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ABSTRACT

In contrast with the conventional SWRO and BWRO plug flow desalination (PFD)
techniques where recovery depends on the number of lined membrane elements and energy
consumption on the efficiency of energy recovery device (ERD), the newly conceived
closed-circuit desalination (CCD) technologies enable the attainment of high recovery,
irrespective of the number of elements per module with low energy consumption without
need for ERD. The present theoretical model analysis describes the extreme performance
prospects of CCD illustrated by a single-element SWRO-CCD unit performing up to 60%
recovery with near absolute energy efficiency without need for ERD (e.g. 50% recovery; 13
Imh; 1.573 kWh/m? for 32,000 ppm NaCl feed equivalent to ocean seawater of 35,000 ppm)
as well as by a single-element BWRO-CCD unit performing up to 92% recovery with low
energy (e.g. 90% recovery; 25Imh; 0.472kWh/m’ for 1,500 ppm NaCl feed equivalent to
common brackish water sources of 1,700-2,000 ppm). Another illustration pertains to the
performance of a single-element BWRO-CCD-PFD unit, wherein replacement of brine by
fresh feed takes place at the end of each CCD sequence by a brief PFD step with results
showing only a minor increase in energy consumption compared with that of BWRO-CCD
(e.g. 90% recovery; 251lmh; 0.488kWh/m’> for 1,500 ppm NaCl feed). The illustrated
theoretical model’s results show good agreement with experimental data and manifest the
conceptual differences between CCD and conventional RO techniques at their extreme.

Keywords: CCD; SWRO; BWRO; Compact RO units; High recovery; Low energy; Solar
panels energy; Wind turbines power

1. Introduction

Increased recovery as the function of the length of
lined elements and the need to recover energy from
the pressurized brine effluent to achieve high energy
efficiency are the basic principles of conventional
SWRO and BWRO plug flow desalination (PFD)
techniques since inception some 55 years ago by Loeb
and Sourirajan [1], although the major components

(e.g. membranes, pumps, ER devices, etc.) used today
in the so-called conventional techniques are modern
and enable a near state-of-the-art performance within
the technological limitations. Depletion and deteriora-
tion of global fresh water sources, viewed in the con-
text of growing demand for fresh water supplies due
to the rapidly expanding global population, increased
the standards of living and rising energy costs have
created urgent needs for improved RO technologies.
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Short- and long-term future projections [2,3] reveal
increased reliance on RO for fresh water supplies
worldwide and the needs to increase recovery and
reduce energy consumption by advanced RO tech-
niques. Since conventional RO techniques are already
practiced at their near state-of-the-art level with very
little room for further improvements, it has become
obvious that new advanced technologies need to be
developed in order to meet future goals and targets
for water treatment and desalination.

Seawater of 3-5% salinity constitutes ~99% of
the water on earth with only ~1.0% of the total
representing recycled fresh water through rains and
melting of snow and ice with small amounts also
found in the form of renewable brackish water
sources. The aforementioned imply the increasing
future role of SWRO desalination for fresh water
supplies and supplements and this trend has began
already in various parts of the world along seawater
shores in response to fresh water shortages. The
emphasis on SWRO in future projections is impor-
tant especially with regards to energy consumption,
which is the major contributor to current seawater
desalination costs.

In order to meet future targets [2,3], newly
conceived advanced RO technologies will most obvi-
ously need to depart from the principles of conven-
tional RO PFD methods, which are already practiced at
their near state-of-the-art level. In this context notewor-
thy are the recently reported [4-13] closed-circuit
desalination (CCD) technologies which exemplify how
future goals and targets can be met already today by a
new approach to RO on the basis of entirely different
operational principles compared with those of conven-
tional RO. Common knowledge of conventional RO sys-
tems covered in manuals of all membranes producers
(e.g. Filmtec Manual [14]) and their computer design
programs implies the need for designs such as that in
Fig. 1 with modules comprising 7-8 elements each and
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effective energy recovery device (ERD) means in order
to effect SWRO desalination of 45-50% recovery with
reasonable energy consumption. Likewise, the design of
conventional BWRO desalination systems requires
staged vessels of 4-6 elements each with lines of 12 and
18 elements inside to effect 75-85% and 85-90% recov-
ery, respectively, with turbocharger means to save on
energy. Conventional PFD designs leave no doubt that
recovery is a function of the number of lined elements
with energy consumption depending on flux, recovery,
and ERD means. After 55 years of widespread practice
and extensive experience with conventional PFD
techniques, viewing a technology such as CCD of near
absolute energy efficiency without the need of ERD
means with recovery independent on the number of ele-
ments in modules creates a notion of untrustworthy
magic even by well-experienced skilled engineers in the
area of RO applications. Obviously, CCD is not magic
since it complies with all the principles of RO including
the basic equations of water flux and reverse salt flux
with their respective permeability and salt diffusion
coefficients, although the operational principles of CCD
and PDF techniques are entirely different. The origin of
the SWRO-CCD and BWRO-CCD technologies [4-13]
is from theoretical model simulations; by now, more
than 40 such units were installed in Israel and else-
where and the experience gained with their operation
over the past four years reveals consistent and reliable
performance of high recovery, irrespective of the num-
ber of elements in modules, of low energy consumption
with reduced fouling characteristics.

The present work describes theoretical extreme
case studies of low-energy SWRO-CCD of 60%
recovery and BWRO-CCD of 92% recovery with single
element module apparatus without ERD means, sup-
ported by experimental results under conditions
inconceivable in terms of conventional RO techniques,
and thereby illustrating the validity of the new CCD
approach to RO desalination.
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Fig. 1. Conventional SWRO unit comprising a single module of 8 element in line with its high pressure pump (HP),
pressure exchanger for energy recovery (PE-ER), and booster pump (BP).
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2. Illustration of high-recovery of low-energy
SWRO-CCD with a single element unit without
need for ERD

The schematic design of a SWRO-CCD unit with a
single element module displayed in Fig. 2 comprises a
single pressure vessel (8"") with SWC6-MAX element
(8”) inside, high pressure pump with vfd (HP-vdf),
circulation pump with vdf (CP-vdf), actuated valve
(AV) and check valve (OWV—one-way valve) means,
side conduit (SC) made of a pressure vessel with the
same intrinsic volume of the closed circuit, and
conduit lines for pressurized and none pressurized
flow in various section of the apparatus. The unit is
operated with fixed flow rates of HP and CP under
variable pressure conditions in consecutive sequential
batch modes and when the desired batch recovery is
attained at a distinct applied pressure, brine in the
closed circuit is replaced by fresh feed through
engagement with the pressurized SC, while desalina-
tion is continued nonstop. After all the brine in the
closed circuit is replaced by fresh feed, the SC conduit
is disengaged from the closed circuit, decompressed,
its brine content replaced by fresh feed at near atmo-
spheric pressure, then sealed, compressed and left on
stand-by for the next engagement with the closed cir-
cuit. Compression and decompression of the SC take
place under hydrostatic conditions with negligible
energy losses and for this reason the process under
review proceeds with near absolute energy efficiency.

The CCD simulated model performance at 25°C,
131mh, and 10% element recovery of the unit under
review with 3.2% NaCl, equivalent to typical ocean
water of 3.5%, is illustrated in Table 1 for the SWCé6-
MAX [15] element, assuming 85% efficiency of HP,
typical of the DANFOSS pump, and 75% efficiency of
the CP pump. The columns in Table 1, labeled at the
bottom Al — A17, stand for the followings: Al for
the mode of operation; A2 for the number of cycles in
the batch sequence, A3 for the module inlet concentra-

A. Efraty | Desalination and Water Treatment 57 (2016) 9148-9165

tion; A4 for the module outlet concentration; A5 for
the elapsed sequence time; A6 for the applied pres-
sure; A7 for the average applied pressure; A8 for HP
power; A9 for CP power; Al0 for the combined
HP + CP power; All for specific energy at a cited
cycle; A12 for the combined permeate volume at
a cited cycle; Al3 for the average combined power at
a cited cycle; A14 for the average specific energy at a
cited cycle; A15 for batch recovery at a cited cycle;
A16 for the permeate TDS at a cited cycle; and Al17
for the average permeate TDS at a cited cycle. The
principle data in Table 1 were generated as follows:
applied pressure by Eq. (1); HP power by Eq. (2); CP
power by Eq. (3); batch sequence recovery by Eq. (4);
and permeate TDS by Eq. (5) with pf expressed by
Eq. (6). The calculated pf according to Eq. (6) with
k = 0.45 gave the best agreement with IMS design data
and Ap was calculated using Eq. (7).

Pappl :,u/A/TCF+ATEaV+Ap/2+Pp — Ty 1)
P(HP) = Qf X pappl/36/fHP = Qp X Papp1/36/fHP (2)
P(CP) = QCP X Ap/36/fcp (3)

Batch Sequential Recovery = ZV,,/(ZV,, + V) x 100

)
Co, =B x C¢ x pf X Tcr/u 5)
pf — ]0(k><Y) ©
Ap = (8/1,000) x 11 % [(Qumi + Qumo)/2x]"7 -

The parameters of Eqs. (1)-(7) are as followed: u is
flux (Imh); A—permeability coefficient (1/m?/h/bar);

N
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Fig. 2. A CCD unit for continuous consecutive sequential batch operation comprising a single module with a single
element (8”"), high pressure pump with vfd (HP-vfd), circulation pump with vfd (CP-vfd), SC, and AV and check valve
(OWV—one-way valve) means to enable engagement/disengagement of the SC with the closed circuit of the unit.
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Tc—temperature correction factor; Am,,—average
module concentrate-side osmotic pressure (bar); Ap—
pressure difference (bar) of CP; p,—permeate release
pressure (bar); mp,—module permeate-side osmotic
pressure (bar); P—power (kW); Qq—pressurized feed
flow rate (m>/h); Qp—permeate flow rate (m>/h);
2V, ,—combined permeates volume (m® at a cited
cycle; V—intrinsic free volume (m°) of closed circuit; f
—efficiency ratio of cited pump; C,—concentration of
permeates; C—concentration of feed; B—salt diffusion
coefficient (1/m?/h); Y—element recovery (10%); n=1
—a single element module, Qn; (=Qp + Qcp)—module
inlet flow rate; and Q... (=Qcp)—module outlet flow
rate.

The simulation in Table 1 reveals the need for a
consecutive batch sequence duration of 4.77 min with
14 CCD cycles in the variable pressure range 35.9 —
72.2 bar to enable the production of 0.52 m®/h perme-
ate of 445 average ppm TDS with 60.9% recovery and
average specific energy of 1.802kWh/m®. The maxi-
mum pressure of 72.2 bar is an operational set point
which initiates the engagement of the SC to the closed
circuit for replacement of brine by fresh feed, and
thereafter the pressure drops to its minimum level
(35.9 bar). If the maximum selected pressure of opera-
tion is restricted to 58.2 bar, the system will perform
50% recovery with a batch sequence duration of
3.07min of 9 CCD cycles in the variable pressure
range 35.9 — 58.2 bar and produce 0.52 m>/h perme-
ate of 377 ppm average TDS with an average specific
energy of 1.573kWh/m’. Sequential batch variations
of pressure, specific energy, and permeate TDS during
the single element SWRO-CCD of 3.2% NaCl with up
to 60.9% recovery according to the data in Table 1 are
displayed in Fig. 3(A)-(C).

3. Illustration of high-recovery low-energy BWRO-
CCD with a single element unit without need for
ERD

The application of CCD for brackish water
desalination is illustrated in Table 2 with the theoreti-
cal model performance simulation of the BWRO-CCD
single element (ESPA2-MAX) [16] unit of the design
displayed in Fig. 2 at 25°C, 25Ilmh, and 15% element
recovery with feed of 1,500 ppm NaCl, representative
of common brackish water sources of 1,700—
2,000 ppm TDS depending on specific compositions.
The theoretical model analysis data in Table 2 were
generated by the same equations already cited in the
context of Table 1. The sequential performance simula-
tion data in Table 2 of 92% maximum recovery com-
prise 65 CCD cycles which are represented in the
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table by the following sections: 10 — 7 cycles (0 —
55.3% recovery), 47 — 52 cycles (89.2 — 90.2% recov-
ery), and 60 — 65 cycles (914 — 92.0% recovery).
Variations encountered in the consecutive sequential
BWRO-CCD process according to the model analysis
under review are displayed in Fig. 4(A)-(C) and per-
tain to applied pressure (A), specific energy (B), and
permeate TDS (C). The maximum applied pressure set
point selection in the model analysis under review
determines the sequence period duration, recovery,
permeate TDS, and energy consumption as exempli-
fied next from the stand point of recovery. The attain-
ment of 80.2 — 85.0 — 87.6 — 90.0 — 92.0% recovery
in the model under review corresponds to the respec-
tive maximum sequential pressure set point selections
of 11.0 — 129 — 145 — 16.8 — 19.7 bar, which
effects the respective changes (in parenthesis) of
sequence period duration (6.5 — 9.0 — 11.3 — 14.3
— 18.3 min), permeate average TDS (27 — 33 — 39
— 48 — 58 ppm), and specific energy (0.355 — 0.390
— 0.420 — 0.462 — 0.516 kWh/m?’). Energy require-
ments in RO also depend on the efficiency of pumps
and in this context the selected efficiency ratio of 0.75
was assigned to the pumps cited in Table 2.

4. Illustration of high-recovery low-energy BWRO-
CCD-PFD with a single element unit without
need for ERD

High-recovery CCD of brackish water of low
energy can be carried out effectively and efficiently
also without need of SC using the simple unit design
displayed in Fig. 5(A)-(B) with a single module single
element configuration—the configuration may include
any desired number of elements and the focus of a
single element design is made only in the context of
the current study. The design in Fig. 5 is of a typical
batch CCD with valve means to enable the replace-
ment of brine by fresh feed before a new batch is initi-
ated. Making this process continuous is enabled by
the replacement brine with fresh feed under PFD
conditions by the two actuation modes (CCD and
PFD) of the unit as specified in Fig. 5. The theoretical
model performance simulation of the single element
(ESPA2 MAX) [16] BWRO-CCD-PFD unit of the
design displayed in Fig. 5 with 1,500 ppm NaCl feed
under CCD conditions of 25°C, 25Imh, and 15% ele-
ment recovery and PFD conditions of 25°C, 4.7 Imh,
15% element recovery, and feed flow greater by 25%
compared with that of the former mode is revealed in
Table 3 for recovery up to 92.0%. Consecutive sequen-
tial variations during the BWRO-CCD-PFD operation
under review are illustrated in Fig. 6(A)—(C) in
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(A) Applied Pressrue vs Recovery (B) Specific Energy vs Recovery (C) Permeate TDS vs Recovery
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Fig. 3. Sequential batch variations of pressure (A), specific energy (B), and permeate TDS (C) during SWRO-CCD of 3.2%
NaCl with up to 60.9% recovery according to the data in Table 1 with the single element (SWC6-MAX) apparatus of the
design displayed in Fig. 2.
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Fig. 4. Sequential batch variations of pressure (A), specific energy (B), and permeate TDS (C) during BWRO-CCD of
1,500 ppm NaCl with up to 92% recovery according to the data in Table 2 with the single element (ESPA2 MAX)
apparatus of the design displayed in Fig. 2.

reference to the applied pressure (A), specific energy ~ 3—Fig. 6) with the same feed (1,500 ppm NaCl) are
(B), and permeate TDS (C). evident from the respective figures of the same

The performance differences between BWRO-CCD  parameters and manifest the effects of the brief PFD
(Table 2—Fig. 4) and BWRO-CCD-PFD (Table step of brine replacement by fresh feed in the latter. In
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Fig. 5. A CCD unit for batch or for continuous consecutive
sequential batch operation comprising a single module
with a single element (87), high pressure pump with vfd
(HP-vfd), circulation pump with vfd (CP-vfd), and AV and
check valve (OWV—one-way valve) means and its princi-
ple actuation modes of CCD and PFD.

the analysis under review in Table 3, the operation of
CP is stopped during PFD, feed flow raised by 25%
compared with CCD (1.02 — 1.28 m®/h), and pressure
is dropped to 2.4 bar. During the PFD step in the
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process, the flux is reduced to 4.71lmh with average
element recovery of 15% and the complete replace-
ment of brine by fresh feed takes 1.5 min and pro-
ceeds with a relatively high energy (0.586 kWh/m?)
with poor permeates production (58 ppm TDS) as
result of the low operational flux. The intent of the
low-pressure low-flux PFD operation during the PFD
step is to minimize the loss of energy at an expense of
increased TDS of permeates. PFD in front of CCD
does effect the increased feed concentration at the start
of the latter (0.15 — 0.18%) as function of the recovery
in of the former. Since the PFD step is brief, its overall
effects on the performance decline with increased
sequence period of increased sequence recovery. The
differences between BWRO-CCD and BWRO-CCD-
PFD (in brackets) are manifested at the recovery levels
80.2 — 85.0 — 87.6 — 90.0 — 92.0% by the respective
maximum applied pressure of 11.0(11.4) — 12.9(13.2)
— 14.5(14.7) — 16.8(16.9) — 19.7(19.6)bar, average
permeate TDS of 27(31) — 33(38) — 39(44) — 48(53)
— 58(64)ppm, and average specific energy of 0.355
(0.393) — 0.390(0.422) — 0.420(0.450) — 0.462(0.488)
— 0.526(0.538) kWh/m>. The aforementioned differ-
ences on the 80 — 92% recovery scale translate to
the respective changes of 15 — 10% in TDS and

(A) Applied Pressure vs Recovery (B) Specific Energy vs Recovery (C) Permeate TDS vs Recovery
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Fig. 6. Sequential batch variations of applied pressure (A), specific energy (B), and permeate TDS (C) during BWRO-
CCD-PFD of 1,500 ppm NaCl according to the database in Table 3 with the single element (ESPA2 MAX) unit of the

design displayed in Fig. 5.
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10.8 — 2.3% in specific energy. In simple terms, the
exemplified BWRO-CCD-PFD desalination of 0.15%
NaCl if performed with 90% recovery using the
simple apparatus depicted in Fig. 5 will require 5.6%
greater specific energy and yield permeates of 10.4%
higher average TDS compared the BWRO-CCD of
near absolute energy efficiency performed by the more
complex apparatus depicted in Fig. 2.

5. Discussion

CCD originated from theoretical considerations of
a new conceptual model compared with conventional
RO and ultimate experimental results are found to be
within a relatively small error range (+4%) of the
theoretical model predictions, and therefore the single
element module simulations presented and discussed
hereinabove appear both reliable and trustworthy. A
noteworthy example in this context is the 4ME
(E = SWC6) SWRO-CCD unit comprising four parallel
single element modules, which was operated (25.5
+0.5°C) with Mediterranean water (~4.1%) in the
maximum pressure range of 60-72bar of 40-52%
desalination recovery in the element recovery range of
6-12% and the results of this operation revealed the
exceptionally low RO specific energies displayed in
Fig. 7(A) with extrapolation to ocean seawater of 3.5%
displayed in Fig. 7(B). The extrapolated specific energy
for ocean water desalination at flux of 13 according to
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Fig. 7(B) is 1.59 kWh/m® just above the simulate result
of 1.57kWh/m? in Table 1 for 50% recovery of 3.2%
NaCl solution of near equivalent osmotic pressure to
ocean seawater. The module’s pressure difference and
mean permeate conductivity vs. flux of said SWRO-
CCD unit under the specified conditions are revealed
in Fig. 8(A) and (B), respectively. The experimental
pressure difference at 13 Imh in Fig. 8(A) of ~0.15 bar
is within the error range of the calculated data
(0.11 bar) in Table 1; whereas, the data of average
permeate TDS in Fig. 8(B) pertain only to
Mediterranean water without taking account of the
exact system recovery and element recovery at each
data point, and therefore the data in said figure does
not allow a rigorous comparison with that in Table 1,
although the overall trend is clear and consistent.

CCD applications of high recovery and low energy
with reduced fouling characteristics were demon-
strated thus far in the context of SWRO-CCD units of
1-4 [4,5,13] and 6 [17] elements per module and in
BWRO-CCD and BWRO-CCD-PFD units of 3—4 [6-8]
elements per module, and in each of the cases a good
agreement was observed between the theoretically
simulated and actual experimental results. Modules’
size selection in CCD is a function of the desired
recovery and the characteristics of the feed sources
and their fouling constituents.

CCD can be performed with fixed flow under
variable applied pressure and/or with fixed applied

(A) RO Energy (HP-85%+CP-60%) vs flux for 4ME (B) RO Energy (HP-85%+CP-60%) vs flux for 4ME
(E=SWCS6) unit extrapolated for Ocean (3.5%) feed

(E=SWCS6) unit with Mediterranean feed (4.1%)
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Fig. 7. RO energy vs. flux for the 4ME(E-SWC6) SWRO-CCD unit operation (25.5+ 0.5°C) of 40-52% desalination
recovery with Mediterranean water (4.1%) [A] in the element recovery range of 6-12%; maximum applied pressure
rang of 60-72 bar; with 85% efficiency of HP; and 60% efficiency of CP and the extrapolated projections to ocean water

(3.5%) (B).
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(A) Module Pressure Difference vs Flux for
4ME(E=SWCB6) with Mediterranean water
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(B) mean Permeate electric conductivity vs Flux for
4ME (E=SWC6) with Mediterranean water(4.1%)
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Fig. 8. Module pressure difference (A) and mean permeate conductivity (B) vs. flux encountered during the 4ME
(E = SWC6) SWRO-CCD unit operation (25.5 + 0.5°C) of 40-52% desalination recovery of Mediterranean water(4.1%) in
the element recovery range of 6-12%; maximum applied pressure rang of 60-72 bar; 85% efficiency of HP; and 60%

efficiency of CP.

pressure of declined flux conditions with infinite selec-
tion numbers of flow rates and pressure set points
combinations for maximum process optimization of
best possible results. Some performance characteristics
and applications of single element modules CCD units
are discussed next.

5.1. Low fouling aspects of CCD and of single element
module in particular

Fouling of RO membranes arises from chemical
damage (e.g. chlorine), suspended particulate matter
in the feed in excess of a desire level (SDI < 5), films
created by organic substances in the feed, bacteria
growth on membrane surfaces, and scaling of low-
solubility constituents when their solubility product
(Ksp) is exceeded. Normal deterioration of RO mem-
branes takes place as function of operational time as
evident by an annual decline of flux with increased
salt passage even under perfect conditions in the
absence of distinct fouling factors which accelerate the
wear down process. Front elements in RO modules
show greater propensity to fouling by particulate mat-
ter and organic substance; whereas, tail elements are
more prone to scaling with biofouling being initiated
anywhere along the module of low cross flow, near
constant salinity, and stable temperature conditions
which stimulate bacteria growth and such conditions

are generally found at the interphase of elements with
pressure vessels. Membranes fouling by particulate
matter and organic substances can be easily avoided
by suitable pretreatment of feed (e.g. UF, MF, media
filtration, activated carbon columns, etc.) with scaling
and biofouling remaining the principle obstacle for
uninterrupted durable BWRO operation.

In conventional BWRO as well as in BWRO-CCD
performed with fixed flow under variable pressure
conditions, each element operates with same average
flux created by the same average NDP with
unchanged salinity in the former case and large fre-
quent salinity variations in the latter case. Controlled
cross flow independent of controlled permeation flow,
or flux, in case of BWRO-CCD, considered in the
context of shorter modules of fewer elements
compared with conventional BWRO, enables to create
fast cross-flow of recycled concentrate with large
frequent salinity variations of clear unfavorable
conditions for bacteria growth. The propensity to bio-
fouling in CCD declines in modules of lesser number
of elements operated with declined module recovery
of greater relative cross flow. CCD units of single
element modules constitute an extreme case of high
cross flow combined with frequent large salinity
variations of exceptionally low propensity for the
development of biofouling on membranes. In the illus-
trated performance of the BWRO-CCD ME unit in
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Table 2, the average cross flow [(2Qcp + Qup)/2] of
629 m’/h and permeation flow of 1.02m’/h are
accompanied at 90% recovery with sequential salinity
variations of 1,500 — 15,000 ppm NaCl every
14.35 min and much the same is also manifested by
the performance of the BWRO-CCD-PFD ME unit in
Table 3. Experience gained during the past 6 years
with more than 40 installed CCD wunits consistently
revealed minor, if any, biofouling indications even
when feed to some of the units contained brackish
water mixed with some domestic effluents from
municipal sewage treatment plants and these findings
clearly support the low biofouling characteristics of
the CCD technology.

Scaling in BWRO occurs when the least soluble salt
in the feed exceeds its solubility product (Ksp) at which
point saturation is attained, and thereafter precipitation
will take place and this dictates the recovery limitations
of a given source. Increasing the recovery range of
sources with scaling constituents such as CaCOs;,
CaSOy4, BaSO,, CaF,, Silica, and others is achieved by
means of anti-scaling agents, known as antiscalants,
which enable the relevant ion constituents to remain in
solution well beyond the Ksp of the pure salts. The use
of highly effective antiscalants enables the attainment
of higher recovery, although scaling inside the module
will ultimately occur when the maximum allowed
recovery level under such conditions is exceeded.
Exceeding the maximum allowed recovery level in
conventional BWRO normally takes place in the tail
elements with rapid crystallization induced by high
concentrations and a declined cross flow.

In contrast with conventional BWRO, the recycled
concentrate in CCD is diluted with fresh feed at mod-
ule’s inlet causing scaling conditions develop only at
the end of the last cycle of the consecutive sequential
batch process of near maximum allowed recovery.
After reaching maximum allowed recovery, the entire
content of the closed circuit is flushed out, including
minor amounts of crystalline scale if formed prior to
this point. The last cycle of the of the consecutive
sequential batch at maximum allowed recovery level is
well characterized in the CCD process from the num-
ber of CCD cycles required to reach this level as
defined by the Module Recovery (MR) [MR = Qup/
(Qup + Qcp) = Qp/(Qp + Qcp)]l with greater number of
cycles concomitant with lower MR in modules of fewer
number of elements and vice versa. In theory, the lar-
gest number of cycles required to reach a maximum
allowed recovery with CCD is attained with single
element modules as is illustrated for ME in Tables 1-3.
For example, attainment of 90% recovery with flux of
25Imh by the BWRO-CCD-PFD ME unit described
in Table 3 requires 50 «cycles with MR =15%
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(Qcp =5.78 m®/h and Qpp = 1.02 m®>/h) and if MR is
changed to 13% by raising the flow rate of CP to
6.83 m>/h, this will effect an increase in the number of
cycles for 90% recovery to 59. Variations of module-
recycled concentrates in this example (Table 3) on the
recovery and CCD cycles scales are illustrated in
Fig. 9(A) and (B), respectively, with an exponential
curve revealed in the former and a linear curve in the
latter. The moderating effects of CCD on scaling in
a real feed source (e.g., 0.15%) of 90% recovery
limits implies module concentrate outlet of 1.5%
(15,000 ppm) as revealed in Fig. 9(B) at the end of the
50th CCD cycle with inlet and outlet concentrations
during the 5Ist CCD cycle being 1.30 and 1.53%,
respectively, however, if poly crystalline scaling is
formed, it will be dissolved by mixing with fresh feed
at the module inlet. The aforementioned implies that
the process under review can proceed safely without
rapid massive scaling as long as the minor amounts of
the poly crystalline scaling particles are dissolved by
dilution with fresh feed at the module inlet, and there-
after fast purge with fresh feed during the PFD step
should dissolve and remove all the poly crystalline
remains in the closed circuit, and thereby enable the
start of a new consecutive sequential batch without
any leftover remains from the preceding sequence. The
flexible operation of CCD with selected set points of
Qur, Qcp, and maximum applied pressure, which are
independent of each other, does enable the optimiza-
tion of the process to avoid adverse scaling effects in a
way not possible by any other RO technique.

5.2. Compact single element module(s) CCD unit(s) for
common single-pass BWRO applications

The need for relatively small amounts of permeates
arises in many RO applications and for this purpose all
major membrane producers offer extensive lines of
small-diameter membranes (4" and 2.57). Since CCD
of a single element module can reach any desirable
recovery made possible by the composition of the
source with low energy consumption without need for
ERD and without need for staging of pressure vessels
as in case of the conventional RO, as already illustrated
from the database in Tables 1-3, it means the availabil-
ity of compact and efficient ME-CCD units of high
flexibility for all the current RO applications which
make use of 4" and 2.5 diameter elements and
modules. For instance, a compact single element (87)
BWRO-CCD ME unit apparatus (Fig. 2) with feed flow
of 1.11 m®/h operated under fixed flow and variable
pressure conditions with 90% recovery according to
the database in Table 2 will produce 1.0 m>/h
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(A) Module inlet and outlet concentrations versus
recovery
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(B) Module inlet and outlet concentrations versus
number CCD cycles
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Fig. 9. Module inlet and outlet concentrations vs. % recovery (A) and number of CCD cycles (B) in database for the

BWRO-CCD-PFD ME unit described in Table 3.

permeates; whereas, the same permeate flow with the
same recovery by conventional BWRO will necessitate
a 4:2:1 staged vessels design with 8 elements per vessel
and three-fold more components if the selected ele-
ments are of 2.5 diameter. Essentially the same com-
parative results shall be attainable also with the less
complex BWRO-CCD-PFD ME unit design apparatus
displayed in Fig. 5. Apart from significant savings in
components, the compact CCD units under review will
operate with greater flexibility and lower energy
consumption with reduced fouling characteristics
compared with the small-diameter conventional RO
apparatus for equivalent permeate flow production.
The aforementioned implies the clear advantage of
small compact CCD units over conventional units.

5.3. Compact single element module(s) CCD unit(s) for
common double-pass BWRO applications

The need for relatively small amounts of high
quality permeates also arise in many RO applications
and for this purpose single element module(s) units of
the design displayed in Fig. 5 could be made to per-
form a 2nd pass according to the scheme in
Fig. 10(A)-(B) by adding to the basic design an
intermediary permeate collection tank (T10) and valve
means (V11, V12, V21 and V22). The operation of the
system proceeds by the desalination of the source with
valve means as displayed in Fig. 10(A) with 1st pass
permeates collected in T10 and when the recovery

level is reached, the system is switched to the
desalination of the 1st permeates in T10 instead of the
source according to the scheme in Fig. 10(B) with high
quality permeates collected in T20. When the desired
TDS of the 2nd pass permeates is exceeded, the sys-
tem will revert back to its first mode of operation
(Fig. 10(A)). The entire system is operated through its
control board by means of monitored data of flow and
conductivity and set points of the desired process
parameters. The aforementioned illustrates how a
single element module apparatus could be made to
perform both 1st and 2nd passes to yield high quality
permeates without need of staged pressure vessels
designs of many elements of as would be required to
perform the same by conventional RO techniques.

5.4. Compact single element module(s) CCD unit(s) for
medical dialysis applications

Application of BWRO for medical dialysis which is
practiced in millions of sites worldwide, including
hospital, clinics, dialysis centers, and private places,
represents an important example of a major small-
scale RO application. Most dialysis services require
small RO units (1-5m°/h) and are operated 24 h/d.
RO dialysis units normally operate with ~50% recov-
ery with discharge brine drained in order to meet the
low TDS requirements of permeates. Drainage of low
recovery RO brine implies in many parts of the world
large losses of expensive potable water. For instance,
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Fig. 10. A schematic design of a single element module BWRO-CCD system for performing both 1st (A) and 2nd (B) pass
alternately—the features in the drawing are identified in the same manner as described elsewhere hereinabove.
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Fig. 11. A schematic design of a single element module BWRO-CCD system for medical dialysis with high recovery
permeates of low TDS with permeates production mode (A) and permeate recycling mode (B)—the features in the draw-
ing are identified in the same manner as described elsewhere hereinabove.

average price of potable water in Israel is ~2.5 $/m’
and this implies that a typical dialysis center with RO
unit of 4.0 m®/h operated around the clock with 50%
recovery will drain the equivalent of 120 $/d (3,600
$/month and 43,200 $/y), and therefore the savings of
lost water becomes an economical issue. The BWRO-

CCD-PFD technology enables construction of inexpen-
sive small compact units of high recovery for perme-
ates of low TDS for medical dialysis applications
according to the illustrated schematic design of the
single element unit in Fig. 11. The exemplified unit
with common electric conductivity (EC) monitoring
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Fig. 12. A single element module SWRO batch apparatus
for volume reduction of concentrates [18] with its high
pressure pump (HP) and tanks of recycled concentrates
and permeate.

means will divert permeates with EC under a desired
maximum set point to the supply container for medi-
cal dialysis (T20) according to the illustration in
Fig. 11(A) and when the EC of permeates exceeds the
desired maximum level, they will be recycled to the
blend container (T10) according to Fig. 11(B), mix with
fresh feed, and thereby reduce the feed salinity to HP
and lead to better quality permeates. In simple terms,
the recycled permeate to the blend container will
affect the production of better quality permeate with a
higher overall recovery, and therefore save signifi-
cantly on costs of fresh water.

5.5. Compact single element module(s) CCD unit(s) for
volume reduction of concentrates and industrial effluents

CCD with units comprising single element modules
of versatile flexible control could be found highly effec-
tive for volume reduction of concentrates and indus-
trial effluents. A recent US patent application [18]
entitled “Sea water reverse osmosis system to reduce
concentrate volume prior to disposal” describes an
open-circuit batch SWRO pilot comprising a single
membrane element of the schematic design in Fig. 12
for 80-85% volume reduction of concentrates derived
from a BWRO plant of 80% recovery of the average
composition in 2009 (unless indicated otherwise in
parenthesis) of Na, 2,810; K, 113; Ca, 606; Mg, 161;
Ba, 0.31(2007); Sr, 17.1(2007); Fe, 0.07; Mn, 0.17; C],
5,089; SO, 1,111; SiO,, 131; TDS, 10,722 ppm; EC,
18,122 uS/cm; pH, 7.8; turbidity, 0.3; and temperature
25.4°C. The overall water recovery achieved during the
combined BWRO (80%) and SWRO (80-85%) processes
was in the range of 96-97%. The SWRO process was

A. Efraty | Desalination and Water Treatment 57 (2016) 9148-9165

carried out at pH of 3-5 at constant applied pressure
of 700-740 psi created by a high pressure pump (HP)
with feed drawn from the recycled concentrate tank
and permeate delivered to the permeate tank. The
batch process was carried out in the presence of an
effective antiscalant under declined flux conditions
with percent reduction of volume determined by the
duration of the batch sequence. According to the
reported trial results [18], the super-concentrates cre-
ated during the process remained clear and did not
cause fouling, and a brief rinse out of the membrane at
the end of each batch was sufficient to restore the
initial flux in the proceeding batch trial.

While the focus in the aforementioned study was
on super-saturated silica concentrates in excess of
1,000 ppm, the fact that none of the other constituents
precipitated and the treated super-concentrates (TDS
range: 10,000—60,000 ppm) remained clear during the
entire process may suggest that low pH batch SWRO
under declined flux conditions using single element
modules could be highly effective for volume reduc-
tion of great many industrial effluents apart from
BWRO brine concentrates. In this context, the CCD sin-
gle element module apparatus of the types displayed
in Figs. 2 and 5 and alike, with more than one such
module, could be ideal for volume reduction of indus-
trial effluents by a process which also enables the reuse
of rescued water. The prospects for extensive concen-
trate volume reduction by CCD are based on the
already established [4-13] performance characteristics
of this noteworthy technique of high recovery, low
energy, simple modular design, and a flexibility choice
of operational conditions. For reasons already specified
elsewhere in this article, CCD units with single ele-
ment modules should enable maximum volume reduc-
tion with minimum fouling effects, although modules
with 2 or 3 elements each could also be used for such
an application with somewhat lesser effectiveness. The
preferred requirements to achieve maximum volume
reduction by CCD should include feed of low pH
(3-5), the adding an appropriate antiscalant, and the
choosing of the appropriate conditions for the consecu-
tive sequential batch process under fixed applied pres-
sure conditions of declined flux. BWRO-CCD and
BWRO-CCD-PFD operational trials under fixed pres-
sure of declined flux conditions were already tried suc-
cessfully [17]. The declined flux CCD operation could
be optimized by the choosing one or several cross flow
rates during the course of the sequential batch, an
option not available with conventional RO techniques.
If used for the exact same application as that of the
batch SWRO unit [18] displayed in Fig. 12, a CCD unit
of the same module configuration, operated under
either fixed or variable pressure conditions, should
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enable volume reduction without need of tanks for
recycled concentrates and permeates with cross flow
control optimized to yield maximum volume reduction
during the course of the process with an enormous
saving of energy compared with the very high energy
requirements of the illustrated SWRO batch process
[18] unit design displayed in Fig. 12.

6. Summary and concluding remarks

Single element (8°) module(s) CCD units are
characterized as being highly effective for small-scale
production of permeates for diverse applications
instead of convention RO techniques with many 4" or
2.5” diameter elements in staged or non- staged pres-
sure vessels configurations. Apart from common
applications, the said single element modules CCD
units may be found useful for medical dialysis, vol-
ume reduction of difficult industrial effluents with
high sulfate and silica contents as well as for the pro-
duction of high quality permeates by a 2nd pass fol-
lowing a 1st pass in the same single element unit. The
low energy and flexible operational modes of CCD
apparatus with single element modules make them
ideal for integration with clean renewable energy
sources of variable power output such as derived from
solar panels and/or wind turbines.

The extreme case study under review amplifies the
enormous differences between the newly conceived
CCD technologies and conventional RO methods since
high recovery RO processes of low energy consump-
tion without ERD are impossible by the latter.
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