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HIGHLIGHTS

o Flexible simulation tool for full-scale PRO system design is proposed.

e Full-scale PRO system performance under different operating ranges.

e Users can set design parameters as permeability coefficients and spacer geometries.
o Safe operating windows and optimal operating points in full-scale PRO systems.
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Pressure retarded osmosis (PRO) is a process that is able to convert a salinity gradient into electrical energy
through a turbine. This process has gained attention as a possible renewable energy technology for integration
into desalination plants to improve their energy efficiency. Despite recent efforts, PRO is not yet commercially
available due to drawbacks related to, among others, PRO membrane and module development. The aim of this
study is to provide a simulation tool for full-scale PRO systems that allows accurate estimates of PRO-related
energy generation to be made. The proposed tool enables analysis of single-stage systems with PRO modules
in series and the setting of boundary conditions per module in terms of maximum flux recovery, and maximum
and minimum feed/draw flow. The HTI OsMem™ 2521 spiral wound membrane module (SWMM) was evaluated
considering an 8 in. diameter (high active area). Increasing the number of SWMMs in series was found to increase
permeate flow and the energy that can be generated, even when considering the pressure drop on both draw and
feed side and the effect of the dilution and concentration of the draw and feed solutions. The proposed tool allows
to determine the safe operating windows and operating points for maximization of energy generation for fixed
and variable operating conditions.

(FO-EK), pressure retarded osmosis (PRO) and reverse electrodialysis

1. Introduction

The increased demand for accessible energy due to population
growth and industrialization is one of the main concerns when consid-
ering climate change and greenhouse gas (GHG) emissions [1]. Most
power systems are highly dependent on fossil fuels, which are limited
resources and the main cause of GHG emissions and global warming [2].
Numerous technologies that could provide sustainable and efficient
solutions for this energy issue are currently being studied. In this regard,
one promising technology involves exploitation of the salinity gradient
for the generation of energy [3,4]. In the last decade, membrane tech-
nologies for this type of energy generation, including battery mixing
(BattMix), capacitive mixing (CapMix), forward osmosis-electrokinetic
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(RED) methods, have been actively studied [5,6]. Of these technologies,
PRO has proven to be the one with the highest efficiency and power
density [7]. At the present time, the main challenge with PRO is to
demonstrate its feasibility at pilot and full scale [8]. It has therefore been
crucial to carry out PRO-related studies on, for example, improving
membrane module properties, modeling [9,10], simulation and opti-
mization of the process considering full-scale modules for practical
operation [11,12], module configuration [13,14] and the effect of
fouling on performance [15-19].

One of the main factors affecting full-scale PRO deployment concerns
improvements to transport properties of the PRO membranes [20,21] in
terms of the water permeability coefficient (A) [22,23], the solute
permeability coefficient (B) [24] and the structural parameter (S)
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Nomenclature

Acronyms

DS Draw solution

ECP External concentration polarization
ERD Energy recovery device

FF Fouling factor

FS Feed solution

ICP Internal concentration polarization
LCOE Levelized cost of energy

PV Pressure vessel

RES Renewable energy sources

RO Reverse osmosis

Sow Safe operating window

SWMM  Spiral wound membrane module

SWRO  Seawater reverse osmosis

Variables

m Mass flow (kg s H

A Water permeability coefficient (m Pals™h

Ag Initial water permeability coefficient (m Pa!sh
B Solute permeability coefficient (m )

CF Concentration factor

C Concentration (g Ll or kg (solute) kg’1 (water))
DF Dilution factor

D Solute diffusivity (m?s™1)

dy Hydraulic diameter of feed channel (m)

H Feed-brine spacer height (m)

h Specific enthalpy (J kg1

J Flux per unit area m®m2shH

K Solute resistivity (s m )

k Mass transfer coefficient

K; Parameter applied to friction factor

L Length of SWMM (m)

n Number of SWMMs in PRO system
P Power (W)

P Pressure (Pa)

Pew Wall Peclet number

Q Flow (m® h™! orm® s7%)

R Flux recovery (%)

Sc Schmidt number

Sh Sherwood number

Sm Membrane surface (m?)

TCF Temperature correction factor
T Temperature ("C or K)

Greek letters

Ap Pressure drop (Pa)
n Performance

y Lumped parameter

u Dynamic viscosity (Pa s)
v Velocity (m sH

T Osmotic pressure (Pa)

p Density (kg m~%)

€ Porosity in feed channel

Subscripts

av Average

D Draw

F Feed

id Real

in Input

m Membrane
out Output

p Permeate
TB Turbine

[25,26]. Currently, these properties for PRO membranes are in a range
of 1.58 x 107'2-1.06 x 107! m Pa~! 57! for A, 5.55 x 107°-6.11 x
107 m s ! for Band 135-1374m for S [27]. Spacer geometry is another
important factor in the performance of PRO membranes as it is related
with the pressure drop (Ap) and concentration polarization (CP) phe-
nomena, as occurs in the reverse osmosis (RO) process [28]. Efforts have
been made to study the effect of spacers and their optimization in PRO
membranes [14,29,30]. Spacers impact on the mass transfer coefficients
(kp and kg for the draw and feed side, respectively) given their rela-
tionship with velocity patterns on both the draw and feed side [31,32].

Y.C. Kim and M. Elimelech [33] assessed various scenarios for PRO
osmotic power generation considering a salinity gradient range for the
feed and draw solution (0.01-0.5 M as feed concentration (Cg) and
0.5-2 M as draw concentration (Cp)). They also carried out a lab-scale
experimental work of a proposed hybrid process of forward osmosis
(FO) desalination and PRO power generation. It was concluded that high
concentration brines paired with seawater could be used to exploit the
salinity gradient when the performance of PRO membranes is improved.
The need for low internal concentration polarization (ICP) effects and
the capacity to withstand the high hydraulic pressures in PRO mem-
branes have also been highlighted [34]. Some researchers have studied
the PRO process as an energy generation system [35,36], and others as
part of hybrid systems that include other membrane processes such as
RO [37-41], FO [42-44] and membrane distillation [45,46]. However,
very few studies have considered PRO systems at full scale, which is
important to have a better forecast of their real-life performance.

In terms of full-scale modules and their applicability in real systems,
there are some concerns related with membrane characteristics [47],
fouling [48-51] and spacer designs [31]. Due to their operating

condition requirements, two main configurations are being promoted
for the development of full-scale modules, spiral wound membrane
modules (applied to flat-sheet membranes) [52] and hollow fiber
(SWMMs and HF, respectively) [3,53]. With respect to PRO SWMMs, D.
Attarde et al. [54] carried out a study with the HTT OsMem™ 2521 FO-
CTA-MS-P-3H module that included experimental modeling and nu-
merical parameter estimation. The influence of operating parameters
such as draw flow in the input (Qp, in), draw concentration in the input
(Cp, in) and permeate flow (Q,) on power density (PD) was assessed. As it
was a small SWMM (diameter of 2.5 in. as opposed to the 8 in. diameter
elements usually employed in the RO process), with 0.5 m? as active
surface (Sy,), the maximum Qj, value was 7 L h~lfora Cp,in=60g Lt
andCg in=1¢g L. Experimentally, the maximum value of PD for the
aforementioned operating conditions was around 1.1 W m~2, while
when considering Cp, jn =30 g L~! the maximum value of PD was about
0.57 Wm 2 S. Lee et al. [55] performed a similar study using an 8040
PRO SWMM from Toray Chemical Korea Inc. This module has an Sy, of
17.9 m?. The maximum PD was around 1.8 W m ™2 considering Cp, in =
35 g L7! and Cr,in=0.14g¢g L~!. HF modules show a higher packing
density than SWMMs, but are less popular in the RO process due to,
among other reasons, a pH range of between 3 and 8, which hinders the
efficiency of chemical cleaning in place. The main advantage of the HF
membrane is the higher permeate production per module in comparison
with SWMMs, which allows high recovery rates with just a few modules
in series. G. O'Toole et al. [56] determined the net energy production
from a simulated full-scale PRO system taking into consideration the
efficiency of different components of the plant. The data of the PRO
SWMM considered was taken from a previous study [57]. PV with one
PRO SWMM disposed in series and in parallel were considered. After
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optimizing the power gain, value of PD was 3.25 W m 2 and a permeate
specific energy generation of 0.42 kWh m~> was obtained considering
PVs in series. M. Kishimoto et al. [9] carried out a simulation-based
study to optimize power production by PRO using 2 HF modules of 5-
inch scale (from TOYOBO) and seawater (Cp, iy = 35 g L)) as the
draw solution (DS) and pure water (Cg,in=0g L) as the feed solution
(FS). The pressure drop of both sides (using the Hagen-Poiseuille
equation) and the change of concentrations were considered in this
study. The two modules had Sy, values of 70.5 and 65.6 m?, respectively.
Qp, in Was in a range of 8-16 L min~! and QF, in between 8 and 12 L
min~L. Results showed that the maximum power production was 104 W
per module with a PD of 1.58 W m~2 M. Higa et al. [58] also carried out
an experimental study of an HF module from TOYOBO in a PRO process.
An S, of 72 m?and Cp,in=29.25g L~1 (0.5 M NaCl) and tap water as C,
in were considered. They obtained a maximum PD of 0.14 W m~2,
reporting that this low result was due to the low A in comparison with
other modules. An optimization study to maximize the energy extraction
of a full-scale HF PRO module (5-in.) was done by Y. Chen et al. [59].
Four ranges of salinity were considered: 0.6 M-5 M NaCl and 1.2 M-5 M
NaCl as Cp, in, and 0.02 M-0.6 M NaCl and 0.02 M-1.2 M NaCl as C, in.
Four modules in series were considered, obtaining for the case of 5 M
NaCl and 0.6 M NaCl as Cp, in and as Cy, in respectively, a PD above 5 W
m~? (optimum result for this case). The authors highlighted that the
more modules in series the lower the PD but the higher the generated
energy. K. Saito [60] performed a pilot plant test for power generation
using eight 10-inch HF modules. A PD of 4.4 W m~2 was obtained with
Cp, in = 1 M NaCl. In term of costs, it has been estimated that PRO-
generated energy in 2030 would be between 50 and 100 € kWh™!
[61]. Some studies have compared the levelized cost of energy (LCOE)
and capacity factor of PRO with other low carbon energy sources,
concluding that reductions in PRO component costs are unlikely to make
PRO cost competitive with renewable energy technologies [62-64]. It
should be mentioned that one of the advantages of energy generation by
PRO, in comparison with other low carbon energy sources, is that energy
generated on the basis of the salinity gradient is dispatchable as the
energy source does not suffer important fluctuations like wind or solar
energy.

In the event that PRO processes are implemented for either the direct
generation of energy or in a hybrid process to increase energy efficiency,
it would be at full scale. Usually, to obtain the desired Q, various full-
scale PRO modules have to be arranged in series [65,66]. In addition,
as happens with full-scale RO modules, there are some boundary con-
ditions (in terms of maximum Qp, oyt and QF, i, and minimum Qg o) that
should be set by the manufacturer and taken into consideration when
full-scale PRO systems are operated or simulated. Considering full-scale
PRO systems and boundary conditions could help to identify the weakest
points of this technology and provide more realistic results.

The aim of this study is to provide a PRO process simulator to obtain
simulation-based results of full-scale PRO systems considering boundary
conditions and SWMMs (with the algorithm customizable for HF mem-
branes). Single-stage PRO systems are assessed in terms of performance.
By obtaining the safe operating windows (SOWs), the optimal operating
points for different values of Cp, i, and C, in are determined. Although
PRO plants usually include pumps, pre-treatment and energy recovery
devices (ERDs), only the turbine as energy generating element was
considered in this study as it focuses on how the operating parameters
affect PRO systems.

2. Material and methods
2.1. PRO SWMM characteristics

For the purpose of simulating the behavior of PRO SWMM 8-inch
modules, the data of available modules were used. Of the two com-

mercial SWMMs available (HTI OsMem™ 2521 and 8040 PRO from
Toray), the Toray version would in principle be preferable since it is an
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8-inch module. However, the information available in the literature
about this module is limited, with no data on the height of the permeate
spacer or the solute resistivity (K) for determining the ICP effect.
However, these data are available for the HTI OsMem™ 2521 module. In
order to consider an 8-inch module of this type, an up-scaling was
required. To do so, the membrane active surface (Sy) was considered.
Given that for the OsMem™ 2521 module the S, is 0.5 m?, the Sy, for the
hypothetical 8-inch OsMem™ module would be 15.53 m?. The porosity
of the draw (ep) and feed (ef) sides is not available, and so the values
were taken from RO SWMMs [67]. The rest of the SWMM parameters,
such as A, B, height of draw (Hp) and feed (Hp) spacers and K, were taken
from [54]. The characteristic parameters of the SWMM considered are
summarized in Table 1.

2.2. Process modeling

In the PRO process, the transport phenomenon across a semi-
permeable membrane is based on basic thermodynamics that describe
the free energy released during the spontaneous mixing of the DS and
the FS [68,69]. From that theory, it can be deduced that the permeate
flux (Jp) is the product of A and the driving force across the membrane
[68] (Eq. (1)):

Jp = A(Am— Ap) (@)

where Ar is the osmotic pressure gradient and Ap the pressure gradient,
both across the membrane. To obtain Qp, J, was multiplied by Sy,. To
determine Ar, the concentration on the membrane surface on both the
draw and feed side has to be estimated. For this purpose, the effect of
external and internal concentration polarization (ECP and ICP, respec-
tively) has to be considered (1) [70] (Fig. 1).

A = Ay-TCF-FF (2
A = pm — TEm 3
7 =3.805C% +42.527C +0.434 4

where A is the initial value of A, TCF the temperature correction factor
(value of 1.0 at 25 °C) [71] and FF the fouling factor (value of 1.0 as
membrane without fouling was considered). 7p, m and 7g, , are the os-
motic pressure on the membrane surface on the draw and feed side,
respectively. It should be mentioned that for estimation of the TCF,
equations applied to the RO process were used as an approximation as
the temperature effect on the PRO process was not evaluated in this
study. Eq. (4) [72] was used to calculate osmotic pressure from an NaCl
concentration (mol L™1). For the calculation of 7p, m and 7g, m, Cp, m and
Cr, m Were used, respectively, in Eq. (4).

Jo\ 2 J
C m = G av T — b —— 5
D, < D, +JP>BD 7, )
J p J
Cim = | Cray += |efrefr — 22 6
F, ( F, +Jp)efe 7, (6)

Table 1

Characteristic parameters of the SWMM.
Parameter Value
Height 1 pt. A (m Pa~! s71) 1.76 x 10712
B(m s 1 1.18 x 1077
Sm (m?) 15.53
L (m) 1.0
Hp (m) 1.1 x 1073
Hg (m) 1.5 x 1073
e 0.89
ep 0.65
K(s m™) 3.38 x 107°
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CF,i n
CD,out
T Active layer Support layer l
']w
«
C‘D,av —\
CD,m
CF,m
I
CD,in CF,out

Fig. 1. Concentration profile of the membrane in PRO process considering ECP
and ICP.

Cpay = 0.5(Cpin + Cp,out) )]
CF,av = O‘S(CF,in + CF.oul) ®
B AAp

Js=h—=|1+— 9

PABRT ( + J ) ©)

ko = ShpDp v 10)
dnp

k}‘« _ ShFDF,av (11)
dyy

where Cp, , and Cy, i are the concentrations on the membrane surface
on the draw and feed sides considering ECP and ICP [73,74], Cp, av and
Cp, av are the average concentrations on the draw and feed side, J; the
reverse solute flux, kp and kg the mass transfer coefficients on the draw
and feed side, and Cp, i, and Cp, oy are the input and output concen-
trations on the draw side. 8 is the dimensionless Van't Hoff factor for
strong electrolytes (# = 2 for NaCl) [72], R is the gas constant (8.31 J
mol™! K1) and T is the absolute temperature (in K) of the solution,
taken as 25 <circ>C for both solutions (DS and FS) in this study. It
should be noted that the proposed methodology is able to simulate PRO
systems with different temperatures by considering T dependent equa-
tions for D, p and . Shp and Shy are the Sherwood numbers for the draw
(dilutive) and feed (concentrative) [75], Dp and D are the diffusion
coefficients of the DS and FS (using Cp, av and Cr, av, respectively, in Eq.
(22), and dp, p and dy, 7 are the hydraulic diameters for the draw and feed
side, respectively. Sh is a dimensionless number related with the ratio of
convective to diffusive mass transport. Considering a laminar flow
regime due to the low cross-flow rate used in this study, Shp and Shg can
be estimated through Eqs. (12) and (13), respectively [75]:

dnp\ "
Shp = 1.849 (ReDsCD—') 1.002—
L (12)
0.0319yp, + 0.00034y3, — 0.0013)

d 1/3
Shy = 1.849 (RerCFE) 0.997+
L (13)

0.315y75 + 0.022y7 — 0.0087)
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Py,
fp=——"0 14
(REDSCDth’D)
Pey
= ¢ ; ; 15)
(RepScF%>
J th
Pew =L 1
»="p (16)
J th
Pew === 1
=0, 17)
v VDavd
Rep = Poa e @D as)
/'tD,av
v VFay-dh,
J 19
HF,uv
”D av
Scp = - (20)
° Pp.av 'DD
He av
Scp = ——2— @1
’ pF,av'DF
D= —1025x10""°C+1.518 x 10~° 22)
46‘]3
dh,D L P (23)
H—ZD +(1—ep) H%
4ep
dnr = L (24)

H_FJ'_(I_SF)H%

where yp, 7F, Pew, D, Pew, F, Rep, Reg, Scp, SCr, pp, av PF, avs 4D, av and pg, av
are, for each side respectively, a lumped parameter, wall Peclet number,
Reynolds number, Schmidt number, solution density and dynamic vis-
cosity. p and u were calculated for each solution (DS and FS) through
Egs. (25) and (26) with Cp, v and Cg, ay in mol L

p = —1.047C* +39.462C +997.370 (25)

# = 0.001(0.012C* +0.065C +0.985) (26)

The term Ap (Eq. (1)) was calculated considering the pressure drop
on both the draw and feed side.

PL, PL,
Ap = ppin— TD —DFjin + TF 27)
PLy =1 .L.pi @ (28)
D D dh,D D)
PLy = Ap-L-PE Ve (29)
F F dh,F 2
Ap = K;-6.23Re,"? (30)
¢ = K;-6.23Re;"? (€20)]

where pp, i, and pg, in are the input pressures on the draw and feed side,
PLp and PLg are the pressure losses on the draw and feed side, L is the
length of the membrane module and K, a parameter introduced by V.
Geraldes et al. [76] to take into consideration additional pressure losses
in the feed of the PVs and the SWMM fittings. Due to lack of information,
K; was assumed to be the same for the draw and feed side. The con-
centrations in the output on both sides (Cp, oyt and Cr, out) are affected by
Qp and Js. The DS is diluted and the FS is concentrated due to both Q,
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and J;. The dilution and concentration factors (DF and CF) due to Q, are
defined in Egs. (32) and (33) respectively.

CDout 1— Ym
DF ==Rt __ " Tm 32
CD.in 1 ( )
QF,out 1
cF= CF.in B - Ym (33)

where Cp, ;¢ and Cr ,, are the output concentrations due to only Q, and
Y is the recovery fraction of the SWMM (Qp/QgF, in). The calculated R is
Y in percentage. Mass fluxes (in kg s1) in the DS and FS are shown in
Egs. (34) and (35):

Co ou (QD,in + Qp) = CD,inDF(QD,in + Qp) —Js (€2))

CF.oul(QF,in - Qp) = CF.inCF(QF.in - Qp) +Js (35)

2.3. Simulation procedure

All the above equations were used in an algorithm that simulates full-
scale PRO systems (Fig. 2). The algorithm was implemented in MAT-
LAB® and comprises three parts. The first part, named Stage (Fig. 2a),
considers the boundary conditions in terms of Qf, max, Qp, max> Qf, min and
Qp, min- Usually, in RO processes there are also constraints in terms of the
maximum fraction recovery and maximum permeate flow per module.
However, these two constraints were not taken into consideration,
allowing PRO membrane modules to have higher recovery ratios than
RO modules. Operating ranges per PV were also implemented: Qp, i, and
Qr, in from 3 to 16 m® htin steps of 0.1 m® h}; Cp, in from30to 60 g
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L~ 'in steps of 10 g L} and Cp, in from 0.5 to 3 in steps of 0.5 g L7} and
Dp, in from 1 to a value that depended on Cp, i, and pg, i, from 2 to 5 bar,
both in steps of 0.5 bar. In order to obtain the Stage results, it is
necessary to calculate the results per SWMM, and so the Module function
(Fig. 2b) is called, providing an initial value of Y . This function is
called by Stage using the MATLAB® optimizing function fminbnd
[77,78] to find the minimum quadratic error on a bounded interval.

In the Module function, Egs. (1)-(30) are calculated. For this pur-
pose, the DS and FS output concentrations must be known. As these
concentrations cannot be calculated directly as Y, is needed, the Con-
centrations,y,; function is called (Fig. 2¢). This function uses the esti-
mated Y and Egs. (32)-(35). With the estimated parameters Y, C o
and Cp ., Js is calculated from Eq. (9). Once J; has been calculated, Cp,
out and Cf, oyt are calculated from Egs. (34) and (35) and the quadratic
error for both concentrations can be calculated and minimized using the
MATLAB® optimizing function fminsearch. Once the parameters of a
module have been calculated, the values are stored and the Stage
function repeats the procedure for the next module in series using the
outputs of the first module as inputs for the second module and so on
until 8 SWMMs in series are completed and as long as the established
constraints are met.

2.4. Energy assessment

In order to calculate the energy generation potential of the full-scale
PRO system, the specific enthalpy (h) in the input and output of the
turbine needs to be known. Fig. 3 shows the usual devices included in a
PRO plant, the draw and feed pump, ERDs (pressure exchanger and
booster pump) and turbine. The energy consumed by the draw and feed

Inputs: ranges of Op in, Cp,in, PD.in> OF.in> Cins

Prinand N_modules; T,,, Module parameters

No

A 4

[ Stage

A
A J

A

[ ] Concentrations_out [ |

OUtPUt53 QD,outs CD,outs pD,ouIa QF,outs
CF,out, PF.outs Qpa Pid,oub Pre,oub PD

(a) Diagram of the algorithm to determine the outputs of the stages.

IHPU—tS: QD,in; CD,in;pD,in, QF,im CF,in,pF,in, Tav;
Module parameters, ¥;,

OutputS: QD,outa CD,outv PD,outs QF,outs
CF,out, PF.outs Qp

(b) Diagram of the function to determine the outputs of the SWMMs.

Inputs: Op in, Cbin> P0.in> OFins CEins PE,ins LTavs
Module parameters, Yun, Cp outCr.outs Js

[ ] Concentrations_out |

Outputs: Cp out, Crout

(c) Diagram of the function to determine the concentrations Cp oy and Cr oy Of
the SWMMs.

Fig. 2. Diagrams of the PRO simulator algorithms.
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CD,out;pD.out; QD,in

Pressure Booster

exchanger pump
CD,in;pD,in; QD,in
Draw
solution E 2 Opin
Draw
pump CF,oul;pF,oul: QF,oul

PRO system

Turbine

-

QD,uul

CD,out;pD,out; QP

Fig. 3. Flow diagram of the PRO plant.

pump and ERDs were not considered. It should be note that the h of
seawater is lower than that of pure water since the heat capacity of
seawater is also lower than that of pure water. According with the data
extracted from the seawater Gibbs energy function of International as-
sociation for the properties of water and steam (IAPW) [79], Egs. (36)-
(38) can be used for the determination of h [80]. For a pressure other
than atmospheric pressure (po), specific enthalpy (h (T,p,C)) can be
calculated through Eq. (38). From the results of the PRO systems, the
ideal power output (GPjq) and power density (PD;jq) are calculated
through Egs. (39), (40) and (41) respectively.

h(T,po, C) = hy — C(by + baw + bsw? + byw]

36
+b5T + b(,Tz + b7T3 + bngT + bngT + blOWSTZ) ( )
hy = 141.355 4+ 4202.070T — 0.535T% 4 0.004T° (37)

by = —2.348 x 10* b, = 3.152 x 10°, b5 = 2.803 x 10°
by = —1.446 x 107, bs = 7.826 x 10°,bg = —4.417 x 10!
b; =2.139 x 107!, by = —1.991 x 10*, by = 2.778 x 10* (38)

byp =9.728 x 10'
h(T,p,C) = h(T,po,C) + 8(p — po)
where § is the specific volume which is the reverse of p. 9 was calculated

for both the DS and FS using the p of each solution in the input and
output of the devices considered.

Prp = frgring (hrein — b1 ou) (39)

mTB = QPpD,ou( (40)

PDy = Prs (41)
nSm

where 713 is the performance of the turbine and n the number of SWMMs
in the PRO system.

3. Results and discussion
3.1. Impact of Cf, in

Figs. 4 and 5 show the maximum power density (PDiq, max) and
maximum power in the turbine (Prp, max) in a PRO system with 1 to 8
SWMMs in series, Cp, in = 30 g L ! and Dr, in = 2 bar. Fig. 4 shows the
results for Cg, i, =0.5 g L 'and Fig. 5 the results for Cg, in =2.5 g L%
It can be seen that PDiq, max Was reached with 3 SWMMs in series, but the
more SWMMs in series the more energy could be generated in the tur-
bine. For values of Cp in =30 g L 'and DF, in = 2 bar, an increment of 2

) CF‘in;pF,in; QF,in Feed
solution
Feed
pump
17— — 200
P]?id,max 4 [}
1.65 TB,max bt o 1 170
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Fig. 4. PDig, max and Prp, max for 1 to 8 SWMNMs in series, Cp, ;n=30 g L%, C,
in=0.58 L~ ! and Pr, in=2 bar.
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Fig. 5. PDig, max and Prg, max for 1 to 8 SWMMs in series, Cp, i,=30 g LY, Cr,
n=2.58 L' and PF, in=2 bar.

g L' in the Cr, in causes decreases of about 0.22 W m~2 and 26 W for
PDiq, max and Prp, max, respectively. This difference increases slightly
with the increase of pg, iy and Cp, in. For values of Cp, i, =40 g L 'and
Dr, in = 2 bar, an increment of 2 g L~ !in the Cr, in causes a decrease of
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about 0.28 W m 2 for PDj4, max and 33 W for Prg, max. Depending on the
feedwater source, its salinity could vary and is an important factor to
take into consideration. The operating points to have PDjq max and Prg,
max are the same (Tables 2 and 3). It can be seen from these Tables that
an increment in Cg, j, does not affect the flows (Qp, in and Qg, i) to obtain
PDjq, max and Prg, max, but does affect pp,_ in and R. The higher Cg, i, the
lower pp, in and R.

3.2. Impact of Cp, in

Different values for Cp, jn, with Cg, iy and pr, i, fixed, result in changes
of the operating points to obtain PDjq, max. This can be seen from the
comparison of Tables 2, 4 and 5. These tables show the operating points
to obtain PDig, max and Prp, may With Cp, jn = 30, 40 and 50 g L7,
respectively. In general, the higher the difference between Cp, i, and Cy,
in, the higher the pp_in, QF, in, R and PDjq, max. Considering 8 SWMM in
series, the Qp, i to obtain PDjq, max and Prg, max decreases from 15 to 14.5
m®h~! when Cp_j, = 50 g L~! (Table 5). For Cp, i, = 30 and 40 g L7},
PDjq, max is obtained when 3 SWMMs are arranged in series (Tables 2 and
4). However, for Cp, in = 50 g LY, PDjg, may is obtained with 2 SWMMs
in series (Table 5). This is because increasing the difference between Cp,
in and Cr, j, makes Az to increase and this allow to increase PDiq, max With
less Sp. These results show that the operating points for PDjg, max change
depending on the number of SWMMs arranged in series.

3.3. Impact of pr, in and pp, in

A membrane based pre-treatment or cartridge filter may cause pg, in
variation due to fouling. This affects PD;q, max and Prg, max. The highest
values were found to be 1.74 W m~2 and 203.17 W for PD;g, max and Prp,
max, respectively. Comparing Figs. 4 and 6, it can be seen how PDjq, max
and Prp max increase with the same SWMMs in series. An increment of 1
bar in pg, in causes an increase of 0.14 W m~2 and 16 W for the highest
values of PDjq, max and Pt max, respectively. As with variations of Cg, in,
higher values of pr, i, affect pp, in and R, with higher operating point
values for both (Table 6).

For fixed values of Cp, in, Cr, in and pr, i multiple operating points for
each value of pp, i, are obtained by changing the flows (Qp, in and Q, in).
Fig. 7 shows the Prp for different values of pp,_ i, and considering Cp_ i =
40 g LL Cr,in=05g Lt and pr, in = 2 bar. Different values for Qp in
and Qf, in at pp, in = 1.90 MPa caused Pg to vary from around 212 to 299
W. This underlines the importance of controlling the flows on both the
draw and feed sides, as well as other operating parameters. The
maximum value of Prp is 299.48 W and was found for pp,_ i, = 1.90 MPa,
Qp,in=15m® h™!, Qp in = 5.5 m® h™! and R = 14.75%. This oper-
ating point did not have the highest R or Qp, as can be seen in Fig. 8. This
is because pp, oy decreases with higher Q, as the result of the pressure
drop increment on the draw side. As expected, Q,, values decreased with
higher pp, i, values. The maximum value of Q, was 1.63 m® h~! and the
op?rating point to obtain maximum Prp had a Q, value of about 0.81 m>
h™.

Fig. 9 shows the variation of Prg with pg, in and pp, in considering 8
SWMMs in series, Cp, in = 60 g L’l, Cr,in=05¢g L’l, QF, in =
14.5 m® h™'and Qr,in="7.5 m® h~1. Itis clear that the higher the pg, in
the higher the Prp, but also the higher the energy consumed by the feed

Table 2
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pump. pg, in can vary due to the pressure drop of the feedwater pre-
treatment. However, for Cp in = 60 g L_l, high Prg values were
found in a range of 2.2-3.6 MPa for pp, in. The values of this range
strongly depend on the Cp, .

3.4. Impact of Qf, in and Qp, in

Fig. 10 shows R for ranges of Qp, in, QF, in and fixed Cp, in, C, in, PD, in
and pr, in. It can be observed that the relation between the flows and R is
linear and high values of R are found when Q, i, is lower than values of
Qp, in- The maximum value of R was 26.49 % with Qp, jn = 14.9 m? h!
and Qp, in = 3.1 m3 h™L. However, this operating point did not provide
the maximum Q,, the value of which was 1.08 m® h™! (R = 14.34%)
obtained with Qp, i, = 14.7 m?® h™! and Qr,in=75 m® h L

Prp variation with Qp, i, and Qg in is shown in Fig. 11. It can be seen
that high values of Pt are found when values of Qp, i, and Qg, i, are also
high. The area for high values of Prg coincides with the operating points
for which there are high values of Q,. Maximum Prg was 582.29 W for
Qp,in=14.7 m® h ' and Qg i = 7.3 m® h™. For fixed Cp, in, Cg, in, P,
in and pg, in, Prg was in a range of 404-582 W. This makes controlling
flows as well as pressures crucial to maximizing energy production
through the PRO system.

4. Conclusions

This study proposes a PRO system simulator that allows the user to
estimate the performance and SOWs of full-scale systems. The user can
evaluate the performance by introducing module characteristics such as
permeability coefficients, active area, porosity, etc. This enables the
simulation of any generic single-stage PRO system with SWMM or HF
modules. The simulator allows to determine the safe operating windows
as well as the optimal operating points to maximize energy generation
for fixed and variable operating conditions. This can help to estimate the
PRO module characteristics that are required for the PRO process to be
viable. Controlling pressures and flows taking into consideration the
draw and feed solution concentrations is crucial to optimize the PRO
process. More information about operating ranges considering fouling
indexes (such as the silt density index or membrane fouling index)
should be provided by PRO membrane manufacturers in order to esti-
mate results close to real operating conditions.

In future studies, different membrane characteristics in terms of
permeability coefficients as well as the energy balance including pumps
and ERD performance should be considered in order to estimate the
energy generation potential of full-scale PRO plants with the current
state of technology and to identify the main limiting factors. Consider-
ation also needs to be given to a 2-stage configuration that would allow
to increase the permeate flow without exceeding the limiting operating
conditions. Performance decline of PRO membrane modules due to
fouling should also be considered in future studies to assess the viability
of the process.
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Operating points for PDg, max and Prp, max With Cp, in=30 g LY, Cp,in=0.5g L' and Dr, in=2 bar.

Parameter SWMMs in series

1 2 3 4 5 6 7 8
Pp, in (MPa) 1.25 1.50 1.55 1.55 1.55 1.50 1.50 1.50
Qp, in (mM*h™h) 8 15.5 15.5 15.5 15.5 15 15 15
Qr,in m>h7™) 3.5 3.5 3.5 4 4 45 45 5
R (%) 2.46 5.05 7.38 8.60 10.67 11.49 13.24 13.46
PDig, max (W m™2) 1.50 1.58 1.60 1.60 1.58 1.55 1.53 1.51
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Table 3

Operating points for PDig, max and Prp, max With Cp, in=30 g LY, Cr,in=2.58 L' and Dr, in=2 bar.
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Parameter SWMNMs in series
1 2 3 4 5 6 7 8
Pp, in (MPa) 1.2 1.45 1.45 1.45 1.45 1.45 1.45 1.45
Qp, in (mM*h™H) 8 15.5 15.5 15.5 15.5 15 15 15
Qr, inm>h™) 3.5 3.5 3.5 4 4 4.5 4.5 5
R (%) 2.22 4.54 6.93 8.07 10 10.31 11.88 12.07
PDig, max (W m™2) 1.29 1.36 1.38 1.38 1.36 1.33 1.31 1.29
Table 4
Operating points for PDig max and Prp, max With Cp, ;=40 g L%, Cp, ;,=0.5 g L™* and pg, i,=2 bar.
Parameter SWMMs in series
1 2 3 4 5 6 7 8
Pp, in (MPa) 1.7 1.9 1.95 1.9 1.9 1.9 1.9 1.9
Qp, in mM>h™) 10.5 15.5 15.5 15.5 15 15 15 15
Qr, in mM*h™h) 4 4 45 45 5 5 5.5 5.5
R (%) 2.66 5.44 7.3 9.36 10.56 12.5 13.09 14.75
PDig, max (Wm™2) 1.20 2.31 2.32 2.29 2.25 2.21 2.18 2.14
Table 5
Operating points for PDjg, max and Prp, max With Cp, in=50 g LY, Cr,in=0.5g L' and Pr, in=2 bar.
Parameter SWMNMs in series
1 2 3 4 5 6 7 8
Db, in (MPa) 2.15 2.3 2.3 2.3 2.3 2.3 2.3 2.25
Qp, in (mM*h™h) 12.5 15.5 15.5 15 15 15 15 14.5
Qr, in (mM*h™) 4.5 45 5 5.5 5.5 6 6.5 6.5
R (%) 2.79 5.68 7.66 9.06 11.17 12.1 12.85 14.62
PDig, max (W m™2) 3.65 3.80 3.78 3.72 3.66 3.60 3.54 3.46
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Fig. 6. PDig, max and Prg, max for 1 to 8 SWMMs in series, Cp, ;=30 g L™, Cp, MP
in=0.5 g L1 and py, i,=3 bar. Pp,in (MPa)
Fig. 7. Prp for 8 SWMMs in series, Cp, 7=40 g L™}, Cg, ;n=0.5 g L ™! and py,
in=2 bar.
Table 6
Operating points for PDjg, max and Prp, max With Cp, ,=30 g LY, Cp,in=0.5g L' and Dr, in=3 bar.
Parameter SWMMs in series
1 2 3 4 5 6 7 8
Pp, in (MPa) 1.35 1.55 1.60 1.60 1.65 1.55 1.55 1.55
Qo,in (mM*h™H 8.5 15.5 15.5 15.5 15.5 15 15 15
Qr, inmM>h™) 3.5 3.5 3.5 4 4 4.5 45 5
R (%) 2.49 5.26 7.70 8.96 10.67 11.96 13.79 14.03
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