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ARTICLE INFO ABSTRACT
Keywords: Hybrid semi-batch/batch reverse osmosis (HSBRO) is a new method of high-recovery desalination that provides
High recovery low Specific Energy Consumption (SEC) in a compact design. In this first experimental study on HSBRO, we

Energy efficiency
Batch reverse osmosis
Salt retention

Zero liquid discharge

report SEC over a range of operating parameters using brackish feed water. For example, at 500-1500 mg/L feed
concentration, and recovery of 0.94, we measured hydraulic and electrical SEC of 0.20-0.31 kWh/m® and
0.42-0.54 kWh/m® respectively, using a flux of 18.9 L/m?/h and obtaining an output of 17.5 m®/day. Second
law efficiency was 7.8-17.8 % thus improving on available multistage and semi-batch RO systems. A model of
the system, that includes the effect of finite salt rejection, predicts SEC with accuracy of 1-3 %. With im-
provements in membrane permeability, valves, and pump efficiency, we predict electrical SEC lowered to
0.14-0.28 kWh/m® and second law efficiency elevated to 22.8-34.5 %. Though simple batch RO can achieve
comparable SEC to HSBRO, for recovery as high as 0.94 it would require an impractically large work exchanger.
The model shows that feed of salinity up to 6000 mg/L may be treated with recovery of 0.95 and peak system
pressure < 120 bar, indicating great potential in ZLD and MLD applications.
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1. Introduction

The worldwide demand for new sources of water has increased in
recent decades because of rapid population growth, climate change,
increased per capita domestic usage, and increased industrial and agri-
cultural water requirements [1-4]. Desalination is being increasingly
adopted to address this problem. The two most common approaches to
desalination are thermal- and membrane-based technologies. Thermal
technologies are highly energy-intensive, requiring many times the
theoretical minimum energy of separation. In contrast, membrane
technologies are becoming more popular due to their greater energy
efficiency, reduced equipment size, and more flexible capacity [3,5-9].

Reverse osmosis (RO), the most common membrane desalination
technology, currently dominates the desalination industry [10-12]. But
despite its benefits, RO also has drawbacks. First, like other desalination
technologies, RO plants discharge highly saline brine and chemicals
which pose a risk to the environment [11]. Second, the energy con-
sumption of RO systems is still higher than the theoretical minimum and
efforts to reduce energy consumption are therefore ongoing.

To address the first drawback, the zero liquid discharge (ZLD)
approach has been proposed. As the growing concerns about waste
disposal increase, ZLD is becoming more important to eliminate liquid
waste and maximize water recovery [13]. ZLD is attracting significant
interest in recent years in sustainable desalination and wastewater
treatment, to overcome waste disposal hazards and concerns [10,14,15].
In particular, ZLD has a crucial role in the desalination of brackish
groundwater, where high recovery of water and elimination of brine
discharge is needed in inland agricultural and municipal applications
[16,17]. However, ZLD processes tend to be energy-intensive since they
attempt to separate all impurities from the effluent stream [13,14].
Therefore, minimal liquid discharge (MLD) has also been put forward as
an approach to minimize (though not completely eliminate) brine
discharge, while incurring lower energy consumption than ZLD [18].

ZLD and MLD schemes use either membrane or non-membrane
technologies. Non-membrane technologies include mechanical/ther-
mal evaporation methods such as MVC (mechanical vapour compres-
sion). This traditional technique is highly energy-intensive with a
reported SEC of 20-40 kWh/m? [14,19-21]. Such methods have mostly
been used for feeds with high salinities such as concentrated brines and
seawater. Among the membrane-based methods, including electrodial-
ysis and membrane distillation, RO is an energy-efficient and cost-
effective method with energy consumption as low as 2-4 kWh/m>
with seawater [20]. However, the application of RO in ZLD/MLD sys-
tems is limited by membrane burst pressure and fouling at high salinity.
Therefore, RO has mostly been used as the initial concentration step
before a thermal process to achieve ZLD/MLD [22]. High recovery RO,
with its superior energy efficiency, would offer great promise in ZLD/
MLD by helping to reduce the size of downstream thermal treatment
units [13]. Recently, new RO technologies such as osmotically-assisted
reverse osmosis (OARO) [19,23-27], high pressure reverse osmosis
(HPRO) [28], low-salt-rejection reverse osmosis (LSRRO) [18,19], and
cascading osmotically mediated RO (COMRO) [19,29,30] were shown
to be technically and economically favourable in high-recovery appli-
cations for ZLD and MLD. However, only a few experimental works have
been reported using such methods [30-33].

In response to the second drawback of RO, over the last few decades a
number of approaches have helped to improve energy efficiency,
including energy recovery devices (ERDs), more efficient pumps, os-
motic pre-dilution to reduce feed salinity, the use of technologies to
recover osmotic energy in the form of pressure-retarded osmosis (PRO)
or reverse electrodialysis (RED), multi-stage RO, and novel RO config-
urations [3,5,15]. Nevertheless, the RO process still requires further
research to reduce the energy consumption [3]. To this end, several
innovative concepts have been proposed. For example, energy-efficient
reverse osmosis (FERO) has been developed to overcome the problem of
excessively high pressure in RO when targeting increased water
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recovery [34-39]. Centrifugal RO (CRO) was also proposed to reduce
energy consumption relative to single-stage RO [40]. Moreover, several
configurations of staged RO, batch RO and semi-batch RO (or closed-
circuit desalination) have been proposed to enhance the energy effi-
ciency of RO as well as enhancing water recovery. Some proposals were
based on modelling [8,9,13,15,41-50]; and others on experimental
studies [17,41,44,45,47,50-56]. Table 1 summarizes the experimental
performance of some RO-based treatment technologies with high re-
covery (>0.7) which can be considered for use in ZLD and MLD
applications.

Several researchers have carried out comparisons among different
configurations of RO in terms of performance and energy consumption
[9,13,42,49]. At recovery up to about 0.7, semi-batch RO offers com-
parable energy consumption to three-stage RO but in a more practical,
compact and economical configuration [42,49]. However, batch RO is
an even more promising method for improving the energy efficiency of
RO systems when high recovery is needed [15].

Using batch RO technology, desalination can be achieved with
minimal energy consumption, even at high recoveries [46]. For
example, Davies et al. [47] constructed a batch RO prototype and ach-
ieved a hydraulic SEC of 0.31 kWh/m® and recovery of 0.69 with
feedwater salinity of 5000 mg/L. Park et al. [46] modelled the design
and operation of a single-acting batch RO system that operates cyclically
in two phases, using a work exchanger to transfer pressure from the feed
fluid to the recirculating side. Their batch RO model showed promising
results including water recovery of 0.8 and low energy consumption
with second law efficiency of 33.2 %. Recently, Hosseinipour et al. [44]
presented an extensive experimental study of a batch RO system for
brackish water treatment and modified the model in [46] by including
the osmotic backflow effect. The experiments showed a recovery of 0.8,
hydraulic SEC in the range 0.22-0.48 kWh/m? and electrical SEC in the
range 0.48-0.83 kWh/m?. Cordoba et al. [48] modelled a double-acting
batch RO configuration that used a high-pressure tank with a recipro-
cating piston. The study calculated a specific energy consumption of
1.88 kWh/m? for seawater with a salinity of 35,000 mg/L, recovery of
0.5, and a permeate flux of 15 L/m?%/h. Wei et al. [50] experimentally
studied a batch RO system using a flexible bladder as the work
exchanger, and predicted a 11 % energy saving compared to a single-
stage RO for seawater at recovery of 0.5.

Although batch RO is an excellent candidate for high-recovery and
energy-efficient desalination, the system size increases sharply as re-
covery increases above about 0.7, because of the large volume required
of the work exchanger vessel. To overcome this practical drawback, Park
et al. [15] introduced a hybrid semi-batch/batch reverse osmosis
(HSBRO) concept as a high-recovery, compact, and energy-efficient
system. This hybrid design was predicted to approach the energy effi-
ciency of batch RO in a more compact format. With the proposed novel
design of HSBRO, the volume of work exchanger vessel is several times
smaller than in batch RO at the recovery of 0.95, whereas only a small
energy penalty (<5 %) is incurred compared to batch RO.

However, this hybrid concept has yet to be validated experimentally
[15]. Therefore, the main objective of the present study is to investigate
the HSBRO system at pilot scale and evaluate its performance in treating
brackish feed water. A series of experiments has been performed at
several feed salinities and water permeate fluxes. The system perfor-
mance is studied including hydraulic and electrical SEC, salt retention
effect, permeate and batch conductivity, concentration factor and re-
covery. Moreover, the model developed by Park et al. [15] has been
modified and adjusted in light of the experimental findings. This study
further aims to use the validated mathematical model to predict the
HSBRO system performance in applications at higher salinities and
pressures. Although the RO system of this study is limited to 25 bar, the
experiments validate the HSBRO concept as a preconcentration stage for
ZLD/MLD that will be applicable for a higher range of pressures and
concentrations. For example, besides treating brackish water, the
concept may in the future be applied to the concentration of metal
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Table 1
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Comparison of experimental performances of RO-based technologies operating at high recovery. In general, the SEC values are electrical energy per m® of output.
However, refs. [57] and [58] do not distinguish between hydraulic and electrical SEC; ref. [58] gives SEC per m® of input.

Technology Feed TDS (mg/L) Recovery (%) SEC (kWh/m®) System output (rn3/day) Reference

Batch RO 1000-5000 80 0.48-0.83 17.3 Hosseinipour et al. [44]
2000-5000 70 0.6 1 Davies et al. [47]

Semi-batch RO 98-197° 90 0.42 97 Efraty et al. [52]"
Not reported" 80 and 88 0.82 and 0.8 586 and 840 Efraty [17]
Not reportedd 82.9 0.94 737 Efraty [53]

Multiple stage RO 5000 91-95 15.8-20.9 6 Cingolani et al. [58]
900 72 0.71 2595 Kahraman et al. [54]
2450 71 1.89 1584 Aljundi [59]

New RO technologies (COMRO-OARO) 50,000 75 15 156 Hyrec [57]
41,000 75 7.4 307 Martinez et al. [30]

2 Total NO3 concentration.

b Plug flow desalination (PFD)-Semi-batch RO.
¢ Salinity of 6800 and 4000 pS/cm.

4 Salinity of 6800 pS/cm.

plating wastewater where pressures up to 120 bar are needed. In such
applications, the system will recover both water and valuable minerals.
In the electroplating wastewater treatment application, a high recovery
is needed (>65 %) and both concentrate and permeate streams are
reused in the electroplating process resulting in no discharge or waste
thus meeting the objectives of a ZLD system. The high-pressure (up to
120 bar) design of HSBRO has now been constructed by the authors at
the University of Birmingham and the detailed results will be reported in
a forthcoming paper.

The structure of this paper is as follows. Section 2 explains the
description and working principles of the HSBRO system. Section 3
describes the improvements made to the mathematical models for the
HSBRO system. Section 4 describes the experimental procedures using
brackish water as the feed. Section 5 presents the results from the ex-
periments, and discusses the findings of experiments and validation of
the mathematical model. Section 6 discusses the results and compares
them against other experimental studies reported in the literature.
Moreover, in Section 6, the validated model is used to predict system
performance at higher pressures and higher salinities. Section 7 sum-
marizes major findings of this study regarding the modelling and
experimental results.

2. Operating principle of HSBRO system

Hybrid semi-batch/batch reverse osmosis (HSBRO) operates cycli-
cally over three consecutive phases: 1) semi-batch pressurization, 2)
batch pressurization, and 3) purge-and-refill — as shown in Fig. 1.

The process starts with a preliminary purge-and-refill phase, used
only in the first cycle to purge any retained salt from previous operations
and ensure that the piston starts at the left end of the work exchanger.
This prepares the system for the pressurization phases. During the semi-
batch pressurization phase (Fig. 1a) the brine valve is closed (off) while
the bypass and recirculation valves are open (on). The free piston re-
mains at the left of the work exchanger with no pressure driving it, since
the bypass valve is open. The supply pump feeds the system and provides
adequate pressure to overcome the osmotic pressure of the feed solution.
Permeate is thus produced, while the concentrated brine stream exiting
the RO module is recirculated, mixed with the incoming feed, and sent
back to the RO module. As salt is added steadily to the system via the
feed, concentration and pressure increase linearly with time. The switch
point to the next phase can be set either according to a fixed time
duration or according to a threshold pressure.

For the next phase (i.e., batch pressurization) the bypass valve is shut
while the other valves remain unchanged (Fig. 1b). Now, unlike in the
previous phase, there is no mixing between the incoming feed and
recirculation stream. The free piston transfers the high pressure gener-
ated by the supply pump to the batch volume of water on the right side
of the piston. Permeate is produced from the RO module while the

concentrated stream is recirculated to the work exchanger by the
recirculation pump. In this phase, the concentration inside the system
increases at a higher and increasing rate in comparison to the semi-batch
pressurization phase. When the piston reaches the right end of the work
exchanger, batch pressurization finishes, and purge-and-refill begins.

During the purge-and-refill phase (Fig. 1c), the recirculation valve is
closed, while the brine and bypass valves are open. Because the brine
valve vents into the atmosphere, the internal pressure drops and water
production ceases. Through the bypass and brine valves, the supply
pump purges the remaining brine inside the RO module from the system
and replaces it with fresh feed water. Purging ends when a volume
approximately equal to the volume of water inside the RO module and
connecting pipes is flushed out. The end of the refill is detected by zero
flow rate through the recirculation pump, indicating that the piston has
returned to the left end and cannot move any further.

For further explanation of the rationale and operating principle of
the HSBRO system, the reader is referred to reference [15].

3. Theory

A recent study successfully modelled and validated the performance
of a batch RO system, including the effect of osmotic backflow which
had not been considered previously [44]. This current study extends that
approach to the hybrid system, by including also the initial semi-batch
phase preceding the batch pressurization phase. The assumptions and
equations mostly resemble those used earlier by Park et al. to model the
hybrid system [15]; however, the current study uses an analytical rather
than numerical approach to solving the equations.

The approach to modelling salt retention has also been improved
here. Salt retention determines the initial concentration at the beginning
of each pressurization phase and is thus important for the calculation of
energy consumption. The above two studies assumed an ideal 100 %
rejection in the salt retention calculation, thus ignoring the effect of salt
loss across the membrane. Incorporation of a non-ideal salt rejection
value (<100 %) means that a lower salt retention is calculated, thus
giving a more accurate prediction of SEC in the hybrid system.

Because several aspects of the modelling were covered in previous
works [15,44], this theory section covers mainly the new aspects.
Further details may be found in the Supporting Information (SI).

3.1. Salt retention model

In semi-batch and batch RO generally, salt retention increases the
initial osmotic pressure of the solution, resulting in higher energy de-
mand and decreased energy saving compared to conventional RO
[44,50]. This phenomenon also affects the hybrid system. To avoid salt
retention completely, prolonged purging would be needed between cy-
cles, which would waste feedwater and therefore conflict with achieving
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Fig. 1. Hybrid semi-batch/batch reverse osmosis (HSBRO), showing the three
phases of cyclic operation. Flow and no flow are depicted by solid and dashed
lines, respectively.

higher recovery.

Salt retention Sy refers to the initial concentration in the system at
the start of the cycle divided by the feed concentration. Calculation of Sg
requires two steps: (1) external mass balance followed by (2) internal
mass balance. In the first step, the system is considered as a control
volume such that the mass inputs and outputs are balanced at the system
boundary over the whole cycle (Fig. 2A). This first step is identical for
semi-batch, batch, and HSBRO systems.

Assuming a constant density of the solution, the input volume equals
the total output volume i.e.,

Vieed = Vpcrmcalc + Virine (@)

where V indicates the volume of each stream crossing the boundary
(feed, permeate or brine respectively).
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A)

eredl Ceed Vpermeatel Cnermeare

1 1
1 1
1 1
| mmE s s @ """ 1
| Unpurged section 1
Virines Chrine

(B)

cmax
>

Concentration of brine, Cy;,.

feed

Volume of brine, V. VPE

----- Purgeable volume of the RO membrane (V,,) Brine reject
VAN

Permeate

o

Recirculation pum
Ini Free piston

g - -

Work exchange vessél

Supply pump

----- Volume of work exchanger (V,,) Retentive volumel (Vpipe,R)

Fig. 2. (A) Sketch of RO system (semi-batch, batch or HSBRO) relevant to
external mass balance. The dashed red line shows the system boundary. The
unpurged section indicates pipe sections which are not in the purge path, and
therefore contribute substantially to salt retention. (B) Concentration at brine
outlet vs brine volume during purging, showing longitudinal dispersion
parameter ). This parameter represents the ratio of the hatched area over the
larger rectangular area shaded in grey — it remains approximately constant
over a range of concentrations and flow conditions. (C) Details of the HSBRO
and labelling of volumes, as needed for the analysis of salt retention and re-
covery. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

By definition, the recovery r is the amount of permeate per amount of
feed:

Vpermea&e
. @
Vi'ccd
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After several cycles, the system reaches a steady repetitive condition
regarding concentrations c. Then, over each complete cycle, there is no
accumulation of salt inside the system, such that input and output mass
of salt balance. Accordingly:

VieeaCreed = VirineCmax — Vbrine (cmax - Ct‘ccd)j« + Vpcrmcatccpcrmcmc 3

The first term on the right-hand side is the output of salt that would
occur in the absence of dispersion in the RO module. The next term
represents salt retained due to dispersion, shown in terms of the
maximum concentration ¢, and the longitudinal dispersion parameter
) (retained salt as a fraction of the salt that could be purged from the
module after purging indefinitely with the feed solution [60]). The last
term is the salt leaving via the permeate, where its concentration is
Cpermeate Which, in terms of the system rejection Rj, is given by:

Cpermeate = (1 - Rs)cfeed (4)

Eq. (3) shows that a larger value of A requires a larger maximum
brine concentration cpax to balance with the salt fed into the system. In
other words, more dispersion results in higher salt retention (see
Fig. 2B).

Substituting Verine = Vfeed — Vpermeate from Eq. (1) into Eq. (3), and
dividing through by Vi..q and by c..q, gives (using also Egs. (2) and (4)):

1:(1_,)(Cﬂ)_(1_r)(cmi_1>/1+(1—ks)r ©)

Cfeed Cfeed
This can be rearranged as:

Cmx _ 1 =41 —r)—(1=R)r
Cfeed_ (1_}’)(1_}')

In the second step, the internal mass balance applies to the recircu-
lation loop during the two pressurization phases (but excluding the
purge-and-refill phase). It equates the net mass of salt supplied to the
mass accumulated in this loop, taking into account the decrease in loop
volume:

©

VioCreea — Vpermealecpermeale = (Vpg + Vpipe,R)Cmax —Voco (7)

where Vg, is volume supplied during the initial semi-batch phase, c( is
the initial concentration and V is the initial volume of the system, given
by:

Vo = Vo + Ve + Vpiper ®

where V} is the volume of the work exchanger (i.e., the volume supplied
during the batch phase), V,,, is the purgeable volume of the RO module
(including connecting pipes and ports) and Ve is the retentive vol-
ume of the pipework connected to the work exchanger vessel (i.e. the
volume that is not in the purge path). Refer to Fig. 2C for explanation of
the volumes in the HSBRO system.

Earlier experiments have shown that the volume of permeate
collected is equal to the total volume supplied during pressurization,
minus the backflow (Vi) [44]:

Vpelmeale = Vg + Voo — Viack (9)

Dividing Eq. (7) by cfeed, and substituting from Egs. (4), (8) and (9),
leads to the following expression for salt retention:
c 1 Cmax
Sp=——=— (Vie + Vriper) . + (Voo + Voo — Voaek) (1 = Rs) — Vi

Creed Vo feed

(10

To calculate S, therefore, the value of cpax/cCreeq is calculated from
Eq. (6) and substituted in Eq. (10).

The above yields the initial concentration cy, but it is also important
to know the concentration c; at the end of the semi-batch pressurization
(i.e., the beginning of the batch pressurization phase). For this purpose,
the internal mass balance is applied to the semi-batch pressurization
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phase only. The result is similar to Eq. (7), but with the loop volume
remaining constant:

Vsbcfeed - Vstfeed(l - Rs) = VO(CI - CO) (11)
Rearranging, and substituting for co in terms of S, gives:

€1 = Cfeed |:SR +&Rs:| 12)
Vo

Eq. (12) shows that, unlike in the case of the batch pressurization
stage, the salt retention does not have a multiplicative effect on con-
centration and pressure throughout the semi-batch pressurization phase.
Salt retention is important for the initial concentration but has less effect
on the final concentration in this phase.

Note that, in this analysis, a uniform value of rejection Rg has been
used over the cycle whereas, in fact, it may vary. This approximation is
useful to minimize the number of input parameters in the model but
could be revised in future works.

3.2. Recovery and backflow

Considering that backflow subtracts from the permeate output, the
recovery for the whole system becomes:

__permeate output Voo + Voo — Voack
T feedinput Vi + Vio + (Vog — Viaek)

13

where Vg, Vbo and Vg — Viack are, respectively, the amount fed in the
semi-batch, batch and purge-and-refill phases. Previous work showed
that it was appropriate to limit the feed during the purge-and-refill stage,
to compensate for backflow; hence Vi is subtracted in the last term.
Previous experiments [44] showed that, except at very low concentra-
tions, Vpack = 5 L with an 8-inch RO module and this value is therefore
used here.

3.3. Energy consumption

Hydraulic SEC is calculated as the hydraulic energy consumption (E)
divided by the permeate output (with Vj,e subtracted). For one com-
plete cycle, E is broken down by phase of operation (i.e., semi-batch
pressurization, batch pressurization, and purge-and-refill) giving com-
ponents of Epy, Epy and Epg g respectively. Similarly, SEC is broken down
as follows:

E Epi + Epy + Epgr
SEC = = = SECp, + SECp, + SEC,
Vo + Voo = Voack  Vio + Voo — Viack o 7 PAR
14)
where
SECp, = Enn SECp, = En SEC
= = P&R
Vo + Voo — Viack Vb + Voo — Viack
E,
—___  P&R (15)

Voo + Voo — Viack

For each phase, SEC can be further broken down between the supply
pump and recirculation pump contributions. Using the corresponding
subscript for each pump:

SECp; = SECp1 supply + SECp1 recire (16)
SECpy = SECpy suppty + SECp2 recire a7)
SECpgr = SECpar supply T SECpaR recirc 18)

The hydraulic energy consumption is calculated as the product of
differential pressure and pumped volume V, i.e.

E= /PdV =PAV ()
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where P is the differential pressure averaged over the phase (when P is
constant, as is the case during the purge-and-refill phase, no averaging is
needed). Pressure is needed to overcome osmotic pressure and to
compensate for frictional losses related to the membrane, pipework, and
the piston seal. Major pressure terms occur in the pressurization phases.
During the semi-batch pressurization phase, concentration and pressure
increase linearly as feed is supplied to the system [9] such that the
average osmotic pressure is determined by the average of the initial and
final concentrations which, using Eq. (12), is given by:

VS
€= Cieea (SR + ZV‘;RS) (20)
With other losses included, the expression for total average pressure
required of the supply pump becomes
c J, 1

Pi = S,SuiRs Treea—— + - — AP, + APy, (21)
Creed Aw 2

where J,, is the water flux through the membrane, A, is the membrane
water permeability, AP, is the cross-flow pressure drop in the RO
module, which is calculated using the correlation of Haidari et al. [61];
S, is the concentration polarization factor calculated as in [62]; and
APy is the pressure drop across the bypass valve which is calculated by
the Toricelli equation using a discharge coefficient Cg, as in [44]. During
batch pressurization, the pressure increases at an increasing rate such
that a simple average can no longer be used. Instead, integration under
the relevant pressure-volume curve gives [46]:

pz = SP}S‘Lstﬂ'fem_{i ll}’l ! “rJl +%+ AP\/Q + APS (22)
Cieed Tp 1 =7, Ay 2

Note that Egs. (21) and (22) rely on the assumption of linear corre-
lation between concentration and osmotic pressure (i.e., van't Hoff
approximation). This linear assumption is accurate for the brackish
water concentrations used in the experiments of this study but may be
reconsidered in future works covering higher concentrations or differing
feed compositions.

The terms APy, and APg are the pressure drop across the recircula-
tion valve and piston seal respectively; and the pressurization recovery
rp is given by:

Vo

ro= ) (23)
P Vo + Vg 4 Viiper

The multiplier R in Eq. (22) is used to account for the concentration
on the permeate side, due to finite salt rejection, which lowers the salt
gradient and differential osmotic pressure to be overcome. The term S;, is
the concentration polarization factor, which is calculated exactly as
previously [44]. The terms S;; and Sy, are the longitudinal concentra-
tion factors in the semi-batch and batch pressurization phases respec-
tively, which are calculated based on ordinary differential equation
(ODE) models. The model used for Si; is new, and included in the SI
section 4. The model for Sy is the same as that used previously for the
non-hybrid batch RO process [46]. As such, the model for S;» assumes
uniform concentration at the start of the batch RO pressurization phase.
In fact, the concentration would be slightly non-uniform according to
the conditions reached during the preceding semi-batch pressurization
phase. Nonetheless, this simplifying assumption is preferred, as it allows
the energy contribution of each phase to be modelled independently.

For the purge-and-refill phase, only minor frictional losses are
encountered, including the losses in valves and piston seal friction. The
corresponding calculations are included in the SI section 1, which ex-
plains in detail the flow paths and pressure drops for each pump and
phase of operation.

The above calculations give the hydraulic SEC. The electrical SEC
equals the hydraulic SEC divided by the overall pump efficiency (i.e. the
efficiency of the pump and electric motor).
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3.4. Peak pressure

Finally, the peak pressure at the end of the batch pressurization
phase is calculated as in reference [46], but taking into account the
elevated concentration c; at the start of this phase and salt rejection Rg:

(8] 1 Jw AP, m

P = S,RsMreeq—— TR APy, + AP, 24
pRs7g, dcfeedI*FerAer 2 + APy + (24)

3.5. Second law efficiency

Second law efficiency is useful for comparing desalination systems
working at different feed salinities and recoveries. It is defined as the
ideal SEC divided by that really obtained.

The ideal SEC corresponds to the change in Gibbs energy between the
inlet and outlet streams. For a generalized desalination system treating a
dilute solution [63], this is given by:

SECpin = Mieea an (#) —(1=Rs)in <(11::)[371__RR])) ] (25)

3.6. Concentration factor (CF)

Concentration factor refers to the concentration of the brine divided
by that of the feed. It is related to the recovery and rejection of the RO
system by:

_ 1 —r[l =Ry

CF
1—r

(26)

4. Experimental
4.1. Experimental equipment

The HSBRO system investigated in this study is the same as described
in [44]. Only the sequence of valve operation is modified. Fig. 3 shows a
schematic of the HSBRO prototype.

The system uses a single-acting free piston and an 8-inch RO module
to obtain an output up to 22 m>/day. Experiments were conducted using
an Eco Pro-440 membrane element (Dupont) with 41 m? active area.
The output is limited by the maximum operating pressure of 25 bar,
which limits the flux J,, to about 24 L/m?/h with this membrane. Major
parts include two pumps (supply and recirculation pumps), three
motorized on-off valves, two pressure vessels (one housing the free
piston and the other an 8-inch RO membrane) and nine sensors to
measure pressures, flow rates and conductivities. A stainless-steel
housing holding a 10-inch length cartridge filter (5 pm pores) is also
used to remove the particulates inside the feed water for membrane
protection. Additionally, a one-way valve installed on the permeate
outlet reduces backflow when the system depressurizes at the end of the
batch pressurization phase. SI section 2 includes details of parts and
instruments used, as well as constant parameters of the system.

The system is controlled by a Programmable Logic Controller (PLC)
which uses timers and feedback from pressure, flow, and conductivity
sensors to control the pumps and the valves. The PLC program can be
adjusted to achieve the desired recovery at various water fluxes. The
recovery was determined by dividing the mass of water collected in the
permeate tank, by the mass of water leaving the feed tank.

4.2. Experimental procedure

To evaluate the HSBRO performance, a series of experiments were
carried out at various feed salinities and water permeate fluxes, at re-
covery r > 0.94. Because the system was designed for brackish water
treatment, its operating pressure was limited to 25 bar. We therefore
used feed solutions with maximum concentration of 1500 mg/L to avoid
exceeding this limit. Thus, concentrations of 500, 1000, and 1500 mg/L
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Fig. 3. Schematic diagram of high-recovery hybrid semi-batch/batch RO (HSBRO) system (PT, CT and FT are pressure, conductivity and flow transmitters,
respectively; W1, W2, and W3 are weighing platforms for feed, permeate and brine tanks; M indicates motorized valves).

and water permeate fluxes of 10-24 L/m?/h were selected. These con-
centrations corresponded to conductivities of 1.019, 1.995 and 2.945
mS/cm respectively (see SI section 5 for conversion factors from con-
ductivity to concentration).

The feed solution was prepared using tap water (salinity of ~100
mg/L) and analytical grade sodium chloride (purity>99.5 %). 4.5 mg/L
of sodium metabisulfite (SMBS) was also added to the feed tank to
counteract free chlorine in the tap water and prevent membrane oxi-
dization. Experiments were conducted at a constant temperature (25 °C)
maintained by a thermostatic immersion heater. An external mixing
pump was used to homogenize the water inside the feed tank before and
during the tests.

Because of salt retention, initial cycles gave a different pattern of
concentration vs. time. After two cycles the system stabilized; thus, we
took the third cycle as representative of continued operation. All the
parameters including time, supply and batch pressure, conductivities in
supply, entry to the RO module, the exit of the RO module, brine, and
permeate streams, differential pressure of the recirculation pump,
electrical energy consumption of both supply and recirculation pumps,
and weight of the feed, permeate and brine tanks were recorded at a
frequency of at least once per second, resulting in at least 3000-8000
sets of readings per cycle. The raw data files are indexed in the SI section
5 and included as electronic appendices. These data were used to
calculate results such as hydraulic and electrical SEC, recovery, rejec-
tion, and concentration factor and thus evaluate system performance.

5. Results
5.1. Salt retention

Salt retention has an important influence on the initial salt concen-
trations ¢y and c; at the start of the semi-batch and the batch pressuri-
zation phases respectively. According to the theory above, the
concentration should increase linearly from the ¢y to ¢; as predicted by
Egs. (10) and (12). To verify the theory, Fig. 4 presents the experimental
and theoretical variations of salt concentration (measured at the inlet of
the RO module) from the start to the end of the semi-batch pressuriza-
tion phase. Experiments were conducted at 1000 mg/L feed concentra-
tion and Jy = 18.9 L/m?/h. Except for some initial fluctuation in
concentration, there was good agreement between experimental mea-
surements and theoretical values.
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Fig. 4. Comparison of model predictions and experimental inlet conductivity
into the RO module vs. time in semi-batch pressurization phase at feed salinity
Cfeed = 1000 mg/L, flux J, = 18.9 L/m?/h, A) recovery r = 0.939 and con-
centration factor CF = 15.4, B) recovery r = 0.952 and concentration factor CF
=19.7. See SI section 5 for conversion between conductivity and concentration.

The above theory and experiments correspond to the case where the
purged brine volume V}i,,. (collected at the outlet) equals the purgeable
volume Vy,; of the batch RO system. But it is also interesting to study the
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case of smaller or larger brine volumes during purging. For this purpose,
we carried out some tests to measure the salt retention inside the HSBRO
system over a range of Vprine/Vpg. These tests were conducted at 1000
mg/L feed salinity, and Jy = 18.9 L/m?/h. At each value of Vbrine/ Vpg,
the system was operated for three cycles. Once the third cycle purge-
and-refill phase had finished, we mixed the water inside the whole
system (including membrane and work exchanger) for 10 min using the
recirculation pump and then measured the solution concentration and
divided it by the feed concentration to calculate the salt retention (Sg =
Co / Cfeed)-

Fig. 5 demonstrates the effects of varying purged brine volume on
salt retention and recovery. At Viine/Vpg = 1 (i.e. brine volume equal to
the purgeable volume of solution inside the membrane and pipes) and r
= 0.94, salt retention was 1.89 + 0.03, slightly higher than the theo-
retical prediction of Sg = 1.78. As expected, by increasing the purged
brine volume, salt retention decreased but at the expense of lower re-
covery since the permeate production was constant. Therefore, there is a
trade-off between either (1) higher recovery and higher salt retention, or
(2) lower recovery and lower salt retention. Salt retention dropped
substantially on purging more; for example, on increasing Vpyine from
16.5 (Vbrine/ Vpg = 1) t0 24.6 L (Vbrine/ Vpg = 1.5), salt retention dropped
24 % from 1.89 to 1.44. Alongside, however, the recovery fell from
0.940 to 0.913. In the case of less purging, salt retention increased
sharply. For instance, when Viine/Vpg = 0.9, salt retention was 2.26
which is 20 % larger than when Viine/Vpg = 1, while the recovery was
only slightly higher at r = 0.945 compared to r = 0.94.

Electrical SEC decreased with increasing purged brine volume. Fig. 6
presents the effect of Viyine on the electrical SEC at 1000 mg/L feed
salinity and J,, = 18.9 L/m?/h. Total electrical SEC decreased from
0.502 to 0.468 kWh/m? when we increased Viyine/ Vpg from 0.9to0 1.5. As
we saw in Fig. 5, longer purge leads to less salt retention, which in turn
decreases the applied pressure and energy requirements.

In the non-hybrid batch RO studied previously, we observed almost
constant electrical SEC over the same range of purged brine volumes
[44]. However, in HSBRO we observed about a 7 % decrease in electrical
SEC at larger volumes. The main reason is that salt retention in HSBRO is
much larger than in batch RO (1.89 compared to 1.16 at Viyine/Vpg = 1),
and it has a greater effect on energy consumption. As can be seen in
Fig. 6, larger purged brine volume caused a reduction in the supply
pump SEC in both semi-batch and batch pressurization phases, which
dominated over the increase during the purge-and-refill phase.
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Fig. 7 shows concentration inside the recirculation loop over the
semi-batch pressurization phase, for different values of Virine/Vpg. As in
Fig. 4, concentration increased linearly over time. Smaller amounts of
purging (Vbrine/Vpg < 1) led to higher initial and final concentrations.

5.2. Hydraulic SEC

The hydraulic energy consumption for each pump was measured by
integrating the amount of water transferred by that pump with respect to
the differential pressure. The integration was carried out over successive
time steps using the trapezoidal rule. Then, experimental hydraulic SEC
was obtained by dividing the consumed energy by the permeate volume
output as measured by the weighing tank (W2). For the model pre-
dictions of SEC, the model input parameters are included in Table S3.
The discharge coefficient of Cq4 = 0.62 is consistent with the range of
0.61 to 0.66 reported for orifices generally [64] and only has a minor
influence on the total energy consumption within this range. The
dispersion parameter was determined as A = 0.15 based on an analysis of
exit brine concentration during purge under conditions of osmotic
backflow (see SI section 3). Note that this value differs from the previous
study, where the influence of osmotic backflow was not rigorously
included in the salt retention calculation [44]. The backflow volume was
assigned a value of Vpack = 5 L, according to the backflow typically
observed in this and the previous study. The piston friction of AP; = 3.5
kPa was observed from measurements of the differential pressure (see SI
section 6).

To match the model and experimental results, two important
adjustable parameters were used, as follows. The membrane perme-
ability was assigned the same value of A,, = 4.4 L/m?/h/bar as in the
previous study [44]. In this new study, the salt rejection was assigned
the value of Ry = 0.94, consistent with the observed permeate salt
concentration.

Fig. 8A compares experimental values of hydraulic SEC against the
model predictions at different feed salinities for each pump and phase of
operation (r = 0.94, and J,, = 18.9 L/mz/h). Total experimental hy-
draulic SEC increased with feed salinity from 0.202 to 0.308 kWh/m? at
500 and 1500 mg/L respectively. Since recovery and permeate water
flux were kept constant at different tested feed salinities, the amount of
water displaced by each pump was the same. However, at increased feed
salinity, supply pressure increased with osmotic pressure. As a result, the
hydraulic SEC of the semi-batch and batch pressurization phases
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Fig. 5. Observed salt retention and recovery as a function of normalized purge volume at feed salinity cfeeq = 1000 mg/L and flux J,, = 18.9 L/m?%/h.
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Fig. 7. Effect of varying purge volume on recirculation loop concentration (represented by conductivity) over a semi-batch pressurization phase (r = 0.94, J,, = 18.9
L/m?/h, cfeeq = 1000 mg/L). See SI section 5 for conversion between conductivity and concentration.

increased; whereas the energy consumed by both the recirculation and
supply pumps during the purge-and-refill phase remained constant. For
example, measured supply pump SEC during pressurization phases
(SECp1,supply + SECp2,supply) was 0.181, 0.239, and 0.287 kWh/m® at
500, 1000, and 1500 mg/L feed solutions respectively, while other SEC
contributions totalled only 0.021 kWh/m? regardless of feed concen-
tration. As expected, most of the energy was consumed by the supply
pump during the two pressurization phases. The model predicted well
the hydraulic SEC (Fig. 8A). The highest error was around 2 % with the
1000 mg/L feed solution while at 500 and 1500 mg/L the error between
experimental results and model values was <1 %.

Fig. 8B compares experimental measurements of hydraulic SEC
against predicted values at various water fluxes, r = 0.94, and 1000 mg/
L feed salinity cfeed. It shows an increase of hydraulic SEC with flux. This

is because more pumping pressure was needed to overcome hydrody-
namic resistance in the RO membrane pores (P « Jy / Ay). Thus, the SEC
of the supply pump over the two pressurization phases, SECp; supply +
SECp2,supply, increased from 0.187 to 0.28 kWh/m® as flux almost
doubled from 12.1 to 23.6 L/m%/h. However, unlike in Fig. 8A, the
recirculation pump SEC was not constant. To achieve higher permeate
flux, we needed to increase the feed flow rate; then to maintain an op-
timum value of Q,/Qr ~ 2, we had to increase the recirculation flow rate
proportionately which led to an increase in recirculation pump SEC. For
instance, on increasing water flux from 12.1 to 23.6 L/m?/h, the
experimental recirculation pump SEC over the two pressurization pha-
ses, SECp1 recirc + SECp2 recire, increased from 0.008 to 0.022 kWh/m®.
Overall, by almost doubling the water flux, we observed a 54 % increase
in total hydraulic SEC from 0.2 to 0.308 kWh/m?®. Fig. 8B also shows
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Fig. 8. Comparison of hydraulic SEC breakdown between experimental measurements (EXP) and model predictions (MOD) at recovery r = 0.94. A) different feed

salinities at J,, = 18.9 L/m?/h, and B) different water fluxes at Cfeeq = 1000 mg/L.

model predictions of hydraulic SEC at different water fluxes. The model
again agrees well with the experimental results, with <3 % error.

5.3. Electrical SEC

We calculated electrical SEC of the HSBRO system by integrating,
over time, the electrical power (current x voltage) consumed by both
pumps and then dividing by the amount of permeate water produced.

Fig. 9A compares electrical and hydraulic SEC breakdown at
different water salinities, at r = 0.94 and Jy = 16.5 L/m%/h. As feed
salinity increased, both electrical and hydraulic SEC increased, but the
increase in electrical SEC was less marked. At 500, 1000, and 1500 mg/
L, total electrical SEC was 0.394, 0.458, and 0.501 kWh/m? respectively
compared to hydraulic SEC of 0.181, 0.238, and 0.278 kWh,/m® with the
main contribution coming from the supply pump. Total electrical SEC

10

was respectively 118, 92, and 80 % higher than the hydraulic SEC. As
seen in Table 2, the lower increase in electrical SEC was associated with
supply pump efficiency increasing from 45.9 to 55.5 % (while the
recirculation pump efficiency remained constant at about 35 %).

Fig. 9B compares hydraulic and electrical SEC at various water
fluxes, at r = 0.94 and 1000 mg/L feed concentration. By increasing
water flux from 12.1 to 23.6 L/m?/h, both SECs increased: hydraulic SEC
by 53 % from 0.2 to 0.306 kWh/m?, and electrical SEC by 31 % from
0.419 to 0.549 kWh/m>. Again, the increase in electrical SEC was
smaller, because of increased pump efficiency at higher pressures
associated with the higher fluxes. As water flux doubled, supply pump
efficiency increased by a factor of 1.18 (from 47.7 % to 56.1 %) in semi-
batch and by 1.11 (from 57.5 % to 63.9 %) in batch pressurization
phases respectively (see Table 3). The recirculation pump SEC also
increased with flux. Again, electrical SEC increased less than hydraulic
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Table 2

Supply and recirculation pump efficiencies for semi-batch pressurization, batch pressurization, and purge-and-refill phases at various feed salinities (flux J,, = 16.5 L/

m?/h).

Feed salinity Cgeeq (mg/L) Pump efficiency (%)

Supply pump Recirculation pump

Semi-batch pressurization Batch pressurization Purge-and-refill Semi-batch pressurization Batch pressurization Purge-and-refill
500 45.9 53.2 10.3 35.3 28.3 48.6
1000 51.9 60.9 10.8 34.4 27.3 48.7
1500 55.5 63.9 12.2 34.6 27.3 48.3
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Table 3
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Supply and recirculation pump efficiencies for semi-batch pressurization, batch pressurization, and purge-and-refill phases at various water fluxes and cgeeq = 1000

mg/L.

Flux J,, (L/m?/h) Pump efficiency (%)

Supply pump

Recirculation pump

Semi-batch pressurization Batch pressurization

Purge-and-refill

Semi-batch pressurization Batch pressurization Purge-and-refill

12.1 47.7 57.5 12.9
14.4 50.3 59.3 12.4
16.6 51.9 60.9 10.8
18.9 53.4 61.8 10.6
21.3 54.6 62.6 10.9
23.6 56.1 63.9 11.9

24.5 18.9 47.7
32.0 24.7 47.6
34.4 27.3 48.7
37.7 30.5 48.1
40.0 33.2 48.3
42.5 34.4 48.1

SEC because recirculation pump efficiency increased with flow. For
example, when flux increased from 12.1 to 23.6 L/m?/h, we observed an
increase in efficiency by a factor of 1.73 (from 24.5 % to 42.5 %) and by
1.82 (from 18.9 % to 34.4 %) during semi-batch and batch pressuriza-
tion phases respectively (Table 3). However, since the recirculation
pump consumes <12 % of total energy, it had a minor impact on total
SEC in all cases.

Fig. 10 shows the percentage contribution of each pump to the total
electrical SEC during different phases of operation at different feed sa-
linities, at r = 0.94 and J,, = 18.9 L/m?/h. The largest fraction (about 60
%) of electrical SEC came from the supply pump during semi-batch
pressurization. Over both phases of pressurization, this fraction
increased to 86-89 %. The fraction slightly increased with feed salinity,
as the absolute contribution from the recirculation pump remained
constant. In total, about 10-12 % of SEC came from the recirculation
pump.

A useful feature of HSBRO is the ability to achieve different re-
coveries by changing the duration of the semi-batch pressurization
phase. Fig. 11 compares electrical SEC breakdown at two different re-
coveries for 500 mg/L feed solution and J,, = 23.6 L/m?/h. Atr = 0.979,
semi-batch pressurization share of SEC was around 77 % while this was
59 % at r = 0.94. This is because the operation time at r = 0.979 was
much longer; this increased the concentration inside the system and
consequently more pressure was needed. To reach r = 0.979, semi-batch
duration was 2580 s (about 88 % of cycle time) while for r = 0.94 it was
690 s (about 68 % of cycle time). The batch and purge-and-refill

durations for both recoveries were about the same at 259 and 76 s
respectively. In addition, at r = 0.94, the contributions of semi-batch and
batch phases to the total recovery were rg, = 0.704 and r, = 0.236
respectively, while at r = 0.979 these values were rg, = 0.898, r, =
0.081. Although, in theory, operating longer at semi-batch mode in-
creases the energy penalty, it reduces the need for having a large work
exchanger which becomes impractical at such high recoveries. The
unfavourable SEC contributions (i.e. purge-and-refill phase, and recir-
culation pump over pressurization phase) were 12 and 15 % atr = 0.979
and r = 0.94 respectively. Recirculation pump SEC was the same in both
cases (11 %) while at higher recoveries the purge-and-refill SEC portion
was much smaller, around 1 % at r = 0.979 compared to 4 % atr = 0.94.

5.4. Permeate conductivity changes over a cycle

Fig. 12 shows how permeate quality changed over the semi-batch
and batch pressurization phases at r = 0.94, J,, = 21.3 L/m?/h, and
different feed salinities. At the start of water production, permeate
conductivity rose sharply, peaked after 30 s, and dropped quickly. It
then increased again slowly as the recirculation stream concentration
increased. The initial peak is attributed to salt diffusion after the system
depressurizes. During the purge-and-refill phase, the RO module is filled
with brine and, due to the concentration gradient, salt continues to pass
through the membrane. When the next pressurization phase starts, this
salty water leaves in the permeate thus causing this peak.

The pattern was similar to that seen in batch RO [44], but in HSBRO

B)1,000 mg/L

A) 500 mg/L

B Semi-batch_Pressurization, supply pump
Batch_Pressurization, supply pump

B Purge-and-refill, supply pump

@ Semi-batch_Pressurization, recirculation pump
O Batch_Pressurization, recirculation pump

@ Purge-and-refill, recirculation pump

C) 1,500 mg/L

Fig. 10. Percentage contribution of each pump to total electrical SEC at each operation phase at feed salinity A) cfeeq = 500 mg/L, B) Cfeeq = 1000 mg/L, and C) Cfeed

= 1500 mg/L. (r = 0.94 and J,, = 18.9 L/m?/h).
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@ Purge-and-refill, recirculation pump
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Fig. 11. Percentage contribution of each pump to total electrical SEC at each operation phase at feed salinity cgeq = 500 mg/L, flux J,, = 23.6 L/m?/h, and recovery

A) r = 0.94, and B) r = 0.979.

the peak was higher. For example, at 1000 mg/L feed, in batch RO,
conductivity peaked at only 0.3 mS/cm whereas in HSBRO it peaked at
around 1.5 mS/cm. This was because of the higher recovery and con-
centration factor in the HSBRO case, which provided a larger concen-
tration gradient to drive salt passage into the permeate. At 500, 1000
and 1500 mg/L feed concentration, permeate conductivity peaked at
around 0.6, 1.5 and 2.0 mS/cm, respectively (Fig. 12A-C). The initial
conductivity peak has a detrimental effect on the overall rejection of the
system. For instance, in cases A, B, and C (Fig. 12A-C), the rejection was
95.4, 94.3, and 93.9 % respectively. However, if the initial peak had not
occurred, rejection would have increased to 96.1, 95.2, and 94.7 %
respectively. In another words, salt passage (1 — R;) of the system would
have decreased by 15 %.

The rate of permeate conductivity increase in batch mode is higher
than semi-batch mode. For example, after the initial peak, permeate
conductivity increased from around 0.04 to 0.09 mS/cm in semi-batch
while it increased from around 0.09 to 0.43 mS/cm in the batch
phase. The reason is that in semi-batch mode the concentration at the
entrance of the RO module increased linearly with time, whereas in
batch mode it grew at an increasing rate.

5.5. Pressure and conductivity changes over a cycle

Fig. 13 shows variations against time of applied pressure and
incoming solution conductivity to the RO module at r = 0.94, J,, = 18.9
L/m?/h and feed salinity of 1000 mg/L. Because pressure tends to in-
crease with concentration, these two variables show similar trends over
the cycle. In the semi-batch pressurization phase, with an assumption of
constant rejection, concentration increases linearly since the internal
loop volume is constant while solute is added at a constant rate.
Therefore, the permeate that leaves the loop is replaced by the same
amount of feed. However, during batch pressurization, the internal loop
volume decreases linearly with time while the contained mass of solute
remains constant. Consequently, concentration increases at an
increasing rate as seen in Fig. 13.
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We also compared the experimental peak pressure with the predicted
values by the model at different water fluxes, r = 0.94, and 1000 mg/L
feed salinity (Fig. 14). Predicted values exceeded slightly the experi-
mental results. One possible cause for the discrepancy is membrane
deformation and compaction at high pressure. This may lead to
increased internal volume, lower concentration, and hence lower final
osmotic pressure. Another factor may be the variation in salt rejection
which, though considered constant in our model, in fact increases with
flux. Higher salt rejection results in higher salt retention, thus increasing
the peak pressure and causing the measured peak pressure to approach
the predicted value at higher fluxes.

5.6. Recirculation flow optimization

Table 4 shows the effect of recirculation flow Q; at the brine exit of
the RO module, as a ratio to feed flow Qg on important parameters
including pressurization SEC in the HSBRO system. On increasing Q./Qy,
recirculation pump SEC over the two pressurization phases increased
because of the higher flow rate, while the corresponding supply pump
SEC decreased due to lower concentration polarization and longitudinal
concentration gradient. This trend is also shown by the average pressure
required for the process, which decreased with Q,/Qy. For example, on
increasing Q./Q¢ from 1.5 to 3.7, the average required pressure
decreased from 9.08 to 8.23 bar which directly reduced supply pump
SEC during pressurization by 0.026 kWh/m? from 0.441 to 0.415 kWh/
m®; while the corresponding recirculation pump SEC increased by 0.124
kWh/m® from 0.027 to 0.151 kWh/m®>. Thus, by comparing total SEC,
we found out that operation at Q;/Q¢ = 1.5 or 2.0 consumed the least
energy. However, Q./Qf = 1.5 gave higher peak pressure: 19.9 bar
compared to only 18.8 bar at Q,/Qf = 2.0. Therefore, Q,/Qf = 2.0 was
preferred as the optimum operating point. Moreover, the membrane
rejection slightly improved with Q./Qf which may be due to lower
concentration polarization at high Q./Qr. Note that the average
measured rejection of 0.936 is consistent with the value of 0.94 used in
the modelling.
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Fig. 12. Permeate conductivity vs. time over the semi-batch and batch pres-
surization phases at recovery r = 0.94, flux J,, = 21.3 L/m?/h, and feed salinity
A) Cfeed = 500 mg/L, B) Cfeeq = 1000 mg/L, and C) Cfeeq = 1500 mg/L. See SI
section 5 for conversion between conductivity and concentration.

5.7. Effect of permeate flux

Besides increasing SEC, permeate flux affects other parameters in the
HSBRO system including rejection, peak pressure and output. We
investigated a range of fluxes at r = 0.952, and 1000 mg/L feed salinity,
to evaluate the effect on such parameters (Table 5). On increasing flux
by nearly double, from 12.1 to 23.6 L/m?/h, total pressurization SEC
increased by 31 % (contributed mainly by the supply pump) while
system output rose by 90 % from 11.56 to 21.9 m®/day. Thus, there is a
trade-off between lowered SEC or increased output.

Associated with this flux increase, the average pressure required
during the pressurization phase increased by 46 % (from 7.07 to 10.32
bar). Alongside, peak pressure increased by 27 % (from 18.7 to 23.8
bar), and the switch pressure (from semi-batch to batch pressurization)
increased by 47 % from 7.5 to 11 bar. However, semi-batch and batch
pressurization duration approximately halved. Salt rejection also
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increased by 4 %, confirming that we can achieve higher permeate
quality at high fluxes but at the expense of higher SEC — as in a con-
ventional RO system.

5.8. Effect of varying switch pressure

We investigated the effect of changing the switch pressure on con-
centration factor, SEC, and peak pressure. The switch pressure de-
termines when the system switches from semi-batch to batch
pressurization. Increased switch pressure resulted in a longer semi-batch
pressurization phase. These experiments were carried out at a constant
flux J,, = 16.5 L/m?/h and 1000 mg/L feed salinity.

5.8.1. Effect of switch pressure on concentration factor

HSBRO is a promising technology not only for water production but
also for valuable component extraction from water sources. In such
applications, it is desirable to concentrate maximally the feed water.
Therefore, we studied the concentration factor (CF) which was calcu-
lated using Eq. (26). Fig. 15A shows the increase of CF and recovery with
switch pressure. A longer semi-batch pressurization phase resulted in a
higher concentration at the onset of batch pressurization and thus a
higher final concentration. When switch pressure rose from 8.1 to 10.2
bar, semi-batch duration increased from 1117 to 1976 s, CF increased by
51 % from 16.3 to 24.6, and recovery increased from r = 0.943 tor =
0.963.

5.8.2. Effect of switch pressure on SEC

SEC also increased with switch pressure. Hydraulic SEC increased by
13 % from 0.242 to 0.274 kWh,/m? while electrical SEC increased by 7 %
from 0.459 to 0.491 kWh/m? (Fig. 15B). As explained in Section 5.3,
electrical SEC increased less because of the higher efficiency of the
supply pump at higher operating pressures.

5.8.3. Effect of switch pressure on peak pressure

Fig. 15C shows that peak pressure increased alongside CF, reaching a
maximum of 24.8 bar at a switch pressure of 10.2 bar, while the average
pressure was 9.14 bar. As 25 bar was the design limit of our experi-
mental system, this peak pressure limited the CF that could be achieved.
However, future systems with higher pressure ratings will enable even
higher CF.

6. Discussion
6.1. Comparison with non-hybrid systems

To compare the HSBRO system against the options of non-hybrid
semi-batch RO or batch RO, we used our validated model to compare
the three options in achieving a recovery of 0.94 (see Table 6).

The results show that the SEC of the HSBRO is close to that of the
batch RO, while the work exchanger volume (V}) is around four times
smaller; 69 L for HSBRO compared to 265 L for batch RO. This confirms
that the HSBRO option is advantageous in achieving a low SEC (almost
as low as with batch RO) with a much more compact work exchanger. In
semi-batch RO, although there is no need for a work exchanger, the SEC
is almost 63 % higher than HSBRO and batch RO. The fourth row in
Table 6 shows that a further reduction in work exchanger may also be
acceptable to make the system even more compact. A reduction in Vi
from 69 to 40 L increases SEC by just 7 %.

6.2. Comparisons against existing systems

In this section, we compare our results against earlier studies with
the help of second law efficiency. Second law efficiency is defined as the
ratio of the minimum work of separation to the total actual work
consumed in the desalination process. It illustrates how closely systems
work to the reversible thermodynamic limit (a fully reversible system
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Table 4

Effect of varying recirculation flow rate ratio (Q,/Qs) on the pressurization SEC breakdown (by pump) and on rejection, peak pressure, and average pressure over a
cycle at 1000 mg/L feed salinity, r = 0.94, and J,, = 18.9 L/m?/h. SEC includes energy consumed in both semi-batch and batch pressurization phases (but not purge-

and-refill phase).

Recirc. flow/feed flow Q,/Q¢

Average pressure (bar) Start batch pressure (bar) Peak pressure (bar)

Rejection R,

Electrical SEC over two pressurization phases (kWh/
3
m”)

Supply pump  Recirculation pump  Total
1.5 9.08 9.3 19.9 0.926 0.441 0.027 0.468
2.0 8.54 8.7 18.8 0.936 0.425 0.043 0.468
2.6 8.37 8.6 18.7 0.94 0.42 0.067 0.487
3.2 8.28 8.6 18.7 0.942 0.416 0.103 0.519
3.7 8.23 8.5 18.7 0.943 0.415 0.151 0.566
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Effect of varying flux on measured parameters of HSBRO system at 1000 mg/L feed salinity and recovery r = 0.952. System flux averaged over the whole cycle,

including the purge-and refill phase which is non-productive.

Flux System Semi- Batch Purge- Transition Average Rejection Output Peak Electrical SEC over two
during flux (L/ batch duration and-refill pressure pressure during R; (m®/ pressure pressurization phases (kWh/m®)
2 . ) ) - Y
press. m~/h) duration (s) duration semi-batch pressurization day) P (bar) . K
T (L/ ©) © to batch phase (bar) Supply Recirculation Total
m?/h) (bar) pump pump
12.1 11.7 1858 504 77 7.5 7.07 0.9 11.56 18.7 0.38 0.035 0.415
14.4 139 1559 424 77 8.2 7.70 0.91 13.65 19.7 0.398 0.035 0.433
16.6 15.9 1358 367 77 8.8 8.28 0.919 15.62 20.6 0.417 0.039 0.456
189 18.0 1191 322 77 9.5 8.95 0.925 17.74 21.5 0.441 0.044 0.485
21.3 20.2 1059 286 77 10.2 9.63 0.931 19.87 22.5 0.465 0.049 0.514
23.6 22.3 946 257 76 11.0 10.32 0.936 21.91 23.8 0.49 0.055 0.544
26 0.965 Table 6
2 ® Concentration factor |£| ] Comparison of HSBRO against non-hybrid options (r = 0.94, J,, = 18.9 L/m?/h,
< Recovery 1 0960 feed concentration of 1000 mg/L, 60 % pump efficiencies assumed throughout
St ’ all three phases; 8-inch Eco Pro-440 membrane used as in this study).
= L]
% 20 | | N 1 0955 = Option Hydraulic Electrical Work Notes
& W e SEC (kWh/ SEC (kWh/ exchanger
.§ 18 F e g m®) m®) volume Vo (L)
-1 <9
£ 16 |1 B 19902 Semi- 0.415 0.692 0
5 batch
sl RO
S 1 0945
12 b Batch 0.254 0.423 265.0
RO
10 t t t : 0.940 HSBRO 0.255 0.425 69.0 Current study
8.0 8.5 9.0 9.3 10.0 10.5 HSBRO 0.273 0.455 40.0 Reduced work
Switch pressure (bar) exchanger
0.40 0.50 volume
038 | @ Hydraulic SEC B 1 o0
. Electrical SEC 7 X X . . X
036 T 5, F 1 048 z selecting those studies against which to compare. Firstly, the systems
§ 034 | s b 1 047 § should be high recovery. At recovery below about 70 %, the HSBRO
2032 b 1 046 2 system is probably not needed; a non-hybrid batch RO system would be
éoso 3 4 045 § adequate, as described previously [44]. Secondly, we have selected
2028 | - {044 R systems using brackish feed, rather than seawater feed, as seawater
=3
& 026 F - 1043 & systems typically provide a significantly higher 2nd law efficiency [65]
s . . R .
= 024 | e | 0w = such that direct comparison with brackish water systems could be
022 | ] om misleading. In addition, seawater systems rarely achieve recovery above
0.20 ) ) ) ) 0.40 70 %. Thirdly, we have selected only experimental (not theoretical)
8.0 8.5 9.0 95 10.0 105 studies, in which the systems have been piloted at least at laboratory
Switch Pressure (bar) scale. Fourthly, the systems selected are ones where second law effi-
15.0 ciency is reported, or where sufficient information is given for second
® Average pressure 4290 law efficiency to be calculated. The studies selected are mostly multi-
140 F L peak pressure stage RO systems, or batch or semi-batch RO systems.
1{ 270 . . .. . L
o130 F Although batch RO is theoretically the most efficient configuration in
] o .
=) i { 250 E RO systems, comparison of HSBRO and batch RO at 1000 mg/L showed
120 e . . . . .
z ® that second law efficiency of HSBRO is actually slightly higher than
S0+ " b 1230 % batch RO: 13.1 % (see Table 6) against 9.2 % (calculated using Eq. 25
2 . .
%100 1210 & and data in [44]). Electrical SEC for both systems were nearly the same
. r + ) . .
Z = E around 0.49 kWh/m?, even though the HSBRO achieves much higher
< 9.0 pi - . o 190 recovery. This finding is consistent with [15] and explained by reduction
| o ] in minor losses in the refill stage of HSBRO. The SECjgea of HSBRO is
8.0 He 17.0
slightly larger than for batch RO, because of the higher recovery,
70 . . . . 15.0 R -
%0 <5 50 s 100 s resulting in improved second law efficiency.
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Fig. 15. Effect of varying switch pressure on: A) concentration factor (CF) and
recovery (r), B) hydraulic and electrical SEC, C) average and peak pressure.
Feed salinity 1000 mg/L and J,, = 16.5 L/m?/h.

has a second law efficiency of 100 %) and can help identify potential for
improvement. We use second law efficiency to make a fair comparison
against other studies, taking into account variations in recovery and feed
concentration.

To ensure a fair comparison, we have applied certain criteria in
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Semi-batch RO (or closed-circuit RO) is another configuration that
has attracted much attention over the last decade. Efraty et al. [17]
reported electrical SEC of 0.77 kWh/m® for two cases using semi-batch
RO. In the first case, the feed conductivity was 6.8 mS/cm, recovery r
was 0.8, flux J,, = 19 L/m?/h, the high-pressure pump efficiency was 55
%, and rejection of 90.8 % was achieved. In the second case, feed con-
ductivity was 4.0 mS/cm, recovery r was 0.88, flux J,, was 27 L/m>/h,
the high-pressure pump efficiency was 60 %, and rejection of the system
was 88 %. Since the authors did not mention the feed analysis, by
assuming that the feed source is like a NaCl solution, we calculated the
osmotic pressure and then second law efficiency. The latter had values of
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20.5 and 13.6 % for the first and second cases respectively. Considering
the same feed salinity, fluxes, and pump efficiencies as cases 1 and 2 but
at a higher recovery of r = 0.94 in HSBRO, we predict electrical SEC of
0.93 and 0.69 kWh/m® for these two cases in the HSBRO system. These
values correspond to second law efficiencies of approximately 24.4 and
18.4 % respectively — as such considerably better than the values of
20.5 and 13.6 % mentioned above for semi-batch RO. Additionally,
considering the same recovery as cases 1 and 2, we predict electrical SEC
of 0.69 and 0.49 kWh/m® in the HSBRO system respectively. Corre-
sponding second law efficiency values were 22.9 and 21.3 %.

Kahraman et al. [54] reported second law efficiency of 8 % for a two-
stage brackish RO plant at a feed concentration of 900 mg/L and re-
covery r = 0.72. However, using their data and Eq. (25), second law
efficiency was calculated 3.8 % which is around three times lower than
the value of 13.1 % for the HSBRO system at 1000 mg/L feed salinity.
Second law efficiency of only 4.1 % was reported for a two-stage RO
plant in Jordan using actual plant data [59]. This plant was fed with
brackish water of 2450 mg/L salinity (electrical conductivity of 3.95
mS/cm) and a combined pump-motor efficiency of 75 % was used in the
calculations. In another case study, Sharqawy et al. [66] analysed the
performance of a RO plant in California (USA) fed with underground
brackish water at a salinity of about 1550 mg/L. The value reported for
the second law efficiency was 1.51 % considering pump efficiency of
100 %. At similar feed salinity in the HSBRO system, we achieved second
law efficiency of 17.8 %. It is also interesting that they calculated how
much second law efficiency would increase by adding an energy re-
covery device; the predicted increase was marginal from 1.51 to 1.73 %.
More recently, a medium-sized two-stage brackish RO plant of the Arab
Potash Company with r = 0.68 was analysed. This plant was fed with
brackish water with a salinity of 1098.6 mg/L and second law efficiency
of 4.48 % was reported for the whole RO plant [67].

We also believe that HSBRO can improve second law efficiency for
more saline feeds including seawater. This will be evaluated in future
studies.

6.3. Potential improvements

In this section, we use our validated model to assess the benefits of
future improvements to the HSBRO system.

6.3.1. Effect of membrane water permeability on hydraulic SEC
Thanks to advances in membrane material and manufacturing
technology, the water permeability of RO membranes has gradually
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Fig. 16. Predicted hydraulic SEC as a function of membrane water permeability
(A value) at 1000 mg/L feed concentration, r = 0.94, and J,, = 18.9 L/m?/h.
The orange point indicates the experimental value for the Eco Pro-440 mem-
brane used in this study.
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improved over the last few decades, while high salt rejection has been
maintained [68]. We expect this trend to continue. Therefore, we have
predicted the effect of improved water permeability on hydraulic SEC
(see Fig. 16). We assumed 1000 mg/L feed concentration, J,, = 18.9 L/
m?/h, and r = 0.94. We project that, by increasing membrane water
permeability from 3 to 6 and 9 L/m?/h/bar, the hydraulic SEC will
decrease by 29.1 and 39.0 % respectively (from 0.313 to 0.222 and
0.191 kWh/m?). The membrane element used in this study (Eco Pro-
440) had a water permeability of A, = 4.4 L/mz/h/bar, as measured
experimentally using RO permeate water and confirmed throughout this
study.

6.3.2. Effect of valve size on hydraulic SEC

Fig. 17 shows the effect of valve orifice diameter on hydraulic SEC in
the HSBRO system. The model predicted how hydraulic SEC will change
with valve size at 1000 mg/L feed concentration, J,, = 18.9 L/mz/h, and
r = 0.94. On increasing the valve orifice diameter from 15 (current
study) to 20 and 25 mm, hydraulic SEC will reduce by 5.4 and 6.9 %.
This energy saving results from a reduction in friction losses [44].

6.3.3. Effect of pump efficiency on hydraulic SEC

As discussed in Section 5.3, pump efficiencies have a considerable
impact on the total electrical energy consumed by the HSBRO system.
More efficient pumps will lower electrical SEC, making the HSBRO
system even more attractive for various industries and applications.
Fig. 18 compares electrical SEC of the current HSBRO against some
hypothetical cases (assuming the same efficiency for both pumps during
all three operation phases) at different feed salinities, J,, = 18.9 L/m?/h,
and r = 0.94. As can be seen, with pump efficiency uniformly improved
to 60 %, electrical SEC would decrease by 20, 12.7, and 4.3 % at 500,
1000, and 1500 mg/L feed concentrations respectively. However, by
implementing pumps with 80 % efficiency, electrical SEC would reduce
by 40 % (from 0.42 to 0.252 kWh/mg), 34.7 % (from 0.487 to 0.318
kWh/m®), and 28.4 % (from 0.536 to 0.384 kWh/m?) at 500, 1000, and
1500 mg/L respectively.

6.3.4. Combined improvements

To reduce overall SEC further, the above improvements of high-
permeability membranes, more efficient pumps, and bigger valve size
can be combined for the best overall performance. Accordingly, we
modelled the overall electrical SEC of the HSBRO system assuming
membranes with a permeability of A,, = 10 L/m2/h/bar, valve orifice
diameter of 25 mm, and 80 % efficiency for both pumps. Table 7 shows
the predicted results at different feed salinities, with J,, = 18.9 L/m>/h,
and r = 0.94. These predictions are also compared with the ideal system
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Fig. 17. Model predictions of hydraulic SEC as a function of valve diameter in
the HSBRO system at 1000 mg/L feed concentration, J,, = 18.9 L/m?/h, and r
= 0.94. The orange point is the valve diameter used in the current prototype.



E. Hosseinipour et al.

@ Current study B Pump efficiency = 0.6

O Pump efficiency =0.7  OPump efficiency = 0.8

0.6

0.536
0.513

0.487
0.439

0.420 0.425

0.384

<o
'S
T

0.364
0.318

o
w
T

Electrical SEC (kWh/m3)
(=
o

0.1 f

1,000
Feed salinity cg,.q (mg/L)

1,500

Fig. 18. Projection of electrical SEC according to pump efficiencies at various
feed salinities, J,, = 18.9 L/m?/h, and r = 0.94.

Table 7

Theoretical ideal minimum SEC compared to the experimental results for the
current HSBRO system, and to predicted electrical SEC after improvements in
membrane water permeability (A,, = 10 L/m?/h/bar), pump efficiencies (80 %
for both supply and recirculation pumps) and valve orifice diameter (25 mm) at
various feed salinities, J,, = 18.9 L/m?/h, and r = 0.94. The corresponding
second law efficiency (SECigeal/SEC) is also shown.

Feed Ideal Current HSBRO system Model predictions after

salinity system improvements

ifeea ms/ SEC;deal Electrical Second law Electrical Second law
(kWh/ SEC (kWh/ efficiency SEC (kWh/ efficiency
m?) m®) (%) m?) (%)

500 0.0325 0.420 7.8 0.143 22.8

1000 0.0640 0.487 13.1 0.210 30.5

1500 0.0953 0.536 17.8 0.276 34.5

(calculated by Eq. 25) and the experimental measurements for the cur-
rent system. Furthermore, Table 7 shows second law efficiency (SEC;.
deal/SEC) for general comparison against existing RO plants.

With all three improvements implemented, electrical SEC of the
HSBRO system would decrease by 66.0 %, 56.9 %, and 48.5 % at 500,
1000, and 1500 mg/L feed concentrations respectively. This corre-
sponds to a considerable electrical SEC decrease from the range of
0.42-0.536 to that of 0.143-0.276 kWh/m® at 500-1500 mg/L feed
concentration. Nevertheless, the predicted SEC after improvements re-
mains higher than SECiges, showing that there is still room for
improvement.

6.4. Operation at higher salinities

Today's RO systems are limited to about 120 bar, as determined by
the maximum allowable pressure specified by membrane manufac-
turers. Therefore, peak pressure is an important consideration if the
HSBRO system is to operate at high recovery, such as r = 0.95, and at
high feed salinity. The Eco Pro-440 module used for treating brackish
water in this study is limited to 41 bar. Using this membrane specifi-
cation in our experimentally validated model, we predicted the perfor-
mance of the HSBRO system up to 4000 mg/L feed concentration at two
recoveries, r = 0.90 and 0.95 (see Table 8). Electrical SEC was calculated
assuming 60 % pump efficiency for both pumps. Additionally, for higher
concentrations, we applied XUS180808 module specifications i.e.
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membrane area of 30.6 m? and permeability of A,, = 1.39 L/m?/h/bar
based on the manufacturer's datasheet. This module can withstand
pressures up to 120 bar.

Using the Eco Pro-440 module, HSBRO can desalinate feed sources
up to around 4000 mg/L at r > 0.9 and J,, = 18.9 L/m?/h, while staying
within the peak pressure limitation of 41 bar. Although peak pressure
seems to be a major limitation for HSBRO, in all cases presented in
Table 8 for this module, average pressure during semi-batch and batch
phases will not exceed 11.7 and 21 bar respectively, meaning that the
operating pressure is lower than the 41 bar limit during most of the
cycle. Operation at pressures near the limit occur only during the last
seconds of the batch pressurization phase and last for a short period of
time (<3 % of process time). Thus, we do not expect that the module
would be damaged since this limitation applies to continuous operation
normally. Nonetheless, by reducing the duration of semi-batch pres-
surization (resulting in lower recovery), we can decrease the peak
pressure and eliminate this risk. For example, at 3000 mg/L feed con-
centration, although the average batch pressure is 29.1 bar, the peak
pressure reaches 60 bar, clearly exceeding the 41 bar limit. Therefore, by
reducing the recovery to r = 0.923, we predict that the peak pressure
will decrease to 40.7 bar, which is within the limit for the Eco Pro-440
module.

Regarding SEC using the Eco Pro-440 module, hydraulic SEC ranges
from 0.268 to 0.431 kWh/m> and electrical SEC ranges from 0.446 to
0.718 kWh/m? at 1000-3000 mg/L feed salinity, with J,, = 18.9 L/m?/
h, and r = 0.95 (except at 3000 mg/L feed solution where recovery is
reduced to r = 0.923). However, at r = 0.9, these values decrease to
0.234-0.398 kWh,/m? for the hydraulic SEC, and 0.391-0.663 kWh/m>
for electrical SEC. Maximum achievable recovery at 4000 mg/L
(observing the pressure limit) is r = 0.9 and gives hydraulic and elec-
trical SEC of 0.48 and 0.799 kWh/m?, respectively. Additionally, for this
module at r > 0.9 and Ry = 0.94, we predict second law efficiency
ranging from 14.2 % at 1000 mg/L to 27.8 % at 4000 mg/L — a sub-
stantial improvement on earlier studies mentioned in Section 6.2.

We also predict that the HSBRO system using an ultra-high pressure
XUS180808 module can treat water sources with salinity up to 10,000
mg/L while operating at recoveries higher than r > 0.9, at flux J,, = 18.9
L/m?/h, without exceeding the pressure limit of 120 bar. For instance,
when operating at r = 0.9, peak pressure varies from 57 to 115 bar at
feed salinities ranging from 4000 to 10,000 mg/L while semi-batch and
batch average pressure is in the range of 30-37 and 35-60 bar, respec-
tively. Hydraulic SEC is in the range of 0.9-1.41 kWh/m?> while elec-
trical SEC is 1.5-2.35 kWh/m®. Furthermore, second law efficiency
ranges from 14.8 to 23.7 %. Such high feed salinity and high recovery is
important for ZLD applications.

Comparing the two membranes at r = 0.9 and 4000 mg/L feed
salinity, the hydraulic SEC of the XUS180808 module is almost twice
that of the Eco Pro-440 module; 0.9 against 0.48 kWh/m>. The main
reason for this increase is the lower permeability of the XUS180808
compared to the Eco Pro-440 membrane. Future work will include
verifying the performance with the XUS180808 or similar membranes,
noting that there are several practical challenges to address in imple-
menting such high-pressure RO systems [69].

Fig. 19 gives an overall summary of the above findings regarding
second law efficiency of the HSBRO and other comparable systems. For
HSBRO, it shows experimental values and those predicted after im-
provements to the system. It also includes model predictions at higher
feed salinities using two different RO modules. For comparison, Fig. 19
further includes experimental results from batch RO and other experi-
mental studies in high-recovery RO. Second law efficiency in HSBRO
and batch RO generally increases with feed salinity. At similar salinity,
HSBRO gave the highest second law efficiency compared to other studies
(even batch RO) and this can be increased further by implementing some
improvements such as more efficient pumps and high permeability
membranes.
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Table 8
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Prediction of hydraulic and electrical SEC (assuming 60 % pump efficiency for both pumps), peak and average pressure for the HSBRO system at a wide range of feed
salinities, J,, = 18.9 L/m?/h, and two different recoveries. The prediction is based on the properties of the Eco Pro-440 membrane (41 bar limit) and the ultra-high
pressure XUS180808 membrane (120 bar limit). Second law efficiency was calculated assuming rejection of Rg = 0.94. The italicized values (marked not applicable,
NA) of peak pressure show where the limit is exceeded and therefore recovery must be decreased to lower the peak pressure. Recoveries corresponding to operation
near the pressure threshold are marked *.

Membrane type Feed salinity Recovery  Hydraulic SEC Electrical SEC Peak pressure  Average semi-batch Average batch Second law
(mg/L) (kWh/m>) (kWh/m?) (bar) pressure (bar) pressure (bar) efficiency (%)
BW Eco Pro-440 1000 0.95 0.268 0.446 23.1 7.6 12.8 15.2
0.9 0.234 0.391 13.9 6.2 8.7 14.2
2000 0.95 0.390 0.649 41.6 10.9 20.9 20.9
0.9 0.316 0.527 23.2 8.1 12.8 21.1
3000 0.95 0.512 (NA) 0.853 (NA) 60 (NA) 14.2 (NA) 29.1 (NA) (NA)
(NA)
0.923* 0.431 0.718 40.7 11.2 20.5 25.1
0.9 0.398 0.663 32.4 9.9 16.9 25.2
4000 0.95 0.633 (NA) 1.056 (NA) 78.6 (NA) 17.4 (NA) 37.3 (NA) (NA)
(NA)
0.9 0.480 0.799 41.5 11.7 21 27.8
XUS 180808 (ultra- 4000 0.95 1.043 1.738 95.1 31.5 51.3 15.6
high pressure) 0.9 0.900 1.501 57.4 25.9 35.2 14.8
5000 0.95 1.167 1.945 114.2 34.7 59.4 17.4
0.9 0.985 1.642 67 27.7 39.3 16.9
6000 0.95 1.291 (NA) 2.152 (NA) 133.3 (NA) 37.9 (NA) 67.6 (NA) (NA)
(NA)
0.94* 1.217 2.028 114.8 35.2 59.7 19.1
0.9 1.070 1.783 76.7 29.6 43.4 18.7
7000 0.95 NA NA NA NA NA NA
0.93* 1.264 2.107 114.6 35.5 59.6 20.5
0.9 1.155 1.925 86.4 31.4 47.6 20.2
8000 0.95 NA NA NA NA NA NA
0.92* 1.316 2.193 115.7 36.1 60 21.7
0.9 1.240 2.067 96.1 33.2 51.7 21.5
9000 0.95 NA NA NA NA NA NA
0.91* 1.362 2.270 115.3 36.5 59.9 22.8
0.9 1.325 2.208 105.7 35.1 55.8 22.7
10,000 0.95 NA NA NA NA NA NA
0.9 1.410 2.350 115.4 36.9 60 23.7
@ Current study (HSBRO)
Current study: after improvements (HSBRO)
@ Current study: predictions at higher feed salinities for Eco Pro-440 (r = 0.9)
© Current study: predictions at higher feed salinities for XUS180808 (r = 0.9)
ABatch RO (r=0.8)
BEarlier studies by other authors
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Fig. 19. Comparison of second law efficiency in the current study against batch RO and other earlier experimental RO studies, as a function of feed salinity.
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6.5. Further improvements and future research

Future developments of the HSBRO system could also include mod-
ifications at the brine outlet to retard the pressure surge at the beginning
of the purge-and-refill phase. It is possible that such an arrangement
could reduce the amount of osmotic backflow and recover a small
amount of energy. Based on an initial estimate of the hydraulic energy
contained in the pressure surge, the potential for energy recovery is
limited to about 2 % of overall SEC but may be worth considering for
future optimization.

Another development may concern the design of the supply pump
arrangement. As seen in Table 3 above, the efficiency of the supply
pump dropped from about 60 % to only ~10 % during purge and refill.
This is because the supply pump is a positive displacement pump that is
not optimized to run at low pressure. A centrifugal pump would likely
achieve efficiency >50 %, thus substantially reducing the electrical SEC
contribution during purge and refill, which currently accounts for about
1-5 % of total SEC. Therefore, it may be beneficial to use a combination
of a positive displacement pump (for pressurization) and a centrifugal
pump (for purge and refill) — albeit at the cost of added complexity.

In future research, the inherent advantages and energy losses of
HSBRO may further be investigated based on theoretical analyses. It
would be valuable to carry out a complete exergy analysis (in compar-
ison to multi-stage RO, semi-batch RO, and advanced system designs
such as EERO) and to present the results with the help of Sankey and
Grassman diagrams.

7. Conclusions

For the first time in RO studies, we experimentally investigated the
performance of a hybrid semi-batch/batch RO (HSBRO) system. Using a
single-acting free-piston design and an 8-inch RO module (Eco Pro-440),
HSBRO achieves an output of 15-22 m®/day at recovery of 0.94. The
HSRBO is no more complex than batch RO, requiring only a modification
to the controller program to alter the sequence of valve operation. The
main conclusions are:

e Operating at flux J, = 18.9 L/m%/h, recovery r = 0.94, and feed
concentrations cfeq 0f 500 to 1500 mg/L, HSBRO gives hydraulic
and electrical SEC in the range of 0.2-0.31 and 0.42-0.54 kWh/m?>
respectively, with an output of 17.5 m>/day, and salt rejection of Rg
= 93-94 %.

The greatest component of energy consumption comes from the
supply pump during the pressurization phases, which contributes
86-89 % of the total SEC; whereas the recirculation pump contrib-
utes only 10-12 % over the whole cycle. Optimum recirculation flow
(at the RO module brine outlet) to the feed pump flow is around 2; at
higher flow ratios, the total SEC increases substantially (although
slightly higher salt rejection is achieved).

e An updated and validated model gives SEC agreement of 1-3 % with
experiment, using explicit algebraic equations thus avoiding the
need for numerical algorithms. Two important adjustable parameters
were used in the model: membrane permeability and system salt
rejection.

When the system reaches a stable condition, salt retention between
cycles causes the initial concentration to be around 89 % higher than
the feed concentration, increasing the applied pressure and energy
consumption. This can be reduced to 44 % by purging for longer,
thus saving 7 % in electrical SEC (but at the expense of system re-
covery falling from 94 to 91.3 %). The updated model accurately
represents salt retention, taking into account both salt rejection and
osmotic backflow.

Due to salt diffusion during the purge-and-refill phase, there is an
initial peak in the permeate quality which has a negative effect on
salt rejection, causing a 0.6-0.9 % decrease in the total rejection of
the system.
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e A concentration factor of 24.6 and recovery r = 0.96 are achieved at
feed salinity cfeeq = 1000 mg/L with electrical SEC < 0.5 kWh/m3,
making HSBRO an attractive option that can be implemented in
many industries particularly for extraction of valuable components
from effluents. Using ultra high-pressure RO membranes that have
recently become available, we will be able to achieve even higher
concentration factors.
Compared to semi-batch RO under similar conditions, HSBRO con-
sumes 63 % less energy. Compared to batch RO, although HSBRO
energy consumption is almost the same, the HSBRO work exchanger
size is almost four times smaller at recovery r = 0.94. HSBRO can
achieve recovery up to r = 0.98 at low feed salinities, just by oper-
ating for longer in semi-batch mode.

e Second law efficiency is in the range of 7.8-17.8 % for feed con-
centrations of 500-1500 mg/L. The second law efficiencies measured
equal or exceed those for other high-recovery experimental systems
reported in the literature (not only multi-stage RO systems but also
the batch and semi-batch RO).

e The validated model enables us to predict the effect of improve-

ments, such as using high-permeability membranes and more effi-

cient pumps, to lower electrical SEC to 0.14-0.28 kWh/m® and
improve second law efficiency up to 34.5 % for feed salinities of cfeeq
= 500-1500 mg/L.

With ultrahigh-pressure RO membranes, the model predicts that feed

solutions with concentration cfeq = 10,000 mg/L can be treated,

with recovery r > 0.9, hydraulic SEC < 1.4 kWh/m® and second law
efficiency up to 23.7 %.

The hybrid concept allows energy efficiency close to that of batch
RO, even at very high recoveries r > 0.94, in a much more compact
arrangement. Nonetheless, there are still challenges in scaling this so-
lution to larger systems with output greater than about 100 m>/day.
Therefore, future work should focus on this scale up challenge. There is
also a need for experimental work at higher pressures to validate the
predictions for highly concentrated feed and brine solutions, as needed
for ZLD and MLD applications. This should include studies of organic
and inorganic fouling using substances encountered in such
applications.

Nomenclature

Roman and Greek symbols

Ay L/m?/h/bar, water membrane permeability

Am m2, membrane area

c mg/L, concentration

c mg/L, average of initial and final concentration

co mg/L, initial concentration of semi-batch phase

c1 mg/L, initial concentration of batch phase

Cfeed mg/L, feed concentration

Cmax mg/L, initial concentration leaving the system at the start of
the purge phase

Cpermeate Mg/L, permeate concentration

Cq -, coefficient of discharge

E kJ (kWh), energy consumption

Epy kJ (kWh), energy consumption of semi-batch pressurization
phase

Epy kJ (kWh), energy consumption of batch pressurization phase

Epgr kJ (kWh), energy consumption of purge-and-refill phase

Jw m/s (L/m?/h), permeate flux

P kPa (bar), pressure

P kPa (bar), volume-weighted average pressure

P, kPa (bar), volume-weighted average pressure during semi-
batch phase

P, kPa (bar), volume-weighted average pressure during batch
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phase

P kPa (bar), maximum peak pressure

Q rn3/s, flow rate

Qs m3/s, feed flow rate

Q: m?®/s, recirculation flow rate

Ry -, salt rejection

r -, recovery

4% -, recovery in batch phase

p -, recovery in pressurization phase

T'sb -, recovery in semi-batch phase

S11 -, longitudinal concentration gradient factor during semi-
batch phase

Si2 -, longitudinal concentration gradient factor during batch
phase

Sp —, concentration polarization factor

Sr —, salt retention factor

\%4 m?®, volume

Vo m®, initial volume of the system

Vbo m3, work exchanger swept volume

Vback In3, backflow volume

Vbrine m°, brine volume

Vieed m3, feed volume

Vpermeate m°, permeate volume

Vps m?®, nominal purge volume

Vpipe,R m?, retained solution volume in pipes

Vsb m,3 volume supplied during the semi-batch phase

AP kPa, pressure drop

AP, kPa, cross-flow pressure drop in the RO module

AP kPa, piston seal pressure drop

APy, kPa, valve pressure drop

AP,y kPa, bypass valve pressure drop

APy, kPa, recirculation valve pressure drop

APy3 kPa, brine valve pressure drop

eed kPa, feed osmotic pressure

A -, longitudinal dispersion parameter

Abbreviations

CF concentration factor

COMRO cascading osmotically mediated reverse osmosis

CRO centrifugal reverse osmosis

CT conductivity transmitter

EERO energy efficient reverse osmosis

ERD energy recovery device

EXP experimental

FT flow transmitter

HPRO  high pressure reverse osmosis

HSBRO  hybrid semi-batch/batch reverse osmosis

LSRRO  low salt rejection reverse osmosis

MLD minimum liquid discharge

MOD model

MVC mechanical vapour compression

OARO  osmotically assisted reverse osmosis

P pressurization

PFD plug flow desalination

P&R purge-and-refill

PT pressure transmitter

RO reverse Osmosis

FO forward osmosis

UF ultrafiltration

RP recirculation pump

SEC specific energy consumption

SI supporting information

W1 weighing platform (feed tank)

w2 weighing platform (permeate tank)
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w3 weighing platform (brine tank)
ZLD zero liquid discharge
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