3 to 0.55 kWh/m3 if the brine is selected as the draw
solution [12]. Even though the value is still far less than the energy consumption magnitude of the RO
plants, such a degree of energy recovery helps the energy consumption of the seawater desalination
plant to be decreased, at least. This kind of thermodynamic limit of the stand-alone PRO process leads
the trend of PRO-related studies to the PRO-hybridized processes.
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Figure 11. The comparison of maximal specific energy extracted from the mixing process between
the feed solution and the draw solution of a PRO process. The blue line indicates the maximal SER
harvested under an ideal condition, ∆GMAX . The red line indicates the maximal SER harvested under
counter-current module conditions, SEPMAX,module. The figure was redrawn by the authors of the
current review based on References [12,14].

The introduction of additional operational constraints to the PRO process, such as the actual
high-pressure pump efficiency and membrane parameters, further reduces the inherent energy recovery
of the PRO process. In such a general case, an optimized net external pressure (∆PNET, opt) can be used
to calculate the SER in the module scale PRO. ∆PNET, opt refers to the hydraulic pressure reflecting all
effects of concentration polarization and frictional loss on the PRO process. In this case, the SER of the
PRO process at the module scale level can be generally explained as follows [65,85,87,88],

SERPRO =
VTotalp, PRO ∆PNET, opt

Am Jw, avg
, (59)

where VTotalp, PRO is the sum of the volumetric flow rate of the permeate in a PRO subunit process,
Am is the total membrane area, and Jw, avg is the average water flux of PRO. Since Jw, avg is defined
as VTotalp,PRO/Am, all terms of the numerator and denominator can be offset except for ∆PNET, opt.
Therefore, Equation (59) can be expressed as the following equation:

SERPRO = ∆PNET, opt. (60)

SER models of the PRO process at the module scale are given by Equations (57) and (60), but there
is a significant difference between these two equations. Equation (60) is affected by changes in
membrane performance parameters such as A, B, and S. Nevertheless, Equation (57) only varies
according to changes in concentrations in a given process, even though the deployment of the feed and
draw solutions and continuous mass transport phenomena were taken into consideration for a model.

3.3.4. Performance Indices for Evaluating a Complete RO-PRO Process

The method of calculating the energy efficiency of an entire RO-PRO process has been applied
differently in each study, and as of yet there is no standardized method. This is partially because
of the lack of a full-scale RO-PRO process. Nonetheless, some modeling and simulation studies
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have proposed methods to compute the energy efficiency of a complete hybridized process. In this
subsection, a few such examples are presented.

Prante et al. proposed a formula for calculating the net energy consumption of RO-PRO as
follows [65]:

SECRO−PRO =
SECRO,tr ∗Vp,RO + SEPPRO ∗Vp,PRO

Vp,RO
(61)

With Equation (61), it is easy to see the net energy consumption resulting from the PRO subunit
process in a complete hybridized process. Figure 12 represents the results of net specific energy
sensitivity analysis in the RO-PRO hybridized process, calculated using 64 virtual membranes based
on combinations of the main membrane parameters A, B, and S. As expected, the results of the
sensitivity analysis show that the net energy consumption of the RO-PRO hybridized process decreases
as the value of A increases and the values of B and S decrease.
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In a different direction, Kim et al. [46,89] constructed an economic assessment index that converts
the final products of the RO-PRO (i.e., water and electricity) into monetary benefits:

WERR = PriceElectricitiy

( .
WPRO −

.
WPump

)
+ PriceWaterVP,RO. (62)

Here, PriceElectricitiy and PriceWater are the price of electricity and the price of water, respectively,

for a given country or region;
.

WPRO and
.

WPump are the energy produced by the PRO subunit process
and the amount of work done by the pump, respectively. This index reflects that the products of
each subunit process in an RO-PRO hybridized process are different from general electricity and
freshwater characteristics.

In another study, a dimensionless performance index was used to observe the energy efficiency
trend of the RO-PRO hybridized process [25]. The dimensionless performance index is given as follows,

Nr/c =
Vp,PRO ∗ SER
Vp,RO ∗ SEC

, (63)
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where Vp,RO and Vp,PRO represent the volumetric permeate flow rates of RO and PRO, respectively.
The physical meaning of Equation (63) is the ratio of the energy recovered by the PRO subunit process
to the total energy consumption in a complete RO-PRO hybridized process. A difference between
Equation (63) and other performance indices is that Equation (63) can be applied to an RO-PRO process
of any scale. The scale of the PRO subunit process should be smaller than that of the RO subunit
process considering that the brine discharged from the RO process becomes the draw solution of the
PRO process. In this context, Equation (63) aids in calculating the energy efficiency of a complete
RO-PRO hybridized process as a reasonable comparison by removing the dimension of process sizes.
As given in Figure 13a, the conventional water recovery rate of RO, which typically ranges from
0.4~0.6, is not effective if the energy efficiency of the RO-PRO hybridized process is calculated based
on Equation (63). This is because a higher water recovery rate of the processes configured prior to PRO
contributes to an increased energy consumption, while a higher concentration of brine resulting from
the increased water recovery rate contributes to enhancing the energy recovery of the full hybridized
process. Furthermore, since DF is also a function with respect to Vp,PRO, the shape of the Nr/c graph is
changed as a domain is transformed from RecRO to DF. As shown in Figure 13b, a higher value of
DF does not always guarantee a higher Nr/c. In short, the decrease of Nr/c in Figure 13b means that
a higher permeate flow rate across a membrane is not always more energy-efficient for an RO-PRO
hybridized process.
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Figure 13. The variation of the dimensionless performance index (Nr/c) for an RO-PRO hybridized
process according to (a) the water recovery rate of RO (RecRO), and (b) the dilutive factor of PRO
(DF). Since DF is a function with respect to RecRO, the trend of Nr/c can be tracked along the
change of DF. In this figure, membrane performances: membrane A > membrane B > membrane C;
CF,b,RO = 35, 000 ppm; ηe = 0.90; and ηp = 0.80 [25].

Thus far, the results of numerous modeling and simulation studies have been described to explain
the RO-PRO process. Thanks to those studies, the effectiveness of a PRO process to reduce the energy
consumption of an RO process was demonstrated. Furthermore, the operational constraints that should
be considered for running a process became even clearer due to a series of simulation studies. However,
obstacles remain for implementing a full-scale RO-PRO process. In the last section, issues that hamper
the commercialization of the RO-PRO hybridized process will be described, and tactics for overcoming
those challenges will be explained in brief.
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4. Major Challenges and Suggested Solutions for PRO-Basis Process

4.1. Major Challenges of PRO-Basis Process

4.1.1. Challenge 1: Choosing Membrane Configuration

PRO-process technology has already achieved a high level of power density at lab-scale studies.
However, the amount of power density at that level has not yet been identified in the module-level
PRO process. A total of 10~25 W/m2 of power density with a lab-scale PRO process [90,91] drops to
5 W/m2, or even to 1~2 W/m2 in a module scale [41,56,89,92,93]. Such a declination in the process
performance can be attributed to the hindrance to water flux triggered by the increased thickness of
the support layer of a spiral-wound membrane module. A conventional spiral-wound membrane
module consists of several leaves, wherein the term leaf indicates a single sheet of flat-sheet membrane.
Those multiple leaves are wound around a core bar of a module. Naturally, the thickness of the support
layer increases as the scale of the module is enlarged. The increased thickness of the support layer
thickness leads to an increase in the solute resistivity, K: see Equation (18). The higher solute resistivity
causes the water flux to decline since the increased K makes a term exp(JwK) increase and the increased
exp(JwK) results in the decline of water flux: see Equation (32). In addition to that hindrance, various
modeling studies demonstrated that many factors contribute to the declination of water flux as the
scale of a PRO process increases, while yielding lower values of power density than that of a lab-scale
process [56,83,94]. The implication is that a fundamental improvement for the spiral-wound membrane
module of a PRO process should be found to solve these scale-up problems.

On the other hand, a hollow fiber membrane module is free from the drawback of the spiral-wound
type module. Unlike the spiral-wound module, the scale of the hollow fiber type module grows
significantly as the number of fibers inside a module duct increases. Given that each fiber in the
module acts independently, the thickness of the support layer of a hollow fiber type module is not
worrisome. Moreover, it was already clarified that the energy productivity of a hollow fiber module
is even higher than that of a spiral-wound module [95]. However, the hollow fiber module has a
critical drawback in its robustness: since the thickness of a porous layer of a single fiber is relatively
shorter than that of a flat-sheet membrane, the fiber is more prone to cracks if exposed to high external
hydraulic pressure. Advances in membrane fabrication technology have reduced the frequency of
fibers cracking, but it still occasionally occurs. Worse, once a fiber is cracked, it is difficult to locate
the defect [96]. Since it is almost impossible to find a cracked fiber with the naked eye, an extra test is
required to detect the broken fiber. Thus, unless extremely robust fibers are used on the module, a
long-term operation with the hollow fiber module is impractical because the cracking of fibers remains
a risk.

Thus, it seems clear that a novel type of membrane, which combines the robustness of the
material of a spiral-wound module and the high productivity of the material of a hollow fiber module,
is urgently needed if the PRO process is to leap from its current status to the next level.

4.1.2. Challenge 2: Difficulty in Controlling Fouling Propensity

The accumulation of unwanted foulants inside or on the membrane has been identified as one of
the major challenges for the PRO process by many experimental studies [13–19]. The occurrence
of membrane fouling is attributed to various causes such as the influent of colloidal particles;
the deposition and adsorption of organic compounds; the crystallization of dissolved inorganic
compounds; and the adhesion, accumulation, and interfusion of microorganisms [19,97–103].
As a result of the fouling propensities, many harmful influences such as cake-enhanced osmotic
pressure [104,105] aggravate the performance of the PRO process. Common features of such membrane
fouling propensities are randomness and uncontrollability. Randomness refers to the irregularity of the
compositions of the foulants: that is, the share of foulants for a given intake fluid may alter according to
the site of a process, seasonal variation, and precipitation. For example, the impact of biofouling caused
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by algae can be at its height during a hot season due to the prosperity of algae [106]. Uncontrollability
refers to a characteristic of foulants that are difficult to remove or clean once settled on a membrane.
In particular, biofouling on or inside a membrane is not only difficult to remove but difficult even to
detect [62].

In the case of an RO-PRO hybridized process, the effects of fouling on a PRO subunit process are
relieved to some extent due to a pretreatment step for the RO subunit process. However, a probability
of fouling that can have an impact on a PRO membrane cannot be ignored because the PRO membrane
is much more vulnerable to the foulants than is an RO membrane. Therefore, it is highly required to
predict whether the foulants under a specific condition (e.g., seasonality, temperature, and the degree
of CP) can affect to the PRO membrane severely or not. The clear conclusion is that computational
modeling of fouling propensity is urgently needed, given that determining a membrane-cleaning
period and taking precautions are critical for the optimal and economic operation of a process.

4.2. Suggested Solutions for the Challenges

4.2.1. Suggested Solution 1: Next-Generation Membranes

A challenge in fabricating a PRO membrane is to simultaneously satisfy a high water permeability
and a great tensile strength, as noted in Section 4.1.1. To fabricate such a membrane, many bold research
studies on the topic of a “state-of-art membrane” have been conducted [36,107–114]. Among the
diversity of such studies, studies regarding aquaporin membranes and graphene membranes are
attracting attention. The water permeability of these membranes is known to be two to three orders
of magnitude higher than conventional membranes due to their outstanding membrane properties,
as given in Figure 14 [114]. In particular, the selectivity of an aquaporin membrane is theoretically
100%, so salts cannot transfer through the membrane. Considering that the water permeability of the
aquaporin membrane is superior to conventional membranes (Figure 14a) [115,116], the aquaporin
membrane may be the first membrane capable of achieving the trade-off between the selectivity
and permeability of a membrane. In addition, according to previous studies, some of these kinds
of next-generation membranes are highly robust [117,118]. Although many other next-generation
membranes still show the unstable robustness, the possibility of highly strong next-generation
membranes was shown due to the abovementioned works. Therefore, PRO process technologies
are likely to advance further if these next-generation membranes are availed.

However, these next-generation membranes have various problems at present. Basically,
such next-generation membranes are the byproducts of the combination of distinct fields: thus,
the problems resulting from each field must be solved independently. For example, to fabricate
an aquaporin membrane, protein structures embedded in a substrate should be economical and
the combination of a membrane and the protein structures should not be intricate. Likewise,
the combination of a membrane and graphene layers which accumulate on the membrane should be
simple. Unfortunately, to satisfy all these requirements is not an easy task and requires a tremendous
amount of experimental work [119]. Therefore, to achieve a higher reliability in the next-generation
membranes more quickly, computational approaches that can simulate the passage of solvents
through a membrane layer have been necessary. Molecular dynamics (MD) is one of the well-known
computational approaches. MD is a computer simulation method to observe the interaction among
atoms and molecules in a given time interval by constructing a virtual system [120,121]. In the
virtual system, the classical mechanics and the statistical quantum mechanics are mainly applied
to simulate the physical interactions of atoms and molecules [122]. In particular, MD has played a
significant role in revealing not only how water molecules travel through the layers of next-generation
membranes but also how efficiently salinity gradient desalting can perform with an aquaporin
membrane and a graphene membrane [123,124]. Such excellence of MD was proved by previous
studies. For example, MD can be employed to observe structures of the polyamide skin layer of an RO
membrane [125]. In this research by Hirose et al., they showed that future attempts for developing
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high-performance composite RO membranes would include investigations about the molecular design
of the cross-linked polyamide skin layers of membranes, entailing the use of molecular calculations
and simulations. Another study [126] simulated the polymerization of a polyamide membrane from
its corresponding monomers with MD. In the study, 250 monomers were prepared at the starting point
and the polymerization procedure was shown graphically one by one as the merge of two types of
monomers went on.

Considering that the scale of aquaporin channels and graphene layers is usually nano-size or
smaller, it is highly challenging to produce next-generation membranes with the trial and errors of
experimental works alone. Therefore, the importance of MD simulation must be emphasized above
previous conventional membrane fabrication procedures.
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graphene membrane [114] to those of other commercial membranes. ‘Productivity’ on (a) is a unit which
represents the same unit of ‘permeability’. In (a), EE-EO stands for a poly(ethylethylene)-poly(ethylene)
oxide diblock polymer; ABA stands for a polymer vesicle without AqpZ; and AqpZ-ABA stands
for a polymer vesicle with AqpZ. The figures are reproduced from References [114,115], respectively,
with permission.

4.2.2. Suggested Solution 2: Fouling Propensity Prediction Using Machine Learning and
Computational Algorithms

A basic approach to control the fouling propensity on a membrane is to apply a feedback control
principle to a process. With the feedback control principle, the operators of a process can detect
the accumulation of foulants on a membrane by the declination of water flux or the increase of
transmembrane pressure. The implementation of feedback control in a plant is based on the assumption
that all states are available for online measurement. However, that assumption is impractical because
some of the states may not be measurable due to a lack of appropriate devices or to the high price
of sensors [127–131]. Furthermore, sensing the influent of foulants is an indirect method, such that
proper actions against the foulants may come too late. A conventional method to take proactive actions
against the fouling on a membrane without online measurement is to utilize the deterministic models
which are derived from the water flux models represented in Section 2 [132]. With the deterministic
fouling prediction models, the overall tendency of decline in water permeability according to the
elapse of time can be generally tracked [133]. A point that the calculations required for the prediction
are relatively simple is another advantage of such models. However, such kinds of deterministic
fouling models cannot reflect the anomaly of fouling propensity since the equations of the deterministic
models generally does not take the randomness factors into account [132,133]. To compensate for this
problem, various types of machine-learning techniques and computer algorithms have been harnessed
to provide a warning about the influent of foulants to the operator of a process with the reflection of
fluctuation of the fouling propensity. Here, machine-learning techniques indicate the computational
techniques based on the statistical learning process, which are widely used to classify, regress, and
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cluster the given datasets [134]. Generally, the machine learning steps are divided into three sessions,
as below:

1. Parameter (hyperparameter) setting. Parameters such as learning rate, number of hidden
neurons, and the weights and bias of activation function are determined. The selected parameters
contribute to the performance of modeling.

2. Training session. In the training session, the partial fraction of total datasets are literally trained to
fit a machine learning model into specific datasets. The fraction of a dataset used for this training
session is quite variant, but usually more or less than 70% of the total datasets.

3. Validation session. In the validation session, a model trained during the training session is
validated with the rest of the datasets. With the result of the validation session, the overall
performance of the machine learning model is assessed.

By applying the machine learning techniques, it is possible to predict the fouling propensity
of a membrane, as well. For better comprehension, the prediction results of membrane fouling
on an actual RO process are introduced in this subsection as an example [135–137]. As shown in
Figure 15, various machine-learning-based models can be utilized to predict and diagnose the state
of fouling. Out of many kinds of machine-learning techniques, representative examples include the
artificial neural network (ANN), and the support vector machine (SVM) [134,138]. According to the
model running results, the prediction accuracy of the ANN model is almost identical to that of the
SVM model. In short, both models show a sufficient performance to predict the trend of membrane
fouling. However, noise in between the result graph lines contributes to increased uncertainty in
such models. To decrease the uncertainty of models, the Kalman filter is utilized to increase the
prediction accuracy by reducing sensor noise (Figure 15c,d) [139]. When harnessing this Kalman filter
technique, computational algorithms were designed to estimate and predict the unmeasured state
of a process, which is caused by the lack of appropriate estimating devices [131]. A series of these
results, which result from the incorporation of machine-learning techniques and the Kalman filter,
imply that a high-quality prediction is available even without expensive devices. The biggest strength
of machine-learning techniques is by far the availability of time-dependent analysis. Since these
machine-learning techniques are based on stochastic methods, the random fouling propensities on a
membrane can be tracked easily at any time and place.

However, in spite of the excellence of machine-learning techniques, such stochastic methods are
not versatile. To assure the high-quality performance of machine-learning models, sufficient amounts
of datasets must be prepared; otherwise, the machine-learning models become incompetent in
detecting the detailed fluctuations of the membrane fouling which take place in between the prediction
duration. In other words, a preliminary data acquisition session should be guaranteed to enhance
the performance of the machine-learning models. To be certain, the accuracy of the machine-learning
models in the data acquisition session is relatively low. To accelerate data acquisition, various new
means are being developed vigorously. Other than ANN and SVM, advanced machine-learning
techniques such as the recurrent neural network are being studied further [140]. Moreover, the scope
of machine-learning research for membrane fouling prediction can be expanded even to the boundary
of deep learning. Thus, machine-learning-based techniques are expected to be used not only for
predicting the fouling on a membrane, but also for imparting the real-time information regarding the
membrane fouling in the future.
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5. Conclusions

In this review, the authors reviewed many relevant studies which were directly or indirectly
related to the simulation and modeling research of pressure-retarded osmosis (PRO) processes.
The contents of those research papers were reorganized to enable better understanding by readers.
Accordingly, the reorganized contents were divided into three parts as follows:

• The first part (Section 2. Fundamental theories of a PRO process) of the current paper was
dedicated to describing the fundamental mathematical theories which are indispensable to
understanding the mechanism of PRO. In the first part, the water flux models for the salinity
gradient desalting processes were mathematically derived by combining the models with
concentration polarization phenomena, and the derived water flux models were used for
calculating the power density of a PRO process. The roles of the membrane parameters such as
water permeability, salt permeability, and structural parameters were described according to the
definitions and the physical implications of those parameters.

• In the second part (Section 3. Hybridization of a PRO process with RO), the hybridization features
of an RO-PRO process and the inherent limit of a stand-alone PRO process were analyzed based
on thermodynamic theories and the advanced theories of a PRO process resulting from the
contents of Section 2. In this part, methodologies to calculate the energy efficiency of an RO-PRO
hybridized process were mainly described with a thermodynamic concept called specific energy.
With the specific energy concept, many models evaluating the energy efficiency of the RO-PRO
process were developed. In this review, a few such RO-PRO energy efficiency models were
introduced representatively.

• The last part (Section 4. Major challenges and suggested solutions for PRO-basis process)
diagnosed the critical problems facing current PRO-basis processes, namely the membrane
configuration of a stand-alone PRO process and the vulnerability of membranes to fouling.
Novel approaches to overcome the aforementioned problems were discussed. Next-generation
membranes such as aquaporin and graphene were suggested as potential breakthroughs to the
membrane configuration challenge. Molecular dynamic simulation was suggested as a means to
enhance the efficiency of next-generation membranes. In response to the propensity for membrane
fouling, machine learning and computational algorithm methods were highlighted as effective
alternative to make rapid progress.
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Chronologically, the contents in each section of this review paper can be regarded as the past
(Section 2), present (Section 3), and future (Section 4) of PRO-basis processes. As suggested in Section 4,
the technological progress of the PRO-basis processes might not be made solely on the basis of the
PRO technologies of the past. To maximize the performance of the PRO-basis processes effectively, a
research scope of modeling and simulation studies should be widened beyond conventional process
engineering. With this perspective, the authors strongly believe that this review can serve as a valuable
resource providing a broad overview of the modeling and simulation studies of PRO-basis processes.
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