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ABSTRACT

Gigantic amounts of potable water for domestic and industrial consumption end up in sewage
treatment centers worldwide and then disposed except in few isolated cases where such clean
domestic effluents are reused on large scale for irrigation (e.g. Israel) or for potable water pro-
duction after RO desalination (e.g. Orange County, California, US and Singapore). The
declined availability of fresh water due to increased deterioration of ground and surface water
as well as climate changes will ultimately dictate the large scale use of “NEWater” derived
from treated (MF and RO) clean domestic effluents for all common applications. The present
study describes the application of the newly emerging BWRO-CCD technology for high-recov-
ery low-energy desalination of clean domestic effluents with the ME4 (E = ESPA2-MAX) pilot
unit comprising ordinary size (8”") elements. The pilot was located in the SHAFDAN sewage
treatment center in Israel and received feed of clean domestic effluents in the salinity range of
628-857 ppm (1,100-1,500 uS/cm) after pretreatment with multimedia and ultrafiltration
units. The pilot unit was operated in the flux range of 17.5-27.5 Imh and the volumetric recov-
ery range of 85-90% with emphasis placed on 90% recovery. The specific energy of desalina-
tion of the variable salinity SHAFDAN feed source with 90% recovery is found in the
normalized range of 0.329-0.538 kWh/m> with lower salinity feed and flux associated with
the lower energies—the term normalized is used in the context of 25°C temperature and
pumps efficiencies of 75% for high-pressure pump (HP), 65% for circulation pump (CP), and
55% for HP booster (HPB). The TDS of permeates from the desalination of the variable salinity
SHAFDAN feed source with 90% recovery is found in the temperature normalized (25°C)
range of 40-56 ppm (80-116 uS/cm) with lower TDS of permeates associated with the lower
feed salinity, lower recovery level, and higher flux ranges. BWRO-CCD is a modular technol-
ogy of high-recovery and low-energy performance irrespective of the number of elements per
module, and the performance characteristics revealed hereinabove for the single module pilot
of four elements should be same for plants of many such modules with their inlet and outlet
connected in parallel to the closed circuit, except for productivity which is a function of the
number of modules. The BWRO-CCD technology can apply to large-scale desalination of clean
domestic effluents with projected performance analogous to that described for the pilot.
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1. Introduction

Declined availability of fresh water due to
increased deterioration of ground and surface water
and climate changes due to the global “green house”
effect considered in the context of increased standards
of living of a rapidly growing global population
created needs to develop new fresh water sources
such as by the desalination of seawater [1] and water
rescue from various waste water effluents. Clean
domestic effluents from sewage treatment centers
found anywhere worldwide constitute a major
wastewater source wherefrom large amounts of pota-
ble water could be rescued for reuse. Treatment of
domestic effluents is presently practiced worldwide to
allow their disposal to the sea or rivers in compliance
with environmental regulations except in few places
where clean domestic effluents are extensively used
for irrigation as well as for less common applications
including reuse after RO desalination. Clean domestic
effluents supply more than half of Israel water needs
[2] for agricultural irrigation and in California, West
Orange County clean domestic effluents are used in
the groundwater replenishment system (GWRS) [3]
and converted to high-quality potable water supplies
by a three-step process involving ultrafiltration (UF),
reverse osmosis desalination, and UV irradiation. In
more recent years, the GWRS pioneered process was
adopted and modified for large-scale operation by the
Singapore’s Public Utilities Board (PUB) and more
than 30% of the potable water needs of this country
are already supplied by this process with reclaimed
water given the brand name of “NEWater” [4]. In
between the two extreme examples of clean effluents
use for irrigation and reuse after further purification
for domestic supplies, such reclaimed water can be
used extensively by industry in various processes of
low and/or high-quality water requirements.

The RO step in the GWRS and NEWater programs
is carried out by means of a conventional two-stage
pressure vessels (PV) design [5] of 6-7 elements each
intended for plug flow desalination (PFD) of 75%
recovery. The present study describes for the first time
the application of the recently reported closed circuit
desalination (CCD) technologies [6-12] for high-recov-
ery low-energy desalination of clean domestic efflu-
ents with low fouling characteristics. The adaptation
of the BWRO-CCD technology for clean domestic
effluents desalination described hereinafter takes place
by a continuous two-step consecutive sequential pro-
cess starting with a first step involving CCD with
internal concentrates recycling under fixed flow and
variable pressure conditions up to a desired recovery
level followed by a brief second step of brine
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replacement by fresh feed under PFD conditions. The
technology under review is essentially a batch CCD
process made continuous by occasional replacement of
brine with fresh feed by PFD without stopping
desalination, and the recovery in this two-step con-
secutive sequential process is a function of the recy-
cling duration irrespective of the number of elements
per module—longer recycling concomitant with higher
recovery and vice versa. The low energy demand of
this two-step CCD-PFD process arises from the near
absolute energy conversion efficiency during the CCD
cycles with identical flow rates of pressurized feed
and permeate without loss of any brine energy com-
bined with occasional brief PFD steps under reduced
pressure for brine replacement by fresh feed. The abil-
ity to reach high-recovery with low-energy irrespec-
tive of the number of elements per PV and without
need for staging, and energy recovery means, opened
the door to the design of simple effective apparatus
for clear effluents desalination according to the
examples provided hereinafter.

2. Design and operational background of the BWRO-
CCD ME4 (E = ESPA2-MAX) pilot unit for domestic
effluent desalination

The schematic design of the BWRRO-CCD ME4
(M = ESPA2-MAX) pilot unit for clean domestic efflu-
ent desalination displayed in Fig. 1 comprises a split
8" PV with four ESPA2-MAX [13] elements located in
the lower spit and an empty upper split; a manifold
to enable concentrates recycling from module outlet to
inlet in a closed circuit; a pressurizing pump with vfd
(HP-vfd) for fixed flow variable pressure desalination,
a circulation pump with ofd (CP-vfd) for fixed
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Fig. 1. A schematic design of the BWRO-CC ME4
(E = ESPA2-MAX) pilot unit for clean domestic effluent
desalination.



J. Septon and A. Efraty | Desalination and Water Treatment 57 (2016) 9585-9601

recycling flow through the module; a booster pump
HP (HPB); dosing pumps (Thermphos SPE 0109 [14])
for acid (ADP) and antiscalant (ASDP); conductivity
monitoring means of feed (CMy), permeate (CM,,), and
recycled concentrates (CM,); flow and volume meters
of feed (FMy), permeate (FM,), and recycled concen-
trates (FM,); pressure monitors at module inlet (PM;)
and outlet (PM,); a pH monitor at inlet to HP (pHy);
an actuated valve (AV), manual valve, check valve
and air release (ARV) valve means; a micronic-filter
(MF) of 5 p; and a control board (not shown) also con-
taining energy meters of HP, CP and total
(HP + CP + HPB + others); whereby, the entire system
is operated by remote control with continuous on-line
data collection. The principle operational set points
(SP) include a fixed flow rate of HP during the CCD
modes, a fixed flow rate of HP during the PFD inter-
vals, a fixed cross-flow rate created by CP during
CCD intervals, and a batch recovery SP. The selected
sequential recovery SP is attained when the
cumulative monitored sequential volumes of feed
(ZVy) and permeate reach according to the expression
(ZV,/XVp x 100, the selected recovery set point. The
attainment of the designated recovery level initiates
the PFD step: the opening of AV, stopping of CP,
and the changing of the HP flow rate SP to PFD.
Termination of PFD and resumption of CCD take
place when the monitored volume of replaced brine
(£Vy) matches the intrinsic free volume of closed cir-
cuit (V;~220 L) which manifests complete replacement
of brine by fresh feed. Termination of the PFD step
when the conditions expressed by XV, =1V; are
fulfilled also implies the resumption of CCD by the
closure of AV and the actuation of CP.

The CCD cycles of the consecutive sequential
process are distinguished from the PFD steps by flow
rates, since the pressurized feed flow (Qup) and
permeate flow (Qp) in the former are the same
(Qup=Qp) and take place without any brine release
(Qp = 0); whereas, permeate flow in the latter is the
difference between the pressurized feed and brine
flow rates (Qp=Qpp—Qp) with some energy lost as
result of pressurized brine release at a relatively low
pressure. Module recovery in CCD (MRccep) under
fixed flow and variable pressure conditions is
expressed by Eq. (1) from flow rates at module inlet
(Qmr = Qup + Qcp) and outlet (Qnio = Qcp); whereas in
conventional BWRO module recovery (MRppp) is
expressed by Eq. (2). Batch recovery (Rg) of CCD is
expressed by Eq. (3) from the produced permeate
volume and the intrinsic free volume of the closed cir-
cuit. Recovery (R) of the consecutive sequential
CCD + PFD process under review is expressed by Eq.
(4) from the cumulative monitored volumes of feed
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(ZVy) and permeate (£Vy) or brine (£V},) instead. It is
also pertinent to point out that R in the consecutive
sequential CCD + PFD process can be estimated with
good accuracy from the maximum EC of the recycled
concentrates and that of the feed.

MR¢ep = 100 x Qup/(Qup + Qcp)
=100 x Qp/(Qp + Qcp) ¢))

MRprp = 100 x Qp/QHP =100 x (Qur — Qv)/Qnp (2
Rg =XV,/(ZV, + Vi) x 100 ®)
R=2V,/ZV; x 100 = (2V; — ZV},)/ZV¢ x 100 4)

The sequence duration (T) of the consecutive
sequential CCD + PFD process is the sum [Eq. (5)] of
its respective individual components Tccp [Eq. (6)]
and Tppp [Eq. (7)]. The duration of the CCD cycles in
the sequence is the product of the number of cycles
(N) and the fixed time duration per cycle (f..4), with
the latter defined by Eq. (7) from the fixed flow rate
of CP (Qcp) and the fixed intrinsic volume of closed
circuit (V3). The duration of the brief PFD step in the
sequence is a function of the fixed intrinsic volume
of the closed circuit (V;) and the average flow rate of
the replaced brine (Qp) according to Eq. (8). Both

sequence duration components are continuously
monitored.

T =Tccp + Terp = N X tecd + Trrp 5)
Teep = N X teea = N x (Vi/Qcp) 6
teed = Vi/Qcp @)
Terp = Vi/Qo = Vi/ (Que — Qp) €))

The monitored energy of the process under
review manifests the appropriate flow rate (Q), pres-
sure (p), and efficiency (f) of the pumps in the sys-
tem according to the power (P, kW) expression Eq.
(9) in light of their functions during the CCD cycles
and PFD steps of the consecutive sequences. In ordi-
nary trials, each 1248 h long of many consecutive
sequences the energy count is per HP (XkWh-HP)
and CP (XkWh-CP) plus a unit total (XkWh-Total) of
which 92% of the difference according to Eq. (10) is
attributed to HPB (~25% efficiency) and the rest to
the dosing pumps and control board components.
Accordingly, the trial average experimental RO speci-
fic energy (SE,,, kWh/m?) is expressed by Eq. (11);
wherein, XV, stands for the total monitored volume
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(m®) of produced permeates during the entire trial.
The follow up of the HP and CP energy consump-
tion during trials is intended to allow the evaluation
of their average efficiency (f).

P(kW) = Q x p/36/f )

(SkWh — HPB) = (92/100) x {(SkWh — Total)
— [(SkWh — HP) + (SkWh — CP)]}

(10)

SEay (kWh/m3) = [(SkWh — HP) + (XkWh — CP)

+(ZkWh — HPB)]/(ZV,)
(11)

During the trials for clean domestic effluents
desalination by the BWRO-CCD method using the
apparatus displayed in Fig. 1, the quality of permeates
is assessed from online monitored EC data wherefrom,
the average TDS of the CCD cycles and the PFD steps
is made available and used to project a combined aver-
age per trial by taking into account of the relative time
experienced by each mode in the sequence. The afore-
mentioned procedure establishes the permeate blend
average TDS per trail, or in simple terms, the TDS of
permeates collected in a reservoir over the entire trial
duration. The instantaneous quality of produced
permeate is defined by the theoretical salt diffusion
expression Eq. (12); wherein B stands for the salt diffu-
sion coefficient of the specific membrane, C; for feed
concentration, pf,, for the average concentration polar-
ization factor, Tcp for the temperature correction factor,
and u for the operational flux. The average concentra-
tion polarization factor is derived by Eq. (13) where
Y,y is the average element recovery ratio according to
Eq. (14) with MR being the module recovery (%) and n
the number of elements per module. The exponent
empirical coefficient (0.45) in Eq. (13) is derived from
the “beta” terms of the IMS Design program for the
ME4 module with ESPA2-MAX elements in the feed
salinity range of the current study.

Co =B x Cp X fay X Tcr/p (12)
pfav — 10(0.45><Yﬂv) (13)
Yo =1— (1 —MR/100)"" (14)

In conventional PFD techniques of fixed applied
pressure (p, = const), the operational flux is derived
from theoretical net driving pressure (NDP) expres-
sion Eq. (15) where g (Imh) is flux; A (Imh/bar),
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permeability coefficient; Tcp, temperature correction
factor; Am,, (bar), average concentrate-side osmotic
pressure difference; Ap (bar), module inlet-outlet pres-
sure difference; p, (bar), permeate release pressure,
and 7, (bar), average permeate-side osmotic pressure.
The term Ap for the pressure drop of a single-stage
conventional PFD module is expressed by Eq. (16)
where K is a constant characteristic of flow resistance
in the concentrate-side of the membrane element; Q.;,
flow rate of feed at module inlet; Q. flow rate of
brine at module outlet; n, number of elements per
module; and MR, module recovery as defined from
the respective flow rates. Accordingly, in conventional
PFD techniques where the entire pressurized feed for
permeation and cross-flow originates from HP the
term Ap is a function of the average cross-flow per
element. Development of fouling inside modules of
conventional PFD due to scaling and/or bio-fouling
and/or accumulation of particular matter from insuffi-
ciently clean feed will cause increased Ap due to
increased resistance to flow and this parameter applies
to determine the need for CIP. Increased Ap under
fixed applied pressure conditions of conventional PFD
also implies according to Eq. (15) a declined flux
resulting in higher specific energy and higher TDS of
permeates [Eq. (12)]. Osmotic pressure and viscosity
of water solutions as well as the properties of
semipermeable organic membranes also depend on
temperature and therefore, energy changes associated
with Ap variations should be normalized by TCF if
used for the purpose of comparison.

In contrast with conventional PFD techniques,
CCD is performed under fixed flow rates and variable
applied pressure conditions of fixed NDP with entire
permeation flow created by HP and cross-flow by the
CP and therefore, power consumption under such
conditions of fixed flux is defined from the average
applied pressure (p,..,) according to Eq. (17). In this
instance, while flux remains unchanged, the power
consumption and TDS of permeates are directly pro-
portional to the Tcp with increase in temperature
effecting lower energy consumption and poorer qual-
ity permeates and vice versa. Increased Ap under fixed
flux () and flow rates (Qup=Qp) by the separately
controlled HP and CP pumps implies that the change
of this term is a direct manifestation of fouling inside
the modules irrespective of temperature. In simple
terms, increased Ap under CCD conditions reflects
increased resistance to flow due to fouling despite the
constant cross-flow and fixed permeation flow, both
controlled by vfd means independent of each other.
Increased power demand of CP due to increased flow
resistance inside the module as result of fouling can
be followed from its temperature corrected specific
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energy (SEcp) according to Eq. (18); wherein, Tcv.o
and Tcy.r are the TCF under operational conditions
and of reference, respectively, as well as from
increased periodic energy consumption.

NDP (bar) = p, — u/A/Tcr — Amtay — Ap/2 — p, + m,
(15)

Ap (bar) = K x 1 x [(Qmi + Qmo)/Z]l'7
=K x 71 x [Qmi/2 x (2—MR/100)]"”
x (K = 8/1,000)

(16)

p(fixed) = A X Tcp X [Pa-ay — Atay — Ap/2 — py, + 1,
17)

SEcp (kWh/ m3) = (Tev-o/Tev-r) % (Qce/Qp)

X Ap/36/fcp (18)

3. Experimental trials data of the BWRO-CCD ME4
(E = ESPA2-MAX) pilot unit for the desalination of
clean domestic effluent

The experimental pilot for the desalination of clean
domestic effluents of the schematic design in Fig. 1
has been operated at the SHAFDAN site, Israel’s
largest sewage treatment center which serves the great
Tel-Aviv metropolitan area of over 3 million residents.
The feed to the experiment pilot comprised of the fur-
ther treated secondary SHAFDAN effluents by course
filtration (25 p), media filtration, and UF. Feed at inlet
to the pilot is of pale brownish/grayish color with
electric conductivity (EC) in the range of 1,1000-
1,500 uS/cm of the approximate respective salinity
range 658-898 ppm. Feed pH at inlet to the pilot was
adjusted in the 7.0 = 0.2 range by means of continuous
acid solution (HCI) dosage and an anti-scalant [14]
supplement was also added to the feed to enable
high-recovery operation.

The study under review covers 20 different trials of
11-48 h duration each with different SP combinations
of pressurized feed flow, circulation cross-flow, and
volumetric recovery (permeate/feed). Each trial con-
sisted of many sequences 24—45 min long depending
on the SPs combination and each sequence consisted of
CCD cycles experienced most of the time (85-93%)
followed by brief PFD steps during which brine is
replaced by fresh feed without stopping desalination.
Monitored data of the first and last sequences in each
trial were complied and assumed to provide a suffi-
ciently reliable database for the assessment of the
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average trial performance characteristics in this
dynamic system of a variable salinity feed source.
Selected SPs of trials cover the fixed flux CCD opera-
tion at near 17.5, 20.0, 22.5, 25.0, and 27.5 Imh of 85, 87,
and 90% recovery with emphasis placed on flux of
25Imh and 90% recovery. Both flux and recovery in
the CCD technology related to the maximum sequen-
tial operational pressure and since the pilot unit under
review comprises a PVC manifold it was necessary to
assure that the maximum rated pressure (15.0 bar) of
cited pipes is not exceeded.

Experimental data collected during the 20 trial are
furnished and analyzed in Tables 1. Each row in the
table is dedicated to a specific sequence and refer-
ence is made to the first and last sequence of each
trial as well as to their average when appropriate.
Columns numbered 1-66 at the bottom row in the
table contain experimental data or calculated data on
the basis of the experimental results as explained
hereinafter. The trial number, its duration (h), and
the distinction between the first and last sequence
(SEQ) of each cited trial are provided in the respec-
tive columns 1-3, and these columns are repeated in
the split table for clarity. Feed to each cited sequence
is characterized by its EC (uS/cm or pS in short),
temperature (°C), and pH in columns 4-6, respec-
tively. Data covering the various aspects of the CCD
cycles in the sequences are provided in columns 7-24
of Table 1(a). Flow- and flux-related CCD parameters
in the table include the SP of fixed pressurized flow
rate (HPSP—m3/ h in column 7, or C7), fixed flux
(Imh—C8), fixed circulation flow rate (CPgp—C9),
fixed MR according to Eq. (1) (%—C10), sequence
recovery SP (Rgp—C11) and the module mean cross-
flow (MCF) expressed by [(Qmi+ Qmo)/2=(Qupr+
2Qcp)/2 which is part of Eq. (16) (m®>/h—C12). CCD
pressure parameters include the initial (bar—C13),
final (bar—C14), and average (bar—C15) sequentially
applied pressures, monitored module pressure
difference (bar) created by CP (Apcp—C16), and the
flow calculated pressure difference according to Eq.
(16) (Apear—C17). EC of CCD-related parameters
includes the maximum of the final recycled concen-
trate (uS—C18), estimated sequence recovery based
on the EC of feed and that of the maximum recycled
brine concentrate (Rgc—C19), highest EC of
permeates (uS—C20), and the sequence average EC
of permeate (uUS—C21). Information of time interval
includes the entire sequence (SEQ) duration (min—
C22), the CCD time duration (min—C23), and the
percent CCD time duration experienced during the
entire sequence (%—C24).

Data pertaining the various aspects of the PFD
steps in the sequences are provided in columns 25-35
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of Table 1(b). This step in the sequence is
characterized by increased fixed flow rate of HP pres-
surized feed (m>/h—C25) of declined permeate flow
(m®/h—C26) and average flux (Imh—C27) of the cited
MCF (m’/h—C28) and MR (%—C29). The PFD steps
take place under lower average applied pressures (bar
—C30) and lower calculated module pressure differ-
ences (bar—C31) as compared with the respective
CCD terms in C16 and C17. Permeates high and aver-
age EC during the PFD segments of sequences are
provided in C32 and C33, respectively, and the PFD
step duration is cited in C34 with its percent in the
overall sequence in C35.

Information disclosed in column 36-68 pertains to
trials’ average on the basis of the monitored data of
first and last sequences in each trial and the
interpretation of such data. Data of the HP average
CCD + PFD performance include the monitored
energy (kWh—C36), the average flow rate (m>/h—
C37), and applied pressure (bar—C38) over the entire
sequence by taking into account the relative contribu-
tions of CCD and PFD, and the sequence average
efficiency of the pump (%—C39). The monitored
energy consumption of CP (kWh—C40) over the
CCD periods of the start and end sequences com-
bined with the flow term CPgp (m>/h—C9) and pres-
sure term Apcp (bar—C16) yielded the calculated
average efficiency of CP (%—C41). The difference
between the total energy consumption of the pilot
over the trial (kWh—C42) less that of HP (kWh—
C36) and CP (kWh—C40) is that due to the HPB
pump, the dosing pumps, and the control board with
the latter two account to ~8% according to prelimi-
nary experiments during which HPB was aborted.
Accordingly, the trial estimated energy consumption
of HPB (kWh—C43) is 92% of the difference between
the total (kWh—C42) and that of HP (kWh—C36)
plus CP (kWh—C40). The operational pressure of
HPB during the CCD (bar—C44) and PFD (bar—C45)
modes combined with the percent time experienced
in each mode led to the trial average HPB pressure
(bar—C46). The trial average flow rate of HPB is the
same as that of HP (m>/h—37) and this data com-
bined with the trial average pressure (bar—C46) and
estimated energy consumption (kWh—C43) led to the
trial average efficiency of HPB (%—C47).

The trials’ average data in Table 1(c) provide
valuable comparative information on recovery, qual-
ity of permeates, and specific energy consumption
during the BWRO-CCD of typical domestic effluents
in a dynamic municipal sewage treatment center.
Monitored trials’ volumes of feed (m°>—C48) and
permeates (m®>—C49) yielded the volumetric recovery
(Ry) terms (%—C50). Trials’ average EC data cited in
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the table pertains to feed (uS—C51), final brine
(uS—C52) and permeates of CCD (uS—C53), PFD (uS
—C54) and their blend (uS—C55) according to the
time fraction experienced by each mode during the
sequences. The term Rgc.,, (C56) stands for the
estimated recovery per trial average on the basis of
the average feed and brine EC of start and end
sequences. The term Reject (%—C57) pertains to salt
rejection estimates on the basis of EC of blend
average (C55) and of feed average (C51) using the
uS/cm/ppm conversion factors 1.75 for feed and 2.00
for permeates. The RO energy consumption
(HP + CP + HPB) during trials (kWh—C58) combined
with the appropriate volume of produced permeates
(m>—C49) led to average RO specific energy term
(kWh/m’- C59). The average temperature of the start
and end sequences in each trial (*C—C60) and its
temperature correction factor (TCF—C61) led to the
temperature normalized (25 °C) trial average specific
energy (kWh/m3—C62), average EC of permeates
(u5—C63), and average TDS of permeates (ppm—
C64). The average trial permeate production (m’/h—
C65) is derived from the trial monitored permeate
volume (m®—C49), trial duration (hrs—C2), and the
fixed membranes’ surface area. The average trial
volumetric recovery (%—C50) is recited in the SUM-
MARY in light of its significance. RO energy con-
sumption is closely related to efficiency of pumps
with small pumps normally associated with lower
efficiencies. The modular BWRO-CCD technology
enables increased production by units of many mod-
ules in parallel, and thereby the use of larger pumps
of higher efficiency and this aspect in the context of
the current study was assessed by the assumed
selected efficiencies of 75% for HP, 65% for CP, and
55% for HPB as reference. The temperature-normal-
ized (25°C) trials’ average specific energies with the
cited pumps’ efficiencies (kWh/m>—Cé66) provide the
energy projections for medium and large size
desalination plants for clean domestic effluents by
the BWRO-CCD technology.

The data presented in Table 1(a—c) pertain to a
dynamic system of variable feed composition and tem-
perature with trials’ metered volumes of feed and
permeate, energy consumption (HP, CP, and total),
and time period constitute the only absolute terms
with all other average trial information assessed from
the start and end sequences of each trial. Accordingly,
the interpretation of the results in the table under
review should be understood in the context of the
aforementioned experimental model analysis. This
model analysis, while being accurate with regards to
parameters measured during the start and end
sequences of each trial of defined feed salinity and
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temperature, does not take into account variations
which might have occurred during the course of each
trial and therefore, provides only a gross overview of
trends of insufficient resolution to explore specific
effects in further details.

4. Results and discussion

The SHAFDAN is the largest sewage treatment
center in Israel and the treated domestic effluents from
this center were subjected to further purification
through multimedia and UF before used as feed to the
BWRO-CCD pilot unit (Fig. 1) described in the current
study. The pretreated and purified clean domestic
effluents feed to the pilot of slightly brownish/grayish
color exhibited the variable EC and temperature at
start and end of each trial according to Figs. 2 and 3,
respectively. The feed pH at inlet to pilot was adjusted
to 7.0 + 0.2 by means of dosing with HCI solution and
mixed with an antiscalant (Thermphos SPE 0,109). The
experimental trials were carried out with the fixed
flow rates (HP and CP) and recovery set points (SPs)
manifested by the data in Table 1a per each trial sepa-
rately. The SPs of fixed flow rates were maintained
through vfd means of pumps (HP and CP) and the
sequence recovery SP (Rsp) was established by moni-
tored cumulative sequential volumes of feed and
permeate. The operation of the pilot proceeds by a
two-step consecutive sequential process with CCD of
recycled concentrates experienced most of the time
(83-93%) followed by brief PFD steps during which
brine is replaced by fresh feed without stopping the

Feed EC Variations during Trials
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Fig. 2. Feed salinity variations expressed by EC encoun-
tered during the SHAFDAN trials of clean domestic efflu-
ents desalination by the BWRO-CCD pilot according to the
data in Table 1.
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Fig. 3. Feed temperature variations encountered during the
SHAFDAN trials of clean domestic effluents desalination
by the BWRO-CCD pilot according to the data in Table 1.

desalination. During the principle, CCD mode, the
unit operates under fixed flow and variable pressure
conditions with the selected flux illustrated in Fig. 4
and the maximum applied pressure displayed in
Fig. 5. Except for part of one trial (No. 12 end
sequence) during which the maximum applied pres-
sure reached 15.5bar, Fig. 5 reveals that in all the
other trials the maximum CCD applied pressure is
kept below 15 bar which is the rated pressure of the
PVC manifold in this unique pilot unit.

The separately controlled flux and recovery in the
trials under review dictate both energy consumption
and quality of permeates. Increased flux and/or

CCD Flux during Trials
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Fig. 4. Fixed CCD flux selection during the SHAFDAN tri-
als of clean domestic effluents desalination by the BWRO-
CCD pilot according to the data in Table 1.
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Maximum Applied Pressure during Trials

bar
N
N
[$)]

9.0
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Fig. 5. Maximum CCD applied pressure encountered dur-
ing the SHAFDAN trials of clean domestic effluents
desalination by the BWRO-CCD pilot according to the data
in Table 1(a).

recovery both dictate greater energy needs. In refer-
ence to quality of permeates the effect of increased
flux leads declined TDS; whereas, increased recovery
creates an adverse effect of permeates with higher
TDS. The terms flux and recovery in the context of the
study under reviewed are considered from different
aspects as is explained next. The different flux cate-
gories displayed in Fig. 6 include the trial average
CCD + PFD flux on the basis of the monitored volume
of permeates over the entire trial duration; the
sequence average CCD flux of the vfd controlled HP
flow rate SP defined from the start and end sequences
of each trial; and the sequence average PFD flux as

Sequential CCD and PFD flux compared with Trial average
30
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Fig. 6. Sequential average CCD and PFD flux compared
with trial average during the SHAFDAN trials of clean
domestic effluents desalination by the BWRO-CCD pilot
according to the data in Table 1.
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defined by vfd controlled HP flow rate SP and the set-
ting of the manual brine release valve means during
the start and end sequences of each trial. The CCD
and PFD flux pattern at start and end sequences of
each trial is repeated throughout the entire trial with
the specific pattern of the brief PFD flux variations
being somewhat less consistent than that of the dur-
able CCD cycles. The trial average flux in Fig. 6 is just
below the CCD SP and the margin between them
appears to grow somewhat with decreased PFD per-
cent time duration. The trial average flux, found just
below the CCD SP, is an accurate trial parameter
based on monitored cumulative volume and time and
as such shall be considered hereinafter as the
representative flux.

The trial recovery in the BWRO-CCD process
under review is defined volumetrically [Eq. (4)], how-
ever, could also be assessed from the EC of feed and
rejected brine during the PFD steps in the process.
The recovery terms according to the SP selection
(Rsp—C11), trial’s monitored volumes of feed and
permeate (Ryv—C50), and sequence average EC of feed
(C51) and brine (C52) of maximum recycled concen-
trate (Rgc.oy—C56) are compared in Fig. 7 in the pro-
cess recovery range 85-91%. There can be no doubt
that the accumulated monitored volumes over the
entire trial yield the only accurate trial recovery term
(Ry) and it is noteworthy that in most instances Ry
appears below the SP (Rgp) and/or the similar Rgc oy
value on the basis of the EC variations during the start
and end sequences in the trial. The differences found
between Ry and Rgp most probably arise from dis-
crepancies in sequential volume monitoring procedure

Recovery of Trials
95

A Trial average
94 O Sequence EC variations
93 @ Set point

92
91

>
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Fig. 7. The relationships between the recovery terms
associated with set point (Rsp), sequential average EC
variations (Rgc..,) at start and end of trials, and accumu-
lated trials” volumes (Ry) encountered during the SHAF-
DAN trials of clean domestic effluents desalination by the
BWRO-CCD pilot according to the data in Table 1.
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whereby the process is made to obey the selected
recovery set point. In the current study, the difference
between Rgp and Ry is pronounced in particular
according to Fig. 8 when the PFD time duration is
under 12% of the sequence total.

Trial RO specific energy (SE) during the desalina-
tion of the SHAFDAN domestic effluents is attainable
from the metered energy of HP (C36) + CP(C40) + HPB
(C43) and monitored volumes of permeates (C49) and
these energy results per trial are displayed in Fig. 9 as
raw results (C59), TCF normalized results (C62), and
TCF normalized results projected for the cited pumps’
efficiencies HP =75%, CP =65%, and HPB =55%
(C66). The same specific energy results are displayed
in Fig. 10 as a function of average flux (C66) and in
Fig. 11 as function of trial recovery (C50). The normal-
ized SE projections to the HP =75%, CP = 65%, and
HPB = 55% efficiencies presume energy contributions
of pumps in accordance with the experimentally esti-
mated efficiencies of HP(C39), CP(C41), and HPB(C47)
during the start and end sequences displayed in
Fig. 12. The low efficiency of the HP and CP pumps
revealed in Fig. 12 for trial number 13 is no coinci-
dence, since this trial was carried out at a relatively
low CCD flux (17.7Imh) and this meant for both
pumps Shift in flow rates to regions of lower
efficiencies compared with the other trials. The lowest
flux trial number 13 evident in Figs. 4 and 6 is associ-
ated as expected with the lowest observed maximum
applied pressure (Fig. 5) and specific energy (Fig. 9) of
all the trials.

The broad trends of increased SE with trial average
flux (Fig. 10) and recovery (Fig. 11) are revealed from
the displayed curves. However, it is imperative to

Recovery vs % PFD period at start and end sequences
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Rgc.av, and Ry and the average % PFD period experienced
at start and end sequences during the SHAFDAN trials of
clean domestic effluents desalination by the BWRO-CCD
pilot according to the data in Table 1.
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Fig. 9. Specific energy of trials viewed in the forms of raw
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for HP=75%, CP=65%, and HPB =55% efficiencies
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effluents desalination by the BWRO-CCD pilot according
to the data in Table 1.
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TCF normalized projections for HP = 75%, CP = 65%, and
HPB = 55% efficiencies during the SHAFDAN trials of
clean domestic effluents desalination by the BWRO-CCD
pilot according to the data in Table 1.

point out that the SE data are based on trial average
bulk data for a feed source of variable salinity and
temperature with pumps performance assessed only
from sequences at start and end of each trial without
taking into account in between variations of feed salin-
ity and temperature. High-resolution correlation of RO
energy parameters in dynamic trials of varying feed
salinity and temperature is difficult irrespective of cir-
cumstances, and the conclusions drawn hereinafter at
the bulk level could be occasionally misleading spe-
cially if feed salinity and/or temperature variations
are beyond the range defined by the start and end
sequences of each trial. Accordingly, the interpretation
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Fig. 12. Efficiency of pumps during start and end
sequences of each trial determined from monitored aver-
age flow rates, pressures, and energy consumption during
the SHAFDAN trials of clean domestic effluents desalina-
tion by the BWRO-CCD pilot according to the data in
Table 1.

of the experimental data in this study should be
confined to model analysis limitations. The energy-re-
lated data in Table 1 and Figs. 9-11 demonstrate the
ability of the BWRO-CCD technology to desalinate
clear domestic effluents of the SHAFDAN quality
(1,100-1,500 puS/cm) with ~90% recovery at an average
flux greater than 23 Imh in the energy consumption
range 0.40 + 0.08 kWh/m® using the cited pumps effi-
ciencies HP = 75%, CP = 65%, and HPB = 55%.

The TDS of permeates in the experimental trials
under review is defined from the salt diffusion expres-
sion Eq. (12); wherein, B stands for the salt diffusion
coefficient of the membrane; pf,, for average
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concentration polarization of CCD cycles of near same
MR terms (~45%—C10); TCF for temperature correc-
tion factor which normalizes the temperature effect;
and Cg for feed concentration instead of C; at module
inlet according to Eq. (19) during the CCD cycles of
increased batch recovery (R). For instance, if C¢=
700 ppm for feed of clean domestic effluents at start of
a BWRO-CCD trial of R =90% and MR =45%, then
module inlet concentration at start of each sequence is
700 and 3,850 ppm at start of the final CCD cycle in
each sequence. In the study under review, the TDS of
permeates is assessed from the average of the start
and end sequences in each trial ignoring the sequences
in between and this treatment is obviously none rigor-
ous and intended to provide only trial estimates. The
principle parameters at start and end sequences of
each trial which dictate the TDS of permeates accord-
ing to Eq. (12) are the clean domestic effluents feed
salinity expressed as EC (Fig. 2), the feed temperature
(Fig. 3), and the CCD fixed operational flux (Fig. 4).

Cr = C¢/(1 —R/100) (19)

The relationship between TDS of permeates and
trials’ recovery displayed in Fig. 13 reveals the ten-
dency of increased salinity with recovery and the
spread data in the 89-90% region most probably origi-
nates from the other influencing factors. The relation-
ship between TDS of permeates and trial average flux
in Fig. 14 provides no clear indications of a trend
suggesting that feed concentration and sequence
recovery are more dominant factors than flux for
determining permeates TDS in the system under

TDS of permeates vs Trial recovery
ol [ ]

60 1 i I
55 +— O TCF Normalized

50 +— ARaw results P

45 O
wn 40 i)
8 35 VAY X
' 30 O
§
inl R

20
15
10
5
0

85.0 855 860 865 870 875 880 885 89.0 895 90.0 905
% Trial Recovery

Fig. 13. Average permeates TDS as function of trial recov-
ery at start and end sequences in each trial encountered
during the SHAFDAN trials of clean domestic effluents
desalination by the BWRO-CCD pilot according to the data
in Table 1.
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encountered during the SHAFDAN trials of clean domestic
effluents desalination by the BWRO-CCD pilot according
to the data in Table 1.

review. The relationship between TDS of permeates
and recovery at the near same CCD flux (~20 lmh) in
Fig. 15 reveals the theoretically expected trend with a
somewhat greater resolution. The salinity relationship
between the feed of clean domestic effluents expresses
as EC and the TDS of permeates in Fig. 16 for trials of
near same 90% recovery and CCD flux of 25Imh,
reveals the expected concomitant increase of both.
Salts rejection during the SHAFDAN desalination
experiments is assessed from the TDS of feed (uS/cm/
ppm ~ 1.67) and permeates (uS/cm/ppm ~ 2.0) derived
from the EC data using the cited conversion factor esti-
mates. The plot in Fig. 17 for TDS of permeates vs. %

salt rejection discloses the salt rejection range
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Fig. 15. Average permeates TDS as a function of trial
recovery of the start and end sequences in each trial per-
formed with fixed CCD flux of 20.2 Imh encountered dur-
ing the SHAFDAN trials of clean domestic effluents
desalination by the BWRO-CCD pilot according to the data
in Table 1.
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fixed CCD flux (~251mh) and recovery (~90%) encoun-
tered during the SHAFDAN trials of clean domestic efflu-
ents desalination by the BWRO-CCD pilot according to the
data in Table 1.

94.2-96.9% with the lower rejection section characteristic
of the ~90% recovery experiments according to Fig. 18.
The results displayed in Table 1 and Figs. 13-18 demon-
strate obtainment of 40-56 ppm permeates with 90%
desalination recovery in the salt rejection region of 94.2—
95.5% during the SHAFDAN desalination experiments
depending on the feed salinity, operational flux, and
temperature.

5. Membranes fouling monitored during the
SHAFDAN trials

Membrane fouling monitoring in order to deter-
mine the need of CIP is an essential requirement of
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Fig. 17. Average TDS of permeates as a function of percent
salt rejection encountered during the SHAFDAN trials of
clean domestic effluents desalination by the BWRO-CCD
pilot according to the data in Table 1.
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any BWRO application especially where fouling
requires frequent CIP procedures. The SHAFDAN feed
of clean domestic effluents is found in the range of
1,100-1,500 uS/cm  EC  which translates (EC/
ppm =1.67) to the respective salinity range 628-
857 ppm. This initial salinity feed range translates to
brine of 6,280-8,570 ppm from the SHAFDAN trials of
90% recovery. The pale brownish/grayish colored
SHAFDAN feed becomes deep brown brine after trials
of 90% recovery without any noticeable insoluble par-
ticulate matter, suggesting the absence of scaling in
these experiments. The likelihood of biofouling during
the SHAFDAN is of low probability, although could
not be ruled out, for the following reasons; feed is pro-
vided after UF, large salinity variations of recycled
concentrates inside the CCD pilot are none conducive
for bacteria growth; high cross-flow maintained
throughout the desalination trials; and every
25-40 min the entire content inside the PV is washed
out and replaced by fresh feed and thereby all undesir-
able residues removed. The aforementioned could be
confirmed only by a reliable method for monitoring
membrane fouling which in the case of the CCD tech-
nology utilizes simple principles as is explained next.
During the long CCD sequential intervals, in con-
trast with the brief PFD steps, of the SHAFDAN
trials (Table 1), all flow rates in the system are main-
tained constant by the vfd control means of HP and
CP pumps and this also implies a constant cross-flow
(MCF) during CCD cycles. Since the MCF term dic-
tates the module pressure difference according to
Eq. (16), the experimental (Apcp—C16) and calculated
(Apcar—C17) terms should be within experimental
error of each other during CCD cycles in the absence
of fouling and the data displayed in Fig. 19 confirm
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that this is indeed the situation. Increased resistance
to flow inside CCD modules due to fouling (e.g. scal-
ing, bacteria growth, etc.) arises from obstacles to
flow created in the concentrate-sides of elements (e.g.
clogged channels, etc.) under which conditions
increased Apcp is dictated by CP in order to sustain
its SP controlled flow rate. Increased Apcp due to
fouling under controlled flow rate of CP (Qcp=const)
implies a proportional increasein its energy con-
sumption. In simple terms, an increase of 10% in
Apcp will result by 10% increase in the power
demand of CP. The aforementioned imply that moni-
tored Apcp and energy consumption of CP over
defined periods (e.g. every 24 h) are complementary
procedures to track down the development of mem-
brane fouling during CCD operations. While the
experimental and theoretical data in Fig. 19 rule out
any membrane fouling during the SHAFDAN trials,
it was found instructive to demonstrate the daily
(24 h) expected energy consumption rise of CP due
to increased Apcp of 10 and 20% as result of fouling
and this information is revealed in Fig. 20 for all the
trials considered in the current study. Increase of 10-
20% in the daily energy consumption of CP should
be easily detectable from its energy meter, and com-
bined with the separately monitored complementary
Apcp data provide the basis to determine the need
for CIP in desalination processes performed by the
BWRO-CCD technology. Accordingly, the recom-
mended procedure to follow up fouling effects in
CCD requires the continuous monitoring of Apcp in
relationship to Ap., without need to apply a TCF as
well as the daily energy consumption of CP with
TCF applies to the average temperature during the
monitored period. Rise of Apcp during CCD cycles
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Fig. 19. Experimental module pressure difference of CP
during CCD (Apcp) and the calculated term (Apc,) in rela-
tionship to the MCF encountered during the SHAFDAN
trials of clean domestic effluents desalination by the
BWRO-CCD pilot according to the data in Table 1.
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Fig. 20. Projected rise in energy consumption of CP over
24 h due to increased Ap of 10% and 20% expected as
results of fouling compared with the experimental values
for the SHAFDAN trials of clean domestic effluents
desalination by the BWRO-CCD pilot according to the data
in Table 1.

by 15% or more complemented by a similar percent
rise of TCF-normalized daily energy consumption of
CP justifies the initiation of CIP and effective results
of such a procedure should fully restore both Apcp
and the daily energy consumption to their original
levels. If the original levels (Apcp and energy con-
sumption) are not restored it means an ineffective
CIP procedure and/or permanent damage to mem-
branes which could not be repaired. In this case, the
CIP should be repeated with an appropriate proce-
dure and thereafter, it could be determined whether
permanent damage was caused or not. It should be
pointed out that an extended use of membranes also
causes a gradual wear manifested by the increased
Apcp base line. In this instance, the most reasonable
references of Apcp and daily CP energy consumption
are the best indicators for need of CIP. The TCF nor-
malized energy consumption in this instance, is the
product of the daily energy consumption of CP and
the TCF ratio (Tcy.o/Tcyr) as in Eq. (18) where Tcy.
o is the temperature average TCF of the daily opera-
tion and Tcv.r o being that of the reference.

This section describes the absence of any meaning-
ful signs of fouling during the SHAFDAN trials for
desalination of clean domestic effluents, and the way
by which this was established in the context of the
suggested procedure for membranes fouling detec-
tion in the BWRO-CCD technology. While this study
focuses on the pilot trials with ESPA2-MAX mem-
branes, it should be pointed out other membrane ele-
ments were also examined for the same application of
high desalination recovery over a period of more than
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one year without any signs of fouling and needs for
CIP [15].

6. Concluding remarks and summary

Gigantic amounts of potable water for domestic
and industrial consumption end up in sewage treat-
ment centers worldwide and then disposed except in
few isolated cases where such clean domestic effluents
are reused on large scale for irrigation (e.g. Israel) [2]
or for potable water production after RO desalination
(e.g. Orange County, California, US [3] and Singapore
[4]). The declined availability of fresh water due to
increased deterioration of ground and/or surface wa-
ter sources as well as climate changes will ultimately
dictate the large scale use of “NEWater” [4] derived
from treated (MF and RO) clean domestic effluents for
all common applications. The present study describes
the application of the newly emerging BWRO-CCD
technology for high-recovery low-energy desalination
of clean domestic effluents with the ME4 (E = ESPA2-
MAX) pilot unit comprising ordinary size (8”) ele-
ments. The pilot was located in the SHAFDAN sewage
treatment center in Israel and received feed of clean
domestic effluents in the salinity range 628-857 ppm
(1,100-1,500 uS/cm) after pretreatment with multime-
dia and ultrafiltration units. The pilot unit was oper-
ated in the flux range 17.5-27.5 Imh and the recovery
range 85-90% with emphasis placed on 90% recovery.
The specific energy of desalination of the variable
salinity SHAFDAN feed source with 90% recovery is
found in the normalized range of 0.329-0.538 kWh/m®
with lower salinity feed and flux associated with the
lower energies—the term normalized is used in the
context of 25°C temperature and pumps efficiencies of
75% for HP, 65% for CP, and 55% for HPB. The TDS
of permeates from the desalination of the variable
salinity SHAFDAN feed source with 90% recovery is
found in the temperature normalized (25°C) range of
40-56 ppm (80-116 uS/cm) with lower TDS of perme-
ates associated with the lower feed salinity, lower
recovery level, and higher flux ranges.

BWRO-CCD is a modular technology of high-re-
covery and low-energy performance irrespective of the
number of elements per module and the performance
characteristics revealed hereinabove for the single
module pilot of four elements should be same for
plants of many such modules with their inlet and out-
let connected in parallel to the closed circuit, except
for productivity which is a function of the number of
modules. In simple terms, this BWRO-CCD technology
can apply to large scale desalination of clean domestic
effluents with projected performance analogous to that
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described for the pilot. The pilot used in the current
study comprised PVC manifolds with 15 bar pressure
rating which made it difficult to evaluate performance
with flux > 25 Imh and recovery > 90%. BWRO-CCD
units for the desalination of clean domestic effluents
with Stainless Steel manifolds, instead of PVC, should
allow reaching higher maximum applied pressure of
operation (e.g. 25 bar) and thereby, enable high flux
CCD operation under which conditions the quality of
permeates is expected to improve significantly. Apart
from flux, recovery, and temperature the quality of
permeate is also determined by the salt diffusion
coefficient of the selected elements—ESPA2-MAX in
the current study.
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