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ABSTRACT: A novel transient and cyclic design is proposed for
ultrahigh recovery reverse osmosis (RO) desalination of brackish
water. The designed system consists of two subsystems, a
conventional multistage RO and a flow reversal and retentate
recycle RO. The operation periodically switches between two
different configurations, a series connection of the two subsystems
for full production, and a parallel connection for partial production
and flushing of the most concentrated membranes using the under-
saturated fresh feed. Such a transient and cyclic design concept
incorporates beneficial features of ROTEC’s flow reversal RO
(FRRO) and DuPont/Desalitech’s closed-circuit RO (CCRO) in a
single system. It offers operational flexibility at ultrahigh recoveries
and requires a slight hardware modification to retrofit existing brackish water RO plants. Dynamic simulations show that
concentration hotspots and overshoots are less severe than those in FRRO. It also avoids cycle-to-cycle salt buildups that are
inevitable in CCRO given that it is an open-circuit design.

■ INTRODUCTION
Sustainable water supply has become a critical issue aggravated
by population growth, socioeconomic development, and climate
change. Desalination offers a viable solution to clean water
production from saline and brackish groundwater resources.1−3

In brackish water reverse osmosis (BWRO) plants, 2 to 3 stages
are typically used, reaching a recovery of 80−85%.4,5 The
rejected brine must be disposed in accordance of local
ordinances, via means including sewer discharge, deep-well
injection, evaporation ponds, and marine outfall.6 Brine
management is costly, especially in inland areas.4 Increasing
the recovery rate not only enhances the water supply but also
reduces the brine volume. However, the recovery rate in BWRO
is usually limited by the scaling potential of sparingly soluble
minerals (e.g., CaCO3, CaSO4, BaSO4, SrSO4, CaF2, and SiO2)
in the feed.7−11 In a traditional steady-state design, the tail-end
RO elements are exposed to the highest concentration of these
scalants indefinitely, unless interrupted by clean-in-place (CIP)
or permeate flushing. Using antiscalants alone at high recoveries
may not be very effective as they only interfere with the
precipitation of salts on the membrane surface instead of
stopping it, and overdosing may even cause fouling issues.12

One possible way to mitigate scaling at ultrahigh recoveries is
a transient and cyclic operation where membranes are
periodically flushed. Examples include closed-circuit RO
(CCRO) or semibatch RO,5,13−18 improved CCRO or batch
RO (BRO),15,19−24 and flow reversal RO (FRRO).25−30 Both
BRO and CCRO have a closed-circuit filtration step followed by
a flushing step, while the former includes an extra volume-

varying cylinder to reduce undesirable mixing in the latter. The
CCRO developed by DuPont/Desalitech has been shown to be
relatively resistant to fouling,14 because the cycle time may be
shorter than the crystallization induction time of most sparingly
soluble salts.16,21 A pilot study at Orange County Water District
(California, United States) showed the possibility of utilizing
CCRO as the fourth stage to concentrate brine from its current
three-stage RO system, reaching a total recovery as high as 91%.5

ROTEC’s FRRO is another example of transient and cyclic
RO. It is based on the conventional three-stage configuration
with additional periodic flow reversal and block rotation
characteristics. These periodically reset the crystallization
induction clock and reduce the imbalance of salt/foulant load
across all stages. Therefore, it holds the promise of operating at
higher recoveries than can be achieved using antiscalants alone.
After completing side-by-side testing of CCRO and FRRO
pilots, the Arcadia Water Treatment Plant (Santa Monica,
California, United States) retrofitted its existing RO system
using the FRRO technology, which is now in operation. The
upgraded system has a targeted recovery of 90%, which
augments approximately 10% of the current water supply
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without an increase in groundwater production. The estimated
payback time for hardware modification is only two years.31

It is shown that the advantage of CCRO lies in maintaining
the minimum feed flow per vessel and flushing membranes
periodically instead of reducing specific energy consumption

(SEC). Different from what was previously thought, our recent
study indicates that CCRO may consume more energy than
conventional multistage RO under the same design conditions
for BWRO.32 Probable causes include the following: (i) BWRO
is usually operated far from the thermodynamic limit, and the

Figure 1. (a) System design with variable configurations. (b) Two subsystems arranged in series as shown by the colored thick lines. (c) Two
subsystems arranged in parallel as shown by the colored thick lines.
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benefit of internal staging in CCRO for energy savings is
minimal; (ii) there is undesirable entropy generation due to the
mixing of low-salinity feed and high-salinity recycled retentate;
and (iii) there is cycle-to-cycle salt buildup because flushing is
often imperfect. Moreover, given the closed-circuit nature of this
technology, it is extremely sensitive to changing water quality in
the pilot tests conducted at the Arcadia plant.33 Occasionally,
the pressure ceiling (set to 300 psi) was reached and the
recovery rate declined continuously. FRRO is essentially a
multistage RO with occasional block rotation and flow reversal
occurrence and, therefore, the SEC levels in both cases are
comparable. However, a significant concentration overshoot at
the RO outlet was observed every time block rotation and flow
reversal in stage 2 occurred at the same time.31 How to suppress
the concentration overshoot in FRRO remains an unaddressed
issue.
Flow reversal and retentate recycle (FRRR) with a time-

varying ratio is a new dynamic and cyclic RO design concept
proposed by the authors.34 It is a modular design that may be
used as an add-on to an existing two-stage brackish water RO
facility for ultrahigh RO operation. One advantage is that the
viscous and mass boundary layers can be rebuilt with a larger
shearing velocity when the feed flow direction is reversed.
Moreover, cycle-to-cycle salt buildup inevitable in CCRO/BRO
is absent in the FRRR because the latter is an open-circuit
design. One drawback is that the flushing fluid is the second
stage brine, which may limit its capability to “zero” the
crystallization induction clock.

■ PROCESS DESIGN
Motivated by the above, a new transient and cyclic design,
variable configuration RO (VCRO), is proposed in this work. It
has two subsystems, as shown in Figure 1. One is the
conventional multistage RO with interstage booster pumps.
The other is the FRRR that is enclosed by the dash-dotted lines.
The red dashed lines in Figure 1a indicate the option to reverse
the feed direction to the FRRR stage. Depending on the
operation needs, the two subsystems can be configured either in
series or in parallel. In the full production mode, the two
subsystems are connected in series, as shown in Figure 1b. The
whole system is a typical multistage RO with optional retentate
recycle in the last stage. The retentate recycle, if activated,
increases the feed rate to the last stage, which helps to satisfy the
minimum flow requirement per vessel for certain ultrahigh
recovery applications. Under the same system recovery
conditions, turning on the retentate recycle may reduce the
element-level recovery and thus the risk of fouling, at the
expense of a higher energy consumption.34 The retentate recycle
is somewhat analogous to the use of CCRO as an add-onmodule
to concentrate brine from a conventional multistage RO.5,35 In
themembrane flushingmode, the two subsystems are connected
in parallel, as shown in Figure 1c. The first subsystem is operated
at a reduced recovery given that it has one fewer stage than the
whole system. The FRRR subsystem, which has the highest salt
load at the end of the full production step, is washed by the
under-saturated fresh feed. The user has the option to reverse
the flow and/or turn on the retentate recycle to boost the cross
velocity, which thins the boundary layer and facilitates the
removal of seed particles before crystallization occurs.Water flux
may be on or off for the FRRR stage, similar to high or low
pressure flushing in CCRO.32 If there is no filtration flux in the
flushing step, then membranes in the FRRR stage will have the
least amount of salt before returning back to full production.

However, the recovery in the full production step must be
slightly elevated to maintain the time-average recovery. The use
of fresh feed to flush the most-concentrated membranes is
similar to block rotation in ROTEC’s FRRO31 as well as the
adoption of a side conduit filling from the fresh feed in DuPont/
Desalitech’s CCRO for membrane purging.5,35 Note that the
design concept shown in Figure 1 is different from the original
FRRR34 where the membrane is flushed using brine from the
preceding RO stage.
The VCRO is versatile for transient and cyclic operation. One

example is shown in Table 1, which consists of four steps in one

full cycle. Every time that the FRRR unit is flushed, its feed flow
changes in direction. In this way, the lead and rear-end elements
equally share the highest salt load during full production.
Moreover, flushing of the most concentrated elements accounts
for 50% of the total operation time, which facilitates the removal
or dissolution of previously formed scales. An alternative
operation strategy is to set the feed flow to the FRRR subsystem
forward in steps 1−2 and reverse in steps 3−4.
Another advantage of VCRO is that both flow reversal and

retentate recycle have been individually used in industrial RO
system designs, making its development and commercialization
less risky. Moreover, if the performance of the FRRR unit
degrades to an unacceptable level during operation, it can be
turned off and cleansed, while the remaining system can still run
at a reduced recovery (e.g., 80%).

■ RESULTS AND DISCUSSION
A case study is presented in this section to compare VCRO and
FRRO. The design conditions are listed in Table 2. The feed is

based on the Chino I Desalter (California, United States) which
operates at a typical recovery of 80% using a 28:14 RO array.4

Process models have been developed and validated against high-
recovery trial experiments in the range of 78−90%.4,36,37 In this
work, a third stage is added, and the system recovery is increased
to 90%. It is verified that the flow rate from the last RO element
is 5 m3/h (higher than the minimum 3 m3/h suggested by
DuPont38) without the recycling loop at the last stage. For
higher recoveries (e.g., 95%), retentate recycle may be activated

Table 1. Cyclic Operation of VCRO

step subsystem 1 (multistage RO) subsystem 2 (FRRR) connection type

1 forward forward in series
2 forward reverse in parallel
3 forward reverse in series
4 forward forward in parallel

Table 2. Design Conditions

parameter value

total feed rate (m3/h) 346.4
overall recovery 90%
feed osmotic pressure (bar) 0.62
RO array 28:14:7
number of elements per vessel 7
RO element BW30-400
element area (m2) 37
membrane permeability (lmh/bar) 2.79
average flux (lmh) 24.5 (27/24/17)
feed per vessel in each stage (m3/h) 12.4/10.8/9.3
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to meet the minimum requirement of concentrate rate. Design
calculations at steady-state have been reported previously,34

which shows that the energy consumption of the three-stage
system at 90% recovery is only a few percent higher than the one
of the original two-stage system at 80%. As a result, the SEC of
the new system is even smaller.
The main constituents and their average concentrations in

mg/L of the feedwater to Chino I are as follows:39 silica = 37,
calcium = 174, magnesium = 40, barium = 0.2, strontium = 1.3,
sulfate = 55, fluoride = 0.2, and nitrate = 170. The total dissolved
solids (TDS) is 950 mg/L. Pretreatment before RO includes
acid addition to lower the pH of the feed to 6.5 and dosing of
scalant inhibitors.12 At 90% recovery, the scale-forming
compounds and their saturation indices (SI) predicted by the
AWC’s Proton Membrane Aqueous Chemistry Calculator40 are
shown in Figure 2. Dosing of 0.75 ppm AWC A-119 antiscalant
can delay the scaling formation for at least 2 h.41 Silica and the
antiscalant itself are the most likely scaling components.
To further mitigate scaling at such a high recovery, membrane

flushing features are added to process design and operation.
Since FRRO and VCRO are essentially steady-state multistage
RO most of the time, the focus of this work is to show the
difference in process dynamics during the transition steps. The
dimensionless spatiotemporal ROmodel used for the simulation
is below42
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where q* is the flow rate in the feed channel (Q) divided by the
inlet flow rate at steady state (Q0). c* is the salt concentration
(C) normalized by the inlet concentration at steady state (C0). θ
is the transmembrane pressure (ΔP) divided by the inlet
osmotic pressure at steady state (π0). t* is the actual time t
divided by the space time τ (τ = Q0/Vc, where Vc is the void
volume in the RO feed channel. Based on an estimated void
space of 0.012 m3 in the feed channel of each RO element,43 the
space time is 0.41, 0.47, and 0.54 min for stages 1, 2, and 3
respectively). x* = x/L is the dimensionless length with 0 and 1
representing the entrance and outlet of the RO stage,
respectively. L is the length of a pressure vessel, which is
about 1 m for each RO element. γ0 is a dimensionless parameter
(γ0 = AmLpπ0/Q0, where Am is the membrane area per vessel and
Lp is membrane hydraulic permeability). km = a1q*n1 is the mass
transfer coefficient, which varies as a function of the cross
velocity. PeD is the dispersive Peclet number. a1, n1 and a2, n2 are
parameters that characterize mass transfer and pressure drop.37

The model is based on the following assumptions: (1) the salt
rejection of the membrane is 100%, (2) the concentration
polarization factor CPF = exp(Jw/km) ≈ 1 + Jw/km, and (3) the
residence time distribution can be reasonably described by the
dispersion model.44 Details about the model development and
numerical solution method can be found in a previous study.42

The modeling parameters were validated for a wide range of
recoveries (78−90%) in a series of plant experiments at Chino I
each lasting about 15 min to minimize potential scaling damage
to membranes.4,36,37 A summary is provided in the Supporting
Information. This spatiotemporal model has been recently
applied to CCRO,32 improved CCRO,23 and a hybrid system
consisting of the original CCRO and the improved CCRO.43

The boundary conditions for eq 1 depend on how the system
is operated. Two simple cases are considered here. If the
recovery (Y) in each stage is fixed during the transition steps, the
boundary conditions are as follows

Figure 2. Scaling predictions at 90% recovery using AWC Proton software based on 0.75 ppm AWC A-119 (green: minimum 2 h to failure; yellow:
minimum <2−1 h to failure; orange: <1 h to failure; red: instant failure).
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Figure 3a shows a schematic of FRRO with a 4:2:1 RO array
following ROTEC’s concept. At any moment, 4 out of 5 RO
blocks (RO1a/3a, RO1b/3a, RO1c/3a, RO 1d/3a, and RO1e/
3a) on the left of Figure 3a are stage 1 while the remaining one
serves as stage 3. The 2 blocks (RO2a and RO2b) on the right of
Figure 3a form stage 2. The flow direction to block(s) is forward

Figure 3. (a) Schematic of FRRO showing block rotation and flow reversal characteristics. (b) Spatial salt concentration profile before and after block
rotation and flow reversal in FRRO.
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in stage 1 and reverse in stage 3. It can be either forward or
reverse in stage 2. Periodically, block rotation and flow reversal
occur in stages 1 and 3. At the same time, feed flow to the blocks
in stage 2 changes in direction. During the transition period, the
spatial concentration profile in the whole system (except for 3
blocks in stage 1 that remain in the same positions during block
rotation) is completely flipped, as shown in Figure 3b. This leads
to a propagating concentration wave traveling across the entire
system, as shown in Figure 4.
When the block in stage 3 is repositioned in stage 1, the

element associated with the highest concentration (10C0) is
facing the fresh feed while the rear element has the lowest
concentration (5.3C0). The initial salt load is much higher than
its value after the transition is complete. The interplay among
convection, backmixing (or axial dispersion), and filtration
results in a concentration peak traveling downstream (Figure
4a). A concentration overshoot is expected at the end of this
block (greater than 11C0 in this case) before the steady state is
reached (Figure 4b). The magnitude of the concentration peak
is lowered to approximately 4.5C0 at the end of stage 1 due to the

blending of retentate streams from this block and three other
blocks that remain in stage 1 during the transition.
The mixture of retentate streams from four blocks in stage 1

now enters stage 2, whose initial spatial profile of salt
concentration is flipped, i.e., the highest at the entrance
(5.3C0) and the lowest at the outlet (2.3C0). The magnitude
of the concentration wave generated from stage 1 is in between
these two levels. As a result, the salt concentration at the
entrance of stage 2 reduces initially. It starts to increase as the
peak of the concentration wave (Figure 4b) approaches the
entrance. After the wave travels further downstream, the
concentration at the inlet of stage 2 gradually decreases to its
steady state value (2.3C0). Because the feed concentration is
higher than normal for a period of time, a concentration
overshoot at the end of stage 2 is inevitable. However, it is less
than 10C0.
Finally, the concentration wave from the end of stage 2 passes

through stage 3, whose initial concentration is also spatially
flipped but is at low levels, i.e., the highest (2.3C0) at the
entrance and the lowest (C0) at the outlet. Because the inlet
concentration is greater than 5.3C0 for a period of time, another

Figure 4. (a,c,e) Spatiotemporal salt concentration profile and (b,d,f) brine salt concentration in each stage during block rotation and flow reversal in
FRRO. τ1, τ2, and τ3 are space times for stage 1, 2, and 3, respectively. Recovery of each stage is fixed during the transition.
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concentration overshoot (greater than 10C0) occurs at the
outlet. In fact, it is found that the areas bounded by the curves
below and above the line Cr/C0 = 10 in Figure 4f are equal. In
other words, the time average of the brine concentration is 10C0
to maintain a constant recovery of 90%.
Even though ROTEC’s FRRO balances salt load among all

blocks in stages 1 and 3, the simulation shows that there might
be concentration hotspots during transition steps. In pilot tests
of ROTEC’s FRRO with a 3:2:1 array at the Arcadia plant, a
significant concentration overshoot is observed every time that
blocks rotation and flow reversal occur at the same time.
Moreover, the specific flux (or membrane permeability) in
stages 1 and 3 decays at a faster rate than that in stage 2.31 One
plausible reason is that stages 1 and 3 periodically treat the most
aggressive water. In addition, it is postulated that these
concentration hotspots may deteriorate the formation of scaling.
One possible way to reduce them is to temporarily lower the
recovery of each stage during the transition. Figure 5 shows the
simulation results using eq 3 as boundary conditions. By
applying the same applied pressures at the steady state during

the transition steps, the driving force (or the difference between
transmembrane hydraulic pressure and transmembrane osmotic
pressure) is smaller initially and gradually increases as the
concentration peak passes by. It is shown that the concentration
hotspots are somewhat suppressed but are not eliminated.
Clearly, a smart control system may be required for a smooth
transition at the expense of production loss.
In VCRO, the FRRR unit is disconnected from the multistage

subsystem, flushed using the fresh feed, and then reinstated for
full production. If the feed direction is reversed during the
flushing step, a similar concentration wave would propagate
along the FRRR subsystem without negatively impacting the
multistage RO subsystem. Two cases, corresponding to 0 and
50% recovery during the flushing step, are shown in Figures 6
and 7, respectively. When Y = 0%, the concentration level during
the transition is lower. Moreover, reverse flux may occur in some
part of the membrane (Figure 8), which would loosen foulants/
scalants from the membrane surface.32 One obvious drawback is
the production loss during this period. When Y = 50%, the
production loss is smaller; however, the concentration is higher

Figure 5. (a,c,e) Spatiotemporal salt concentration profile and (b,d,f) brine salt concentration in each stage during block rotation and flow reversal in
FRRO. τ1, τ2, and τ3 are space times for stage 1, 2, and 3, respectively. Pressure at each stage is fixed during the transition.
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during the transition and may exceed 10C0 for a short period of
time. An estimate of the overall recovery is shown in Table 3. On
the basis of a 60 min full production step followed by a 4 min
partial production and flushing step, the time-average recovery is

89.0% (Y = 50% in flushing of FRRR) or 88.4% (Y = 0% in
flushing of FRRR). If the full production step can be extended to
120 min and the flushing step can be shortened to 2 min, then
the average recovery is very close to 90% in both cases. The SEC

Figure 6. (a,c) Spatiotemporal salt concentration profile and (b,d) brine concentration in the last stage during flushing and full production in VCRO.
Recovery rate is set to be 0% during the flushing step.

Figure 7. (a,c) Spatiotemporal salt concentration profile and (b,d) brine concentration in the last stage during flushing and full production in VCRO.
Recovery rate is set to be 50% during the flushing step.
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for all the cases listed in Table 3 is no more than 0.435 kW h/m3

assuming a constant 80% pump efficiency. This is less than 1%
different from the SEC in the conventional three-stage system at
the same recovery (0.433 kW h/m3).34 The difference is minor
mainly because the flushing step is short, and the flow rate of the
flushing fluid is small. When the retentate cycle is turned on for
the sake of boosting cross velocity, the energy consumption may
increase by a few percent, depending on the recycle ratio.34 The
FRRO pilot study using Toray TML10D membranes at the
Arcadia plant (feed TDS is approximately 1000 mg/L) had a
SEC of 0.41−0.49 kW h/m3 (assuming 80% pump efficiency) at
90% recovery.31 The SEC levels in both cases appear to be
similar.
One may conjecture that ROTEC’s FRRO has a longer CIP

interval relative to VCRO because 5 out of 7 pressure vessels (on
the basis of a 4:2:1 array) equally share the contact time with the
highest salt concentration. Whereas in VCRO, both ends of the
same pressure vessel are each exposed to the highest salt
concentration 50% of the time. However, it is clear from the
simulations that the concentration hotspots can be effectively
suppressed during the flushing step in VCRO. Moreover, the
multistage subsystem may still operate at an 80% recovery if the
FRRR subsystemmust be turned offline for cleaning. Therefore,
the downtime for the VCRO may be shorter. Additionally,
VCRO is a much simpler design than ROTEC’s FRRO,
therefore, has less chance of equipment failure, and requires a
smaller capital investment for plant retrofit. A comprehensive
experimental study is recommended for a detailed comparison
of both techniques.

■ CONCLUSIONS
A variable configuration RO is proposed for ultrahigh recovery
applications. The two subsystems periodically switch between
in-series configuration for high recovery operation and in-
parallel configuration for reduced recovery and flushing of the
most concentrated membranes using the under-saturated feed.
This circumvents a high concentration wave prorogating across
all RO stages in ROTEC’s FRRO. The open-circuit design also
avoids salt retention seen in CCRO/BRO. The SEC is estimated
to be 0.45 kW h/m3 at 90% recovery based on design conditions
used in this work. A comprehensive experimental investigation is

recommended to establish the scaling propensity and CIP
frequency in VCRO relative to ROTEC’s FRRO.
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