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ABSTRACT

Since first reported on October 2010 (EuroMed 2010, “Desalination for clean water and
energy”, 3–7 October, Tel Aviv, Israel), the large volume of diverse experimental results
recently published on closed circuit desalination (CCD) technology reveal new state-of-the-
art technology of high recovery; low reverse osmosis (RO) energy in the absence of energy
recovery; reduced scaling and fouling with a wide range of operational flux without exceed-
ing membranes’ test condition specifications and flexible online control of all principle
parameters in desalination processes independent of each other; of unmatched performance
characteristics compared with the widely practised conventional plug flow desalination
methods. In order to realize the scope and prospects of the new CCD technology on the basis
of its performance characteristics which appears to presently meet most, if not all, long-term
(20 years) targets of the growing worldwide desalination industry with high cost effective-
ness, the present document provides an updated summary of all available results together
with a critical evaluation in comparison with conventional Plug Flow technology. The results
of this critical comparative study reported herein provide the desalination industry with a
new technology ready for immediate application, which addresses essentially all beneficial
aspects of RO.

Keywords: Closed circuit desalination; High recovery; High flux; Low energy; Reduced foul-
ing; Seawater; Brackish water; Commercial unit performance

1. Introduction

A recent review article by Elimelech and Philip [1]
entitled “The future of seawater desalination: energy,
technology, and the environment” summarizes the
state-of-the-art and future prospects of this rapidly
growing area of significant global importance. This
review article contains only brief comments on “cyclic
desalination”—published information on closed circuit

desalination (CCD) started to appear in press only
very recently. The present work provides an insight
into advanced CCD technology of exceptional perfor-
mance characteristics, unmatched by any of the con-
ventional plug flow desalination (PFD) technology,
which stands an excellent chance of becoming the
future technology of choice for membrane desalina-
tion. The newly emerging CCD technologies, first pre-
sented at the EuroMed 2010 conference in Tel Aviv,
are state-of-the-art and versatile with respect to low
energy consumption without the need for energy*Corresponding author.
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recovery (ER), high recovery, wide range operational
flux, low scaling and fouling characteristics, flexible
control of membrane performance in compliance with
manufacturers’ specifications and many other benefits
and advantages as compared to conventional technol-
ogy. This comparative study outlines the conceptual
principles of the CCD technology as compared with
conventional PFD technology and provides insight to
the rapidly growing knowledge on CCD techniques
and their commercial applications.

2. Conventional PFD technology

Conventional RO is a hydrodynamic PFD process
which remained essentially unchanged since inception
in the late 50s of the last century by Loeb and Sourira-
jan [2] except for major improvements in semi-perme-
able membranes and ER means. PFD proceeds by the
splitting of pressurized feed flow (Qf) at the inlet of
pressure vessels, of n membrane elements per vessel
arranged in line, into two streams one of un pressur-
ized permeate (Qp) and the other of pressurized brine
(Qb) with a flow balance expressed by Qf =Qp +Qb.
The process is based on hydrodynamic principles
which require the continuous flow of all three compo-
nents simultaneously.

Excess pressurized feed flow at the inlet to PFD
vessels serves to control concentration polarization at
the appropriate level to allow effective desalination.
PFD is a single-mode technology with pressurized feed
flow of defined composition at the inlet to head ele-
ment, combined with defined number (n) of elements
in line per each vessel, dictates the entire system’s
performance with respect to flow, pressure and salin-
ity, recovery (R), power (P) demand and specific
energy (SE) consumption. PFD is characterized by low
energy efficiency, unless the energy stored in the pres-
surized brine flow is being saved by ER means.

The basic RO equations which apply to PFD are
considered next assuming for simplicity new mem-
branes (fouling factor [FF] = 1.0) at 25 �C (temperature
correction factor [TCF] = 1.0). Permeate flow (Qp) is
expressed by (1); wherein A stands for permeability
coefficient, S for the wetted surface area of membrane
and NDP for the net driving pressure of the RO pro-
cess. The term NDP is expressed by (2); wherein, pappl
stands for the applied feed pressure at the inlet to
head element, Dp for the concentrate side pressure
drop, pp for permeate pressure and pp for the average
osmotic pressure. In light of (1) and (2) Qp may be
expressed by (3) and pappl either by (4A) as a function
of Qp or by (4B) as a function of flux (F). The basic
power equation of PFD (5A) is expressed (kW) as a

function of Qf (m3/h) and pappl (bar); wherein, f
stands for the efficiency factor of the pressurizing
pump, as well as by (5B) also in relationship to the
permeate flow Qp (m3/h) or by (5C) also in relation-
ship to flux (m3/h/m2 membrane surface). Units in
the power and energy equations considered hereinaf-
ter are the same as 5(A–C). The basic SE equation
without ER from brine which accounts for feed flow
(Qf), permeate flow (Qp), applied pressure (pappl) and
efficiency of pump (f) is expressed by (6A), and in
relationships to applied pressure (pappl) and recovery
(R) by (6B). The basic SE equations with ER from
brine (SEER) which account for the same parameters
as in (6A) and (6B) as well as for the absolute energy
conversion coefficient of the entire process (lEC) is
expressed by (7A) and (7B), respectively. It is impor-
tant to note that lEC takes into account the energy
conversion efficiency of the ER device as well as of
the other losses in the system such as for example Dp.
In simple terms, the efficiency conversions coefficient
lEC takes account of all the fractions of the recovered
energy out of the absolute amount of the “extra
energy” derived from the excess flow (Qf�Qp) of
pressurized feed at the inlet to modules; thereby, pro-
vides a uniformed unbiased model to establish an
absolute energy conversion efficiency irrespective of
the efficiency of a specific ER device. Nonetheless, it is
obvious that an ER device of exceptionally high effi-
ciency should lead to high lEC coefficient and vice
versa. The term “extra energy” stands for the fraction
(Qf�Qp)/Qf of the pumped energy at inlet to RO
modules and lEC reflects the fraction of the “extra
energy” actually recovered from the none productive
flow at inlet.

The absolute energy conversion efficiency coeffi-
cient terms (lEC) expressed by (8A) and (8B) are
derived from the respective SE equations (7A) and
(7B).

In light of rising energy costs worldwide and since
seawater reverse osmosis (SWRO) consumes consider-
able amounts of energy, the absolute term lEC
becomes an important feature for the selection of a
suitable ER technology in order to attain maximum
energy efficiency in such processes. The evaluation of
lEC may rely on real performance data of SE, R and
pappl according to (8B) or on reliable projected data
made available by computerized design program of
membrane manufacturers.

Qp ¼ A�S� NDP ð1Þ

NDP ¼ pappl ��p=2� pp � pp ð2Þ
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Qp ¼ A�S�ðpappl ��p=2� pp � ppÞ ð3Þ

pappl ¼ Qp=A=Sþ�p=2þ pp þ pp ð4AÞ

pappl ¼ F=Aþ�p=2þ pp þ pp ð4BÞ

P ðkWÞ ¼ Qf�pappl=36=f ð5AÞ

PðkWÞ ¼ Qf�ðQp=A=Sþ�p=2þ pp þ ppÞ=36=f ð5BÞ

PðkWÞ ¼ Qf�ðF=Aþ�p=2þ pp þ ppÞ=36=f ð5CÞ

SE ðkWh=m3Þ ¼ Qf=Qp � pappl=36=f ð6AÞ

SE ðkWh=m3Þ ¼ 100=R�pappl=36=f ð6BÞ

SEERðkWh=m3Þ ¼ ½Qf=Qp� pappl=36=f��½1� lEC

� ð1� R=100Þ� ð7AÞ

SEERðkWh=m3Þ ¼ ½100=R� pappl=36=f�
� ½1� lEC�ð1� R=100Þ� ð7BÞ

lEC ¼ f1� SEER=ðQf=Qp � pappl=36=fÞg
=ð1� R=100Þ ð8AÞ

lEC ¼ f1� SEER=ð100=R�pappl=36=fÞg
=ð1� R=100Þ ð8BÞ

In conventional PFD technology, permeate quality
of a new membrane at 25 �C in the absence of FFs is
expressed by (9); wherein, Cp stand for permeate con-
centration, B for salt diffusion coefficient, Cfc for feed
average concentration and pf for a concentration
polarization factor which accounts for recovery, or
alternatively by (10) as a function of flux (F).

Cp ¼ B�Cfc � pf � S=Qp ð9Þ

Cp ¼ B=F� Cfc � pf ð10Þ

The SE of conventional PFD is expressed by (6A)
and (6B) without ER and by (7A) and (7B) with ER
means, irrespective of their exact type, with absolute
energy conversion coefficient (lEC) expressed in (8A)
and (8B). A theoretical approach to assess the absolute
energy conversion efficiency of seawater desalination
is exemplified for Mediterranean Water (salinity of
4.05%) in Table 1 and Fig. 1 with respect to reported
[3] performance of the large SWRO desalination plant

in Palmachim Israel which operates at 46% recovery
and flux of 13–14 lmh at 25 �C with RO feed pressure
of 63 bar and high pressure (HP) pump efficiency of
around 85%. The total RO energy consumption of the
said plant in the absence of ER is 4.476 kWh/m3 of
which 2.059 kWh/m3 is associated with permeate
production and 2.417 kWh/m3 with wasted brine
energy.

The specific RO energy consumption in such
plants depends on the type of membrane elements,
the average flux, the efficiency of the HP pump and
other parameters which are accounted for by the
applied pressure (pappl) expressions (4A) and (4B) as
well as by the recovery expression in (6B). The refer-
ence specific energy (SEref) column in Table 1 simu-
lates a plausible range of monitored energies, the
difference SEref–SEp manifests the so-called “extra
energy” at each said reference point, and said differ-
ence in relationship to the theoretical maximum term
SEb provides the absolute energy conversions effi-
ciency term at each reference point. The column of
percent absolute ER from brine energy in Table 1
exemplifies the meaning of the absolute energy con-
version efficiency coefficient lEC expressed by (8B).
Absolute energy conversion efficiency of 85, 90 and
95% under the operation conditions specified for the
SWRO Palmachim plant should have led to the
respective SE values 2.47, 2.30 and 2.18 kWh/m3;
whereas, the reported [3] energy value of 2.70 kWh/
m3 attained with the ERT-PX HYBRID ER device
stands for an absolute energy conversion efficiency of
73.5% according to the data in Table 1 and the energy
value of 2.95 kWh/m3 reported [3] when the same
plant utilizes only the ERT-Pelton device corresponds
to an absolute energy conversion efficiency of only
63%. The reported [3] Palmachim performance makes
reference to net energy transfer efficiency “just over
76% at the best efficiency point”; and therefore, is
fully consistent with the analysis provided in Table 1.

The RO energy reported for the other large desali-
nation plants in Israel including the SWRO-DWEER
Ashkelon (2.98 kWh/m3) [4], the SWR0-PX Hadera
(2.73 kWh/m3) [5] and the SWRO-DWEER Soreq
(2.65 kWh/m3) [5] reveals the respective absolute
energy conversion efficiencies of 62, 67 and 76%,
assuming that said plants are operated under similar
flux, pressure, recovery and temperature conditions as
those reported for Palmachim.

The theoretical approach to assess the absolute
energy conversion efficiency of Ocean SWRO desalina-
tion plants was also examined in Table 2 and Fig. 2
with respect to the reported [6] information for the
SWR0-PX plant in Perth Australia (3.4%; 2.47 kWh/m3;
63.8 bar; 45% recovery; HP-Eff. 86% at temperature of
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25 �C). Absolute energy conversion efficiency of 85, 90
and 95% under the operation conditions specified for
the SWRO-PX Perth plant should reflect the respective
SE values 2.43; 2.30 and 2.17 kWh/m3; and therefore,
the reported[6] value of 2.47 kWh/m3 for this plant
corresponds to an absolute energy conversion effi-
ciency of about 83%. In contrast with the energy effi-
cient plant in Perth, the Ocean Seawater SWRO-
DWEER plant in Tuas Singapore was reported [5] to
operate with SE of 3.11 kWh/m3 which according to
Table 2 implies an absolute energy conversion effi-
ciency under 60%, provided that both Tuas and Perth
plants are operated under similar conditions.

ER in conventional SWRO desalination processes
is a vital part of the technology and the various
devices conceived and developed for this purpose
are extensively reviewed in the literature, neverthe-
less, the effectiveness of such devices can be judged
objectively only on the basis of an entire plant
energy performance instead of the performance of
an isolated device. The absolute energy conversion
efficiency approach considers the energy perfor-
mance of the entire desalination system irrespective
of a specific ER device. In simple terms, the abso-
lute energy conversion efficiency criteria takes
account not only of the specific ER device but also
of its effective integration in the entire system which
comprises many other components. The reliability of
the absolute energy conversion efficiency criteria
depends on the accuracy of the available data of
energy consumption, pressure of operation, recovery,
efficiency of pumps and temperature and such data
originating from the operation of large and efficient

desalination plants is generally considered unbiased
and reliable.

3. New CCD technology

In contrast to the widespread conventional RO, the
terms CCD or “Closed Loop Desalination” originated
in the patent literature [7–9] for a rare class of batch
RO processes of little if any commercial prospects
until recently. The CCD batch technology which oper-
ates under hydrostatic conditions is illustrated sche-
matically in Fig. 3 by a unit comprising pressure
vessel with a semi-permeable membrane separation
between the pressurized feed section and the perme-
ate section. Pressurized feed is supplied by a HP
pump equipped with variable frequency drive (vfd) to
enable fixed flow and variable pressure operation and
a stirring device (SD) is placed inside the pressurized
section of the vessel to enable the disruption of the
salt layer created over the membrane surfaces during
the desalination process; thus, reduced the concentra-
tion polarization effect which inhibits desalination. If
operated under fixed flow and variable pressure con-
ditions, the initiation of the batch starts with fresh
feed and concludes at a desired level of concentrate
salinity, or applied pressure, when it reaches the
desired desalination recovery level; thereafter, the pro-
cess stops, the container is decompressed and brine is
replaced by fresh feed before a new batch of desalina-
tion sequence is initiated. The volume of fresh feed
compressed into the pressurized vessel during batch
desalination is identical to the volume of permeate
released at near atmospheric pressure, and therefore,
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Fig. 1. Specific energy vs. % absolute energy conversion efficiency for SWARO Palmachin (4.05%; 46% recovery; 63 bar;
85% HP-Eff; 25 �C).
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this technology is an absolute energy method with SE
determined only by the average pressure during the
batch process which accounts for the initial and final
pressures, plus a small energy increment arising from
the power needs of the SD. The term “absolute
energy” distinguishes between CCD and PFD since
the inlet energy demand in the former is only associ-
ated with permeate production; whereas, in the latter
some of the energy is also required to pressurize the
brine. Since pressurized fresh feed is continuously
supplied to the batch vessel, change of salinity inside
the vessel is more gradual due to the dilution effect
which is not possible in conventional PFD.

A batch CCD apparatus with conventional parts
and components is illustrated in Fig. 4 with a design
comprising a single pressure vessel with three mem-
brane elements inside, a feed pressurizing pump
(HP), a circulation pump (CP) for concentrate recy-
cling from outlet to inlet of module(s) as well as for
pressure loss compensation (Dp) and combination of a

two-way valve (AV) with a check valve (OWV) down
stream, or a three-way valve instead, to enable brine
replacement with fresh feed when batch desalination
completed at a desired recovery level. Batch CCD
operates on the basis of hydrostatic principles with
same flow rates of pressurized feed and permeate.
The cross flow over membranes is created in CCD by
circulation means, instead of the excess feed flow
requirement of conventional PFD. Batch CCD takes
place only in the presence of concentrate recycling,
without which desalination stops due to an immediate
rise in concentration polarization. Batch CCD operates
without the need for ER since the compression and
decompression steps of the batch reactor during the
respective steps of actuation and terminations involve
the loss of negligible amount of hydrostatic energy.

Batch CCD operates by different rules compared
with conventional PFD since batch system recovery
(RS) is expressed by (11); wherein, V stands for the
fixed intrinsic volume of the batch reactor and v for
the permeate volume produced during a defined
sequence, or the feed volume consumed, during a sin-
gle batch operation. If batch CCD proceeds with fixed
feed flow (Qf) under variable pressure conditions with
average pressure expressed by pav, the volume term v
expressed by (12); wherein, T stands for the time of a
single batch sequence duration. Substituting v in (11)
from its expression in (12) gives (13) which establishes
the relationships between RS, T, V and Qf (=Qp). The
module recovery (MR) of the unit displayed in Fig. 3
is expressed by (14) and this term is fully dependent
on the flow rates of HP (Qf) and CP (QCP) and the
same is also true for the head element recovery (HER)
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Fig. 2. Specific energy vs % absolute energy conversion efficiency for SWRO Perth (3.5%; 45% Recovery; 63.8 bar; 86%
HP-Eff; 25 �C).
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Fig. 3. A simplified reactor for batch desalination in closed
circuit.
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which is a function of MR. The SE terms of a Batch
CCD process are expressed by (15) and (16) for HP
and CP, respectively, with total RO energy demand
expressed by the sum of the two terms; wherein, fHP

and fCP stand for the efficiency factors of the respec-
tive pumps.

Rs% ¼ ½v=ðvþ VÞ��100 ð11Þ

v ¼ Qf�T ¼ Qp � T Since Qf ¼ Qp ð12Þ

T ¼ Rs � V=½Qf � ð100� RsÞ�
¼ Rs�V=½Qp�ð100� RsÞ� ð13Þ

MR ð%Þ ¼ Qf�100=ðQf þQCPÞ
¼ Qp�100=ðQp þQCPÞ ð14Þ

SEHP ¼ pav=36=fHP ð15Þ

SECP ¼ QCP��p=36=fCP=Qp ð16Þ

In contrast to conventional PFD, batch CCD is a
Multiple-Modes Technology of enormous flexibility
which enables to operate with fixed feed flow under
variable pressure conditions, or with fixed permeate
flow under variable pressure conditions or under
fixed pressure and variable flow conditions, with the
former two alternatives preferred due to constant
NDP which implies little if any motion of the mem-
branes surfaces. CCD operation under fixed flow and
variable pressure conditions enables to select the flux
(F) and all flow parameters (Qf, Qp, QCP); thereby, to
dictate the performance of the membranes (MR and
HER) without exceeding the performance specifica-

tions of their manufacturers. System recovery (RS) in
CCD is unrelated to MR and/or to the number of ele-
ments per module, and depends primarily on the
duration of the batch sequence and is determined by
the salinity of the recycled concentrate and/or by the
applied pressured at the desired system recovery
level. The low energy consumption in batch CCD
achieved without the need of ER and with small pres-
surizing means. Batch CCD is a low fouling (bio and
particulate matter) technology due to use of short
modules (2–4 elements each) which eliminate tail ele-
ment effects of conventional technology vessel config-
urations; large salinity variations of recycled
concentrate, fast cross flow over membranes surfaces
and frequent replacement of the entire brine in the
system by fresh feed.

In general, batch processes are unattractive for
large-scale commercial applications and the same is
also true for CCD. Conversion of batch CCD into a
viable commercial technology requires such process to
operate continuously with respect to permeate pro-
duction by simple means and such a development is
described next. The first method [10] for the making
of batch CCD continuous with respect to permeate
production under fixed flow and variable pressure
conditions is illustrated with the apparatus of the
schematic design in Fig. 5. comprising a single mod-
ule of three elements and a side conduit (SC) of the
same intrinsic volume which can be either engaged
with or disengaged from the principle closed circuit
(PCC) by means of the actuated valves AV1 and AV2
with an added valve AV3 to enable the replacement
of brine by fresh feed in the SC at near atmospheric
pressure with a negligible loss of brine energy. The
PCC section displayed in Fig. 5. operates CCD under
fixed flow and variable pressure conditions while the

CPvfd
HP vfd

AV

Monitored Pressure, Flow & Conductivity

Brine

HP vfd - Feed pressurizing Pump with a variable frequency drive
CP vfd - Circulation Pump with a variable frequency drive
AV – Two-way actuated Valve
OWV – One way check valve

OWV

Feed

Permeate

Qf

Qp

Qcp

Qf + Qp

Fig. 4. A schematic design of an apparatus for batch CCD with conventional components comprising one module with
three membrane elements.
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disengaged SC is being charged with fresh feed at
near atmospheric pressure (AV1 and AV3 opened and
AV2 closed); thereafter, the SC with fresh feed is
sealed and compressed just before the next engage-
ment takes place when the desired system recovery is
attained.

Reaching the desired recovery level in the PCC is
determined by monitoring the applied pressure and/
or salinity (or Electric Conductivity [EC]) of the recy-
cled concentrate. When the desired system recovery
is reached, the pressurized SC is engaged with the
PCC (AV1 and AV3 closed and AV2 opened) to
enable brine replacement by fresh pressurized feed
without stopping desalination which proceeds with
an unaffected flow of permeate production. The
engagement is terminated (AV1 open and AV2
closed) by a volume metre signal after the desired
volume of brine is replaced by fresh pressurized feed
in the PCC. After disengagement, the SC is decom-
pressed (AV3 opened), the brine replacement pump
(BRP) is actuated to enable replacement of brine by
fresh feed in the SC, then the BRP is stopped, and
the SC full with fresh feed is sealed and awaits the
next engagement.

The consecutive sequential technology is illus-
trated in Fig. 5 for a single-module unit with three
elements (ME3) and this modular technology may
apply to any NxMEn design combination; wherein, N
stands for the number of modules in the configura-
tion with their inlets and outlets connected in paral-
lel, and n for the number of membrane elements per
module. A unit with 8xME4 (E=ESPA2+) design of
the CCD technology with SC [10] has been operated

continuously over the past 2.5 years and reported
elsewhere [11]. The tested unit operated at RO sys-
tem recovery of 80% with a feed of 6,800 lS/cm,
under constant permeate flow (24.4m3/h; 19 lmh)
and variable pressure conditions (11?22 bar; average
17.7 bar; D= 0.75 bar). The average permeate quality
produced by the CCD unit was 625 lS/cm and the
average RO energy consumption was 0.82 kWh/m3

with HP pump efficiency of �55%. The same unit
was also operated briefly (44 h) with a feed source of
4,000 lS/cm at 88% system recovery and fixed per-
meate flow (35.0m3/h; 27 lmh) under variable pres-
sure conditions (12?21 bar; average 16.2 bar) with
average permeate quality of 882 lS/cm and an over-
all RO energy consumption of 0.80 kWh/m3 with HP
pump efficiency of �60%. The fully automated
8xME4 (E=ESPA2+) unit under review is operated
commercially by remote control with infrequent visits
to its site and with low membrane cleaning fre-
quency in spite of the difficult source of water qual-
ity, part of which includes domestic and/or
industrial effluents.

The application of the CCD technology [10] for
seawater desalination (SWRP-CCD) was carried out
initially with a unit of the 4xME4 (E=SWC6) design
with Mediterranean seawater salinity of 4.05� 0.5% at
22.5� 0.5 �C. The system was operated at a recovery
of 47.0� 1.5% and the reported results [12] revealed
exceptional low RO energy consumption without the
need of ER of 1.85–2.25 kWh/m3 in the respective flux
range 8?17 lmh with a mean HP efficiency of 82� 2%
and a mean CP efficiency of 25� 5%. The sequential
average pressure rise during these trials (average

CPvfd
HPvfd

Monitored Pressure, Flow & Conductivity

HP vfd - Feed Pressurizing Pump with a variable frequency drive
CP vfd - Circulation Pump with a variable frequency drive
BRP - Brine Replacement Pump
AV – Two-way actuated Valve

Feed

Permeate

BRP

AV1

AV2
AV3

Brine

CV

CV

Principe Closed Circuit

Side Conduit

Fig. 5. A schematic design of an apparatus for continuous CCD with conventional components comprising one module
with three membrane elements.
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pressure: 51?57 bar; average Dp: 0.25?1.05 bar) was
found to be proportional to the flux; whereas, perme-
ate average electric conductivity (EC: 640?480 lS/cm)
was found to be inversely proportional to the flux.
During the reported [12] trials of the consecutive
sequential SWRO-CCD system under review, MR was
maintained at 22� 2% with HER of 7.0 + 0.5%. In the
flux range of 8?17 lmh, the RO energies during the
Mediterranean seawater (salinity of 4.05%) trials nor-
malized to 85% efficiency of HP and 60% efficiency of
CP were found in the respective range of 1.65?
1.90 kWh/m3 and with an extrapolated respective
range of 1.50?1.75 kWh/m3 for ocean seawater
(3.5%). Never before such results were reported for
commercially operated plants anywhere by a source
not affiliated with the ER industry.

The 4xME4 (E=SWC6) unit under review was
located in the backyard of the full-scale Palmachim
plant in Israel and used the same feed water. The
comparative trials of the CCD unit with the large
Palmachim plant, which were carried out with the
exact same feed salinity (54,200lS/cm) and tempera-
ture (30.1 �C) under the same flux (12.77 lmh) condi-
tions, revealed for CCD an average RO specific energy
of 2.26 kWh/m3 for 48.0� 1.5% recovery and �80%
HP efficiency, or 1.96 kWh/m3 if value corrected to
25 �C. The energy consumption of the full-scale Palma-
chim plant under similar recovery and flux conditions
was reported [3] to be 2.95 kWh/m3 with ERT-PEL-
TON and 2.70 kWh/m3 with an ERT-PX hybrid sys-
tem. RO energy consumption under 2.7 kWh/m3 has
never been reported for any of the large-scale desali-
nation plants in Israel irrespective of the type of mem-
brane elements and/or ER devices used, and this
implies that the better energy efficiency of the CCD is
due to the principle differences between PFD and
CCD technologies rather than the differences in RO
elements and/or ER devices.

The flexibility of the new CCD Technology as
applied to Mediterranean seawater is also demon-
strated by the reported[13] extensive trials over a wide
flux range (8?40 lmh) using the apparatus 4xMEn
(E=SWC6) configurations n= 1?4 in the respective
ranges 3?10m3/h for HP feed and/or permeate; 15?
55m3/h for CP recycling and 60?75 bar for maximum
sequential pressure. MR in these trials was selected
according to module configuration as follows: 22� 2%
(ME4); 19� 2% (ME3); 15� 1% (ME2); and 9� 3%
(ME). The HER during these trials was selected in the
range of 6� 2% for the 4xMEn (n= 2–4) apparatus
configurations and 9� 3% for the 4ME configuration.
The reported [13] trials with the 4xME2 configuration
apparatus were carried out at temperatures of
30.0� 1.0 �C; whereas, the remaining trials at

25.0� 1.5 �C. RO energies, without temperature correc-
tions, observed during these trials were in the range
of 1.8?2.8 kWh/m3 for the respective flux range 8–
40 lmh and system recovery up to 50%. Mediterranean
CCD trials RO energy in the flux range (13–14 lmh),
characteristic of the large conventional SWRO plants
in Israel, was found in the range 1.9–2.2 kWh/m3 with
a plausible further improvement to 1.7–1.8 kWh/m3

expected if efficiency of HP and CP increased to 85
and 60%, respectively, with an extrapolated respective
range of 1.50?1.75 kWh/m3 for ocean seawater
(3.5%). It is important to note that the entire CCD
technology concept originated from theoretical consid-
erations with the aid of computer simulations, and the
experimental results fully confirmed the accuracy of
the theoretical predictions. Very recently, it was
reported [14] that energy consumption requirements
of SWRO-CCD can be predicted with an iterative cal-
culation using standard projection software from
membrane manufacturers combined with information
on pumps, membranes and feed sources salinity and
constituents. Moreover, the state-of-the-art RO energy
consumption reported hereinabove in the context of
SWRO-CCD was never before realized in large and
modern commercial seawater desalination plants
which are noted for their high efficiency.

Apart from the CCD technology [10] for seawater
desalination, new CCD innovations [15,16] were also
conceived, developed and implemented specifically
for high recovery, low energy and reduced fouling
desalination of brackish water. Noteworthy in this
context is the reported [17] performance of the com-
mercial 10xME4 (E=ESPA2+) unit at the REIM site in
Israel which has been operated continuously during
the past two years with 80–88% recovery as a function
of the respective feed source salinity variations of
5,800?8,900lS/cm. This technology utilizes the prin-
ciple of a modified Fig. 4 design to enable a two-mode
consecutive sequential process which incorporates
CCD and PFD. Most of the time the system executes
CCD and at the desired recovery level, determined by
monitored EC of recycled concentrate and/or by
applied pressure, the entire brine in the system is
replaced by fresh feed with PFD, and thereafter, CCD
resumed. The fully automated 10xME4 (E=ESPA2+)
REIM unit under review is operated commercially
with great flexibility by remote control with low foul-
ing and extended periods between CIP procedures,
this in spite of the difficult origin of its source, part of
which includes domestic and/or industrial effluents.

The newly conceived CCD-PFD technology [15] is
of considerable commercial promise for many high-
recovery low-fouling applications in which high flux
could effect the production of better quality permeates
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(e.g. one-step production of permeates of low salin-
ity—under 10ppm) and/or enable more effective
removal of certain undesired constituents such as
nitrate in contaminated drinking water and/or boron
in a second pass of seawater permeates. The afore-
mentioned technology is exemplified with the recently
reported [18] use of the ME3 (E=RE8040-BE440)
CCD-PFD unit in the flux range 33–37 lmh for nitrate
decontamination of feed with 98, 144 and 197 ppm
NO3 to the respective permeates of 19, 27 and 44ppm
NO3 with 90% recovery at 20 �C. The results obtained
meet the requirement [19] in the USA and Canada
(maximum: 44.3 ppm NO3) as well as by WHO [20]
(maximum: 50 ppm NO3). Nitrate decontamination is
an increasing problem worldwide and expensive EDR
apparatus are extensively used for this purpose with
minor emphasis given thus far to conventional RO
which was considered inferior. The high flux and high
recovery CCD-PFD technology [18] opened the door
for intensive use of advance RO instead of EDR for
this application, with equivalent or better results and
with considerable savings of installation costs and
running expenses.

Another noteworthy application of the CCD is the
so-called “Retrofit” technology [16] for improved per-
formance of common RO system; whereby, the pres-
surized brine of a conventional RO system is admitted
into a CCD unit of the type displayed in Fig. 5.
through a fixed flow variable pressure booster pump
for further desalination of the brine to the desired
recovery level under controlled conditions of low scal-
ing and fouling (bio- and particulate matter) charac-
teristics. The first commercial unit [21] on the basis of
this technology for 55m3/h starting with feed of
6,000–6,700lS/cm comprises the first conventional
stage of 5xME5 PFD array of 50% recovery with its
entire pressurized brine admitted into a 7xME4 CCD
unit, wherein, the recovery of the entire system raised
to 86–88% with an overall RO energy consumption of
0.57 kWh/m3.

4. Comparison of conventional PFD with CCD

The comparison is according to subject matter and
focuses on seawater desalination with clear reference
to brackish water whenever appropriate:

4.1. Technology characteristics

4.1.1. PFD

A single-mode, continuous hydrodynamic process
performed with fixed pressurized feed flow (Qf) at
the inlet of an apparatus which splits at outlet into

un pressurized permeate flow (Qp) and pressurized
brine flow (Qb); with flow balance expressed as
Qf =Qp +Qb; recovery expressed by Qp/Qf� 100 and
depends on the number (n) of membrane elements
arranged in line inside the pressure vessel (MEn)
and their performance specifications, and with a
minimum flow ratio Qp/Qb requirement per each
element to enable a sufficiently low concentration
polarization effect.

4.1.2. CCD

A multiple-mode hydrostatic batch process in a
confined intrinsic volume (V) performed with fixed
pressurized feed flow (Qf) under variable pressure
conditions by concentrate recycling (QCP) combined
with fresh feed mixing in short modules (MEn; n= 1–
4); made continuous with respect to permeate pro-
duction by occasional engagement of a SC of the
same intrinsic volume; whereby, brine is replaced by
fresh feed without stopping desalination. The main
operational set points of this consecutive sequential
process are the flow rates Qf and QCP which define
MR (Qf/(Qf +QCP), HER, cross flow over membrane
surfaces (QCP) and minimum permeate/concentrate
flow ratio (Qf/QCP) as well as the maximum sequen-
tial pressure, or maximum electric conductivity of
recycled concentrate instead, which define the desired
system recovery irrespective of the number of ele-
ment per module.

4.1.3. Assessment

Conceptually different methods of different
performance characteristics and of different control
means.

4.2. Design and performance flexibility

4.2.1. PFD

Fixed design for desired flow, flux and recovery of
specific membrane elements and a fixed number of
elements per module with limited performance vari-
ability.

4.2.2. CCD

Flexible design of infinite performance variations
as results of independent control set points of feed
flow, permeate flow, cross flow, flux, MR, HER and
system recovery irrespective of number or type of the
elements per module.
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4.2.3. Assessment

CCD offers significant performance flexibility unat-
tainable by conventional PFD.

4.3. Energy consumption

4.3.1. PFD

RO energy consumption dictated by the fixed pres-
surized feed flow at the inlet of modules for the
desired recovery over the specified number of mem-
brane elements per module, combined with the effi-
ciency of ER means from pressurized brine and the
efficiency or the feed pressurizing means. The fixed
power demand at inlet needs to accommodate the low
efficiency performance of the tail elements as well as
the overburden of head elements to enable attainment
of sufficiently high system recovery. Obviously, attain-
ment of high energy efficiency with such a technology
wherein Qf =Qp +Qb greatly depends on the effective-
ness of ER from the pressurized brine.

4.3.2. CCD

RO energy consumption depends primarily on the
average consecutive sequential pressure since Qf =Qp

with a small increment due to the recycling pump
(QCP =Qb) which compensates for the pressure drop
in modules (Dp: 0.7� 0.3 bar, depending on the num-
ber of elements per module) and provides sufficient
cross flow to minimize concentration polarization
effects. The aforementioned facts imply an absolute
energy efficienct technology which entirely circumvents
the need for ER from brine.

4.3.3. Assessment

CCD is a low RO energy consumption technology
of high efficiency without the need of ER and its per-
formance is best illustrated by comparison with
results reported for large modern conventional SWRO
plants with the best ER means (e.g. ERT-PELTON, PX
and DWEER) which normally operate at a flux of 13–
14 lmh with 47� 2% recovery. The monitored CCD
RO energy for Mediterranean water (4.05� 0.05%)
under said conditions was 2.08 kWh/m3 with a nor-
malized (25 �C; 85% eff. HP and 60% eff. CP) value of
1.80 kWh/m3 for Mediterranean water and a normal-
ized projected value of 1.65 kWh/m3 for ocean water
(3.5%). In comparison, reported RO energy
consumptions of the large and modern Mediterranean
desalination plants are 2.73 kWh/m3 for SWRO-PX in
Hadera-Israel [5]; 2.98 kWh/m3 for SWRO-DWEER in

Ashkelon-Israel [4]; 2.95 kWh/m3 for SWRO-PELTON
or 2.70 kWh/m3 for PELTON-PX HYBRID in Palma-
chim-Israel [3]; and 2.65 kWh/m3 projected for SWRO-
DWEER in Soreq-Israel [5]. The reported RO energy
consumption of the large and modern ocean seawater
desalination plants is 2.47 kWh/m3 for SWRO-PX in
Perth-Australia (34,000 ppm) [6] and 3.11 kWh/m3 for
SWRO-DWEER in Tuas-Singapore (max. 35,000ppm)
[5]. The large differences in energy consumption
between CCD and PFD could not be explained solely
on the basis of the ER efficiency from brine in the lat-
ter, and most probably reflects the fundamentally dif-
ferent principles of design and operation of these
technologies. The energy benefits of CCD compared
with PFD, apart from the ER needs by the latter, most
probably arise from the fixed flow variable pressure
CCD operation with exact required power supplied at
each point during the consecutive sequential process;
shorter CCD modules of lower pressure difference
(lower Dp); CCD dilution effect due to recycled con-
centrate mixing with fresh feed at the inlet of modules
in contrast with sharply increased salinity without
dilution along the recovery line of joint membrane ele-
ments in PFD; and the highly optimized CCD process
with respect to MR, HER and cross flow of low con-
centration polarization made possible by its flexible
operational modes. The subject matter pertaining to
efficiency of ER means in PFD and their effect on RO
energy have been extensively dealt with over the past
decade especially by the affiliates of ER industry—this
subject matter is of no interest whatsoever from the
standpoint of CCD which circumvents entirely the
need for ER. CCD is a technology of conduits and
valves and its SC is not an ER device in the absence
of pressurized brine flow from which energy needs to
be recovered. Moreover, the CCD technology makes
use of the same circulation flow (QCP) to compensate
for Dp (0.75� 0.3 bar) and control concentration polari-
zation, irrespective of whether the SC is engaged or
disengaged. Incidentally, stop of circulation flow
(QCP) in CCD effect an immediate sharp rise in
applied pressure requirements and causes termination
of desalination due to undesired rise in concentration
polarization.

4.4. Performance of membranes and elements

4.4.1. PFD

Operated with fixed NDP per membrane element
with entire performance (flow, flux, permeate quality
and recovery) dictated by the pressurized feed flow at
the inlet of head element and the length of module
with decreased desalination efficiency downstream
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due to increased salinity as well as decreased flow
and pressure. Attainment of 47� 2% recovery by con-
ventional SWRO, even at a relatively low average flux
of 13–14 lmh, requires operating with HER of 12–13%
instead of the test conditions (TC) maximum recovery
of 10% specified by membrane manufacturers and this
is done by increased pressure and power demand. In
simple terms, conventional commercial SWRO plants
exceed TC specifications of head elements in order to
allow for a reasonable recovery.

4.4.2. CCD

Module recovery and HER are completely con-
trolled by the set points selection of Qf and QCP;
whereas, system recovery determined independently
by the set point selection of maximum sequential
pressure, or maximum electric conductivity of recy-
cled concentrate instead. In simple terms, performance
of membranes and elements within TC specifications
is enabled by the set points selection of flow; whereas,
system recovery is independently achieved through
the controlled set points of pressure and/or salinity.

4.4.3. Assessment

In contrast to conventional SWRO, CCD enables
performance at higher flux and system recovery
without exceeding TC specifications of manufactur-
ers. For instance, CCD of 50% recovery with short
modules (ME3/4) operated in the average flux range
20–26 lmh without exceeding TC specifications will
save 35–50% of the elements used by conventional
technology and enable improved quality permeates
of reduced boron content with a reasonable energy
consumption. The same high flux CCD unit could be
made to operate at half the flux without exceeding
membranes specifications with significant savings of
energy, if equipped with a positive displacement
pressurizing pump and this versatility and flexibility
are unmatched by any conventional technology. The
aforementioned implies that existing membranes
when operated in the context of the CCD technology
render improved performance without exceeding
their TC specifications with respect to either
increased productivity concomitant with increased
flux or decreased energy consumption concomitant
with decreased flux. It is important to note that the
reported [13,14] performance results of the Mediterra-
nean seawater CCD trials in the flux range 20–26 lmh
did not reveal any noticeable fouling effects, and
therefore, the aforementioned assessment is realistic
rather than a speculation.

4.5. Scaling and Fouling factors of membrane elements

4.5.1. PFD

Scaling and fouling factors enhanced with
increased recovery through long modules of many
lined elements due to downstream decay of flow, flux
and pressure with cumulative results of typical impact
to the so-called tail elements. Front elements, and
head elements in particular, are prone to particulate
matter and organic fouling especially when perfor-
mance exceeds TC specifications of manufacturers as
is commonly practised in order to increase recovery.

4.5.2. CCD

Short modules of 3–4 elements per module oper-
ated with fixed flow at a desired flux under variable
pressure conditions with controllable cross flow per-
form with low scaling and fouling characteristics,
especially when the performance of modules and
membranes can be optimized online by flow control
set points. Bio-fouling due to bacteria growth is of
low probability in CCD in light of the controllable
cross flow and the large salinity variations of recycled
concentrate during the consecutive sequences. More-
over, the recycled concentrate in CCD is mixed with
fresh feed at the inlet of modules and the entire brine
content in the closed circuit is replaced by fresh feed
on a frequent basis at the end of each sequence; there-
fore, seeds formation which accelerates scaling devel-
opment is reduced or inhibited. It is important to note
that the aforementioned expected characteristics of the
CCD technology with regard to scaling and fouling
are fully supported by the reported experimental
results which apply both to seawater [12,13] and
brackish water [11,17,21].

4.5.3. Assessment

Scaling and fouling are one of the most common
problems of conventional PFD processes especially
with increased recovery BWRO and to a lesser extent
with conventional SWRO wherein prevention of bio-
fouling is of some importance. Scaling and fouling
problems of increased intensity are encountered in
particular with variable salinity feed sources. Scaling
and fouling control of commercial RO plants is a
major issue of severe economic consequences in light
of declined performance, decreased plant availability
while stopped for CIP, shorter lifetime of membrane
with increased frequency of CIP procedures and
finally the inevitable need to replace membranes too
frequently at a considerable expense in order to

A. Efraty / Desalination and Water Treatment 41 (2012) 279–295 291



maintain adequate plant performance. Accordingly,
the application of a low scaling and fouling technol-
ogy such as CCD compared with PFD provides signif-
icant durable economical benefits well beyond the
initial installation stage.

4.6. Components requirements of compared technologies

4.6.1. PFD

Disregarding pre-treatment and post-treatment,
installation costs of conventional SWRO units are a
function of the number and type of the principle
components in their design including membranes,
pressure vessels, high-quality stainless steel distribu-
tion piping, feed pressurizing means, ER devices as
well as monitoring and control means. SWRO plants
operated in the flux range 13–15 lmh will require
the same number of membranes and pressure ves-
sels irrespective of the of ER device type. The use
of ERT (e.g. PELTON) implies the need for feed
pressurizing means of Qf =Qp/R� 100, or twice the
flow rate of permeate and more if recovery is under
50%. In the case of ER means such as PX and
DWEER, the principle feed pressurizing means sup-
ply the equivalent flow of permeate (Qf =Qp);
whereas, extra pressurized fresh feed at the inlet of
modules of Qextra =Qp� (100�R)/R is supplied by
the ER device (hydraulically driven feed pressuriz-
ing pump) through a booster pump in order to com-
pensate for the pressure loss (Dp: 2–3 bar). In
summary, pressurized feed at inlet to modules is
always Qf=Qp/R� 100 supplied either by a single
pump as in the case of SWRO-ERT or through sev-
eral pumps including the ER device and a booster
pump as in the cases of SWRO-PX and SWRO-
DWEER. While the aforementioned is said for con-
ventional SWRO technologies which are generally
practised with low recovery in the range 40?50%,
the situation with regard to conventional BWRO of
75?90% recovery is somewhat different since attain-
ment of high recovery implies a long line of mem-
branes in staged arrays of pressure vessels with
inter-stage boosters or turbo-charges required in
order to enable performance with a reasonable
energy consumption.

4.6.2. CCD

The principle components in the technology
under review include membranes, pressure vessels, a
single feed pressurizing pump of Qf(=Qp), a concen-
trate recycling pump QCP(�1.5�Qp; Dp= 0.7� 0.2 bar)
as well as monitoring and control means—no ER

means are included among the components. The
principle CCD technology for seawater is that of SCs
[10]; whereas, the preferred technology for brackish
water desalination of high recovery and low energy
is that of CCD-PFD [15] with the latter step (PFD)
implemented occasionally and briefly for the replace-
ment of brine with fresh feed without stopping desa-
lination.

4.6.3. Assessment

CCD is a simple technology of flexible control
which makes used of small feed pressuring means,
since Qf =Qp, and enables high recovery with low RO
energy without the need of ER by a process of reduced
scaling and fouling characteristics—features unattain-
able by conventional PFD technology. Apart from the
mandatory concentrate recycling means for CCD of
similar power consumption requirements compared
with the booster pumps associated with PX and
DWEER, the relatively expensive ER devices with their
pressurized conduit lines and control means are com-
pletely circumvented by the CCD technology at con-
siderable savings of installation costs. Invariably, the
CCD technology enables high recovery by simple
means irrespective whether it applies to seawater or
brackish water; and therefore, saves on pre-treatment
installation costs compared with conventional technol-
ogy of lower recovery. Moreover, the CCD technology
can be operated with higher flux without exceeding
membranes specifications; thereby, save on costs of
membrane elements and afford better quality perme-
ates of higher commercial value. The conventional
SWRO-DWEER technology is practised successfully
worldwide in large desalination plants with an ER
device made of conduits and valves; and therefore, its
comparison with CCD is noteworthy in particular. In
SWRO-DWEER, the ER hydraulic device compresses
part of the fresh feed supply to inlet of modules with a
flow rate previously defined as Qextra =Qp� (100�R)/
R; whereas, the other part of pressurized feed to the
inlet of modules is supplied by means of the principle
pressurizing pump with a rate flow Qf =Qp. The extra
pressurized feed supply (Qextra) originating from the
DWEER device is not needed in CCD; however, at the
same time the latter technology requires a somewhat
larger conduits volume, suggesting that installation
costs effectiveness of both technologies is about the
same. Despite the similar projected installation costs of
CCD and SWRO-DWEER, the former technology offers
significant performance benefits (e.g. low energy with-
out ER, low fouling and bio-fouling, high recovery,
high flux, flexible operational conditions of modules
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and membranes etc.) of clear commercial value
unmatched by the latter.

4.7. Present and future economic prospects of compared
technologies

4.7.1. PFD

Future economic prospects of various conven-
tional SWRO and BWRO technologies are measured
in terms of costs of construction, energy, chemicals,
maintenance, repairs, labour and finance in relation
to revenues and profits on revenues over the invest-
ment return period. The growing worldwide reliance
on desalination for water supply is manifested
already by increased desalination capacity and
reduced desalination costs with future forecast tar-
gets of short-terms (5 years) and long-terms (20 years)
developments well defined. A recent comprehensive
evaluation [5] of current status and future trends for
ocean seawater (3.5%) desalination is noteworthy in
particular since its provides the comparative data in
brackets (minimum?maximum; 1st current; 2nd
5 years target; and 3rd 20 years target) of expected
developments with regard to RO energy consump-
tion (kWh/m3: 2.00?3.00; 1.50?2.50; and 1.35?
1.50); desalination recovery (%: 45?50; 50?55; and
55?65); membrane productivity (m3/day/membrane:
24.1?46.3; 33.3?55.5; and 92.5?148.0); membrane
useful lifetime (years: 5?7; 7?10; and 10?15); con-
struction costs (US$/m3/day: 1216?2162; 1081?
1.747; and 541?946); and cost of water (US$/m3:
0.54?0.81; 0.41?0.68; and 0.27?0.41). The significant
progress in all aspects of PFD technologies over the
past 60 years, including performance of membranes
and effective ER means from pressurized brine,
brought these technologies to the state-of-the-art
level with very little room for improvements.
Accordingly, it would appear difficult to see how
the forecasted targets could be met merely on the
basis of conventional PFD technologies which have
reached maturity. The present status of ocean seawa-
ter desalination, as an example, represents the tech-
nical limitations of the existing knowledge which is
unlikely to change much with improved components
for the conventional PFD technology. Moreover, it is
plausible that advance components used with con-
ventional technology could perform much better if
applied in the context of new methods of different
operational principles not confined by the limitations
of existing technologies. The cited forecast [5] of
long-term targets clearly implies the evolution of
new technologies as evidenced by the projected
RO minimum energy 1.35 kWh/m3 which is

inconceivable by conventional SWRO if operated at
a reasonable flux.

4.7.2. CCD

The methods and results cited above for CCD of
seawater and brackish water over the past 2.5 years
reveal exceptional innovations which enable reaching
today all of the long-term (20 years) projected targets
[5] of the desalination industry. The new CCD meth-
ods are characterized by low-energy consumption in
the absence of ER, high recovery, reduced fouling,
flexibly operation over a wide flux range without
exceeding TC specifications and other undisputed
experimentally confirmed features. For instance, Medi-
terranean water (4.1%) desalination by CCD was dem-
onstrated over the flux range 8?40 lmh with up to
53% recovery. CCD RO energy at 13–14 lmh for Medi-
terranean water (4.1%) was found to be 2.00 kWh/m3

under trial conditions [12] or 1.78 kWh/m3 with
improved efficiency of pumps (85% eff. of HP and
60% of CP) which manifest RO energy under
1.60 kWh/m3 for ocean seawater (3.5%) desalination
under the same conditions. Lower flux CCD operation
is concomitant with lower RO energy and vice versa.
Demonstrated 53% desalination recovery by CCD of
Mediterranean water (4.1%) at practised flux of 13–
15 lmh signifies the plausibility of 60–65% desalination
recovery with ocean water (3.5%) under the same con-
ditions. Moreover, flux in CCD is independent of sys-
tem recovery; therefore, the rate of permeate
production at a desired recovery level is a matter of
choice which dictates the RO energy consumption.
Long-term target [5] for SWRO membranes productiv-
ity range 46.3m3/day(800)?148m3/day(1600) is already
available today and could apply to CCD with reduced
fouling and without exceeding TC specifications over
wide ranges of desired flux and recovery. Low fouling
characteristics desalination technology most obviously
contributes to extended useful lifetime of membranes.
The cited forecast [5] of short- and long-terms target
for ocean seawater (3.5%) desalination also considers
construction costs and cost of water. Components
requirements comparison in the preceding section
suggests similar construction costs for SWRO-DWEER
and SWRO-CCD units of the same production capac-
ity under same flux conditions. If the above referred
SWRO-CCD units could be made to operate at higher
flux by a small increment in construction cost, this
would imply increased permeate production rate and
yield lower specific cost (US$/m3/day) of construc-
tion. Increased production rate of permeate coupled
with higher desalination recovery made possible by
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SWRO-CCD also accounts for extra savings in cost of
pre-treatment installation; therefore, translate to even
greater savings of construction costs. Low construction
cost coupled with low energy cost and low mainte-
nance cost due to reduced scaling and fouling implys
that cited forecast [5] of short- and long-terms targets
for cost of water is possible by the CCD technology
already today.

4.7.3. Assessment

A recent status report [5] with forecast of short
terms (5 years) and long terms (20 years) expected
developments in desalination with emphasis on ocean
seawater, when considered in the context of the
already reported CCD results (cited above); leads to
the conclusion that all future targets of the growing
desalination industry could be met by the CCD
Technology.

5. Concluding remarks

The newly conceived [10,15] and recently reported
performance [11–13, [17,18] of the CCD technology
reveal high recovery, low RO energy in the absence of
ER, reduced scaling and fouling, wide range of opera-
tional flux without exceeding membranes TC specifi-
cations, and flexible online control of all principle
desalination parameters, and imply superb perfor-
mance characteristics unmatched by conventional PFD
methods. The performance of the new CCD technol-
ogy was demonstrated for sea water and brackish
water applications with data from commercially oper-
ated units. Results of CCD applications reported [11–
13, [17,18] thus far reveal performance which meets
already today all stated [5] long-term (20 years) targets
and objectives of the worldwide growing desalination
industry. Further progress in CCD is currently being
directed towards the development of general and spe-
cific commercial applications including processes for
the treatment of difficult industrial effluent and for
the decontamination of drinking water, these apart
from the other traditional and non-traditional RO
applications. The unique prospects of the high flux
and high recovery CCD technology for special appli-
cation are well illustrated [18] with the BWRO-CCD
new method for nitrate removal from drinking water
for a feed source of 200 ppm NO3 to permeate level
under 44 ppm average NO3 at flux of 37 lmh with
90% recovery; thereby, suggesting the prospects for
replacement of EDR by CCD for such application with
high cost effectiveness. Last, it should be pointed out
that the main bottleneck of many of the conventional

PFD technologies is associated with scaling and foul-
ing effects of tail and front elements, whereas, such
problems are reduced or eliminated completely by
CCD; thereby, providing a considerable added value
not available by conventional technologies.
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