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Nomenclature

Symbols Parameter Unit

A Membrane water permeability LMH/bar
Aro RO membrane water permeability LMH/bar
Aoa OARO membrane water permeability (LMH=L.mh")

Aredom Membrane surface area m?

B Membrane salt permeability LMH
Bro RO membrane salt permeability LMH
Boa OARO membrane salt permeability LMH

Cp Permeate concentration mol.L!
Cpr Permeate concentration target mol.L!

C, (n € N%p) Concentration of stream n in the SF-OARO system mol.L"!
Cow Seawater salinity mol.L"!
CapEx Capital cost of the desalination system $/year
CapExyem Capital cost of membrane $/m?
CapExypp Capital cost of high-pressure pump $/(bar. m*/hr)
CapExgp Capital cost of booster pump $/(bar. m*/hr)
CapExpy Capital cost of pressure exchanger $/(m>/hr)
CapExpy Capital cost of pressure vessel $/vessel
CapEx;, CapEx for intake and pre-treatment $/(m>/hr)

D Diffusivity coefficient m?/hr

Ep Electricity price $/kWh
EPavg Average electricity price $/kWh
fe Capitalisation factor %/year
fi Practical investment factor -

i The sequence of segment

K; Overall mass transfer coefficient at it m/hr
kp i Permeate side mass transfer coefficient at i’ segment m/hr
kr; Feed side mass transfer coefficient at i’ segment m/hr
Km Membrane intrinsic mass transfer coefficient m/hr
Js.i Solute flux at i’ segment mol.m~h!
Jw.i Water flux at i segment LMH
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Pr i
Qn (n € Ngg)
Qoa
Qro
QF
QB

Qp

Ry

RRy4
RR;
Re

Soa
Sc

SECCRO,ideal
SECdl,ideal

Sequence of shooting
Number of module per RO pressure vessel
Number of module per OARO pressure vessel
Number of RO pressure vessels
Number of OARO pressure vessels
Annual operational cost of the system
Annual membrane replacement cost
Annual membrane maintenance cost
Annual electricity cost
Brine disposal cost
Applied pressure of the OARO module
Applied pressure to the RO module for SF-OARO and CRO system
Brine outflow pressure of the OARO module
Brine outflow pressure of the RO module
Maximum operating pressure of membrane
Pressure of feed side solution at i segment
Flowrate of stream n in the SF-OARO system
Feed flowrate per OARO pressure vessel
Feed flowrate per RO pressure vessel
Feed flowrate of the osmosis system
Brine flowrate of the osmosis system
Permeate flowrate of the osmosis system
Ideal gas constant
Water recovery ratio of the OARO module
Water recovery ratio of the desalination system
Reynolds number
Interest rate
Structural parameter of membrane
Structural parameter of membrane in OARO module
Schmidt number
Ideal specific energy consumption of CRO

Ideal specific energy consumption of SF-OARO design 1

$/year
$/year
$/year
$/year
$/m’
bar
bar
bar
bar
bar
m*/hr
m>/hr
m>/hr
m>/hr

m>/hr

m>/hr

L.bar/(K/mol)

mm

mm

kWh/m?
kWh/m?
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SECdZ,ideal

SEC41,de5f

SECaz,aeff

SECprac

Sh
SR

Ideal specific energy consumption of SF-OARO design 2
Specific energy consumption of SF-OARO design 1 with
consideration of pump and PX deficiencies
Specific energy consumption of SF-OARO design 2 with

consideration of pump and PX deficiencies

Practical specific energy consumption of SF-OARO system

Sherwood number
Split ratio of RO brine entering OARO module
Length of variable operation mode time period 1
Length of variable operation mode time period 2
Temperature of environment
Production scale factor
Permeate quality scale factor for period 1
Permeate quality scale factor for period 2
Input vector for the SFR-mode SF-OARO system
Input vector for the TOU-mode SF-OARO system
van’t Hoff factor
Efficiency of pressure exchanger
Pump efficiency
Permeate osmotic pressure at segment 1
Feed osmotic pressure at segment i

Osmotic pressure of stream n in the SF-OARO system

kWh/m?

kWh/m?

kWh/m?

kWh/m?

hr
hr

bar
bar

bar
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Abbreviations

Abbreviation Meaning
AWP Annual water production
BP Booster pump
BVM Brine volume minimization
C-OARO Cascading osmotically assisted reverse osmosis
CP Concentration polarization
CRO Conventional single-stage reverse osmosis
ECP External concentration polarization
ERD Energy recovery device
GD Gradient decent
HP High-pressure pump
HPRO High pressure reverse osmosis
HSBRO Hybrid system brine RO
Icp Internal concentration polarization
LSRRO Low salt rejection reverse osmosis
LM Levenberg-Marquardt algorithm
MP-OARO Multi-pass osmotically assisted reverse osmosis
MSRO Multi-stage reverse 0smosis
OPF Optimal function
PL Plant life
PS4 Porcellio scaber algorithm
PX Pressure exchanger
PV Pressure vessel
RTP Real time pricing
SEC Specific energy consumed per m® water production
SF-OARO Split-feed osmotically assisted reverse osmosis
SFR Standard flat rate
SoP Sequential quadratic programming algorithm
TAC Total annual cost for water production
TFC Thin film composite
TMP Transmembrane pressure
T0U Time of use
uwc Unit water cost
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Abstract

Improving the recovery of desalination processes can have economic benefits, as feed and brine
volumes are minimised. Furthermore, brine volume minimisation (BVM) simplifies brine treatment
prior to disposal and hence, alleviates potential environmental concerns. However, BVM is not widely
applied, as it is generally more energy intensive and costly. This may change in the future, as new
high-recovery membrane processes, such as split-feed osmotically assisted reverse osmosis (SF-
OARO), can potentially lower the required operating pressure and the energy consumption associated
with brine dewatering via osmotic counterbalance. In addition, the added flexibility of OARO
integrated systems may further reduce the unit water cost (UWC) in regions with varying-electricity
tariffs. To verify these hypothesised advantages of OARO, this study explores the economic and
technical viability of SF-OARO. Under constant electricity tariffs, the results indicate that the
optimized SF-OARO process can achieve a higher process recovery (65% versus 50%) while operating
at a 4.1% lower UWC than conventional RO (CRO), when assuming an intermediate brine disposal
cost of 0.3 $/m>. This cost advantage of SF-OARO further expands under operation with varying-
electricity tariffs. In summary, the presented results indicate that the SF-OARO process is the preferred

and cheaper choice once the brine disposal cost exceeds 0.21 $ per cubic meter of brine.

Keywords:

Osmotically assisted reverse osmosis (OARO); Split-feed counterflow reverse osmosis (CFRO);

Dynamic desalination operation; Varying electricity tariffs; Brine volume minimization (BVM)
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1. Introduction

Desalination faces several hurdles to becoming truly sustainable and affordable. The grand challenge
for the desalination industry is to produce freshwater with a lower environmental impact and at a lower
cost. Environmental concerns of desalination include (1) its high energy consumption, which is
responsible for its large carbon footprint, and (2) the discharge of untreated brine that is often severely
polluted by contaminants, such as anti-fouling and anti-scaling additives, anti-foaming additives,

oxygen scavengers and corrosion products [1, 2].

The high energy consumption and the treatment and discharge of brine also make desalination costly.
Among the currently available desalination technologies, reverse osmosis (RO) is the most widely
applied desalination technology and requires anywhere from 2 kWh to 5.2 kWh per cubic meter of
freshwater [3, 4]. In terms of cost, the RO unit water cost (UWC) can be as low as 0.28 $/m? (excluding
brine disposal cost) for large-scale, high-efficiency plants [5]. While electricity costs are the main
contributor to the overall UWC, brine disposal costs can constitute anywhere between 5% and 33% of
the total cost of desalination [6]. A reduction in brine volume can lower the incurred costs associated
with its disposal and treatment, and this reduction may be required to meet local regulations [7] and to
reduce its environmental impact [8]. Therefore, to address the environmental and economic concerns
of desalination, the development of energy-efficient brine volume minimisation (BVM) technologies
is vital. For low recovery desalination, the conventional RO (CRO) process with a single-stage design
is currently the favoured method in the industry, due to its low cost and robustness [4]. However, the
maximum recovery of the CRO process is limited by the membrane’s burst pressure. In addition, CRO
becomes less energy efficient when the recovery is increased, due to proportionately greater
irreversible losses incurred by constant pressure operation [3, 9]. These irreversible losses can, for

example, be minimised by multi-stage design (MSRO) [10].

MSRO separates the dewatering process into multiple stages with different exiting brine salinities,
which reduces the minimum hydraulic pressure requirement in the preceding steps. Batch RO systems
can also be categorised as multi-stage processes and are able to save energy by continuously increasing
the operating pressure with the process recovery to minimise the irreversible losses [11, 12]. Examples
of batch design include batch RO, closed-circuit RO (CCRO) [3] and hybrid system brine RO
(HSBRO) [13]. However, despite their different designs, the minimum hydraulic pressure applied at
the brine exiting stage cannot be lower than the osmotic pressure of the brine, the latter increasing with
recovery. Therefore, the recovery of MSRO seawater desalination systems remains limited to 50% due

to the pressure threshold of most commercial membranes [14]. High-pressure RO (HPRO) membranes
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and modules have been developed with advanced mechanical strengths to withstand hydraulic
pressures of over 100 bar [14]. There are, however, several issues associated with high-pressure
operation, such as lower-than-expected water fluxes due to membrane compaction [15] and the
introduction of additional challenges for piping, pumping, and pressure vessel design [16], all of which
lead to surging capital costs for plant design and operation . Moreover, the limited choice of HPRO
elements (such as Dupont XUS180808) and their high cost [17] further dampen the economic
feasibility of multi-stage or batch designs for BVM at high recoveries.

It should be noted that there are, other purely pressure-driven membrane process configurations, such
as low-salt-rejection reverse osmosis (LSRRO), that can be utilised for BVM [18]. Wang et al. [18]
showed that LSRRO can dewater hypersaline brines of up to 4.0 M NaCl at moderate pressures of 70
bar. It is evident that the membrane’s salt rejection in LSRRO becomes a pivotal factor that directly
affects the specific energy consumption (SEC) and the product water quality. This membrane property
(i.e., salt rejection) is mainly dependent on the chosen membrane and cannot be flexibly mediated by
operational changes. This makes it more complicated to tweak the process to operate under optimum

conditions.

To circumvent the limitations of purely pressure-driven membrane processes, this study focuses on
osmotically assisted desalination technologies [19]. The use of a draw solution (i.e., salt water) at the
permeate side of reverse osmosis, which gives rise to osmotically assisted reverse osmosis (OARO)
processes, has the distinct benefit of enabling these processes to operate at lower hydraulic pressures
while still being able to dewater highly saline brines. Previous studies have highlighted the potential
of OARO to achieve high system recoveries at relatively low transmembrane pressures and low energy
consumptions [19-21]. For example, Chen et al. [21] showed that a two-stage OARO system could
achieve a 70% system recovery at a SEC of 2.7 kWh/m® while the maximum operating pressure did

not exceed 70 bar.

Another advantage of OARO is its operational flexibility. In comparison to LSRRO, the recovery and
SEC of the system are dependent not only on the membrane’s selectivity, but also on an additional
hydrodynamically controllable parameter, namely the split or recovery ratio (SR). This ratio describes
the difference in volume between the OARO feed and draw streams and could potentially be used to
achieve the desired process recovery at the lowest possible SEC [19, 20], Furthermore, the
combination of several membrane processes into a single system (e.g., RO+OARO) offers additional
degrees of freedom when compared to CRO. This added flexibility of RO+OARO combined processes

allows for operation across a wider range of recoveries, and can therefore be utilised to better operate
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under time-varying conditions. Split-feed OARO is a form of RO+OARO process in which the
concentrate from the RO module is split into two streams entering the feed and draw side of the OARO
module. The diluted stream from the OARO module is recycled and mixed with the fresh feed. The
mixed solution is fed to the RO module to produce fresh water. A study by Peters et al. [20] shows
that SF-OARO achieves a lower SEC, is operable at technically feasible pressures and is more compact
than other OARO configurations, such as Cascading OARO (C-OARO) and Multi-pass OARO (MP-
OARO).

While SF-OARO is a promising BVM technology, the question still remains as to how it can
outperform CRO in terms of energy efficiency and cost. To answer this question, a direct and numerical
comparison between the CRO and SF-OARO processes is performed in this study. In the SF-OARO,
the concentrate from the RO stage is split into two streams to enter the feed and permeate side of the
OARO module. In this study, situations are investigated in which the operational flexibility and the
high-recovery of OARO can be fully utilised to minimise the UWC. Firstly, the CRO and SF-OARO
processes are compared at constant electricity pricing for varying brine discharge costs. It is expected
that, due to the high recovery of OARO, the SF-OARO process will outperform the CRO process in
situations where the brine discharge costs are higher (e.g., inland desalination [1, 22]). Secondly, the
SF-OARO and CRO processes are compared under time-varying electricity tariffs. This is especially
interesting due to the growing supply of electricity from sustainable but unsteady power sources (i.e.,
wind and solar). With the incorporation of sustainable power sources, and due to the varying electricity
demand throughout the day, the supply and cost of electricity vary more severely throughout the day
[23]. Adopting the time-of-use (TOU) pricing systems would accommodate for the varying time-value
of electricity. The cost analysis is based on a constant intake capacity of 20,000 m*/hr and a maximum
permeate concentration of 0.01 M (0.6 g/L M NaCl) [24]. Furthermore, three different TOU scenarios
are considered during which the UWC of the SF-OARO system is further reduced by adapting the

variate operating mode.

As introduced by Bartholomew et al [25], the optimisation of OARO integrated systems is generally
based on a one-factor-at-a-time (OFAT) analysis, neglecting higher-degree interactions between
operating parameters. Therefore, the flexibility of the OARO system cannot be fully utilised. Unlike
OFAT analysis, the OARO operating parameters are simultaneously optimised in this study, revealing
its full potential to achieve the minimal UWC. This is done by converting the optimisation problem
into a non-linear multi-variate problem using mathematical modelling. To circumvent convergence to
local minima, we introduced the bio-inspired semi-discrete algorithm, Porcellio Scaber Algorithm

(PSA), in our optimisation to obtain rough global minima for the complex non-linear constrained
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problem [26]. These rough minima from the PSA algorithm were then used as initial guesses for the

conventional batch gradient descent (BGD) algorithm to obtain the accurate optimal condition for the

SF-OARO process.

2. Methodology

2.1 Ideal case study
(a)
4
6 » Brine
Split
+1 OARO PX-2
7
2-3
PX-2 BP-2 ?
T 2-2
Feed —
Mixer PX-1 BP-1
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HPP-1
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HPP-1
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Figure 1. SF-OARO a) Design 1 b) Design 2 for ideal case and practical system calculation. HPP: high

pressure pump BP: booster pump. PX: pressure exchanger.
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Ideal SECs for CRO and SF-OARO configuration are first calculated and compared in this subsection,
respectively. For the ideal case friction pressure losses, concentration polarization (CP) salt permeation,
pressure exchanger (PX) and pump inefficiencies and over-pressurization are neglected. Furthermore,
unlimited membrane areas are assumed. Assuming that the hydraulic pressure of the brine stream can

be fully recovered, the ideal SEC of CRO can be expressed as,

Qe X Py —Qp X By
=P,
Qp

where Qf, Qp and Qp are the feed, brine and permeate flowrate of the desalination system,

SECCRO,ideal = (1)

respectively. P, is the applied pressure of the RO system.

Two different SF-OARO layouts are discussed in the ideal case study, both of which are depicted in
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Figure 1. Both designs utilise a single split-feed counterflow OARO stage to further concentrate the

brine solution exiting the RO stage. The difference between the two designs is that in Design 1 the RO

and OARO stage are operated at the same hydraulic pressure, whereas in Design 2 the OARO stage

can be operated at a pressure different to that of the RO stage. In design 2, the OARO operating

pressure can be adjusted to a lower level than the RO operating pressure, which might be more adaptive

when the OARO membrane burst pressure is below that of the RO membrane However, an additional

set of high-pressure pump (HPP), is required, which increases the overall capital costs of Design 2

since HPP is the major contributor to the capital. Despite the different configurations, the system water

recovery, RRg, of both designs is defined as:
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RRs = g—j 2)

Two additional variables are introduced to describe the OARO operation. One is the water recovery

ratio of the OARO module, RR,,, as expressed below

Q4 - Q6 (3)
Q4
The other one is the split ratio of OARO draw flow rate (Q5) to OARO feed flow rate (Q,4), SR, which

RROA =

is defined as:
sR=2 )
Q4
For each specific system recovery RRg, stream properties of the SF-OARO processes can be expressed
by functions of RR,,4 and SR as listed in Table 1. The inlet seawater salinity Cgy, is kept constant at
0.6M.

Table 1. Flowrate and salt concentration in different streams of the SF-OARO integrated system.

Stream
Q (m*/h) C (mol/L)
No.
1 Qr Csw
2 (1_RRS><(SR+1)+RR> Coy X SR+ 1
Cr\T"%r,, s L=RRs o (SR+1) + RRq
1—RR,,
1 — RRs Cow X (1 —RRy,)
3 X——= % (SR+1
Qr 1 — RR,, ( ) 1 — RR;
1—RR Cow X (1 —RR
4 QF % S SW ( OA)
1—RRyy 1—RRg
1—RR Cow X (1 —RR
5 QF % S X SR SW ( OA)
1—RRyy 1—RRs
Csw
6 Qr(1 — RRg) (1—RRY)
1 — RRs
X|——x (SR+1
QF (1 _ RROA ( + ) CSW X SR
/ LZRRs o (sR+1)—(1—RRy)
1 - RROA
— (1= RRy)
8 QrRR; 0

The SEC of each design are developed based on mass balances, which are further detailed in Appendix
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A. For Design 1, the OARO and RO membrane stages are operated at the same applied pressure, Py, =
B, = BR,TC5, where B is the van’t Hoff factor, hence,

g 1 —RRpy
SECq1idear = RR¢(1 — RRy) ©)
S S

For Design 2, the OARO and RO membrane stages are operated at different pressures (Py4 # Pgo)-
Utilizing pressure exchangers, stream 3 and 6 are depressurised to ambient pressure while HPP-2 is

used to repressurise stream 4 to the target OARO operating pressure P4, therefore,

2 —
BR,TCs <1RROA 1~ RRos Rs)

—RR,, T T—RR,
RRs

(6)

SECdZ,ideal =

The optimal applied pressure Py, equals to the maximum transmembrane osmotic pressure difference

within the OARO module,

Poy = Mg — 15 (7)

For both designs, the optimal ideal SEC (i.e., SEC;4.4;) can be obtained by minimising the 2-variable
function SEC;4eq; = f( RRpa, SR). This was done using the MATLAB fmincon function. After the
ideal SEC was obtained, the SEC was determined when considering the pump efficiency (Npymp =

80%) and the pressure exchanger efficiency (npx = 98%),

SECq1,deff

BR,TCo (1~ RRoy) X (((1 — FRASRE D)+ RRs) = X <(1 To AR+ RRs)>> ®)

(1 - RRS)RRS X 77pump

SECaz,deff

RRo4
1 - RROA

RRS X 77pump

(1-RRoy) ,, ( 1 — RRy

T 1—RR0AX(SR+1)+RR5)+

—npx((SR+ 1) + RRoy) )
= BR,TCsy
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2.2 Unit water cost (UWC) optimisation for the constant and variable

electricity tariff scenarios

With the ideal, minimum energy consumption of the SF-OARO process calculated, a more practical
model, which includes both ICP effects and finite membrane areas, was developed for the SF-OARO
and CRO configuration. The governing equations used to model the membrane processes are given in
Section 2.1. As mentioned previously, the UWC of both processes are compared over a wide range of
recoveries (Ys =45 - 75%) for different electricity tariff scenarios. The UWC factors and the different

electricity tariff scenarios are discussed in Sections 2.2.2 and Section 2.2.3, respectively.

As the plant’s intake capacity Q is set as constant (20 000 m>/hr), the total pre-treatment costs at
different recovery ratios are set the same between the different processes by assuming that the same
pre-treatment process is used and the pre-treatment can ensure the sufficient removal of foulants and
inhibition of scaling[21, 27]. Table 2 lists the selected operating and membrane parameters for the
CRO and SF-OARO processes. A SW30-8040 module from Filmtec was chosen as a suitable RO
module, owing to its commercial popularity, and an Aquaporin (AQP) based TFC membrane from
Aquaporin A/S was chosen for the OARO process. In our previous study [28], this AQP membrane
was fully characterised and was found suitable for OARO operation at pressures of up to 60 bar. Lastly,
the salt concentration of the permeate is limited in the simulation to less than Cpr = 0.01 M to adhere

to the WHQO’s drinking water standards [24].

Table 2. Characteristics of membranes, modules, PX and pumps used in calculation.

Value Unit Ref.

Agro RO membrane water permeability 1.13 LMH/bar [29]
Aoa OARO membrane water permeability 2.49 LMH/bar [20]
Areamem Membrane area per RO and OARO module 37.2 m? [29]
Bro RO membrane salt permeability 0.08 LMH [29]
Boa OARO membrane salt permeability 0.39 LMH [20]

D Diffusion coefficient of sodium chloride 1.33x10” m?%/s [20]
Ngo Number of elements per RO pressure vessel 7 - [29]
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Noa Number of elements per OARO pressure vessel To be - -
optimised
Py? Maximum operating pressure of RO and OARO 69 bar [30]
membranes
Soa Structural parameter of OARO membrane Multiple mm [20, 31, 32]
values

Npx Efficiency of PX 98% - [33]

Npump Efficiency of HPP and BP 80% - [12]
a. The maximum operating pressure P, of the AQP membrane is assumed to be the same as that

of the SW30 membrane (69 bar) [34]. An extra cost analysis was conducted in Appendix D

using Py,=82 bar which is the recommended P, for the new version of the SW30 module [30].

In either case, once the operating pressure exceeds Py, a different HPRO membrane (Dupont

XUS180808) is modelled for both the RO and OARO membrane stages.

2.2.1. OARO governing equations

The ideal case energy analysis laid out in Section 2.1 does not consider non-idealities, such as friction

losses and concentration polarization (CP) effects [35]. In the practical OARO simulation, these non-

idealities are included and the finite difference method (FDM) is used to obtain the water and solute

flux across the length of the RO and OARO membrane modules. Using the FDM, the limited

membrane area is divided into multiple segments. For the i®" segment of a RO or OARO module, the

water flux across the membrane is J,, ; and can be described by the osmotic resistance filtration model

given by Egs. (10)-(11) [20, 36]. The active-layer-facing-feed side (AL-FS) membrane orientation is

assumed for all membrane modules [36]. The water flux is given by:

w,i ] N
Jwi=A| Py — (mp; —mp,) — <exp <—l> - 1) <7TF,L' - iﬁRgT>
kF,i ]w,i

+ (1 — exp (—]W—l)) <nD,i + ﬁBRQT>>

KL ]w,i

and the solute flux across the membrane J,; can be described by:

(10)
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_ B A X Pg; 1
]s,i - A,BRgT ]w,i - ]w,i (11)

In Egs. (10)-(11), g is the van’t Hoff factor.  ; and 7 ; are the osmotic pressure of the draw and feed

side of the i*" membrane segment, Py ; is the hydraulic pressure for segment i. Term ]Ji BR,T in Egs.
w,l
(10) describes alteration of surface osmotic pressure due to the solute diffusion through the membrane.

exp wi) _ 1) denotes the concentration of feed solution while (1 — exp —Lwi represent the
kr,i K;

dilution of draw solution due to the convection. kp ; is the mass transfer coefficient on the feed-side.
K; is the overall mass transfer coefficient on the draw-side and is obtained by adding the reciprocal of
draw-side external mass transfer coefficient, kp, ;, with that of the internal mass transfer coefficient

within the membrane support layer, k,,.

R (12)
Ki km kp;

k., can be expressed as a function of the membrane structural parameter S, ,4 and the solute diffusivity

coefficient D. In this study, sodium chloride is assumed as the only solute.

1 D
- (13)
km SOA

Mass transfer coefficients kp ; and kg ; are calculated by Sherwood correlation shown in Appendix B.

The mathematical model is described in greater detail in Appendix B and is validated in Appendix C.

The SEC of the practical OARO system, SECpyq, is derived via substitution of stream properties into
Eq. (14).

SEC _ Py X Q; = 1px(Qa X (Pro,p — Pos) + Pros X Qs + Posp X Q)
prae QS X npump

(14)

Npump and Npy are the pump and PX efficiency, respectively. B, and Py, represent the applied
pressure for the RO module and OARO module, respectively, while their corresponding concentrate

hydraulic pressures are denoted by Prp g and Py, p.
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2.2.2. The time-of-use (TOU) scenarios

For membrane-based desalination systems, a primary contributor to the UWC is the process energy
consumption and hence, the UWC is highly affected by electricity pricing. Apart from the standard
flat rate (SFR) electricity pricing (i.e., the electricity price remains constant throughout the day)
variable electricity pricing is also considered in this study. Variable electricity pricing is generally
represented by the time-of-use (TOU) pricing model. TOU models can promote better matching of
electricity demand and production; especially for the highly variable renewable electricity market [37].
The static TOU model adopts an on-and-off-peak pricing structure with predetermined rates. Unlike
the static TOU model, the real-time pricing (RTP) structure reflects the dynamic cost margin of
electricity. However, it requires hourly-based advance metering infrastructure to store and process
customers' consumption profiles [37]. Studies on RTP indicate that customers are reluctant to switch

from time-invariant electricity cost structures to RTP, as they fear the potential increase in their

electricity bill [23, 37].

25
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Figure 2. Daily electricity price variations induced by different electricity price regulations. S1:
baseline SFR. S2: 25% variance TOU. S3: 50% variance TOU. S4: 50% variance TOU with unequal

peak and valley durations.
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In this study, the TOU model is employed for the optimization of the CRO and SF-OARO systems in
regions with time-varying electricity prices. More specifically, the day-and-night price differentiation
static TOU model is employed in this study, owing to its popularity, technical feasibility, and most
importantly, a moderate reflection of the time-varying value of electricity. In the SFR scenario,
OARO’s operating parameters are fixed throughout the day, while in TOU, the operating parameters
vary between two pricing periods. As shown in Error! Reference source not found., baseline
scenario 1 (S1) describes the conventional SFR electricity price regulation. Apart from the SFR mode,
3 different TOU scenarios (S2-S4) are considered in this study. TOU scenarios have equivalent time-
averaged mean values but different durations and peak values. In Scenario 2 (S2), a 25% electricity
cost variation from the baseline is assumed with each period lasting 12 hours per day. Peak-hour
electricity generation is associated with high carbon emissions and hence, a 50% electricity tariff is
adopted as Scenario 3 (S3) to adhere to carbon prices set in stringent environmental regulations [38].
Lastly, Scenario 4 (S4) was added to account for TOU models with an uneven duration of on and oft-

peak periods.

2.2.3. Unit water cost (UWC) calculation

The SF-OARO plant can be mainly controlled by adjusting four operating variables, namely; (1) the
applied pressure to the RO module P, , (2) the OARO split ratio SR, (3) the feed flowrate per RO
pressure vessel (Qgp), and (4) the feed flowrate per OARO pressure vessel (Qp4). These four flow
variables, in addition to the number of OARO membrane modules per pressure vessel Ny,, are
optimised in different scenarios to minimise the UWC of the OARO integrated desalination plant. For
the SFR scenario, the operating parameters remain constant throughout the day and hence, can be
summarized into a 1x5 input vector a:
Fy
[QRO]
Aixs5 = Qo4 (15)

e

Noa
For a two-period TOU pricing scenario, the flow variables are ideally adjusted among the two

electricity pricing periods to minimize the overall UWC. In that case, the optimization input vector d

is expanded to a 1x9 vector:
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&1><9 =| Noa (16)

QOAZ
| SR, |

The optimization range of each variable contained in the input vector a is listed in Table 3.

Table 3 . Variables in OARO system modelling for each optimisation.

Unit Upper Lower
boundary boundary
P,y RO and OARO operating pressure in period 1 bar 120 40
SR, Split ratio of RO brine into OARO in period 1 - 3 0
Qro1 Operating volume flowrate of RO module in period 1 m’/hr 12 6
Qoa1 Operating volume flowrate of OARO module in period 1 ~ m?/hr 12 6
Noa Number of modules in series in one OARO pressure - 7 4
vessel

P, Applied pressure to RO module in period 2 bar 120 40
SR, Split ratio of RO brine into OARO in period 2 - 3 0
Qro2 Operating volume flowrate of RO module in period 2 m’/hr 12 6
Qoaz Operating volume flowrate of OARO module in period 2 m?/hr 12 6

The UWC of the CRO and SF-OARO system is calculated using:
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TAC
AWP

where TAC and AWP are the total annual cost of the system ($/year) and the annual water production

Uwce = (17)

(m?/year), respectively. TAC is comprised of the capital and operational expenditures:

TAC = f. X CapEx + OpEx (18)
The annual capital repayment factor f, is given by:

_ T X (1 + T'i)PL

CT(A+r)PL-1 (19)

The lifetime PL of both RO and OARO systems are set to 20 years in this study. The amortised CapEx
calculation considers the equipment's depreciation by including the interest rate r;, the value of which
is set to 7.5% [39]. f. is 10% with a 7.5% interest rate and a 20 year plant life [39].

The capital cost CapEx can be subdivided into the initial purchasing cost of the membrane modules
CapExyem, the cost of the high-pressure pumps CapExypp and the booster pumps CapExgp, the cost
of the pressure exchangers CapExpy, the cost of the pressure vessels CapExpy and the cost of intake
and pretreatment CapEx;,. Although the operational expenditure may vary between the two TOU
periods, the CapEx remains constant as the installed equipment must be able to handle the maximum
required flowrates. Hence, the CapEx calculations are based on the maximum power and membrane
requirement among the two TOU periods.

CapEx = f; X (CapExpyem + CapExypp + CapExgp + CapExpy + CapExpy 20)
+ CapEx;,)

f1 1s the practical investment factor for osmotic processes [40]. Fouling effect is beyond the scope of
this study. Therefore, the redundancies of design factors are neglected for both CRO and SF-OARO
systems. SF-OARO has one extra booster pump and more complex flow configuration than CRO,
which potentially increase the number of valve and piping. However, such an increase may be
diminutive compared to the HPP and membrane cost. Moreover, for SF-OARO, the increment of

capital due to added complexity has been reflected in its higher membrane unit cost to CRO. The OpEx

is given by electricity O, brine disposal Op, membrane replacement O, and maintenance cost Oy;:
OpEx = OElec + OB + ORe + OMl (21)

In terms of the brine disposal cost, Og can vary between 0.05-0.3 $/m? if the brine is directly
discharged into surface waters [41]. On the other hand, if the brine is treated prior to disposal to
mitigate its environmental impact and comply with desalination brine regulations [42], Oy increases

to 0.3-2.64 $/m> [1, 22]. In this simulation, an intermediate value of Oy (0.3 $/m?) is chosen as
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benchmark for the cost analysis of the CRO and SF-OARO systems. In Section 3.2.3, the brine cost is
also varied to determine its effect on the UWC of the CRO and SF-OARO system. The electricity cost
of unit water production is linearly correlated to the total electricity consumption and the electricity
price. The calculation is based on the assumption that two different working modes, with different
specific energy consumptions (SEC; and SEC,), are used to accommodate for the varying electricity
prices between the two TOU periods. SEC; and SEC, are derived by adding up the energy
consumption of the intake and pre-treatment stage (0.3 kWh per m? intake) [43], with the osmosis
SECs calculated by Eq. (14). The duration of period one t; is related to the standard peak-hour
electricity price Ep; and the second TOU period (t, = 24 — t;) is associated with the off-peak hour

electricity price Ep,. Therefore, the total electricity cost per year is calculated by:
ty X SECy X Ep; +t, X SEC, X Ep, o
t; + ¢,

Elec —

AWP (22)

The cost factors used in Egs. (18)-(22) that are assumed fixed are summarised in Table 4.

Table 4. Cost factors used for the UWC optimisation of the CRO and SF-OARO system [22].

Symbols Value Unit Ref.

CapEXyem CapEx for membrane 30 (SW30) $/m? [22]
50 (AQP) $/m? [22, 25]

100 (HPRO)? $/m? [17]

CapExypp CapEx for high pressure pump 53 $/(bar. m®) [25]

CapExgp CapEx for booster pump 53 $/(bar. m?) [25]

CapExpy CapEx for pressure exchanger 3134.7xQpy "8 $/(m>/hr)?8 [25]

CapExpy CapEx for pressure vessel 1000 $/vessel [25]

CapExiniave  CapEx for intake and pre-treatment 3170 $/(m>/hr [43]

intake)

EDavg Average electricity price 0.16 $/kWh [44]

fi Practical investment factor 1.4 - [40]

fe Annual capital repayment factor 10 %/year [39]
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Op Cost of brine disposal 0.3 $/m? [41]
Oge Cost of membrane replacement 0.15 X CapExpyem $/year [25]

Om Cost of maintenance and labour 0.02 CapEx $/year [25]

a. HPRO membrane would be applied when the maximum pressure in the module P, exceeded
the maximum operating pressure for SW30 and AQP at 69bar [44].

b. Qpy is the flowrate of stream pass through the pressure exchanger.

c. An extra cost analysis was conducted in Appendix D with identical OARO and RO membrane
price.

2.2.4. The optimisation functions
A constrained optimisation function is used to minimise the overall UWC while ensuring that the
daily water production target (Qpr = Qr X Y5) and the permeate salinity targets in both operating
periods (Cp1<0.01 M and Cp, < 0.01 M) are met:

ov = @ =min (i (vwes 3) + (ow. 3)) @)

If the daily water production rate Qp varies from its target value Qpr, then either the customer’s
demands are not met, or the excess water cannot be sold. Hence, the penalty factor W; is introduced

in the optimisation function to prevent this:

W, = abs (5—; — 1) X 20 (24)

Similarly, if the target permeate salinity Cpr is not met, penalty factors W; and W, are greater than 1:

CPl .
W2=abS C_—l x 20 lpr1>CpT

PT (25)
and:
C
W, = abs (ﬂ - 1) X 20 if Cpy > Cpr (26)
Cpr

Utilising MATLAB’s built-in fmincon function, with the constraints listed in Table 3, the OPF

function can be minimized to obtain the minimal UWC for the given SFR or TOU scenario.

2.3 Optimisation algorithm
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The non-linear MATLAB solvers fmincon are firstly used to solve the OPF due to its optimization
stability . Three algorithms are underlying fmincon; Levenberg-Marquardt (LM), Trust-Region-
Reflective (TRR), and Sequential Quadratic Programming (SQP) [45, 46]. The SQP method requires
several analytical derivatives, which are computationally expensive to obtain for this multi-variable
optimisation problem. On the other hand, the LM and TRR algorithms are less laborious but still
approximate numerically the gradient descent direction [46]. LM, TRR and SQP all rely on the
approximation of a gradient, and hence suffer from local convergence [47]. Therefore, it was observed

that the optimised UWC is dependent on the initial guess when using fmincon solely.

Hence, a new optimization strategy was used in this study to prevent local convergence. During the
optimization process of OPF, a new approach is chosen in which the bio-inspired Porcellio Scaber
Algorithm (PSA) method is first used. In the PSA algorithm, the variables are updated using semi-
random evolution equations instead of the gradient descent method [48]. A detailed description of the
PSA algorithm is offered by Zhang et al. [26] and was also used by Keshta et al. [49] in energy-related
optimization problems. Once the PSA algorithm has determined the variables that offer a rough
optimum UWC, the OPF was further optimised using the PSA estimated values and fmincon. Using
this optimization procedure, a better and stable optimized UWC was obtained for the SF-OARO
desalination system at the set target recovery, as shown in Appendix E. Optimization is repeated three

times with different initial guesses to ensure the consistency of the optimized result.

3. Results and discussion

3.1 Ideal case study

The results of the optimized ideal specific energy consumption, SEC;;.,; at different system recoveries
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Figure 3(a). The theoretical SEC of the SF-OARO designs was lower than that of the CRO system.
The use of the split feed OARO system with a counter-current design effectively narrowed the osmotic
pressure difference across the OARO membrane. Design 1 (OARO 1) can ideally concentrate a 0.6 M
seawater feed to 1.5 M at a SEC of 1.56 kWh/m>®. On the other hand, in design 2 (OARO 2), the
OARO stage is operated at the same pressure as the RO stage, and hence slightly deviates from its
optimal operating pressure. In this case, the energy loss due to over pressurisation in the OARO stage
cannot be recovered, which led to a higher SEC than for OARO 1 for the ideal case scenario. With an
increase in process recovery, the gap between the optimal pressure of the OARO and the RO stages
narrowed. Therefore, the SEC discrepancy between two designs gradually reduces from 7% at RRg =
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0.5 to 0.4% at RRg = 0.75. At a lower recovery range (45% - 55%), both designs 1 and 2 had an
insignificant SEC advantage over CRO. Although working at a much lower pressure than CRO, the
mixing of the seawater feed and the diluted recirculated brine from the SF-OARO process increased
the total volume of feed to be pressurised in the SWRO modules, which dampened its SEC advantage
over CRO. At high recoveries, the OARO stage ensures a significant reduction in operating pressure
and hence, both SF-OARO designs performed at a significantly lower SEC in comparison to CRO. As
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Figure 3 (b), considering pump and PX efficiencies, the more complex design 2 has even higher energy

consumption because the added high pressure pump to stream 4 induces additional energy loss during
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pressurization when compared to design 1.Therefore, design 1 is chosen as it requires less equipment,

which will inevitably lower the UWC of the process. Hence, only the SF-OARO design 1 is modelled

in the subsequent sections.
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Figure 3. The SEC for the two SF-OARO designs and the CRO system (a) neglecting pump and PX
defficiencies, and (b) assuming 80% pump efficiency and 98% PX efficiency. Both scenarios assume

no pressure loss and negligible CP effects.
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3.2 Practical case Standard flat rate (SFR) scenario.

In this subsection, the focus is on the cost analysis of the SF-OARO (Design 1) and CRO system while
assuming the SFR electricity scenario. This means that all operating parameters remained constant
throughout the day. Additional assumptions include a constant intake capacity of 20000 m3/h and a
maximum target permeate salinity Cpr 0of 0.01 M. It is important to note that concentration polarization,
pump and PX efficiencies, pressure losses and finite membrane areas are considered in this and
subsequent sections. The active membrane area of each OARO and RO membrane module is assumed

to be equivalent to that of the Dupont SW30-8040 module (37.2 m? per module).

3.2.1. Influence of the membrane structural parameter on the specific energy

consumption

Figure 4 depicts the applied pressure (Figure 4 (a)) and the SEC (Figure 4 (b)) for both the SF-OARO
and the CRO systems. Within the selected recovery domain, the practical SF-OARO design lowered
the required operating pressure, which is consistent with the ideal case study. A commercial AQP FO
membrane, manufactured by A/S in Copenhagen, was chosen as the benchmark OARO membrane due
to its adequate mechanical strength and moderate S-value of 0.6 mm [28]. As shown in Figure 5(a),
The SF-OARO system can achieve a 45%, 50%, 65% and 75% recovery at P, of 47, 52 ,69 and 92 bar,
respectively. On the other hand, the maximum operating pressure for the CRO system increases from
60 bar to 150 bar over the same recovery range. Hence, the overall pressure reduction is more
significant at higher recoveries and ranges from 15 bar (RRg =45%) to 57 bar (RRg = 75%). The lower
operating pressure of the SF-OARO system can have economic benefits, especially when 52% < RRg
< 65%, as the SF-OARO process can be operated at pressures below the membrane manufacturers
suggested maximum operating pressure of the SW30 membrane (69 bar). Hence, the use of more
expensive HPRO membrane modules can be avoided altogether in the SF-OARO process, which is
not possible when operating the CRO process at the same recoveries. Additionally, a reduction in
operating pressure contributes to energy savings. For example, as shown in Figure 4 (b), when RRg =
50% and 65%, the SEC of the SF-OARO system (S, 4 = 0.6mm) is 2.35 kWh/m? and 3.00 kWh/m?
respectively, which is 7% and 18% lower than that of the CRO system operated at the same recovery
level. At the maximum evaluated recovery of RRg = 75%, the SEC of the SF-OARO process is
3.48kWh/m?®, which is 35% less than that of the CRO process. Both the SEC and P, results indicate

that the SF-OARO system is more suitable for high-recovery operations. However, at lower recoveries
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(RRs < 48%) the SF-OARO process consumes more energy than its CRO counterpart. This can be
attributed to the inefficiencies of the OARO stage (e.g., caused by ICP) and due to brine recirculation
and the volume increase in saline water to be treated by the RO stage to produce the same amount of
permeate.
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Figure 4. a) Pressure applied to SF-OARO system and b) Specific energy consumption using
membranes with different structural parameters of 0.2 mm (dotted red) [50], 0.6 mm (solid red) [31]
and 2.0 mm (red dash) [51] in the OARO module. P, is the membrane pressure threshold above
which HPRO membranes are applied.
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ICP is the major resistance to the OARO water flux. In the chosen AL-FS design, the ICP effect lowers
the effective concentration of the draw solution within the membrane’s support layer, which inevitably
increases the effective osmotic pressure difference across the active layer. The required operating
pressure and the SEC therefore increase with a more significant ICP effect. ICP is dependent on the
membrane’s structural parameter S and hence, utilising state-of-the-art osmotic membranes with a

lower S value can effectively reduce the SEC of the OARO system [52].

To examine the effect of ICP on the SF-OARO process performance, 3 different S-values were
investigated to account for the application of typical RO membranes (S = 2.0 mm) [51], commercial
FO membranes (S =0.6 mm) [31] and a thinner and more porous novel FO membrane (S = 0.2 mm)
[50]. Membranes designed for RO have a substantially greater overall thickness and S-value compared
to FO membranes. Therefore, their maximum operating pressure is greater due to more severe ICP,
which led to an increase in the SEC and the operating pressure of the SF-OARO process. The utilisation
of novel FO membranes reduced the SEC of the SF-OARO system from 3.00 kWh/m? to 2.70 kWh/m?
at a recovery of 65% However, membranes with a more porous, less tortuous and thinner support layer
may suffer from insufficient mechanical strength for high pressure brine dewatering [28]. The AQP
(solid red line) membrane was chosen for the SF-OARO cost optimization in the following sections,
as it was successfully tested in our previous experimental studies at pressures of up to 60 bar without

showing any signs of membrane failure [28].
3.2.2. Total cost breakdown of the CRO+SF-OARQO system in SFR scenario

Figure 5 (a) compares the UWC of the SF-OARO and CRO system at different recoveries. The optimal
recovery (at which the UWC is at its lowest) of the CRO and SF-OARO process is 50% and 65%,
respectively. When operating at the optimal recoveries, the SF-OARO UWC is approximately 4.1%
lower than that of the CRO process. This means that CRO desalination plants employing membranes
with low maximum operating pressures (69 bar) would benefit from the addition of a OARO stage
even if the electricity price remains constant throughout the day. A cost saving of 4.1 % is significant
in the desalination market especially for larger desalination plants, such as the Ras Al-Khair plant in
Saudi Arabia, which can produce up to 1 million cubic meters of permeate per day [53]. This means

that a 4.1% UWC saving can result in annual savings exceeding millions of USD.

30/50



@is

‘ . ; ; 200
opEx [ 1 [
14F CapEx [
P ® o <= o
PP R £ ° CRO  OARO _104%|el 3% 50 ~
E — A B [ ] 3
= 1.3% ] 2.5% P =
RO R s e o = ™l 1 o
g 2
[72]
© 0.8 e o 11008
[0} o
2 o
® (@]
206F @ (o) E
E o | |® o I® g
204 15 o 450 <
0.0 J """ 0

045 050 055 060 065 070 0.75
Recovery (-)

(b) 0.40 ; ; ; . (c) 14
CapEx OpEx
Others (| Others ] L]
035} Membrane 12} Eec HEN N
Pump [N Brine I DN
030 Intake ] o CRO OARO
U +24.7% - CRO ' +15.2%
o~ A +15.1%— _ &
C'ig 0.25 — +7.9% E 08
& RSPRS00 g B e e
w020 UL | [T : 7
g R = 8 06
5 015F ; 5
HE ml A0
0.10
005} 0z2f
0.00 0.0
0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.45 0.50 0.55 0.60 0.65 0.70 0.75
Recovery (-) Recovery (-)

Figure 5. The breakdown of a) UWC b) CapEx and c) OpEx for the SFR electricity scenario of the
CRO system (blue) and SF-OARO system (red). The recommended maximum operating pressure for
the SW30 and AQP membrane is assumed to be 69 bar. All designs have a fixed constant intake
flowrate with the same pre-treatment method and cost.

The breakdown of CapEx for both systems are shown in Figure 5 (b). As previously mentioned, the
SF-OARO system can increase the system recovery to 65% without the use of HPRO membrane
modules due to the lower required operating pressure. Therefore, compared to the CRO scenario at its
optimal recovery of 50%, the optimal SF-OARO system shows an insignificant increase in membrane
capital cost. When improving the recovery from 50% to 65%, the high-pressure pump costs for the
SF-OARO configuration are 14.5% less than that of the CRO system due to lower operating pressure.
As the improved recovery lowers the intake cost per unit of water production, only a 1.9% increase in

CapEx is observed for the SF-OARO system (RRg =65%) compared to the 50%-recovery CRO.

31/50



Table 5. Average water flux and membrane area for optimized SF-OARO and CRO system with
20,000 m*/hr intake capacity at 50%, 65% and 75% recovery.

RdO 1 OAdRIO SW30 AQP HPRO CapBruee Laptar LB
Process  Recovery rodure rodure Wz Qz N AWP AWP AWP
average average (m”) (m”) (m”)
s Jus ($/m) ($/m) ($/m?)
CRO 50% 13.7 - 7.30x10° - - 0.07 0.002 0.003
65% 24.9 - - - 5.21x10° 0.11 0.002 0.003
75% 37.8 - - - 3.94x10° 0.16 0.001 0.002
SE- 50% 9.6 13.7 1.04x10°  1.65x10° - 0.07 0.004 0.004
OARO . . . . . . .
65% 15.5 14.5 8.44x10°  1.93x10° - 0.09 0.003 0.003
75% 14.5 14.8 - - 1.24x10° 0.12 0..003 0.002

The average water flux in each membrane module of the CRO and SF-OARO system is presented in
Table 5. At 65% recovery, the CRO system is operated at higher applied pressure than SF-OARO. Due
to the significant osmotic pressure difference between the front and rear solution in the CRO process,
over-pressurization of the feed solution at the front element is severe. The SF-OARO system has an
added OARO stage compared to the CRO. Therefore, the front-and-rear osmotic pressure differences
inside the membrane modules of the SF-OARO system are less significant than those inside the
membrane modules of the CRO system. The feed solution at the front element of membrane modules
in the SF-OARO system is less over pressurized. The average water flux of high-recovery CRO
processes are significantly higher than SF-OARO and currently operating CRO (at 50% recovery).
Therefore, in practical high-recovery CRO, the capital and operational costs are potentially higher than
the simulated result due to extra fouling prevention effort or increased membrane area to reduce water
flux. If the CRO at 65% and 75% recoveries have similar water flux as CRO at 50% recovery, the
membrane area will increase to 9.49x10° and 1.10x10° m?, respectively. Therefore, if operated at a
similar average water flux, the total membrane area of SF-OARO at 65% and 75% recovery are less
than 10% higher than the CRO at the same recoveries. The Capex for high pressure pump contributes
to the majority of the capital cost for pumping system. As recovery increases, the capital cost of the
high pressure pump increases with recovery for both CRO and SF-OARO while the capital cost for
booster pump and pressure exchanger decreases. Cost for PX and BP only account for less than 10%

of the Capex for the pumping system.
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On the other hand, the OpEx of the SF-OARO process is less than that of the CRO system when the
recovery exceeds 53% due to the lower SEC and reduced membrane maintenance cost. Figure 5 (c)
shows how the two main OpEx contributors (i.e., electricity and brine disposal cost) vary with the
process recovery. As expected, the energy demand and hence electricity cost of both the CRO and SF-
OARO systems increase with the system recovery while the brine disposal cost decreases. However,
as shown in Figure 5 (c), the increase in the osmosis-related electricity cost is less significant with the
recovery for the SF-OARO system. Combined with a significant reduction of brine disposal volume,

the operational cost of the 65% recovery SF-OARO system is 5.7% less than the 50% recovery CRO.

Uncertainties remain as to whether the OARO membrane modules can be operated at pressures up to
69 bar. The AQP membrane modelled in this study was previously tested and found stable at pressures
up to 60 bar when using an RO permeate carrier and a 3D printed spacer backing [28]. The stability of
the AQP membrane may be affected at such high operating pressures and under long-term operation,
which would mean that the actual maximum operating pressure may be less than 69 bar. In addition,
the active membrane area of the AQP membrane module may be lower than commercial SWRO
module which may increase the amount of pressure vessel applied to SF-OARO. Additional
uncertainties are focused on membrane fouling. Generally speaking, fouling is more severe at higher
recoveries due to the concentration of foulants within the feedwater (SF-OARO 1is operated at 65%
whereas CRO operated at 50%). Hence, more rigorous pre-treatment might be required for the SF-
OARO process. It is interesting to note that in a previous study on the comparison of fouling in forward
osmosis (FO) and RO, it was found that the more severe fouling in FO would not lead to more
significant flux decline due to the strong internal concentration polarization (ICP) self compensation
effect in FO [54]. Therefore, it can be speculated that even though the fouling might be more severe at
higher recoveries in SF-OARO, flux decline in OARO process might not be more significant than that
at lower recoveries due to the ICP self-compensation effect in OARO. Therefore, in our calculation,
we assume the same pretreatment strategy is sufficient to prevent significant flux decline due to fouling
even at the highest recovery. A more systematic study is required to correlate flux decline,
fouling/scaling and water recovery ratio in the OARO process in the future. Nonetheless, the presented
UWTC results at constant electricity pricing (SFR scenario) highlight the potential benefits of the SF-
OARO system and should be attainable with further membrane development, as was carried out by

Liang et al [55].
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3.2.3. Influence of the brine disposal cost and electricity price on the UWC
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Figure 6. UWC of the CRO system at RR; = 0.50 (blue) compared with the OARO system for
RR,=0.65 (red) at (a) brine disposal price from 0-0.4 $/m? and (b) electricity price from 0-0.4 $/kWh.

The operating parameter is assumed to be identical to the optimized values in Section 3.2.2.
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The impact of brine disposal cost and electricity price on the UWC is further investigated in Figure 6.
In general, the SF-OARO process is preferred in regions with higher brine disposal costs and when the
electricity price is lower. For the given operating conditions and system constraints, the SF-OARO
process is the preferred choice, once the brine disposal cost exceeds 0.21 $/m>, as its lower brine
volume is disposed of at lower cost. Although the environmental impact of brine is widely disputed
[7, 8], several environmental regulations are in place that further increase the cost of coastal and in-
land brine disposal [7], which makes the use of high-recovery membrane processes, such as the
presented SF-OARO system, more attractive. In addition to the typical surface discharge of brine, other
brine disposal methods are also more expensive, such as sewer discharge, deep-well injection,
discharge into evaporation ponds, and land applications [6]. The 4.1% of UWC saving shown in Figure
5 (a) is based on the current electricity price of Singapore, 0.16 $/ kWh. As the SEC of the SF-OARO
process (RRg = 65%) is higher than that of the CRO process at a 50% recovery, the cost savings offered
by the SF-OARO process would increase if the electricity cost could be lowered further, while the
CRO process remains the more economic choice when electricity pricing is higher than 0.22 $/kWh,
assuming identical optimal operating parameter as in Section 3.2.2. The SEC of the SF-OARO process
can, however, further be lowered when utilising membranes with a lower S-value (i.e., reduction in

ICP).
3.3 Practical case: Time-of-use (TOU) scenarios

In this subsection, the UWC is estimated for both the SF-OARO and CRO systems for the three
different TOU scenarios. The overall recovery for the SF-OARO and CRO system are fixed at 65%
and 50%, according to the optimal result in shown in Figure 5. Although the electricity price varies
between peak and valley hours, the overall, daily average electricity rate remains constant and
equivalent to that of the SFR mode.Table 6 shows how the maximum operating pressure and the SEC
change with the TOU scenarios during the different peak and valley electricity rate periods. Period 1
is where the electricity prices are higher, while in period 2 the electricity prices are lower. As shown
by the optimized results, the operating pressure is higher in period 2 for all three TOU scenarios
(Scenario 2-4) to lower the overall UWC, as more water is produced when the electricity is cheaper.
Hence, the UWC of the SF-OARO and CRO system take advantage of the low electricity prices in the
low-demand period via a variable plant operating strategy. It is assumed that the feed flowrate is fixed
and hence, if the water production increases in one period then it reduces in the other so that the overall
daily water production rate remains constant. Hence, the water production was curtailed during peak-

electricity pricing to save energy costs. However, this operating strategy requires extra capacity to
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produce sufficient amounts of water in the low-electricity pricing period. Therefore, the overall CapEx

was increased to cover the additional production volume in period 2 while operating at lower

recoveries in period 1 (when electricity is more expensive) and resulted in a lower water flux and less

efficient use of the membrane stages.

Table 6. Optimized applied pressure and SEC of 2-period variate-mode operation of the CRO system

at 50% recovery and the SF-OARO system at RRs=65% under 4 different electricity tariff scenarios.

Scenario 1 is the SFR scenario.

Scenario  System and recovery P,4 period 1 P, period 2 SEC period 1 SEC period 2
(bar) (bar) (kWh/m?) (kWh/m?)
1 CRO, RRs =50% 66.0 66.0 2.36 2.36
SF-OARO, RRs = 2.99
65% 69.9 69.9 2.99
2 CRO, RRs =50% 65.8 66.2 2.36 2.36
SF-OARO, RRs = 2.95
65% 68.8 70.3 3.00
3 CRO, RRs =50% 65.8 66.2 2.36 2.36
SF-OARO, RRs = 2.94
65% 68.5 69.9 2.98
4 CRO, RRs =50% 63.9 66.6 2.30 2.38
SF-OARO, RRg =
65% 69.1 70.1 2.97 3.00
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Figure 7. Breakdown of the a) UWC b) CapEx and c¢) OpEx for the CRO (blue) and SF-OARO system
(orange) in optimal conditions for the different scenarios. S1: baseline SFR. S2: 25% variance TOU.
S3: 50% variance TOU. S4: 50% variance TOU with unequal peak and valley durations. The total
recovery for the CRO and OARO system are set to be 50% and 65% respectively according to the
optimal result obtained from Figure 5. Elec 1 and Elec 2 are the contribution of electricity cost to OpEx

for period 1 and 2 respectively.

Figure 7 (a) compares the UWC of CRO and SF-OARO, based on the three different TOU models.
The attribution of the OpEx and CapEx in different electricity tariff scenarios are shown in Figure 7
(b) and (c). In the first two TOU scenarios (S2 and S3), the duration of peak and valley electricity
periods is equal. The electricity prices during peak pricing increased 25% and 50% above the SFR
electricity price in S2 and S3, respectively. In S4, the peak pricing period is shorter but 100% more
expensive than the SFR electricity price. Changing from SFR to TOU electricity pricing is beneficial
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for reducing the UWC of the SF-OARO system, whereas the UWC of CRO remains unaffected.
Dynamic SF-OARO operation can lead to an additional UWC reduction of 0.1%-0.3% (S2-S4). This
is due to a lowering of the OpEx, as depicted in Figure 7 (c), which was more significant than the
increase in CapEx arising from excess membrane and pump capacity required during the low
electricity pricing period, as shown in Figure 7 (b). On the other hand, CRO can only enhance the
process recovery by increasing the operating pressure and hence, the reduction of UWC by variate
operation is inconspicuous in a different electricity pricing scenario. In SF-OARO, the recovery is not
only adjusted by altering the operating pressure but also by changing the split ratio SR. For example,
when a higher process recovery is required, the volume of the OARO draw solution is increased
leading to a higher brine recirculation in the SF-OARO system. This added flexibility offered by SF-
OARO leads to the additional UWC savings and hence, makes it an ideal process for dynamic

operation, especially when the pricing in the two operating periods varies significantly as in S4.

4. Conclusion

The presented results highlight that the SF-OARO process can be more cost-efficient than the
conventional, single-stage RO process under the given operating conditions when stringent brine
disposal regulations are implemented. This study utilizes 0.3 $/m? brine disposal charge and 0.16 $
/kWh average electricity price as benchmark conditions. At constant electricity pricing, the SF-OARO
process can be operated at a 4.1% lower UWC while achieving a higher process recovery (RRg = 65%
in comparison to CRO (RRs = 50%). The benefit of adding an OARO stage to the process is especially
evident when the RO membrane burst pressure is low (69 bar) and when the brine cost is high. The
SF-OARO process would greatly benefit from an OARO membrane that can withstand high operating
pressures while having a low S-value to minimize ICP. Reducing ICP will further reduce the SEC and

the capital cost of the SF-OARO process.

For the different TOU electricity scenarios, the CRO UWC remains constant as the recovery can only
be adjusted via pressure alterations. On the other hand, the SF-OARO UWC can be lowered during
dynamic operation. The ratio between OARO feed and draw volume can be adjusted during dynamic
operation, which gives the SF-OARO system the necessary flexibility to operate under ideal conditions
for any of the given TOU scenarios. Although the SF-OARO process is more complex than the CRO
process, the added flexibility on operation and the savings in UWC are beneficial, especially when
large scale plants can save 3-4% of their UWC.
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Appendix A. Derivation of SEC for the ideal case study

For both designs, the pressure applied in the RO module equals the maximum osmotic pressure

difference within the unit. Hence, for both designs 1 and 2, Pz = m3 = BR;T (5. As friction loss is

neglected, 2 modules have the same operating pressure in design 1, Pry = Ppy4. Substituting stream

properties from Table 1, the ideal SEC for design 1 can be derived as:

Py X Qz — Poa X (Qg + Qs)

SECq1idear = 0
1 — RRg 1 — RRq
ﬁRgTC3 X (1_—RROA X (SR + 1) + RRs — m X SR — (1 — RR5)>
B RR;
(27)
1—-RR
_ BRyTCay (ﬁ +2RRs — 1) (1 = RRoa)
B RR¢(1 — RRy)

For the second design, two modules operated at different pressures Py, # P,. The optimal applied
pressure equals Py, the maximum transmembrane osmotic pressure difference within the OARO

module,

RRo4

Pop = mg — 15 = BRGTCyyy X (1—RR)

(28)

Ideally, stream 4, 5 and 6 would be depressurised to ambient pressure. HPP-2 repressurised Stream 4

to the target OARO operating pressure Py, therefore,

PaXQ2+POAXQ4_(PaXQ3+P0AXQ6)=

SECy,; =
d2,ideal Q8
1 1—RR
BRyT Csw <(Cs — Cs)(1— RRy) (1——RROA - 1) + 1——RR0:RRS>
= (29)
RRs
RRy,,>  1—RRy,
BR,T Csyy (1 —Rh—+ T RRARRs

RRs
For both designs, the optimal SEC;4.,; Was obtained by minimising the 2-variable function SEC;;.q; =

f(RRp4, SR) using the MATLAB fmincon function. The practical SEC was estimated with the
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pumping and pressure exchange deficiency of 7pymp = 80% and npy = 98% respectively. For
design 1, the SEC with deficiency was calculated as:

Py X Qy— UPX(Pa X (Q6 + Qs))
Q8 X npump

SEC41,qerf =

(1— RRg)(SR + 1) (1 — RRs) X SR
BR,TCsy (1 — RRyy) X (( 1 —SRROA + RRS> — Npy X ( = RSROA +(1- RR5)>> (30)

(1 - RRs)RRS X npump

For the second design considering pump and PX deficiencies:

Py X Qy+ Pos X Qq —Mpx(Py X Q3+ Ppa X Q¢)

SECazaerr = Q8 X Mpump
(1 —RRy,4) 1~ RRs 8
TR % (ToRRG X (SR +1) + RRs) + =g~ —npx((SR + 1) + RRoa)
= BR,TCow

RRS X 77pum}9

Appendix B.  FDM model of RO and OARO module

The stream properties of the SF-OARO system is calculated via combining a trail-and-shoot mass-
balance calculation procedure with the FDM computational framework for RO and OARO membrane
processes developed by Bartholomew [35]. The mass transfer coefficient on feed and draw side of the

membrane channel, k. ; and kp, ; is calculated by Sherwood correlation[56],

k =Sh b
ForD,i — dh (32)

Sh = 0.28Re?57 Sc040
(33)
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dp, 1s the hydraulic diameter of the membrane channel, Sh, Re and Sc are the Sherwood, Reynolds
number and Schmidt number of the solution in the membrane channel corresponding to the mass
transfer coefficient, respectively.

The input of each set of SF-FOARO mass balance calculation is the constant stream 1 properties
Q,=20000 m>/hr, C;=Cs,,=0.6 M and the operating parameters P, , Qrp, Qoa, RR and Ny,. The
number of trails is defined as j. At the first shoot, j = 1, an initial guess of the properties of stream 7,

Q7,j=1, C7,j=1 1s applied to derive properties of stream 2, @, and C,. The number of RO pressure

vessels, npy rp, can be derived by,

Npy ro = QQ_RZO (34)

Qro- C3,, serve as the input to the RO FDM model to obtain the stream properties of the RO outflow,
Qs, C3 and Prg p. Q4 and Qs is calculated by Eq.(4) while Cs = C4 = C3, Po4 = Pgo . The number of
OARO modules are derived by,

Npy,oa = QQ_OSA (35)

Poa, Q4, Qs and npy o4 are applied in the OARO FDM model to derive its outflows properties
including Qg, Q7 new, Co> C7.new and Py, 5, Q7 and C; obtained from the j** shooting are applied to
derive the Q, and C, of the (j + 1)*" shooting. The trial and shoot iterations are repeated until the
)th

difference between the Q7 ey, and C; o from the (j + 1) shooting and those from the j th shooting

is less than 0.01%. The derivation of stream properties is summarized in Figure B-1.
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Input operating parameters Q4. Cy. P, , Qrp-
Qpa- RR and Ny,

v

Initial guess of the properties of stream 7:
@,=0.6C; and C,=C,

+ |

Derived the properties of stream 2: Q5 and C3 Update Q7 = Q7 new
¢ and C; = C7new

Input P,, Q,, C, and Qg to FDM model of RO *
modules to calculate Q5. C; and Py, 5

Input Q3. Cs , Qpa. and RR to OARO FDM
model to derive @3, C; and Prp g

v

Obtain OARO outflow stream properties Q,,
Cﬁ- PUA.BJ QT,new and C?.new

[&=Zz2e < 0.01%)?

Report results and stop

Figure B-1. The algorithm to derive stream properties for SF-OARO system.

Appendix C. Validation of RO and OARO simulation

The FDM model of CRO was validated by WAVE (The Water Application Value Engine), a water
processing analysis software developed by Dupont. The error margin of applied pressure derived from
the FDM model is less than 0.2%. As shown in Figure C-1, the difference between the FDM model
and WAVE result is less than 0.7%.
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Figure C-1. Applied pressure at different recovery obtained from CRO model compared with
WAVE. Both results are obtained from 7-module RO pressure vessel with the membrane area of

37.2m?.
Appendix D. UWC calculated by equivalent membrane price

The UWC result in Section 3.2.2 is sensitive to the price of membranes chosen in each scenario.
Although the recommended operating pressure for CRO is 69 bar considering the long-term stability
of the system[15], which is also the operating pressure for many of the current RO desalination plants
[57], the novel commercial Dupont SW30 membrane can operate at the maximum pressure of 82 bar.
However, the extreme scenario of 82 bar would induce severe membrane compaction and have a
negative effect on the cost of high-pressure pumping and piping. Nevertheless, as technologies
advance, additional costs for high-pressure operation might be diminished. Moreover, as large-scale
fabrication of AQP and HPRO membranes become mature in the future, their price is expected to drop.
We still conduct 2 extra cost analyses using 1) high-pressure threshold and 2) equal price for all types
of membrane respectively, to exam the suitability of the OARO project in the new generation of

desalination.
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Figure D-1. CapEx and OpEx components of estimated UWC for SPF mode two-stage OARO system
(blue) and one-stage RO system (red) assuming a) membrane burst pressure at 82 bar, b) HPRO,

OARO and RO membrane at the constant unit area price of 30 $/m?.

The result from Figure D-1 shows that the optimal recovery of the OARO process remains constant in

both scenarios. The UWC value altered insignificantly compared to the result in Section 3.2.2.
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However, the optimal UWC of CRO is further reduced when the pressure threshold is increased for
the SWRO membrane, but the UWC of the optimal OARO is still 1.5% less than its competitor, CRO.
If the constant unit price is assumed for all types of membranes, the OARO system can have a 2.3%

reduction of UWC over the CRO.

Appendix E. Comparison between the result from PSA and gradient

method

Table E-1. Optimal average applied pressure obtained by the different algorithms in variate

electricity tariff S1 scenarios for Y;= 65%.

Initial guess of period 1 o Iteration
Method Optimised pressure
pressure (bar) number
GD 50 51.1
60 59.6 300
70 68.8
80 73.5

10 randomized initial
PSA+GD 68.8 500
guesses between 40-100

Table E-1 shows that the conventional gradient descent (GD) generated various results from different
initial guesses because the model of variate mode OARO system comprised multiple that caused
multiple local minima. Moreover, the evolution of variables in GD was based on the gradient of the
existing point. Therefore, the optimal value calculated by stand-alone GD was highly dependent on its
initial guess. Furthermore, the implicitness of the OARO model and its inconspicuous gradient resulted
in inefficient gradient descent. By integration with PSA, the GD method gave more consistent results
than stand-alone GD. Unlike stand-alone GD, the GD algorithm in the PSA+GD method was fed with
an initial guess generated by the PSA, which was closed to the global optimal point. The PSA algorithm
circumvented the local convergence and inefficiency of the GD by its semi-discrete evolutions of
variables. To explain further, the update between variable generations in PSA were partially
randomized and partially toward the best-value point. The gradient-based calculation was not involved
in PSA, which improved its efficiency in solving the implicit and highly non-linear OARO model.
Moreover, the PSA method had multiple randomized initial guesses to balance their effect on

convergence, avoiding the result leaning to a single guess value. The efficiency of the PSA method
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can be further enhanced by alternating the randomization factor (RF) to achieve optimal balance
between the convergence rate and accuracy. If RF=0, the update of variables was fully randomized,
ignoring the current optimal values [26]. Ideally, the whole domain of variables was searched to derive
a guaranteed global optimal condition; however, the iteration time became unacceptable. When RF=1,
the variables converged toward the current optimal point within a few iterations. The result had a high
dependency on the initial guess due to insufficient iteration. With a moderate RF value=0.6, the 9-
variable optimal function converged to a rough global minimum within only 500 iterations. Adding
300 additional iterations of GD calculation, PSA+GD converged stably to a consistent global optimal
point. The accuracy of optimal results in this study was supported by the fact that the optimal flowrate
applied pressure and SR split ratio derived are consistent with the previous OFAT study on the OARO
process [20]. Hence, the PSA+GD method effectively optimized the condition for the multi-variate

non-linear OARO desalination process with a moderate computational load.
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