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ABSTRACT

In light of the growing emphasis of the desalination industry on high recovery low energy
processes to save water and energy with reduced needs for handling of brine effluents, the
present study evaluates the prospects of reaching such objectives with plug flow desalina-
tion (PFD) techniques of internal/external partial concentrate recycling (PCR) and closed
circuit desalination (CCD) of complete concentrate recycling. Comparison between the cited
RO techniques is demonstrated by means of a versatile theoretical model database which
addresses the unit configuration, module design, elements’ specifications, module recovery,
degree of PCR, flow rates, and other pertinent parameters which contribute to trustworthy
model results. A comprehensive comparative model analysis of CCD and PFD-PCR with
identical four-element modules under the same module recovery, concentration polariza-
tion, and initial flow rate conditions revealed that CCD is by far the best process to achieve
high recovery with exceptionally low energy not possible by any conventional PFD method
including such with either internal or external PCR. While PFD with internal PCR gave per-
meates of somewhat better quality compared with CCD, increased recovery with PCR by
this technique is limited and proceeds with a much greater energy demand. While PFD
with external PCR allows increased recovery comparable to that of CCD, this is achieved at
the expense of inferior quality permeates and exceptionally high energy consumption.
Trends revealed in the present study for four-element modules are of general implications
for CCD and for single-stage or multi-stage PFD, with/without PCR, systems of different
module designs and operational conditions. The high recovery low energy prospects created
by CCD, unmatched by conventional PFD techniques, have been confirmed experimentally
by the reported 96% (0.34 kWh/m®) desalination of domestic water supplies (553 pS/cm) in
Kansas City, USA.

Keywords: Closed circuit desalination; CCD; Plug flow desalination (PFD); Partial concentrate
recycling (PCR); PFD with PCR

1. Introduction splits at their outlets into two streams, one of pressur-
ized brine (Qp) and the other of non-pressurized per-
meate (Qp) with flow balance expressed by (1) and
recovery by (2). PFD can be carried out also with

Conventional reverse osmosis desalination gener-
ally refers to plug flow desalination (PFD) where pres-
surized feed flow (Qy) at inlet to pressure vessels (PV)
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internal or external partial concentrate recycling (PCR)
techniques [1] of unchanged flow balance according to
(1). Internal PFD-PCR takes place when part of the
pressurized concentrate from modules outlets is recy-
cled to their inlets with unchanged module recovery
(MR) thereby, enable increased flux, permeate produc-
tion, and system recovery (R) with increased pressure
while Qf remains unchanged. External PFD-PCR takes
place by recycling some of the depressurized brine
effluent to the inlet of the high pressure pump (HP)
where it is mixed with fresh feed and this procedure
affects increased R if flow rate of HP (Qgp) and MR
remain unchanged since Qpp > Qp. In contrast with
PFD-PCR techniques, complete concentrate recycling
takes place by the newly emerging closed circuit
desalination (CCD) technologies for seawater [2-12]
and brackish water [13-23] which are consecutive
sequential batch desalination processes operated
under fixed flow and variable pressure conditions.
CCD processes are characterized by high recovery
independent of the number of elements per module
restricted only by the constituents of the feed source,
low energy consumption of near absolute energy con-
version efficiency without need of energy recovery
devices (ERD), reduced scaling and fouling propen-
sity, and exceptionally high operational flexibility—
features unattainable by conventional PFD techniques
including such with PCR. Control of CCD processes
takes place by three principle selected set-points of
operation independent of each other including flux (or
by Qup instead), module recovery (MR) (or by cross-
flow (Qcp) by the circulation pump (CP) instead), and
system recovery (R) (or by maximum applied pres-
sure, or by maximum electric conductivity of recycled
concentrate instead) which allow an infinite number of
combinations to optimize the operation of such pro-
cesses. The aforementioned CCD characteristics
already meet the future goals [24] of the desalination
industry for processes of higher recovery and lower
energy to save water and energy and reduce the
handling needs of brine effluents.

The front four elements in modules used by con-
ventional PFD techniques are responsible for most of
the permeate production and the lined elements
thereafter experience a declined cross-flow of
increased fouling and scaling propensity, and this
has suggested the preferred four-element module
configuration (ME4) for CCD apparatus, although
modules of different configurations (e.g. ME, ME2,
ME3, ME5, and ME6) may apply as well in the
design without compromising on the high recovery
and low energy feature of this technology. In light
of the aforementioned, and since most of the
reported CCD studies relate to systems comprising
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ME4 modules, the present study explores the
performance characteristics of such modules in a
comparative theoretical model study aimed to assess
CCD and PFD-PCR.

2. A comparative model for CCD and PFD-PCR
performance evaluation

The general model for CCD and PFD-PCR perfor-
mance evaluation assumed identical modules,
unchanged MR, and same initial flow rates of perme-
ate, module inlet and module outlet. Identical mod-
ules and fixed MR imply conditions of unchanged
average element recovery and average concentration
polarization, irrespective of the process type. A theo-
retical model based on the assumed parameters
should provide recovery-dependent correlations of
energy and TDS of permeates for CCD where the
entire concentrate is recycled and for PFD-PCR pro-
cesses as a function of their percent recycled concen-
trate either internally or externally.

The present study focuses for simplicity and clarity
on the four-element single module (ME4) designs dis-
played in Fig. 1(A)—~(D) for continuous PFD (A), con-
tinuous PFD with external PCR (B), continuous PFD
with internal PCR (C), and batch CCD with complete
concentrate recycling (D). Despite the design resem-
blance between PFD with internal PCR (C) and CCD
(D), these processes are governed by different perfor-
mance principles since the former proceeds continu-
ously with fixed flow and pressure at module inlet
and a need for ERD to achieve high energy conversion
efficiency; whereas, the latter proceeds batch-wise
under fixed flow and variable pressure at module inlet
with near absolute energy conversion efficiency
without need for ERD in the absence of pressurized
brine flow release which necessitates energy recovery.
In contrast with the flow rate relationships of PFD and
PFD-PCR expressed by (1) of defined recovery
expressed by (2); such flow term relations for CCD are
expressed by (3), recovery by (4), and MR by (5);
wherein XV, stands for the cumulative batch sequen-
tial volume of permeates, Vccp for the intrinsic vol-
ume the closed circuit inside the apparatus, Recp for
batch recovery, and Qcp for the CCD cross-flow
created by CP.

Qr=0Qur = Qb +Qp (1
RPFD = Qp/Qf x 100 (2)
Qr = Qnr = Qp 3)
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Fig. 1. Four-element single module (ME4) designs for continuous PFD (A), continuous PFD with internal PCR (B), contin-
uous PFD with external PCR (C), and batch CCD with complete concentrate recycling (D).

Abbreviations: HP, high pressure pump; CP, circulation pump; V, valve means; FCV, flow control valve means. Colors:
red for pressurized sections; Blue for non-pressurized feed lines; pale-blue for non-pressurized permeate lines; and green

for non-pressurized brine lines.

Reep = 100 x £V, /(ZV, + Veep) 4)

MR =100 x Qp/(Qp + Qcp) = 100 X Qup/(Qup + Qcr)
&)

3. Theoretical model database for CCD and
PFD-PCR performance simulations illustrated by
ME4 (E = ESPA2-MAX) apparatus at 45% MR with
0.2% NaCl feed

The comparative performance of the CCD and
PFD-PCR systems is illustrated with feed of
2,000 ppm NaCl (0.20%) using the single module ME4
(E = ESPA2-MAX) apparatus of the designs displayed
in Fig. 1(B) for PFD with external PCR, in Fig. 1(C) for
PFD with internal PCR, and in Fig. 1(D) for
batch CCD which also applies to related designs
where batch performance is repeated by means of

consecutive sequential techniques. The uniform perfor-
mance simulation database for the processes is shown
in Table 1(A)—-(C) where selected parameters appear in
red. The selected data pertains to the specifications of
the element (ESPA2-MAX); the unit design (e.g. num-
ber of modules, elements per module, and length of
PV); the CCD set-points of operation of flux and MR;
and the percent increment raise of the PCR during the
compared PFD processes. Other pertinent information
in the database includes the source salinity and its
van’t Hoff conversion factor to osmotic pressure, the
efficiency ratio of pumps, and the temperature correc-
tion factor (TCF). All other information in Table 1(A)-
(C) apart from the selected parameters, originates
from calculations based on common theoretical RO
equations [1].

The data in Table 1(A)—(C) distinguish between
CCD (Table 1(A)), PFD with internal PCR (Table 1(B))
and PFD with external PCR (Table 1(C)) of same MR
(45%), average element recovery (AEC, 13.9%), and
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Theoretical model database for comparative performance of CCD (A), PFD with internal-PCR (B), and PFD with external-
PCR (C) exemplified 0.2% NaCl feed using single module ME4 (E = ESPA2-MAX) apparatus operated at 45% MR with

3.26 m?/h initial permeate production

TEST: ESPA2-MAX UNIT DESIGN CcCcD PFD-PRC
40.8 |m2/Element 1 |Modules 0.20 % NaCl 020 %NaCl
45.4 |m3/day 4 |Elements/Module 20.0 |Imh - Flux 450 %MR
1,500 |ppm NaCl 530 |cm, PV length 45 |%Module Recovery [ 5.0 |% PCR
10.5 [bar Applied Pressure | 20 [cm, PV diameter 0.58 barAp 7.25 m3/h - Module inlet
15 |%Recovery 2 |%conduits' volume 326 m3/h Permeate (Qup)  3.26 m3/h - Permeate (Q;)
25 |°C 15 |liter per element 13.9 %av-ElementRecovery 13.9 %av-Element-Recovery
99.6 |% SaltRejection 109 liter /module 1.25 av-pf 1.25 av-pf
9.3 barNDP 109 liter/unit 3.99 m3/h CP (Qcp)
46.36 I/m2/h Flux C-->w Conversion 7.25 m3/h Module Inlet PUMPS TEMPERATURE
4985 IIm2/hibar -A [2,000] ppm NaCl 0.09 m3/cycle permeate 0.75 |HP Efficiency . °c
0.146 IIm2/h-B 0.20 %Feed 1.63 min/cycle CCD 0.75 |CP Efficiency 1.00 TCF
[16 Jbar-m
8.00 m(bar)/C(%) van't-Hoff factor
(A) CCD SIMULATION
Module Data Separate CCD Cycles Combined Sequence av-PERM
Inlet Outiet |Time| ps |av-psp| HP CP |HP+CP|per cycle|PERM | Time [m3 -Permeate |Energy| REC | SE |TDS
Mode |Cycle| % % min | bar | bar kW | kW | kW [kWh/m3| ppm | Xmin | Step | Im3 | TkWh | % |kWh/m3| ppm
ccb | 0 | 020 | 0200 [0.00| 71 | 7.1 | 086 [0.09| 0.95 | 0.290 | 164 | 0.0 |0.000 [0.000| 0.0 | 0.0 | 0.290 | 16.4
CCD | 1 [0200| 0364 |163| 71 | 71 0.86 [(0.09| 0.95 | 0.290 | 16.4 | 1.63 [ 0.089 [ 0.09 | 0.03 | 45.0 | 0.290 | 16.4
CCD | 2 | 0290 | 0527 [163| 84 | 7.8 [ 1.01 [0.09| 1.10 | 0.337 | 23.8 | 3.27 | 0.089 | 0.18 | 0.06 | 62.1 | 0.314 | 20.1
CCD | 3 (0380 0691 |163| 97 | 84 | 117 |0.09| 125 | 0.384 | 31.2 | 490 | 0.089 | 0.27 | 0.09 | 71.1 | 0.337 [ 23.8
CCD | 4 | 0470 | 0855 [1.63| 109 | 9.0 [ 1.32 [0.09| 1.41 | 0431 | 386 | 6.53 | 0.089 | 0.36 | 0.13 | 76.6 | 0.361 | 27.5
CCD | 5 (0560 | 1.018 | 163|122 | 9.7 | 147 |0.09| 156 | 0478 | 459 | 8.16 | 0.089 | 0.44 | 0.17 | 80.4 | 0.384 [31.2
CCD | 6 | 0650 | 1.182 |[1.63| 135 |10.3| 163 [0.09 | 1.71 | 0525 | 53.3 | 9.80 | 0.089 | 0.53 | 0.22 | 83.1 | 0.408 | 34.9
CCD | 7 (0740 | 1.345 | 163|147 [109| 1.78 [0.09| 1.87 | 0.572 | 60.7 |11.43|0.089 | 0.62 | 0.27 | 85.1 | 0.431 | 38.6
CCD | 8 | 0830 | 1509 |[1.63| 16.0 | 11.6| 1.93 [0.09 | 2.02 | 0.619 | 68.1 |13.06|0.089 | 0.7 | 0.32 | 86.7 | 0.455 | 42.2
CCD | 9 | 0920 | 1673 [1.63|17.3 |12.2| 2.09 [0.09 | 2.17 | 0.666 | 75.5 |14.69|0.089 | 0.8 | 0.38 | 88.0 | 0.478 | 45.9
CCD | 10 | 1.010 | 1.836 [1.63| 185 |12.8| 2.24 [0.09 | 2.33 | 0.713 | 829 |[16.33|0.089 | 0.9 | 0.45 | 89.1 | 0.502 | 49.6
CCD | 11| 1.100 | 2.000 |[1.63| 19.8 | 13.5| 240 [0.09 | 248 | 0.760 | 90.2 |17.96]0.089 | 1.0 | 0.51 | 90.0 | 0.525 | 53.3
CCD | 12 11190 | 2.164 [1.63 | 21.1 | 14.1| 255 [0.09 | 2.63 | 0.807 | 97.6 |19.59]0.089 [ 1.1 | 0.58 | 90.8 | 0.549 | 57.0
1A | 2A| 3A 4A 5A | 6A TA 8A 9A | 10A | 11A 12A | 13A | 14A | 15A | 16A | 17A | 18A | 19A
(B) INTERNAL PFD-PRC SIMULATION
Module fllow rates and flux Module Concentrations |Pressures, power and energ system
HP PCR inlet [ outiet[Perm. [Brine] MR | Flux | Inlet [ outiet [ Perm [pa, (HP)[ AP(CP)] HP [ CP [HP+CP| SE | REC
MODE m3h| % | m3h | m3h | m3h| m3h | m3h| % Imh % % |ppm TDS| bar bar | kW | kW | kW [kwhm3| %
PFD-Internal-PCR | 7.25 | 0 [ 0.00 | 7.25 | 399 | 326 | 3.99 | 450 | 20.0 | 0.200 [ 0.200 | 257 | 7.43 | 0.60 |1.92[0.00| 192 | 0587 | 0
PFD-Internal-PCR | 7.25 | 0 | 0.00 | 7.25 | 399 | 326 | 3.99 | 450 | 20.0 | 0.200 | 0.364 | 257 | 7.4 | 0.60 |1.92[0.00| 1.92 | 0587 | 45.0
PFD-Internal-PCR | 7.25 | 5 | 020 | 7.45 | 410 | 335 | 3.90 | 450 | 206 | 0205 | 0.372 | 256 | 7.3 | 0.63 |1.97[0.00| 1.97 | 0588 | 46.2
PFD-Internal-PCR | 7.25 | 10 | 0.40 | 7.65 | 421 | 344 | 3.81| 450 | 211 [ 0209 | 0.381 | 255 | 75 | 0.66 |2.02[0.01 | 2.03 | 0589 | 47.5
PFD-Internal-PCR | 7.25 | 15 | 0.60 | 7.85 | 432 | 353 | 3.72 | 450 | 21.7 | 0214 [ 0.390 | 254 | 7.7 | 0.69 |2.07[0.02 | 2.09 | 0591 | 48.7
PFD-Internal-PCR | 7.25 | 20 | 0.80 | 8.05 | 4.43 | 362 | 3.63 | 450 | 222 | 0220 | 0.400 | 254 | 79 | 072 {213[0.02 | 215 | 0592 | 50.0
PFD-Internal-PCR | 7.25 | 25 | 1.00 | 825 | 454 | 371 | 3.54 | 450 | 228 | 0225 [ 0.410 | 254 | 81 | 0.75 |[2.18[0.03 | 221 | 0595 | 51.2
PFD-Internal-PCR | 7.25 | 30 | 120 | 845 | 465 | 3.80 | 3.45 | 450 | 233 | 0231 | 0420 | 255 | 83 | 0.78 |2.24(0.03 | 227 | 0597 | 524
PFD-Internal-PCR | 7.25 | 35 | 1.40 | 865 | 4.76 | 3.89 | 3.36 | 450 | 239 | 0237 [ 0432 | 255 | 85 | 0.81 |229(0.04 | 234 | 0.600 | 53.7
PFD-Internal-PCR | 7.25 | 40 | 1.60 | 885 | 4.87 | 398 | 3.27 | 450 | 24.4 | 0244 | 0443 | 257 | 88 | 0.84 |2.35(0.05| 240 | 0.603 | 54.9
PFD-Internal-PCR | 7.25 | 45 | 1.80 | 9.05 | 498 | 4.07 | 3.18 | 450 | 250 | 0.251 | 0.456 | 258 | 9.0 | 0.88 |241|0.06 | 2.47 | 0.607 | 56.1
PFD-Internal-PCR | 7.25 | 50 | 2.00 | 9.25 | 509 | 4.16 | 3.09 | 450 | 255 | 0.258 | 0.469 | 26.0 | 92 | 091 |247[007 | 254 | 0611 | 574
PFD-Internal-PCR__ | 7.25 | 55 | 219 | 945 | 520 | 425 | 3.00 | 45.0 | 26.1 | 0.266 | 0.483 | 262 | 94 | 094 |2.54|0.08| 261 | 0615 | 58.6
1B 2B | 3B 4B 5B 6B 7B 8B | 9B | 10B | 11B | 12B 13B 14B | 15B [16B|17B| 18B | 19B | 20B
(C) EXTERNAL PFD-PCR SIMULATION
Module fllow rates and flux Module Concentrations |Pressure, power and energy system
HP PCR infet T outlet [ Perm. [Brine[ MR | Flux | Tnlet | ouflet [ Perm |p,, (HP)] APCP) [ HP [ CP [HP+CP] SE | REC
MODE m3h| % [ m3h | m3h [ m3h | m3h [ m3h| % Imh % % |ppmTDS| bar bar | kW | kW | kW [kwhm3| %
PFDExtenal PCR | 7.25| 0 | 0.00 | 7.25 | 3.99] 3.26] 3.99] 450 | 200 | 0.200] 0.200[ 257 | 7.4 | 060 | 192|000 192 [ 0587 | ©
PFD External PCR [ 7.25| 0 | 0.00 | 7.25 | 3.99| 3.26| 3.99| 450 | 200 [ 0.200 0.364| 257 | 7.4 | 060 [1.92| 000 192 | 0587 | 450
PFDExternal PCR [ 7.25| 5 | 0.20 | 7.25 | 3.99| 3.26| 3.99| 450 | 200 [ 0.205| 0.372| 263 | 7.2 | 060 [1.93| 000 194 | 059 | 463
PFD External PCR [ 7.25| 10 | 0.40 | 7.25 | 3.99| 3.26| 3.99| 450 | 200 [ 0.210| 0.382| 269 | 7.3 | 060 [1.95| 001 | 196 | 0601 | 47.6
PFD External PCR [ 7.25| 15 | 0.60 | 7.25 | 3.99| 3.26| 3.99| 450 | 200 [ 0.216| 0.393| 27.7 | 7.4 | 060 [1.98| 001 | 199 | 0610 | 49.0
PFD External PCR [ 7.25| 20 | 0.80 | 7.25 | 3.99| 3.26| 3.99| 450 | 200 [ 0.223| 0.405| 286 | 7.5 | 060 [200| 002 202 | 0619 | 50.6
PFD External PCR [ 7.25| 25 | 1.00 | 7.25 | 3.99| 3.26| 3.99| 450 | 200 [ 0.230| 0.418| 295 | 7.6 | 060 [203| 002 205 | 0629 | 52.2
PFD External PCR [ 7.25| 30 | 1.20 | 7.25 | 3.99| 3.26| 3.99| 450 | 200 | 0.239| 0.434| 306 | 7.7 | 060 [206| 003 209 | 0.640 | 539
PFD External PCR [ 7.25| 35 | 1.40 | 7.25 | 3.99| 3.26| 3.99( 450 | 200 | 0.248| 0.452| 319 | 7.8 | 060 [210| 003 213 | 0653 | 55.7
PFD External PCR | 7.25| 40 | 1.60 | 7.25 | 3.99| 3.26| 3.99| 450 | 200 | 0.260| 0.473| 334 | 80 | 060 [214| 004 | 218 | 0.668 | 57.7
PFD External PCR | 7.25| 45 | 1.80 | 7.25 | 3.99| 3.26| 3.99( 450 | 200 | 0.274| 0.498| 35.1 82 | 060 [220]004| 224 [ 0685 | 598
PFD External PCR | 7.25| 50 | 2.00 | 7.25 | 3.99| 3.26| 3.99( 450 | 200 [ 0.290| 0.527| 37.2 | 84 | 060 [226| 004 230 | 0705 | 62.1
PFD External PCR [ 7.25| 55 | 219 | 7.25 | 3.99| 3.26| 3.99| 450 | 200 | 0.310] 0.564| 39.8 | 87 | 060 [233] 005 238 | 0730 | 645
1Cc 2C | 3C 4C 5C 6C 7C 8C | 9C | 10C | 11C [ 12C 13C 14C 15C | 16C| 17C | 18C | 19C [ 20C
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average concentration polarization factor (pf, 1.25).
Modules flow rates (inlet, outlet, and permeate) of the
CCD and PFD of 0% PCR processes are the same,
remain unchanged for CCD and external-PCR PFD,
and vary for internal-PCR PFD as function of % PCR.
Recovery increase for CCD is a function of batch pro-
gression irrespective of MR and flux; increased flux
concomitant with % PCR of unchanged MR for inter-
nal-PCR PFD; and increased flow ratio of recycled
brine at inlet to the HP pump for external-PCR PFD.
Although CCD and internal/external PCR PFD are
different processes, a meaningful comparison between
them in terms of recovery, energy consumption, and
quality of permeates is made possible when such pro-
cesses are operated with the same MR, AEC, and av-pf
and such an approach is exemplified in Table 1(A)—(C)
for the desalination of 0.2% NaCl feed with
unchanged MR (45%), AEC (13.9%) and av-pf (1.25) of
same initial module flow rates and flux.

Simulated CCD data in Table 1(A), identified by a
column label at the bottom, include the CCD cycle
number (2A); module inlet (3A) and outlet (4A) concen-
trations; cycle duration (5A); applied pressure (6A);
average applied pressure (7A); power of HP (8A), CP
(9A) and HP+CP combined (10A); average specific
energy (SE) per cycle (11A); av-TDS of permeates per
cycle (12A); cumulative sequential time (13A); perme-
ate volume production per cycle (14A); cumulative per-
meate volume production during the batch sequence
progression (15A); cumulative energy consumption
during the batch sequence progression (16A); batch
sequence recovery (17A); av-SE (18A); and av-TDS of
permeates (19A). Simulated PFD data for the internal
(Table 1(B)) and external (Table 1(C)) PCR processes
includes flow rates of HP (2B and 2C); PCR (4B and
4C), module inlet (5B and 5C), module outlet (6B and
6C), permeate (7B and 7C), and brine (8B and 8C) with
% PCR, MR, and flux revealed in columns 3B and 3C,
9B and 9C, and 10B and 10C, respectively. PDF recov-
ery of internal-PCR (20B) is derived from the flow rates
of HP and permeates, while that for external-PCR (20C)
from the flow rate difference of HP less PCR and per-
meates. Module outlet concentrations (12B and 12C) in
the PCR-PFD processes are derived from the initial
feed concentration and the recovery terms, while inlet
module concentrations (11B and 11C) are derived from
the outlet concentrations and the MR terms. Permeates
TDS (13B and 13C) are derived from the salt diffusion
coefficient of the element and flux accounting for the
TCF. Applied pressures of HP (14B and 14C) are
derived from the permeability coefficient of the ele-
ment, flux, average concentrate-side osmotic pressures
of module, and pressure-difference (Ap) along pressure
vessels (15B and 15C) and derived from the module
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inlet-outlet average flow rate and the element-number
per module. The power terms of HP (16BC), CP
(17BC), and HP + CP (18BC) are derived by conven-
tional pressure-flow power equations accounting for
the efficiency factor of pumps, and the SE terms (19B
and 19C) are derived from power divided by permeate
flow rate expressions. The cited term “derived” implies
calculated by means of the appropriate conventional
RO equation [1]. Identical parameters in Table 1(A)—-(C)
are calculated by means of the same equations in
order to maintain uniformity of data of trustworthy
relationships not influence by different computation
techniques.

The comparative results according to the data in
Table 1(A) and 1(B) for the CCD and PFD-PCR ME4
(E = ESPA2-MAX) apparatus under review (Fig. 1(B)-
(D)) with 0.20% NaCl at 45% MR are displayed on the
recovery scale for module inlet and outlet concentra-
tions in Fig. 2 as well as on the recovery (A) and PCR
(B) scales in Fig. 3(A) and 3(B) for flow rates; in
Fig. 4(A) and 4(B) for flux and MR; in Fig. 5(A) and
5(B) for module pressure-difference (Ap) and average
concentration polarization; in Fig. 6(A) and 6(B) for
applied pressure; in Fig. 7(A) and 7(B) for specific
energy; in Fig. 8(A) and 8(B) for entropy efficiency;
and in Fig. 9(A) and 9(B) for TDS of permeates. It
should be pointed out the figures pertaining to the
PCR scale (B) are only for the PFD-PCR processes,
since no PCR takes place during CCD.

4. Comparative CCD and PFD-PCR theoretical
model performance of ME4 (E = ESPA2-MAX) with
0.2% NaCl as function of MR, PCR, and recovery

The theoretical model database in Table 1(A)-(C)
enables us to analyze the performance of the different
CCD and PFD-PCR types of processes as function of
MR, PCR, and recovery either separately or compara-
tively, and the results of such a study are presented
next. MR selection in the database displayed in
Table 1(A)~(C) of 35% (10.2% AEF, 1.18 av-pf); 40%
(12.0% AEF, 1.21 av-pf); 45% (13.9% AEF, 1.25 av-pf);
and 50% (15.9% AEF, 1.29 av-pf) gave complete set of
results per each MR of the comparative pertinent results
displayed in Figs. 10-13 as follows: The CCD compara-
tive dependence on recovery and MR of SE is described
in Fig. 10(A) and of TDS of permeates in Fig. 10(B). The
PFD comparative dependence of SE on MR and PCR is
described in Fig. 11(A) and on MR and recovery in
Fig. 11(B). The PFD comparative dependence of TDS of
permeates on MR and PCR is described in Fig. 12(A)
and on MR and recovery in Fig. 12(B). The relationships
between recovery and PCR in the PFD processes under
review are displayed in Fig. 13.
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Module concentrations vs recovery for CCD & PFD with internal (inter) and external
(exter) PCR starting with feed of 0..20% NaCl
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Fig. 2. Concentrations vs. recovery in the compared CCD and PFD-PCR ME4 (E = ESPA2-MAX) apparatus (Fig. 1(B)-(D))
at 45% MR with 0.2% NaCl feed according to the data in Table 1(A)—~(C).
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Fig. 3. Flow rates as a function of recovery (A) and PCR (B) in the compared CCD and PFD-PCR ME4 (E = ESPA2-MAX)
apparatus (Fig. 1(B)-(D)) at 45% MR with 0.2% NaCl feed according to the data in Table 1(A)-(C)—The PCR scale figure
(B) pertains only to PFD-PCR processes, since PCR doesn’t take place during CCD.
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Fig. 4. Flux and MR as a function of recovery (A) and PCR (B) in the compared CCD and PFD-PCR ME4 (E = ESPA2-MAX)
apparatus (Fig. 1(B)-(D)) at 45% MR with 0.2% NaCl feed according to the data in Table 1(A)-(C)—The PCR scale figure (B)
pertains only to PFD-PCR processes, since PCR doesn’t take place during CCD.

(A) (B)
14 14
1.3 1.3 1
[ = N} (s T [=
1.2 1.2 ==pfCCD
=/x=Ap CCD
114 11 O pf PFD inter-PCR
—— Ap PDF inter-PCR
g 2 —A pf PFD exterPCR
2 1.0 < 1.0
% % - Ap PFD exter-PCR
& 094 ~CFpfccD & 091
3 ——p CCD 3
(S} 08 1 O pf PFDinter-PCR &) |
’ ~— Ap PDF inter-PCR 08
A pf PFD exter-PCR
0.7 1 @ Ap PFD exter-PCR 0.7 1
0.678% \ 06/ |
05 T T T T T T T T T 05 T T T T T T T T
45 50 55 60 65 70 75 80 85 90 95 0 10 20 30 40 50 60 70 80 90
% Recovrey % PCR

Fig. 5. Module pressure-difference (Ap) and average concentration polarization (av-pf) as a function of recovery (A) and
PCR (B) in the compared CCD and PFD-PCR ME4 (E = ESPA2-MAX) apparatus (Fig. 1(B)~(D)) at 45% MR with 0.2%
NaCl feed according to the data in Table 1(A)-(C)—The PCR scale figure (B) pertains only to PFD-PCR processes, since
PCR doesn’t take place during CCD.
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Fig. 6. Applied pressure as a function of recovery (A) and PCR (B) in the compared CCD and PFD-PCR ME4
(E = ESPA2-MAX) apparatus (Fig. 1(B)~(D)) at 45% MR with 0.2% NaCl feed according to the data in Table 1(A)-(C)—
The PCR scale figure (B) pertains only to PFD-PCR processes, since PCR doesn’t take place during CCD.

5. Discussion

The purpose of this study is to compare between
three different BWRO technologies, two of which
implicate partial recycling of concentrates referred to
as PFD-PCR and batch CCD of complete concentrates
recycling of the designs revealed in Fig. 1(B) and 1(D).
In case of PFD-PCR processes distinction is made
between internal recycling according to the design in
Fig. 1(B) and external recycling according to the
design in Fig. 1(C). Parameters selection in the simula-
tions under review covers noteworthy features such as
0.2 NaCl feed salinity typical of common brackish
water sources in the EC range of 2,500-3,700 uS/cm;
four-element module designs (Fig. 1(A) and 1(D)) in
the context of the MR range 35% (10.2% AEF, 1.18 av-
pH-50% (15.9% AEF, 1.29 av-pf) which manifest the
effective productivity range of the front elements in
conventional BWRO modules at flux of 20Imh or
higher without exceeding the elements’ performance
specifications recommended by their manufacturers;
and a wide range PCR of 0-99% for the PFD processes
with zero PCR corresponding to the module design
(Fig. 1(A)) where PCR is not possible. In simple terms,
the simulated data pertain to all the four structural
designs depicted in Fig. 1(A)=(D) under ordinary
performance conditions with common feed sources
without exceeding specifications of elements.

The model simulation performance at 45% MR,
illustrated in Figs. 2-9, provides a rather comprehensive

comparative data for the processes under view from the
stand-points of recovery and PCR. Module inlet and
outlet concentrations as function of recovery displayed
in Fig. 2 are the same for the different processes in
accordance with theory. Module flow rates as function
of recovery (Fig. 3(A)) and PCR (Fig. 2(B)) at 45% MR
reveal identical flow rates for all three processes at start,
and thereafter, increased flow rates only for the internal
PCR-PFD process as function PCR. All three processes
proceed with an identical MR of 45% (Fig. 4(A) and
4(B)) and av-pf 1.25 (Fig. 5(A) and 5(B)) and the internal
and external PCR processes are distinguished from each
other by increased flux (Fig. 4(A) and 4(B)) and Ap
(Fig. 5(A) and 5(B)) only in case of internal-PCR. The
internal PCR-PFD process is also distinguished from
the others by the limited raise of recovery with PCR in
the range of 45-70%. Dependence of applied pressure
on recovery (Fig. 6(A)) and PCR (Fig. 6(B)) for the PFD
processes under review manifests an increased pressure
demand for the internal PCR process as expected due to
increased flux; whereas, both the external PCR and
CCD processes of the same operational flux also show
identical applied pressure requirements. Energy aspects
displayed in Fig. 7(A) and 7(B) reveal the clear advan-
tage of CCD over PFD-PCR in the entire recovery range
(0-95%) and the inferior results for PFD with external
PCR in particular where energy rise with PCR is expo-
nential and fast (Fig. 7(B)). Entropy efficiency (EE) of
the compared processes (Fig. 8(A) and 8(B)) manifests
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the mirror image of the SE results and reveals much
higher efficiency of the CCD process which proceeds
with near absolute energy conversion efficiency without
waste of brine energy losses. The EE benefit of CCD
over PFD-PCR is maintained even at high recovery
where the brine energy losses of the compared
PFD-PCR processes become small. The greater decline
in EE with recovery and PCR observed for external PCR
compared with internal PCR (Fig. 8(A) and 8(B)) mani-
fests greater entropy losses to the environment with
declined reversibility for the former process. Permeates’
TDS in the compared processes displayed in Fig. 9(A)
and 9(B) reveals similar results for CCD and internal
PCR-PFD and inferior quality permeates for external
PCR-PFD with increased recovery and/or PCR. Sum-
mary of results for the compared processes of fixed MR
(45%) with identical modules’ flow rates at start of
20 Imh permeation reveals the following noteworthy
features:

(1) CCD-batch: A process of the lowest energy and
highest recovery amongst the compared pro-
cesses with TDS of permeates being only slightly
inferior to those of the internal PCR-PFD process.

(2) Internal PCR-PFD: A process of a much higher
energy demand compared with CCD, a small
energy rise as function of PCR, a recovery range
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confined to 70% at 90% PCR, and low TDS of per-
meates just below the value of CCD.

(3) External PCR-PFD: A process of the highest
energy and TDS of permeates amongst the com-
pared processes of high recovery as function of a
fast exponential rise with PCR.

The results of the extended comparative study which
also takes account of MR variations are provided
separately for CCD (Fig. 10(A) and 10(B)) and for the
PFD-PCR processes (Figs. 10-13), since the former pro-
ceeds without PCR. MR effects on CCD in the model sys-
tem under review according to the MR-adjusted
database in Table 1(A) and 1(C) are displayed for SE in
Fig. 10(A) and for TDS of permeates in Fig. 10(B) and the
results in these figures reveal small differences at start of
the batch processes of a declined energy gap with MR
rise, and an opposite effect of declined TDS with MR
drop. Maximum separation between curves in Fig. 10(A)
and 10(B) is noticed in the initial CCD cycle, declines
thereafter, and all curves ultimately merge above 80%
recovery. The average MR effect on energy and TDS of
permeates as function of recovery is manifested in the
system under review by the average MR value (42.5%).

Energy consumption as function of PCR for the
PDF processes under review (Fig. 11(A)) reveals a
trend of increased consumption with declined MR
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Fig. 7. Specific energy (SE) as a function of recovery (A) and PCR (B) in the compared CCD and PFD-PCR ME4
(E = ESPA2-MAX) apparatus (Fig. 1(B)~(D)) at 45% MR with 0.2% NaCl feed according to the data in Table 1(A)~(C)—
The PCR scale figure (B) pertains only to PFD-PCR processes, since PCR doesn’t take place during CCD.
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Fig. 8. Entropy efficiency (EE) as function of recovery (A) and PCR (B) in the compared CCD and PFD-PCR ME4
(E = ESPA2-MAX) apparatus (Fig. 1(B)=(D)) at 45% MR with 0.2% NaCl feed according to the data in Table 1(A)-(C)—EE
stands for the ratio of the least minimum SE under infinitesimal flux (1.6 bar atm or 0.0444 kWh/m®) and the simulated

SE in the system under review—The PCR scale figure (B) pertains only to PFD-PCR processes, since PCR doesn’t take
place during CCD.
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Fig. 9. Permeates’ TDS as a function of recovery (A) and PCR (B) in the compared CCD and PFD-PCR ME4 (E = ESPA2-
MAX) apparatus (Fig. 1(B)-(D)) at 45% MR with 0.2% NaCl feed according to the data in Table 1(A)~(C)—The PCR scale
figure (B) pertains only to PFD-PCR processes, since PCR doesn’t take place during CCD.
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(maximum at 35% MR); however, this trend for
internal-PCR is linear and small, whereas that for
external-PCR is exponential and large. Energy con-
sumption as function of recovery for the PDF pro-
cesses under review (Fig. 11(B)) reveals the same
above-cited trends of increased consumption with
declined MR, and the reference to the average CCD
energy displayed in Fig. 11(B) provides illustrates the
enormous energy-saving prospects of CCD including
at high recovery. Noteworthy in Fig. 11(B) is the fine
structure of the internal PCD-PFD process which
shows increased recovery with MR (parenthesis) in
the approximate order 60% (35% MR); 65% (40% MR);
70% (45% MR); and 75% (50% MR). The MR effects on
the TDS of permeates for the PDF processes under
review as function of PCR (Fig. 12(A)) reveal small
near linear variations for the internal PCR-PFD pro-
cess of increased quality (lower TDS) with declined
MR and large exponential variations in the same order
for the external PCR process. The MR effect on the
TDS of permeates for the PDF processes under review
on the recovery scale (Fig. 12(B)), appear to be rather
small and of the same pattern revealed on the PCR
scale (Fig. 12(A)).

Since the primary intent of PCR is to increase the
recovery of a conventional PFD system, noteworthy in
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the context of the present study is the relationships
between recovery and PCR as function of MR in
Fig. 13 for four-element single module designs
(Fig. 1(A)—-(D)) according to MR-adjusted database in
Table 1(A)—(C). For internal PCD-PFD in the context
of the investigated model, the figure shows linear rela-
tionships between recovery and PCD with increased
recovery associated with greater MR. In addition, the
figure also shows the recovery limits for internal
PCR-PFD, with maximum recovery of 70% for the
design under review attained with 50% MR and 100%
PCR. In the case of external PCR-PFD processes, the
overall pattern is the same; however, the relationships
are non-linear of increased exponential nature with
recovery. The comparative model simulation results of
the processes under review in Figs. 10-13 reveal that
CCD is the best process by far to achieve high recov-
ery with exceptionally low energy, unmatched by con-
ventional PFD methods including such with either
internal or external PCR. While PFD with internal-
PCR gave permeates of somewhat better quality com-
pared with CCD, increase recovery with PCR by this
technique is limited and proceed with a much greater
energy demand. While PFD with external-PCR allows
increased recovery comparable to that of CCD, this is
achieved at an expense of inferior quality permeates
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Fig. 10. Specific energy (A) and permeates” TDS (B) as a function of recovery and MR for the CCD ME4 (E = ESPA2-
MAX) apparatus (Fig. 1(D)), generated by the adjusted simulation database in Table 1(A) for 0.2% NaCl and flux of

20 Imh.
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Fig. 11. Specific energy dependence on PCR (A) and recovery (B) as a function of MR for the PFD-PCR ME4 (E = ESPA2-
MAX) apparatus (Fig. 1(B) and 1(C)), generated by the adjusted simulation database in Table 1(B) and 1(C) for 0.20%
NaCl feed—The SE CCD line in (B) is the average of Fig. 10(A).
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Fig. 12. Permeates’ TDS dependence on PCR (A) and recovery (B) as a function of MR for the PFD-PCR ME4
(E = ESPA2-MAX) apparatus (Fig. 1(B) and 1(C)), generated by the simulation data base in Table 1(B) and 1(C) A for

0.2% NaCl feed.

and exceptionally high energy consumption. The
trends revealed in the model study under review are
of general implications and should apply to non-
staged BWRO designs like Fig. 1(A)-(D) with multiple

modules arranged in parallel of selected number of
elements per module, as well as to BWRO staged sys-
tem designs with PCR means. CCD can be operated
under fixed flow and variable pressure conditions or
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Recovery vs % PFD-PCR as function of MR
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Fig. 13. Recovery vs. PCR as a function of MR for the PFD-PCR ME4 (E = ESPA2-MAX) apparatus (Fig. 1(B) and 1(C)),
generated by the adjusted simulation database in Table 1(B) and 1(C) for 0.2% NaCl feed.

under fixed pressure and variable flow conditions [8]
and therefore, it is pertinent to point out that only the
former mode of operation is considered in the context
of the present study.

Conventional two-stage PFD systems with six-
element modules are generally designed for 75-80%
recovery and three-stage systems for 85-90% recovery
without exceeding the performance specifications of
elements, and the recovery of such systems can be
increased somewhat by the implication PCR and this
at the expense of increased energy consumption and
propensity for scaling and fouling. In contrast with
PFD with or without PCR, batch-CCD operates on the
basis of different principles with complete concentrate
recycling and dilution with pressurized feed at mod-
ule inlet under fixed flow and variable pressure condi-
tions without any brine energy losses. Under the
specified batch-CCD operational conditions, the pro-
cess proceeds with near absolute energy conversion
efficiency, low energy consumption manifested by the
batch average, high recovery confined only by the con-
stituents of the source, and low propensity for scaling
and fouling due to the dilution effect at module inlet
and controlled cross-flow independent of flux and/or
recovery—features unattainable by conventional PFD
techniques. Making batch CCD continued for commer-
cial applications with retention of its unique opera-
tional features led to the development of consecutive
sequential batch desalination techniques by the

implication in the design of a side-conduit (e.g.
Fig. 14) or by the incorporation in the process of a
brief PFD step for brine replacement with feed
between extended CCD sequences (e.g. Fig. 15). Reten-
tion of the batch-CCD properties with Fig. 14 like

RO-Module
( I Ir I 1]
HP-vid i T T T "{___G:> Permeate
CP-vfd
e q) Q)
©-->Brine
Side Conduit

S _

Fig. 14. Schematic illustration of a CCD-RO apparatus for
continuous consecutive sequential batch desalination
under fixed flow and variable pressure conditions of near
absolute energy conversion efficiency without need for
energy recovery device (ERD) comprising, a four-element
module, a side-conduit (5C), a high pressure pump means
with vfd (HP-vfd), circulation means with vfd (CP-vfd), and
valve means (circles); showing a stage in the process
where desalination is continued and the disengaged SC
undergoing replacement of brine with fresh feed at near
atmospheric pressure. Colors: red for pressurized section;
blue and greed for non-pressurized sections with former
for feed and latter for brine.
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Fig. 15. Schematic design of a four-element module BWRO-CCD apparatus for a two-mode consecutive sequential batch
desalination process involving CCD cycles under fixed flow and variable pressure conditions experienced most of the
time and brief PFD steps between CCD sequences at the desired recovery for the replacement of brine by fresh feed with-
out stopping desalination. (A) CCD experience most of the (>90%) with Qup = Qperm and (B) PFD brief flush steps with

Qup = Qperm + Qprine between CCD sequences.

Abbreviations: HP-vfd, high pressure pump with vfd means; CP, CP with vfd means; OWV, one way valve (check valve)
means; and V, actuated valve means. Colors: red for pressurized section; blue for non-pressurized sections.

designs of multiple modules was reported for BWRO
[13] and for SWRO [2-12] systems with record low
energy (<1.7 kWh/m?) demonstrated for 48% desalina-
tion of ocean seawater [11]. Noteworthy in particular
are the reported results of 96% (0.34 kWh/m®) desali-
nation of domestic supplies (553 uS/cm) in Kansas
City (USA) [21]; 93.8% (0.65 kWh/m?) desalination of
ground water (1,304 ppm TDS—b57 ppm silica) in Fab-
bri farm (CA, USA) [22]; 93% desalination of treated
domestic effluents by LA-Sanitation (CA, USA) [25];
90% desalination of treated domestic effluents (1,300—
1,800 uS/cm) in the Safdan-Center (Israel) [20], and
other similar results. The aforementioned citations
clearly supported the retention of the unique batch-
CCD operational properties in the analogous consecu-
tive-sequential batch desalination processes.

6. Concluding remarks and outlook

Deterioration/depletion of ground/surface fresh-
water supplies as a result of the expanding world
population, increased standard of living, adverse
environmental problems, and climate changes
inflicted by enhancement of the global “greenhouse
effect,” led to urgent needs for advanced technologies
for clean energy generation, recycling of wastewater

for reuse, and creation new freshwater supplements
by SWRO and BWRO desalination. Accordingly,
future targets of the desalination energy [24] empha-
size high recovery low energy processes in order to
save water and energy and minimize the expensive
handling of brine effluents from inland desalination
plants. High recovery RO is made possible by PFD
with internal/external PCR techniques [1] as well as
by CCD [2-23] and the present study explores the
relationships between them in terms of recovery,
energy consumption, and quality of permeates under
identical MR and av-pf of same or similar modules’
flow rates conditions. The results of this study reveal
the clear superiority of batch-CCD processes under
fixed flow and variable conditions over conventional
PFD processes with internal/external PCR for high
recovery low energy desalination, since the CCD
technologies [2-23] meet all future goals of the
desalination industry already. Reported studies [2-23]
of consecutive sequential CCD processes demon-
strated their close tie to batch-CCD and opened the
door to advanced desalination of enormous future
prospects. Apart from high recovery low energy pro-
spects unattainable by conventional PFD techniques,
CCD offers technologies of low fouling and scaling
propensity since during the consecutive sequential
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cycles concentrates are continuously diluted with
fresh feed at inlet to modules, and thereby enable
optimization of such processes to the highest recov-
ery made possible by the constituents of the source.
Moreover, after each CCD consecutive sequence the
entire content of the system is flushed out and
replace by fresh feed, thereby avoiding the accumula-
tion of fouling elements in the system, and this in
contrast with internal/external PFD processes where
the level of concentrates in the system remains con-
stantly high in the absence of a brine flush-out proce-
dure. The ability to perform BWRO of low fouling
and scaling propensity implies a lesser need for CIP
procedures and therefore, savings of CIP expenses
and loss of permeate production during said CIP
procedures.
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