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ABSTRACT

This work proposes a plant for zero liquid discharge (ZLD) of a desalination plant waste. The plant
uses an electrodialysis unit for salt concentration. In addition, the plant is augmented with an
electrolyzer and fuel cell for hydrogen energy production. Several configurations were tested and
compared to treat 100 m?/d of seawater fed to the desalination plant. The core operating condition
of the ZLD plant is to concentrate 7.3% brine solution up to 12.5%. It is found that the best ZLD
configuration can achieve 95% of overall water recovery, 6% liquid waste discharge, and 3,142 kg/d
of solid salt production as added value. However, this performance requires a specific energy
demand of 900 kWh/m?. This considerable energy demand is attributed to the electrolyzer which
consumes 98% of the total energy requirement. It is found that the energy produced by the fuel cell
can cover 80% of the energy required by the electrolyzer. It is also found that attaining full zero
waste discharge via recycling the waste liquid back to the process limits the operational range of

the process components and may deteriorate the process operation.
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1. Introduction

No doubt that saline water desalination became a
major source of drinkable water around the globe to over-
come freshwater shortages [1]. This issue is intensifying as
population and industrialization grow rapidly [2] causing
massive expansion in the installed and projected desalina-
tion capacity [3,4]. Regardless of their respective variation,
desalination technologies suffer from two main issues; high
energy consumption [2,5] and waste disposal [6]. The first
issue derived ample research activities to develop ener-
gy-efficient and hence cost-effective desalination technol-
ogies [3]. On the other hand, desalination waste disposal
causes a detrimental effect on the environment because
the current common practice of waste disposal is discard-
ing into ocean and surface water [7]. Conventional desali-
nation plants have a limited recovery ratio. For example,
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membrane desalination technology comprises 65%~68%
of total desalination plants [7,8]. However, reverse osmo-
sis (RO)-based desalination has a water recovery ratio of
45%, which can reach 75%~85% for brackish water. This
implies that 55%~15% of the saline water must be disposed
to the environment as reject concentrate [9]. According to
Panagopoulos et al. [10] the discard of RO brine comprises
33% of the total operational cost contingent on the reject
capacity, concentration, and disposal option. Other desali-
nation technologies have even larger reject disposal. For
example, the recovery of multistage flash desalination is
25%~50% [11] and the recovery of the multi-effect evap-
orator is 25%~35% [12]. Moreover, saline wastewater is
generated from several industries other than desalination
[6,13]. Zhang et al. [6] discussed the conventional waste
disposal methods. They reported that in the USA 70% of
the desalination plants use surface/sewer discharge, 17%
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use deep-well injection, and 7% use land application for
brine disposal. Other reported options are evaporation
ponds, wind-based evaporation, and mist spray. Ahmed
et al. [14] pointed out that surface/sewer discharge of
brine influences groundwater characteristics, crops, and
civic sewage management system. Although deep-well
injection and evaporation are less harmful ecologically,
they are economically relatively more intensive.

An alternative sustainable solution to waste disposal
is the so call zero liquid discharge (ZLD) system. ZLD sys-
tems are designed to generate additional potable water
and value-added salt with no liquid waste discard [7].
This process received considerable attention in the past
ten years, especially in the USA, China, and India [13,15].
However, the standard thermal ZLD systems suffer from
high cost [15]. This situation pushed researchers to pursue
alternative technologies, novel strategies, or retrofitting
that are economically feasible. The core of ZLD processes
is the concentrator which concentrates the brine solution
to the edge of the saturation limit before being sent to
crystallizer or evaporation ponds to produce valuable salt
crystals. Usually, evaporators such as mechanical vapor
compression (MVC) are utilized for the concentration step.
However, the MVC unit is energy-intensive. Thiel et al. [16]
reported energy consumption in the range of 23~42 kWh/
m? of distillate for a single-stage MVC. Mcginnis et al. [17]
has recorded energy demand values from 28 to 39 kWh/
m? of feed for an MVC in a pilot plant used to treat waste-
water with an inlet concentration between 45,000 and
80,000 ppm. Others have studied the use of membrane
distillation (MD) as a salt concentrator. For example,
Lu et al. [7] studied a pilot-scale ZLD system of 72 kg/d
capacity comprises of freeze desalination coupled with
MD-crystallization units. The plant receives 50% of its
heating energy from solar panels and a 100% of its cooling
from liquid natural gas. Although zero liquid discharge is
obtained but at dramatic energy demand. Schwantes et al.
[15] also investigated the economics of using air gap MD
in a ZLD process. They reported a 40% improvement in the
energy consumption compared to MVC for a plant capac-
ity of 100 m*d of saline feed. Zhang et al. [6] similarly
studied the utilization of direct contact membrane distil-
lation (DCMD) to concentrate the brine produced from the
brackish water RO plant. They concluded that MD was
able to improve the overall water recovery to almost 90%.
However, proper pre-treatment of the RO concentrate is
crucial to achieving the desired performance. Many other
researchers have also investigated the use of MD in ZLD
systems [18-20]. Nevertheless, MD is known for high spe-
cific energy demand around 39~60 kWh/m?® [13] and a low
recovery ratio for a single pass in the range of 5%~7% [21].
Moreover, operating MD at very high salinity may expe-
dite fouling [22]. Thereby, to achieve a high recovery ratio,
multiple MD modules in series are required which will
intensify the total required energy demand. Other treat-
ment technologies were also studied. For example, Lawal
et al. [23] investigated the use of humidification and dehu-
midification (HDH) to treat the MSF brine where 67%
pure water was recovered. Similarly, Tahir and Al-Ghamdi
[22] studied the integration of HDH with MED to mini-
mize liquid discharge. Other researchers considered using

electrodialysis (ED), which is an electrically driven process,
to concentrate waste brine. Loganathan et al. [24] used a
pilot plant to prove the concept of integrating an electro-
dialysis reversal and reverse RO to treat basal water to
achieve near-zero liquid disposal. The hybrid ZLD system
was found to recover 77% of the basal water and concen-
trate the brine up to 12.5%. Davis [25] proposed using elec-
trodialysis (ED) to dilute the brine of seawater RO (SWRO)
plant with a portion of it recycled to the SWRO plant and
the rest is treated to extract Mg(OH),. The ED concen-
trate, which can reach 23%, is further concentrated via
evaporator and then sent to crystallizer for NaCl gener-
ation. However, the high capital cost and specific power
consumption of the existing ZLD systems hinder their
utilization in water and salt recovery from seawater and
brackish water desalination [25]. Nevertheless, ED is
widely used on a large scale to extract commercial salt
from seawater. Moreover, it has energy reduction features
and can be fine-tuned to produce a dilute stream equiv-
alent to the seawater characteristics which makes its dis-
charge harmless [25]. A review of different pre-treatment
and brine concentration technologies for ZLD systems
can be found by the study of Panagopoulos et al. [10].

In this work, the ZLD system is revisited using ED as
a brine concentrator due to its appealing features. The sys-
tem is augmented with electrolysis and fuel cell for electri-
cal energy production as value-added items or to partially
subsidize the energy demand of the ZLD system.

Several process scenarios will be considered consist-
ing of retrofitting seawater brine waste management unit
operations to an existing desalination plant. This study
will focus on the synergetic integration of ED and elec-
trolyzer (EZ). Different structures to optimize the pro-
cess performance are also proposed. The reflection of
the varied structures on the overall performance will be
analyzed. Furthermore, the impact of the variation in the
structures on the performance of the individual unit will
be examined. This will help identify the benefits and/or
limitations incurred by these modifications.

2. ZLD process description

The main objective of the ZLD process is to eliminate
the liquid discharge of a typical desalination plant. The
ZLD also produces commercial salt crystals and pure water
as added value. In this study, we investigate producing
renewable energy as another value-added product.

Fig. 1 depicts the proposed process for zero-waste
production. Saline seawater of around 40,000 ppm is
desalinated in a separate desalination unit. In this study,
the MSF plant is considered for desalination with 40%
recovery. The desalination waste, basically reject brine, is
fed into the treatment process. First, the brine is treated
using nanofiltration (NF) to remove most of the total dis-
solved solids (TDS) other than NaCl. Hence, NF works as
a pre-concentrator where the large portion of NaCl is sep-
arated from the rest of TDS. Since NF is a pressure-driven
process, the feed is pressurized to the desired pressure
using a pump. The permeate effluent of the NF is fed to
the concentrator, which is an electrodialysis (ED) unit
driven by electric power. The concentrated solution (as a
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Fig. 1. Schematic of the (configuration S1).

case study around 125,000 ppm at nominal conditions) is
then fed into the crystallizer where solid salt and highly
pure water are produced. The highly pure water is used
to generate hydrogen fuel via a series of electrolyzer (EZ)
and fuel cell (FC). The produced pure water is regener-
ated again in the fuel cell. The EZ works at about 50°C,
therefore, the feed needs to be heated. Similarly, the
effluent of the EZ unit must be cooled down to the oper-
ating temperature of the crystallizer. It is assumed here
that heat integration is utilized such that the EZ influent
gains 10°C from the EZ effluent. Thereby, the EZ influent
will be further heated by 10°C using an external energy
source. Similarly, the EZ effluent will be cooled by another
5°C from any auxiliary cold stream in the plant.

Note that effluent streams 4 and 6 are discharged as
waste because they are not suitable for drinkable water,
that is, their salinity is higher than 500°ppm, which is the
standard set by the World Health Organization (WHO)
[26,27]. Thereby, zero liquid discharge is not fully attained.
Usually, other ZLD systems revert to recycling the waste
stream back to the system. Although this practice may be
harmful to the process, that is, accelerates fouling in mem-
brane-based units, it will be considered here for analysis.
For this reason, three modification scenarios of S1 are con-
sidered as shown in Fig. 2. Note, that stream 4 is small in
magnitude due to NF high recovery considered here and it
is highly saline and populated with undesired TDS. Hence,
it is not recommended to recycle back to the NF unit. On
the other hand, stream 6 is diluted and contains a large
amount of water depending on the operating condition of
the ED. Therefore, stream 6 can be recycled solely to join
the NF feed and denoted as scenario Sla. Alternatively,
stream 6 can be recycled to join the ED feed which is
denoted as scenario Slb. A third option is to mix stream
6 with 4 and recycle to join the NF feed. Since stream 6 is
diluted and has a relatively larger flow rate than stream
4, the latter will be diluted enough to be fed to the NF.
Note it is important that the recycle stream be less concen-
trated than the main feed of the NF to reduce the required
transmembrane pressure. The objective of recycling is to
eliminate waste rejection, that is, achieving the zero liq-
uid discharge requirement. However, depending on the

solution composition and operating conditions, recycling
may deteriorate the performance of the NF and/or ED.
It should be noted that for Sla, the recycle stream needs
to be pressurized to meet the NF pressure requirement.
Another modification of the basic structure (S1) is to
add an RO to treat stream 6 as demonstrated in Fig. 3. Since
stream 6 is diluted, RO is a suitable system to treat it, that is,
to extract additional pure water and reduce the reject con-
centrate. But additional power is needed to pressurize the
RO feed to the required pressure to overcome the osmotic
pressure. Of course, the RO effluent, streams 16 and 17 can
be de-pressurized to recover their energy. The objective of
the RO system is to reduce the waste discharge as stream
16 will be much less than stream 6. Moreover, the RO will
extract additional pure water to promote the energy pro-
duction of the FC and at the same time promote the overall
water recovery. Hence, the incorporation of an RO will have
some added value at low additional energy requirements
because the RO feed is diluted and a portion of the pressuriz-
ing energy will be recovered. In fact, it is reported that using
RO to treat the ED not only increases the recovery but also
improves the RO performance [24]. In this case, the ED acts
as a pre-treatment for the RO feed causing a reduction of the
osmotic pressure of the RO feed. Nevertheless, the heating
requirement in the heat exchanger to increase the tempera-
ture of the EZ feed will be increased. Moreover, the waste
discharge does not approach zero like in the Slc structure.
For this purpose, variants of 52 can be considered as shown
in Fig. 4. To reduce the liquid discharge, stream 16 can be
either recycled to the NF feed comprising structure S2a or
recycled to the ED feed comprising structure S2b. For S2a,
a booster pump is needed provided that the NF operates
at a higher pressure than the RO. For S2b, the pressure of
stream 16 should be recovered before injection into the ED.
A third structure denoted S3 is proposed as illustrated
in Fig. 5. In this case, RO is utilized as a concentrator
instead of the ED. Generally, RO is not recommended for
this purpose [15]. Nevertheless, it was utilized for investi-
gation purposes bearing in mind that the RO feed salinity
is around 50,000" ppm in this study. Alternatively improved
versions of RO such as high-pressure RO (HPRO) or osmot-
ically assisted reverse osmosis (OARO) can be utilized.
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HPRO and OARO can treat much higher feed salinity than Total required power, kW:
standard RO [13]. In this case, the RO is operated at the
highest possible feed pressure of 85 bar [28] to achieve the TRP=P \:+ P, ot Porp+ Lozt Pag t Loy poost 4)
highest possible concentration in the brine. This will sac-
rifice the recovery ratio of the RO. Hence, the RO model Total generated power, kW:
is solved such that to find the highest possible recovery
ratio that does not necessitate feed pressure higher than TGP =P, i +ZPW,K ®)
85 bar. Like Sla, S1b, S2a, and S2b, this structure can
reduce the waste liquid discharge to stream 4 exclusively. Gross power requirements, kW:
A booster pump is required to increase stream 5 pres-
sure to the required RO pressure. Of course, the energy GP, =TRP -TGP (6)

associated with the RO effluent can be recovered via the
hydro-turbines. It is also expected that the energy require-
ment of the EZ feed increases for two reasons. First, the
mass flow rate of the EZ feed will be higher. Secondly,
the heat recovered from the cooler by heat integration as
mentioned earlier cannot provide a 10°C increment in the
EZ feed because of the different relative mass rates.

The nominal operating condition of the proposed system
is listed in Table 1. The desalination plant is taken as MSF
such that ultra-pure water is produced and all TDS are trans-
ferred to the brine stream, that is, stream 3. The seawater
TDS is listed in Table 2. These parameters are used to solve
the plant mass balance and energy requirements. For anal-
ysis and comparison purposes, specific key performance
parameters are used as described in the following.

Overall water recovery ratio:

m

+
RR = 22w, q09 1)

1,w

Solid salt production, kg/d:

55 )

Waste liquid rejection ratio:

S=m

Rej= my ¥ 100 (3)

1

Specific gross power requirement, kWh/m?:

cp . GPx24 -

e (mz + mM,w)/p

The pumping power and recovered power are calculated
as follows:

_Qapr 8
= ®)
P =QAP/n, )

where Q is the volumetric flow rate in md/s, AP is the
pressure difference in Pa and h is the unit efficiency. The
generated power is in W.

It should be noted, that the terms involved in the liquid
rejection rate [Eq. (3)] depend on the structure used. For
example, some strictures exclude streams 6 or 16. Similarly,
the terms involved in computing the total required power
[Eq. (4)] depend on the selected configuration. For exam-
ple, some structures exclude the RO power. Generally,
the specific energy is computed as the ratio of the energy
demand to the seawater feed rate. This makes the specific
energy proportional to the energy demand because the
seawater feed is constant. Since the ZLD process produces
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Table 1
Nominal operating condition of the proposed process

m, Seawater feed rate, m*/d 100

T Seawater feed temperature, °C 25

RR Desalination recovery ratio 0.4
RR; NF recovery ratio 0.9
RR,, RO recovery ratio 0.7

Rjs NaCl rejection in NF 0.2 28]
Rji TDS rejection in NF 0.98 [28]
DR NaCl depletion rate in ED 0.85 [34]
Csc NaCl fraction in ED concentrated product 0.125[39]
Xs Fraction of NaCl in solid product 0.95

Ws Solubility of NaOH in water, kg NaOH/kg H,O 0.3 [39]
Ns Solubility of NaCl in water, kg NaCl/kg water 0.15[39]
O,excess Oxygen excess in FC 0.25

Jee FC current density, KAmp/m? 4[39,44]
Vie FC cell voltage, volt 0.68 [44]
Aeff, FC cell effective area, m? 1 [44]
Npc FC efficiency 0.55 [44]
- EZ current density, kAmp/m? 4.67 [41]
Ve, EZ cell voltage, volt 2.75 [41]
Aeff_, Effective area, m? 1[41]
Ny EZ efficiency 0.85 [41]
Nep ED electric efficiency 0.85 [41]
id ED current density, kAmps/m? 0.4 [34]
aeff ED membrane area efficiency 0.9 [34]
Vio ED cell voltage, Volt 0.8 [34]
Nur Hydro-turbine efficiency 0.7
Table 2 to further recover clean water from the ED reject. It is also

Seawater composition

Ion ppm
Crr 24,090
Na* 13,400
SO, 3,384
Mg 1,618
Ca™ 508

K 483
HCO;, 130
Br- 83

Sit 0.09

pure water beyond the desalination process, it is of interest
to define the specific energy as a ratio of the energy demand
to the produced pure water.

2.1. RO unit

RO is well known for being energy-efficient with the
specific energy demand of 2~4.5 kWh/m® of feed [29]. Due
to limitations imposed by osmotic pressure, RO is typically
used for salinity less than 70,000 ppm [30]. RO is used here

tested for salt concentration for demonstration purposes. The
model for RO has been well established for decades. Since
our objective here is not to develop a new model, we adopt
the one proposed by Kumarasamy et al. [27].

The permeate production rate (Q,) is defined as:

Q,=AxS,(P, -, PF+m) (10)

where A is the permeability of water (0.0148 m/d/bar), S, is
the surface area taken as 400 m? here, and P, is the feed pres-
sure to be calculated to achieve the desired recovery ratio.
The polarization factor (PF), the average osmotic pressure
(m,,.), and the osmotic pressure of the permeate (1) are cal-
culated as follows:

n,=7.857x10" xC, (11)
C, +C
n,. =7.857x10" x L (12)
ave 2
K
PF =ex & (13)
Pl
f

where K = 0.0491, C, is the brine concentration to be com-
puted from salt balance, C y is the feed concentration, and Qf is
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the feed flow rate. The permeate concertation, C, is computed
as follows:

PF

C =BxSxC__x— (14)
2 ave

P

where the salt permeability B = 0.0027 m/d. The power
requirement of RO (P ,,) can be calculated using Eq. (8).

2.2. NF unit

The nanofiltration is the first unit in the proposed ZLD
process. NF act as a pre-concentrator where it recovers
NaCl from the desalination concentrate and rejects most
of the TDS. NF is a membrane unit powered by hydraulic
pressure with performance lies between ultrafiltration and
reverse osmosis. NF operates at a lower operating pressure
and provides higher recovery than RO and greater rejection
than ultrafiltration [31]. NF is known for treating scaling
ions, organic matter, and silica [13]. As mentioned earlier, it
is not the focus here to develop a rigorous model for the NF
unit. Hence, we adopt the NF model given by Ghorbani et al.
[31] and Roy et al. [32].

Given the recovery ratio (R;), the permeate flow rate is

given by:
Q= RNFQf =J.54 (15)
where | is the solvent flux across the membrane and S, is the
surface area taken as 200 m? in this study. The solvent mass
flux is defined as follows:

(16)

where P is the permeate pressure, p is the transmembrane
osmotic pressure given by Eq. (11), and m is the solvent vis-
cosity. r pore is the pore radius equal to 0.43 nm, and (Ax/A))
is the active layer thickness to porosity ratio and equal
to 1 um. We consider the membrane has selective rejec-
tion towards dissolved salts with a 98% rejection rate and
20% for NaCl [28]. Hence the distribution of the TDS in
the NF brine is as follows:

Qb,s = Rj,sQf,s (17)
Qb,NaCl = Rj,NaCle,NaCI (18)
where R, is the rejection ratio for dissolved salt and R, is

the re]ect rate for sodium chloride. The power requ1rement
of the NF (P, ) can be calculated from Eq. 8.

2.3. ED unit

Electrodialysis (ED) is an electrochemically driven
separation technique involving ions transfer across ion-
selective membranes as means to concentrate salt solution
or brackish waters [33-35]. A salt solution feed can thus be

subdivided into dilute and concentrated phases (Fig. 6).
Depending on the objective of the ED separation, the prod-
uct could be either the dilute or the concentrated phase.
This means that the dilute phase is the product when the
removal of ions is to be achieved to below a targeted con-
centration level (e.g., potable water). While the concentrate
phase is the product if ions have to be accumulated to above
a targeted level, (e.g., production of valuable ionic solu-
tions) [34].

Fig. 6 illustrates the principle of conventional ED in the
form of electrodialysis cell configuration constituted of a
series of anion- and cation exchange membranes (AEMs
and CEMs, respectively). These membranes are alter-
nately placed in series between two electrodes (e.g., the
anode (+) and the cathode (-)). The ion transport between
membranes is insured by the application of an applied
electrical potential (ion-exchange driving force). During
operation, CEMs allow only the passage of cations (-)
while the anions (+) are rejected. Oppositely, the AEMs
allow only the passage of anions and reject the cations. In
this way, charged anions and cations would be trapped
between two adjacent CEM-AEM (concentrated phase),
whereas the ion-depleted phase transits between each two
adjacent AEM-CEM (dilute phase).

The electrodes are placed in a separated compart-
ment through which an electrolytic solution is constantly
passed to protect the electrodes from the feed solution.
The electrolytic solution should be regenerated once in a
while to compensate for contamination or leakage from the
process stream to the electrodes compartment. A repeat-
ing unit composed of successive CEM-AEM is called
cell pair (3 membranes and 2 spacings). An ED stack is
equipment composed of a number of cell pairs capped
with two electrodes at both ends. In industrial practices,
a common stack typically contains up to 600 cell pairs in
addition to the electrodes [34].

As depicted in Fig. 6, the mass transport through a cell
pair occurs in two compartments, namely the dilute and
the concentrate phases and each chamber is separated by
the sequence of AEM and CEM. Transport occurs as a result
of differences between the dilute and concentrate solution
across the membranes (z-direction) and by convection of the
solutions parallel to liquid flow (x-direction) in and out of
the cells. It should be noted however that the diffusive salt
flux in the x-direction is negligibly small compared to the
convective flux in this direction [36].

The salt depletion rate is the ratio of the amount of
salt transferred from the feed brine to the concentrated
stream; it is defined as follows:

d c
DR:lfmsf - m; 19)
m! m

The salt depletion rate can also be obtained based on the

k,
ionic rates C [ J by:
s

¢! ionst
PR=1- Csf - ionsir 20
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Fig. 6. Schematic illustration of the principle of desalination by ED in a stack with AEMs and CEMs in alternating series

between two electrodes [34].

The ions transport through the membranes results from
the application of an electrical potential difference (V); this
mass transport is, in fact, proportional to the electrical
current (I) passing through the cell pair. The ionic fluxes
from dilute to concentrate solutions lead to differences in
concentration between the feed and the exit through both
channels.

A material balance of mass transport within an ED
stack is given in the following design equation:

(¢/-¢NQ,= (¢ -¢)a = o= @1

DR-z-F
The superscripts (d) and (c) refer to the dilute and con-
centrate cell inlets, the superscripts (d) and (c) refer to dilute
and concentrate and the subscripts (s) and (c) refer to salt
solution and cation. The current utilization, &, is a measure
of the amount of total current through an ED stack that
can be utilized for the removal of the ions from the feed.
The current efficiency is always <1 because of inevitable
energy losses and is commonly from 80% to 95% [34].
The required electrical power for the ED can be
computed as follows:

P o =My xIxVxN (22)

w,ED

2.4. Crystalliser unit

This unit is a crystallization/recycling tank (CR) placed
between the ED and the electrolyzer (EZ) units as shown
in Fig. 7. It serves as a mixer/settler recycling tank in
which the concentrated brine (from the ED) is mixed with
a start-up saturated solution (fixed initial quantity with

an added salt seed for nucleation) forming a mix to feed
the EZ; Excess NaCl in the saturated mix continuously
crystallizes to form salt crystals. The start-up solution
should be saturated in NaCl (at the operating temperature
of ~30°C) and contains NaOH and H,O at mass fractions
(H,0:NaOH:NaCl = 1:0.3:0.15)*.

The main operating parameters of the CR step are the
magma flowrate (brine + EZ recycle) @ (m%s), the crystal
growth rate G (m/s), the residence time ¢ _(s), the mean crys-
tal size L (m), the mixture volume V_, (m?®), and the tank
volume V_  (m®).

Typical residence times vary from 1 to 4 h, while the
mean crystal sizes range from 0.2 to 1.2 mm [37]. A seed salt
quantity ranging from 0.1% to 3% of the slurry mix is ini-
tially introduced (say 0.5% seed) to initiate nucleation and
subsequently crystal growth in the mix [38].

The growth rate is defined by:

302
k.k,p,L,!

cm

(23)

where k, and k, are the rate constant and crystal shape fac-
tor [39,40] equal to 2.6:10" and 1.05, respectively; while
p, is the salt crystals density (2,170 kg/m?).

The crystallizer magma residence time may be esti-
mated by the following:

L
$ =——m (24)
" 3.67G

The mix volume is related to the residence time by the
following equation:

V. =0t (25
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Fig. 7. Schematic illustration of the settling/crystallization tank.

The tank volume may be estimated by a choice of com-
mon tank diameter (e.g., 1-1.5 m) and an adequate H/D
ratio (e.g., (H/D),,, = 1.5-3). Thus, the tank volume could be
estimated by the following relation:

[

If a tank fill fraction (ff) is to be insured, then the tank
volume maybe estimated by :

D2
=T -—X

4

H

x D
D jratio

V,

tank

(26)

mix

tf

27)

tank

Table 3 gives a rough estimate of the CR operating
parameters; these data are obtained for a choice of tank
diameter (e.g., D =1, 1.25 and 1.5 m), a height-to-diameter
ratio (e.g. (H/D),,,, =3, 2.25, and 1.5), and fill ratio ff = 85%.
Option 2 in Table 3 may be used as a design scenario. The
required power for the CR (P,,) is simply the sensible heat
needed to heat the ED effluent.

2.5. Electrolyzer unit

Electrolytic induced reactions in a chlorine-free alka-
line electrolyzer (EZ) simply reduce to water splitting elec-
trolysis producing oxygen and hydrogen. Indeed, recent
advances in seawater brine treatment suggest that the devel-
opment of special metal-oxides coated electrodes favors
oxygen evolution reaction (OER) while hindering chlorine
formation at the anode [38,40]. Typical EZ practice data and
the present design assumptions are given in Table 4.

From electrochemistry principles, the total charges Q
(Coulombs) for 1 cell/d is defined by [41,42]:

Q\cr = electric current (Amps ) x time(sec)
=1x24x3,600(in Amps-s/cell)
= 86,400 x I(in Amps-s/cell)

(28)

The daily hydrogen molar production rate for 1 cell is

l(mol-e') 1(moI-H2)
F(C) ><2(11101-6')

(mol ~%per Cellj

mg:eu) = Qlcell (Amps - S) X

_86,400x I
2xF

(29)

For an ideal electrolyzer (100% efficiency), the number
of cells will then be computed by:

. (total)
— H2

cel lEZ — ., (1@11)
H2

(cells) (30)

Quoar = Neanez * Qlcell =Ny xIx 86,400(in C/Cell) 31)
The power requirement of the EZ can be computed as
follows:

LN

EZ

P

w,

x I xV

cell, EZ

EZ = cellEZ ** L cell EZ (32)

The EZ design data are found in Table 4.

2.6. Fuel cell unit

Nowadays, hydrogen is an energy sector that can be
used to power nearly every end-use energy need on small,
medium, and large scales. This can be achieved by the use of
what is known as fuel cells; these are key energy conversion
devices that can effectively make use of the power of hydro-
gen to produce electrical energy to power various systems.

Fig. 8 is a schematic of a fuel cell, a sandwich-type
arrangement in which an electrolyte is placed between two
electrodes. In addition, a bipolar plate on the two end sides
serves to distribute gases and as current collectors. Most
widely used, a polymer electrolyte membrane (PEM) fuel
cell causes the entering gas (H,) at its anode, to dissociate
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Table 3
Data for estimating CR operating parameters
Parameter Option 1 Option 2 Option 3
Tank diameter, D (m) 1 1.25 1.5
(H/D), 4, &) 3 2.25 15
Tank height, H, (m) 3 2.81 2.25
Tank volume, V,_ (m?) 2.36 3.45 3.98
Tank fill ratio, ff (-) 0.85 0.85 0.85
Volume of mix, V_,_(m?) 2 2.93 3.38
Residence time, ¢, (h) 1.7 2.35 2.64
Crystal growth rate, G (m/s) 7.24x10® 5.59 x 10°® 5.09 x 10°®
Mean crystals size, L, (mm) 1.63 1.74 1.78
Table 4
EZ and FC design data
Parameter Units Electrolyzer data Fuel cell data
Common data [41,45] This project Common data This project
design [41,44] design
Current density (i) kAmps/m? 2~10 4.67 1~10 4
Electrode area (A ;_,...) m? 0.9~2.7 1 0.001~2 (nominal) 1
Current (I) per stack kAmps 2~30 42 Up to 20 3.6
Cell voltage (E_,) Volts 1.75~4 2.75 Up to 0.8 0.68
Efficiency &,, % 80~96 85 Up to 65 55
Ng/Stack - Up to 181 181 Up to 283 198
N-stacks - Up to 181 4 Up to 283 2
Hydrogen capacity tons/d Up to 148 x 103 (produced) 2.54 NA (consumed) 2.54
Temperature °C 50~95 50~55 <120 <100
Electric rating DCkWh/kgH, Upto91.44 86.11 Up to 11.77 9.97
Consumed by EZ
Produced by FC

into protons and electrons thanks to a specially embedded
catalyst; a selective membrane allows only protons to go
through to the cathodic side while forcing the electrons to
follow an external conducting circuit to the cathode. This
external flow of electrons is the electric power that could be
drawn from this mechanism of hydrogen splitting which can
then be used to power external systems or units.

Electric power may be drawn because a stream of oxy-
gen O, (pure or in the air) from the cathode side reacts with
hydrogen protons (H*) and circulating electrons (e”) to pro-
duce water. The reaction at the cathode is exothermic thus
generating heat that can be utilized outside of the fuel cell.
The electric power generated by a fuel cell is dependent on
many factors, such as (i) the type of fuel cell, (ii) its size,
(iii) the operating temperature, and (iv) the pressure at
which gases are introduced. At best, a single fuel cell gen-
erates about 1 V which is not enough for any applications.
Thus, a significant number of individual fuel cells should
be combined in series to form a stack to produce enough
electric power for a specific need. This “scalability” makes
fuel cells ideal for a wide variety of applications, from

small-scale appliances (50-100 W) to homes (1-5 kW), and
vehicles (50-125 kW).

All fuel cells have basically the same configuration:
an electrolyte and two electrodes. Nonetheless, different
types of fuel cells are available and are classified primarily
by the nature of electrolytes used. In fact, it is the type of
electrolyte which determines the kind of chemical reactions
that take place in the fuel cell, the operating temperature
range, and other factors that determine its most suitable
applications [42,43].

2.6.1. Electrochemistry of a fuel cell

The two main reactions occurring in a PEM fuel cell are:

Anode: 2H, — 4e” + 4H" (33a)
Cathode: O, + 4e” + 4H" — 2H,O + Electricity + Heat  (33b)
Opverall reaction: 2H, + O,— 2H,O + Electricity + Heat ~ (34)
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A Single Fuel Cell

Fig. 8. Schematic of the fuel cell.

Similar to electrolyzer analysis [Egs. (28)—(31)], the daily
hydrogen molar consumption rate for 1 cell is:

1(mol-e’) 1(m01~H2)
F(C) 2(mol.c)

(mol . %per CellJ

mSZCEU) = Qlcell (Amps - S) x

~86,400x I
2xF

For an ideal fuel cell (efficiency &, =100%), the number
of cells will then be computed by:

. (total)

cells) (36)

_ H2 (
cell FC . (lcell)
mHZ

Qlotal =N celLFC X Qlcell =N celLFC X I'x 86’400(in C/ Ceu) (37)

The total power produced from the fuel cell is as follows:

Pw,FC = nFC X Ncell,FC x Iccll,FC x Vccll,FC (38)
Table 4 summarizes pertinent operating values for fuel

cell usage and the present design assumed values.

3. Results and discussion

The process equations are solved using the operating
conditions given in Tables 1 and 2 for the basic structure, that
is, S1. The numerical results are listed in Table 5 for mass
flow rate and Table 6 for the composition. The resulted Key
Performance Indicators (KPI) for this configuration is listed
in Table 7. With the aid of the proposed method, the water
recovery increased from 40% to 60%, and consequently, the
liquid rejection is reduced from 60% to 40%. However, this
achievement is obtained at a large energy requirement of
694 kW and a specific energy requirement of 941 kWh/m?.
However, the ZLD process is known for its high cost due
to its huge energy consumption [15]. Lu et al. [7] reported
specific energy requirements that range between 2,000-
2,700 kWh/m® Schwantes et al. [15] suggested that a new
strategy or technology be developed to make ZLD more eco-
nomical. This is not the main focus here. Instead, the feasi-
bility of generating renewable energy within the system is

= A P
Hp Oz
Anode 7 T =~ Cathode
lon
conducting
membrane

investigated. The contribution of the different processing
units to the required energy is shown in Fig. 9. It is obvi-
ous that EZ dominates the other processes in terms of energy
requirements. In fact, EZ consumes 3,356 kW which corre-
sponds to 98% of the total energy consumption. Indeed, EZ
is known for its high specific energy requirement. For exam-
ple, the specific energy requirement in terms of H, produc-
tion ranges from 4.2 to 5.9 kWh/Nm?® H, for Alkaline Water
Electrolysis (AWE) [39] and is theoretically about 3.6 kWh/
Nm® H, (or 40 kWh/kg H,) for water splitting electrolysis.
Although quite considerable energy is produced by the fuel
cell (2,715 kW), it can barely offset that needed by the electro-
lyzer. The ED required energy is 38 kW which is equivalent
to 16 kWh/m? of ED feed. This value is slightly higher than
the range of 7~15 kWh/m? reported by Panagopoulos and
Haralambous [13].

For a fair comparison of the 8 proposed configura-
tions for the ZLD process, they were simulated using the
nominal operating conditions. The KPI for these scenarios
is shown in Fig. 10. The best scenario would be the one
having the highest water recovery ratio and salt produc-
tion and minimum rejection ratio and specific energy
consumption. The notable observation is the behavior of
Slc. This scenario owns the best waste liquid discharge of
zero which meets the essence of the ZLD concept. In addi-
tion, it has the maximum solid salt production over all the
scenarios. However, it suffers from very high energy con-
sumption as well as high specific energy requirements. The
reason for the considerable amount of energy consumption
is related to the adverse effect of recycling streams as will
be discussed further later. Thus, Slc is considered inferior
to the rest of the configurations. Another observation is the
superiority of the S2 configuration and its variants with
respect to the S1 configuration and its variants. For exam-
ple, the S2’s deliver much higher water recovery and some-
how smaller liquid rejection ratio with almost comparable
salt production. However, the S2’s consume more energy
almost as twice that of the S1’s. However, if we consider the
specific energy requirement, the S2’s become slightly less
demanding. The definition of the specific energy demand
played important role in differentiating the different sce-
narios. If the specific energy was defined as the ratio of the
energy to the seawater feed, then the trend of GP__ will be
exactly similar to that of GP_. In this sense, it loses its effect
as a KPI to compare and distinguish the performance of
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configuration.

the different scenarios. It was crucial to define the specific
energy as the ratio of the required energy to the amount
of pure water production because the proposed scenar-
ios differ in their capability to increase water recovery
and salt production. The S3 structure delivered an almost
comparable performance with respect to the S2 configura-
tions. However, S2b outperforms S3 in terms of higher salt
production. Not to forget that the use of RO as a concen-
trator is questionable. Overall, S2b owns the best perfor-
mance among the various structures.

To understand the effect of recycling on plant behav-
ior, we break down the KPI shown in Fig. 10 for each con-
figuration. Fig. 11 depicts the KPI exclusively for S1 and
its variants. Excluding Slc, the figure indicated improve-
ment in water recovery and consequently in salt produc-
tion as they are related. Also, remarkable improvement
in the liquid discharge percentage. The latter is intuitive
because recycling will eliminate the liquid discharge. The
aforementioned enhancement is obtained at small changes
in the required energy and because of the increased water
production, the specific energy demand is leveled off.
Hence, it can be argued that recycling enhanced the per-
formance at an additional minor cost. However, recycling
harms the performance of the individual units which is
overshadowed, except for Slc, by inspecting the overall
energy requirement. To analyze this effect, we examine
the results in Tables 8-10. Table 8 shows that the power
demand of EZ dominates the other units which hide their
corresponding changing power demand due to recycling.
The power demand of EZ increases proportionally with RR
because more energy is needed to convert the increased
water inlet into hydrogen and oxygen. Nevertheless,
Table 8 shows how the required transmembrane pressure
and subsequently the pumping power for NF varies with
the type of recycling. For S1 and Slc, the corresponding
pressure and power change to 76,80 bar and 32,2263 kW,
respectively. For S1b, the pressure and power do not change
because stream 6 is recycled to the ED unit instead of the NF
unit. These variations can be explained by inspecting the
mass and composition balance listed in Table 9. Considering
the Sla structure, the initial concentration of the recycle
stream denoted by RO in the table is 13,443 ppm which
will dilute the NF feed after mixing with stream 3. Since

Mass flow rate for all streams of S1 configuration (kg/d)
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Table 6
Component concentration in the main streams, ppm

Species 1 2 3 4 5 6 7

H,0 956,304 1,000,000 927,173 773,667 944,229 986,557 874,483

Cl 24,090 40,150 80,300 35,689 8,602 80,321

Na* 13,400 22,333 44,667 19,852 4,785 44,679

SO; - 3,384 5,640 55,272 125 30 282

Mg* 1,618 2,697 26,427 60 14 135

Ca™ 508 847 8,297 19 5 42

K* 483 805 7,889 18 4 40

HCO; 130 217 2,123 5 1 11

Br- 83 138 1,356 3 1 7

Si* 0.1 0.2 15 0.0 0.0 0.0

e ions 43,696 72,827 226,333 55,771 13,443 125,517
Table 7 Table 8

KPI of S1 configuration

Required power for S1 configuration and its variants

Parameter Value Parameter S1 Sla S1b Slc
RR (%) 60 P, (bar) 21 76 21 80
Rej. (%) 40 Pw (kW) 1 32 1 2,263
Salt (kg/d) 2,683 Pw,, (kW) 38 69 77 106
GP_ (kW) 694 Pw,, (kW) 3,356 3,813 3,948 4,820
GP_ _(kWh/m?) 941

ws

the NF has a high recovery ratio of 0.9 and mainly rejects
non-NaCl ions, a large amount of water will be pushed
into stream 5. Hence, the composition of stream 5 will be
diluted further causing problems for the ED unit. Since the
extraction level is fixed to depletion rate (DR) = 0.85 and
the concentration level to Csc =0.125, the ED will divert the
augmented incoming water towards the dilute stream (the
recycle stream). Hence, the recycle stream is amplified and
recycled back to the NF. At a steady state, the recycle stream
will approach a large value of 304,961 kg/d, which is almost
ten times the original value. This amplified circulation rate
will cause a minor effect on the energy requirement of the
ED because its power requirement depends mainly on
the extraction extent. The propagated inlet flow rate will
affect the number of required ED cells which will influ-
ence the total power but marginally. On the other hand,
the propagated circulation rate will amplify the NF energy
requirement considerably. First, the required transmem-
brane pressure of NF will increase to maintain the desired
recovery ratio of enlarged inlet flow rate. Note the osmotic
pressure has less effect in this case because the feed concen-
tration is diluted. As a result, the power demand of NF will
amplify because it is directly proportional to both the feed
pressure and the feed volumetric flow rate. The situation
intensifies for Slc. The initial recycle mass rate is higher
than that of Sla and the concentration is not as dilute as
before. However, the recycle stream is more populated
with TDS other than NaCl which is largely rejected in the
NF unit. As a result, a larger amount of diluted solution
is produced by the FN and sent to the ED. As mentioned

earlier, the ED will produce a more dilute stream because
DR and Csc are fixed. Note the concentration level, in this
case, will reach up to 145,000 ppm because DR targets
the total TDS rather than the NaCl ions and the ED feed
solution contains traces of other TDS due to premixing
with stream 4. Eventually, the recycle stream mass rate
accumulates to a very large magnitude which is almost
six hundred times the original flow rate. In due course,
the power demand of NF soars to an extent it approaches
50% of that of the EZ unit and thus affects the overall
energy demand as shown in Fig. 11 for the Slc system.

A similar situation occurs for the S1b configuration as
shown in Table 10. It is not judicial to recycle a rejected
stream by the ED to its own feed. Obviously, the recy-
cle stream soared almost 900 times the original mass rate.
Fortunately, the amplified circulation rate did not amplify
the power demand considerably for the same reasons men-
tioned earlier. Regardless of the impact of waste recycling
on the energy demand, it has a detrimental effect on unit
performance. The expanded circulation rate may become
beyond the designed capacity of the processing unit.
Moreover, it may accelerate fouling and/or corrosion.

Fig. 12 illustrates the breakdown of the KPI for the S2
configuration and its generations. Once again, waste recy-
cling enhances the overall performance. Increased water
recovery ratio, increased salt production, and reduced
waste rejection ratio are observed. The power demand is
increased, but the specific power demand is leveled off due
to the variable water production. Minor differences in GP
and GP__are observed but it is not shown due to numerical
rounding. Therefore, the ZLD plant with S2b configuration
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Table 9
Mass flow rate and composition for selected stream of S1, Sla and Slc
System Unit 3 3+6 4 5 6 7 RO
s1 kg/d 60,000 60,000 6,000 54,000 33,605 20,395 -
ppm 72,827 72,827 226,333 55,771 13,443 125,517 -
S1a kg/d 60,000 364,596 36,460 328,136 304,961 23,176 33,605
ppm 72,827 13,392 40,101 10,424 1,682 125,457 13,443
S1c kg/d 60,000 24,050,506 2,405,051 21,645,455 21,615,463 29,992 39,605
ppm 72,827 1,747 15,334 237 36 145,692 45,694
Table 10
Mass flow rate and composition for selected streams of S1 and S1b
System Unit 5 5+6 6 7 RO
S1 kg/d 54,000 54,000 33,605 20,395 -
ppm 55,771 55,771 13,443 125,517 -
S1b kg/d 54,000 30,004,621 29,980,628 23,994 33,605
ppm 55,771 118 18 125,517 13,443
100
90
80
70
60
50
40
30
20
10
0
RR (%) Rej (%) Salt x100 (kg/d) GPw x100 (kW)  GPws x100
(kWh/m3)
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Fig. 10. KPI for the different configurations.

can achieve a waste liquid discharge as low as 6% and an
overall water recovery of 95%, which is 55% beyond the
desalination plant, at a specific energy of 900 kWh/m?®.
Unlike S1 with recycle, the waste recycling to join the NF
feed (S2a) or the ED feed (S2b) does not create an aug-
mented recycle mass rate. In due course, the initial mass
rate of the recycle (stream 16) is small almost one-third
of the recycle stream in S1 (stream 6). Moreover, the ini-
tial salinity of stream 16 is quite high around 43,000 ppm.
Accordingly, the recycle stream does not dilute the feed of
the NF or the ED. Nevertheless, recycling in the S2 structure
can still incur operational limitations, especially in the ED
unit as will be discussed in the following sections.

As mentioned earlier, the S3 configuration delivered
comparable performance to that of 52b. However, besides

Slc mS2 mS2a mS2b mS3

being idealistic, the RO operated at the maximum recovery
ratio and allowable feed pressure. Thereby, further optimi-
zation of the RO operation is not possible. However, the ED
unit parameters can be adjusted for better performance. For
example, the ED can be used to concentrate the salt beyond
125,000 ppm by increasing the Csc parameter or produce
further diluted products by increasing DR. In the follow-
ing we examine the effect of DR and Csc on the ED perfor-
mance and subsequently on the overall plant. In general,
increasing DR will increase the amount of concentrate stream
and consequently the amount of water associated with it.
Increasing Csc will increase the salt portion in the concen-
trate stream and thus reduces the water associated with it.
The result is shown in Fig. 13 for the S1 configuration.
Fig. 13a displays the effect of DR and Csc on the overall water
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recovery. Basically, increasing DR and reducing Csc will
increase the amount of water associated with a concentrated
stream. At very low DR, the salt concentration (Csc) has lit-
tle effect but a considerable impact at higher values for DR.
Similarly, at a very low value of Csc, DR has a minor influence
on the overall water recovery. Nevertheless, the maximum
water recovery is obtained at the highest DR of 0.9 and the
lowest Csc of 0.075. In this case, the overall water recovery
approaches about 78%. However, the maximum achievable
recovery is still less than that of the S3 and S2 generations.
Of course, the energy requirement will increase with an
increase in water recovery because the EZ unit will consume
more energy to convert the increasing amount of produced
water. It should be reminded that EZ energy demand domi-
nates the total energy requirements. In this case, the trend of
the total energy demand will be similar to the water recov-
ery demand. In contrast, the specific energy demand will
demonstrate the opposite trend as shown in Fig. 13b. In this

Salt x100 (kg/d) GPw x100 (kW)

GPws x100
(kWh/m3)

case, the specific energy is lowest at the lowest Csc for all
values of DR. The highest specific energy occurs at the high-
est Csc but increases with DR where it exceeds 1,150 kWh/
m? at DR = 0.9 and Csc = 0.325. Therefore, it is recom-
mended to operate at the lowest Csc to guarantee the highest
water recovery and minimum specific energy demand.

Fig. 14 illustrates the effect of DR and Csc on the
performance of S2 configuration to study the influence
of adding RO to treat the ED effluent. Fig. 14a shows the
water recovery trend which is similar to that for S1 with
the highest recovery can reach up to 90%. Hence, high
water recovery can be achieved by incorporating RO
instead of recycling the waste stream like in Sla, b, c struc-
tures. However, the highest achievable water recovery is
still lower than that of S2b. Unlike the case of S1, the water
recovery trend for S2 at very high Csc values, for example,
0.325 and 0.275, remains constant for all values of DR. In
fact, the trend for Csc = 0.325 drops marginally at DR =0.9.



E. Ali, A. Bessadok-Jemai / Desalination and Water Treatment 272 (2022) 88-107

e C5c=0.075 @ Csc=0.125 Csc=0.175

Csc=0.225 @ C5c=0.275 @ Cs5c=0.325
80
9 (a)
ﬁ 60
40
0 0.2 0.4 0.6 0.8 1

DR

103

= (Cs5c=0.075 @ (Csc=0.125 Csc=0.175

Fig. 13. Effect of ED design parameter on overall water recovery ratio and power density for S1 configuration.
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Fig. 14. Effect of ED design parameters on overall performance for S2 configuration.

For S2, the water recovery is the sum of that obtained
from the ED and the following RO this is why S2 produces
more water than S1. When DR increases for any value of
Csc, the water produced by ED will increase. Hence, for
a fixed RO recovery ratio, the water produced from RO
will decrease proportionally. Since the amount produced
by ED dominates at low Ccs values, the total produced
water will have the same trend as the ED concentrate with
respect to DR and Csc. At high Csc, water produced from
ED slightly increases with DR, hence, balanced by the
water recovered by RO, the total produced water becomes
asymptotic. Fig. 14b depicts the variation of the ED power
demand which indicates propagation with both DR and

Csc but linearly at low Csc and exponentially at high Csc
values. This is common because the power demand of ED
depends on the degree of salt separation. Thus, P, grows
with extraction level (DR) and concentrating level (Csc).
The energy demand of the EZ is proportional to the extent
of water recovery as demonstrated in Fig. 14c. This is intu-
itive because the energy of EZ is directly proportional to
the amount of water to be converted into hydrogen. The
trend of the specific energy for S2 is shown in Fig. 14d
which displays different behavior than that for S1 shown
in Fig. 13b. The growth rate in GP__ remains almost the
same for all values of Csc up to DR = 0.5. This is because
the trend of both RR and GP either has the same rate or
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stays constant in that period. For DR values higher than
0.5, the extent of concentrating starts influencing the spe-
cific power as the latter grows rapidly with Csc.

Fig. 15 demonstrates the impact of the ED design
parameter on the overall performance for the S2b configu-
ration, that is, when the RO brine is recycled to the ED feed
solution. As shown in Fig. 15a, the overall water recovery
remains constant for all values of Csc and DR except for very
minor changes with respect to DR. Although the water pro-
duction from ED will still vary with design parameters, but
the overall water production will remain constant because
it is balanced with RO production with zero discharge.
Due to the recycling of stream 16, the total water produced
must be equal to that of the NF effluent (stream 5 before
mixing). In due course, recycling eliminates the role of the
ED design parameters, thus optimizing the ED operation
does not affect the overall water recovery. Nevertheless,
recycling affects the ED operation which is obscured in
Fig. 15a because the lines are overlapping. This limitation
is apparent in the other parts of Fig. 15. For example, Fig.
15b, shows the power density as a function of DR and Csc.
Like S1 and S2, GP__increase with DR and Csc. However,
at low DR and Csc values, the ED dumps more TDS into
the dilute stream (S6) which is concentrated further in the
RO and recycled to the ED feed. Consequently, the ED feed
becomes highly concentrated to the extent it exceeds the
target concentration set by Csc value. Therefore, the ED
does not function properly or operates reversely, that is,
becomes a diluter instead of a concentrator. For instance,
at Csc = 0.075, the ED can only operate in the DR range
of 0.7~0.9. The range increases with Csc value. However,
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the minimum allowable DR is 0.2 even for the highest
value of Csc. Fig. 15c illustrates the power demand of EZ
which is constant because it is directly proportional to the
amount of water recovered shown in Fig. 15a. Although,
RR and P of EZ, which dominates the total power demand,
are constant over all values of DR and Csc, the specific
energy (GP ) depicted variation with these parameters.
This is ascribed to the contribution of the energy demand
of the other units especially the RO and ED as shown in
Fig. 15d. Although the magnitude of the ED and RO power
is minor relative to that of EZ, it contributes to the total
power demand because the power of EZ is constant over
the range of ED parameters. Not to forget that the power
of EZ is reduced by subtracting the sizeable FC power and
further scaled down by dividing by the recovered water.
Here we summarize the effect of recycling on the
performance of S1 and S2 configurations. In S1, recy-
cling the dilute S6 will deteriorate the performance of
ED. Since the ED feed becomes diluted, it becomes diffi-
cult to maintain the concentration target of 125,000 ppm
(i.e., fixed Csc at 0.125). Hence the only way to achieve
the desired concertation is by pushing more water to the
dilute stream which will amplify the recycle stream. Note
the slightly improved overall recovery in Sla, S1b, and Slc
is mainly due to the inflated ED feed rate. However, this is
not the case for S2 because the recycle stream (S16) is not
diluted as its salinity reaches 43,000 ppm. Moreover, the
mass rate of S16 is small relative to the ED feed mass rate.
It is of benefit to operate ED at the highest concentra-
tion level (say 0.325) because it will improve the crystalliza-
tion performance. It is common to concentrate the solution
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Fig. 15. Effect of ED design parameters on overall performance for S2b configuration.
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to the saturation limit to reduce the energy required for
crystallization [25]. However, for S1 this situation is asso-
ciated with a low water recovery of around 47%. With the
aid of RO (52 configuration), the water recovery at the
highest Csc can be improved to around 81%. Furthermore,
recycling the RO brine (52b configuration) helped even to
increase the overall recovery to almost 95%. Hence, the use
of RO and recycling can help operate ED at the highest con-
centration level without sacrificing water recovery.

Due to the promising performance of the S2 configura-
tion, we further study the impact of increasing the recov-
ery ratio of the RO unit on the overall performance. Note,
that the RO feed has a small mass flow rate and low con-
centration of 12,000~15,000 ppm. Thereby there is room to
increase the recovery ratio which will of course increase the
required transmembrane pressure and subsequently the
power demand. Fig. 16 depicts the effect of the RO recovery
ratio on plant performance. Fig. 16a displays the resulted
KPI for the S2 structure where the RO brine is discharged
to the environment. Obviously, increasing the recovery
ratio from 0.7 to 0.9 managed to improve the water recov-
ery from 85% to 92% and consequently reduces the liquid
discharge from 16% to 9%. However, the amount of pro-
duced salt remains constant because it is governed by the
concentration level in the ED. Not shown in the figure, the
RO power increases from 1.0 to 1.8 kW and the EZ power
from 7,812 to 9,082 kW. However, the growth in water pro-
duction flattened the specific energy to around 900 kWh/
m?. Two significant digits were displayed in Fig. 16a for
GP to signify its minor variation. Fig. 16b shows the influ-
ence of RO recovery ratio on 52b configuration where the
RO brine is recycled to the ED feed. In due course, increas-
ing the RO recovery ratio from 0.7 to 0.9 does not affect
the water recovery because it is already reached the max-
imum allowable value via recycling. The liquid discharge
is also unaffected because the RO brine is simply recycled
instead of discharged to the environment. The salt pro-
duction is marginally altered because of the effect of the
salt in the recycle stream on the separation mechanism
inside the ED unit. Similarly, the specific energy demand
is unaltered because EZ power demand is unchanged.
It is true, that the RO power demand increases from 1
to 2 kW, which is not shown here, but its contribution is
concealed by the ample power demand of the EZ unit.
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Nevertheless, when the RO brine is recycled, increasing the
RO recovery cannot help improve the overall performance.

4. Conclusions

In this work, a process to treat the desalination waste
for zero liquid discharge is proposed. The proposed plant
uses an electrodialysis for salt concentration. In addition,
an electrolyzer followed by a fuel cell is incorporated to
produce green energy as a side product. Different con-
figurations involving waste recycling, adding additional
RO units to treat the liquid waste, and replacing the elec-
trodialysis with a typical RO for salt concentrating are
studied. The various configurations are compared to con-
centrate 7.3% brine solution up to 12.5%. It is found that
the energy demand is high where the specific energy can
reach 900~1,000 kWh/m?® of total produced pure water.
98% of the energy demand is incurred by the electrolyzer.
Although considerable energy can be produced by the fuel
cell, but it can suffice only 80% of the energy consumed
by the electrolyzer. The energy efficiency of the plant can
be improved if supported by free renewable energy such
as solar and/or wind energies. Recycling the liquid waste
directly to the same processing unit can provide a slight
improvement in the overall performance. However, it can
harm the process operation such as causing an inflated
recirculation rate and, in some cases, dramatic growth in
the energy demand. Hence, achieving full nil liquid dis-
charge may not be without cost. On the other hand, fur-
ther treatment of the water liquid by an RO in this study
can enhance the overall plant performance to achieve 95%
pure overall water recovery, 6% waste liquid discharge,
and 3,142 kg/d of solid salt production at a specific energy
demand of 900 kWh/m?. It is also found that recycling
the waste liquid after processing by RO in this study,
can help enhance the overall performance but may limit
the range of operability of the subsequent unit, that is,
the ED in this case.
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RO membrane permeability, m/d/bar
Concentration, ppm

Salt ionic concentration, keq/m®

Tank diameter, m

Degree of desalination

Faraday constant (96,485.44 C/keq)

Fill fraction

Crystal growth rate, m/s

Gross power demand, kW

Specific gross power, kWh/m?

Tank height, m

Total passing current through a cell pair, Amps
Solvent flux, m/d

Constant for polarization factor

Empirical constants for the crystalizer

Crystal mean size, m

Mass rate of stream i, kg/d

Mass rate, kg/d

Number of cell-pairs

Pore radius, m

Recovery ratio

Overall recovery of water

Waste liquid reaction ratio

Reject ratio

Power, kW

Polarization factor

Volumetric flow rate, m3/s

Cell charge, Amps

Flow rates of dilute and concentrate solutions
in the cells parallel to the membrane surface
(m?/s)

Solid salt production, kg/d

Membrane surface area, m?

Residence time, s

Total required power, kW

Total generated power, kW

Anion/cation charge number (ie., z = 1 for
Na*, CI)

Density, kg/m®
Efficiency

Osmotic pressure, Pa
Solvent viscosity, kg/m's
Current efficiency
Magma flow rate, m*/s

Subscripts/superscripts

b

c
Cell
d

el

f
p
s

ED

Brine
Concentrate
Fuel cell
Dilute
Electrical

Feed

Permeate

Salt
Electrodialysis

EZ
FC
NF
RO

—  Electrolyzer

—  Fuel cell

—  Nanofiltration
—  Reverse osmosis
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