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Pressure-retarded osmosis (PRO) involves a high concentration solution that is circulated through a semiper-
meable membrane and used to draw water permeate from a lower concentration solution by osmosis. PRO is a
membrane-driven process in which the chosen membrane module plays a significant role in energy harvesting.
This study aims to evaluate the effect of flow rate, pressure and concentration of draw solutions (30-180 g L)
on the performance of a full-scale PRO process and by incorporating the characteristics of a 10-inch hollow
fiber membrane module from Toyobo Company Ltd. A single-stage PRO system with up to 3 membranes in
series in a pressure vessel was considered, and the consumption of the pumps and energy recovery devices
were taken into consideration. The results show the optimal operating conditions that maximize net power
while varying the draw solution concentration and pressure and both water stream flow rates. A net power
density of 2.56 W m~2 was achieved for the concentration gradient of 179.5 g L-!. The present work concludes
that single-stage full-scale PRO systems would be energetically feasible, although the results obtained need to

Membranes
Energy harvesting
Renewable energy resources

be compared with an experimental plant taking into account membrane tear and fouling.

1. Introduction

The growing global population faces many challenges such as water
scarcity, energy generation and food security [1]. To address part
of these challenges, power generation through the use of renewable
energy sources (RES) such as wind, solar and wave is being promoted.
One of the main drawbacks of these RES is their intermittent and unpre-
dictable nature, making their large-scale integration challenging [2].
For this reason, the use of predictable RES, such as blue energy, has
gained importance in recent years [3]. In a salinity gradient power
(SGP) process, the mixing of two different streams (commonly fresh-
water and seawater) releases Gibbs free energy that can be harvested.
SGP depends on the natural hydrological cycle, with precipitation re-
plenishing freshwater sources including rivers that ultimately meet up
with the ocean. Alternatively, natural hypersaline resources, including
hypersaline lakes and salt domes, can be used, as well as saline streams
from industrial processes [4]. Some technologies allow the generation
of electrical energy from the osmotic gradient [5], with the most stud-
ied being reverse electrodialysis (RED) and pressure-retarded osmosis
(PRO) [6]. In addition to water resources, another factor limiting the
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viability of these technologies is the characteristics of the membranes.
PRO has generated a lot of curiosity and acquired a certain degree of
popularity in recent times [7]. There are two main membrane module
configurations that can be used on an industrial scale, spiral wound
or rolled flat sheet and hollow fiber membrane modules (SWMMS
and HFMMS, respectively) [8]. Considerable effort is being made to
improve the properties of PRO membranes [9], since the viability of
PRO plants depends, among others, on the properties of the membrane
module [10]. Modeling, simulation and optimization studies of PRO
systems [11,12] are key to estimate the feasibility of the process from
an energy and cost point of view [13]. Such studies can even propose
what improvements would be needed in the PRO modules to ensure the
viability of the process [10].

1.1. PRO using spiral wound membrane modules

As mentioned above, one of the main factors influencing the via-
bility of the PRO technology is the membrane characteristics, which is
usually related to the configuration of the membrane module. Achilli
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Nomenclature

Abbreviations

Exp.
Max.
Op.

Sim.

Acronyms

BP
CTA
DS

DP
ECP
ERD
FLS

FS

FO

FP

HF
HFMM
ICP
PRO
PV
RES
RO

SW
SWMM
TFC

Variables

Experimental
Maximum
Operating
Simulation

booster pump

cellulose triacetate

draw solution

draw pump

external concentration polarization
energy recovery device

flat sheet

feed solution

forward osmosis

feed pump

hollow fiber

hollow fiber membrane module
internal concentration polarization
pressure-retarded osmosis
pressure vessel

renewable energy sources

reverse OSMOSis

spiral wound

spiral wound membrane module
thin-film composite

water permeability coefficient (m Pa~! s7!)
initial value of A (m Pa~! s!)

solute permeability coefficient (ms~')
concentration (gL~!)

inner diameter of the fiber bundle (m)
hydraulic diameter of feed channel (m)
inner fiber diameter (m)

spacer height (m)

specific enthalpy (J kg™!)

length of the HFMM (m)

number of elements in series

power density (W m~2)

power (W)

pressure (Pa or bar)

flow (m> h~! or m3s™1)

flux recovery percentage (%)

inner radius of the fiber bundle (m)
outer radius of the fiber bundle (m)
Reynolds number

Schmidt number

structural parameter (um)

Sherwood number

membrane surface (m?)

temperature (°C or K)

velocity (m s~!)

Greek letters

Arx osmotic pressure gradient (Pa or bar)
Ap pressure gradient (Pa or bar)
n performance
u dynamic viscosity (kgm™'s)
T osmotic pressure (Pa or bar)
p density (kgm™3)
€ porosity in feed channel
Subscripts
av average
D draw
F feed
in input

membrane
p permeate
TB turbine

et al. [14] carried out an experimental study involving a reverse
osmosis (RO)-PRO system for low-energy desalination using SWMMs.
When testing the PRO process alone, a maximum power density (P D)
of 1.15 W m~2 was achieved with 1 SWMM. The conditions in terms
of draw and feed concentrations (Cp;, and Cy ;) were 34.8 g L-! NaCl
and 0 g L~! NaCl, respectively, and draw and feed pressures (Pp,in and
Prin) Were 4.83 bar and 1.24 bar, respectively. Gupta et al. [15] carried
out an experimental study and used the acquired data to estimate the
behavior of PD with changes in Cp;, and pp ;,. The developed model
estimated 3.29 W m~2 for a salinity gradient (Cp j,-Cy ;) of 60—1 g L1
NaCl, and draw and feed flow rates (Qp ;, and Qg ;,) of 1.1 x 1072 m3
h™! and 7 x 1073 m3 h1, respectively. Lee et al. [16] tested the per-
formance of an 8-inch diameter SWMM and obtained a PD of 1.77 W
m~2 for Cp;, = 35 g L71. O’'Toole et al. [17] considered a prototype
8040 SWMM module and reached a net power of 120 kW and 152 kW
arranging 4834 membrane elements in parallel and 3429 membrane
elements in a 3:1 tiered system, respectively. Seawater was the draw
and freshwater the feed solution. Benjamin et al. [18] carried out a
simulation-based study and used a 2 x 10~3 m? membrane to validate
the developed model. The authors then studied 30 different membrane
types in order to evaluate how the PRO system would function with
each of them. Ranges of input parameters were Cp;, = 27-66 g L1,
Crin = 0.26—-27 g L71, and a maximum P D of 16.7 W m~2 was achieved
with the SWMM used in [14].

Al-Zainati et al. [19] studied the impact of hydrodynamic condi-
tions on optimum power generation in a dual-stage PRO system and
simulated different membrane configurations (3 SWMMs in series in
single-stage and also 3 elements in dual-stage). Arranging 2 SWMMs in
series in the first stage and 1 SWMM in the second stage, the maximum
specific energy generation (S EG) obtained was 0.68 kWh m~3 with a
salinity gradient of 292.5-35.1 g L™! NaCl. Matta et al. [20] carried
out a simulation-based study and tried to predict the performance in
terms of water flux and PD of some SWMMs. Using the membrane
module of [21], a maximum PD of 9.8 W m~2 was obtained considering
160.29 g L~! NaCl as the draw solution and seawater (35.1 g L!
NaCl) as the feed solution. Ruiz-Garcia et al. [22] provided a simulation
tool for full-scale PRO systems using an 8-inch diameter SWMM. The
optimal estimation was a maximum PD of 3.46 W m~2 and flux
recovery (R) of 14.62% with 8 SWMMs in series. The salinity gradient
was 50—0.5 g L-1. Abdelkader et al. [23] who carried out a simulation-
based study and proposed a novel design of an SWMM, obtained almost
4 W m~2 with it. The conditions were Cp;, = 60 g L%, Cg;, = 0.58 g
L-1. The use of PRO advanced spacers for reducing the specific energy
consumption in hybrid desalination was addressed by Ng et al. [24].
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The optimal PD obtained was 15 W m~2, using RO brine as the draw
solution. The role of water permeability coefficient (4) and solute per-
meability coefficient (B) in energy generation by PRO was also studied
by Ruiz-Garcia et al. [25]. Various ranges of A and B were considered.
The simulated PRO system comprised 1 to 8 SWMMs in series, and
the maximum power generation by the turbine was 1019.28 W for
Cp,in =30gL! and Cg;, = 0.5 g L1, Tagliavini et al. [26] carried outa
simulation-based study to quantify the effects of feed pre-treatment on
net power generation. The authors modeled two membrane modules of
cellulose triacetate (CTA) and thin-film composite (TFC), respectively.
For the CTA membrane, a maximum power of 143 W was obtained
which dropped to 48 W when feed pre-treatment with an energy re-
quirement of 100 Wh m~3 was used. For the TFC membrane, the values
were 284 W and 94 W, respectively. The conditions were 8 SWMMs in
series, Cp ;, = 35.1 g L~ and Gy, = 0.59 g L~1. Ruiz-Garcia et al. [10]
carried out a simulation-based study to maximize the power generation
of 1-8 full-scale SWMMs arranged in series using hypersaline draw
solutions. Changes of the membrane permeability coefficients were
also taken into account. The optimal value was a power estimation
of 1777.33 W for 8 SWMMs in series, and a salinity gradient of 180-
0.5 g L1, AL-Musawi et al. [27] studied three PRO scenarios with
the objective of minimizing any environmental impact and promoting
sustainable energy. Hypersaline solutions from RO brine were used
as the draw solution and wastewater from demineralization processes
as the feed solution. The authors reached 22.98 W of net power for
Cpn = 51.8 g L. In this study, the number of membrane modules
arranged in series was not specified. Yagnambhatt et al. [28] carried
out an experimental study by demonstrating the concept of real-time
maximum power point tracking for an osmotic gradient power system.
The membrane module used was flat sheet (FLS) and made of CTA. The
maximum net power obtained was 2 W m~2 when considering a high
concentration draw solution (RO-PRO system with energy recovery).
The salinity gradient was 70-0 g L~1. Also, a stand-alone PRO system
was tested, and the authors reported a maximum PD of 0.2 W m~2, for
a variation of Cpj;, = 35 g L™!. Summary information about the works
described above, as well as membrane parameters such as A, B and
membrane surface (S,,), can be found in the Table 1.

1.2. PRO using hollow fiber membrane modules

HFMMs are gaining prominence over SWMMs due to their higher
packing density. Chou et al. [29] carried out an experimental study and
reached a PD of 20.9 W m~2, using synthetic seawater brine (58.5 g L1
NaCl) as the draw solution and synthetic river water (0.06 g L-1 NaCl)
as the feed solution. The developed membrane for this study was a
TFC-polyetherimide HFMM. Sun et al. [30] carried out an experimental
study with two TFC HFMMs. A maximum PD of 7.63 W m~2 was
obtained, while the computed estimation indicated 9.54 W m~2. Cpiin
was 58.5 g L~! NaCl and DI water was the feed solution. Higa et al. [31]
also performed an experimental study using a 5-inch diameter HFMM.
The conditions were Cp;, = 29.25 g L~ and tap water as Cpj,. A
maximum PD of 0.14 W m~2 was reached. An optimization study using
2 HFMMs of 5-inch diameter (by Toyobo Company Ltd.) considering
seawater (35 g L-1) as draw solution and pure water as feed solution
was carried out by Kishimoto et al. [32]. Only 1 HFMM was considered.
The optimal estimation was a maximum power production of 104 W per
module with a PD of about 1.6 W m~2.

Aseffa et al. [33] carried out a simulation-based study using Indian
seawater (36 g L~!) and riverwater (0.34 g L™!) as draw and feed
solutions, respectively. The authors achieved a maximum PD of 0.45 W
m~2 (net power of 4.37 W). Matsuyama et al. [34] conducted an
experimental study using a commercially available 10-inch diameter
HFMM (HP10110EI-F1 by Toyobo Company Ltd.). A net PD of 2.8 W
m? was achieved being the salinity gradient 35-0.2 g L~!. Al-Zainati
et al. [35] proposed a dual-staged RO and PRO hybrid system. Seawater
with concentrations of 40 and 45 g L~ were the RO feed solution and
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1 g L1 tertiary treated wastewater was the feed solution of the PRO
process. The highest energy generation achieved by the PRO system
was 79.3 kW at a 39% recovery rate. Low et al. [36] carried out an
experimental evaluation of some TFC HFMMs at lab-scale and pilot-
scale. The PD obtained in the lab-scale unit decreased from 9.1 W
m™2 to 5.3 W m~2 with the increase of S,,. The conditions were
Cp,in = 58.5 g L~ and DI water as C,. Pilot scale evaluation of the
4-inch and 8-inch HFMMs resulted in lower PD of 2.5 Wm™2 and 1.5 W
m~2, respectively. The conditions were Cp;, = 58.5 g L~! and DI water
as Cgjn. Al-Zainati et al. [37] carried out a simulation-based study
considering single, dual, ternary, and quaternary stages. A maximum
PD of 15 W m~2 was obtained using seawater from the Dead Sea and
wastewater (Cp;, = 292.2 g L7! and Cg;, = 1.16 g L71). Summary
information about the works described above, as well as membrane
parameters such as A, B and S,,, can be found in the Table 2.

1.3. Hypersaline solutions and renewable energy production

The use of hypersaline solutions to generate electrical energy from
the PRO process is attractive, since the higher the salinity gradient the
more electrical energy can be generated. These solutions are available
in certain geographical locations with hypersaline lakes or geothermal
waters and in specific processes/industries where hypersaline solutions
are generated [4]. Several authors have estimated the generation of
electrical energy by the PRO process considering hypersaline aqueous
solutions [4]. Emdadi et al. [38] studied electric energy production
considering river discharge into the hypersaline Lake Urmia in Iran.
The salinity of the lake is above 200 g L~1. RED and PRO technologies
were considered in the estimation of electric energy production. It was
concluded that using PRO membranes with a PD of 5W m~2 and a 10-
year lifetime expectancy or 10 W m~2 and a 5-year lifetime expectancy
the process would be viable. The authors did not determine the specific
configuration of the PRO system or the optimal operating conditions.
Madsen et al. [39] used two forward osmosis (FO) membranes to
assess electric energy generation using the PRO technology. Cp;, up
to 290 g L~ NaCl and Milli-Q water as feed solution were used. The
variation of the A, B, Sy and PD for a range of pp;, was shown. A
PD of about 30 W m~2 was reached for a Cp,;, = 175 g L™! using the
Hydration Technology Innovations (HTI, Albany, OR) CTA membrane.
A techno-economic analysis of a PRO system for power production with
hypersaline draw solution from the Great Salt Lake was carried out by
Tran et al. [40]. The considered Cp ;, was 240 g L1 and an estimation
of the SEG of 4.5 kWh m~3 was claimed. This data was used to project
a 25 MW PRO system. It was determined that the Qp, ;, and Qg ;;, needed
were 5544 and 11088 m> h~!, respectively. An RO-PRO system using
HFMMs to reduce the specific energy consumption of the RO system
using hypersaline solutions was proposed by Bargiacchi et al. [41]. The
maximum P D obtained was about 0.6 W m~2 considering a hypotheti-
cal HFMM of 5 m in length, Cg;, = 35 g L1 and Cp;, = 60 g L~1. It was
claimed that maximum values of P D were found for Ap/An between 0.4
and 0.5. Janson et al. [42] conducted a techno-economic evaluation of
a novel configuration that integrates PRO into the petroleum industry.
The concentrations considered in this study were Cp;, = 280 g L1
and Cpy, = 35 g L1, It was estimated that the maximum net energy
generation was obtained for pp;;, = 110 bar, far from the theoretical
Ar/2 ~ 80 bar set elsewhere [43]. The maximum net energy generation
value was 0.14 kWh m~3. However, no characteristics of the membrane
module used were specified.

1.4. Research gap and objectives

None of the above-mentioned studies have considered full-scale PRO
systems with HFMMs. When considering full-scale systems, pressure
losses on both sides along the membrane modules, as well as the
dilution of the draw solution and the concentration of the feed solution,
are considered. These factors (pressure losses on both sides, dilution
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Table 1

Summary information on studies about PRO using SWMMs/FLS.
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Reference Max. PD System characteristics Salinity gradient Op. Conditions
1.15 W m™ ) . Ppin = 4.83 bar
Achilli et al. [14] Sn, =418 m 34.8-0 g L™ ’
(Exp.) Prjin = 1.24 bar
Pp,in = 21 bar
Prin = 0.2 bar
) S, = 0.5 m? Fin
3.29 W m . . Opin = 1.1x 1072
Gupta et al. [15] A=176x10""2 m Pa~' 57! 60-1 g L~ ’ .
(Sim. & Exp.) m’ h™
B=117x10" m s~
Opjn =7%107
II13 h—l
1.77 W m™> ) :
Lee et al. [16] S, =179 m 35-0.14 g L~ Ppin = 10.4 bar
(Sim. & Exp.) ’
Ppin = 15.48 bar
Two-stages (3:1): Din
Prin = 0.72 bar
) 3429 membranes ’
0.84 W m™ R DS: Seawater Opin = 0.97
O’Toole et al. [17] Sy =53 m” ’ .
(Exp.) FS: Freshwater m’ h™
A=142x10" mPa' s
Orin = 0.86
B=24%10"% m s Fin
II13 h—l
Ppin = 14.05 bar
Parallel sys. Din
Prin = 0.38 bar
5 4834 membranes ’
0.47 W m™ ) DS: Seawater Opin =0.6
O’Toole et al. [17] Sy =53 m ’ .
(Exp.) FS: Freshwater m® h™
A=142x10"" m pa~' 57!
Qg i, =0.54
B=24x10" ms! Fin
m’ h™!
16.7 W m™> N Cpin = 27-66 g L™ Opin = 720—
Benjamin et al. [18] Sy =4.18 m* Din . Din X
(Sim.) Cpjn = 0.26-27 g L™ 8244 m’ h~
Pp.in = 108 bar
o 680 Wh m™ ) : pan
Al-Zainati et al. [19] . Sp =165 m"™ 292.5-35.1 g L~ Opn =057
(Sim.) m® h!
Sy =2x107° m?
9.8 Wm™ A=342%x10"2 m Pa~' 57! .
Matta et al. [20] 160.29-35.1 g L™ Not specified
(Sim.) B=728x10" ms™
S; = 689 pm
Pp,in = 22.5 bar
8 elements
Pr,in = 2 bar
) in series ’
) 3.46 W m~ , ] Opin = 145
Ruiz-Garcfa et al. [22] S =15.53 m*~ 50-0.5 g L™ ’ .
(Sim.) m’ h™
A=176x10"? m Pa~' s~
Opin =6.5
B=118x107 m s™! Fin
mS h7|
Ap =21 bar
Sy =29 m? Op,in =1.35
4 W m™ m | 1 D,in 1
Abdelkader et al. [23] (sim) A=2x10""? m Pa~' 57! 60-0.58 g L™ m’ h™
Sim.
B=778x10"% m s~ Opjn = 0.42
m® h!
Sp =1 m?
) A=278x10""~
15 W m™ , DS: RO brine Pp,in = 26 bar
Ng et al. [24] 25%x 107" m Pa~! s7! ’
(Sim.) FS: Not specified Prin = 1.01 bar

B=176x10"7 m s~
S¢ =100-1000 pm

(continued on next page)
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Table 1 (continued).
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Reference Max. PD System characteristics Salinity gradient Op. Conditions
1-8 elements
in series
Pp,in = 12 bar
S,, = 15.53, 20.53,
- N Opin =12
3.14 Wm 30.53, 40.53 m*~ . .
Ruiz-Garcia et al. [25] 7 30-0.5 g L~ m’ h™
(Sim.) A=212x10""2-
Opin =155
1.06x 107" m Pa™' 57! Fin
m® h!
B=555x10"-
555x 107 m s~
Opin = 1.86
R 8 elements Din .
2.41 Wm™ . m® h~
Tagliavini et al. [26] in series 35.1-0.59 g L™
(Sim.) . O = 246
Sy =1475 m o bl
Single-stage:
Pp,in = 60 bar
1-8 elements :
. . Prjn =2 bar
N in series
] i 1431 W m™ 5 | Opin =3
Ruiz-Garcia et al. [10] Sp=15.53 m 180-0.5 g L™ ’
(Sim.) . m? h-!
A=795%x10"? m Pa~' 57!
Opin =75
B=122x10" m s~ Fin
m h!
S¢ = 446 pm
Ap =10.8 bar
Opn =09
2.84 W m™ s Cpin =518 g L7 Din
AL-Musawi et al. [27] Sm=81m | m’ h7!
(Sim.) FS: Not specified
Opjin = 042
m® h!
Ap = 14 bar
Sp =42x1073 m?
5 . Opin =43x1073
2Wm™ A=117%x10"? m Pa~' s~ . ’ .
Yagnambhatt et al. [28] 70-0 g L~ m® h~
(Exp.) B=111x10"7 ms™!
Opin =3x107*
S¢ =607 pm ’
m® h!

of the draw solution and concentration of the feed solution) have a
significant impact on the performance of this type of systems and cause
changes in optimal operating conditions (i.e., operating conditions that
maximize energy generation). The aim of this study was to evaluate the
effect of the operating parameters on the performance of a single-stage
industrial scale PRO process using HFMMs. The number of used HFMMs
in series was between 1 and 3. The obtained optimal (maximizing the
net energy generation) operating points were estimated using a simula-
tion tool for PRO systems. This simulation tool allows to set boundary
conditions and limitations in terms of flows, pressures and membrane
characteristics to provide results as close to reality as possible.

2. Materials and methods
2.1. Mathematical model

The algorithm used in this study to estimate the performance of
PRO systems has been previously published by the authors [22]. Almost
all equations that are part of the mathematical model of the PRO
process used in the present study can be found in the first sub-section of
Supplementary material. It is worth noting that in the algorithm used,
the membrane configuration considered was SWMM. Therefore, it was
necessary to modify this algorithm to adapt it to HFMM. This was done
by incorporating the following Egs. (1), (2), (3) and (4):

1
Shp =0.048 - Rl - Sc (€8]

1

Shy =0.048 - R - Sc} 2

32. HMp,av * UD,av

PLp = 7
i

(3)

32- HF,av * UFav 150 - (1 - ED)Z * HF,av * UF,av

. 2.3 .92
D1 15 SD dh,F

PLp = (R, — Ry)

175 - (1 — €p) - ppay - U
5 (R, — Ry) O
1.5- Eb . dh,F

where Re is the Reynolds number, Sc is the Schmidt number and Sh is
the Sherwood number. PL is the pressure loss, ¢ is the porosity and dy,
is the hydraulic diameter of each channel. R; is the inner radius of the
fiber bundle (D; is diameter), R, is the outer radius of the fiber bundle
and d; is the inner fiber diameter (m). v is velocity, p is density and u
is the dynamic viscosity.

2.2. Model validation

The commercial FO HFMM used in this study (FP10130S3SI by
Toyobo Company Ltd.) has not been tested yet under PRO conditions in
an experimental plant. Experimental data in FO mode provided by the
membrane manufacturer were used to validate the model [44]. This
was done by fitting the coefficient A, taking into consideration the
parameters shown in Table 3. The coefficient B could not be fitted,
as the concentration at the FO outlet was not provided by Toyobo
(only 0, was available). The value of B was taken from a previous
study that used a similar FO HFMM [45]. Information on porosity
parameters (as unit fraction) of both the draw (ep,) and feed (eg) sides
were not available for the aforementioned HFMM, so the value of e,
from a previous published study [46] for RO HFMM was used, and
ep was assumed at 1.0. Similarly, .S; was taken from the published
experimental study by Tanaka et al. [47]. The operating conditions
were: Cp i, = 58.5 g L7, Gy, = 0 g L™ (NaCl), pgj, = 30 bar, ppj, = 10
bar, Qp j, =0.6 m® h™!, Qp;, =34 m3 h7!, and 0, =237 m3 h~1. The
obtained coefficient A, was 3.92 x10~'*> m Pa~! s71.
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Table 2

Summary information on studies about PRO using HFMMs.
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Reference Max. PD System characteristics Salinity gradient Op. Conditions
Sy =1.36 x 1072 m?
20.9 W m™ A=422x10""2 m Pa' 57!
Chou et al. [29] 58.5-0.06 g L~ Ap = 15 bar
(Exp.) B=67x10"% ms™!
S¢ =610 pm
Pp,in = 20 bar
Opin = 0.03
s . 7.63 W m™ A=394x10"> m Pa~' 57! Cpin =585 g L™ pin : o
un et al. : m’ h™
(Exp.) B=111x10"7 ms™' FS: DI water
Opjn =36x107°
m’ h™!
Pp,in = 1.2 bar
Sy =72 m? Opin = 0.06—
0.14 W m™ " Cpyn =29.25 g L' pin
Higa et al. [31] A=25x10"" m Pa’! 57! ' 0.36 m* h™'
(Exp.) FS: Tap water
B=805x10" m s! Qg = 0.03—
0.12 m* h™!
1.6 W m™2 S, = 65.6, Cpin=35g L™ Ppin = 10 bar
Kishimoto et al. [32] " . Din pin
(Sim.) 70.5 m* FS: Pure water Prjn = 1.5 bar
Pp,in = 14.89 bar
S, =30.5 m? Pein = 031 bar
0.45 W m™ A=111x10"2 m Pa' 57! : Opin = 0.07
Aseffa et al. [33] 36-0.34 g L™ :
(Sim.) B=37x10"% ms™ m® h™!
S¢ =635 pm Qg = 0.06
m3 h—l
Pp,in = 15 bar
Sp = 650 m* Pejn = 2 bar
2.8 Wm™ A=205%x10"2 m Pa~' 57! Opin =24
Matsuyama et al. [34] 35-02 g L ’
(Sim. & Exp.) B=55x10" ms~! m® h!
S¢=1024 pm Opjn = 1.26
3 -1
m’ h
Two-stages
L Not specified R DS: RO brine
Al-Zainati et al. [35] Sp =63 m" Not specified
(Sim.) A= 1x10-? m pa-! &1 CGin=18 L
=1X m Pa S
9.1 Wm™ Cpin=585gL™! Opin =0.12
Low et al. [36] Lab-scale Din Din
(Exp.) FS: DI water m? h!
2.5 W m™ Pilot-scale Cpin =585 g L™!
Low et al. [36] ) : Pp.in = 12 bar
(Exp.) S, =188 m FS: DI water ’
o 15 W m™ Multiple stages .
Al-Zainati et al. [37] 292.2-1.16 g L™ Not specified
(Sim.) S, =63 m?

2.3. Simulation conditions and parameters of the used HFMMs

To upscale and simulate operating conditions on an industrial scale,
a wide range of flow rates, similar to those used in RO, have been
considered. This has been done taking into account the maximum and
minimum inlet and outlet flow rates typically used in a PV with RO
membrane modules. Table 4 shows the considered ranges of Cp, i, pp in»
Op,in and Qg ,, and the values of T and FF used in the simulations.
Limitations in terms of maximum flux recovery (R) and 0, per HFMM
were not established. All calculations were performed considering a PV
of up to 3 HFMMs arranged in series. The decision to limit the number
of elements in series to 3 is due to the high permeate production of
each membrane module, which is due to its large active surface area.
The higher the permeate production, the lower the FS output flow rate.
When considering 4 modules in series, it was observed that very few
operating points were chosen, as the minimum outflow restriction was
not met. Therefore, a maximum of 3 elements in series was considered.

2.4. Performance evaluation

To estimate the net energy that can be generated from a single-stage
full-scale PRO system, the specific enthalpy (&) at the inlet and outlet of
the hydraulic turbine and pumps needs to be known. Devices including
draw and feed pumps, an ERD (pressure exchanger and booster pump)
and turbine form part of the process. Fig. 1 shows a flow diagram of
the PRO plant, considering these mentioned devices. The power (P)
of these elements was considered in this study. Fig. 1 also shows the
direction followed by the draw and feed streams (PRO operating in co-
current), and how the membrane elements are connected when more
than 1 HFMM is considered. Based on the PRO system results, the
power in the hydraulic turbine (Prp), draw, booster and feed pumps
(Ppp, Pgp and Pgp, respectively) are calculated through the equations
shown in the second sub-section of the Supplementary Material. The
net power (P,.) is determined through Eq. (5). The draw pump output
pressure (input of the pressure exchanger) was 0.5 bar.

Pret = Prg — Ppp — Pap — Ppp )
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Pressure

Coout; Turbine
exchanger PRO System ,ou
Booster pump Pp,outy Qp -
\ Cb,ins Pp,in Ap,in Q Pp,outi
A
Qp,out = Qp,in + Qp
Ck,in/ PF,ins QF,in / |
/ Crout’ PFout’ QFout
Cpout: PD.out; Opiin
—
Cpin: Ppiin; Opin Op.out | Cp.out; Po.ows Op
Feed pump HWMM 1 HWMM 2 HWMM 3 .
J » J P >
Ctin. PE.in: OFin Cr out, PE.out; OF out
Fig. 1. Flow diagram of the evaluated PRO process.
Table 3 P
Parameters of 10-inch PRO HFMM and operating conditions for model valida- PDo = ;Et (6)
. n
tion. m
Parameter Value where the efficiency () of the hydraulic turbine is considered 85% in
A, (m Pal s1) 3.02 % 10-13 this case, » of the three pumps is assumed as 80%, and » is the number
B (m s1) 15%x 1078 of HFMMs in series of the PRO system. To calculate the maximum PD,
S¢ (um) 1024 Pyp is used in Eq. (6).
Sp (m?) 650
L (m) 0.68 . .
Hy (m) 11%10-3 3. Results and discussion
Hy (m) 1.5% 1073
;’é ((m)) i()257>< 1100_62 This section is divided into different sub-sections in which the effect
" 27X 107 . .
RL (rrnn) 533 % 102 of the different parameters studied (Cp i, Ppin» Op,in> OF,in and n, by
. 0.4 implication) on the performance of an industrial scale PRO system is
£x 1.0 analyzed considering a single stage.
FF 1.0
T (°C) 25
Cpin (@ L) 58.5 3.1. The effect of Cp iy On Py,
Pbjin (bar) 10
Opjn (ms_irl) 0.6 Fig. 2 shows the trend of the generated P, with the HFMMs in
?f" ((bga:) ) go series and different values of Cp;,. The most elevated values were
QFF":,, (m?® h-1) 3.4 obtained considering 3 HFMMs arranged in series (almost 5 kW for
Q, (m® h™) 2.37 Cpin, =180 g L~! and about 1.5, 2.7 and 4 kW for Cp,;, of 90, 120 and
150 g L1, respectively), as this is the maximum number of elements
considered for the evaluated single-stage PRO system. As can be seen,
for every step of Cpy, the amount of generated P, increases when
Table 4 increasing the number of HFMMs arranged in series from 1 to 3.

Simulation parameters and operating ranges.

Parameter Range or value
Sy (m?) 650
FF 1.0

T (°C) 25
Cpin (8 L71) 30-180
ACp 30
Pp,in (bar) 3-80
Appin 0.5
Opjp (m® h™1) 3-16
40y, 0.5
Cejn (8 L71) 0.5
Prin (bar) 2

Qgjn (m* h71) 3-16
AQg i 0.5

Fig. 3 shows the evolution of the power consumption of the pumps
and the power generation by the turbine when varying Cp;, for the
operating conditions that maximize P,.; with 3 HFMMs in series. The
histogram also reflects that, for these optimal operating conditions, Prg
is greater than the sum of Pyp, Pgp and Pyp for at least Cpy;, = 60 g L7,
For Cp;, =180 g L-1, Ppg is above 7.2 kW, which meant a maximum
PD of about 3.69 W m~2. It can be compared to the results published
in a previous study [10] in which the maximum PD was about 20 W
m~2 for the same Cp;, and 8 SWMMs arranged in series, but SWMMs
with a lower S, (15.53 m?) were considered and the generation was
lower (2.5 kW).

It can be stated that the net PD was always positive under the
operating conditions shown in Tables 5-7, when Cp ;, was at least 60 g
L-!. In a previous work [10], positive PD was obtained only with 5,
6, 7 or 8 SWMMs in series for a Cp;, of 60 g L™ and S, of 15.53 m2.
Matta et al. [20] obtained a net PD of 9.8 W m~2 with a salinity
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Table 5
Operating conditions that maximize P,,, with 1 HFMM for different values of Cp,.
Parameter Cpjn (8 L7H)
30 60 90 120 150 180
P (bar) 9.5 20 30.5 40 49.5 57.5
Opjin (m* h7") 3 3 3 3 3.5 4
On (m® h7) 3 3 4 5 6 6
R (%) 22.76 29.38 27.51 25.44 23.72 24.94
Py (W) 152.03 414.21 788.58 1194.65 1650.65 2011.62
Pee (W) -164.88 39.34 284.19 563.65 828.23 1050.73
Table 6
Operating conditions that maximize P, with 2 HFMMs in series for different values of Cp,.
Parameter Cpn (8 L7
30 60 90 120 150 180
Ppn (bar) 10.5 21.5 32 42,5 53 62.5
Opjn (m* h71) 3 3 3 4 5 5.5
Opjn (m3 h7) 3.5 5.5 8.5 11.5 13.5 14
R (%) 31.38 31.04 27.41 25.31 24.47 24.77
Prg (W) 268.55 858.02 1740.54 2874.38 4043.56 4977.16
Poe (W) -96.06 289.56 895.61 1620.16 2365.04 3001.46
Table 7
Operating conditions that maximize P, with 3 HFMMs in series for different values of Cp;,.
Parameter Cpin (8 L71)
30 60 90 120 150 180
Pon (bar) 11 22 33 44 54.5 65
Opn (m® h71) 3 3 3.5 4.5 5 5.5
Opip (m® h71) 4 8.5 13.5 16 16 16
R (%) 35.51 30.96 27.49 27.80 29.83 30.97
Py (W) 361.13 1343.74 2831.66 4491.51 5934.80 7296.14
P (W) -49.37 549.03 1552.67 2773.98 3957.41 4987.10
8 T T T
55 : P Draw Pump — o
’ - B Bgoster Pump EEEEE .
5 gD,in = 28 g II:_i : 7 Feed Pumg —
o= i B
45 + D.in —~ g 1 6 Turbine - s
Cpin=90g L_1
4 Cpin=120¢g L—l 5 |
5| Gnsiel 3 .
g 3 D,in — & v & 4 i
=
~ 2.5 A 3 - ]
Q
]
A 2 2 1
1.5
1 ! EEFFHE
0.5 S . 0 o] il il w0
0 $ ® @ 30 60 90 120 150 180
_O 5 I I I C ( _1
' in(@L )
0 1 2 3 4 D.n

HFMMs in series

Fig. 2. Maximum P, (kW) for different values of Cp,;, and 1 to 3 HFMMs
arranged in series.

gradient of about 125 g L~! and a SWMM of 2 x 10~3 m2. However,
in the present work, for a salinity gradient of about 120 g L~! and 3
HFMMs arranged in series, a net PD value of 1.42 W m~2 was obtained.
This is because in the present study the membrane characteristics
are different, with a higher S, a lower coefficient A, and a pump
efficiency of 80% and a turbine efficiency of 85% were considered,
whereas in the simulation study by Matta et al. [20] efficiencies of
100% were considered for the pumps and turbines. Furthermore, the
aforementioned study did not consider a draw pump.

Fig. 3. Obtained P (kW) values of the different used devices as a function of
Cp i, for the operating conditions that maximize P, considering 3 HFMMs
arranged in series.

As can be seen in Fig. 2 and Table 7, the maximum P, is 4987.1 W
obtained with a Cp;, of 180 g L™! and 3 HFMMs in series (a net PD
of 2.56 W m=2).

3.2. The effect of pp i 0N Pyy

From Fig. 3, it can be seen that Ppp remained nearly constant
despite the increase in Cp 4. This is because pp;, does not affect the
consumption of the DP. Nevertheless, the necessary increase in pp, ;;, due
to Cp i, variations did increase the consumption of the ERDs (booster
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Fig. 4. Evolution curves of Pry and P, (kW) for different values of pp;,,
considering different Cy;, values ranging from 30 to 90 g L' and 3 HFMMs
arranged in series.

pump and pressure exchanger). This is why Pgp had an increasing trend,
as did Ppp due to the enhancement of QO ;.

Fig. 4 shows the evolution curves of Prg and P, with pp;, for
different Cp;, values ranging from 30 to 90 g L1, with 3 HFMMs
arranged in series in each case. Almost all curves present a quadratic
trend in which Prg and P, increase up to a maximum value of ppy,
and then both start to drop. The pressure of the maximum values of
both P was lower than half of the value of Cp;, but pp;, increased
along with it. In some curves, the sections for which there are no P-
values are due to the fact that the simulation results are out of the
boundary conditions for that combination of pp;;, and Cp .

Tables 5-7 support Fig. 4, as it is clearly shown the increase of pp i,
with Cp ;,, in order to obtain the maximum P, when considering from
1 HFMM to 3 HFMMs arranged in series. According to the results, to
obtain P, values equal or greater than 1.5 kW, pp;, cannot be less
than 33 bar if 3 HFMMs are considered (and Cp;, = 90 g L™1) or less
than 42.5 bar if 2 HFMMs are considered (and Cp;, = 120 g L™1). Matta
et al. [20] determined that the maximum PD for a salinity gradient of
about 125 g L~! were obtained for a Pp,in Of about 50 bar. Tables 5, 6
and 7 show the pp, ;, values at which maximum P is obtained (40, 42.5,
and 44 bar). For the salinity gradient of 120-0.5 g L1, the values are
slightly below 50, which is reasonable since the number of elements
arranged in series and the characteristics of the membrane influence
this pressure values.

Fig. 5 shows the P, variation with the change of pp;, and Op;,
(the values of P,.; were obtained with 3 HFMMs arranged in series). As
can be seen, there is a combination of pressure and flow rate values for
which P, reaches maximum values between 3.5 and 4 kW. For this net
generation, pp ;, ranged from 40 to 70 bar while the flow rate ranged
between 3 and 8 m® h~1. Under the conditions of Fig. 5 (Cp;, = 150 g
LY, Opj, = 16 m® h™! and 3 HFMMs in series), it should be noted that
for pp i, under 35 bar and above 75 bar, P, decreased below 3 kW
(i.e., a loss of 25% of the generated power). The exact values for pp ;,
that maximize P, in the studied ranges of Cp;, and Q and 3 HFMMs
in series can be verified through Table 7.

It is worth saying that the high pp;, that the HFMMs would be
exposed to could tear them, consequently modifying the values of A and
B and P, along with them. This will be detrimental to the efficiency
of the system and its viability.

3.3. The effect of Op iy and Qg 0N Py

Fig. 6 shows the obtained P, for different ranges of Qp, ;, and Qg ;.
At low values of Qp j,, the increase of Qg ;, resulted in an enhancement
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of Ppe; up to 600 W, for the considered Cpy;, of 60 g L1, pp ;, of 22 bar
and with 3 HFMMs in series. In terms of flux recovery percentage (R),
Table 7 shows that for a Q ;,, of 8.5 m® h~! and the considered C, p and
n, R is 30.96%. Table 6 shows a similar value considering Cp;, = 60 g
L~! but with a lower Qg ;, of 5.5 m® h~! and 2 HFMM:s in series, giving
also a lower P, of 289.56 W. The R value for the maximum P,
obtained was 30.97% with a Q;, of 16 m3 h7L.

It can additionally be seen in Tables 5-7 that R decreased almost
every time Qg ;, increased. To some degree, this is due to the increase of
both Cp ;, and pp 3, in accordance with what was shown in Egs. (1)-(4)
of the Supplementary material. Nevertheless, the gradual increase of
Og i is sufficient to increase Q, under every optimal operating condi-
tions (the studied range of Cp,;,) despite the decline of R. When QO ;,
reached its maximum allowed value (16 m3 h~1), R always increased
(from Cp;, > 120 g L7! in Table 7).

It is also interesting to note that, for Cp;, of 30 and 60 g L1, Op;,
remained at the same value of 3 m® h~! while considering 1, 2 and 3
HFMMs arranged in series. Then, Qp ;, increased but at a slower pace
(see Fig. 3, where the slower increase of Ppp can be seen). For the
maximum P, achieved with 3 HFMMs arranged in series (4987.1 W),
Op in Was only 5.5 m3 h~1 although it was allowed to reach 16 m® h=!.
When comparing the value of Qp ;, needed for the maximum P, with
3 and then 2 HFMMs arranged in series, the same flow of 5.5 m3 h~!
is required in order to obtain 3001.46 W with 180 g L~! and 2 HFMMs
in series.

The simulation results suggest that higher P, could be reached
with systems with more than one stage [37], but limiting operating
conditions, including for example maximum and minimum flow rate
in the draw and feed sides, should be taken into account. The flow
rate could restrict the number of stages as it happens in RO process. By
increasing the number of stages and therefore increasing the recovery
of the system (solvent flow from the feed side to the draw side) we
would be concentrating the feed solution more, which could lead to
fouling problems. Operating with higher recoveries would force us to
have a pre-treatment system for the feed water with a relatively high
performance in order to try to extend the life of the PRO membranes
as much as possible and to reduce the frequency of chemical clean-
ing, which would imply an increase in operation and maintenance
costs.

4. Conclusions

The present study analyzed the influence of the parameters Cp p,
Pp,in> Op,in and O i, in an industrial scale and single-stage PRO system
with up to 3 HFMMs arranged in series. The operating conditions
that maximize P,,, were obtained and shown taking into account the
aforementioned parameters and the number of HFMMs arranged in
series (from 1 to 3). The maximum P, achieved in this study was
4987.1 W (a net PD of about 2.56 W m~2) considering a PV with
3 HFMMs arranged in series, surpassing the results of some previous
works that used up to 8 SWMMs arranged in series or smaller HFMMs.
To a certain extent, this was due to the large S, of the selected
membrane (650 m? of each membrane module). The increase in Cp,in
led to a higher required pp;,, but causing the ERDs to consume more
energy. The relationship between Qp;, and Qg ;, with P, and R was
also studied. The maximum Qg ;, considered (16 m?3 h~1) was necessary
to achieve higher P, values only with 3 HFMMs arranged in series and
for different Cp;, values. The PRO system proved to be more sensitive
to Op i, than to Qpj,, and was also quite dependent on fluctuations in
Pp,in- However, the high flow rates caused the DP and FP to demand
more energy, at the expense of P,.

Industrial scale PRO systems considering one stage and HFMMs
would be energetically practicable for concentration gradients in the
range of 60 to 180 g L~! and for the membrane properties considered
in this study. Nevertheless, it is still necessary to compare the obtained
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Fig. 5. P, (kW) for different values of py;, and Oy, ;,, considering Cp;, = 150 g L™}, O;, = 16 m*® h~! and 3 HFMMs arranged in series.
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Fig. 6. P, (W) for different values of Qp;, and O, considering Cp;, = 60 g L™, pp;, = 22 bar and 3 HFMMs arranged in series.

results with experimental ones in a full-scale PRO plant. The results
obtained may vary due to the consideration of a membrane in perfect
conditions and free of fouling. Membrane fouling, for example, would
modify the values of A (decreasing) and B (increasing). In addition,
no energy consumption of the pre-treatment stage for the feed streams
has been considered, which would decrease the net power generation.
It would also be useful to evaluate the performance of multi-stage PRO
systems given the possibility of increasing energy production. Taking
into account the state of the art of the current PRO technology and the
operating conditions studied, this process could be applied for power
generation in specific systems with high salinity gradients or in hybrid
systems with other membrane technologies to improve the energy
efficiency of the process. Unfortunately, and considering the current
state of the art, the PRO technology with one stage is not feasible for
massive power generation that would require large volumes of water
such as sea and river where the salinity difference is approximately
30 gL L
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