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ARTICLE INFO ABSTRACT

Editor: Sadao Araki Pressure retarded osmosis (PRO) is a process that allow to generate energy from osmotic gradient. This process
uses selective membranes in order to produce electrical energy through a hydraulic turbine. PRO can be used as a
renewable energy technology where water resources are inexhaustible. PRO has the advantage of knowing when
and how much energy will be produced. Unfortunately at the moment there are certain limiting factors con-
cerning membrane and module characteristics that have prevented PRO to be fully exploited at full-scale. This
study aims to assess the impact of hypersaline draw solutions (60-180 g L~!), membrane characteristics such as
structural parameter, module membrane surface and permeability coefficients on the net energy generated by
single-staged full-scale PRO system with up to 8 spiral wound membrane modules (SWMMs) in series in a
pressure vessel. To carry out this study, characteristics of existing PRO membranes at lab-scale were scaled up to
8 inches SWMM. The results showed the change in the optimal operating parameters with the change of
membrane characteristics and draw solution concentration. This study concluded that single-staged full-scale
PRO process would be viable from an energy point of view if membranes were manufactured on an industrial
scale and with the characteristics of existing membranes on a laboratory scale.
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1. Introduction

The electrical energy generation mainly depends on fossil fuels,
which has a negative impact on the environment such as greenhouse
gases emissions. To remedy this problem, power generation through the
use of renewable energy sources (RES) such as wind, solar, wave, etc. is
being promoted [1]. One of the main challenges that these RES have is
its intermittent and unpredictable nature, which makes it difficult to
integrate in large quantities [2,3]. Blue energy obtained from osmotic
gradient has been proposed as alternative RES whose generatable energy
is predictable. Several technologies that can enable the generation of
electrical energy from the osmotic gradient are currently being inves-
tigated [4]. These technologies include pressure retarded osmosis
(PRO), which is a process that uses semi-permeable membranes with
high solute rejection to generate osmotic power [5-7]. Electric power
generation would be produced by a hydraulic turbine at the outlet of the
dilute stream [8]. Reversed electrodialysis (RED) is another membrane
process that uses ion exchange membranes and can directly transform
the energy produced by solutions of different concentration into elec-
tricity without any other auxiliary equipment [9,10]. Thermo-osmotic
energy conversion (TOEC) is a technology based on the thermo-
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osmosis mechanism that involves the migration of a fluid through a
semi-permeable membrane due to the thermal gradient. This process,
like the PRO, requires a hydraulic turbine to generate electricity
[11,12]. Of these technologies, PRO has proven to be the one with the
highest power density (PD) [13-15]. Unfortunately, the vast majority of
the studies carried out are on a laboratory scale, and the main challenge
of the process is to prove its viability on full-scale [16,17]. To do so, it is
necessary to estimate the performance of such systems taking into ac-
count the characteristics of the membrane elements [18] and the factors
that attenuate their performance on full-scale [19-21].

There are two main membrane configurations, hollow fiber (HF) and
SWMM (rolled flat sheet) [22]. The viability of PRO systems is strongly
dependent on the characteristics of the membranes. These characteris-
tics are mainly the water and solute permeability coefficients (A and B,
respectively) [18] and the resistance to fouling. In addition to these
intrinsic characteristics of the membrane material, there are others
related to the module, such as the spacer geometry, which has impact on
Ap and on the ECP, the structural parameter (S) which has impact on the
ICP and the packing density of the membrane, i.e. Sy,. Much effort is
being put into improving the efficiency of PRO membranes. For
example, through the use of different nanomaterials such as zeolite,
graphene oxide, carbon nanotubes, halloysite nanotubes, etc. [6,23,24].
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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 0Smosis

SRES steady renewable energy sources
SWMM spiral wound membrane module
SWRO  seawater reverse 0Smosis

TFC thin-film composite

Variables

m mass flow (kg s™1)

A water permeability coefficient (m Pa~! s71)
Ay initial water permeability coefficient (m Pa~! s7!)
B solute permeability coefficient (m s!)
CF concentration factor

C concentration (g L~! or kg (solute) kg~! (water))
DF dilution factor

D solute diffusivity (m? s~1)

dy, hydraulic diameter of feed channel (m)
FF fouling factor

H spacer height (m)

h specific enthalpy (J kg~1)

J flux per unit area (m® m~2 s71)

K solute resistivity (s m™1)

k mass transfer coefficient

K, 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 (m® h™! or m® s1)

R flux recovery (%)

S structural parameter (pm)
Sc Schmidt number

Sh Sherwood number

Sm membrane surface area (m?)
TCF temperature correction factor
T temperature (°C or K)

Greek letters

Arm osmotic pressure difference (Pa)
Ap pressure drop (Pa)

n performance

y lumped parameter

u dynamic viscosity (Pa s)
v velocity (m s1)

n osmotic pressure (Pa)

p density (kg m~3)

e porosity in feed channel
9 specific volume m® kg™*
Subscripts

av average

boost booster

D draw

F feed

id ideal

in input

m membrane

out output

P permeate

TB turbine

X draw or feed

She et al. [25] assessed the impact of three different feed spacer ge-
ometries on a flat sheet membrane made of cellulose triacetate. The
obtained an A coefficient of 4.17 x 10712, 4 x 10712 and 2.78 x 1072 m
Pa! s7!, and the corresponding values for B coefficients were 6.11 x
1077, 5.69 x 1077 and 2.22 x 1077 m s~'. 716, 757 and 686 ym were
the values obtained for S. An optimization of a thin-film nanofiber
composite PRO flat sheet membrane with a specific support structure
was done by Song et al. [26]. The optimum A and B values were 1.14 x
1072 mPa!s7! and 4.83 x 1077 m s~!, respectively. A S value of 135
um was obtained, it should be remarked that this is the lowest value of S
for flat sheet membranes found in the literature. Two nanofiber com-
posite PRO flat sheet membranes were made and tested by Bui and
McCutcheon [27]. A S value of 273 ym was determined and RO tests to
calculate A and B were carried out and obtained values of 1.47 x 1011
and 7.86 x 10712 m Pa~! s7! for A, 1.38 x 107® and 1.22 x 1077 m s™!
for B. Cui et al. [28] made TFC flat sheet membranes with a polyamide
thin film layer via interfacial polymerization and a macrovoid-free
polyamide support. They obtained an A value 7.69 x 10712 m Pa~!
s71, B value 3.31 x 1077 m s ! and S value 503 ym. Li et al. [29]
manufactured and assess TFC polyetherimide flat sheet membranes with
three different substrate structures. After using a RO configuration, the A
values were 4.58 x 10712, 5.81 x 10712 and 6.33 x 107> m Pa! 57,
while the B values were 1.86 x 1077,2.42 x 1077 and 2.22 x 107 ms~!
and S value were 510, 554 and 687 ym. Han et al. [30] developed a high

performance TFC PRO membrane for osmotic power generation. This
membrane showed a A value 1.47 x 107 m Pa! s71, 5.56 x 107 m
s~! and about 436 ym values for B and S, respectively. Hoover et al. [31]
developed a thin film composite membrane with polyethylene tere-
phthalate nanofibers. They A, B and S values of 3.14 x 10712mPa~!s7},
6.39 x 1078 m s~! and 651 um, respectively.

There are three main aspects that should be taken into consideration
when full-scale performance estimation of a PRO is carried out;
modeling [32], characteristics of membrane elements [33,34] and
operating conditions [16,35]. The transport equations used in PRO are
quite similar to those used in reverse osmosis (RO) process [36]. The
main difference is that in PRO process both internal and external con-
centration polarization (ICP and ECP, respectively) phenomena are
considered (Fig. 1). There are some limitations when a PRO system is
scaled-up that should be taken into consideration in the transport
equation such as limited membrane surface per element (S,), element
pressure drop (Ap) in the draw side and feed side, dilution of the draw
solution (DS) and concentration of the feed solution (FS) along the
membrane element, void fraction or porosity (¢) of both, draw side and
feed side [37]. Numerical modeling such as computational fluid dy-
namics (CFD) applied to PRO process [38] can be very useful in order to
understand the transport phenomena and improve spacers and mem-
brane characteristics [39-42]. The main problem with these numerical
simulations is the high computational time if it would be applied to a
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Fig. 1. Concentration profile across the PRO membrane considering ECP
and ICP.

full-scale PRO system. Therefore, as with RO system simulators [43],
concentrated parameter models instead of distributed parameter models
are usually applied. This allows reducing the computational time by
considering averages in terms of operating parameters per membrane
module. Ruiz-Garcia et al. [16] proposed a computational tool that takes
the mentioned factor into consideration for spiral wound membrane
modules (SWMMs). In this case, the computational tool estimates the
performance of full-scale PRO systems with one stage (up to 8 SWMMs in
series in a pressure vessel (PV)) applying averages per membrane
module. As it occur in RO systems limiting operating factors in terms of
pressure and flows were also considered. Matta et al. [44] also devel-
oped a PRO simulator for SWMMs considering a 2D discretization. This
simulation was developed for estimating the performance of a single
SWMM but, it allows comparing flat sheet membranes with SWMMs.
Limitation in terms of operating conditions were not implemented.
Touati et al. [45,46] have reported a performance assessment of hybrid
RO-PRO processes. These studies did not take into consideration the
limitation of having SWMMs in series such as Ap, limiting operating
factors in terms of pressure or flows. Salamanca et al. [47] reported an
estimation of osmotic power in the Magdalena river but, concerning the
PRO system, only a PD value of 5 W m~2 was used for the study. Taking
only the power density value without taking into account other pa-
rameters omits many factors of PRO systems that affect the performance
of a real PRO plant [16]. Obode et al. [48] carried out a techno-
economic study considering full-scale PRO plant, however the impact
of disposing membrane element in series on plant performance was not
considered. The impact of hydrodynamic conditions on optimum os-
motic power generation in a dual-stage PRO system using SWMMs was
carried out by Al-Zainati et al. [49]. One of the limitations of this work is
the consideration of only two SWMMs in series in the first stage and only
1 in the second stage. Al-Zainati et al. [50] did a performance estimation
of multiple stage PRO systems for energy generation. In this study up to
4 stages were considered reaching a PD value of 15 W m~2 using the data
of a HF PRO membrane from Toyobo Co. Ltd. [51]. It was concluded that
with more stages the PD was higher.

Currently, PRO technology is not viable for the massive generation of
electricity [52], which would be produced by mixing seawater with river
water. This has led to the study of other alternative uses for PRO tech-
nology, such as the design of hybrid systems with other technologies
such as RO-PRO [53-55] for reducing the specific energy consumption
(SEC) of the RO system, PRO-MBR [56], PRO-MD [57], close circuit PRO
[58] or its use in very specific fields where hypersaline solutions
(60-180 g L°1) are available such as hydrocarbon produced water,
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hypersaline lakes, salt domes, geothermal water or desalination brine
[59-61]. Studying the viability of PRO technology for these applications
must take into account the characteristics of the membranes and their
modules in full-scale systems. The aim of this study was to assess the
effect of the permeability coefficients A and B, S, Sy, and Cpi, on the
performance of a single-stage full-scale PRO process using SWMMs.
Optimal operating points considering were also estimated by using a
simulation tool for full-scale PRO systems considering boundary con-
ditions and limitations of scaling-up PRO systems to provide estimates as
close to operating reality as possible.

2. Material and methods
2.1. Model equations

Performance of PRO processes mainly depends on flows, pressures,
concentrations and membrane characteristics. In this study, equations
based on fundamental thermodynamics that describe the transport of
solvent and solute across a semipermeable membrane were used. These
principles elucidate the free energy that is produced during the spon-
taneous mixing of DS and FS [62,63]. It should be mentioned that the
equations used were applied considering averages per SWMM, it means
that the inputs in terms of flow (Q), pressure (p), concentration (C), etc.
were assumed the same for the entire SWMM. The output parameters of
one SWMM were the input parameters of the following SWMM arranged
in series in a PV (Fig. 2). Despite this consideration, the Ap along the
SWMM on both sides (draw and feed), as well as the concentration of the
feed and the dilution of the draw along the SWMM, were taken into
account. From the above mentioned theory, it can be deduced that the
permeate flux (J,) is the product of A and the driving force across the
membrane [62] (Eq. (1)):

J, = A(Az — Ap) b}

where Ar is the osmotic pressure gradient and Ap the pressure gradient,
both across the membrane. To obtain Q, 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).

A = Ay-TCF-FF (2)
AT = Tpm — TEm 3
7 = 3.805C? +42.527C + 0.434 4

where Ay is the initial value of A, TCF the temperature correction factor
(value of 1.0 at 25 °C, which is the T considered in this study) [16] and
FF the fouling factor (in this study it had the value of 1.0 as membrane
without fouling was considered). zp ; and 7r i are the osmotic pressure
on the membrane surface on the draw and feed side, respectively. Eq. (4)
[64] was used to calculate osmotic pressure from an NaCl concentration
(mol L~1). For the calculation of 7o,m and 7g m, Cpm and Cgm were used,
respectively, in Eq. (4).

J\ =2
CD,m = CD.av + = ek — = (5)
JP JP
I n
Cn_m, Qn_m- PD.in C})mn. QI) outs PD,out
B T
C¥ outs OF out> PF.out Ckjin, OF in> PF.in

Fig. 2. Flow diagram of single-staged PRO system.
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Gom = (Gom 437 v ~ = ©)
']P P
Cx,av = O-S(Cx‘in + Cx,out) (7)
CF‘av =05 (CF,in + CF,out) (8)
B AAp
5. = Dy (1 o > ©)
k, = thDx,av 10)
dh,x

where Cp 1, and Cg, are the concentrations on the membrane surface on
the draw and feed sides considering ECP and ICP [65], Cp »y and Cp ,y are
the average concentrations on the draw and feed side, J; the reverse
solute flux, kp and kr the mass transfer coefficients on the draw and feed
side, and Cp j, and Cp oy are the input and output concentrations on the
draw side. /3 is the dimensionless Van’t Hoff factor for strong electrolytes
(8 = 2 for NaCl) [64], R is the gas constant (8.31 J mol! K~!) and T is
the absolute temperature (in K) of the solution, taken as 25 °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 tempera-
tures by considering T dependent equations for D, p and y. Shy is the
Sherwood numbers for the draw (dilutive) and feed (concentrative) [66]
(x can be the feed or draw side), Dy v is the diffusion coefficient of the x
side (using Cyay in Eq. (18), and d x is the hydraulic diameters for the x
side. 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, Shy can be estimated through Egs.
(12) and (13), respectively [66]:

S
K= (11)
DF‘av
dip 1/3
Shp = 1.849 (ReDScD—"> 1.002—
L (12)
0.0319y, + 0400034}/3 - 0.001;/3D)
dor 1/3
Shy = 1.849 (ReFScp—') 0.997+
L (13)
0.315y; + 0.022y% — 0,008y§)
P,
Tx = == 173 a4)
(Rexs@%)
J; dhx
Pey = 2 15
ew, D, (15)
e od
Rex _ px_av Uxav*Qhx (16)
ﬂx,av
”anV
Scx = aa7)
* px.av"DX
Dyaw = —1.025x107°C+1.518 x107° (18)
Prav = — 1.047C% 4+ 39.462C +997.370 (19)
4
dhx = = (20)

at(l-e)f

where y,, Pewx, Rex, Scx, py oy and p, ,, are, for each side respectively, a
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lumped parameter, wall Peclet number, Reynolds number, Schmidt
number, solution density and dynamic viscosity. p and y were calculated
for each solution (DS and FS) through Eqs. (19) and (21) with Cp 5y and
Cpay inmol L1,

Hy 4y = 0.001(0.012C* +0.065C + 0.985) 1)

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

PL PL
Ap =Pppjn — TD —Prin + TF (22)
1/2
PL, — j L Dx Zxav 23)
dh.x
A = K;-6.23Re 3 24)

where pp i, and pri, are the input pressures on the draw and feed side,
PL is the pressure losses on the x side, L is the length of the membrane
module and K, a parameter introduced by V. Geraldes et al. [67] 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 concentrations in the output on
both sides (Cp our and Cg oue) are affected by Q, and J;. The DS is diluted
and the FS is concentrated due to both Q, and Js. The dilution and
concentration factors (DF and CF) due to Q,, are defined in Eqgs. (25) and
(26) respectively.

QD out 1- Ym

DF =—/—= (25)
CD,in 1
QF,out 1

k= CF.in B 1- Ym (26)

where Cy, ,,, and Cr ,,,; are the output concentrations due to only Q, and
Ym is the recovery fraction of the SWMM (Qp/Qgin). The calculated R is
Y., in percentage. Mass fluxes (in kg s™1) in the DS and FS are shown in
Egs. (27) and (28):

Cp.out (Qin + Q) = CoinDF(Qoin + Qp) — Js 27)

CF.out (QF,in - Qp) = CF,inCF(QF,in - Qp) +Js (28)

2.2. Parameters of the PRO SWMMs and simulation conditions

There is one commercial FO SWMM available (HTI OsMem™ 2521
[68]) that has been tested under PRO conditions. The characteristics of
the mentioned FO SWMM were chosen as it was done in a previous study
of the author [18]. This SWMM was up-scaled to an 8 in like in a pre-
vious study [18]. Information about the porosity parameters (as unit
fraction) of both, draw (¢p) and feed (¢r) sides are not available for the
mentioned SWMM so, the values from a previous published study [69]
for RO SWMMs were used. Some parameters of the PRO SWMM
(Table 1) were taken from [68]. Table 1 shows the considered ranges of
Cpin, A, B and S considering the data available in the literature for flat
sheet membranes. Limiting rejection flow in both sides were established
as it happens in RO systems. The operating range was between 2 and 16
m? h~1, it means that all operating points that were out of the mentioned
range were dismissed. Limitations in terms of maximum flux recovery
and permeate flow per SWMM were not established. All calculations
were made considering a PV of up to 8 SWMMs, so more PVs in parallel
would be necessary to generate more P.

2.3. Performance assessment

To estimate the net energy that can be generated from a single-staged
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Table 1
Parameters of the used 8-inch PRO SWMM and operating ranges.

Parameter Range or value
A(mPals1) 2.65 x 10712-1.06 x 10~
B(ms1) 1.22x 1077-6.11 x 1077
S (m?) 15.53, 25.53, 35.53

S (um) 135, 446, 757

L (m) 1.0

Hp (m) 1.1x 1072

Hy (m) 1.5x 1073

&p 0.89

53 0.65

FF 1

T(CC) 25

Cpin (gL71) 60-180

Qoin (m* h7™1) 3-16

Pp,in (MPa) 0.5-9.5

Crin = (gL ") 0.5

Qrin (m® h1) 3-16

Prin (MPa) 0.2

full-scale PRO system, it was necessary to know the specific enthalpy (h)
in the hydraulic turbine input and output as well as in the pumps as this
process includes devices such as draw and feed pump, an energy re-
covery device (pressure exchanger and booster pump) and turbine
Fig. 3. The power (P) of these devices was considered in this study. Egs.
(29)-(31) were used to calculated h [70]. For non-atmospheric pressures
(po), specific enthalpy (h(T, p, C)) was estimated using Eq. (31). From the
PRO system results, the power in the hydraulic turbine (Prg), draw,
booster and feed pumps (Ppump,draw> Ppump,boost @Nd Ppymp feed, T€Spec-
tively) were calculated using Egs. (32)-(39). The net power (Ppet) was
determined using Eq. (40). The output pressure of the draw pump (input
of pressure exchanger) was 0.5 bar.

h(T,po, C) = hw — C(b1 + bZWs + bgwsz + b4W§

29)
+bsT + b T? + by T® + bsw, T + bow? T + biow, T?)
hy = 141.355 + 4202.070T — 0.535T2 + 0.004T> (30)
b, = — 2.348 x 10%, by, = 3.152 x 105, by = 2.803 x 108,
by = — 1.446 x 107, bs = 7.826 x 103, bg = — 4.417 x 10!,
b; =2139x 1071, bg = — 1.991 x 104, by = 2.778 x 104,
bip = 9.728 x 10!
h(T,p,C) = h(T,po,C) +8(p —po) (3D

where 3 is the specific volume (the inverse of p). 9 was determined for
both the DS and FS using p of DS and FS in the input and output of the
different devices.
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Prg = ngiitrs (Prs.in — P our) (32)
Tigp = QP ‘P out (33)
n:lpump‘draw (hpump,draw.in - hpumpAdraw,out)
Ppump.draw = (34)
npump,draw
mpump.draw = QD.in'pDJn (35)
rhpump.boost (hpump,boos\.in - hpump.boostout)
Ppump.boost = (36)
r]pump,boost
mpump.boost = QD.in'pDJn (37)
m, f d(h feed,in — h feed t)
pump. fee pump feed,in pump, feed,out
Ppump‘feed = (38)
r]pump,feed
mpump.feed = QF.in *PFin (39)
Pnet = PTB - Ppump.draw - Ppump.boost - Ppump,feed (40)
Pret
P Dner = ns (41)

'm

where 7y is the efficiency of the turbine (assumed as 85 %), # of the
three pumps were assumed as 80 % and n the number of SWMMs in the
PRO system.

3. Results and discussion

This section is divided into five sub-sections where the impact of the
different parameters studied (Cpin, A, B, Sm and S) on the performance
of full-scale PRO system was analyzed considering a single stage.

3.1. Influence of Cp

Fig. 4 shows the increase of PDye( mex With the SWMMs in series and
Cp,in- The highest values were achieved with 8 SWMMs in series and this
was because this was the maximum number of elements considered due
to the fact that only single-stage PRO systems were evaluated. This trend
held for all A and B values considered in this study. This suggests that
higher PDyetmax could be obtained with systems with more than one
stage [50] but, it should be considered limiting operating conditions
such as maximum flow in DS and FS as well as minimum flow also in
both side, this could limit the number of stages. Considering the energy
consumption of the pumps showed the difference in terms of PDye max in
comparison with a previous study by the authors in which only the
hydraulic turbine was considered. In the mentioned study, PDp,.x Were

CD.out;pD,out; QD,in

Pressure
exchanger

Draw
solution E 2 Opin
Draw
pump

Booster
pump

f

CD.in:pD,in; QD,in

CF,oul;pF,oul; QF,out

Hydraulic
turbine

~_
Cbout: PD,out; Qp %‘
Ry 7
N—

CF,in;pF‘in: QF,in FCCd
solution
Feed
pump

PRO system

QD,oul

<&

Fig. 3. Flow diagram of the PRO plant.
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Fig. 4. PDyetmax (kW) for different values of Cpjn, A = 5.3 x 10712 m Pa~! s71,
B=204x10"7ms!,S, =15.53m?, S = 446 yum and considering from 1 to 8
SWMNMs in series.

obtained with 3 SWMMs in series [16]. As the highest PDyetmax vales
were obtained with 8 SWMMs in series means that Phetmax Was also
determined with the same number of SWMMs in series, therefore, the
next results to be shown will be considering the maximum number of
SWMMs in series, 8.

Fig. 5 shows P for the devices considered and for the operating point
that maximize Ppe; with Sy, =15.53m?,A=5.3x 102 mPa s !,B=
2.04 x 1077 m s~! and 8 SWMMs in series. Percentage-wise, the higher
the Cd, the lower the percentage of P consumed by the pumps. For Cp i
=80gL!, the Prg was 762.7 W while for Cp;, = 180 g L1 it was 2394
W. Considering the Ppetme and 8 SWMMs in series, a specific energy
generation of 0.28 and 0.37 kWh m~2 was obtained for Cp,in of 80 and
180 g L1, respectively. As Ax considering both sides of the membrane
decreases, the consumption of the pumps increases in percentage terms
with respect to the Prg, which makes the window of operating points
that provide a positive Py increasingly narrower.

3.2. Influence of A

Fig. 6 the Ppetmax Variation with the increase of A and Cpin (Pnet;max
was obtaining with 8 SWMMs in series). As it was expected, Ppetmax
increase with A and Cpj,. For high A values, Cpj, had more impact on
Phpetmax than for low A values. This can be observed in Tables 2 and 3.
From Table 2 it can be seen how the value of Pyt mex Went from 25.57 to
1418.13 W considering Cp i, = 60 and 180 g L~! respectively. However,
for the same Cp j, values, and considering a value of A three times higher

2500 ; . .
P pump,draw =
P | E—
2000 | ;ump,boosl
pump,feed —
PTB |
1500
=
% 1000
N . I
0
60 80 100 120 140 160 180
-1
CD,in (gL

Fig. 5. P (W) values for the different devices and Cpj, for the operating points
that maximize Py considering S;, = 15.53 m?, A =53 x 102 mPa's ', B
=2.04x107 ms™!, S = 446 ym and 8 SWMMs in series.
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Fig. 6. Ppetmax (kW) for different values of A and Cpj, with B =1.22 x 107 m
s1, S = 446 ym, 8 SWMMs in series and S, = 15.53 m?.

than in the previous case, Ppetmex Went from 155.33 to 1777.33 W,
showing a higher increase in the latter case. It can also be seen from
Fig. 6, how a certain point is reached at which the increases in A are
losing impact on the increases in Ppemax for a given Cp i, and B values. In
fact, the Pyetmax values obtained for Cpjn =60 gL, B=1.22x 107 m
s~! and A values of 2.65 x 10712, 5.3 x 10712, 7.95 x 1012 and 1.06 x
107! m Pa! s7! were 25.57, 119.49, 155.33 and 180.67 W respec-
tively, which shows a decay in the increases of Ppetmax- In terms of
optimal operating parameters, from Table 2 it can be seen that the
higher was Cpj, the higher was ppin, Qrin and R for getting the max
value of Py. Increasing the coefficient A had an impact on the optimal
operating parameters, lower ppi, and R but, higher Qg j,. From the re-
sults it can be seen how the operating points obtained by the author in
previous studies [16,18] to maximize the P generated in the turbine
without taking into account the energy consumption of the pumps and
their efficiency differ considerably if the pumps are taken into account.
The mentioned previous studies established high values of Qpj, to
maximize Prg, however, it can be seen how, taking into account the
pumps, the value of Qp i, that maximizes Py is the minimum considered
(3m?® h™1). This is because there were two pumps that had to boost Qp in,
the draw and booster pumps. The ppj, value that maximized Pye de-
pends also on the A coefficient. For Cp i, solutions between 120 and 180
g L1, the higher the A coefficient the slightly lower the pp;, that
maximized Ppetmax (Tables 2 and 3).

3.3. Influence of B

Fig. 7 shows the calculated Pyet max considering ranges of B and Cp jp.
The increase of coefficient B made Pyet max to decrease for a constant Cp jn
value to the increase of reverse solute flux. This can happen in the
operation of PRO systems, as one of the possible effects of fouling is the
increase of the coefficient B. Comparing Tables 3 and 4 it can be seen
that the decrements of Ppermax due to the increase of coefficient B. The
decreases in Ppetmax due to the increase in B increase as Cpj, increases.
For Cpjn = 60 g L ! a difference of 147.44 W was observed, whereas for
Cpin = 120 g L7! the difference was 351.52 W. The increase of B also
influenced the optimal operating parameters. As B increased, pp i, that
maximized P,e; was lower as well as R (Tables 3 and 4).

3.4. Comparison between the influence of A and B

Table 5 shows how Ppetmax Was varied with the variation of co-
efficients A and B. The variation of these coefficient do not only allow a
performance analysis considering different SWMMs but also how hy-
pothetical fouling conditions where coefficient A decreases and/or co-
efficient B increases would affect Ppermax- An A decrease from
1.06 x 10711 t0 795 x 1072 mPa ! s and B = 1.22 x 1077 m s}
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Table 2
Operating points for Ppe; max With Sy = 15.53 m?, S = 446 ym and 8 SWMMs in series for different values of Cpj,, B=1.22 x 1077 ms~! and A = 2.65 x 10" m Pa!
s~
Parameter Coin (L1
60 80 100 120 140 160 180
Ppin (MPa) 1.95 2.6 3.25 4 4.7 5.4 6.15
Qoin (M3 h™1) 3 3 3 3 3 3 3
Qpin (M3 h1) 3.5 3.5 4 5 5.5 6 6.5
R (%) 19.15 25.62 32.07 39.53 46.49 53.46 60.94
Ppetmax (W) 25.57 204.81 401.70 625.52 873.37 1138.64 1418.13
Table 3
Operating points for Ppegma With Sy = 15.53 m?, S = 446 ym and 8 SWMMs in series for different values of Cpj,, B=1.22 x 107’ ms~! and A =7.95 x 10" m Pa™!
sl
Parameter Cpin (gL71)
60 80 100 120 140 160 180
Ppin (MPa) 1.95 2.6 3.25 3.9 4.6 5.25 6
Qpin (M3 h1) 3 3 3 3 3 3 3
Qpin (m® h1) 4 4.5 5 6 6.5 7 7.5
R (%) 19.09 25.53 31.98 38.42 45.37 51.83 59.31
Ppetmax (W) 155.33 374.20 619.05 887.39 1171.92 1469.24 1777.33
differences in terms of Ppetmax between S, were higher with more
Pret.max KW) SWMNMs in series. The difference between considering S, of 15.53 and
6 2 35.53 m? was 376.77 W for 3 SWMM s in series while for 8 SWMMs in
series it was 1027.42 W. The increment of S, had also impact on the
~5 1.6 optimal operating parameters making the optimal conditions to change.
' 12 The increase of S, made Qpin and Qp, to increase for maximizing Ppe;
E4 ' however, R and pp i, were broadly similar for all three cases (Table 6).
O :
= 3 0.8 The higher the Cpn, the greater the difference between the Ppet max Ob-
g tained for different Sy, (Fig. 9). Considering Sy, of 15.53 and 35.53 m?
5 0.4 (And the A and B values of 7.95 x 10~ m Pa~! s~ and 2.04 x 107 m
s~1, respectively), the difference for 60 g L~! was 332.85 W, while for
0

105 120 135 150 165 180
-1
Cp,n(eL )

60 75 90

Fig. 7. Phetmax (kW) for different values of B and Cp, withA =7.95 x 10712 m
Pa!s7!, S = 446 ym, 8 SWMMs in series and S, = 15.53 m2.

produced a Ppeimax decrease of 68.76 W however, for the same A
decrease, the Ppetmax decrease was not the same for the different B
values, being 67.47, 62.75 and 57.04 W for B = 2.04 x 1077, 4.06 x
1077 and 6.10 x 1077 ms~1, respectively. So, the higher was B value the
lower impact had A decrease on Pyt max. However, for different A values,
decrements in terms of B had fairly similar impacts on Ppet max-

3.5. Influence of Sp,

Fig. 8 shows the impact of the SWMMs in series and Sy on Ppegmax- It
can be seen that the higher is S,, the higher was Phetmax and the

140 g -1 it was 1415.70 W, so that at higher Cp j, the S;, parameter has
more impact on Pret max-

3.6. Influence of S

Table 7 shows the impact of the parameter S on Ppemax for two
different Cpj, (60 and 160 g L~!) and also its impact on the optimal

Table 5
Pret max (W) for different A and B values, 8 SWMMs in series, Cp i =60 g L1, and
S = 35.53 m?.

Ax 10712 Bx107 (ms1)

(mPa!s1) 1.22 2.04 4.06 6.10
2.65 307.50 241.13 108.37 55.49
5.30 459.43 376.30 214.31 88.09
7.95 535.24 443.00 263.15 120.68
10.6 580.73 482.44 288.52 153.28

Table 4
Operating points for Ppeg max With Sy = 15.53 m?, S = 446 ym and 8 SWMMs in series for different values of Cp j,, B=4.06 x 107" ms~' and A =7.95 x 10> m Pa!
s~
Parameter Con (L7
60 80 100 120 140 160 180
Ppin (MPa) 1.65 2.05 2.75 3.3 3.95 4.55 5.2
Qoin (m® h1) 3 3 3 3 3 3 3
Qpin (M3 h™1) 4.5 4.5 5 5.5 6.5 7 7.5
R (%) 16.01 19.95 26.86 32.28 38.69 44.61 51.03
Ppetmax (W) 7.89 173.08 347.46 535.87 739.86 955.51 1180.94
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Fig. 8. Pyetmax (kW) for different values of S, A =5.3 x 10712 mPa!s™!, B=
2.04 x 1077 m s, Cpj, = 120 g L1, S = 446 ym and considering from 1 to 8
SWMNMs in series.

Table 6
Operating points for Ppetmax for different Sy, values, S = 446 ym, 8 SWMMs in
series, Cpjn =120gL1,B=2.04 x 107" ms!andA=5.3 x 1072 mPa~!s71.

Parameter S (m?)
15.53 25.53 35.53
Pp,in (MPa) 37.5 38 38
Qoin (M h™) 3.0 3 3.5
Qrin (M h™1) 5.5 8.5 11.5
R (%) 36.93 37.65 37.70
Ppetmax (W) 697.77 1233.20 1725.19
P net,max &W)
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Fig. 9. Puetmax (kW) for different values of Sy, and Cpin, A = 7.95 x 10712 m
Pals!,B=204x10"7 ms!, S =446 yum and 8 SWMMs in series.

operating parameters. An increase in S from 135 to 757 ym produced a
decrease in Ppet max Of 62 % for Cp i, 0of 60 g L and 33 % for Cp,in of 160
g L1, This indicates that at higher Cp,in the impact of the S parameter on
Pret max decreases. An increment of S produced slightly decrements on R
in the optimal operating point for Cp i, = 60 g L. For Cpn = 160 g L1,
increments of Sresulted in optimal operating points being obtained at
higher R and slightly higher pp;,. It should be noted that the Cgj,
considered in this study was low (0.5 g L.-1), it is possible that the impact
of the parameter S also varies with different Cg;, values.

From the results it can be observed that the pp;, value that maxi-
mized Pretmax @nd PDyermax depends on characteristics of the SWMM
such as A, B, S, and S (Tables 2, 3, 4 and 7). In addition to this, it de-
pends on the number of SWMMs in series (Fig. 4) and certainly on the
number of stages considered. Therefore, considering that the value of
Pp.in that maximizes PDyet max iS A7/2 is not accurate. In fact, the relation
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Table 7

Operating points for Pyetmax for different S values, Sy, = 15.53 m?, 8 SWMMs in
series, Cpjn =60and 160 gL 1, B=1.22x 107" ms ' and A =53 x 102 m
Pals 1.

Parameter Cpin (L1

60 160

S (um)

135 446 757 135 446 757
Ppin (MPa) 2.1 1.95 1.95 5.2 5.3 5.5
Qoin (m3 h™1) 3 3 3 3 3 3
Qen (m® h71) 3.5 3.5 35 7 6.5 6
R (%) 20.61 19.12 19.13 51.35 52.39 54.43
Pretmax (W) 163.38 119.49 62.06 1604.28 1370.53 1073.40

between Az and ppinand without considering the concentration polari-
zation phenomena and 8 SWMMs in series, S, = 35.53 m?, B = 2.04 x
107 ms!and A = 5.3 x 10712 m Pa! s~! would be between 1.3 and
1.5 (for Cpin = 60-180 g L1) instead of 2 as considered in other studies
[50,71]. This relation depends on the operating conditions and the
characteristics of the SWMM in terms of A, B, S, S, etc. The PDyet max
value is useful when comparing the performance of different PRO
membranes on a laboratory scale. However, when estimating full-Scale
PRO system performance it is not appropriate because it would not be a
realistic value. As it can be seen from the results obtained, the PDyet max
value varies with the operating conditions and the above-mentioned
characteristics of the SWMM (Figs. 4 and 9).

4. Conclusions

In this study we have analyzed the operating points of PRO systems
with one stage and up to 8 SWMMs in series that maximize energy
production for different values of Cpjn, A, B, Sy and S. Taking into ac-
count the characteristics of the membranes and the transport equations
considered, it is concluded that the S parameter has a relevant influence
on the performance of single-staged full-scale PRO systems. This influ-
ence was shown to be Cp;, dependent. Percentage increases in Sy, pro-
duce close to the same increases in Ppegmax for the same Cpj,. In
proportional terms, an increase in the coefficient B has more impact than
the same increase in the coefficient A, although it is true that the impact
of A on Pyet max decreases as Cp i increases. However, the impact of B on
Pretmax keeps quite constant with the increase of Cp j,. It should be note
that the impact of A is limited by flux restrictions. The parameter S has
higher impact than A on Ppetmex at high Cpj, values, although B has
higher impact than S on Ppe; max for the studied range of Cp j,. Taking into
account the considerations made in this study, full-scale PRO systems
with one stage and SWMMs would be energetically feasible for con-
centration gradients in the range of 60 to 180 g L~! and for the mem-
brane characteristics considered. Taking the PD as a value to carry out
studies considering full-scale PRO systems is not precise, since this value
varies with the number of SWMMs in series since it is affected by the
evolution of the operating parameters along the PV. The results in terms
Of Ppet max may be compromised by the need for pre-treatment of the feed
water, which would require the feed pump to provide a higher pressure
than considered in this study. This would be an aspect to be addressed in
future studies. The fabrication of full-scale SWMMs and their experi-
mental validation is still necessary to approach the validation of the
results obtained and the construction of osmotic gradient power plants.
It is also necessary to evaluate the consideration of multi-stage PRO
systems that could possibly increase the energy that can be generated.
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