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Abstract

The ability of osmotically assisted reverse osmosis to
draw water from concentrated brine (> 75 ¢g/L) can be
attributed to the combined effect of reducing the trans-
membrane osmotic pressure difference via a draw solu-
tion, and operating at high hydraulic feed pressures.
This approach has been incorporated into a standard
ultrafiltration and reverse osmosis desalination plant
to increase the process recovery. In total, five different
OARO integrated flow processes are modelled numeri-
cally to determine their technical and economical fea-
sibility in maximising the process recovery. Three of
the five presented OAROQO integrated flow processes are
novel, and offer technical and economical advantages
over the previously proposed OARO processes.

At lower feed salinities, OA-5, which is a new pro-
cess, is the optimal OARO integrated flow process. Re-
coveries of up to 72% from a 35g/L saline feed are
possible when operating at the membrane burst pres-
sure of 48.3 bar. Furthermore, the energy consumption
of OA-5 is approximately 4.00 kWh/m?3, which is sig-
nificantly lower than that in currently employed high
recovery thermal processes, such as mechanical vapour
compression.

OA-3 is another original OARQO integrated flow pro-
cess and is the most attractive at a higher feed salinity
of 70g/L. The maximum recovery of 44 % is achieved
at an average energy consumption of 6.37 kWh/m?.
The results presented in this article demonstrate that
pressure-based membrane processes can competitively
concentrate brine streams to concentrations of up to
125¢/L.

Keywords: OARO; Osmotically assisted reverse
osmosis; OED; Osmotically enhanced dewatering;
High recovery membrane process; MSRO; Multi-stage
reverse Osmosis

1 Introduction

Of the currently available desalination technologies, re-
verse osmosis (RO) is the most energy efficient choice,
but is confined by practical issues to a maximum feed-
water salinity of approximately 75g/L (Tsai et al.
2017). Being a pressure driven process, irreversible
losses associated with a phase transition of the prod-
uct water, which is required for achieving separation in

thermal desalination processes, can be avoided (Tong
& Elimelech 2016). This allows RO to operate closer to
the thermodynamic minimum energy of separation. As
described in Elimelech & Phillip (2011), the minimum
energy of separation increases with process recovery
and the resulting increase in the osmotic pressure of the
feed solution. However, the maximum operating pres-
sure, required to overcome the feed osmotic pressure, is
limited by the membrane burst pressure (Bartholomew
et al. 2017). This limits the maximum recovery of RO,
especially at the higher feed concentrations (> 75¢/L).

Unfortunately, lower process recoveries have adverse
economic and environmental implications. Larger vol-
umes of feedwater must be extracted and pre-treated
for the production of the same amount of freshwa-
ter. Furthermore, larger volumes of brine must be
disposed of. According to Morillo et al. (2014), brine
disposal costs constitute between 5% and 33 % of the
total cost of desalination. A reduction in brine volume
can lower the incurred costs associated with its dis-
posal and treatment, which may be required to meet
local regulations and to reduce its environmental im-
pact. Thus, more environmentally friendly brine man-
agement solutions may become economically feasible
with lower brine volumes and higher process recover-
ies.

Dewatering such highly saline brines (> 75¢g/L)
poses considerable technical challenges. Thermal pro-
cesses, such as mechanical vapour compression (MVC),
are currently still the prevailing techniques applied to
achieve this (Chen & Yip 2018). In Davenport et al.
(2018), a two-stage MVC process is modelled to con-
centrate a 70g/L saline stream to 250¢g/L. MVC is
chosen due to its effective heat recovery, but it still
consumes 24kWh/m?3. In comparison, the minimum
energy required by a thermodynamically reversible pro-
cess per unit volume of product water is approximately
3.5kWh/m? (Davenport et al. 2018).

The ability to withdraw water from saline brines
(50 — 350 g/L TDS) in a more energy efficient manner
would be beneficial for many industries, such as the oil,
gas and energy sectors (Bartholomew et al. 2017). For
example, it would facilitate the reuse of high salinity
wastewaters, and allow other processes, such as inland
desalination, to circumvent regulatory, economical and
environmental restrictions due to brine volume min-
imisation (Davenport et al. 2018). Furthermore, zero-
liquid discharge processes could increase profit mar-
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gins, as valuable by-products, such as minerals, are
produced at reduced electricity costs.

Recently, a potentially more energy-efficient solu-
tion for dewatering saline brines was proposed by
Bartholomew et al. (2017) and Chen & Yip (2018).
This process is termed osmotically assisted reverse os-
mosis (OARO) and is also a pressure-driven membrane
process.

In this article, the technical and economic viability of
five OARO integrated flow processes, of which three are
novel, is determined by modelling the processes using
the solution-diffusion model. The objective of these
processes is to recover 72 % and 44 % of the freshwater
from feed solutions with a respective salinity of 35g/L
and 70g/L. Both scenarios result in the same final
brine concentration of 125g/L. This brine concentra-
tion target is 50 g/L above the generally achievable RO
brine concentration and would result in a 40 % reduc-
tion in brine volume. A similar brine concentration tar-
get has been set in Chen & Yip (2018).

The optimal OARO integrated flow process is cho-
sen, based on the following four considerations:

Energy consumption: As suggested in Semiat
(2000), energy consumption is the main con-
tributor, with a share of 44% of the overall
operational expenditures of a typical seawater
reverse osmosis (SWRO) desalination plant. The
energy consumption is therefore assumed to be
representative of the overall process operational
costs. In section 6, the energy consumption of
the entire desalination process is modelled. This
includes the energy consumed by the seawa-
ter intake, pre-treatment, brine discharge and
post-treatment.

Capital cost: Henthorne & Boysen (2015) and Moser
et al. (2015) both state that the intake, pre-
treatment and brine discharge contribute some-
where between 23 % and 33 % to the total capital
expenditures of a SWRO plant. These costs can be
excluded from the comparison, as all the OARO
integrated flow processes operate with the same
feed and recovery and thus have similar intake,
pre-treatment and brine discharge costs. However,
the cost contribution of the desalination system it-
self, which is mainly comprised of the cost incurred
by the pressure vessels, is approximately 35% of
the total capital expenditures of a SWRO plant.
As the required number of pressure vessels varies
for each process, the capital cost of each OARO
integrated flow process will be linked to this num-
ber. The required number of pressure vessels is de-
termined for a permeate production of 1000 m?/h
at the desired recoveries. Capital costs associated
with the high pressure pumps (HPP) and the en-
ergy recovery devices (ERD) are also included.

Permeate salinity: The maximum allowable perme-
ate salinity is 500mg/L TDS, as stated in the
World Health Organisation (WHO) standards for
drinking water (Pohl et al. 2009).

Operating pressure: The maximum operating pres-
sure Ppa is restricted by practical pressure lim-
its of the OARO membrane and module. As ex-
plained in section 2, the burst pressure is assumed
to be 48.3bar. The burst pressure is defined as
the maximum allowable transmembrane pressure
(TMP) under which the selectivity of the mem-
brane’s active layer is not compromised.

2 Osmotically assisted reverse
osmosis (OARO)

Osmotically assisted reverse osmosis incorporates both
the forward osmosis (FO) and reverse osmosis working
principles. However, compared to FO, the draw solu-
tion is less concentrated than the feed solution and is
only utilised to lower the osmotic pressure difference
across the membrane (Kim, Kim & Hong 2018). Thus,
OARO can be operated at lower applied hydraulic pres-
sures than conventional RO, which permits dewatering
of more saline feed streams without exceeding the max-
imum allowable hydraulic pressure of the membrane
module. Additionally, the lower operating pressures
make OARO more energy efficient than conventional
RO, but a secondary purification process is required
to lower the salinity of the diluted draw solution to
freshwater standards. The OARO process is depicted
in figure 1.

Pressurised Brine
saline feed Qg effluent
Prign THigh
SR SR RN AR AR
PLow T Low
Diluted Draw Qp

draw solution

Figure 1: Osmotically assisted reverse osmosis

Ideally, the OARO membrane is selective (low so-
lute permeability coefficient B) and is water permeable
(high water permeability coefficient A). Furthermore,
the ideal OARO membrane has a low structural param-
eter S, which is related to the structural properties of
the membrane’s support layer. These membrane re-
quirements are similar to those required for pressure
retarded osmosis (PRO). However, there are currently
few, if any, commercially available PRO membranes,
and therefore FO membranes are generally employed
instead (Hickenbottom et al. 2016).

Internal concentration polarisation (ICP), which
hinders the osmotic pressure of the draw solution, is
less important if S is minimised. To reduce S, the
membrane support layer must be thin, non-tortuous
and highly porous, which unfortunately also results in
the reduction of the membrane’s structural strength
and integrity. This is especially problematic at high
hydraulic pressures, which can lead to severe mem-
brane deformation and eventually to the rupture of the
membrane’s active layer. For example, conventional
RO membranes have a thick and dense support layer
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(S = 37.5mm for SWRO and S = 14 mm for brackish
water RO (BWRO)) as they have to withstand high
feed pressures, which can reach up to 85 bar and 40 bar
for SWRO and BWRO respectively (Alsvik & Higg
2013). On the other hand, FO membranes have a thin
support layer (S < 0.7mm) to reduce ICP and no high
hydraulic pressures are applied (Alsvik & Hagg 2013).

In Straub et al. (2014), a maximum burst pressure of
48.3 bar was achieved in PRO operation for a commer-
cially available thin-film composite (TFC) FO mem-
brane backed by two layers of dense tricot woven fab-
ric. Even higher burst pressures, of up to 70 bar, were
achieved by Madsen et al. (2017) for three cellulose ac-
etate (CTA) FO membranes. However, a porous steel
plate was used as feed spacer in the experimental PRO
set-up. Implementing porous steel plates as spacers in
spiral wound membrane modules is not practical or eco-
nomically feasible. On the other hand, the tricot wo-
ven fabric is commonly utilised in commercial SWRO
membrane modules. Therefore, the maximum practi-
cal burst pressure is assumed to be 48.3 bar and not
70 bar.

2.1 Governing equations for OARO
and RO

Generally, two OARO membrane orientations are pos-
sible, due to the asymmetrical nature of the TFC mem-
brane. In AL-FS mode, the active layer faces the feed
solution and the draw solution comes into direct con-
tact with the porous support layer. On the other hand,
in AL-DS mode the active layer faces the draw solution
and the feed solution enters the porous support layer.
If the feed solution is pressurised, then the membrane
is forced against the draw solution spacer. In AL-DS
mode, the active layer comes into direct contact with
the spacer and the active area of the membrane is low-
ered. In this fashion, a water flux reduction was ob-
served in Oh et al. (2014). It was also found that mem-
brane damage occurred if the hydraulic feed pressure
exceeded 20.7 bar for a TFC FO membrane. In AL-FS
mode, the porous support layer is pressed against the
draw solution spacer and no reduction in active mem-
brane area was observed. Additionally, no membrane
damage was observed for hydraulic pressures of up to
27.6 bar. Therefore, all OARO processes are generally
operated in AL-FS mode. The AL-FS mode of opera-
tion is vital to prevent membrane damage by the draw
solution spacer, especially if spiral wound modules are
used in the OARO process.

The AL-FS membrane orientation and its respec-
tive concentration profile are illustrated in figure 2.
As shown, the osmotic pressure of the feed solution
mp increases in the boundary layer due to concentra-
tive external concentration polarisation (ECP). Solutes
are rejected by the membrane’s active layer and ac-
cumulate in its vicinity (Johnson et al. 2018). On
the other hand, the draw solution’s osmotic pressure
mp decreases in the porous support layer and in the
boundary layer, due to dilutive ICP and ECP respec-
tively. Dilution of the draw solution in the support

Active Support

Layer Layer
Jw
Feed Draw
Solution Js Solution
ECP
————— -4
TR
TD
AT ECP
ICP
R AR B R F .
Boundary Boundary
Layer Layer

Figure 2: Concentration profile in the OARO process
with ICP and ECP. Figure is adapted from Oh et al.
(2014).

layer is counteracted by the back-diffusion of draw so-
lute ions towards the active layer. Membranes with a
lower structural parameter S experience less resistance
towards ion diffusion and thus ICP is less dominant
(Shaffer et al. 2015). Both dilutive and concentrative
ECP are more easily mitigated by altering hydrody-
namic conditions, such as increasing turbulence (Wang
2016).

If the same solute is present in the feed and draw
streams, then the lower concentration of the draw so-
lution causes feed solutes to diffuse into the draw solu-
tion. This is not the case in forward osmosis, where the
draw concentration exceeds that of the feed and reverse
solute flux occurs. For FO, the solute flux Jg would be
in the opposite direction to that indicated in figure 2.
More importantly, ICP is more severe at higher draw
concentrations. Thus, OARO is less affected by ICP
than FO since the draw solution is less concentrated
(Kim, Kim, Kim & Hong 2018).

An advanced solution-diffusion model is utilised to
model the OARO and RO processes. This model was
previously used by Kim, Gwak & Hong (2017) to model
pressure assisted FO (PAFO). The depicted water flux
Jw and reverse solute flux Jg can be expressed as:

mp exp(—Jw K)—7p exp(‘;—";)

1_% (exp(—JWK)_eXp(%)>

JW:A< —|—AP> (1)

and (Kim, Kim, Kim & Hong 2018):

Cr exp(J—W) — Cp exp(—JwK)

F
1- % (exp(fJWK) — exp(‘,%’))

Both equations account for the effects of forward and
reverse solute transport and concentration polarisation
(Blandin et al. 2017). K is given by:

K = (1/kp+1/km +1/kp) (3)

where 1/kp and 1/kp represent the external resistance
to mass transfer in the feed and draw solution streams

Js =B (2)
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(Xiao et al. 2012). For membranes with a thick and less
porous support layer, the solute resistance to diffusion
in the support layer 1/kj is dominant, and is given by
(Duan et al. 2014):

=2 (@

M

where D is the diffusivity of the solute. A pure NaCl
feed solution with constant D (1.33x107? m?/s) is as-
sumed in this work (Oh et al. 2014).

The numerical findings presented by Xiao et al.
(2012) show that a counter-current flow arrangement
has several advantages over a co-current flow arrange-
ment, such as a more uniformly distributed water flux
along the FO module. Therefore, in this work, all
OARO membrane modules are operated in a counter-
current flow arrangement. The governing equations in
equation (1) and equation (2) are solved explicitly on
a finite set of iteration segments along the membrane
module. The draw solution salinity and mass flowrate
at the module outlet are obtained with the shooting
method (Xiao et al. 2012). The OARO and RO nu-
merical model is validated in the supplementary in-
formation provided. With a sufficient amount of iter-
ation points, the explicit scheme offers the same so-
lution accuracy as the implicit scheme but converges
more rapidly.

3 Analysis of the stand-alone
OARO process

Before the OARO integrated flow processes are anal-
ysed in section 5, it is important to understand the
effect of varying the operating parameters of the stand-
alone OARO process, which is depicted in figure 1.
Here, ’stand-alone’ refers to a process not yet inte-
grated with the RO unit. All comparisons of the stand-
alone OARQO process are performed at a constant sea-
water (draw) and brine (pressurised saline feed) inlet
salinity of 35g/L and 70 g/L, respectively. Further as-
sumptions are that NaCl is the only solute and that
the density (1025kg/m?®) and temperature (25°C) of
the feed and draw streams are constant. For energy
calculations, the mechanical efficiency of the pump and
the energy recovery device are assumed to be 80 % and
96 %, respectively (Voutchkov 2018). The number of
membrane modules in series np4 is kept constant at
7; and each module has an active membrane area of
37m?, which corresponds to the membrane area of con-
ventional 8inch Filmtec spiral wound modules (DOW
Water Solutions 2017b).

Generally, the feed inlet flowrate Qr is set as 8 m?/h
and the flowrate ratio RR, defined as the ratio between
the draw and feed flowrates, is set as 1. Finally, the
pressure loss in the feed and draw channels is modelled

by:
P =68.95n04 (15.85Qr)"" (5)

where the pressure loss Py, is given in bar and Qp in
m?/s. This equation is adapted from DOW Water So-
lutions (2017b) for spiral wound modules.

3.1 Optimal OARO membrane proper-
ties

SWRO desalination plants are generally designed to
operate at an average water flux of approximately
10 — 15 LM H (Davenport et al. 2018). Optimally, the
OARO process is operated at similar water fluxes to re-
duce capital expenditure, but this could be problematic
as concentration polarisation is more severe at higher
water fluxes. Assuming that ECP is negligible com-
pared to ICP (by ensuring high cross-flow velocities),
the draw solution’s concentration polarisation factor
CPp can be expressed as:

CPp =~ exp(—JwK) =~ exp(—JwS/D) (6)
This term is plotted in figure 3 for three different .S val-
ues with respect to the water flux. If C' Pp reaches zero,
the draw solution concentration is effectively nullified
and does not affect Jy and Jg. Therefore, S must
be less than 1.5 mm for the draw solution to be effec-
tive at similar water fluxes to SWRO. In the following
simulations, S is kept constant at 0.57 mm, which cor-
responds to the structural parameter of the TFC FO
membrane used in Straub et al. (2014).

15

0.75

CPp
o
ot

0.25

Water flux [LMH]

Figure 3: The concentration polarisation factor of the
draw solution with respect to the water flux for three
different structural parameters

As mentioned in Werber et al. (2016), dense
polymeric membranes demonstrate a permeability-
selectivity trade-off. For TFC membranes, the follow-
ing relationship is presumed: B o< A3, which means
that an increase in a membrane’s water permeability
also leads to a significant increase in solute permeabil-
ity (Yip & Elimelech 2011). This is not ideal for the
OARO process, as the membrane optimally possesses
a high A and a low B value. Figure 4 displays the
specific energy consumption (SEC) and diluted seawa-
ter salinity with respect to the OARQO process recovery
for three different types of membranes. The presented
OARO recoveries are achieved by varying Pp 4 between
40 — 80 bar.

In addition to the TFC-FO membrane, which was
used by Straub et al. (2014), a nanofiltration (NF90)
and reverse osmosis (SW30HRLE) membrane are also
modelled. The NF90 nanofiltration membrane is cho-
sen for this comparison, as it shows high rejection ratios
for both monovalent and bivalent ions when compared
to other nanofiltration membranes, such as the NF270

345

350

355

360

365

370

375

380

385



390

395

400

405

410

415

420

425

430

435

or NF200 membrane (Zhou et al. 2015). According to
the manufacturer, the SW30HRLE seawater reverse os-
mosis membrane element combines high rejection and
low energy requirements and is therefore chosen for
this comparison (DOW Water Solutions 2017a). Each
membrane’s properties are given in table 1.

For this simulation, it is assumed that it is possible
to manufacture all three membranes with the same thin
and porous support layer (S = 0.57 mm). The nanofil-
tration (NF90) and the SWRO (SW30HRLE) mem-
brane properties were validated using ROSA, which
is an RO system analysis (ROSA) software developed
by the membrane manufacturer DOW Filmtec (Altaece
2012).

Table 1: Membrane properties of the three simulated
membranes

Name Manufacturer A B
[LMH/bar] [LMH]
NF90 DOW Filmtec 6.25 1.68
TFC-FO HTI 2.49 0.39
SW30HRLE DOW Filmtec 1.13 0.08

The shaded areas in figure 4 represent infeasible op-
erating conditions, as the feed pressure Ppa exceeds
the burst pressure of 48.3 bar. At equivalent feed pres-
sures, the more permeable membranes achieve a higher
process recovery, as the water flux Jy increases pro-
portionally with A. Almost 23 % of the brine stream
can be recovered when utilising the NF90 membrane
at the burst pressure. On the other hand, the recovery
only reaches 15.2% and 12.3 % when using the TFC-
FO and the SW30HRLE reverse osmosis membrane,
respectively.

Figure 4 displays the diluted seawater salinity for all
three membranes. In general, a higher dilution of the
OAROQO draw solution is preferred, as a secondary pu-
rification process is utilised to further desalinate this
stream. As shown in the figure, a similar diluted seawa-
ter salinity is observed when utilising either membrane
and operating at the membrane burst pressure. This
is true even though the membrane properties A and
B vary significantly between the chosen membranes.
As previously mentioned, dense polymeric membranes
with a higher permeability have a lower selectivity due
to the permeability-selectivity trade-off phenomenon.
Thus, choosing a more permeable membrane, such as
the NF90 membrane, leads to a simultaneous increase
in water and solute flux. This results in the observed
similarity in draw dilution for all three membranes un-
der the defined OARO operating conditions.

The specific energy consumption of the OARO pro-
cess, operated at the membrane burst pressure, reduces
from 3.05kWh/m? (SW30HRLE) and 2.77kWh/m?
(TFC-FO) to 2.40 kWh/m? when using the NF90 mem-
brane instead of the more selective membranes. To con-
clude, OARO processes seem to benefit more from wa-
ter permeability than from selectivity in the membrane,
as a similar dilution of the draw stream is achieved
at a lower specific energy consumption. Thus, tight
nanofiltration membranes with a thin and porous sup-

port layer should be further developed for these type of
applications. However, these membranes are not com-
mercially available with such thin support layers. Since
the TFC-FO membrane is commercially available, it is
chosen for the subsequent simulations.
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Figure 4: Diluted seawater salinity and specific en-
ergy consumption for three different membranes with
respect to OARO process recovery. (Qr = 8m3/h and
RR=1)

3.2 Optimal OARO feed flowrate

The process recovery Yg is inversely dependent to the
feed flowrate Qp:
_Qr

Qr ®
where QQp is the flowrate of the permeate that moves
from the feed to the draw solution. @ p is also depen-
dent on Qp, as Jyr and Jg are indirectly affected by
changes in the feed flowrate. The pressure drop Pp in
the OARO feed channel increases with Q g, as shown
by equation (5). An increase in Pp over the length
of the membrane module reduces the transmembrane
pressure difference, which results in a reduction in Qp.
On the other hand, at higher flowrates, external con-
centration polarisation is less pronounced, as enhanced
mass transfer occurs due to higher turbulence in the
feed channels.

The net effect of Qp on the OARO process recovery
is depicted in figure 5. As shown, the process recov-
ery increases from 10.6 % to 23.0 % if operating at the
membrane burst pressure and the flowrate is reduced
from 12m?/h to 4m?/h. This suggests that the reduc-
tion in P, and the smaller denominator in equation (7)
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affect the process recovery more than the increase in
ECP due to the lower flowrates.

The higher OARO process recovery at lower QQr and
equivalent feed pressures result in a lower diluted sea-
water salinity, as shown in figure 5. Furthermore, the
specific energy consumption reduces with a reduction
in Q@ when operating at the bursting pressure. This
can be attributed to the higher recovery and lower pres-
sure drop in the OARO feed channels.
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Figure 5: Specific energy consumption for three dif-
ferent feed flowrates with respect to OARO process
recovery. (TFC-FO membrane with RR = 1)

The higher system recovery, better dilution of the
draw stream and the lower energy consumption suggest
operation of the OARO process at lower feed flowrates.
Nevertheless, lower feed flowrates result in higher capi-
tal expenditures, because more OARO pressure vessels
are required in parallel to process the same overall feed
rate. Another problem arising from low feed flowrates
is enhanced scaling and fouling. In DOW Water Solu-
tions (2017b), a general guideline is given for the con-
centrate flowrate, which should not be less than 3m? /h
if the feed silt density index (SDI) is approximately 3.
Lower SDI values represent a better feedwater quality,
and can be achieved by more rigorous pre-treatment.

The trade-off between recovery, energy consumption,
capital cost and fouling suggests that an intermediate
flowrate is the best choice for the OARO process. Qp
is chosen to be 6 m?3/h for the simulations in section 6,
where it is important to show that the OARO process
can be operated below its burst pressure while achiev-
ing the set recoveries.

3.3 Optimal flowrate ratio between
OARO streams

The flowrate ratio RR is defined as:

RR:@

Qr

where @ p is the inlet flowrate of the draw solution and
Qr is the inlet flowrate of the feed solution (see fig-
ure 1). Figure 6 displays the diluted seawater salinity
and the specific energy consumption for three different
RR values. At lower RR values, only a fraction of the
seawater feed is used in the OARO process as draw so-
lution whereas the other fraction bypasses the OARO
module. The salinity displayed in figure 6 is the final
diluted seawater salinity when both streams are mixed
again.

The figures indicate that the RR value has a negligi-
ble effect on the OARQO recovery when operated at the
same Pp 4. Furthermore, the diluted seawater salinity
is reduced as RR increases. Larger RR values indicate
a more voluminous draw stream, which is thus more
difficult to dilute. The salt diffusion from the brine
to the seawater stream is reduced, as the transmem-
brane concentration difference is lower throughout the
OARO module when RR is larger.

If RR is greater than 1, the pressure loss in the draw
stream is more severe for no additional increase in re-
covery. Furthermore, figure 6 shows that the specific
energy consumption is significantly higher at the burst
pressure if RR = 1.5. In practice, RR will be less than
1, as the spacer in the OARO draw channel must be
more dense than the feed spacer to prevent membrane
deformation under high feed pressures. For example,
in Jeon et al. (2018) the maximum tested RR value
never exceeded 0.6 for an FO spiral wound module. To
conserve energy and for practical reasons, RR is cho-
sen here onwards to be 1 as the draw stream dilution
is also slightly better than for RR = 0.5. The better
dilution of the OARO draw stream is beneficial, as it
is more easily desalinated in a secondary purification
process.

(8)

3.4 OARO feed pressure

Assuming that membranes and modules can be de-
signed to achieve higher burst pressures, the shaded
areas in figure 4, figure 5 and figure 6 become feasible
operating regions. Each plot marker represents an in-
crease in pressure by 5bar up to a maximum pressure
of 80 bar. As shown in these figures, the specific energy
consumption remains relatively constant when increas-
ing Ppa above the current burst pressure. This can be
attributed to the simultaneous increase in energy con-
sumption and recovery at higher Pp 4.

From equation (1) and equation (2) it can be seen
that the transmembrane pressure difference directly af-
fects the water flux Jy, but not the solute flux Jg. The
water flux changes proportionally with the feed pres-
sure, which in turn changes the concentration polari-
sation factors that affect both Jy, and Jg. Therefore,
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Figure 6: Diluted seawater salinity and specific energy
consumption for three flowrate ratios RR with respect
to OARO process recovery. (TFC-FO membrane with
Qr =8m®/h)

an increase in Pp4 results in a higher process recov-
ery due to the higher water flux. On the other hand,
the change in solute flux is less severe when altering
Poa. An increase in feed pressure thus leads to an
improvement of the OARO draw stream dilution.

Madsen et al. (2017) show that current FO mem-
branes are capable of withstanding high feed pressures
of up to 70 bar if they are sufficiently supported by the
membrane module and spacer. Thus, the development
of highly permeable but rigid permeate spacers and of
membrane modules with high packing densities is es-
sential to improve the OARO process.

4 The standard UF-RO process

In the following section, the OARO process is incor-
porated into the standard UF-RO process, depicted in
figure 7, to achieve the specified recoveries. Although
a single UF and RO process are depicted, each process
consists of a number of membrane modules in parallel
(Nyr and Ngo) to process the overall feed rate. The
operating conditions of this UF-RO process will remain
constant for all simulations. A single stage RO process
is chosen, where each pressure vessel contains 7 8-inch
spiral wound membrane modules (Voutchkov 2018).
The RO operating pressure and feed flowrate are set
at 80 bar and 12m? /h, respectively. These process pa-
rameters are representative of a general RO process for
large operations (DOW Water Solutions 2017b).

Table 2 presents the recoveries achieved by the UF-
RO process for the two specified feed concentrations.
Relatively high recoveries are achieved for the UF-
RO process when operating at 80bar, which is the
typical maximum operating pressure of RO (Daven-
port et al. 2018). DOW Water Solutions (2017b) sug-
gests that an additional flow factor F'F is incorporated
into equation (1) to adjust the modelled water flux
for reversible/irreversible fouling and scaling. Gener-
ally, F'F is 0.7 if the seawater feed is treated by ul-
trafiltration (UF) and SDI is below 3. However, em-
pirical data regarding water flux reduction due to re-
versible/irreversible fouling or scaling is not available;
thus, FFF' =1 here. In other words, a pure NaCl feed
is considered in the simulations. With a real seawa-
ter feed, fouling and scaling phenomena cannot be ne-
glected and the achievable recoveries will reduce with
operational time. The extent is however unknown.

Legend:
@ : Energy recovery device
. Concentrated

@ : High pressure pump brine

o 1RO
Seawater

ANY s
== O~ -
Permeate

Figure 7: The UF-RO reference model

Table 2 also presents the modelled energy consump-
tion of the UF-RO process. Fane (2018) mentions that
the overall energy consumption of modern SWRO de-
salination plants lies in the range of 3.0kWh/m? to
3.5kWh/m?. The energy consumption of the UF-RO
process lies slightly above this range for a seawater
salinity Cry of 35g/L. The efficiency of the high
pressure pump and energy recovery device are equiva-
lent to those for the OARO process presented in sec-
tion 3. The energy breakdown for a typical SWRO
desalination plant, given in Voutchkov (2018), is as-
sumed to be at a 50 % system recovery, and is used
to determine the additional energy expenditures asso-
ciated with the intake, pre-treatment, brine discharge
and post-treatment. At the same recovery, the UF-
RO plant presented in figure 7 consumes 0.19 kWh/m?,
0.12kWh/m?® and 0.18 kWh/m? for the intake, brine
discharge and post-treatment respectively. Ultrafiltra-
tion is chosen as a general pre-treatment process and
consumes approximately 0.3kWh/m? (Fane 2018).

Insufficient pre-treatment is most often the cause
of RO system failure (Pearce 2008). Compared to
conventional pre-treatment methods, membrane fil-
tration processes such as ultrafiltration offer consis-
tent and high-quality product water. Additionally,
a smaller process footprint, less chemical dosage and
fully automatic operation is possible when using UF
(Xu et al. 2012). Suarez et al. (2015) offers one-year
operational data for an UF-RO plant. According to
their findings, the consistent high quality UF filtrate
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Table 2: System recovery Yg, specific energy consumption (SEC), permeate salinity Cp and number of UF
modules Nyp and RO modules N required for the UF-RO process at two varying inlet salinities Cyn

Cinl9/L] Prolbar] Ys[%] SEC[kWh/mp] Cplg/L] Nur Nro
35 80 59.21 3.60 0204 71 141
70 80 23.27 5.14 0.640 180 359

and reduced SDI in comparison to the previously in-
stalled multimedia filters improved reliability and op-
erability of the desalination plant. However, biological
growth within the system still remained an issue, as
dissolved organics are not effectively reduced by UF.
In Ma et al. (2007), the issue of RO membrane bio-
fouling is addressed by an additional enhanced coagu-
lation process installed prior to the UF process. This
combined pre-treatment effectively reduced silica, iron
and microbial contamination of the RO feed water to
minimise biofilm formation on the RO membrane. As
mentioned in Jamaly et al. (2014), low pressure mem-
brane pre-filtration improves the reverse osmosis mem-
brane lifespan by 20% to 30% and thus lowers the
operational costs involved in frequent membrane re-
placement.

The recovery of the UF process is assumed to be
100 %, although it can optimally reach only 95 % due
to frequent backwashing for fouling prevention (Ja-
maly et al. 2014). The number of UF and RO pres-
sure vessels is based on a permeate production of
1000m?/h. Nyp is determined by assuming that 4
X-Flow Aquaflex UF modules, each having an active
membrane area of 60m?, are placed in series in each
pressure vessel (PentAir 2018). An average UF water
flux of 100 LMH is assumed (Xu et al. 2012).

As shown in figure 7, it is assumed that a single
pumping and energy recovery centre supplies all par-
allel RO trains. This principle is also chosen for the
OARO process, as larger high efficiency pumps can
be utilised to increase the pumping efficiency up to
85 % (Voutchkov 2018). Indeed, this is done at the
Ashkelon seawater desalination plant in Israel, where 4
high-pressure pumps supply seawater to 16 RO trains
to produce 50x 10 m? /year (Sauvet-Goichon 2007).

5 The OARO

processes

integrated flow

Five different OARO incorporated processes are dis-
played in figure 8 and figure 9. For clarity, the feed
side (FS) and draw side (DS) of each OARO process
are indicated in the figures. As mentioned in section 1,
the objective is to achieve a final system water recov-
ery of 72% and 44 % for a seawater inlet salinity of
35g/L and 70g/L, respectively. These recoveries are
obtained for each OARO integrated flow process, with
various feed pressures Pp 4 and total number of OARO
stages T'. In this work, the maximum number of OARO
stages is limited to 3 (T' < 3). Labels S; to Sy, that are
displayed in figure 8 and figure 9, are used to indicate
the position of each OARQO stage in the process.

An iterative approach is chosen to determine the
steady state operation of each OARO integrated flow
process. Every iteration commences by modelling each
OARO and RO process independently, with its respec-
tive feed/draw flowrates and salinities. The iteration
is then terminated by passing updated information be-
tween the processes before continuing with the follow-
ing iteration. Steady state operation is reached once all
flow streams converge and the salt and water conser-
vation error is below 0.1 % of the inlet salt and water
flowrate.

Each OARO integrated flow process contains a max-
imum of 3 stages, with each stage containing several
pressure vessels in parallel, where the feed flowrate per
vessel is given by Q. Moser et al. (2015) mention that
the cost of the membrane module is negligible com-
pared to the cost of the pressure vessel. Therefore,
it is financially beneficial to fit the maximum number
of membrane modules into each pressure vessel. In
section 4, 7 modules per pressure vessel are assumed
for the RO process, as this is typical for large scale
RO operations. An equivalent number of modules per
pressure vessel is assumed for each OARO stage.

FO spiral wound membrane modules generally have
a lower active membrane area (between 9m? and 15 m?
(Kim, Blandin, Phuntsho, Verliefde, Le-Clech & Shon
2017)) than their RO counterparts. However, it is as-
sumed that OARO modules can be designed with an
RO equivalent active membrane area. An OARO mem-
brane module with a high packing density should be
plausible; Straub et al. (2014) employed a tightly wo-
ven permeate spacer from a commercial RO membrane
to achieve a burst pressure of 48.3 bar. OARO pressure
vessels are assumed to be in a similar price range as
that of their RO counterparts, as both processes are
operated at higher pressures.

Figure 10 shows the hydraulic and osmotic pres-
sure profiles for three subsequent stages (S; to Ss)
in a single OARO process. Each stage is operated at
the same inlet feed and draw pressure by employing
booster pumps between each stage. These pumps are
also modelled at a mechanical efficiency of 80%. As
shown in the figure, mr and 7p vary in each stage, and
depend on the process recovery and salt diffusion. Fur-
thermore, no fouling or scaling of membrane surfaces
are taken into account when determining Jy and Jg.

5.1 OA-1

Two variations of this process, which has been pro-
posed by Bartholomew et al. (2017), have been mod-
elled. OA-1-1 is depicted in figure 8a and contains a
single OARO loop with up to 3 stages in series (7' > 1).
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Figure 8: The first OARO integrated flow process that is being investigated

The RO process is not in direct contact with the sea-
water stream, but is instead supplied by the diluted
draw stream of OARO1. The RO brine is then re-
circulated and reused in the OARO1 process as draw
solution. On the other hand, OA-1-2 consists of one ad-
ditional OARO loop with up to 3 stages split between
OARO1 and OAROQO2, as depicted in figure 8b. OA-1-2
requires a minimum of two stages (T > 2) situated at
S1 and Sy. If a third OARO stage is employed, then
it is either situated at S3 or at S4. The diluted draw
streams of OARO1 and OARO2 are further purified
in the OARO2 and RO process, respectively. Further-
more, the brine streams of the OARO2 and RO process
are reused as draw solutions in the previous membrane
process, namely OARO1 and OAROQO2, respectively.

Due to the process layout, solute build-up or deple-
tion in the individual loops occurs because of solute
flux if no purge or replenishment streams are intro-
duced (Bartholomew et al. 2017). The solute flux Jg
varies for each subsequent membrane process as process
parameters, such as membrane selectivity, feed pres-
sure, and stream salinities, may differ. As shown in
figure 8, solute concentration is controlled in each loop
by incorporating purge streams. These purge streams
are reintroduced on the feed side (FS) of OARO1, with
the benefit of introducing water streams with a lower
salinity than the concentrated brine stream being dis-
charged.

5.2 OA-2

The second OARO integrated flow process is depicted
in figure 9a, and has been adapted from Chen & Yip
(2018). The cascading OARO process is responsible
for simultaneously concentrating the RO brine stream
and diluting the RO feed stream, with up to 3 stages in
series (T' > 1). Only a fraction of the RO feed stream
is utilised as draw solution in OARO1, because RR is
set as 1 and the volumetric flowrate of the RO brine
stream is lower than that of the OARO1 feed stream.

One set of high pressure pumps (HPPs) and energy
recovery devices (ERDs) is utilised for each of the two
high pressure membrane processes. Thus, RO can be
operated at its optimal pressure while varying the feed
pressure in OARO1 to achieve the set recoveries for
each inlet salinity. In practice, two sets of HPPs and
ERDs will be required because the OARO membrane
modules have a lower burst pressure, as discussed in
section 2.

5.3 OA-3

Figure 9b depicts the third OARO integrated flow pro-
cess, which has not been proposed previously. A sec-
ondary cascading OARO2 process is introduced. The
advantage is that OARO2 dilutes the RO brine stream
before it enters the first OARO1 process. Diluting the
RO brine reduces the osmotic pressure difference be-
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Figure 9: The other four OARO integrated flow processes that are being investigated

tween the two OAROL1 inlet streams and allows for over OA-2.
lower pressure operation. Furthermore, the irreversible
0 losses associated with the process are reduced (Kim,
Kim & Hong 2018). The minimum number of stages 5.4 OA-4
is 2 (T > 2), because at least one stage is required for
each OARO process (S; and S5). If a third OARO Similar to OA-3, the aim is to dilute each feed stream s
stage is incorporated, then it is either situated at S5 or Pefore it enters the following OARO module.  This
Sy. OARO integrated flow process incorporates a third cas-
cading OARO3 process, and is depicted in figure 9c. In
OA-3 is modelled with two additional sets of high this case, it is not possible to operate all three OARO
pressure pumps and energy recovery devices, as shown processes using a single set of HPPs and ERDs, as the s
in figure 9b. However, both OARO processes are brine stream is reused in OARO3 as draw solution and
placed in series and in principle a single set of high must be de-pressurised for the OARO3 process to func-
0 pressure pumps and energy recovery devices could be tion. OA-3 requires a minimum of 3 sets of high pres-
utilised for both OARO processes. Therefore, no in- sure pumps, but is modelled as depicted in figure 9c
crease in capital cost is expected when choosing OA-3 with 4. Furthermore, each OARO process requires at  sos
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Figure 10: Pressure profile in an osmotically assisted
reverse osmosis process with 3 stages in series.

least one stage, and therefore is only modelled with T
being 3.

5.5 OA-5

In OA-5, an OARO process is integrated into a semi-
batch RO process, which has not been proposed before.
As displayed in figure 9d, a fraction of the RO brine
is used as draw solution to OARO1 and the other as
feed solution to OARO1. The diluted brine stream is
then recirculated and mixed with the original RO feed
stream. The advantage of OA-5 compared to a stan-
dalone semi-batch RO process is that a lower concen-
trated brine is mixed with the initial feed. This reduces
energy losses generated by mixing the two streams of
different salinities (Werber et al. 2017). In terms of
the OARO process itself, the advantage is that both
streams enter the OARO1 process at the same concen-
tration. Thus, the osmotic pressure difference is ex-
pected to be lower than for any of the previously pre-
sented OARO integrated flow processes. Furthermore,
only a fraction of the RO brine stream has to be pres-
surised for OARO1 operation, which should minimise
energy consumption.

6 Simulation results and discus-
sion

In this section, all OARO integrated flow processes
are evaluated for both recovery scenarios. Fig-
ure 11 shows the simulation results obtained for sce-
nario 1 (Ciy = 35g/L and Yg = 72%) and scenario 2
(Cin =70g/L and Ys = 44 %) on the left-hand and
right-hand columns, respectively. Although the final
brine concentration is equivalent for both processes
(125¢g/L), major differences in Ppa, specific energy
consumption, required number of RO and OARO pres-
sure vessels, and permeate salinity can be observed.
The shaded regions in figure 11 represent infeasi-
ble operating conditions. For Ppa, any transmem-
brane pressure exceeding the membrane burst pres-
sure of 48.3 bar is not practical. The thermodynamic
minimum energy of separation Fys;, is determined by
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(Chen & Yip 2018):

s 1
Min ™ 37 n(lYS)

where Yy is the system recovery. Ejs;, is indicated for
both scenarios on the SEC plots by the shaded area.
Furthermore, the maximum acceptable permeate salin-
ity is assumed to be 0.5g/L, and is also indicated by
the shaded areas on the permeate salinity plots.

9)

Scenario 1: Ciy =35g/L andYs =72%

Of the five processes presented and according to
the simulation results in figure 11, only OA-5 with
three OARO stages (T = 3) is capable of achieving
the desired recovery while operating below the mem-
brane burst pressure of 48.3 bar. Of the three cascad-
ing OARO integrated flow processes, OA-3 and OA-4
can be operated at significantly lower Py 4 than OA-2,
as the transmembrane osmotic pressure in each OARO
process is reduced. For example, in OA-3 the dilution
of the RO brine stream by OARO2 reduces the osmotic
pressure difference in OARO1. Furthermore, OARO2
utilises the RO brine stream as draw solution, which is
more saline than the original seawater feed. Therefore,
the osmotic pressure difference in OARO2 is also lower,
as a stronger draw solution is utilised.

For the same total number of OARO stages, the per-
meate salinity, required number of pressure vessels and
energy consumption are almost equivalent for all three
processes. However, OA-3 is the most feasible cascad-
ing OARO integrated flow process, as it achieves the
same recovery at the lowest Pp 4. Furthermore, in prin-
ciple OA-3 requires only a single set of high pressure
pumps to supply both OARO processes, which is not
possible for OA-4.

In OA-1, the OARO process assumes the role of
an additional pre-treatment process. All water has to
pass through OARO1 (and OARO2 for OA-1-2) before
reaching the RO process. While this can be beneficial
for high salinity and/or high fouling/scaling streams, it
comes at a significantly higher operational and capital
cost. Each additional loop requires its own set of HPPs
and ERDs and the process footprint increases signifi-
cantly, as more piping is required. Comparing OA-
1-1 with the other OARO integrated flow processes,
at least 28 % more energy is consumed and 37 % more
pressure vessels are required when using a total of three
OARO stages (T = 3).

The results in figure 11 indicate that adding a sec-
ondary OARO loop in OA-1 further increases the oper-
ational and capital expenditures and is not advised, as
OA-1-1 is capable of operating at lower Ppo4 and pro-
ducing a permeate of sufficient quality. Furthermore,
each additional loop requires its own set of HPPs and
ERDs and the process footprint increases significantly
as more piping is required.

OA-5 requires three stages and a minimum feed pres-
sure of 43.5bar to operate scenario 1. Further advan-
tages of OA-5 include low operational and capital costs,
as it is the most energy efficient process requiring the
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Figure 11: Simulation results for the OARO integrated flow processes for scenario 1

(Cin =35g/LandYs =72%) in the left column, and scenario 2 (Ciy =70g/L andYs=44%) in the
right column. The shaded regions indicate infeasible operating regions. In the SEC plots, the thermodynamic
minimum energy for both scenarios is indicated by the dashed lines above the shaded regions.

least amount of pressure vessels (when excluding OA- Scenario 2: Ciy = 70g/L andYs =44 % 010
2, as it is infeasible). The only disadvantage of OA-5 is Recovering 44 % freshwater from a 70g/L saline
the reduced permeate quality, which is, however, still brine is more complicated than for the first scenario,
acceptable according to the drinking water standards although both concentrated brine streams reach the
of the World Health Organisation. same outlet salinity of 125¢/L. This is evidenced by
the generally larger number of required pressure ves- as
sels, higher energy consumption and lower permeate
quality for Scenario 2 than for Scenario 1.
To conclude, OA-5 shows the best performance and Due to the lower process recovery of 44 %, higher
is technically feasible for recovering 72 % freshwater flowrates are observed in the entire OARO integrated
from a feed stream with an inlet concentration of flow process at fixed permeate volume. Thus, more oo
35g/L. pressure vessels are required to produce the same
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amount of permeate for higher salinity brine streams.
Dewatering more saline brines also comes at the cost
of a lower permeate quality. While it is still at accept-
able levels for most of the OARO integrated processes,
OA-1-2 and OA-5 would require a secondary RO pass
to reduce the permeate salinity to acceptable limits.
Furthermore, dewatering more saline brines is inher-
ently more energy intensive. This is evidenced by an
increase in the theoretical minimum energy of separa-
tion from 1.46 kWh/m? to 2.17kWh/m? for Scenario 1
and 2, respectively.

However, one advantage in Scenario 2 is that higher
feed concentrations lower the required OARO feed
pressure, as the transmembrane osmotic pressure dif-
ference is reduced. For example, in OA-2 the RO brine
salinity is relatively constant for both scenarios, but
the higher feed salinity results in a stronger draw so-
lution in the OARQO process. Therefore, three of the
five proposed OARO integrated flow processes (OA-1-
1, OA-3 and OA-5) are capable of recovering 44 % of
freshwater from a 70g/L saline feed, while operating
below the OARO membrane burst pressure.

Similar to the first scenario, OA-2 is the least feasible
process, as its minimum operating pressure is approxi-
mately 4 bar greater than the OARO membrane burst
pressure. The best performing OARO integrated flow
process at the higher feed concentration is OA-3, as it
can be operated at the lowest Pp4 while achieving an
acceptable permeate quality (unlike OA-5).

The increase in energy consumption between Sce-
nario 1 and Scenario 2 is more significant for OA-2 to
OA-5 than for OA-1. This is explainable by the direct
relationship between the inlet and RO feed salinity for
OA-2 to OA-5. In contrast, the RO feed salinity of OA-
1 is more constant between Scenarios 1 and 2. At even
higher inlet feed salinities, the only viable process will
be OA-1 with one or more loops, as the RO feed salinity
is better regulated by separating the RO process from
the feed stream. For scenario 1, the difference in the
required number of pressure vessels between OA-1 and
the other OARO integrated flow process was more pro-
nounced. This is not the case for scenario 2, in which
OA-1 becomes more competitive.

OARO vs. multi-stage RO (MSRO)

From the previous discussion, it becomes evident
that OA-5 and OA-3 are the optimal OARO integrated
flow processes for Scenario 1 and 2, respectively. How-
ever, the question still remains: how do these OARO
integrated flow processes compare to other high recov-
ery processes?

Of the available high recovery processes, thermal
processes are the most widely used, but are inherently
inefficient (Davenport et al. 2018). MVC consumes be-
tween 20kWh/m? and 39 kWh/m? of electrical energy
(Tong & Elimelech 2016), whereas OA-5 consumes at
least 79 % less energy when operating at the burst pres-
sure. However, mechanical vapour compression can op-
erate at salinities up to 250 g /L, recover up to 98 % of
the water and achieve a very pure distillate (Tong &
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Elimelech 2016). At the current stage, this is not pos-
sible using OARQO integrated flow processes.

FO and PAFO are membrane processes employing
a draw solution, which is similar to OARO, but are
plagued by more severe ICP, as mentioned in sec-
tion 2.1. Besides, the recovery of the osmotic draw
solution is more energy intensive for FO/PAFO, due to
the comparatively higher draw solute concentration re-
quired to achieve the same system recovery Yg. OARO
can potentially be operated at similar water fluxes as
SWRO and no expensive, purpose-made draw solute is
lost by reverse solute flux, which further makes OARO
more economically viable than FO/PAFO.

Only multi-stage RO (MSRO) is directly comparable
to OARQ, as it is a pressure-driven membrane process
and currently the most energy efficient continuous pro-
cess. Therefore, MSRO is modelled for Scenario 1 and
2, with the results presented in table 3. All presented
processes in table 3 have 4 stages, including the termi-
nal RO stage. All MSRO stages are operated at the
same recovery by increasing the hydraulic pressure in
each subsequent stage. This requires the use of inter-
stage booster pumps, but is beneficial for energy cost
reduction and balancing the water flux in each stage.
In practice, this operation reduces the fouling potential
in the initial membrane modules (Werber et al. 2017).
For the MSRO process, the feed flowrate in each RO
stage is kept constant at 12m®/h. As mentioned in
section 4, large scale RO plants are generally operated
at similar feed flowrates. A reduction in feed flowrate
causes the permeate quality to worsen, increases the
required number of pressure vessels and the RO oper-
ating pressure is not significantly reduced. In table 3,
Pro represents the maximum required operating pres-
sure in the final stage of the MSRO process.

The MSRO process is more energy efficient, because
dilution and mixing of the saline streams in the OARO
process increases entropy and thus diminishes the net
energy efficiency (Chen & Yip 2018). Additionally, less
pressure vessels are required in the MSRO process, as
permeate is directly produced and no additional dilu-
tion steps are required. The latter increases the volume
flowrates in the OARO integrated processes (i.e. more
pressure vessels are required).

However, the last MSRO stage has to be operated
at pressures above the typical maximum RO operat-
ing pressure of 80bar. As mentioned in Davenport
et al. (2018), DOW offers spiral wound RO membrane
modules that can be operated at high pressures of up
to 120 bar, due to special membrane and module de-
signs (The Dow Chemical Co.: Midland 2018). These,
however, have a significantly lower membrane area of
6.2m? than the standard RO modules assumed here
with an active membrane area of 37m?2. Thus, higher
operating pressures, lower flowrates or more MSRO
stages would be required to achieve the desired recov-
eries using MSRO.

Indeed, adding more MSRO stages or reducing the
flowrate would further worsen the permeate quality
and increase the capital expenditure. A secondary RO
pass is required for MSRO in scenario 2 to achieve the
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Table 3: Comparison of OARO vs MSRO for the two scenarios. For this comparison, the OARO integrated
flow processes are modelled with a total of three OARO stages and the terminal RO stage. Similarly, MSRO
has an equivalent number of stages (4), including the terminal RO stage.

Scenario  Process Poa/Pro [bar] SEC[kWh/m%] Cplg/L] Noa Nro
1 0OA-5 45.5 4.09 0.282 247 179
1 MSRO 103.5 3.32 0.429 0 308
2 OA-3 48.7 6.37 0.393 901 237
2 MSRO 102.5 5.16 1.220 0 619

required permeate quality. In contrast, OA-3 achieves
an acceptable permeate quality and no secondary RO
pass is required.

To conclude, the high MSRO operating pressures re-
quired make the process impractical for high recovery
processes. On the other hand, OARO integrated flow
processes operate at viable pressures and offer a supe-
rior permeate quality compared to their MSRO coun-
terparts. The difference in capital cost between the two
processes is negligible, as MSRO either requires more
stages to achieve the same recovery as OARO or needs
a secondary RO pass to ensure an adequate permeate
quality.

OARO prospects and future development

The main objective of an OAROQ integrated flow pro-
cess is to achieve higher process recoveries to minimise
the brine volume. Increasing the number of stages
would also achieve this, but would raise the capital
cost unnecessarily. Adding more stages becomes less
effective, as more stages result in the process operating
closer to the equilibrium state and at a lessened driving
force. Another option would be to reduce the process
flowrate, as discussed in section 3.2. This would, how-
ever also result in higher capital expenditures and in-
crease the membrane fouling/scaling propensity. Opti-
mally, OARO membrane modules should be developed
that have a high packing density and are operable at
higher feed pressures.

Table 4 shows the potential improvements of OA-5 if
more permeable membranes (NF90) with thin support
layers can be developed, or if the burst pressure can
be raised to 70 bar. The major advantage of higher op-
erating pressures is the reduction in capital cost while
increasing the system recovery. The more permeable
NF90 membrane allows for even higher recoveries, but
at the expense of a higher capital cost incurred by more
OARO and RO pressure vessels. As shown in table 1,
the NF90 membrane is more permeable than the TFC-
FO membrane, but also less selective. The higher mem-

brane permeability and lower selectivity increase the
OAROQO draw solution volume and its salinity, respec-
tively. This increases the overall volume flowrates in
the OARO integrated processes and thus more pres-
sure vessels are required.

Davenport et al. (2018) mentions that the develop-
ment of new permeate spacers is important for the
further development of high pressure reverse osmosis.
This development would also benefit the OARO pro-
cess, as both permeate spacers should have the same
characteristics. Both spacers should minimise mem-
brane deformation into spacer voids, while not increas-
ing the frictional pressure losses.

7 Conclusions

In this article, five OARQO integrated flow processes
are presented. These are compared according to their
technical and economic feasibility, at 72% and 44 %
freshwater recoveries from water sources with respec-
tive salinities of 35g/L and 70g/L. Prior to modelling
the entire process, the stand-alone OARO process was
investigated and the optimal OARQO process parame-
ters were determined. The influence of each OARO
parameter can be summarised as follows:

Membrane properties: Higher recoveries at lower
energy consumption are achieved for more perme-
able membranes, but the achieved draw dilution is
less significant.

Feed flowrate: A moderate flowrate balances the
capital cost and increased fouling/scaling propen-
sity against higher energy costs and lower recov-
eries.

Flowrate ratio: Lower RR values are more practical
to prevent excessive pressure losses in the draw
channel.

Feed pressure: An increase in Pp4 is beneficial as
the energy consumption is relatively constant

Table 4: Prospective improvements in OARO membrane and module development for OA-5 with Sr = 3 and
Cin = 35¢g/L: for each membrane, the effect of increasing the burst pressure to 70 bar is shown.

Membrane POA [bar] YS [%] SEC [k;Wh/mi’;] Cp [g/L] NUF NOA NRO
TFC-FO 48.3 72.2 4.00 0.235 58 249 156
TFC-FO 70.0 77.4 4.25 0.226 54 210 152

NF90 48.3 73.5 4.13 0.247 57 254 162
NF90 70.0 78.8 4.47 0.242 53 214 159
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while a higher draw dilution and recovery is
achieved. However, Pp4 is limited by the mem-
brane burst pressure.

Of the five OARO integrated flow processes, OA-
5 shows the best performance at lower feed concen-
trations. It is the only technically feasible process to
achieve the desired process recovery with a maximum
of three OARO stages. OA-5 also has the second lowest
energy consumption and capital expenditure after OA-
2, which is however the least feasible OARO integrated
flow process. Furthermore, the permeate salinity for
OA-5 is of acceptable quality according to the WHO
drinking water guidelines. At the higher inlet salinity,
OA-3 shows the greatest promise, as it achieves a rea-
sonable permeate quality while achieving the desired
recovery at feasible OARO feed pressures.

OARO integrated processes are economically viable
alternatives to current brine dewatering techniques, as
they offer the possibility to achieve high system recov-
eries at comparatively lower energy costs and operating
pressures. Pressure driven membrane processes have
proven to be significantly more energy efficient than
their thermal counterparts. Furthermore, the lower
specific energy consumption of OARO in comparison
to other chemically driven membrane processes, such
as FO/PAFO, make it an economically viable process
addition for brine volume minimisation. In comparison
to MSRO, OARO is technically feasible to achieve the
desired brine concentration. High pressure RO, MSRO,
FO/PAFO and OARO are not mutually exclusive pro-
cesses and can be combined to eventually achieve brine
concentrations of up to 250 g/L in a more cost efficient
and sustainable manner to compete with or replace
thermal processes.
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