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ABSTRACT

The continuously flow-staged and pressure-boosted seawater reverse osmosis-closed circuit
desalination technology of low energy, high recovery irrespective of the number of elements
per module and wide flux range characteristics opened the door to the design of small com-
pact single module units with two to four elements (8´´) for flexible permeate production of
up to 100 m3/d. The design features and performance characteristics of such compact MEn
(n = 2–4) units are analyzed in the present paper by a theoretical model in terms of flow, flux,
energy, power, recovery, permeate production, and quality as well as the time period of the
consecutive sequential process. The theoretical model- simulated performance results with
32,000 ppm NaCl, equivalent to typical Ocean water of 35,000 ppm, are consistent with experi-
mental results and reveal high recovery (50%) over a wide flux range (10–25 lmh) which
extrapolate to the energy of 1.24 kWh/m3 (85% eff. of HP and 75% eff of CP) and1.05 kWh/m3

(100% eff of HP and 100% eff of CP) under near- zero flux conditions demonstrating perfor-
mance at the theoretical minimum energy level unmatched by any conventional technique.
The unique performance characteristics of the small compact units under review makes them
ideal for marine applications (water supplies to cargo vessels and oil rigs) as well as for the
entire water supplies of shore-line communities with population of up to 1,000 residents and
the drinking and cooking water requirements of as many as 10,000 residents. Moreover, the
wide range flux performance capability of said units make them ideal for integration with
renewable energy sources through solar panels and/or small wind turbines for low- cost sea-
water desalination by means of free and clean renewable natural energy.

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

1. Introduction

The era of seawater reverse osmosis (SWRO)
desalination started with the pioneering work of Loeb
and Sourirajan [1] in the early sixties of last century
and since gained enormous momentum due to the

increased depletion and/or deterioration of ground
and underground water supply sources, combined
with the growing demand for fresh water supplies by
the rapidly expanding global population. Global
climate changes as result of adverse environmental
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and ecological effects have also contributed to the
development of fresh water shortages in various parts
of the world and stimulated the application of the
SWRO technology for fresh water supplies in many
coastal regions worldwide. SWRO is an energy- inten-
sive technology as revealed by the 2.5–3.5 kWh/m3

reverse osmosis (RO) energy range reported for some
large advanced desalination plants operated with
Mediterranean (~40,000 ppm) [2–4] and Ocean
(~35,000 ppm) [4,5] seawater feed. The total energy
consumption by such plants, including pre- and
post-treatment processes, is found in the range of 3–
5 kWh/m3 and manifest an average of 1.6 kg CO2

emission per cubic meter produced permeate. In light
of the growing costs of crude oil and since electric
power generation from fossil fuels enhances the global
“green-house effect” due to extensive emission of
CO2, emphasis in the development of advanced
SWRO technologies is placed on low-energy RO pro-
cesses with effective energy recovery (ER) means. A
recent review article in Science entitled “The Future of
Seawater Desalination: Energy, Technology, and the
Environment” by Elimelech and Phillip [6] provides
an excellent comprehensive survey of SWRO with
emphasis on energy aspects and since, several more
recent publications [7–9] described a new technology
of seawater reverse osmosis desalination in closed
circuit (SWRO-CCD), whereby near- absolute RO
energy consumption was demonstrated without need
of ER means. The CCD approach to RO has revealed
exceptional performance benefits such as low energy
consumption without need for ER, high recovery
irrespective of the number of elements per pressure
vessel, a wide range operational flux (8–38 lmh), low
scaling and fouling (including bio-fouling) characteris-
tics, and a flexible performance control of elements
and modules unmatched by conventional RO
techniques.

Recovery by conventional SWRO plug flow desali-
nation proceeds as a function of the number of lined,
tail to head, elements inside pressure vessels and
attainment of higher recovery requires a longer line of
elements. Accordingly, conventional SWRO requires
long pressure vessels, each for seven to eight ele-
ments, to enable desalination recovery of 40–45% with
head element recovery of 10% or of 45–50% with head
element recovery of 12–14%. Apart from long mod-
ules, conventional SWRO also requires ER means to
become energetically effective. The requirements of
long modules and ER means make the design of com-
pact small (<100 m3/d) SWRO units a difficult task
even if small diameter elements (2.5´´ and 4.0´´) are
installed instead of standard size elements (8.0´´).
Compact small SWRO units are extensively used for

drinking water supplies in cargo ships, tankers,
off-shore oil-rigs as well as in many shore-line com-
munities worldwide where shallow shore wells of
clean seawater are accessible for desalination without
need of expensive pretreatment procedures. Small
compact mobile SWRO units for drinking water
supplies are also used by the military, although such
units are intended for open-sea intake and require
auxiliary filtration means. In many of the places where
small compact SWRO units are required, grid electric-
ity is either expensive or not available at all and this
raised an interest to integrate such units with solar
panels and/or small wind turbines for energy supply.
The direct integration of small conventional SWRO
units with natural energy sources of variable power
output is non trivial in light of the limited flux flexibil-
ity of the conventional techniques—conventional
SWRO techniques are designed for a narrow flux
range operation and increased/decreased production
can only take place through increased/decreased
number of modules and not through large flux varia-
tions.

The present paper describes the design and pro-
jected performance characteristics of single module
small compact SWRO-CCD units (≤100 m3/d) com-
prising two to four standard elements (8´´) of high
recovery and low energy consumption without ER of
an extraordinarily large operational flux flexibility
which makes them ideal for integration with solar
panels and/or small wind turbines for low- cost desa-
lination of seawater along shore lines worldwide.

2. Compact SWRO-CCD units of a single module
ME2 configuration

The new CCD technology unit design displayed in
Fig. 1 comprises a single pressure vessel with two con-
ventional (8´´) elements for SWRO desalination and
some empty space, a single feed supply pump, a sin-
gle high-pressure (HP) pump equipped with a vari-
able frequency drive (vfd), a single circulation pump
(CP) equipped with a vfd, and a side-conduit (SC) of
the same intrinsic volume as that of the closed circuit
with valve means (small circles) to enable engage-
ment/disengagement between the closed circuit and
the SC for brine replacement by fresh feed at a desired
recovery level with a negligible loss of energy. The
design also contains monitoring means, such as flow
monitoring means of recycled concentrate (FMRC), HP
feed (FMf), SC feed (FMSC), and permeate (FMp); elec-
tric conductivity (EC) monitoring means of recycled
concentrate (CMRC), feed (CMf), and permeate (CMp),
pressure monitoring means at module’s inlet (PMI)
and outlet (PMO), and feed temperature monitoring
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means (TM). The configuration displayed in Fig. 1
describes a disengaged SC undergoing replacement of
brine by fresh feed at near atmospheric pressure,
while desalination is continued nonstop in the closed
circuit; thereafter, the SC is sealed, compressed, and
left on stand-by for the next engagement. The CCD
unit under review in Fig. 1 operates with fixed feed/
permeate flow (Qf = Qp) and cross- flow (QCP) under
variable pressure conditions with flow rates selected
by set-points and controlled by the flow monitoring
means through the vfd devices of HP and CP. The
selection of the pressurized feed flow (Qf) and
cross-flow (QCP) determines the module recovery
[(Qf/(Qf + QCP) × 100]; whereas, the desalination
recovery is determined by the selected set-point of
maximum applied pressure, or of maximum EC of
recycled concentrate, which manifest the desired desa-
lination recovery of the system. The operation of the
unit is conditioned by concentrate recycling with CP
which avoids adverse concentration polarization
effects, compensates for the Δp drop and enables dilu-
tion of the recycled concentrate with fresh feed at
module inlet. The stopping of CP immediately causes
a sharp increase of pressure due to a rapid rise of con-
centration polarization.

The compacting of the design in Fig. 1 can be
achieved by use of two single-element pressure vessels
(8´´, ~130 cm long) and their stacking on top of each
other in the closed circuit and the SC sections, and
such a spread design is illustrated in Fig. 2(A) and a
compact design in Fig. 2(B). In the figures under
review, CCD takes place in the pressurized section
(red), while the disengaged decompressed (blue) SC
undergoes brine (green) replacement by fresh feed
(pale blue) and thereafter, the SC is compressed and
left on stand-by for the next engagement with the
closed circuit. Compression and decompression of the

SC take place under hydrostatic conditions at the
expense of negligible loss of energy. The SWRO-CCD
ME2 unit of the type displayed in Fig. 2(A) is
intended for maximum desalination of 50 m3/d of
50% recovery at flux of 25 lmh or for smaller produc-
tion at lower flux. The flux and the recovery are inde-
pendent of each other and determined by the selected
set-points of operation which may be changed “on-
line” without stopping the desalination. The estimated
dimensions of the unit in Fig. 2(A) for 50 m3/d or less
depending on flux are 170 × 80 × 150 cm (length–
width–height). Apart from standard size (8´´) pressure
vessels and elements, the unit also contains a positive
displacement HP pump of 2.2 m3/h with flow rate
maintained up to 80 bar (e.g. Danfoss APP-2.2–72 cm
long and 30 cm maximum diameter); a CP pump with
maximum flow rate of 8.2 m3/h at Δp of 1.0 bar; and
conducting lines of 2/3´´-2.0´´ diameters according to
sections (see Fig. 2(A)) of flow speed under 2.5 m/s
and valve means of 1.5´´ connections, of which three
are common electrically actuated two-way valves and
two are check valves. Components in contact with
pressurized feed and/or brine are made of Super-
Duplex for continuous use or from SS316L for occa-
sional use, with pressure specification of 80 bar rating.
The monitoring means and control board of the unit
are required to satisfy a minimum configuration of
operational set points (Qf of HP-vfd; QCP of CP-vfd;
FMCP; FMSC, and PMI) with additional features as
deemed necessary.

The pressurized feed (2–4 bar) flow to the unit dis-
played in Fig. 2(A) originates from the shore well or
open-sea intake pump and said flow should be suffi-
cient to provide the needs of the HP and SC. A feature
of the ME2 design not displayed in Fig. 2(A) is a small
permeate container (~120 L) which enable complete
flash of the ME2 membrane section when the unit is
stopped.

3. Simulated performance of the compact
SWRO-CCD ME2 unit

The simulated performance of the compact size
ME2 unit displayed in Fig. 2(A) is exemplified in
Table 1(A) at 25˚C and flux of 15 lmh for feed of
32,000 ppm NaCl (equivalent to Ocean seawater of
35,000 ppm) using common membrane elements such
as SWC6-MAX or alike, and the information disclosed
in this table is divided into columns labeled at the bot-
tom 1–20. The top data in Table 1(B) pertains to basic
information related to pressure vessels, elements,
module type, and set-points of operation. In the exam-
ple under review, the test-conditions data of the

Side Conduit (SC)

HP-vfd

Brine

SW Feed
FSP

CP-vfd

Permeate

FMRCFMf

FMp

CMRC

TM

PMI PMO

CMf

FMSC

CMp

Fig. 1. A schematic design of a small SWRO-CCD unit
with ME2 configuration comprising a single module of
two elements (8´´).
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selected elements provide both A and B coefficients;
the split module (8´´) design of ME2 corresponds to a
combined pressure vessel length of 390 cm (3 × 130)
with free closed circuit volume of 97.1 L assuming an
element volume of 15 L. The cited operational condi-
tions of fixed flux (15 lmh) and cross-flow (4.9 m3/h)
correspond to a module recovery (MR) of 25%, and
the maximum applied pressure (60.8 bar) manifests a
desalination recovery of 55.6%

The entire data in Table 1(A) is derived from the-
ory using the basic information on top of the table
and conventional expressions, including RO and
power equations, and the explanations are provided
hereinafter according to the labeled columns in the

bottom of the table. The mode of the sequence is cited
in column 1 and the CCD progression as function of
the number of cycles is furnished in column 2. The
module inlet and outlet concentrations (%) are out-
lined in columns 3 and 4, respectively, with module
inlet concentration accounting for the dilution effect
due to mixing of recycled concentrate with fresh feed.
The cumulative sequential time (minute) of the CCD
cycles is provided in column 5 on the basis of the
fixed cycle period term (1.19 min/cycle) specified in
the top of the table. The applied pressure (pappl − bar)
during CCD cycles in column 6 is derived by Eq. (1);
wherein, μ stands for flux, A for permeability coeffi-
cient, TCF for temperature correction factor, Δπav for

Permeate

Brine

Feed (2-4 bar)

HP

CP

Actuated Valve
Check Valve

HP, High Pressure Pump
CP, Circulation Pump
MF,  Micronic Filter (5.0 µ) 

MF2.0”2/3”

2/3”

1.5”

1.5”
1.5”

2.0”

Fig. 2(A). A schematic illustration of a spread design of the SWRO-CCD ME2 unit configuration comprising a split single
module of two elements (8´´) with free space and a SC of the same split pressure vessels configuration.
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Feed (2-4 bar)
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HP, High Pressure Pump
CP, Circulation Pump
MF,  Micronic Filter (5.0 µ) 

MF

~155 cm

Fig. 2(B). A schematic illustration of the compact design of the SWRO-CCD ME2 unit configuration comprising a split
single module of two elements (8´´) with free space and a SC of the same split pressure vessels configuration.
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average concentrate-side osmotic pressure difference,
Δp for module inlet–outlet pressure difference, pp for
released permeate pressure, and πp for average perme-
ate-side osmotic pressure.

The mean applied pressure in column 7 is the
average applied pressure which also takes account of
the preceding applied pressures of the sequence. The
power (P, kW) demand of HP in column 8 is derived
by Eq. (2); wherein, Qf (m

3/h) stands for pressurized
feed flow, p (bar) for applied pressure (pappl), and eff
for the efficiency factor of HP. The specific energy of
HP (kWh/m3) in column 9 is derived by Eq. (3);
wherein, pm (bar) stands for the mean applied pres-
sure in column 7 and Qp (m3/h) for permeate flow.
The power and specific energy terms of CP in the
respective columns 10 and 11 are derived by analogy
with the respective terms of HP except for the use of
QCP instead of Qf in Eq. (2) and Δp instead of pm in
Eq. (3). The term of permeate production per cycle
(m3/cycle) in column 12 is the product of the cycle
time (cycle/min/60) and Qf, and the term of cumula-
tive sequential permeate volume (Σm3) in column 13
is the product of the number of CCD cycles (column
2) and the volume per cycle (column 12). The total
power demand at a given CCD cycle displayed in col-
umn 14 is the sum of the power components of both

HP (column 8) and CP (column 10) and likewise, the
overall specific energy displayed in column 15 is the
sum of the terms of the individual pumps. The CCD
recovery is the sequential recovery expressed by
Eq. (4); wherein, ΣVp stands for the cumulative
sequential permeate volume and V for the fixed intrin-
sic closed circuit volume (97.1 L).

Pappl ¼ l=A=TCF þ�pav þ�p=2þ pp � pp (1)

P ¼ Qf � p=36=eff (2)

Specific energy ¼ P=Qp ¼ ðQf=QpÞ � pm=36=eff (3)

Sequential recovery ¼ RVp=ðRVp þ VÞ � 100 (4)

The permeate salt content (ppm) per CCD cycle in col-
umn 17 of Table 1(A) is derived from the RO salt dif-
fusion expression in Eq. (5); wherein, B stands for the
diffusion coefficient, Cf for feed concentration, and pfav
for the average concentration polarization factor. The
average concentration polarization factor cited at the
top of the table is derived by Eq. (6); wherein Yav

stands for the average element recovery expressed by
Eq. (7), MR is the module recovery (%), and n is the

Table 1(A)
The simulated performance of the compact SWRO-CCD ME2 (E = SWC6-MAX-8´´) unit with feed of 32,000 ppm NaCl at
fixed flux of 15 lmh, MR = 20% and 25˚C with up to 55.6% recovery
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number of elements per module. The value of the
empirical exponential coefficient (0.45) in Eq. (6) was
obtained using the “beta” terms derived by an IMS
Design program for ME2 (E = SWC6-MAX) under the
conditions specified in Table 1(B).

Cp ¼ B� Cf � pfav � TCF=l (5)

Pfav ¼ 10ð0:45�YavÞ (6)

Yav ¼ 1� ð1�MR=100Þ1=n (7)

The module’s concentrate-side pressure drop (Δp) in
RO is the result of flow-induced pressure losses as
function of the number (n) of elements per pressure

vessel and their internal design characteristics as well
as the average flow. The Δp value used for the appro-
priate calculations in Table 1(B) is derived by Eq. (8);
wherein, n stands for the number of elements per
pressure vessel, Qmi for inlet feed flow to the pressure
vessel, and Qmo for outlet brine flow. Another expres-
sion for Δp that in Eq. (9) is derived from the MR
expression in Eq. (10) and the Qmi expression in
Eq. (11), since under CCD operational conditions
QHP = Qp and Qmo = QCP. The calculated Δp data by
either Eq. (8) or (9) yield similar results to those
obtained by IMS design programs for ME2
(E = SWC6-MAX) under the same conditions.

�pðbarÞ ¼ ð8=1; 000Þ � n� ½ðQmi þQmoÞ=2�1:7 (8)

Fig. 3. Applied pressures as function of CCD cycles [A] and recovery [B] revealed during the SWRO-CCD ME2
(E = SWC6-MAX) unit performance simulation with 32,000 ppm NaCl at 15 lmh with MR = 20% described in Table 1(A).

Table 1(B)
The simulated performance of 50% recovery by the compact SWRO-CCD ME2 (E = SWC6-MAX- 8´´) unit with feed of
32,000 ppm NaCl in the flux range 10–25 lmh at MR = 20% and 25˚C

Pressure
Sequence SWRO-CCD Power Specific

Permeate
Production

Flux Min. Max. Time Recovery Max. Energy Mean Mean
lmh bar bar minute % kW kWh/m3 ppm μS/cm m3/h m3/day

10.0 34.8 52.1 7.14 50.0 1.406 1.441 389 778 0.82 19.6
12.5 36.3 53.6 5.71 50.0 1.818 1.500 311 623 1.02 24.5
15.0 37.8 55.1 4.76 50.0 2.256 1.561 259 519 1.22 29.4
17.5 39.3 56.6 4.08 50.0 2.722 1.624 222 445 1.43 34.3
20.0 40.9 58.1 3.57 50.0 3.215 1.688 195 389 1.63 39.2
22.5 42.4 59.7 3.17 50.0 3.737 1.753 173 346 1.84 44.1
25.0 43.9 61.2 2.86 50.0 4.289 1.820 156 311 2.04 49.0
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�pðbarÞ ¼ ð8=1; 000Þ � n� ½Qmi=2� ð2�MR=100Þ�1:7
(9)

MRðmodule recoveryÞ ¼ ðQmi �QmoÞ=Qmi � 100

¼ Qp=ðQp þQCPÞ � 100 ¼ QHP=ðQHP þQCPÞ � 100 ð10Þ

Qmi ¼ QHP þQCP ¼ Qp þQCP (11)

The theoretical simulation results revealed in Table 1
(A) for a small compact BWRO-CCD ME2 (E = SWC6-
MAX) unit operated with feed of 32,000 ppm NaCl at
15 lmh with MR = 20% are displayed graphically in
Figs. 3–6. Applied pressure and mean applied pressure
variations as function of CCD cycles and recovery are
displayed in Fig. 3(A) and (B), respectively. Notewor-
thy, in particular, is the sequential pressure boosting

Fig. 4. Power demand of pumps as function of CCD cycles [A] and recovery [B] revealed during the SWRO-CCD ME2
(E = SWC6-MAX) unit performance simulation with 32,000 ppm NaCl at 15 lmh with MR = 0% described in Table 1(A).

Fig. 5. Specific energy of desalination as function of CCD cycles [A] and recovery [B] revealed during the SWRO-CCD
ME2 (E = SWC6-MAX) unit performance simulation with 32,000 ppm NaCl at 15 lmh with MR = 20% described in Table 1
(A).
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Fig. 6. Permeate salinity and EC as function of CCD cycles [A] and recovery [B] revealed during the SWRO-CCD ME2
(E = SWC6-MAX) unit performance simulation with 32,000 ppm NaCl at 15 lmh with MR = 20% described in Table 1(A).

Fig. 7. Performance variability of 50% recovery in the flux range 10–25 lmh by the SWRO-CCD ME2 (E = SWC6-MAX-8´´)
unit with 32,000 ppm NaCl at MR = 20% and 25˚C according to the data in Table 1(B) in reference to applied pressures
[A], power [B], specific energy [C], sequence time [D], permeate salinity and EC [E] and permeate daily production [F].
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effect achieved under the fixed flux and variable pres-
sure conditions of the CCD process whereby exception-
ally low desalination energy is required without need
for ER means. Sequential power demand variations of
pumps (HP and CP) as function of CCD cycles and
recovery are displayed in Fig. 4(A) and (B),
respectively. The sequential specific energy variations
as function of CCD cycles and recovery are displayed
in Fig. 5(A) and (B), respectively. The exceptionally low
specific energies revealed by simulation in Fig. 5 are
consistent with experimental results already reported
[7–10] in the context of the SWRO-CCD technology.
Absolute and mean permeate salinity sequential
variations as function of CCD cycles and recovery are
displayed in Fig. 6(A) and (B), respectively, and the
results manifest the expected rise of salinity with
recovery.

The versatile performance characteristics of 50%
recovery in the flux range 10–25 lmh by the SWRO-
CCD ME2 (E = SWC6-MAX-8´´) unit with 32,000 ppm
NaCl at MR = 20%, and 25˚C are revealed in Table 1(B)
and by the graphical presentation of the results in
Fig. 7 in reference to applied pressures [A], power [B],
specific energy [C], sequence time [D], permeate salin-
ity and EC [E], and permeate production rates [F]. In
spite of its small dimensions of 170 × 100 × 150
(length–width–height), the SWRO-CCD ME2 unit
under review can be operated at 50% over a wide flux
range (10–25 lmh) with exceptionally low energy con-
sumption (1.406–1.820 kWh/m3) without need of ER
means and provide considerable amounts of permeates
(19.6–49.0 m3/d or 0.82–2.04 m3/h) whose qualities
(778–311 μS/cm) are essentially a function of flux.

The flexible relationships between flux (10–
25 lmh), production rate (19.6–49.0 m3/d), and maxi-

mum power demand of pumps (1.406–4.289 kW)
revealed in Table 1(B) are noteworthy in particular,
since they imply the facile integration of the ME2 unit
with clean renewable energy sources (e.g. solar panels
and/or small wind turbines) of variable power output
for high recovery (50%) seawater desalination as func-
tion of power availability—in simple terms, greater
power availability will induce higher flux of increased
permeate production and vice versa with significant
energy efficiency not possible by any existing SWRO
technique. The unit under review can be made by sim-
ple means to operate by various modes such as with
grid power if available and/or with solar panels and/
or with small wind turbines. Solar panels and small
wind turbines are commercially available and have
became rather inexpensive in recent years and this
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HP, High Pressure Pump
CP, Circulation Pump
MF,  Micronic Filter (5.0 µ) 
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Fig. 8. A schematic illustration of a compact SWRO-CCD ME3 unit design comprising a split single module of three ele-
ments (8´´) with free space and a SC of the same split pressure vessels configuration.
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Fig. 9. A schematic illustration of a compact of SWRO-
CCD ME3 unit design comprising a split single module of
four elements (8´´) with free space and a SC of the same
split pressure vessels configuration.
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may suggest that their integration with the compact
SWRO-CCD ME2 unit under review will enable excep-
tionally low-cost seawater desalination with a fast
investment return period especially in remote regions
where electricity is expensive, since energy consump-
tion accounts to some 50–70% of the desalination costs
with small units.

4. Compact SWRO-CCD units of ME3 and ME4
configurations

Expansion of the SWRO-CCD single module
compact unit design to greater permeate production
capacity can be achieved by the use of longer split
pressure vessels and additional elements and such an
approach is illustrated by the schematic design of the
ME3 unit in Fig. 8 and the ME4 unit in Fig. 9. The
simulated performance of the compact SWRO-CCD

Table 2(A)
The simulated performance of the compact SWRO-CCD ME3 (E = SWC6-MAX-8´´) unit with feed of 32,000 ppm NaCl at
fixed flux of 15 lmh, MR = 25% and 25˚C with up to 62.5% recovery

Table 2(B)
The simulated performance of 50% recovery by the compact SWRO-CCD ME3 (E = SWC6-MAX- 8´´) unit with feed of
32,000 ppm NaCl in the flux range 10–25 lmh at MR = 25% and 25˚C

Flux

Pressure
Sequence SWRO-CCD Power Specific

Permeate
Production

Min. Max. Time Recovery Max. Energy Mean Mean
lmh bar bar minute % kW kWh/m3 ppm μS/cm m3/h m3/day

10.0 35.9 50.8 8.84 50.0 2.073 1.449 386 772 1.22 29.4
12.5 37.5 52.4 7.07 50.0 2.690 1.514 309 618 1.53 36.7
15.0 39.0 53.9 5.89 50.0 3.352 1.582 257 515 1.84 44.1
17.5 40.6 55.5 5.05 50.0 4.061 1.652 221 441 2.14 51.4
20.0 42.1 57.1 4.42 50.0 4.818 1.724 193 386 2.45 58.8
22.5 43.7 58.7 3.93 50.0 5.625 1.798 172 343 2.75 66.1
25.0 45.3 60.2 3.53 50.0 6.484 1.875 154 309 3.06 73.4
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ME3 (E = SWC6-MAX-8´´) unit (Fig. 8) with feed of
32,000 ppm NaCl at fixed flux of 15 lmh, MR = 25%,
and 25˚C up to 62.5% recovery is described in Table 2
(A) and its simulated performance results of 50%
recovery over the flux range 10–25 lmh are revealed in
Table 2(B) and illustrated as function of flux in Fig. 10.
Likewise, the simulated performance of the compact
SWRO-CCD ME4 (E = SWC6-MAX-8´´) unit (Fig. 9)
with feed of 32,000 ppm NaCl at fixed flux of 15 lmh,
MR = 30%, and 25˚C up to 68.2% recovery is

described in Table 3(A) and its simulated performance
results of 56.3% recovery over the flux range
10–25 lmh revealed in Table 3(B) and illustrated as
function of flux in Fig. 11. The ME3 and ME4 units
are both of the same estimated dimensions
[270 × 100 × 150 (length–width–height)] and their flux-
dependent (10–25 lmh) respective production ranges
are 29.4–73.4 m3/d and 39.2–97.9 m3/d. Compared
with ME2, the production of the ME3 unit is 50%
greater and that of ME4 is twice.

Table 3(B)
The simulated performance of 56.3% recovery by the compact SWRO-CCD ME4 (E = SWC6-MAX- 8´´) unit with feed of
32,000 ppm NaCl in the flux range 10–25 lmh at MR = 30% and 25˚C

flux

Pressure
Sequence SWRO-CCD Power Specific

Permeate
Production

Min. Max. Time Recovery Max. Energy Mean Mean
lmh bar bar minute % kW kWh/m3 ppm μS/cm m3/h m3/day

10.0 37.2 55.9 7.78 56.3 3.040 1.558 417 834 1.63 39.2
12.5 38.8 57.4 6.22 56.3 3.940 1.627 334 668 2.04 49.0
15.0 40.4 59.0 5.18 56.3 4.904 1.699 278 556 2.45 58.8
17.5 42.0 60.6 4.44 56.3 5.935 1.773 238 477 2.86 68.5
20.0 43.6 62.3 3.89 56.3 7.036 1.851 209 417 3.26 78.3
22.5 45.2 63.9 3.46 56.3 8.211 1.931 185 371 3.67 88.1
25.0 46.9 65.5 3.11 56.3 9.461 2.014 167 334 4.08 97.9

Table 3(A)
The simulated performance of the compact SWRO-CCD ME4 (E = SWC6-MAX-8´´) unit with feed of 32,000 ppm NaCl at
fixed flux of 15 lmh, MR = 30% and 25˚C with up to 68.2% recovery
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Fig. 10. Performance variability of 50% recovery in the flux range 10–25 lmh by the SWRO-CCD ME3 (E = SWC6-MAX-8´´)
unit with 32,000 ppm NaCl at MR = 25% and 25˚C according to the data in Table 2(B) in reference to applied pressures
[A], power [B], specific energy [C], sequence time [D], permeate salinity and EC [E] and permeate daily production [F].

Fig. 11. Performance variability of 56.2% recovery in the flux range 10–25 lmh by the SWRO-CCD ME4 (E = SWC6-MAX-
8´´) unit with 32,000 ppm NaCl at MR = 30% and 25˚C according to the data in Table 3(B) in reference to applied pressures
[A], power [B], specific energy [C], sequence time [D], permeate salinity and EC [E], and permeate daily production [F].
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5. Discussion

SWRO-CCD is a consecutive sequential desalina-
tion technology performed with fixed flow under
variable pressure conditions by concentrate recycling
in closed circuit and it mixing with fresh feed at
inlet to modules with occasional brine replacement
by fresh pressurized feed through the engagement
of a SC by a process of negligible brine energy loss.
CCD is a continuously flow-staged and pressure-
boosted technology with recovery determined by the
selected maximum variable pressure of operation
irrespective of the number of elements per module,
and this in contrast with conventional SWRO where
recovery is a function of the number of elements
per module. The aforementioned considerations pro-
vided the incentives for the evaluation of the CCD
technology for small compact single module units of
MEn (n = 2–4) configuration described in the current
work. The results of the current study confirmed the
superb performance characteristics of the analyzed
single module SWRO-CCD MEn (n = 2–4) units as
well as the ability to create highly compact units
without loss of performance effectiveness using wide
spread common components such as 8´´ pressure
vessels and elements. The noteworthy features of the
compact SWRO-CCD MEn (n = 2–4) units under
review in this study include simple designs made of
common components; compact designs of small foot

print and space volume, exceptionally low energy
consumption without need of ER unmatched by any
existing technique; flexible flux operation over a
wide range (10–25 lmh); flexible recovery determined
only by the maximum variable pressure irrespective
of the number of elements per pressure vessel and/
or the operational flux; flexible cross-flow selection
independent of flux and/or recovery; and simple
operational control means by few set-points which
may be changed “on-line” without need to stop
desalination whereby an infinite number of
combinations are made available for process
optimization.

The compact size of the SWRO-CCD MEn (n = 2–4)
units is evident by their projected dimensions of
170 × 80 × 150 cm (length–width–height) for the ME2
unit and 270 × 100 × 150 cm for the ME3 and ME4 units.
These projected dimensions translate to ground foot-
print of 1.36 m2 for ME2 and 2.70 m2 for ME3 and ME4
as well as to space volume of 2.04 and 4.05 m3, respec-
tively. The permeate production ranges of said units as
function of the selected operational flux (10–25 lmh) are
19.6–49.0 m3/d for ME2 (Table 1(B)), 29.4–73.4 m3/d for
ME3 (Table 2(B)), and 39.2–97.9 m3/d for ME4 (Table 3
(B)), and these maximum figures at flux of 25 lmh imply
the daily water supply needs of some 490, 730, and 979
residents assuming an average consumption of 100 L
per day per person. The respective units may supply

Fig. 12. Simulated energy in the flux range 0.5–25.0 lmh for 50% recovery of 32,000 ppm NaCl with MR = 20% at 25˚C of
the compact SWRO-CCD ME2 (E = SWC6-MAX-8´´) unit are revealed on a full energy scale [A] and an expanded energy
scale [B ] for HP-eff = 85% and CP-eff = 75% as well as for absolute efficiency (100%)of both pumps.
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the drinking and cooking needs of much greater com-
munities of 4,900, 7,300, and 9,790 residents assuming
that such needs amount to 10 L per day per person. The
above cited figures imply that small of even medium
size communities along the shore-lines could provide
their entire water needs, or at least their entire drinking
and cooking water needs, by small compact
SWRO-CCD units with feed drawn from shallow beach
well without need of extensive infrastructure and/or
dependence on external suppliers. The exceptionally
low energy consumption of the compact units under
review provides another incentive for their extensive
use in remote coastal regions where electricity is expen-
sive since produced by means of small diesel-engine
generators.

The energy consumption of the compact units
under review in the specified flux range 10–25 lmh is
revealed in Table 1(B) for 50% recovery of ME2
(1.441–1.870 kWh/m3), Table 2(B) for 50% recovery of
ME3 (1.449–1.875 kWh/m3), and Table 3(B) for 56.3%
recovery of ME4 (1.559–2.014 kWh/m3). In fact, all
three units operate with comparable energies and the
higher energy range of ME4 is just a manifestation of
the higher recovery of 56.3 instead of 50%. The com-
parable energies of all three units are evident from the
simulations at 15 lmh presented in Table 1(A) for ME2
(1.561 kWh/m3 at 50% recovery), Table 2(A) for ME3
(1.582 kWh/m3 at 50% recovery), and Table 3(A) for
ME4 (1.546 kWh/m3 at 46.2% recovery and
1.699 kWh/m3 at 56.3% recovery). The cited SWRO-
CCD energy terms are for 32,000 ppm NaCl and
derived from the simulations data base conditions dis-
played in Tables 1(A), 2(A) and 3(A) wherein the effi-
ciency of HP and CP are 85% and 75%, respectively.
The osmotic pressure of 32,000 ppm NaCl at 25˚C is
equivalent to that of typical Ocean seawater of
35,000 ppm and therefore, the simulations results pre-
sented hereinabove with said sodium chloride solution
are representative of typical Ocean seawater.

In order to ascertain the theoretical minimum
energy requirement for 50% recovery of 32,000 ppm
NaCl with the SWRO-CCD ME2 unit displayed in
Fig. 2(A), the simulation data base in Table 1(A) was
applied to generate the specific energy under flux of
values 0.5; 1.0; 2.0; 4.0; 6.0; 8.0; 10.0; 12.5; 15.0; 17.5;
20.0; 22.5, and 25.0 lmh, and the results of this analysis
for HP-eff = 85% and CP-eff = 75% as well as for abso-
lute efficiency (100%) of both pumps are displayed in
Fig. 12 on a full energy scale (Fig. 12(A)) and an
expanded energy scale (Fig. 12(B)). The extrapolated
energy results in Fig. 12 under near-zero flux condi-
tions are near 1.24 kWh/m3 for 50% recovery with
HP-eff = 85% and CP-eff = 75% and near 1.05 kWh/m3

with absolute efficiency (100%) of both pumps.

According to Elimelech and Phillips [6], “the theoreti-
cal minimum energy of desalination for seawater at
35,000 ppm (ppm) salt and a typical recovery of 50%
is 1.06 kWh/m3” and since 32,000 ppm NaCl and typi-
cal Ocean seawater of 35,000 ppm exhibit the same
osmotic pressure, the simulated results revealed in
Fig. 12 imply that the new compact ME2 unit under
review operates at near the theoretical minimum
energy level well below the 2.5–3.5 kWh/m3 energy
range reported for some large advanced desalination
plants operated with the Mediterranean (~40,000 ppm)
seawater [2–4] and Ocean (~35,000 ppm) seawater
[4,5] feed. The simulated energy results for ME2
(E = SWC6) are consistent with the experimental data
reported [7–9] for the SWRO-CCD 4MEn (n = 1–4)
experimental units with SWC6 elements in the context
of Mediterranean (41,000 ppm) seawater desalination
and their extrapolation to Ocean seawater. For
instance, the normalized (25˚C; 85% eff of HP and 60%
eff of CP) experimental energy results for 50% recov-
ery of Mediterranean seawater with the SWRO-CCD
4ME4 unit at flux of ~13 lmh revealed ~1.80 kWh/m3

with modeling projections [10] of ~1.65 kWh/m3 for
typical Ocean seawater (3.5%). The good consistency
between the experimental and simulated results found
for the SWRO-CC MEn units confirms the validity of
the simulations for the compact units discussed here-
inabove and implies that such units will perform at
near the theoretical minimum energy level without
need of ER means which at present time is not possi-
ble by any other desalination technology.

Compact single module SWRO-CCD MEn (n = 2–4)
units of low energy high recovery for seawater desali-
nation under variable flux conditions are of clear inter-
est for many coastal communities with population up
to 1000 residents where electricity is produced by die-
sel-engine generators and/or where grid electricity is
expensive. The low energy of the compact desalination
units under review should enable small coastal com-
munities worldwide to supply their own water need at
considerable saving in energy which accounts to 40–
60% of the desalination costs. Moreover, the new units
under review could be integrated by simple means
with renewable energy sources such as those derived
from inexpensive solar panels and/or small wind tur-
bines and thereby, utilize free and clean natural energy
for exceptionally low-cost desalination. The compact
units under review may cope with the variable power
output of the cited natural sources by adjusting the flux
of operation to the power output of the source, and this
requires rather simple means in the control board of
the units in order to translate “on-line” power availabil-
ity at inlets to units to flux and cross flow and thereby,
maintain the desired module recovery (MR) of opera-
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tion. In the CCD technology, the recovery is indepen-
dent of flux and therefore, such compact units could be
operated with high recovery even under reduced flux
conditions. Solar panels and small wind turbines have
became rather inexpensive in recent years and the inte-
gration of both to the same compact unit would enable
all day round desalination with increased production
during day time. Wind power availability in coastal
regions is normally steady and good and this imply
ample of free clean energy for water desalination in
such regions. In contrast with SWRO-CCD, the attain-
ment of low energy, high recovery, and flexible opera-
tional flux by convention SWRO techniques is an
impossible task which makes the former method the
only viable technology for such an application.

6. Concluding remarks

The data presented in this paper describe the
design and performance characteristics of single mod-
ule (8´´) SWRO-CCD MEn (n = 2–4) units of compact
size for daily desalination of up to 100 m3 with low
energy and high recovery under variable flux condi-
tion. The energy requirements of said units are shown
to be at the theoretical minimum level without need
of energy recovery means, a feature not possible by
any other technique. The attainment of high recovery
by said units are shown to be independent of the
number of elements per module, a feature not possible
by any other technique. The units under review are
demonstrated to operate under variable flux condi-
tions without exceeding the elements’ performance
characteristics recommended by their manufacturers.
The new compact units under review are intended
flow low-cost desalination in coastal region worldwide
and could be coupled by simple means with renew-
able energy sources such as solar panels and small
wind turbines and thereby, utilize free and clean natu-
ral energy for exceptionally low-cost seawater desali-
nation in coastal regions worldwide.
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