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A B S T R A C T

Processes that can transform a salinity gradient into electrical energy have gained attention in recent years.
One such process, which uses semipermeable membranes to generate electrical energy through a turbine,
is pressure retarded osmosis (PRO). As a potential renewable energy technology, this process could also be
integrated in desalination plants to reduce the energy consumption. However, principally because of certain
drawbacks concerning membrane and module characteristics, PRO technology has not yet been fully exploited
at commercial scale. This study aims to assess the impact of membrane permeability coefficients on the energy
generated by full-scale single-stage PRO systems. This allow an evaluation of the performance of PRO modules
in series considering variation of the permeability coefficients that may be due to the impact of fouling. An
evaluation was made of the HTI OsMem™ 2521 spiral wound membrane module considering a diameter of
8 inches (high up-scaled active area) and different permeability coefficient ranges. The results showed that a
50% water permeability coefficient decrease would produce an approximately 25% decrease in the amount of
energy that could be generated, while a 50% increase in the solute permeability coefficient would have virtually
no effect when considering optimal operating points. Variation of the water permeability coefficient had more
impact on the potential amount of generated energy than variation of the solute permeability coefficient.
1. Introduction

The increasing use of renewable energy sources (RES) is mainly due
to concerns about climate change and greenhouse gas (GHG) emissions
produced by fossil fuel energy sources [1,2]. Research continues into
several technologies that allow the use of RES to provide sustainable
and efficient energy solutions. One of the main challenges of using
RES such as wind or solar energy is their variability, which makes it
difficult to predict and manage power generation [3]. In consequence,
expensive storage systems and/or fossil fuel-based energy generation
systems are commonly required to overcome the problems of intermit-
tent energy production caused by variable RES (VRES) [4,5]. The use
of steady RES (SRES) would help the integration of VRES and allow
replacement of fossil fuel-based power systems [6]. In this regard, the
generation of energy from salinity gradients is considered a promising
SRES [7–9]. This could have the additional advantage of reducing
the environmental impact of brine discharge due to its dilution for
energy generation [10–12]. Technologies that are being actively stud-
ied for salinity gradient energy generation include capacitive mixing
and mixing entropy battery, forward osmosis–electrokinetic systems,
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pressure retarded osmosis (PRO) and reverse electrodialysis [13–15].
These technologies can be combined with several wastewater treatment
technologies (e.g., thermal, membrane-based, chemical or electrochem-
ical) for the removal of pollutants from brine effluents [16,17]. One of
the most studied technologies is PRO [18], which has higher efficiency
and power density [19] than others. However, the principal problem
of PRO is its viability at pilot or full scale [20]. Key factors in this
respect include improvement of membrane module properties through
modeling [21,22], simulating and optimizing the process when using
full-scale modules [23–25], module configuration [26,27], the feed
spacer geometry [27] and the effect of fouling on performance [28–
30]. As for the membrane properties, the water and solute permeability
coefficients (𝐴 and 𝐵) play an important role in the performance of PRO
membrane modules. Numerous studies on improving PRO membrane
properties in terms of their permeability coefficients have been carried
out [7,31,32].

She et al. [33] evaluated the effect of three different feed spacers
in a flat sheet membrane made of cellulose triacetate. The obtained
water permeability coefficients (𝐴) were 4.17 × 10−12, 4 × 10−12 and
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Nomenclature

Acronyms

DS Draw solution
ECP External concentration polarization
ERD Energy recovery device
FS Feed solution
HF Hollow fiber
ICP Internal concentration polarization
PV Pressure vessel
RES Renewable energy sources
RO Reverse osmosis
SRES Steady renewable energy sources
SWMM Spiral wound membrane module
SWRO Seawater reverse osmosis
TFC Thin-film composite
TNC Thin-film nanofiber composite
VRES Variable renewable energy sources

Variables

𝑚̇ Mass flow (kg s−1)
A Water permeability coefficient (mPa−1 s−1)
𝐴0 Initial water permeability coefficient (mPa−1 s−1)
B Solute permeability coefficient (ms−1)
CF Concentration factor
C Concentration (g L−1 or kg (solute) kg−1 (water))
DF Dilution factor
D Solute diffusivity (m2 s−1)
𝑑h Hydraulic diameter of feed channel (m)
FF Fouling factor
H Spacer height (m)
h Specific enthalpy (J kg−1)
J Flux per unit area (m3 m−2 s−1)
K Solute resistivity (sm−1)
k Mass transfer coefficient
𝐾𝜆 Parameter applied to friction factor
L Length of the SWMM (m)
n Number of SWMMs in PRO system
PD Power density (W m−2)
P Power (W)
p Pressure (Pa)
𝑃ew Wall Péclet number
Q Flow (m3 h−1 or m3 s−1)
R Flux recovery (%)
Sc Schmidt number
Sh Sherwood number
𝑆𝑚 Membrane surface area (m2)
TCF Temperature correction factor
T Temperature (◦C or K)

Greek letters

𝛥𝜋 Osmotic pressure difference (Pa)
𝛥𝑝 Pressure drop (Pa)
𝜂 Performance
𝛾 Lumped parameter
𝜇 Dynamic viscosity (Pa s)
2

T

𝜈 Velocity (ms−1)
𝜋 Osmotic pressure (Pa)
𝜌 Density (kgm−3)
𝜀 Porosity in feed channel
𝜗 specific volume m3 kg−1

Subscripts

av Average
D Draw
F Feed
id Ideal
in Input
m Membrane
out Output
p Permeate
TB Turbine
x Draw or feed

2.78 × 10−12 mPa−1 s−1, and the corresponding values for the solute
permeability coefficients (𝐵) were 6.11 × 10−7, 5.69 × 10−7 and 2.22 ×
10−7 ms−1. Other characteristic parameters of the membrane, includ-
ing structural parameters and tortuosity, were also different for the
three cases studied. Song et al. [34] made and optimized a thin-
film nanofiber composite PRO (TNC-PRO) flat sheet membrane with
a unique support membrane structure. The optimum 𝐴 and 𝐵 values
were 1.14×10−12 mPa−1 s−1 and 4.83×10−7 ms−1, respectively. Another
two TNC-PRO flat sheet membranes were made and tested by Bui
and McCutcheon [35]. They carried out reverse osmosis (RO) tests
to calculate 𝐴 and 𝐵. The values determined for the two coefficients
were 1.47 × 10−11 and 7.86 × 10−12 mPa−1 s−1 for 𝐴, 1.38 × 10−6 and
1.22 × 10−7 ms−1 for 𝐵. Cui et al. [36] fabricated thin-film composite
(TFC) flat sheet membranes consisting of a polyamide thin film layer
via interfacial polymerization and a macrovoid-free polyamide support.
They obtained 𝐴 values for three membranes that underwent different
treatments of 4.22 × 10−12, 6.11 × 10−12 and 7.69 × 10−12 mPa−1 s−1.
Li et al. [37] fabricated and evaluated TFC polyetherimide (TFC-PEI)
flat sheet membranes with three different substrate structures. After
using an RO setup, the 𝐴 values were 4.58 × 10−12, 5.81 × 10−12 and
6.33 × 10−12 mPa−1 s−1, while the 𝐵 values were 1.86 × 10−7, 2.42 × 10−7

and 2.22 × 10−7 ms−1. In relation to hollow fiber (HF) membranes,
inner-selective, outer-selective and double-skinned types have been
studied. Chou et al. [38] developed a TFC-PEI HF membrane. 𝐴 and 𝐵
were determined in pressure-driven mode, obtaining a value of 4.22 ×
10−12 mPa−1 s−1 for 𝐴 and 6.7 × 10−8 ms−1 for 𝐵. Two outer-selective
HF membranes were fabricated and tested by Sun and Chung [39]. For
these membranes, 𝐴 and 𝐵 were 3.94 × 10−12, 9.97 × 10−12 mPa−1 s−1

and 1.11 × 10−7, 5.06 × 10−7 ms−1, respectively. Han and Chung [40]
ade four TFC FO membranes to maximize the power density (PD) and
inimize the specific reverse salt flux. The 𝐴 and 𝐵 values obtained

or each membrane after pre-stabilization (30 min) were 1 × 10−11,
.61×10−12, 1.19×10−11 and 2.5×10−11 mPa−1 s−1 for 𝐴 and 2.03×10−7,
.69 × 10−7, 1.31 × 10−7 and 7.14 × 10−6 ms−1 for 𝐵.

For their part, Li ad Chung [41] fabricated and tested four P84-
FC HF membranes, obtaining 𝐴 values from 2.4× 10−12 to 2.55× 10−12

Pa−1 s−1 and 𝐵 values from 2.08 × 10−8 to 3.83 × 10−8 ms−1. Fu et al.
eveloped two sandwich-structured outer-selective HF membranes. The

values were not provided numerically in this study but, using the
oftware PlotDigitalizer, were extracted and can be seen in [42]. The
alues obtained were 𝐴 = 4.53 × 10−12 and 1.58 × 10−12 mPa−1 s−1,
= 1.19×10−7 and 8.33×10−9ms−1. Wan and Chung [43] fabricated and

ested a TFC-PES (thin film composite-polyethersulfone) HF membrane.
−12 −1 −1
his membrane was found to have an 𝐴 value of 9.72×10 mPa s
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and a 𝐵 value of 1 × 10−7 ms−1. Le et al. [44] fabricated four outer-
selective TFC HF membranes. RO tests were performed. Extracted using
the WebPlotDigitizer tool, the 𝐴 and 𝐵 values for the four membranes
were as follows: 𝐴 = 8.06 × 10−12 mPa−1 s−1 and 𝐵 = 3.83 × 10−7 ms−1,
𝐴 = 1.53 × 10−11 mPa−1 s−1 and 𝐵 = 1.47 × 10−6 ms−1, 𝐴 = 4.50 × 10−12

mPa−1 s−1 and 𝐵 = 2.03 × 10−7 ms−1, 𝐴 = 6.92 × 10−12 mPa−1 s−1 and
𝐵 = 2.78 × 10−7 ms−1. Three outer-selective TFC HF membranes were
fabricated by Cheng et al. [45] using three different dopes. The 𝐴 and
𝐵 values obtained for the three studied membranes were 𝐴 = 4.11 ×
10−12 mPa−1 s−1 and 𝐵 = 4.17 × 10−8 ms−1, 𝐴 = 5.28 × 10−12 mPa−1 s−1

and 𝐵 = 4.44 × 10−8 ms−1, 𝐴 = 1.47 × 10−12 mPa−1 s−1 and 𝐵 =
1.67 × 10−8 ms−1. Han et al. [46] designed a double-skin structure in
an HF membrane. The permeability coefficient values obtained were:
𝐴 = 4.17 × 10−12 mPa−1 s−1 and 𝐵 = 5.56 × 10−9 ms−1. Improving PRO
membrane performance by increasing 𝐴 and/or decreasing 𝐵 is crucial
for the feasibility of the PRO process for electrical energy generation.
Quantifying the impact of permeability coefficients on the performance
of full-scale PRO system could help to optimize their configuration
in terms of the number of membrane modules in series [47,48], the
number of stages and the optimal operating points. It should be noted
that membrane properties are not the only crucial element in terms of
performance in full-scale modules, as fouling [49–51] and spacer de-
signs [33] are also key to estimate the feasibility of the PRO process in
long-term operation. Given the lack of extensive experimental work on
full-scale PRO systems, simulation tools for predicting the performance
of full-scale PRO systems are of fundamental importance [25,52,53].
To carry out appropriate estimations of full-scale PRO systems, certain
boundary conditions (with respect to maximum and minimum flows
and pressures) should be set by PRO membrane manufacturers and
taken into consideration in the simulation process, as happens with
full-scale RO systems [54–56].

The aim of this study is to assess the effect of the permeability
coefficients 𝐴 and 𝐵 on the performance of a single-stage full-scale
PRO process. To carry out this study, a simulation tool for full-scale
PRO systems was used considering boundary conditions and spiral
wound membrane modules (SWMMs). The optimal operating points for
𝐶D,in = 30 g L−1 and 𝐶F,in = 0.5 g L−1 and different ranges of 𝐴 and 𝐵
were determined. In this study, only PRO systems in which the energy
generating element was a turbine were considered.

2. Material and methods

2.1. Parameters of the PRO SWMMs

There are two commercial PRO SWMMs available (8040 PRO from
Toray and HTI OsMem™ 2521). It would be preferable to use the data
from the SWMM of Toray given it is an 8-inch module, but there is
not enough information in the literature about this module to carry
out proper simulations. However, enough data are available for the
PRO SWMM HTI OsMem™ 2521. Unfortunately, the latter SWMM is
2.5 inches in diameter and so, for the purposes of this study, was
upscaled to an 8 in. diameter using the membrane active surface (𝑆m)
relation between the RO SWMM SW30-2521 and SW30-8040 SWMM
(RO process). The 𝑆m values are 1.2 and 37.16 m2, respectively, for
the aforementioned RO SWMMs. The 𝑆m of the OsMem™ 2521 PRO
SWMM is 0.5 m2, and would be 15.53 m2 for the hypothetical 8 in.
diameter OsMem™ PRO SWMM the 𝑆m. As no data are available for the
porosity parameters (unit fraction) of the draw (𝜀D) and feed (𝜀F) sides
the values from a published study [57] for RO SWMMs were used. The
other PRO SWMM parameters (Table 1) were taken from [58]. Table 1
shows the considered ranges of 𝐴 and 𝐵. The 𝑆m per SWMM is one
of the key parameters that affects the performance of PRO systems. In
this study, it was considered different values for 𝑆m (from 15.53 to
40.53 m2) for the best scenario for the PRO system in terms of energy
generation (highest 𝐴 and lowest 𝐵).
3

Table 1
Characteristic parameters of the 8-inch PRO module.
Parameter Value

𝐴 (mPa−1 s−1) 2.12 × 10−12–1.06 × 10−11

𝐵 (ms−1) 5.55 × 10−9–5.55 × 10−7

𝑆m (m2) 15.53
𝐿 (m) 1.0
𝐻D (m) 1.1 × 10−3

𝐻F (m) 1.5 × 10−3

𝜀D 0.89
𝜀F 0.65
𝐾 (sm−1) 3.38 × 10−5

Fig. 1. Concentration profile across the membrane in the PRO process considering both
concentration polarizations, ECP and ICP [61].

2.2. Transport equations and simulations

Performance of PRO systems depends on water and solute flux as
well as pressures, etc. In the PRO process, transport equations across
a semi-permeable membrane that are based on fundamental thermo-
dynamics are used. These fundamentals explain the free energy that is
released during the spontaneous mixing of the draw solution (DS) and
the feed solution (FS) [59,60]. The equations used for the simulation
are listed in Table 2.

It should be noted that to determine 𝛥𝜋, an estimation needs to
be made of the membrane surface concentration of both the DS and
FS sides. To do so, the effects of external concentration polarization
(ECP) and internal concentration polarization (ICP) should be taken
into consideration (Fig. 1) [64].

The equations listed in Table 2 were employed in an algorithm
simulating full-scale PRO systems which has already been published by
the authors [61]. The simulations were carried out considering 𝐶D,in =
30 g L−1, 𝐶F,in = 0.5 g L−1 of NaCl, 𝑝F,in = 2 bar and the following
ranges: 𝑄D,in and 𝑄F,in from 3 to 16 m3 h−1 in steps of 0.5 m3 h−1 and
𝑝D,in from 1 to 20 bar in steps of 0.5 bar.

2.3. Performance assessment

To calculate the amount of energy that can be generated with the
full-scale PRO system, it is necessary to know the specific enthalpy (ℎ)
in the turbine input and output. Usually, a PRO plant includes devices
such as draw and feed pump, an energy recovery device (pressure
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Table 2
Transport equations [61].
Permeate flux 𝐽p = 𝐴(𝛥𝜋 − 𝛥𝑝) (1)
Water permeability coefficient 𝐴 = 𝐴0 ⋅ 𝑇𝐶𝐹 ⋅ 𝐹𝐹 (2)
Osmotic pressure gradient 𝛥𝜋 = 𝜋D,m − 𝜋F,m (3)
Osmotic pressure 𝜋 = 3.805𝐶2 + 42.527𝐶 + 0.434 (4)

Draw concentration on membrane 𝐶D,m =
(

𝐶D,av +
𝐽s
𝐽p

)

e
−𝐽p
𝑘D −

𝐽s
𝐽p

(5)

Feed concentration on membrane 𝐶F,m =
(

𝐶F,av +
𝐽s
𝐽p

)

e
𝐽p
𝑘F e𝐾𝐽p −

𝐽s
𝐽p

(6)

Average concentration 𝐶x,av = 0.5(𝐶x,in + 𝐶x,out) (7)

Solute flux 𝐽s = 𝐽p
𝐵

𝐴𝛽𝑅𝑇

(

1 +
𝐴𝛥𝑝
𝐽p

)

(8)

Mass transfer coefficient 𝑘x =
𝑆ℎx𝐷x,av

𝑑h,x
(9)

Sherwood number in DS [62] 𝑆ℎD = 1.849
(

𝑅𝑒D𝑆𝑐D
𝑑h,D

𝐿

)1∕3

(1.002− (10)

0.0319𝛾D + 0.00034𝛾2D − 0.001𝛾3D) (11)

Sherwood number in FS [62] 𝑆ℎF = 1.849
(

𝑅𝑒F𝑆𝑐F
𝑑h,F

𝐿

)1∕3

(0.997+ (12)

0.315𝛾F + 0.022𝛾2F − 0.008𝛾3F ) (13)

Lumped parameter 𝛾x =
𝑃ew,x

(

𝑅𝑒x𝑆𝑐x
𝑑h,x

𝐿

)1∕3
(14)

Wall Péclet number 𝑃ew,x =
𝐽p𝑑h,x

𝐷x
(15)

Reynolds number 𝑅𝑒x =
𝜌x,av ⋅ 𝜈x,av ⋅ 𝑑h,x

𝜇x,av
(16)

Schmidt number 𝑆𝑐x =
𝜇x,av

𝜌x,av ⋅𝐷x
(17)

Solute diffusivity 𝐷 = −1.025 × 10−10𝐶 + 1.518 × 10−9 (18)
Density 𝜌 = −1.047𝐶2 + 39.462𝐶 + 997.370 (19)
Dynamic viscosity 𝜇 = 0.001

(

0.012𝐶2 + 0.065𝐶 + 0.985
)

(20)

Pressure gradient draw side 𝛥𝑝 = 𝑝D,in −
𝑃𝐿D
2

− 𝑝F,in +
𝑃𝐿F
2

(21)

Pressure losses 𝑃𝐿x = 𝜆x ⋅ 𝐿 ⋅
𝜌x
𝑑h,x

𝜈2x,av

2
(22)

Friction factor [63] 𝜆x = 𝐾𝜆 ⋅ 6.23𝑅𝑒−0.3x (23)

Dilution factor 𝐷𝐹 =
𝐶D,out

𝐶D,in
=

1 − 𝑌m
1

(24)

Concentration factor 𝐶𝐹 =
𝐶F,out

𝐶F,in
= 1

1 − 𝑌m
(25)

Output concentration of DS 𝐶D,out(𝑄D,in +𝑄p) = 𝐶D,in𝐷𝐹 (𝑄D,in +𝑄p) − 𝐽s (26)
Output concentration of FS 𝐶F,out(𝑄F,in −𝑄p) = 𝐶F,in𝐶𝐹 (𝑄F,in −𝑄p) + 𝐽s (27)
Fig. 2. Flow diagram of the PRO plant.
exchanger and booster pump) and turbine. In this study, only the
turbine was considered (Fig. 2) as the energy consumption of the rest
of the devices depends on many factors including, for example, the
pre-treatment stages. Eqs. (28)–(30) were used to determine ℎ [65].
For non-atmospheric pressures (𝑝0), specific enthalpy (ℎ(𝑇 , 𝑝, 𝐶)) can
be estimated using Eq. (30). From the PRO system results, the 𝑃TB, max
and ideal power density (𝑃𝐷id) were calculated using Eqs. (31), (32)
and (33) respectively.

ℎ(𝑇 , 𝑝0, 𝐶) = ℎw − 𝐶(𝑏1 + 𝑏2𝑤s + 𝑏3𝑤
2
s + 𝑏4𝑤

3
s

+𝑏 𝑇 + 𝑏 𝑇 2 + 𝑏 𝑇 3 + 𝑏 𝑤 𝑇 + 𝑏 𝑤2𝑇 + 𝑏 𝑤 𝑇 2) (28)
4

5 6 7 8 s 9 s 10 s
ℎw = 141.355 + 4202.070𝑇 − 0.535𝑇 2 + 0.004𝑇 3 (29)

𝑏1 = −2.348 × 104, 𝑏2 = 3.152 × 105, 𝑏3 = 2.803 × 106,
𝑏4 = −1.446 × 107, 𝑏5 = 7.826 × 103, 𝑏6 = −4.417 × 101,
𝑏7 = 2.139 × 10−1, 𝑏8 = −1.991 × 104, 𝑏9 = 2.778 × 104,
𝑏10 = 9.728 × 101

ℎ(𝑇 , 𝑝, 𝐶) = ℎ(𝑇 , 𝑝0, 𝐶) + 𝜗(𝑝 − 𝑝0) (30)

where 𝜗 is the specific volume (the inverse of 𝜌). 𝜗 was determined for
both the DS and FS solutions using 𝜌 of DS and FS in the input and
output of the devices.

𝑃 = 𝜂 𝑚̇
(

ℎ − ℎ
)

(31)
TB TB TB TB,in TB,out
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Fig. 3. 𝑃𝐷id,max (W m−2) for 1 to 8 SWMMs in series for different values of 𝐴 and 𝐵.

̇ TB = 𝑄p𝜌D,out (32)

𝑃𝐷id =
𝑃TB
𝑛𝑆m

(33)

here 𝜂TB is the efficiency of the turbine (assumed as 85%) and 𝑛 the
number of SWMMs in the PRO system.

3. Results and discussion

Fig. 3 shows the maximum power density (𝑃𝐷id,max) in a PRO
system with 1–8 SWMMs in series. It can be observed that 𝑃𝐷id,max
was attained with 2 SWMMs in series with 𝐴 = 1.06 × 10−11 and
𝐵 = 5.55 × 10−9 and 5.55 × 10−7. However, 𝑃𝐷id,max was attained
with 3 SWMMs in series when 𝐴 was decreased to 2.12 × 10−12. The
difference in terms of 𝑃𝐷id,max for 1–8 SWMMs in series was larger
for the 𝐴 decrease than the 𝐵 increase, even considering that 𝐵 was
increased 100-fold, whereas 𝐴 was only decreased to 20% of the highest
considered value. When 𝐵 was increased at the highest value of 𝐴 a
difference of about 0.7 W m−2 was observed, but the same increase
of 𝐵 at the lowest 𝐴 value considered showed a difference of about
0.12 W m−2. This means that the 𝑄p increase had more impact than
the solute passage increase. The highest values of 𝑃𝐷id,max for the four
cases shown in Fig. 3 were 4.66, 4.13, 1.89 and 1.64 W m−2.

The highest values of power in the turbine (𝑃TB, max) were found
with PRO systems with 8 SWMMs in series. Fig. 4 shows 𝑃TB, max (W)
for the ranges considered for 𝐴 and 𝐵 (Table 1). As expected, the
highest value of 𝑃TB, max (491.54 W) was obtained for the highest value
of 𝐴 and the lowest value of 𝐵. Higher values of 𝐴 allowed higher 𝑄p,

hile lower values of 𝐵 produced less solute passage allowing higher
smotic pressure differences between the draw and feed sides along
he PV. As with 𝑃𝐷id,max, 𝑃TB, max was penalized more for decreases
n 𝐴 than for increases in 𝐵. For the highest values of both 𝐴 and
, 𝑃TB, max was 420.53 W, for the lowest values of 𝐴 and 𝐵 it was
20.10 W, while for the lowest value of 𝐴 and the highest value of
the corresponding value was 185.31 W. That is, a 100-fold increase

f 𝐵 provided a difference in terms of 𝑃TB, max of 71 W for the highest
and 35 W for the lowest 𝐴 considered.
Table 3 shows the operating points to obtain 𝑃TB,max considering

ifferent values of 𝐴 and 𝐵. It can be seen that, for the same value
f 𝐴, the increase of 𝐵 decreases 𝑃TB,max as well as the values of 𝑝D,in
nd 𝑄D,in. The decrease of 𝐴 results in slight increases of the values of
D,in and 𝑄D,in, while the values of 𝑄F,in decrease. In real life operation,
5

decrease in 𝐴 may be due to the impact of fouling on the PRO
Fig. 4. 𝑃TB, max (W) for different values of 𝐴 and 𝐵.

system, as commonly happens in RO systems [29,66]. Fouling can also
cause membrane degradation, causing 𝐵 to increase which would also
affect the performance and optimal operating points in PRO systems.
The increase of 𝐵 for different values of 𝐴 made 𝑅 change by up to
around 3%, which reflects the impact of 𝐵 on the operating point that
maximizes 𝑃TB. Taking into consideration 𝐶D,in and 𝐶F,in, the osmotic
ressure difference is 2.27 MPa. From Table 3, the increase of 𝑝D,in

can be seen with the decrease of 𝐴 and 𝐵 in the optimal operating
points. The ratio between 𝑝D,in and the osmotic pressure gradient was
in a range of about 0.57–0.66.

Figs. 5 and 6 show the variation of 𝑃TB, max with the variation
of the permeability coefficients 𝐴 and 𝐵. In the case of increases in

, it can be seen that the rise in 𝑃TB, max is not linear but instead
ets smaller as the value of 𝐴 increases. Fig. 6 shows a more linear
elation between 𝐵 increments and 𝑃TB, max. It should be noted that
he increments considered in 𝐵 are much higher than those considered
ith 𝐴 in accordance with the data in the literature. As the impact
f 𝐴 is higher than that of 𝐵 on 𝑃TB, max, efforts to increase 𝐴 of
ew PRO SWMMs should be taken, despite increasing the coefficient
, to make the PRO process viable for energy generation. A 220%

ncrement in terms of 𝑃TB, max was observed when 𝐴 was increased 5-
old for 8 SWMMs in series (Fig. 5). This result was quite close to that
btained by Matta et al. [25], however the results obtained in terms of
TB, max when 𝐵 was increased were different from those obtained by
atta et al. [25]. While Matta et al. [25] obtained the same impact in

ncreasing 𝐵 as 𝐴, in this study 𝐵 was found to have less impact than 𝐴.
his could be because in the study of Matta et al. [25] a small piece of
embrane was considered whereas in our study full-scale PRO SWMMs

n series were considered. In addition, the membrane characteristics
ere different and the pressure drop in DS and FS was not considered
y Matta et al. [25]. It should also be mentioned that the relation
etween 𝑃TB, max and the increase of 𝐴 varied depending on the number
f SWMMs in series, with the highest being for 1 SWMM and the lowest
or 8 SWMMs in series. Another factor that needs to be controlled is the
ffect of fouling on 𝐴 as the performance of the PRO system strongly
epends on this parameter. It should be noted that fouling can cause
he pressure drop to increase, which also affects the performance of
hese systems, as occurs in RO systems [67].

Tables 4–6 show the operating points to maximize 𝑃TB,max consid-
ring different values 𝑆m and SWMMs in series. It can be seen that,
or the same value of 𝑆m, the increase of SWMMs in series increases
TB,max as well as the values 𝑄F,in for obtaining the maximum 𝑃TB,max.
he operating points to maximize 𝑃TB,max change with the SWMMs

n series. The higher are the SWMMs in series the lower is 𝑄D,in for
etting the highest 𝑃TB,max while 𝑝D,in varied slightly. The increase of

results in slight decreases of the values of 𝑝 and 𝑄 , while the
m D,in D,in
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Table 3
Operating points for 𝑃TB,max considering one PV with 8 SWMMs in series for different values of 𝐴 and 𝐵
(𝐵1 = 5.55 × 10−9, 𝐵2 = 3.33 × 10−7 𝐵3 = 5.55 × 10−7)

Parameter 𝐴 = 1.06 × 10−11 𝐴 = 6.36 × 10−12 𝐴 = 2.12 × 10−12

𝐵1 𝐵2 𝐵3 𝐵1 𝐵2 𝐵3 𝐵1 𝐵2 𝐵3

𝑝D,in (MPa) 1.45 1.35 1.30 1.50 1.40 1.35 1.50 1.45 1.40
𝑄D,in (m3 h−1) 14 13.5 13 14.5 14 13.5 15 14.5 14.5
𝑄F,in (m3 h−1) 6.5 7 7 6 6.5 6.5 5 5.5 5.5
𝑅 (%) 28.32 26.86 25.60 24.24 22.11 21.46 15.83 13.38 13.20
𝑃TB,max (W) 491.54 448.42 420.53 403.66 366.80 343.15 220.10 197.56 185.31
Fig. 5. 𝑃TB, max (W) variation with increase of 𝐴 considering 8 SWMMs in series.

Fig. 6. 𝑃TB, max (W) variation with increase of 𝐵 considering 8 SWMMs in series.

alues of 𝑄F,in increase. It should be noted that the relation between
he increase of 𝑆m and 𝑃TB,max is linear. One of the main difficulties
hen manufacturing PRO SWMMs with high surface density package

m2/m3) is the space left for the spacers in both the draw and feed sides.
mall spacer height produces a higher pressure drop along the SWMM,
ausing performance losses. The increase of 𝑆m causes the optimal

operating parameters to change (Tables 4–6). It should also be noted
that the boundary conditions play an important role in determining the
operating points. High values of 𝑆m cause 𝑄p to increase per SWMM.

his in turn causes 𝑄F to decrease more in comparison with an SWMM
f lower 𝑆m. As a result, some operating points that are safe for an
WMM of a particular 𝑆m are not so for other SWMMs with a different

. This shows that the characteristic parameters of SWMMs play a
6

m

Fig. 7. 𝑃TB, max (W) variation with increase of 𝑆m/SWMM considering 8 SWMMs in
series.

fundamental role in system design and the optimal determination of
operating parameters.

Fig. 7 shows the variation of 𝑃TB, max with the variation of 𝑆m
per SWMM considering 1 stage with 8 SWMMs in series. It shows a
linear relation between 𝑆m and 𝑃TB, max. A 𝑆m change from 20.53 to
40.53 m2/SWMM produced an increment of 418.54 W in terms of
𝑃TB, max. By increasing 𝑆m, parameters such as 𝐻D and 𝐻F may be
forced to change producing different velocity profiles along SWMMs
and different performance estimation. These variations were not con-
sidered in this study. It should be noted that the actual PRO SWMMs
does not have such packing density (m2/m3), efforts to increase 𝑆m of
new PRO SWMMs should be taken to make the PRO process viable for
energy generation.

4. Conclusions

In this simulation-based study, the impact of variation of the water
and solute permeability coefficients, 𝐴 and 𝐵, was evaluated. The
results indicate that variation of 𝐴 has a higher impact on the per-
formance of full-scale PRO systems with SWMMs than 𝐵. According
to these results, PRO membrane manufacturers should focus, among
other things, on increasing 𝐴 even if this entails an increase in 𝐵.
The maximum amount of energy that could be generated considering
a single-stage system with one pressure vessel and 8 SWMMs in series
was about 500 W. It should be noted that in PRO plants it is usually not
possible to measure all the parameters needed to carry out precise sim-
ulations, so there will be variability and uncertainties in performance
estimations. The actual amount of energy that would be generated will
depend on the efficiency of the devices and the pre-treatment required
for both the draw and feed solutions. The results obtained may be useful
for estimating the impact of fouling in PRO systems, as one of the
main consequences of fouling is a decrease in 𝐴 with operating time. In
order to increase the amount of energy that can be generated with PRO

systems, the membrane area per element should also be increased. The
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Table 4
Operating points for highest 𝑃TB,max with 𝑆m = 20.53 m2/SWMM.

SWMMs in series

Parameter 1 2 3 4 5 6 7 8

𝑝D,in (MPa) 1.30 1.30 1.35 1.30 1.40 1.30 1.40 1.30
𝑄D,in (m3 h−1) 15.5 15 15 14.5 14.5 14 14 13.5
𝑄F,in (m3 h−1) 6 6 6.5 7 7 8 8 8.5
𝑅 (%) 5.80 11.67 15.16 18.84 20.87 23.10 23.84 27.15
𝑃TB,max (W) 90.33 182.43 266.89 342.97 413.28 480.40 540.23 600.74
Table 5
Operating points for highest 𝑃TB,max with 𝑆m = 30.53 m2/SWMM.

SWMMs in series

Parameter 1 2 3 4 5 6 7 8

𝑝D,in (MPa) 1.25 1.20 1.20 1.20 1.20 1.25 1.15 1.15
𝑄D,in (m3 h−1) 15.5 15 14.5 14 13.5 13.5 13 12.5
𝑄F,in (m3 h−1) 8 8.5 9 10 10.5 11 12 12.5
𝑅 (%) 6.03 11.52 15.65 18.01 20.59 21.87 24.83 26.30
𝑃TB,max (W) 130.72 253.72 365.34 467.61 562.13 652.18 737.30 815.00
Table 6
Operating points for highest 𝑃TB,max with 𝑆m = 40.53 m2/SWMM.

SWMMs in series

Parameter 1 2 3 4 5 6 7 8

𝑝D,in (MPa) 1.15 1.15 1.15 1.15 1.15 1.10 1.20 1.20
𝑄D,in (m3 h−1) 15 14.5 14 13.5 13 12.5 12.5 12
𝑄F,in (m3 h−1) 11 10.5 12 13 13.5 14.5 15 15.5
𝑅 (%) 5.91 11.82 14.84 17.54 20.31 22.96 22.89 24.47
𝑃TB,max (W) 167.06 318.94 457.68 585.81 704.71 815.95 921.94 1019.28
increase in membrane area per element causes the optimal operating
points to change even if the element has the same 𝐴 and 𝐵. The optimal
operating points vary with the permeability coefficients, making it
crucial to develop a control design system that allows optimization
of the operation of PRO systems. Considering more than one stage
would also increase the amount of energy that could be generated.
The increase in membrane area per element may result in changes to
the optimal design of PRO systems as the safe operating windows are
also affected. Further studies should be carried out using experimental
data of full-scale PRO system working with real operating conditions to
improve the modeling, simulation, optimization and fouling effect on
full-scale PRO systems.
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