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a b s t r a c t
Recent advances in pressure-retarded osmosis (PRO) membranes are viewed and analyzed in the context 
of the closed-circuit PRO technology (CC-PRO) of near absolute energy conversion efficiency without 
need of an energy recovery device. The performance of an extended list of advanced PRO membranes in 
different salinity gradients is analyzed by means of their readily available permeability coefficient (A), 
actual/ideal forward osmosis flux ratio (β), and draw/permeation flow ratio (δ), and the results of this 
approach reveal consistent results with rigorous theoretical model calculations and experimental data. 
CC-PRO simulations on the basis of A, β, and δ illustrate the application this approach for the projection 
of flux, power density (PD), and net electric power density (NEPD) dependence on applied pressure for 
various advance PRO membranes with emphasis of their maximum PD and NEPD prospects and the 
distinction between these terms. NEPD takes into account the power demand of the auxiliary pumps in 
the PRO system and, therefore, represents the actual power availability of such systems. Experimental 
PD results derived from small lab-bench systems are shown to be consistent with the A–β CC-PRO sim-
ulated projections of high flow ratio (δ > 40), which correlate to maximum PD of negative NEPD and, 
therefore, inappropriate for an effective PRO operation. The relationship of PD and NEPD is exemplified 
for the seawater brine and river water like salinity gradient system using an effective PRO membrane 
with β = 0.447 and the simulated CC-PRO results revealed maximum PD of 21.8 W/m2 at 23 bar and δ = 40 
under which conditions NEPD is (–)31.8 W/m2; whereas maximum NEPD of 10.0 W/m2 is attainable at 
26 bar and δ = 3. Apart from the application of the simple A–β method for power projections of advanced 
thin film composites PRO membranes, this study also appraises the PRO technology as a standalone or 
in hybrid forms for practical applications in different salinity gradients.

Keywords: �PRO; Closed-circuit PRO; Power density; Net electric power density; Actual/ideal FO flux 
ratio (β); Draw/permeation flow ratio (δ) of PRO membranes

1. Introduction

Global climate changes inflicted by adverse green-house 
effects due to power generation from combustible fossil 
fuels, also cause depletion/deterioration of existing ground-
water and surface water sources in various part of the world 
resulted. The aforementioned, viewed in the context of the 
rapidly expanding global population, suggest urgent needs 
for the development of new large-scale clean power gener-
ation technologies and modern low-energy techniques for 
freshwater production. Energy and freshwater aspects are 
interrelated issues, since enhancement of the global green-
house effect also contributes to increased arid zones in vari-
ous regions on earth of declined freshwater availability with 
needs to desalinate seawater by energy-rich processes in 

order to meet demand of growing populations. Today, esti-
mated 92% of the global electric power demand is generated 
from combustible fuels; 5.2% originates from nuclear reac-
tors; 2.3% from hydroelectric power stations, and only 0.5% 
from wind/solar/geothermal natural clean energy sources. 
Nuclear power generation has declined over the past decades 
due to several disastrous events; hydroelectric power gener-
ation is confined by the availability of suitable rivers’ sites; 
harvesting of wind power economically is conditioned by 
availability of wind regimes of sufficient wind velocity and 
frequency; harvesting of solar power with solar panels pro-
vides low power output only during day time and requires 
large surface area; and geothermal power generation pro-
ceeds with low efficiency only in isolated locations. Unless 
controlled, the progression of the green-house effect will 
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ultimately lead to the devastation of the human civilization, 
and this course of events could be stopped only if a major 
fraction of the present global power production will shift 
from combustible fossil fuels to non-combustible clean 
energy sources, a process which has already began but needs 
to be accelerated in order to become effective.

Since the inception of reverse osmosis (RO) applications 
for desalination some 60 years ago [1], membrane-based 
technologies have became widespread worldwide for 
large-scale water treatment and/or for low-energy fresh-
water production from seawater [2]. By analogy with RO, 
the opposite membrane-based spontaneous process of for-
ward osmosis (FO) in the form of pressure-retarded osmo-
sis (PRO) could provide a plausible route to large-scale 
clean energy generation from salinity gradients of natural 
occurrence (e.g., sea–river water like) or man-made (e.g., 
seawater brine and treated domestic effluents [TDE]). Since 
first reported by Loeb in 1975 [2–5], the development of 
the membrane-based PRO approach to clean power gener-
ation has gained an enormous momentum during the past 
decade evident by the increased number of general studies 
and review articles [2,6–18], which cover all major aspects 
in the developments of advanced FO and PRO membranes, 
including the understanding of their behaviors and ulti-
mate prospective applications. Compared with RO, FO 
and PRO processes proceed with much greater complexity 
due to detrimental effects on flux, and the development of 
such processes requires fabrication of new effective mem-
branes of low detrimental effects and the evaluation of 
their properties by experimental techniques as well as by 
rigorous theoretical models studies. The accumulation of 
experimental and theoretical knowledge on FO and PRO 
membranes enabled to identify the origin and magnitude 
of the principal detrimental effects and suggested the ways 
and means to create better membranes of higher power 
output. Reports of newly prepared PRO membranes nor-
mally consist of detailed fabrication procedures; determi-
nation of their permeability coefficients (A, LMH/bar), salt 
diffusion coefficients (B, LMH), and structural parameters 
(S, μm); rigorous theoretical model projections of flux and 
power density (PD) as function of hydraulic pressure dif-
ference (Δp) referred hereinafter as applied pressure (AP); 
and the experimental validation procedures of theoretical 
flux and PD projections by means of lab-bench systems. 
Rigorous theoretical model calculations of different PRO 
membranes are not necessarily identical, although simi-
lar and based on the same A, B, and S parameters with 
adjustments intended to create a better agreement with 
experimental results, which in most instances are not 
provided duplicates. Most obviously, the fabrication and 
characterization of new PRO membranes is an extensive 
interdisciplinary task of considerable complexity cover-
ing synthetic, chemical, physical, structural, and theoret-
ical aspects of material science related to the properties of 
semi-permeable surfaces and their support layers.

Effective PRO hydroelectric power generation depends 
on the characteristics of membranes, module performance, 
and technology selection. The present study focuses on the 
newly conceived closed-circuit PRO (CC-PRO) technology 
[19] of near absolute energy conversion efficiency without 
need for an energy recovery device (ERD) and its prospective 

applications in different salinity gradients [20–24] according 
to theoretical model simulations on the basis of the permea-
bility coefficient (A) of membranes and their actual/ideal flux 
ratio (β) under FO conditions as well as by accounting for 
the “draw”/permeation flow ratio (δ), which determines the 
stationary-state conditions inside of PRO modules.

2. Conventional and closed-circuit PRO (CC-PRO)

In contrast to Loeb’s conventional PRO apparatus of the 
schematic design in Fig. 1 with an ERD in its center, the new 
CC-PRO technology [19] proceeds by means of pressurized 
“draw” solution (henceforth – HSF, high salinity feed) sup-
plied in closed circuit at module inlet, under the intrinsically 
created osmotic pressure of choice as an AP, through the alter-
nately engaged side conduits (SC) in an apparatus accord-
ing the schematic design displayed in Fig. 2. The engaged 
SC releases HSF and accepts the high salinity diluted feed 
(henceforth – HSDF) simultaneously, and near the end of the 
HSF release the engaged SC is replaced by the alternating SC, 
which is fully charged with HSF and compressed. After dis-
engagement, the SC is decompressed; HSDF replaced by HSF 
at near atmospheric pressure, and then the fully charged SC 
is sealed, pressurized by connecting to the closed circuit at 
one end, and left on stand-by for the next engagement. The 
decompression/compression steps of the SC during recharge 
take place hydrostatically with negligible energy require-
ments, and therefore, the entire CC process proceeds with near 
absolute energy conversion efficiency without need for ERD. 
The various design and performance aspects of the CC-PRO 
technology have already been discussed at length elsewhere 
[20–24], and emphasis hereafter shall relate to specific issues. 
The intrinsic volume of the closed circuit in CC-PRO is fixed, 
and this implies that the only outlet for the permeation flow 
(Qp) is through the turbine-generator (T-G), as well as that the 
HSF flow rate at module inlet (Qi) is controlled by the circu-
lation pump (CP). The stationary-state conditions created 
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Fig. 1. Schematic design of a single module conventional PRO 
apparatus and its essential components.
Note: LSP – low salinity feed (“feed” solution); LSC – low salin-
ity concentrate (concentrated “feed” effluent); HSF – high salinity 
feed (“draw” solution); HSDF – high salinity diluted feed (diluted 
“draw” solution); T – turbine; G – generator; HSF-P – high salinity 
feed pump; LSF-P – low salinity feed pump; BP – booster pump; and 
ERD – energy recovery device.
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inside the module under CC-PRO are determined by the HSF/
permeation flow ratio (δ) expressed by Eq. (1) with average 
flux expressed by Eq. (2) and average power density (PDav) by 
Eq. (3); where pap stands for AP, Δπav for the average osmotic 
pressure difference along the module (inlet to outlet average), 
and β for the actual (Jac)/ideal (Jid) water flux ratio expressed 
by Eq. (4) for defined membrane and salinity gradient. Since 
Qi is the controlled flow rate of CP and the osmotic pressure 
gradient along the module and its average (Δπav) can be deter-
mined from the flow ratio (δ) and HSF concentration of known 
constituents, this implies that Jav and PDav curves as function of 
pap can be derived by the knowledge of A, β, δ, and the concen-
trations of the HSF and LSF solutions, and this approach in the 
context of CC-PRO theoretical model simulations has already 
been cited elsewhere [20–24].

δ /=Q Qi p
� (1)

J A pav av ap= β ∆π −× × ( ) � (2)

PD J p A p pav av ap av ap ap 1 36  1 36= ( )× × = ( )× × × −( )×/ / β ∆π � (3)

β = J Jac id/ � (4)

Conventional PRO (Fig. 1) differs from CC-PRO (Fig. 2) 
by the presence of ERD instead of SC. The SCs in CC-PRO are 
enlarged diameter conduit sections of the closed circuit, and 
the flow inside the closed circuit is driven by CP, which also 
compensates for the flow-induced pressure losses along the 
module, which are normally relatively small. In case of conven-
tional PRO (Fig. 1), the BP compensates for the flow-induced 
pressure losses along the module as well as for the pressure 
losses encountered in the pressure exchanger (ERD) with 

the latter being considerably higher. In contrast to the near 
absolute energy conversion efficiency of CC-PRO due to neg-
ligible compression/decompression energy losses, the energy 
conversion efficiency in conventional PRO depends on the 
efficiency of the integrated ERD in the system, and such infor-
mation was not disclosed in the reported performance of the 
demonstration units with PX-ERD in Norway [25–27] and/or 
Japan [28–30], although such information was most obviously 
available. Advanced ERD means (e.g., pressure exchanger 
(PX) and dual work exchanger energy recovery (DWEER)) 
are extensively used in large modern SWRO desalination 
plants in order to improve their energy efficiency by energy 
recovery from the disposed pressurized brine. In the SWRO 
Palmachim mega-plant in Israel, which is equipped with an 
advanced ERD-PX hybrid ERD system, the energy conversion 
efficiency was reported [31] to be “just over 76% at the best 
efficiency point” and less below the referred point, and sim-
ilar estimates were shown [32] to be true by analyzed data 
of several other large plants. If energy conversion efficiency 
of 76% or less is typical of SWRO desalination plants with 
advanced ERD means where brine flow is about half that of 
the feed, the application of such means in the context of con-
ventional PRO should lead to even greater energy losses since 
recovery is required from the entire HSF flow, not half as in 
case of SWRO. The aforementioned implies that CC-PRO, 
which saves the need for expensive ERD means, should allow 
a greater power output of 25%–40% compared with conven-
tional PRO. The combination of lower installation costs and 
greater power output should make CC-PRO the method of 
choice for all future PRO applications.

3. Performance evaluation of PRO membranes

The permeability (A) and salt diffusion (B) coefficients 
are the footprints of semi-permeable membranes and yield 
satisfactory RO projections when apply in the context of the 
theoretical RO equations [33]. In contrast to RO, PRO is by 
far a more complex process influenced by external concentra-
tion polarization (ECP) on both sides of the semi-permeable 
membrane, internal concentration polarization (ICP) due to 
the membrane’s support, and the structural features of the 
membrane manifested by the S parameter and expressed by 
Eq. (5), where ts stands for support thickness, τ for support 
tortuousness and ε for support porosity. The S parameter 
expresses the distance that a solute particle needs to pass from 
the active layer to the bulk of the feed solution. Theoretical 
performance simulation of PRO membranes assumes mod-
els that take into account the A, B, and S parameters; water 
flux as function of Δπ – Δp (osmotic less hydraulic pressure 
differences across the membrane); reverse solute flux as func-
tion of the salinity gradient across the membrane; and adjust-
ments to allow good agreement with experimental results. 
Rigorous theoretical model simulations need to be validated 
by trustworthy experimental results. PRO experimental 
results are normally expressed in the forms of flux and PD 
projections as function of AP, wherefrom maximum PD at a 
defined AP is clearly distinguished per given membrane and 
salinity gradient. The ratio of water flux (Jw) to solute flux (Js), 
also known as water/salt flux selectivity, in PRO is expressed 
by Eq. (6) [17], where k stands for the van’t Hoff constant, R 
for the ideal gas constant, and T for the absolute temperature. 

Fig. 2. Schematic design of a single module CC-PRO apparatus 
and its essential components. 
Note: LSP – low salinity feed (“feed” solution); LSC – low salin-
ity concentrate (concentrated “feed” effluent); HSF – high salinity 
feed (“draw” solution); HSDF – high salinity diluted feed (diluted 
“draw” solution); T – turbine; G – generator; HSF-P – high salinity 
feed pump; LSF-P – low salinity feed pump; CP – circulation pump; 
and SC – side conduit.



A. Efraty / Desalination and Water Treatment 77 (2017) 1–184

According to Eq. (6), the water/salt selectivity is independent 
of the structural parameter of the membrane and the concen-
tration of the HSF “draw” solution, with greater water flux 
and PD expected by increased A, decreased B, and a “draw” 
solution of a higher osmotic pressure.

S ts  /= × τ ε � (5)

J J A B k R Tw s/  /= ( )× × × � (6)

PRO experiments are commonly carried out by small 
lab-bench systems operated under high “draw”/permeation 
flow ratio (δ > 35) conditions with recycled HSF (“draw”) and 
LSF (“feed”) solutions, and this implies a progressive change 
in the concentrations of both HSF and LSF at module inlet 
during experimental trials. Moreover, most of the reported 
PRO flux and PD experimental results are provided with-
out duplicates to show data reproducibility and, therefore, 
should be viewed with caution. Many reported experimental 
results are limited to the low-range AP, well below the AP 
of peak power, in which cases the validation of peak power 
from rigorous theoretical model calculations is not possi-
ble. Since most PRO experiments are carried out under high 
flow ratio (δ) of maximum power availability due to small 
module inlet→outlet gradients as well as under changing 
stationary-state conditions inside the module due to HSF 
and LSF recycling; therefore, experiment results under such 
conditions do not provide typical information of a common 
single-pass PRO process, which normally takes place under 
a much lower flow ratio (δ) with 30%–50% permeates in 
HSDF, a parameter solely defined by δ. Experimental data 
at high δ (>35) pertain to HSDF with less than 2.5% perme-
ates with maximum PD projections being significantly higher 
compared those under common single-pass processes with 
30%–50% permeates in HSDF of much lower δ (3→1). The 
development and performance characterization of FO and 
PRO membranes have received considerable attention in 
recent years and are summarized in several noteworthy gen-
eral studies and review articles [2,7–16] wherein the various 
aspects mentioned hereinabove are covered rather compre-
hensibly. Although based on solid theoretical grounds and 
experimental principles, the existing performance evaluation 
techniques of PRO membranes are complex, time consum-
ing, expensive, and do not necessarily provide practical PRO 
performance information, and for these reasons the need for 
simple reliable evaluation techniques of newly fabricated 
PRO membranes is imminent, and one such technique is dis-
cussed hereinafter.

Since FO and PRO are analogous processes, it was assumed 
as first approximation that both are controlled by same detri-
mental effects, or in simple terms, that the same membrane 
actual/ideal flux ratio (β) in FO also applies for flux and PD 
projections under PRO conditions. Model uniformity of FO 
and PRO is implied by the fact that FO and PRO flux at zero 
AP are identical terms and manifest the highest possible water 
flux and solute flux in the opposite directions at module, and 
in case of PRO, such flux is expected to decline as linear func-
tion of AP as implied by the general flux expression Jw = A × 
(Δπ – pap), where Δπ is a linear function of the solute concentra-
tions according to the van’t Hoff equation. The aforementioned 

assume that the actual/ideal flux ratio (β) at module inlet is 
maintained during the PRO progression even when AP is 
raised as long as the concentrations of HSF “draw” and LSF 
“feed” solutions at module inlet remain unchanged, since the 
intrinsic footprints of the membrane (A and B coefficients and 
the S parameter) remain unchanged.

The actual/ideal flux ratio (β) in FO per given membrane 
and salinity gradient is readily determined according to 
Eq. (4) from the measured FO flux (Jac) with ideal flux (Jid) 
calculated according to Eq. (2) for pap = 0, β = 1.0, and the 
osmotic pressure gradient at module inlet (Δπi) derived from 
the HSF and LSF concentrations by the van’t Hoff equation. 
Incidentally, the knowledge of A, β, Δπi, and the permeation 
flow (Qp, L/h) also allow to determine the membrane effective 
surface (MES, m2) by means of Eq. (7); where Qp is expressed 
by Eq. (8) and determined by flow meters or by LSF inlet–
outlet weight difference.

MES  / ideal= × ×Q Ap ( )β ∆π � (7)

Q  Q  QHSDF HSFp = − � (8)

The validity of the A–β method for the fast performance 
evaluation of PRO membranes was studied by the genera-
tions of flux and PD projection curves on the basis of reported 
experimental flux information for the advanced PRO thin 
film composites (TFC) membranes MP#1 by Yip et al. [34]; 
Hydration Innovation Technology (HIT)-TFC by Straub et al. 
[35]; PA-PES by Chou et al. [36]; PES-A and PES-B by Zhang 
and Chung [37]; TFC-PES by Wan and Chung [38], and TNC-1, 
TNC-2 and TNC-3 by Song et al. [39] for which rigorous the-
oretical model projections were also available. The summary 
of results is furnished in Table 1 and provides a comprehen-
sive comparison between the maximum PD projections and 
their peak power pressures for the cited PRO membranes in 
different NaCl salinity gradients derived by rigorous theo-
retical model calculations (henceforth “rigorous” method) 
on the basis of A, B and S as well as by the A–β method on 
the basis of A and the readily available FO actual/ideal flux 
ratio (β). Comparison between maximum PD projections of 
the cited PRO membranes (Table 1) in defined salinity gra-
dients by the rigorous and the A–β methods are displayed 
in Fig. 3, and a similar comparison of peak power pressures 
is displayed in Fig. 4. Maximum PD projections by the rigor-
ous and A–β methods as function of β (Fig. 5(a)); AP at maxi-
mum PD (Fig. 5(b)); salinity gradient (Fig. 5(c)); permeability 
coefficient (Fig. 5(d)); salt diffusion coefficient (Fig. 5(e)); and 
structural parameter (Fig. 5(f)) reveal near equivalent or sim-
ilar data points, implying that the actual/ideal flux ratio term 
(β) manifests the combined detrimental effects as derived by 
rigorous model calculations on the basis of the A and B coef-
ficients and the S parameter. The dependence of β on feed 
salinity for membranes of the same A, B and S parameters is 
displayed in Fig. 6 as function of molar (a) and percentage 
concentrations (b).

The data points in Table 1, Figs. 3, 4, and 5(a)–(f) of max-
imum PD and peak power pressure were generated by the 
rigorous and A–β methods independently using basic mem-
branes’ information such as RO coefficients (A and B), struc-
tural parameter (S) and the FO actual/ideal flux ratio (β) in 
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the latter case. Both procedures provide the means to gener-
ate complete flux and PD curves as function of AP and such 
comparative information is displayed in Fig. 7 for the MP#1 
membrane in the 0.55–0.001 M NaCl salinity gradient with a 

continuous A–β curve [22] at high flow ratio (δ > 40) together 
with data points along said curve by the rigorous method 
according to the report by Yip et al. [34]. The high consis-
tency between the A–β and rigorous projections displayed in 

Table 1 
Maximum PD and applied pressure at peak power projections for various advanced PRO TFC membranes derived by the A–β method 
and by theory rigorous model calculations on the basis of A, B, and S

PRO membrane Membranes parameters Gradient system Theory maximum 
power projections

A–β method maximum 
power projectionsName Type A, 

LMH/bar
B, 
LMH

S, 
μm

HSF-draw, 
M NaCl

LSF-feed, 
M NaCl W/m2 bar REF β W/m2 bar REF

MP#1 FS 5.81 0.88 349 0.55 0.001 10.0 12.5 34 0.374 10.0 13.0 21,22
HTI-TFC FS 2.49 0.39 564 0.60 0.000 6.9 14.0 35 0.570 7.8 14.0 23,24
HTI-TFC FS 2.49 0.39 564 1.00 0.000 15.0 25.0 35 0.341 14.4 24.0 23,24
HTI-TFC FS 2.49 0.39 564 2.00 0.000 41.0 57.0 35 0.191 40.9 56.0 23,24
HTI-TFC FS 2.49 0.39 564 3.00 0.000 74.0 91.0 35 0.123 76.0 94.0 23,24
PA-PES HF 3.32 0.14 460 0.50 0.010 9.0 14.0 36 0.519 6.3 11.0 21
PA-PES HF 3.32 0.14 460 0.75 0.010 18.0 23.0 36 0.413 11.0 17.0 21
PA-PES HF 3.32 0.14 460 1.00 0.010 28.0 31.0 36 0.335 17.0 23.0 21
PES-B HF 3.30 0.31 450 1.00 0.000 28.0 28.0 37 0.447 23.0 24.0 21
PES-A HF 4.00 1.16 450 1.00 0.000 24.0 24.0 37 0.358 22.0 23.0 21
TFC-PES HF 3.50 0.28 455 0.81 0.000 22.4 22.0 38 0.379 18.8 20.0 PS
TFC-PES HF 3.50 0.28 455 0.81 0.011 17.0 23.0 38 0.525 12.9 19.0 PS
TNC-1 HF 1.23 0.28 149 1.06 0.009 13.1 24 39 0.591 13.5 26 PS
TNC-2 HF 3.82 1.19 135 1.06 0.009 21.3 22.8 39 0.363 25.8 26 PS
TNC-3 HF 5.31 3.86 140 1.06 0.009 20.2 20.4 39 0.272 26.9 26 PS
TNC-1 HF 1.23 0.28 149 1.06 0.080 10.2 24 39 0.489 9.6 24 PS
TNC-2 HF 3.82 1.19 135 1.06 0.080 15.2 22.8 39 0.260 15.8 24 PS
TNC-3 HF 5.31 3.86 140 1.06 0.080 14.4 20.4 39 0.190 16.02 24 PS

Note: FS – flat sheet; HF – hollow fiber; NA – not available; and PS – present study.

Fig. 3. Comparison between maximum PD projections for advanced PRO TFC membranes in defined salinity gradients derived by 
rigorous theoretical model calculation on the basis of A, B and S, and by the A–β method on the basis of A and the readily available 
FO actual/ideal flux ratio (β).
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Fig. 7 implies similar results by both approaches. A maximum 
PD curve projection by the A–β method, such as in Fig. 7, is 
based solely on the knowledge of the permeability coefficient 
(A), the actual/ideal FO flux ratio (β), and the salinity gradi-
ent at module inlet. In case of PD projections in general, the 

change in salinity between module inlet and outlet concen-
trations is defined by the HSF (“draw”) concentration and δ, 
with increased δ manifesting a decreased salinity difference 
along the module concomitant with declined percentage of 
permeate in the HSDF (diluted “draw”) effluent. Since the 

Fig. 4. Comparison between peak pressure of maximum power projections for advanced PRO TFC membranes in defined salinity 
gradients derived by rigorous theoretical model calculation on the basis of A, B and S, and by the β-A method on the basis of A and 
the readily available FO actual/ideal flux ratio (β).

Fig. 5. Maximum PD projections for advanced PRO TFC membranes by the A–β and rigorous methods as function of β (a); applied 
pressure at maximum PD (b); salinity gradient (c); permeability coefficient (d); salt diffusion coefficient (e); and structural parameter 
(f) according to the data in Table 1.
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basic membranes’ footprints (A, B and S) are not expected to 
change during a PRO process and the flux decline as func-
tion of increased AP is linear according to Eq. (2), as exempli-
fied in Fig. 7(a) for the MP#1 membrane, this also implies an 
unchanged β during the PRO progression of declined salinity 
and flux along the module. In simple terms, the same β should 
apply to actual flux projection curves irrespective of δ and, 
thereby, allow PD projections in general and not only under 
stationary-state conditions of maximum PD as expected at 
high δ flow ratio. In this context, it should be pointed out 
that currently available experimental PD data are derived 
from flux measurements in small lab-bench systems under 
high flow ratio conditions and express maximum PD, which 
is unattainable under ordinary PRO operational conditions 
of much lower flow ratio. In light of the aforementioned, 
the A–β method provides a simple tool to generate flux and 
PD projections of general application for PRO membranes 
per each desired operational flow ratio (δ) and, thereby, cir-
cumvent the needs to determine structural parameters of 
membranes and engage in complex theoretical model cal-
culation, which take into account issues such as the dilutive 

and concentrative ECP effects, dilutive and concentrative 
ICP effects associated with the porous support, reverse salt 
diffusion effects, and structural impact of membranes on the 
water flux and reverse salt diffusion processes. Since A, β, δ, 
and the salinity gradient at module inlet are basic parameters 
available right from start, therefore, their applications in the 
context of the A–β method greatly facilitate the performance 
evaluation of newly fabricated PRO membranes as first scan 
before committing to further investigations.

While the data in Fig. 7 for MP#1 pertain to the A–β and 
rigorous model calculation methods, noteworthy in particular 
are the β-projection curves vs. experimental results displayed 
in Figs. 8–14 for various PRO membranes in different salin-
ity gradients. The most extensive reported study in this area 
by Straub et al. [35] pertains to experimental PD results for 
the HTI-TFC membrane in relationship to the β projections 
at δ = 40 displayed in Figs. 8(a)–(d) for the salinity gradi-
ents 0.6 (a); 1.0 (b); 2.0 (c); and 3.0 (d) M NaCl. Similar PD β 
curves in relationship to experimental results are provided in 
Figs. 9(a)–(c) for PA-PES by Chou et al. [36] in the 0.500–0.010 
(a), 0.750–0.010 (b), and 1.000–0.010 (c) M NaCl salinity gra-
dients; in Fig. 10(a)–(b) for PES-A (a) and RES-B (b) by Zhang 
and Chung [37] in the 1.000–0.000 M NaCl salinity gradient; 
in Figs. 11(a) and (b) for TFC-PES by Wan and Chung [38] in 
the 0.810–0.000 (a) and 0.810–0.011 (b) M NaCl salinity gra-
dients; in Figs. 12(a) and (b) for TNC-1 by Song et al. [39] in 
the 1.060–0.009 (a) and 1.060–0.080 (b) M NaCl salinity gradi-
ents; in Figs. 13(a) and (b) for TNC-2 by Song et al. [39] in the 
1.060–0.009 (a) and 1.060–0.080 (b) M NaCl salinity gradients; 
and in Figs. 14(a) and (b) for TNC-3 by Song et al. [39] in the 
1.060–0.009 (a) and 1.060–0.080 (b) M NaCl salinity gradients. 
The good agreement between the PD β projections at high flow 
ratio (δ = 40) and experimental results derived from small lab-
bench systems is self-evident from the data displayed in Fig. 8 
for HTI-TFC; Fig. 9 for PA-PES; Fig. 10 for PES-A and PES-B; 
and Fig. 12 for TNC-1. The experimental PD results for TFC-
PES in Figs. 11(a) and (b) show good agreement with β pro-
jections, except at peak power where the experimental results 
are somewhat higher (~5% (a) and ~14% (b) W/m2). However, 
it should be noted in the case of Figs. 11(a) and (b) that the 
peak experimental data points rise above the expected shallow 
region of maximum, and in the absence of duplicates, it would 
appear difficult to assess the origin of the cited differences. In 
reference to the TNC-1 (Figs. 12(a) and (b)), TNC-2 (Figs. 13(a) 
and (b)), and TNC-3 (Figs. 14(a) and (b)) membranes, it 
should be noted that the rigorous model theoretical PD curves 
reported by Song et al. [39] are consisted with the β projections 
in the cited figures and that the discrepancy with experimental 
results for TNC-2 (Figs. 13(a) and (b)) and TNC-3 (Figs. 14(a) 
and (b)) originates from the procedure of preparation of said 
membranes. The TNC-1, TNC-2, and TNC-3 membranes con-
stitute a unique class made of a thin-film nano-fiber composite 
with support structural properties of low tortuousness and 
high porosity that were modified by exposure to NaClO con-
centrations of 200 ppm (2 min), 1,000 ppm (1 h), and 2,000 ppm 
(2 h), respectively. The sharp decrease in experimental PD 
compared with the rigorous and β projections with increased 
exposure to NaClO most probably implies pressure-induced 
fundamental changes in the basic properties of the mem-
branes, and from the reported data [40], it is not entirely clear 
whether such changes are reversible or not.

Fig. 6. Actual/ideal flux ratio (β) dependence on feed salinity 
gradient express in M NaCl (a) and % NaCl (b) for advanced PRO 
TFC membranes of the same A, B, and S parameters according to 
the data in Table 1.

Fig. 7. Maximum PRO flux (a) and PD (b) projection curves for 
MP#1 in 0.550–0.001 M NaCl by the A–β (0.374) method at δ = 
40 compared with the results of rigorous model calculation [34].
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Three noteworthy comments are warranted concerning 
the power projections considered hereinabove in reference 
to experimental data: first, power projection of peak power 
requires experimental validation in the peak power region, 
and such data are not always available. Second, experimen-
tal data from lab-bench set-up system are commonly gener-
ated under high flow ratio (δ), using recycled HSF (“draw”) 

and LSF (“feed”) solutions and, therefore, with continuously 
changing stationary-state conditions inside the PRO mod-
ule. Third, experimental data generated at high flow ratio 
(δ) pertain to conditions of maximum PD of limited net elec-
tric power density (NEPD) availability in light of the high 
power demand of the auxiliary pumps in the PRO system. 
Accordingly, maximum PD projections and experimental 

Fig. 8. Maximum PD projections for HTI-TFC at δ > 40 in the 0.6 (a); 1.0 (b); 2.0 (c); and 3.0 (d) M NaCl salinity gradients compared 
with reported [35] experimental results in duplicates.

Fig. 9. Maximum PD β projections for PA-PES at δ > 40 in the 0.500–0.010 (a); 0.075–0.010 (b); and 1.000–0.010 (c) M NaCl salinity 
gradients compared with reported [36] experimental results.
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results do not reflect the actual NEPD generation expected 
of PRO systems under ordinary operation conditions, a sub-
ject matter to be discussed in further details elsewhere in this 
article.

In contrast to the data in Table 1 for advanced PRO TFC 
membranes, very little information has been made available 

thus far on the behaviors of ordinary RO and FO membranes 
under PRO conditions. A noteworthy PRO experimental 
study of an ordinary membrane was reported by Kim and 
Elimelech [39] on a commercial cellulose triacetate (CTA) FO 
membrane [41] in the 1.0–0.5; 1.5–0.5; and 2.0–0.5 M NaCl 
salinity gradients, which simulate osmotic power genera-
tion prospects when seawater is paired with brines from 
current SWRO and future FO desalination plants. The 
reported [40] experimental PRO flux data for this membrane 
(A = 0.36 LMH/bar and B = 0.32 LMH) in cited salinity gra-
dients were analyzed in the context of the A–β method as 
follows. PRO flux at zero AP, the same as FO flux, combined 
with the permeability coefficient (A) of the membrane were 
used to determine the FO actual/ideal flux ratio (β) per each 
salinity gradient, and these terms used for the generation of 
flux dependent curves on APs wherefrom maximum PD β 
projection curves were derived and compared with reported 
experimental results. Ideal and actual PDmax curves for CTA 
are displayed in Figs. 15(a)–(c) for the 1.0–0.5 M NaCl (a); 
1.5–0.5 M NaCl (b); and 2.0–0.5 M NaCl (c) salinity gradients. 
Experimental data points are also provided next to the β pro-
jections in Figs. 15(a)–(c). PDmax β simulated peaks and their 
APs (in parentheses) in Figs. 15(a)–(c) are found at 1.17 (12) 

Fig. 10. Maximum PD β projections for PES-A (a) and PES-B (b) 
at δ > 40 in 1.000–0.000 M NaCl compared with reported [37] 
experimental results.

Fig. 11. Maximum PD β projections for TFC-PES at δ > 40 in 0.810–
0.000 (a) and 0.81–0.011 (b) M NaCl compared with reported [38] 
experimental results.

Fig. 12. Maximum PD β projections for TNC-1 at δ > 40 in 1.060–
0.009 (a) and 1.060–0.080 (b) M NaCl compared with reported 
[39] experimental results.

Fig. 13. Maximum PD β projections for TNC-2 at δ > 40 in 1.060–
0.009 (a) and 1.060–0.080 (b) M NaCl compared with reported 
[39] experimental results.

Fig. 14. Maximum PD β projections for TNC-3 at δ > 40 in 1.060–
0.009 (a) and 1.060–0.080 (b) M NaCl compared with reported 
[39] experimental results.
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for (a); 3.5 (25) for (b); and 7.0 W/m2 (35 bar) for (c) as com-
pared with the rigorously simulated respective data of 5.4 
(12); 9.6 (23); and 11.1 W/m2 (35 bar) in the original report 
[40]. It should however be pointed out that the reported rig-
orous model projections make use of A = 1.23 LMH/bar and 
B = 2.62 LMH, which are said to take into account the mem-
brane’s deformation [40], and this explains their higher PDmax 
peaks compared with the respective β projection values. Both 
the A–β and rigorous methods generate PD curves of similar 
correlation to the experimental results, which depart signifi-
cantly in case of the 1.0–0.5 M NaCl salinity gradient with 
increased agreement by moving to higher HSF (“draw”) con-
centrations. From the results displayed in Fig. 15(a), it could 
be clearly seen that the experimental PDmax peak for 1.0–0.5 M 
NaCl of ~0.75 W/m2 at ~9 bar with A = 0.36 LMH/bar is 36% 
lower (1.17 W/m2) and appears at a 25% lower pressure 
(12 bar) compared with the A–β projections (in parenthe-
ses). Experimental results of the other CTA projections in 
Figs. 15(b) and (c) are not available in the vicinity of the peak 
power; however, the patterns of the curves do suggest actual 
peaks lower than projections. The β projection curves appear 
realistic since CTA is known as an inferior PRO membrane 
compared with advanced TFC membranes, and this is mani-
fested by the results displayed in Figs. 15(a)–(c).

The dependence of β on the salinity gradient at module 
inlet for the CTA membrane displayed in Fig. 16 according to 
the data in Figs. 15(a)–(c) shows declined β with increasing 
salinity gradient, a trend already revealed in Figs. 6(a) and (b) 
for the TFC membranes HTI and PA-PES. This β trend is true 
for PRO membranes in general irrespective of type (ordinary 
and/or TFC). The β values of the CTA ordinary membrane are 
exceptionally high (0.507–0.760) compared with those cited 
in Table 1 for TFC membranes, suggesting that ordinary RO 
and/or FO membranes of higher permeability coefficients 
(A > 0.36 LMH/bar) could be effective for PRO applications.

4. Power generation prospects of PRO Systems

According to the A–β method, PRO power generation is 
a function of A, actual/ideal flux ratio (β), salinity gradient at 
module inlet, flow ratio (δ) that defines the salinity gradient 
at module’s outlet, and the AP (pap) of operation. Translation 
of the salinity gradient average along the module (inlet to 
outlet) to an average osmotic pressure difference (Δπav) 
and the knowledge of pap lead to the average actual flux 
according to Eq. (2) and to the average PD of the module 
according to Eq. (3). The agreement between experimental 
PD results from small lab-bench systems under high 

Fig. 15. Ideal and actual PD β projection curves for CTA (A = 0.36 LMH/bar and B = 0.32 LMH) at δ > 40 in 1.0–0.5 M NaCl (a); 1.5–0.5 M 
NaCl (b); and 2.0–0.5 M NaCl (c) according to the A–β method with experimental data based on flux reported by Kim et al. [40].

Dependence of  β on salinity gradient for CTA 
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Fig. 16. Actual/ideal flux ratio (β) dependence on feed salinity 
gradient at the PRO module inlet expressed in M NaCl for the 
CTA membrane (A = 0.36 LMH/bar and B = 0.32 LMH) for the 
1.0–0.5, 1.5–0.5, and 2.0–0.5 M NaCl salinity gradients.
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“draw”/permeation flow ratio (δ > 40) conditions and the 
simulated results by the A–β method under such demon-
strates the significance of δ in PRO power generation pro-
cesses. The flow ratio term δ defines the stationary-state 
conditions inside the PRO module, and fixed δ implies PRO 
operation with unchanged concentrations at module inlet 
and outlet of same power prospects. Peak PD under high 
flow ratio conditions (δ > 40) of little change between the 
HSD and HSDF concentrations expresses maximum PD 
availability per given membrane of little, if any, real power 
output expressed by NEPD. The flow ratio term δ is con-
nected to the percentage permeate in HSDF (α) at module 
outlet expressed by Eq. (9) with higher δ leading to lower 
α and vice versa. Since PRO is a single-pass technology, a 
greater utility of the HSF (“draw”) is associated with higher 
α of lower δ under conditions of less than maximum PD 
availability. Moreover, maximum PD operation of high δ 
and low α is associated with high power demand by the 
auxiliary pumps in the PRO system and, therefore, confines 
the NEPD output availability of the system. Accordingly, δ 
is an essential parameter for PRO process optimization to 
enable maximum NEPD output and this irrespective of the 
PRO method, conventional or CC-PRO, and their respective 
apparatus displayed in Figs. 1 and 2.

α δ= +( )100/ 1 � (9)

In light of the aforementioned and since PRO is a sin-
gle-pass technology of HSF and LSF, the power aspects of a 
PRO system can be viewed at several levels as follows:

•	 Actual maximum PD: Actual maximum power availabil-
ity is described by PD β-projection curve of high flow 
ratio (δ > 40; β < 1.0; α < 2.44) with PDmax peak at a defined 
AP (APmax). Maximum PD curves and their PDmax and 
APs (APmax) peaks are of little practical significance since 
proceed with excessively high flow rates and large power 
consumption of auxiliary pumps and, as a result, yield 
negative net electric power output (NEPO) for the entire 
PRO system. In simple terms, the experimental PDmax 
results in Table 1, which correspond to high flow ratio 
conditions are of little if any practical significance since 
PRO operation under such conditions leads to negative 
NEPO.

•	 Ideal maximum PD: Ideal theoretical PDmax is derived 
from the expression β × PDmax for β = 1.0 and δ > 40, and 
reveals an ideal maximum term in the absence of any 
membranes’ detrimental effects on PRO flux.

•	 Ordinary PD: Ordinary PD curves with their power 
peaks at defined APs under ordinary flow ratio (δ) con-
ditions manifest PRO operations of positive NEPD and 
NEPO of real electric power output to clients.

•	 NEPD: NEPD stands for ordinary PD less the specific 
power consumption of the auxiliary components (pumps, 
turbine-generator, etc.) in the PRO system.

•	 Maximum NEPD: Maximum NEPD (NEPDmax) is 
δ-dependent and expresses the highest PRO NEPO of a given 
membrane with known β in a defined salinity gradient.

The various power generation aspects of PRO systems are 
illustrated next in the context of the seawater brine and river 

water like salinity gradient (SWB-RW) with the best pres-
ently reported membrane for such an application. The choice 
of the SWB-RW illustrated example is no coincidence in light 
of the growing interest in such an application for energy gen-
eration from SWB and TDE. The data in Table 1 of relevance 
for SWB-TDE PRO applications are found in the salinity gra-
dient range 0.75→1.06 M NaCl HSF concentrations.

5. PRO power generation illustration with the SWB-RW 
gradient

Among the listed membranes in Table 1, the PES-B mem-
brane by Zhang and Chung [37] displays the highest pro-
jected β (0.447) curve (Fig. 10(b)) with peak (PDmax) of 23 W/m2 
(24 bar) experienced with δ = 40 for the 1.00 M NaCl salinity 
gradient, typical of SWB-RW like gradients of worldwide 
abundance. Compared with PES-B, the PES-A membrane [38] 
under the same conditions displays (Fig. 10(a)) only slightly 
inferior performance characteristics. The application of the 
CC-PRO simulation database [21–24] to the PES-B mem-
brane (A = 3.3 LMH/bar; β = 0.447) in the 1.00–0.01 M NaCl 
(5.820%–0.058% NaCl) salinity gradient under flow ratio con-
ditions of δ = 40 (QHSF/Qp) and QLSC/QLSF = 0.15 (85% permeate 
recovery from LSF) is illustrated in Table 2 and reveals PDmax 
= 21.8 W/m2 (24 bar) associated with NEPD = –31.8 W/m2 
and NEPO = –6.35 kW per module of 200 m2 membrane 
surface area. As expected, PDmax in this case is somewhat 
lower compared with that in Fig. 10(b) (~21.8 W/m2 instead 
of ~23.0 W/m2) since the salinity of the LSF solution is some-
what higher (0.058% instead of 0.000%). Plugging the essen-
tial parameters of the feed solutions concentrations and their 
osmotic pressures; A; β; δ (QHSF/Qp); QLSC/QLSF flow ratio; and 
efficiencies of auxiliary pumps and turbine-generator into 
the PRO database program displayed in Table 2 leads auto-
matically to complete PD and NEPD β-projection curves as 
function of AP. Specific PD and NEPD values for a selected 
AP are displayed in the main frame of the program when 
the selected pressure is plugged into the database and the 
average actual flux display in the bottom right-hand side of 
the table is adjusted. The ideal (β = 1.00), actual (β = 0.447) 
PD, and NEPD simulated CC-PRO curves for said gradient 
system at δ = 40 are illustrated in Fig. 17.

Change of δ in the CC-PRO simulation database (Table 2) 
automatically generates completely new power curves, and 
such PD curves in the context of the salinity gradient under 
review are illustrated in Fig. 18 for the PES-B membrane with 
δ of 0.75 (57.1%), 1.0 (50%). 2.0 (33.3%), 3.0 (25%), 5.0 (16.7%), 
10.0 (9.1%) and 40.0 (2.4%), wherein the data in parentheses 
pertain to α (percentage permeate in HSDF). Analogous data 
are furnished in Fig. 19 in reference to NEPD. The trend of 
declined PD peak and its AP with decreased δ is clearly evi-
dent in Fig. 18. The trend with regard to NEPD displayed 
in Fig. 19 is more complex and reveals NEPD increase with 
decline of δ (40.0→3.0) displayed in Fig. 20(b), maximum 
NEPD at δ = 3.0, and NEPD decrease with a further decline 
of δ (3.0→0.75) displayed in Fig. 20(a). The NEPD shifts with 
δ are also accompanied with peak power AP shifts of 33 (δ = 
10.0); 29 (δ = 5.0); and 26 (δ = 3.0) bar displayed in Fig. 20(b) 
and 26 (δ = 3.0); 24 (δ = 2.0); 21 (δ = 1.0); and 20 (δ = 0.75) bar 
displayed in Fig. 20(a). The information disclosed in Fig. 20 
for the PRO system under review reveals maximum NEPD 
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availability of ~10.0 W/m2 (26 bar) with δ = 3.0; a somewhat 
lower NEPD value of 9.5 W/m2 (24 bar) with δ = 2.0; and 
8.0 W/m2 (21 bar) with δ = 1.0. The summary of the simulated 
PD and NEPD β projections with δ = 3.0 in Fig. 21 shows ideal 
PD of ~40 W/m2 at 21 bar, actual PD of ~18 W/m2 at 21 bar, 
and an ultimate maximum NEPD of ~10 W/m2 at 26 bar. 
Likewise, β-projection summary with δ = 1.0 in Fig. 22 shows 
ideal PD of ~30 W/m2 at 18 bar, actual PD of ~14 W/m2 at 18 
bar, and an ultimate maximum NEPD of ~7.0 W/m2 at 22 bar.

The aforementioned PD and NEPD projections by the A–β 
method for PES-B, the presently best available membrane for 
SWB-RW like salinity gradient applications, reveal the realis-
tic prospects for power generation from such systems in the 
context of the CC-PRO technology of near absolute energy 
conversion efficiency. The projected data show that PD and 
NEPD are two different terms with the latter manifesting the 
actual PRO electric power sold to customers, a parameter 
of clear economic significance. In the system under review, 
maximum NEPD availability of ~10 W/m2 (2.0 kW NEPO per 
module of 200 m2 membrane’s surface area) takes place with 
δ = 3.0. Said maximum according to Fig. 21 represents ~25% 
of the ideal maximum PD (40 W/m2 for β = 1.00 at 21 bar) and 
~55.5% of the actual PD peak power (18 W/m2 for β = 0.447 at 
21 bar). The PRO performance at δ = 1.0 (α = 50%) in Fig. 22 
compared with that of δ = 3.0 (α = 25%) in Fig. 21 is character-
ized by declined power availability with shift of power peaks 
to lower APs. Another noteworthy feature in these figures 
is the appearance of the NEPD peak at higher AP compared 
with that of the PD peak.

The power projections considered hereinabove for the 
PES-B membrane for the SWB-RW like salinity gradient are in 
the context of the CC-PRO technology of near absolute energy 
conversion efficiency without need of ERD. Accordingly, the 
application of conventional PRO with ERD instead of CC-PRO 
is expected to yield lower PD and NEPD projections as result 
of energy losses associated with the ERD. Since PES-B is the 
membrane of the highest β value (0.447) among the advanced 
TFC membranes cited in Table 1 for salinity gradients around 

1.0 M NaCl, the projected CC-RO power performance of this 
membrane disclosed the present state-of-the-art for power 
generation from SWB-RW like salinity gradients.

6. Discussion – principal aspects of PRO

The ultimate development of the conventional PRO for 
commercial hydroelectric power generation applications 
should relate to the technology aspects and in particular to 
the performance of the membranes and ERD. In light of the 
recently reported [20] CC-PRO technology of near absolute 
energy conversion efficiency without need for ERD, the con-
ventional technology constrains have been lifted including 
the need for better ERD. Accordingly, the membrane aspects 
of PRO are at present time the single most important issue in 
the development of commercially viable PRO applications, a 
subject matter considered hereinafter.

6.1. PRO membranes development priority

According to the collective data in Table 1, PRO PD peaks 
show near linear dependence on salinity gradients (Fig. 5(c)) 
and peak APs (Fig. 5(b)) and exponential dependence on β 
(Fig. 5(a)). The exponential dependence of β on the salinity 
gradient is also evident in Fig. 6 for the same TFC mem-
branes and in Fig. 16 for the conventional CTA membrane. 
The aforementioned rules out the prospects for universal 
PRO membranes and advocates focus on the development 
of PRO membranes for specific applications in defined salin-
ity ranges. Noteworthy specific applications as presently 
viewed include hydroelectric power generation from gra-
dients like SW-RW (0.5 M NaCl); SWB-RW (1.0 M NaCl); 
SWB-SW (0.5 M NaCl); and SWC-SW and SWC-SWB (>1.5 M 
NaCl); wherein the data in parenthesis are of typical M NaCl 
equivalents and the seawater-related terminology, SW, SWB, 
and SWC, distinguishes between seawater, brine from sea-
water desalination plants, and seawater concentrates derived 
from evaporation ponds. The SW-RW and SWB-RW salinity 
gradients also cover the subsection SW-TDE and SWB-TDE 
where TDEs apply instead of river water (RW).

The highest priority in the development of PRO mem-
branes should be directed toward SW-RW like salinity gra-
dient applications, which are of the greatest worldwide 
prospects. Newly developed membranes for SW-RW and/or 
SW-TDE applications should possess A > 2.5 LMH/bar; β > 
0.7; and mechanical strength to withstand APs of 15–17 bar. 
The MP#1 (A = 5.81 LMH/bar; B = 0.88 LMH; S = 349 μm) by 
Yip et al. [34] with β = 0.374 of PDmax = 10 W/m2 and NEPDmax 
= 4.2 W/m2 [21,22] is the best reported membrane for SW-RW 
applications at present time, and newly developed advanced 
membranes of cited A (>2.5 LMH/bar) and β (>0.7) param-
eters should enable the attainment of NEPD > 7.0 W/m2, 
thereby, making this PRO application economically viable in 
the context of the CC-PRO technology for large-scale world-
wide operations.

The next highest priority in the development of advanced 
PRO membranes should focus on the SWC-SW and SWC-
SWB (>1.0 M NaCl) salinity gradients, since SWC from evap-
oration ponds in the vicinity of seashore lines and/or from 
FO processes may apply to large-scale clean power genera-
tion in many worldwide regions of suitable arid zone climate 

Fig. 17. CC-PRO simulated maximum actual and ideal PD β pro-
jection curves as function of applied pressure according to the 
database in Table 2 for PES-B at δ = 40, which defines the station-
ary-state conditions inside the PRO module at near maximum 
PD availability.
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for such applications. Development of membranes for such 
applications should focus on attainment of high mechani-
cal strength to withstand high APs (>45 bar) of cited salin-
ity gradients. The HTI-TFC membrane (A = 2.49 LMH/bar; 
B = 0.39 LMH; S = 564 μm) studied by Straub et al. [35] is 
the best reported membrane for SWC-SW applications at 
present time with a demonstrated 700 psi (48.3 bar) limit of 
AP. The evaluation the power generation prospects of this 
HTI-TFC membrane in context of CC-PRO for the Dead Sea 
(DS) and Red Sea brine (RSB) salinity gradient (DS [34.0%]–
RSB [7.13%]) using β = 0.123 gave a simulated NEPD projec-
tion of 23.1 W/m2 at the 700 psi limit AP [23], suggesting a 
clear economic feasibility already at this stage. It should be 
pointed out that the PRO power generation from the cited DS 
(34.0%)–RSB (7.13%) salinity gradient is of concrete signifi-
cance in light of the Jordanian RS to DS water transfer pro-
gram, which also includes RS water desalination with RSB 

disposed to the DS. CC-PRO simulation of the same HTI-TFC 
membrane with the SWC (25%)–SW (4.2%) salinity gradient 
using β = 0.191 gave NEPD of 39.3 W/m2 under the AP limit 
of 700 psi [24], suggesting a clear economic feasibility already 
at this stage of even greater prospects compared with the pre-
vious example. The principal objectives in the development 
of viable PRO membranes for high salinity gradients appli-
cations should include the attainment of high mechanical 
strength to enable high AP limits (>700 psi); A > 2.5 LMH/bar, 
and β > 0.200. Newly fabricated membranes for higher opera-
tional pressures (>700 psi) of greater A (>2.5 LMH/bar) and β 
(>0.200) are expected to become available in the near future, 
making the above-referred CC-PRO applications even more 
cost effective.

Fig. 18. CC-PRO PD β projection curves for PES-B according to 
the database in Table 2 as function of applied pressure and flow 
ratio (δ), which defines the stationary-state conditions inside the 
PRO module.

Fig. 19. CC-PRO NEPD β projection curves for PES-B according 
to the database in Table 2 as function applied pressure and flow 
ratio (δ), which defines the stationary-state conditions inside the 
PRO module.

Fig. 20. CC-PRO NEPD β projection curves for PES-B according 
to the database in Table 2 as function of applied pressure and flow 
ratio (δ), which defines the stationary-state conditions inside the 
PRO module showing maximum power and its decrease (a) and 
increase (b) as function of δ.

Fig. 21. CC-PRO simulated ideal and actual power β projection 
curves as function of applied pressure according to the database 
in Table 2 for PES-B at δ = 3.0, which defines the stationary-state 
conditions inside the PRO module.
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The most extensively investigated PRO membranes at 
present time relate to the salinity gradient range 0.75–1.10 M 
NaCl in conjunction with SWB-RW as a model for the energy 
recovery prospects from SWB-TDE systems. The increased 
awareness of this PRO application was stimulated by 
the “Mega-ton Water System” project in Japan [28–30]. 
According to Table 1, the PES-B membrane (A = 3.3 LMH/bar 
and β = 0.447) by Zhang and Chung [37] reveals the best per-
formance characteristics in the salinity range under review, 
and its detailed performance analysis for the SWB (5.820%)-
RW (0.058%) salinity gradient is summarized in Fig. 21 
and shows maximum NEPD of ~10 W/m2 with β = 0.447 at 
δ = 3.0 (25% permeate in HSDF). This maximum is associ-
ated with specific energy (SE) of 0.334 kWh/m3 for the LSF, 
which implies the need for ~ 9.0 m3 of RW, or a greater vol-
ume of TDE, in order to generate enough PRO energy for the 
desalination of 1.0 m3 of seawater (3.0 kWh/m3). In simple 
terms, the use of PRO SWB-TDE generated energy to supple-
ment the power needs of SWRO is of minor significance and 
highly ineffective, especially since high recovery low-energy 
desalination of TDE was already demonstrated on large com-
mercial scale in Orange District, California, USA [42], and 
by PUB in Singapore [43] as well as at the pilot level in the 
Safdan Center, Israel [56], and by LA Sanitation, USA [57].

The PES-B membrane by Zhang and Chung [37] rep-
resents the current state-of-the-art performance for SWB-RW 
like applications, and further improvements of membrane 
for such applications should account for A > 3.3 LMH/bar, 
β > 0.447, and mechanical strength to withstand pressure up 
to 27 bar.

6.2. A simple scanning procedure of newly fabricated PRO 
membranes

The enormous worldwide effort to develop new effective 
PRO membranes covers both intricate fabrication and char-
acterization techniques. The genuine need for quick and sim-
ple scanning procedures to assess the performance of newly 

fabricated PRO membranes is evident and obvious since 
could save both time and costs in the early stage and enable 
to conduct extensive investigations only on promising mem-
branes. The A–β method described hereinabove for many of 
the recently reported advanced PRO membranes is an ideal 
scanning procedure since provides instant projections of flux, 
PD and NEPD curves as function of AP per given salinity 
gradient by the knowledge of the permeability coefficient (A) 
and the FO actual/ideal flux ratio (β) parameters, both readily 
available soon after the fabrication of a new PRO membrane 
for a specific application. The present study shows the close 
resemblance between the flux and PDmax projection curves 
of the A–β and rigorous methods and their consistency with 
experimental results, and this implies that the A–β method 
is trustworthy. Moreover, the A–β method also provide 
knowledge of NEPD availability as function of flow ratio 
(δ) under actual PRO operational conditions, including the 
optimized maximum NEPD, which is an important param-
eter for the economic assessment of newly fabricated mem-
branes for their designated applications. Accordingly, the 
adaptation of the A–β scanning method of newly fabricated 
PRO membranes as a standard procedure could greatly assist 
researchers in this area and enhance their productivity. The 
A–β scanning method will enable to focus mainly on promis-
ing PRO by ignoring membranes of poor initial scan results.

6.3. Real PRO power availability of membranes

The increased numbers of publications pertaining to 
the fabrication and/or performance evaluation of new PRO 
membranes provide rigorous model calculations of flux and 
PD curves together with experimental results to validate the 
theoretical projections. Unfortunately, most of the published 
PRO experimental data originate from small lab-bench sys-
tems under high flow ratio (δ > 40) conditions, which are fre-
quently operated also by recycled HSF and LSF solutions with 
continuously changing stationary-state conditions inside the 
PRO module. Experimental data generated under such exper-
imental conditions with little difference between inlet and out-
let module concentrations and osmotic pressures correspond 
to high flux conditions of maximum PD projections with little 
practical significance since PRO is a single-pass process and 
expected to proceed at a much lower flow ratio (δ: 1–5 instead 
of 40 or more) with a much higher percentage permeates in the 
HSDF (α: 20%→50% at δ: 5→1 instead of α < 2.44% at δ > 40). 
In simple terms, the experimental flux and PDmax at high flow 
ratio (δ) from small lab-bench systems are far removed from 
the actual PRO operational parameters and ignore the issue 
of NEPD, the single most important parameter of the PRO 
technology, which takes into account the power consump-
tion of the auxiliary pumps in the PRO system without which 
it could not be operated. While the reported flux and PDmax 
experimental results from small lab-bench systems are trust-
worthy and indicative of the membrane performance, they 
create the illusion of high PD expectation from PRO systems 
since ignore the optimized PD as function of flow ratio (δ) and, 
more importantly, ignore the optimized NEPD as function of 
δ, which is the most important parameter of the PRO technol-
ogy. The adaptation of the A–β method for the performance 
assessment of newly fabricated PRO membranes provides a 
powerful tool in the hands of researchers to generate realistic 

Fig. 22. CC-PRO simulated ideal and actual power β projection 
curves as function of applied pressure according to the database 
in Table 2 for PES-B at δ = 1.0 (α = 50%), which defines the station-
ary-state conditions inside the PRO module.
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power projection of membranes under normal PRO opera-
tional conditions right from start.

6.4. Conventional and closed-circuit PRO techniques

Conventional PRO with ERD in its center (Fig. 1) wherein 
pressure exchange takes place between the same flow rates of 
discharged pressurized HSDF and the HSF supply. The PRO 
AP of operation is preserved by the ERD and modified by 
the BP to supplement for the pressure losses encounter in the 
pressure exchanger device. In the case of CC-PRO (Fig. 2), no 
ERD is requires, and the PRO AP is part of the intrinsically 
created osmotic pressure inside the module, which dictates 
the desired average flux formation (Jav) according to Eq. (2). 
CC-PRO is a technique of near absolute energy conversion 
efficiency with negligible energy losses encountered only 
during the hydrostatic compression/decompression of the 
SC. The energy recovery efficiency aspects in the two con-
ventional PRO demonstration units with PX-ERD, which 
operated in Norway [25–27] and Japan [28–30], have never 
been disclosed to allow the assessment experimental results 
with regard to the ERD efficiency in PRO systems. Avoiding 
the need for ERD in PRO by the use of the CC-PRO tech-
nology of near absolute energy conversion efficiency makes 
it the method of choice for future PRO operations in light 
higher expected power output and lower installation costs of 
increased cost effectiveness.

6.5. Standalone PRO and its hybrids

PRO is a standalone membrane technology for hydro-
electric power generation from salinity gradients, which 
looks deceptively simple at first despite its inherent com-
plexity as already discussed hereinabove. The making of this 
technology self-sustained with ideal HSF (“draw”) and LSF 
(“feed”) feed solutions requires their recycling, and various 
hybrid systems for “draw” recycling were proposed on the 
basis of RO, membrane distillation (MD), thermal dissocia-
tion, and water separation by means of hydrogel or magnetic 
particles. A typical CC-PRO hybrid system for autonomous 
operation with feed solutions (HSF and LSF) recycling RO 
means is displayed in Fig. 23(A) with emphasis on flow rates. 
The HSF recycling process proceeds with RO permeate flow 
(QP) separation from the combined flow of HSDF (QHSDF) in 
the draw recycling unit (DRU), wherefrom the flow of brine 
is the restored HSF (QHSF) and the flow of permeate (QP) after 
blending with the LSC (QLSC) is the restored LSF (QLSF). The 
PRO section in the hybrid generates power (PPRO) whereas 
that of the DRU consumes power (PDRU) and net power out-
put from this self-sustained system is the difference between 
them (PPRO – PDRU). Power output from the hybrid system dis-
played in Fig. 23(A) is a thermodynamically unfavorable pro-
cess even when the membrane performs ideally (β = 1.0), and 
DRU takes place by means of RO, the method of the high-
est entropy efficiency available today [44], since the mixing 
energy made available through PRO is insufficient to cover 
the separation energy requirements of RO.

Another hybrid approach is illustrated in Fig. 23(B) for 
electric power generation from a waste heat source through 
PRO. This scheme could be valid pending high energy conver-
sion efficiency of PRO, low installation costs, and operational 

expenses arising from the DRU, and demonstrated cost 
effectiveness for the entire system compared with other tech-
niques such as the Rankine Cycle [45] for electric power gen-
eration from waste heat sources. The cited constrains with 
regard to the Fig. 23(A) design also apply to the Fig. 23(B) 
hybrid configuration, suggesting that such PRO hybrid tech-
nologies are not sufficiently mature at present time.

A noteworthy 35M$ program in Korea named GMVP 
(G for global; M for membrane distillation; V for valu-
able resources recovery; and P for PRO) intends to install a 
1,000 m3/d SWRO pilot, a 400 m3/d MD pilot, and a 200 m3/d 
PRO pilot and through hybridization of RO and MD with 
PRO enabled to reduce the volume of disposed brine after the 
recovery of valuable ingredients (e.g., Li) as well as reduce 
the SWRO desalination energy [46]. The reported overview 
scheme of this program in Fig. 24(A) identifies the SWRO-PX 
and PRO-PX technologies to be explored and, however, does 
not reveal the mode of integration of MD in the hybrid system. 
This program should provide valuable information about the 
role of PX in conventional SWRO and PRO processes, since 
PX is a key element in the design. The PX steps are intended 
for pressure boosting of SW feed at inlet to HP and, thereby, 
reduce the overall energy need for SW desalination by utiliz-
ing both TDE and SWB through PRO. While important, the 
GMVP program is not based on state-of-the-art technologies 
such as SWRO-CCD [32,47–55] and CC-PRO [19–24], which 
operate with near absolute energy conversion efficiency 
without need of PX-ERD. Moreover, the PRO application of 
the SWB-TDE salinity gradient in conjunction with SWRO 
desalination is an ineffective approach, since TDE is a valu-
able source for high recovery and low-energy direct produc-
tion of freshwater already practiced on large scale in Orange 
District, California, USA [42] and by PUB in Singapore [43]. 
An alternative design that complies with the objectives of 
the GMVP program on the basis of advanced closed-circuit 
technologies is displayed in Fig. 24(B); wherein, reduction 
in seawater desalination energy consumption proceeds by 
means of the CCD-SWRO with power supplement created by 
CC-PRO electric power generation from the SWB-TDE salin-
ity gradient. In this instance, the consecutive sequential CCD 
process under fixed flow and variable pressure conditions 
was already demonstrated to proceed with SW desalination 
of 50% recovery under 1.7 kWh/m3 [55] without need for 
ERD, and such a low energy is unattainable by conventional 
SWRO-PX techniques according to the hybrid design dis-
played in Fig. 24(A). Moreover, if part of the energy needs of 

Fig. 23. Schematic illustration of CC-PRO hybrid systems with 
draw recycling units (DRU) for autonomous operation (A) and 
for conversion of waste heat to electric power through PRO (B).
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the CCD-SWRO process shall be supplied by CC-PRO power 
generation using the SWB-TDE salinity gradient system 
according to the design in Fig. 24(B), this should enable a fur-
ther drop of the desalination energy under 1.4 kWh/m3. For 
reasons already specified hereinabove, both hybrid designs 
in Figs. 24(A) and (B) are not recommended for commercial 
applications.

7. Concluding remarks

The present study analyses the performance of advanced 
PRO membranes in the context of the CC-PRO, a technology of 
near absolute energy conversion efficiency without ERD with 
emphasis made regarding the present state-of-the-art of the 
various aspects. A meaningful PRO future progress requires 
the identification of genuine needs and establishing priority 
regarding desired performance characteristic of membranes in 
the context of salinity gradients of high prospects for commer-
cial applications. Priorities suggested by the present study in 
the context of CC-PRO technology are as follows:

•	 Need to develop simple, quick, and reliable performance 
evaluation techniques for PRO membranes for which the 
A–β method is proposed and recommended.

•	 Need to develop simple, quick, and reliable techniques 
for NEPD projections, the most important parameter of 
PRO for which CC-PRO simulations are proposed and 
recommended.

•	 Need to development reliable bench-scale apparatus for 
single-pass PRO flux measurements as function of flow 

ratio (δ), which defines the stationary-state condition 
inside the PRO module.

•	 Preference of CC-PRO without ERD instead of conven-
tion PRO with ERD for higher (25%–40%) power output.

•	 Emphasis on the development of PRO membranes with 
high β for SW-RW applications, the salinity gradient of 
the highest global availability and greatest commercial 
prospects and on membranes with high mechanical 
strength to withstand APs of salinity gradients com-
prised SW and its concentrates.

The CC-PRO performance analysis in the present study 
covers most major advanced PRO TFC type membranes 
(Table 1; Figs. 3–14) in the forms of flat and/or hollow fiber con-
figuration as well as that of CTA (Figs. 15(a)–(c) for which exper-
imental data were made available. The inclusion of CTA (A = 
0.36 LMH/bar and B = 0.32 LMH) arises from the analysis of the 
recent experimental data by Kim and Elimelech [40] that reveal 
extraordinarily high β values (Fig. 16) of 0.76 (0.5), 0.57 (1.0), 
and 0.507 (1.5) as function of the M NaCl salinity gradient (in 
parentheses). These findings suggest that treated and/or mod-
ified cellulose membranes of higher permeability coefficients 
(A > 0.36 LMH/bar), or alike, could also be found effective for 
PRO applications, although not of TFC type. The present state 
of knowledge is insufficient to allow clear statements regarding 
the preferred configuration (flat vs. hollow fiber) and/or type 
(TFC vs. ordinary) of the ultimate PRO membranes.
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