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HIGHLIGHTS GRAPHICAL ABSTRACT

eA new hybrid BRO-AD system is
proposed.

e Low energy consumption and high re-
covery are the main advantages of the

BRO-AD hybrid system: High recovery, low energy
and multipurpose desalination

BRO-AD. 'BRO system Freshwater 6 1 AD system’
e The BRO-AD has wide applicability to
brackish water and seawater Feed Pressurisation
desalination. pump —
e Simultaneous cooling power and water ork
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productions can be achieved by the vessel
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achieved. Brackish water desalination > 95%, Seawater desalination > 64%
Electrical SEC: 0.536 kWh/m? (brackish water), 2.089 kWhim (seawater)
i p ion of distilled water, cooling power
ARTICLE INFO ABSTRACT
Keywords: Brine disposal and energy consumption are the two most important challenges for desalination. In this study, a
Batch reverse osmosis new hybrid desalination process integrating batch reverse osmosis (BRO) and adsorption desalination (AD) is

Process modelling

Desalinati proposed for high recovery and energy efficiency. Hybrid BRO-AD produces distilled water and drinking water
esalination

. simultaneously. It also provides cooling. Simulation results reveal high recovery of 96.0 % and 64.8 %, low
Hybrid process e . . 3 o .
Adsorption desalination specific electrical energy consumption of 0.536 and 2.089 kWh/m>, specific thermal energy consumption of
Minimal liquid discharge 182.3 and 312.2 kWh/m?, with cooling power generation of 302.5 and 139.5 kW achieved in brackish water and

seawater desalination, respectively. The thermal energy consumption can be supplied by low-grade waste heat.
The effects of feed concentrations in the ranges of 1-8 g/L (for brackish water) and 30-44 g/L (for seawater) and
feed temperature of 25-35°C are also investigated. The performance of the BRO-AD is compared against non-
hybrid BRO and AD systems. The study shows that the BRO-AD hybrid achieves higher recovery than BRO,
while reducing the large amounts of adsorbent material needed by AD. With its versatile characteristics, the BRO-
AD hybrid system can be considered a breakthrough step in minimal/zero liquid discharge.
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Nomenclature

Symbol Definition

A Adsorption potential
An Membrane area
As Surface area
A, Water permeability
B Salt permeability
C Concentration
Cp Specific heat
D Diffusivity
dp Hydraulic diameter
pipe Pipe diameter
Ea Activation energy of the adsorbent
f Friction factor
g Gravitational acceleration
h Differential head
h; Internal heat transfer coefficient
hg Heat of evaporation
H Membrane channel height
Jw Water flux
K Mass transfer coefficient
K, Pre-exponential constant
k Thermal conductivity
L Membrane module length
l Pipe length
Mads Adsorbent mass
i Mass flow rate
Nu Nusselt number
p Pressure
P Average pressure
P Peak pressure
PW Power
Pr Prandtl number
Qs Isosteric heat of adsorption
Qcond Extracted energy from condenser
Qevap Added energy to evaporator
R Gas constant
Re Reynolds number
r Recovery
S Mass fraction of salt
St Longitudinal concentration gradient factor
Sp Concentration polarisation factor
Sr Salt retention factor
Sc Schmidt number

Sh Sherwood number

SEC Specific energy consumption
T Temperature

t Time

v Volume

1% Volumetric flowrate

v Velocity

Xing Equilibrium water uptake

X Instantaneous water uptake
Subscripts

ads Adsorption

aux Auxiliary units

AD Adoption desalination system
b Brine

bk Bulk

bed Adsorber bed

BRO Batch reverse osmose

cond Condenser

ch Chilled water

w Cold water

des Desorption

evap Evaporator

elec Electrical

hw Hot water

HX Heat exchanger

i Internal

in Inlet

0 Outer

out Outlet

P Pressurisation phase

pipe,R Retained region in the BRO system
pg Purged region in the BRO system
r Purge-and-refill phase

S Surface

w Water

Greek letters

€ surface roughness

& Total porosity of the adsorbent material
p Density

n Efficiency

u Viscosity

A Correction factor

E Minor loss coefficient

1. Introduction

Freshwater is vital to sustain human life. The demand for freshwater
is growing rapidly as the human population increases. However, most
water on Earth contains salts and cannot be used directly [1]. Therefore,
desalination is essential to secure sufficient freshwater for household,
agricultural and industrial uses [1]. Various desalination technologies
have been developed and implemented as full-scale plants [2,3]. In
2020, the installed desalination capacity 2020 reached over
97.2 million m®/day [4]. Nonetheless, the large number of desalination
plants installed worldwide causes serious problems, especially 1) high
energy consumption and CO;y emissions [2,3] and 2) environmentally
harmful effects of brine disposal [5,6]. In 2018, desalination consumed
over 75.2 TWh of energy and produced an estimated 52 billionm? of
brine globally [7,8]. Therefore, there is a need to develop new solutions
to alleviate these problems.

Regarding the problems of energy consumption and CO; emissions,

numerous researchers have investigated new processes and systems to
reduce the current level of energy consumption [3,9-14]. Batch reverse
osmosis (BRO) has recently been developed to minimise thermody-
namically irreversible energy losses in the RO desalination process
[15-18]. Because the applied pressure in BRO increases gradually with
concentration in the BRO system, the irreversible energy loss is signifi-
cantly reduced [3,15,19,20]. As a result, the energy consumption of BRO
is lower than that of conventional continuous RO, especially at high
recovery [14-16,21].

There has been a growing interest and several technological de-
velopments in BRO in recent years. These developments have included
new configurations to enhance the output and simplify the design of the
BRO system [17,22]. Improved models have been developed to repre-
sent more accurately the output of BRO including the effects of salt
retention and osmotic backflow [23,24]. Experimental and modelling
studies have indicated that BRO is likely to resist fouling better than
conventional continuous RO [25]. Pilot studies have been carried out
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Table 1
AD systems using conventional adsorbent material (silica gel) and newer adsorbent material (MOF), showing improved SDWP using MOF.
References  Adsorbent Adsorbent Study type Feed SDWP (L/kg/day) Conclusions
material mass (kg) salinity
(ppm)
[33] Silica gel 29.17 Experimental Up to 4.69 Met the quality standard for drinking water
30,710 in China
[29] 36 Numerical and Up to 6.7 High purity of water production (15 ppm)
experimental 86,800 with high water recovery (75 %)
[32] 47 Numerical Up to 6.5 A slight impact on the SDWP
220,000
[34] Aluminium 23.2 Experimental Up to 8.5 Only a reduction of 16.3 % when water
fumarate (MOF) 100,000 salinity increased from 10 to 100,000 ppm.
Higher SDWP compared to conventional
material using low desorption water
temperature
[35] 0.375 Experimental - Upto 12 High SDWP but without cooling production —
no testing with saline water
[36] CPO-27 Ni (MOF) 0.67 Numerical and - Up to 5 and 15 at desorption water The system is only effective at a high

experimental

temperature of 95°C and 155°C
respectively

desorption water temperature — no testing
with saline water

with a BRO system using a 8-inch spiral wound module, which is
representative of large-scale industrial desalination systems
[14,15,24,26]. However, the applications so far are at laboratory and
precommercial pilot scale (with maximum output of about 20 m>/day).
Therefore, the technological readiness level of BRO can be described as
TRLS.

Despite such progress, BRO and RO systems cannot easily increase
recovery to a very high value as needed for minimal brine disposal,
because the maximum working pressure of RO membrane is limited
[27,28]. Although BRO is an attractive solution for energy minimisation,
there is still the environmental issue of brine disposal. Therefore, there is
a need to investigate other methods for treating brine to ease this
disposal problem,

An interesting technology for brine treatment is adsorption desali-
nation (AD). This technology has recently been developed to treat high-
salinity brine using low-grade thermal energy [29,30]. The AD system
consists of an evaporator, adsorption/desorption beds, and a condenser
[31,32]. It can generate a cooling effect in the evaporator, and provide
high-quality freshwater (containing <10 ppm of dissolved solids) in the
condenser [31]. Therefore, AD can be effectively utilised for dual pur-
poses of desalination and cooling. Several studies investigated AD in
terms of the specific daily water production per mass of adsorbent
(SDWP), the effect of feed salinity, and the product water quality.
Table 1 compares some studies using conventional adsorbent material (i.
e. silica gel) and new adsorbent material (i.e. metal organic framework,
MOF). The table confirms the trend towards higher SDWP and the ability
to handle feed salinities as high as 220,000 ppm (over 6 times the con-
centration of seawater). Nevertheless, as a thermal desalination process,
AD consumes much more energy than membrane processes such as BRO.

Since, unlike RO, the performance of the AD system is not heavily
influenced by feed concentration [32], AD can be employed for brine
management when integrated with conventional desalination systems
such as RO, multi-effect distillation, and humidification-
dehumidification [29,31,32,37-39]. The use of AD to treat brine
downstream of conventional desalination can further increase the
overall recovery in the desalination system and minimise the volume of
brine for disposal. In addition, AD enables a multipurpose desalination
system that can simultaneously produce freshwater, high-quality
distilled water, and cooling power. Thus, hybridisation with AD is an
attractive solution, not only to address the environmental problem of
brine disposal, but also to provide valuable products (distilled water and
cooling) while capturing low-grade thermal energy.

In other words, a hybrid BRO-AD system could be a competitive
solution to address the critical issues of energy minimisation and brine
management. To the best of the authors’ knowledge, the BRO-AD hybrid
has not been proposed before. However, this solution requires certain

challenges to be overcome. Firstly, BRO is an intermittent system which
periodically discharges concentrated brine [15]. Because AD works
continuously, hybridisation requires an appropriate configuration and
operating strategy to connect these two systems effectively. Hybrid AD
systems reported in the literature use desalination technologies other
than BRO. Moreover, they use conventional adsorbent materials such as
silica gel and zeolite, which have low water uptake due to the limited
surface area in the pores [40,41]. As an alternative adsorbent material,
MOFs can provide much higher water uptake due to their high surface
area, which enhances the performance of the AD [34] and ultimately can
improve the overall performance, water recovery, and electrical con-
sumption of the BRO-AD system.

In this study, we propose a new BRO-AD hybrid configuration for
multipurpose desalination with minimal liquid discharge, using MOF
(aluminium fumarate). Mathematical modelling is developed to esti-
mate the performance of the BRO-AD hybrid system such as energy
consumption, water production rate, permeate water quality, and
cooling power generation. The applicability of the BRO-AD hybrid sys-
tem for brackish water and seawater desalination is analysed. The effects
of feed conditions, such as concentration and temperature, are investi-
gated comprehensively to identify the appropriate operating conditions
of the BRO-AD hybrid system. To reveal the competitiveness of the BRO-
AD hybrid system, non-hybrid BRO and AD systems are compared in
terms of energy consumption, permeate water quality, and cooling
power generation. Finally, the potential for zero liquid discharge (ZLD)
or minimal liquid discharge (MLD) is discussed.

As noted above, both BRO and AD are at pilot system level of
development (TRL5). As such, commercial units are not yet widely
manufactured, and costings for comparison with more established
desalination and cooling technologies are not yet available. For this
reason, the economic analysis of the BRO-AD is beyond the scope of this
study.

2. Process and methods
2.1. Description of BRO-AD hybrid system

In the proposed hybrid system, BRO and AD units are connected
sequentially as shown in Fig. 1. It is assumed that, to avoid fouling or
scaling in the BRO-AD system, feed water is supplied via an appropriate
pre-treatment system according to the composition of the feed water.
The BRO unit operates following the established principle of BRO. In the
pressurisation phase, the feed water is fed into the left side of a work
exchange vessel at a constant flow rate while increasing its pressure by a
feed pump. The pressure of the feed water is transferred via a free piston
to the water in the right side of the work exchange vessel. During
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Fig. 1. Schematic illustrations of BRO-AD hybrid process. BRO units are installed for brackish water desalination. The number of BRO units can be adjusted

depending on the BRO recovery.

pressurisation, the feed water in the right side of the work exchange
vessel flows to a RO module, where permeate water is produced. At the
outlet of the RO module, concentrated brine is recirculated by a pump
and returns to the work exchange vessel. Because this is a batch oper-
ation, the concentration in the BRO unit increases continuously, and the
applied pressure of the feed pump should be increased to maintain the
constant permeate water production. When the free piston reaches the
end of the work exchange vessel, the pressurisation phase finishes, and
the purge-and-refill phase begins. In the purge-and-refill phase, the
concentrated brine in the BRO unit is discharged, and new feed water is
supplied by the feed pump to the BRO unit. At that time, the feed water
in the left side of the work exchange vessel is transferred by the recir-
culation pump to the right side, ready for the start of the next cycle.
When the concentration of the discharged brine drops below a certain
level, the purge-and-refill phase finishes, and the next pressurisation
phase is started.

Downstream of the BRO, the AD cooling and desalination system
uses two beds to ensure continuous water and cooling production
compatible with the continuous brine discharge from the BRO. During
the first half cycle of operation, the first bed operates in adsorption mode
by opening the valve between the evaporator and the first bed, while
feeding cold water to cool the adsorbent material. The brine in the
evaporator starts to evaporate at a specific saturation temperature
(<15°C) while the adsorbent material adsorbs the evaporated water,
and a cooling effect is generated in the evaporator. Meanwhile, the
second bed operates in desorption mode by opening the valve between

the condenser and the second bed to allow the stored water in the
adsorbent material to be desorbed and condensed in the condenser by
feeding hot water to heat up the adsorbent material. A switching time of
40s is required to switch the processes (adsorption and desorption
processes) between the beds. During the switching time, more brine will
be accumulated in the evaporator until the adsorption process starts.
The required adsorbent mass is determined based on the water recovery
of the AD.

The strategy for continuous operation is as follows. Multiple BRO
units are connected in parallel, such that pressurisation and purge
phases are staggered to provide continuous flow of brine to the AD (see
Fig. 2). In the AD, the two adsorption beds operate alternately to handle
this continuous brine input.

2.2. Mathematical modelling

To simulate the BRO-AD hybrid process, mathematical models for
BRO and AD were used. The BRO and AD models have been validated
individually in previous studies [15,34,35,42,43]. The BRO model was
developed and validated by designing the same size of work exchange
vessel and RO module for pilot-scale water production [15]. The AD
model is validated with the SDWP value obtained from experimental
work using a packed rectangular finned tube with aluminium fumarate
[34]. The experimental SDWP value was 8.5 L/kg/day, while the SDWP
for the current study is 8.67 L/kg/day using a chilled water temperature
of 24°C, desorption temperature of 85°C, adsorption and condenser
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Fig. 2. Operating strategy for continuous water production in BRO-AD hybrid system, showing arrangement of five BRO units operated in staggered sequence for
brackish water (3 g/L) desalination at 80 % recovery at the BRO stage, giving 95 % overall recovery. For seawater desalination (35 g/L), with two BRO units
operating alternately, BRO recovery is lowered to 50 %, giving 66 % overall recovery.

water temperature of 25°C, thus showing good agreement with the
experimental work with a deviation of only 2 %. The results from the
BRO model were used as input conditions for the downstream AD model
(see Fig. 2). A simulation program was developed using MATLAB
R2020b.

2.2.1. BRO system

The modelling covers the alternating pressurisation and purge-and-
refill phases of BRO [21]. In this study, it is assumed that BRO is
implemented using a configuration with a free piston developed by
Davies et al. [15,21]. The configuration is designed by arranging com-
mercial units such as a pressure exchange vessel, a RO module, and
pumps appropriately as described in the previous papers. The alterna-
tive arrangement using the flexible bladder by Lienhard et al. [24,44]
could be expected to give generally similar results to the free piston.
Mathematical modelling equations for a pilot-scale BRO system with an
8-in. spiral-wound RO module were developed in the previous paper
[15] and are utilised in this study.

2.2.1.1. Pressurisation phase. Two pumps (feed pump and recirculation
pump) are used in the BRO system. To estimate the energy consumed by
each pump, the applied pressure required for BRO operation should be
calculated. The concentration of feed solution is increased during the
pressurisation phase, as permeate water continuously leaves the batch
RO system via the RO membrane module. Thus, the applied pressure
should be increased during the pressurisation phase. With an assump-
tion that the salt permeation through the RO membrane is negligible, the

average applied pressure in the feed pump during the pressurisation
phase can be derived using three nonideal factors as follows [15]:

— 1 1 J, AP,

Py jeca = SpSLSkMpea—lnT——+ 5+ 1
’ r 7 1-— T, A, 2
- WL
AP, = It o
(0.5H)
Vrecir + O'Sered
T 05HW 3
Y 0.5Hw @)
Tfeed = icfg@dRT (4)

where, Sp is the concentration polarisation factor, Sy is the longitudinal
concentration gradient factor, Sg is the salt retention factor, 7s.q is the
osmotic pressure of the feed solution, r;, is the recovery at pressurisation
phase, A, is the water permeability of the RO membrane, AP, is the
pressure drop in the RO membrane module, f;, is the friction factor in-
side the RO module, L is the RO module length, v is the linear velocity
inside the RO module, y is the solution viscosity, H is the membrane
channel height, w is the membrane width, V. is the recirculation flow
rate at the exit of the RO module, Vg is the feed flow rate, i is the
ionisation number, Cgeq is the feed concentration, R is the gas constant,
and T is the temperature.

The S, is obtained from boundary layer film theory as follows
[15,45,46]:
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T Ty
Sp—”—hk—exp<K> 5)

where, 7, and 7zp are the osmotic pressure at the surface of the mem-
brane and of the bulk solution, respectively, and K is the mass transfer
coefficient. The mass transfer coefficient is usually obtained from
Sherwood number analogy.

Sh-D
T 05H 6)
Sh = 0.2Re"> S04 )
0.5H
Re — % ®)
Sc= p”_D ©)

where, D is the diffusivity in the solution, p is the density. The values of
viscosity, density, and diffusivity are obtained from concentration and
temperature of the solution [15].

S;, is a function of recirculation flow ratio (a), which is defined as
Vrecir/ Vfeed- The correlation was derived empirically as follows [15]:

S, =1+Ga™ (10)

where, G and n are the empirical parameters. These parameters can be
determined by the recovery of BRO unit, and the information can be
found in the previous paper [15].

Sgr was obtained from the mass balance equations as follows [15,43]:

Sk an

G 1 et A
1=

= — A
Cleea 1+(1-7) VI\Z/Y«,.R

where Cy is the initial concentration in the batch RO cycle, Vpjpe r is the
pipe volume in retained region, Vp, is the summation of the volume
inside the RO membrane element(s), the volume in connecting pipe, and
the volume associated with the ports of the membrane-containing
vessel, r is the recovery of the BRO unit, and 1 is the longitudinal
dispersion factor. Detailed information about Vpjper and Vj,, can be
found in the previous paper [15]. As discussed in the previous studies
[15,43], 4= 0.08 is used in this simulation. Please note that r and r;, are
slightly different due to the effect of Vpjper [15].

The peak pressure at the end of the pressurisation phase is calculated
by the following equation [15].
f 1 Jv AP,

P ee =35,S feed 3 T A
pseed = SpSRTpeed Ty

(12)

In addition, the applied pressure in the recirculation pump during
the pressurisation phase is calculated from the pressure drops in the RO
module and pipes, as follows [15]:

2
Lyipe,inVpipe.in

+L,

2
o, ipe.outV e,
Pp,recir = APm +§ (jpipe pipe.out + Zﬁv‘2> (13)

dpipe

where, fyppe is the friction factor in the pipe, Lpp, is the lengths of the
pipes, dyipe is the inner diameter of the pipes, subscripts j; and o are the
inlet and the outlet pipe sections before and after the RO module, f; is the
loss coefficient in the i’th fitting or valve; vy, and v; are the fluid ve-
locities in the respective pipe sections and fittings (or valve). Darby 3-K
method was used to calculate f; [47]. High recirculation flow rate in-
creases the energy consumption in the recirculation pump, while it re-
duces S, and energy consumption in the feed pump. Thus, a should be
optimised to minimise overall energy consumption in the pressurisation
phase.
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Table 2
Membrane and operating parameters used in BRO simulation [15,48].

Parameter Value

2.31 x 10~ (XLE-440)
9.17 x 1072 (LG-BW440R)
3.46 x 10712 (LG-SW440R)
1.26 x 1077 (XLE-440)
4.11 x 10~ (LG-BW440R)
1.21 x 1078 (LG-SW440R)

Water permeability at 25 °C, A,, (m/s/Pa)

Salt permeability at 25 °C, B (m/s)

Active membrane area, A, (m?) 40.8
Feed spacer thickness, H (mm) 0.7112
Length, L (m) 1.02
Channel width, w (m) 40
Retained solution volume V,, (m%) 0.01451
Pipe volume (purged), Vpipe,pg (m%) 0.00037
Pipe volume (retained), Vpipe r (m?) 0.00133
Port dead volume, Viors (m®) 0.00126
Purged volume, Vj, (m®) 0.0161
Work exchanger volume, Vo (m>) 0.0646
Feed pump efficiency, 7fecq (%) 70
Recirculation pump efficiency, #yecir (%) 50
ITonisation number, i (-) 1.8648
Friction factor inside the RO module, f;; (-) 20
Friction factor in the pipe, fyipe (-) 0.03008
Longitudinal dispersion factor, 4 (-) 0.08
Feed temperature, T (°C) 25-35

Feed concentration, Cfeeq (g/L) 1-8 (brackish water)
30-44 (seawater)
3000 (brackish water)
1200 (seawater)

5 (brackish water)

2 (seawater)

Feed flow rate, Vieeq (L/h)

Number of parallel BRO unit (-)

The permeate concentration during the pressurisation phase is
calculated as follows [15]:
B-A,

1
C)erm = 7S7S S Cee —i
! Viea ' e,

: 4
-7,
where B is the salt permeability of the RO membrane and A, is the
membrane area in the RO module(s).
Finally, specific energy consumption (SEC) in the pressurisation
phase is calculated as follows:

Ppjeea | Pprecir@
SEC, = —Lfed 4 —peec = 15)
Nfeed Nrecir

2.2.1.2. Purge-and-refill phase. During the purge-and-refill phase, the
applied pressure in the feed and recirculation pumps is simply obtained
from the pressure drop in the pipes and RO module. Therefore, the
applied pressure in the feed (P, zeq) and recirculation pumps (Pp,recir) can
be calculated by the same method in Eq. (13). Then, SEC in the purge-
and-refill phase is calculated as follows [15]:

P rfeed Vpg +
Nfeed Vo Nrecir

Pr‘,re(‘ir

SEC, = (16)

where, Vj is the work exchanger volume. Finally, the overall electrical
SEC (SECeiec) in the BRO unit is calculated by considering the auxiliary
energy loads (SECq) such as controller and electrical valves in the BRO
unit as follows [15].

SECiec.sro = SEC, +SEC, + SEC 4, a7)
The parameters used in the BRO model are summarised in Table 2.
2.2.2. AD system

To simulate the processes in the AD system, mass, energy, water
isotherm and kinetics equations are modelled.

2.2.2.1. Conservation of mass. The evaporator has one inlet (the brine
from BRO) and two outlets: the brine discharge from the evaporator and
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the evaporated water transferred to the active adsorber bed. During the
switching time, the evaporation of water is paused. Therefore, to

determine the rate of change of mass in the evaporator <d";¥) , the mass

balance equation is used as follows:

dmcvap
——— = Migrops — Mapp — DMags—— 18

a BRO} ADb — DM, a (18)
where mgg; is the adsorbent material mass, mgro is the brine mass flow
rate from BRO system, niisp, is the brine mass flow rate of AD system, X
is the instantaneous water uptake fraction by the active adsorber bed,
and @ equals 1 during the adsorption process and 0 during the switching
time.

Similarly, the salt balance equation in the evaporator gives:

dS,, . . X

m,—-2 = MBROb-SBROb — MAD b-SaDb — D-Sads Mads— - 19)
dt dt

where S is the mass fraction of salt in each case, as indicated by the
respective subscripts.

2.2.2.2. Conservation of energy. Starting with the energy balance
equation of the evaporator, based on the inlet and outlet streams of fluid,
the energy equation can be written as follows:

dTe\”ll? .
(muxCppy +m,Cp,) 7’ = hymgrop — hyMiap
dxX (20)
— @hy, Maas” -+ 1, CP ey (Tenin — Tenour)

where myx and Cppyx are respectively the mass and specific heat of the
heat exchanger in the evaporator, hrand hy, are respectively the enthalpy
of liquid and the latent heat of evaporation, m, is the chilled water flow
rate, Cpcy is the specific heat of the chilled water and T¢p, i and Tep, oy are
the chilled water inlet and outlet temperatures respectively.

The left-hand side of Eq. (20) represents the rate of change of sensible
heat stored in the evaporator (heat exchanger and water content). The
right-hand side represents the heat added by the brine water from the
BRO, rate of heat removed by the discharged brine from the evaporator,
the rate of heat extracted due to the evaporation and the rate of heat
extracted from the chilled water that passes through the heat exchanger
coils respectively.

In each bed, the energy balance equation is based on the process
(adsorption or desorption). Cold water inlet/outlet is used during the
adsorption process, while hot water inlet/outlet is used during the
desorption process. Therefore, the energy balance is calculated as fol-
lows:

dT peq

(M Cpryx + M Cp,, + Mats CPoa) — =

= @0 mads[;—):'i' 100 /10 CP e s (Ter in = Tews i out) @n
where Q; is the isosteric heat of adsorption and i, p, is the mass flow
rate of the cold/hot water.

The left side of Eq. (21) represents the rate of required heat to be
extracted/added heat from/to the heat exchanger in the bed, adsorbed
water inside the pores of the adsorbent material and the solid adsorbent
material. While the right side of the equation represents the generated/
extracted heat during adsorption/desorption process and the heat
transferred to/from the thermal fluid during adsorption/desorption
processes.

In the condenser, there is one inlet from the desorber bed and one
outlet to discharge the condensed distilled water during the desorption
process. The energy balance equation is similarly calculated as follows:
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dT cona . ax
C wCp., = —h is Dy Mygs——
(mux Cpyy +m,Cp,,) i 11D dis + DhpeMaas 22)

+ Meond Cpmnd (Tmnd.iu - z‘wzd.out)

where map gisitied is the mass flow rate of the discharge of distilled water
from the condenser.

The left side of Eq. (22) represents the rate of the extracted heat from
the heat exchanger and distilled water of the condenser respectively,
while the right-hand side represents the extracted heat from the outlet
distilled water, added heat due to the condensation, and the rate of heat
transfer to the cooling water of the condenser.

2.2.2.3. Isotherm and kinetics. Aluminium fumarate (AF) is the adsor-
bent material chosen. It is a MOF material with several advantages over
conventional materials, such as high porosity, higher surface area and
tuneable molecular adsorption sites [35]. AF can also be regenerated
using relatively low temperature (<90 °C) and maintains a good per-
formance in the AD system. The maximum water uptake of AF is 0.56
(kgw/kgads) using particle size of 0.12mm [35]. The AF isotherm
(Dubinin-Astakhov (DA) model) equations which represent the relation
between the relative pressure and water uptake were developed by
Elsayed et al. as the following equations [42]:

Xy = 0.111993 ¢~000028774 (A > 3087) (23)

X,y = 2.36129 —9.93768(10) *A + 1.05709(10) 7 A% (2900 < A < 3987)
(24)

X,y = 0.5948 —3.12(10) A 4 1.68302(10) "A>

(25)

—3.124455(10) "' A® (A < 2900)
where Xj is the equilibrium water uptake and A is the adsorption po-
tential that can be calculated using the following equation:

A= —RTIn ( %) (26

where P/P, is the relative pressure between the saturation pressure in
the evaporator/condenser to the saturation pressure at adsorbent ma-
terial temperature.

The developed linear driving force (LDF) equation by Glueckauf [49]
is used to describe the kinetics of the adsorbent material as follows:

dX

K (Xiy —X) 27)
K =K, exp< ;ET ) (28)

where Xy is the equilibrium water uptake, X is the instantaneous water
uptake, K is the mass transfer coefficient, K, is the Pre-exponential
constant and E, is the activation energy. The AF isotherm model, the
adsorbent potential of the isotherm model, and activation energy and
mass transfer coefficient of the kinetic model were already tested and
validated in literature [42,50].

2.2.2.4. Heat transfer. The overall heat transfer coefficients (U) in each
heat exchanger of the AD system (evaporator, condenser and adsorber
bed) and the surface area of the heat exchanger are used to calculate the
outlet water temperature based on the following equation:

UA, LMTD

Tow =
! mCp

+ T (29)

where A; is the surface area of the heat exchanger and LMTD is the
logarithmic mean temperature between heat exchanger, inlet and outlet
thermal fluid temperatures.
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Table 3 Table 4

Input parameters for AD system model [34,50]. Operating conditions of AD system.
Parameter Value Parameter Unit Value
Adsorbent bulk density, ppux (kg/m>) 520 Inlet brine water temperature from BRO °C 25, 30 and 35
Isosteric heat of adsorption, Qs (kJ/kg) 2370 Inlet adsorption water temperature

Thermal conductivity of metal tube in condenser/adsorber bed,
k: (cond/beay (W/m/K)
Thermal conductivity of metal tube in evaporator, k¢ (evap) (W/

385 (copper)

15 (stainless

m/K) steel)

Thermal conductivity of fins in adsorber bed, k¢ (peay (W/m/K) 205
(Aluminium)

Thermal conductivity of adsorbent material, kqgs (W/m/K) 0.12
Specific heat of adsorbent, Cpggs (J/kg/K) 970
Activation Energy, E, (J/mol) 1.80 x 10*
Pre-exponential constant, K, (1/5) 1.29
Surface roughness, ¢ (mm) 0.0013
Specific heat of the thermal fluid, Cp(ch,cond,cw,hw) (J/kg/K) 4180
Latent heat of evaporation, hgg (kJ/kg) 2400
Prandtl number of the inlet water to the adsorber bed, Pry.q (-) 5.98
Prandtl number of the chilled water inlet, Prcy(-) 7.77
Prandtl number of the chilled water inlet, Prey(-) 5.48
Hydraulic diameter tube in the evaporator and condenser, dj 14

(evap/cond) (Mm)
Hydraulic diameter tube in the adsorber bed, dypedy (mm) 9.54

The overall heat transfer coefficient in the evaporator, condenser,
and bed heat exchangers, three thermal resistances occur in series,
represented by the following equation:

1

UAj = ——~
Ri + Rmbz + Ru

(30)

Rupe is the metal tube thermal resistance, R, is the outer thermal
resistance and R; is the internal thermal resistance of the heat ex-
changers, which depends on the thermal fluid used, and is calculated
using the following equations.

1
R, = 1
" ohiA, @D
Nu k
hy = (32)
Dupe
L (Re — 1000)Pr 6
Nu = = when 3000 < Re < 5(10)” and Nu
1127k (PR 1)
= 4.36 when Re < 3000 (33)
The friction factor f is given by:
1
f= 3 (34)

(1.8[0g10 (%JF (%)Hl ) )

where h; is the internal heat transfer coefficient, Nu is the Nusselt
number, Pr is the Prandtl number, and ¢ is the surface roughness.

As the heat exchanger in the beds is a finned-tube type and packed
with the granular adsorbent material that has a thermal contact resis-
tance, the outer heat transfer coefficient in the adsorber bed is calculated
using the model of Rezk et al. [51]. While the outer heat transfer coef-
ficient in the evaporator is based on the nucleate pool boiling in the
flooded evaporator and is based on laminar falling film condensation
over horizontal tubes in the condenser.

The input parameters of the AD system are summarised in Table 3.

To combine the AD unit with the BRO, the operating temperatures
and cycle time (see Table 4) of the AD unit is adjusted to ensure having
distilled water production as well as cooling power at low temperature
(<20°Q).

2.2.2.5. AD cycle performance. To indicate the performance of the AD
system, SDWP, specific cooling power (SCP) and thermal coefficient of

Inlet condenser water temperature

Inlet chilled water temperature °C 24
Inlet desorption water temperature °C 90
Half cycle time s 300
Switching time s 40

performance (COP) are calculated using the following equations:

SDWP = / mwﬂdt (35)
o M
teycle
scp = / Lo 4, 36)
0 Mndx
cycle
Thermal COP = Qevay dt 37)

0 des

where Qconds Qevap and Qges are the energy transferred in the condenser,
evaporator, and desorber bed, respectively. Because the thermal energy
consumption is significantly higher than the pump energy consumption
(by a factor of >100), the pump electrical power was neglected in the
COP calculation. Thus, we discuss only thermal COP. It should be noted
that the electrical energy consumption was not ignored in the SEC
calculation as shown in the next section.

2.2.2.6. Specific electrical and thermal energy consumptions. The elec-
trical energy consumption in the AD system is mainly that of pumping
water to the heat exchanger coils in the evaporator and condenser and
the packed finned tube in the adsorber bed. The electrical pumping
power is calculated using the following equation:

qpgh (38)

PWeee =n376= 00

where PW, is the electrical pumping power (kW), q is the flow rate
(m3/h), g is the acceleration of gravity (m/sz), and h is the differential
head (m).

The differential head consists of the minor loss (Aminer) (due to
components in the system such as elbows and valves) and major loss
(hmgjor) (due to friction in the pipe). The major loss is calculated as
follows:

1v?

hma'z)r =f
g 2g dh

(39)

where f is the friction coefficient of the copper pipes in condenser/
adsorber bed and stainless pipes in evaporator [52],  is the pipe length,
dp is the hydraulic diameter and v is the fluid velocity (m/s).

For the evaporator and condenser, the required pipe length is
calculated based on the required surface area of the pipes (outer diam-
eter of 15 mm), according to the heat transfer coefficients obtained from
Egs. (29)-(34). For the adsorbed bed, the pipe length is calculated based
on the required amount of adsorbent material given that each packed
heat exchanger modules consists of 8 parallel finned tubes with outer
diameter of 9.54 mm, length of 800 mm, fin spacing of 2 mm, and fin
height of 8.5 mm. The velocity in all pipes is 0.5 m/s.

The minor head loss is calculated as follows:

Niminor = € — (40)

where € is the minor loss coefficient (0.05 for ball valve, 7 for flowmeter,
1.5 for 180° elbow and 1 for inlet and outlet) [52].
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Thus, the SECjec,ap is calculated as follows:

24 .PW yjee
SECCICC.AD - S])W—P"'l(d\ (41)
Regarding the thermal consumption in AD system, which is calcu-
lated from the required heating energy during the desorption process,
the following equation is used:

(42)

SCP.my;, 24
SECheqap = ( ¢ >

thermal COP / 'SDWP.n44,

where (thircr:'%) is the heating power (kW).

The overall electrical and thermal SEC in the BRO-AD hybrid system
are expressed as follows:
SECeicc5r0 ® Vieed + SECetecap @ Veond

SECee. = - : (43)
: ered + Vcond

SECheal.AD i Vcond

SECheat = — -
o Vfccd + Vcond

(44)
Veond is the distilled volumetric flow from the condenser (mg/h),
which is calculated using the following equation:
. SDWP myg
Veond = —5 77— 45
¢ 24000 (“45)
To study the salinity effect on the water production of the AD, a
linear equation is considered based on the experimental study carried
out by Albaik et al. [34] for a salinity concentration of up to
100,000 ppm (100 g/L). The results showed that the SDWP decreased by
only 16.3% when the salinity concentration increased from 90 to
100,000 ppm (0.09 to 100 g/L). The reduction percentage on the water
production is calculated as follows:

SE = (0.001382626 BC) +0.010087 (46)

where SE is the salinity effect and BC is the brine concentration from the
BRO system.

The adsorbent mass is calculated based on feed water salinity and
temperature while ensuring that the water salinity of the brine water
discharged from the AD system does not exceed 130,000 ppm, such that
the heat transfer coefficient in the evaporator is not affected signifi-
cantly by the water salinity. To apply the SE in the model, the rate of the
water uptake % in the LDF equation (Eq. (27)) is multiplied by (1-SE).

3. Results and discussion
3.1. Baseline case analysis for BRO-AD hybrid system

So that the effect of varying operating parameters can be studied, a
baseline is needed. Two baseline cases were defined with respect to the
feed to the BRO: brackish water feed (3 g/L concentration) and seawater
feed (35 g/L concentration). The BRO recovery is fixed at 80 % (for
brackish water) and 50 % (for seawater). Since each BRO unit is
designed to treat 600 L/h of feed flow rate, five brackish water or two
seawater units were employed, in each case requiring a total feed flow of
3000 L/h and 1200 L/h respectively. The water production rate can be
adjusted by increasing the number of BRO units in brackish water and
seawater desalination. However, the overall SEC would not change
because the SEC of each unit is fixed. Therefore, the calculation is based
on the minimum number of BRO units (5units for brackish water
desalination and 2 units for seawater desalination) for continuous pro-
duction of brine to feed the AD. The sequential operation of BRO units
was described in Fig. 2. In both cases, the evaporator saline feedwater
temperature was 25 °C, while the operating temperatures of the AD
system were 25 °C, 90 °C, 24 °C, and 25 °C corresponding respectively to
the temperatures of adsorber bed cooling water inlet, desorber bed
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Table 5
Simulation results for the baseline case of BRO-AD hybrid system, brackish
water desalination, using high-flux RO membrane (XLE-440 from Dupont).

BRO unit in AD unit in Overall process
BRO-AD system BRO-AD system  (BRO-AD)
SECelec (kWh/m®) 0.348 1.476 0.536
SECheat (kWh/m?) N/A 1096 182.3
Peak pressure (kPa) 1563 N/A 1563
Freshwater production 2400 N/A 2400
rate (L/h)
Freshwater 0.238 N/A 0.238
concentration (g/L)
Distilled water 0 478.6 478.6
production rate (L/h)
Distilled water N/A 0.01 0.01
concentration (g/L)
Recovery (%) 80 79.76 95.95
Brine concentration (g/ 14.05 59.83 59.83
L)
Cooling power (kW) N/A 302.5 302.5
Thermal COP (-) N/A 0.58 0.58
Table 6

Simulation results for the baseline case of BRO-AD hybrid system, brackish
water desalination, using high-rejection RO membrane (LG-BW440R from LG
Chem).

BRO unit in AD unit in Overall process
BRO-AD system BRO-AD system  (BRO-AD)
SECejec (kWh/m®) 0.439 1.481 0.611
SECheat (kWh/m®) N/A 1100 182.4
Peak pressure (kPa) 1790 N/A 1790
Freshwater production 2400 N/A 2400
rate (L/h)
Freshwater 0.065 N/A 0.065
concentration (g/L)
Distilled water 0 476.7 476.7
production rate (L/h)
Distilled water N/A 0.01 0.01
concentration (g/L)
Recovery (%) 80 79.44 95.89
Brine concentration (g/ 14.74 62.18 62.18
L)
Cooling power (kW) N/A 301.6 301.6
Thermal COP (-) N/A 0.575 0.575

heating water inlet, evaporator chilled water inlet, and the condenser
cooling water inlet.

3.1.1. Baseline case for brackish water desalination

Tables 5 and 6 show the baseline results for brackish water desali-
nation with the high-flux membrane (XLE-440 from Dupont) and high-
rejection membrane (BW440R from LG Chem.), respectively. In both
cases, the BRO-AD hybrid system can operate at very high recovery of
over 95 %, achieved by initial recovery of 80 % in the BRO, followed by
final recovery of >75% in the downstream AD. With the high-flux
membrane, SEC is 0.536 kWh/m® (electrical) and 182.3 kWh/m?
(thermal). The SECje. is small compared to that reported for conven-
tional brackish water reverse osmosis (BWRO) processes (0.6-1.7 kWh/
m®) which normally operate at recovery of only 70-80 % [53-55]. Thus,
SECelec in BRO-AD hybrid system is low considering the high recovery,
confirming suitability for ZLD and MLD applications [27]. Although the
BRO-AD hybrid system requires substantial thermal energy, there are
many applications where this thermal energy is available from low-
grade thermal resources. The heating input of 90 °C can be obtained
from industrial waste heat, solar, and geothermal energy [56]. The low-
grade thermal energy could alternatively be used for power generation
via organic Rankine cycle (ORC) or pressure retarded membrane
distillation (PRMD) [57,58]. However, the low conversion efficiency of
these processes is a drawback. Therefore, the direct utilisation of low-
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Table 7
Simulation results at the base case of BRO-AD hybrid system (seawater desali-
nation): high-rejection RO membrane (LG-SW440R from LG Chem.)

BRO unit in AD unit in Overall process
BRO-AD system BRO-ADsystem  (BRO-AD)
SECejec (kWh/m®) 2.213 1.850 2.089
SEChear (kWh/m®) N/A 1364 312.2
Peak pressure (kPa) 7151 N/A 7151
Freshwater production 600 N/A 600
rate (L/h)
Freshwater 0.197 N/A 0.197
concentration (g/L)
Distilled water 0 178.1 178.1
production rate (L/h)
Distilled water N/A 0.01 0.01
concentration (g/L)
Recovery (%) 50 29.68 64.84
Brine concentration (g/ 69.80 108.4 108.4
L)
Cooling power (kW) N/A 139.5 139.5
Thermal COP (-) N/A 0.574 0.574

grade thermal energy in the BRO-AD hybrid system may be beneficial to
improve the practicality of low-grade thermal energy capture. More-
over, SECheat in BRO-AD hybrid system is lower than other thermal
desalination systems such as membrane distillation [59] (see Section 3.3
for further comparison).

Besides having low energy consumption, the BRO-AD hybrid also has
advantages as a multipurpose desalination system. The freshwater pro-
duced by BRO unit has an adequate quality for drinking (0.238 g/L in
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the case of high-flux membrane and 0.065 g/L in the case of high-
rejection membrane). The common drinking water regulation formu-
lated by the US environmental protection agency (EPA) specifies
<500 ppm (0.5g/L) [60]. However, many countries specify below
200 ppm (0.2 g/L) for high-quality drinking water [48]. Thus, this sys-
tem can meet both requirements through appropriate choice of mem-
brane. In addition, the BRO unit produces distilled water at only 0.01 g/
L which can be used in special applications such as food and drinks or
pharmaceutical industries. Thus, two different types of permeate can be
produced by BRO-AD hybrid system. Furthermore, the temperature of
chilled water is cooled down across the AD unit due to the water
evaporation (from 24 °C to around 14-18°C). The generated cooling
power is 301.6-302.5 kW and thermal COP is 0.575-0.58 (Tables 5 and
6). Thus, the BRO-AD hybrid system is versatile in providing fresh water,
distilled water, and cooling — alongside efficient and high recovery
(95 %) performance.

Conventional BWRO cannot readily reach such high recovery
because of pressure limitations of the RO membrane. At 3 g/L feed
concentration, the osmotic pressure of concentrated brine at 95 % re-
covery would reach 46.5 bar — exceeding the working pressure of most
spiral-wound type BWRO membranes (~41bar) [61]. Because the
actual applied pressure must exceed the osmotic pressure, the current
BWRO membranes cannot be used at such high recovery. Although
seawater reverse osmosis (SWRO) membranes allow higher working
pressure (82.7 bar), their inferior permeability increases feed pressure
requirements, incurring a penalty in SECge, and associated costs
[61,62]. In contrast, the peak pressure in BRO-AD hybrid system is only
15.6 bar (with high-flux membrane) and 17.9 bar (with high-rejection
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Fig. 3. Effects of feed concentration on the performances of BRO-AD hybrid system for brackish water desalination. High-rejection RO membrane (LG-BW440R from
LG Chem). (a) SECejec and SECeay, (b) recovery and water production rate in each unit, (c) permeate quality and peak pressure at RO unit, and (d) cooling power and

thermal COP.
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Fig. 4. Effects of feed concentration on the performances of BRO-AD hybrid system for brackish water desalination. High-flux membrane RO membrane (XLE-440
from Dupont). (a) SECejec and SECheat, (b) recovery and water production rate in each unit, (c) permeate quality and peak pressure at RO unit, and (d) cooling power

and thermal COP.

membrane) even at very high recovery over 95 %.

3.1.2. Baseline case for seawater desalination

Unlike in brackish water desalination, only the high-rejection SWRO
membrane was studied for seawater desalination, because the permeate
concentration using the high-flux SWRO membrane would fail to meet
drinking water standards. The recovery of the BRO unit was fixed at
50 %, resulting in an overall recovery 69.8 % for the BRO-AD system.
SECclec and SECpeyt in BRO-AD system were 2.098 kWh/m® and
312.2kWh/m?, respectively (Table 7). By considering that SEC of a
single-stage conventional SWRO system at the same feed condition
(35 g/L concentration and 25 °C) is around 3.16 kWh/m? at 70 % re-
covery [63], SECelec of BRO-AD is much lower than that of conventional
SWRO. Compared to SEC of both two-stage SWRO (2.6 kWh/m®) [64]
and cascading osmotically mediated RO (COMRO) (2.1-2.2 kWh,/m?)
[63], the BRO-AD hybrid has lower SECje.. In practice, single-stage and
two-stage SWRO cannot reach the high recovery (70 %) due to the
current pressure limitation [48,64]. Concentration polarisation, pres-
sure losses, and device inefficiencies were not clearly considered in the
energy calculation for COMRO [27,65-67], such that the advantage of
AD-BRO may in fact be greater than these figures suggest. The peak
pressure of BRO-AD hybrid system for seawater desalination is 71.5 bar,
well within the upper limit of SWRO membranes. Thus, the BRO-AD
hybrid is an efficient option for seawater desalination provided low-
grade thermal heat is readily available.
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3.2. Effects of feed salinity and temperature

The feed salinity and temperature significantly affect the perfor-
mance of the BRO-AD hybrid system due to the change in feed osmotic
pressure. This section studies these effects, in comparison to the two
baseline cases (i.e. brackish water and seawater desalination).

3.2.1. Effect of feed salinity: brackish water case

Using the high rejection membrane, as the feed salinity increases
from 1g/L to 8 g/L, SECelec of the BRO-AD system also increases pro-
portionately from 0.483 to 0.976 kWh/m? (Fig. 3a). The increase is
caused by the increase in osmotic pressure, which affects directly the
SECelec Of the BRO unit. Meanwhile, the SECgjec Of the AD unit remains
almost constant, because electricity is only required to operate transfer
pumps and valves, and is thus independent of osmotic pressure. In
contrast, the increased brine concentration after the BRO unit decreases
the vapour pressure, increasing slightly the SECpeq required by the AD
unit. Because the amount of adsorbent is assumed constant, the
decreased vapour pressure at higher brine concentration reduces the
recovery of the AD unit as shown in Fig. 3b. In this simulation, the re-
covery in the BRO unit is fixed at 80 % for fair comparison, such that the
freshwater production rate of the BRO unit is constant (2400 L/h) over
all feed concentrations; whereas the distilled water production rate is
decreased as the feed concentration increases. Thus, overall recovery is
reduced at higher feed concentration. Nevertheless, overall recovery
remains high (>94 %) even up to feed concentration of 8 g/L.

With the high-rejection membrane, the quality of freshwater pro-
duced from the BRO unit continues to meet the standard of high-quality
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drinking water (<0.2g/L) for all feed concentrations up to 8g/L
(Fig. 3¢). Meanwhile peak pressure remains within the 41-bar operating
limit of the membrane, and the recovery of BRO-AD hybrid system re-
mains above 94 %. Cooling power generation and thermal COP in the AD
unit decrease somewhat, from 315 to 275W and from 0.6 to 0.53
respectively, because of reduced vapour pressure at higher feed con-
centration (Fig. 3d). In summary, the results confirm that the unit
maintains good performance for a range of brackish water feed con-
centrations well above the baseline case.

The effect of feed concentration using the high-flux BWRO mem-
brane was also studied (see results in Fig. 4). At the maximum concen-
tration of 8 g/L, the overall SECg|e. of the BRO-AD hybrid system with
high-flux membrane is 0.884 kWh/m® (Fig. 4a). Compared to the high-
rejection membrane (0.976 kWh/m?®), the high-flux BWRO membrane is
advantageous in providing low-energy consumption, but at the cost of
poorer permeate quality. Thus, with feed concentration >2.5g/L, the
freshwater produced by the BRO unit has too high concentration to
satisfy the standard of high-quality drinking water. Although it does not
necessarily violate the EPA drinking water regulation (0.5 g/L), it might
not meet consumer expectations. For example, according to Bruvold and
Ongerth, an excellent taste is achieved at <0.3 g/L [68]. Thus, there is a
trade-off between energy consumption and water quality.

3.2.2. Effect of feed salinity: seawater case

As the concentration of seawater varies with the region and season,
the effect of concentration from 30 to 44 g/L was studied. Using the
high-rejection membrane, the increase from 30 to 44 g/L increased
SECelec from 1.923 kWh/m® to 2.503 kWh/m? (see results in Fig. 5a).
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Regardless of the feed concentration, the proportion of SECeec
consumed in the BRO and AD units is approximately 78 % and 22 %,
respectively. The required SEChe, for seawater desalination is around
310.4-315.1 kWh/m?, much larger than that for brackish water desali-
nation because of lower vapour pressure in the evaporator, as discussed
in Section 3.2.1. In terms of SECele., the energy consumption in a two-
stage SWRO system with internal stage design (ISD) at the 50 g/L feed
concentration and 40 % recovery is 3.03 kWh/m? [48]. Although the
feed concentration of the two-stage SWRO (50 g/L) [48] is higher than
the current study (44 g/L), the recovery in this study (64 % as shown in
Fig. 5b) is much higher than 40 %. In addition, the pump efficiency in
this study (70 %) is lower than the case of two-stage SWRO (80 %) [48].
Considering all factors, SECejec of BRO-AD hybrid system is much lower
than the other configurations like two-stage SWRO. Where low-grade
thermal energy is supplied freely or cheaply, the competitiveness of
BRO-AD hybrid system will be very significant.

The major barrier to the application of SWRO at high recovery and
high salinity seawater desalination is the maximum working pressure of
SWRO membranes [27,63,64]. Provided feed concentration is below
42¢g/L, the peak pressure in the BRO unit will remain below the
maximum pressure limit. In the range 43-44 g/L, the peak pressure
slightly exceeds the maximum limit (Fig. 5c¢). In this range of feed
concentration, the BRO-AD hybrid can be operated successfully by
lowering the recovery of the BRO unit. Concerning freshwater quality,
the freshwater produced by the BRO-AD hybrid system for seawater
desalination is in the range of 0.169-0.247 g/L, which can be regarded
as high-quality drinking water (Fig. 5c). Cooling power generation,
however, falls to around 134.2-142.6 W, which is much lower than in
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brackish water desalination (Fig. 5d). As mentioned in Section 3.1, this
is because the reduced vapour pressure reduces cooling power and
thermal COP.

To investigate the effects of feed temperature, the temperature range
was varied from 25 to 35 °C. The higher the feed temperature, the higher
the osmotic pressure, which tends to increase the SEC. Meanwhile, the
higher feed temperature increases water permeability of the RO mem-
brane, tending to reduce SEC thus leading to a trade-off [48,69]. In
addition, the effect of elevated feed temperature on the AD unit are
shown in Figs. 6 (brackish water desalination) and 7 (seawater desali-
nation). The temperature correction factor for membrane permeability
was taken from reference [48].

3.2.3. Effect of feed temperature: brackish water case

As the feed temperature increases, SECejec in the BRO unit decreases
in brackish water desalination (Fig. 6a). Although the osmotic pressure
of the feed solution rises with temperature, increased water permeability
more than offsets that rise, giving a net reduction in SECgje. of the BRO
unit. Regarding the AD unit, SECgje is increased and SECheyt is reduced
at high feed temperature. Because higher temperature of the feed solu-
tion reduces the maximum loading in the AD unit, the recovery in the AD
unit decreases from 95.89 % (at 25 °C) to 91.94 % (at 35 °C) as shown in
Fig. 6b. The reduced recovery increases SECgle in the AD unit, because
the denominator in SECg. is decreased. The reduced maximum loading
in the AD unit decreases SECpey: from 182.4 kWh/m? (at 25°C) to
152.3kWh/m? (at 25 °C). The increased SECeec in the AD unit is much
lower than the reduced SECgj. in the BRO unit. Overall, SECeje. and
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SECheat in the BRO-AD hybrid system decrease with increasing feed
temperature; however, the overall recovery deteriorates at higher feed
temperature.

In addition, the high temperature of the feed solution lowers the
permeate water quality and cooling power generation as shown in
Fig. 6¢ and d. The permeate water concentration is increased from
0.078 g/L to 0.131 g/L, and the cooling power is reduced from 301.7 W
to 209.4 W, when the feed temperature increases from 25 °C to 35 °C.
The peak pressure of the BRO unit is slightly reduced from 18.31 bar (at
25°C) to 16.52 bar (at 35 °C) by the increased membrane permeability.
Thus, although the high temperature operation has lower energy con-
sumption, the decreased quality of permeate water, recovery, and
cooling power generation may favour feed water temperature below
25°C.

3.2.4. Effect of feed temperature: seawater case

A similar study was conducted for seawater desalination. The results
in Fig. 7 exhibit trends that are mostly similar to the case of brackish
water desalination. The only difference is in SECgec Which, unlike in
brackish water desalination, increases slightly from 2.13 kWh/m® to
2.17kWh/m?® as the feed temperature increases from 25 to 35°C
(Fig. 7a). The main reason is the difference in the fraction of desalinated
water coming from the BRO and AD units. Compared to brackish water
desalination, the relative amount of water produced by the AD unit is
much larger. Distilled water from the AD makes up 16.5 % of the total
output in brackish water desalination, increasing to 22.8 % in seawater
desalination. Thus, the increased SECgle. in the AD unit has a larger
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effect on the overall SECge. than in brackish water desalination. At
35°C, the overall SECejec and SECheq are 2.17 kWh/m? and 273.9 kWh/
m°, respectively. Compared to the results at 25°C (2.13kWh/m® of
SECeiec and 312.2kWh/m® of SEChear), slightly higher (almost similar)
SECelec and lower SECpeat OCCUr.

When the feed temperature increases from 25 to 35 °C, overall re-
covery is reduced from 64.88% to 60.77 %, while permeate water
concentration increases from 0.20g/L to 0.33g/L, and the cooling
power generation decreases from 139.5 W to 99.21 W (see Fig. 7b, ¢, and
d). Although the permeate water quality still meets drinking water
regulation, most aspects of performance deteriorate. This kind of tem-
perature change occurs seasonally in seawater [70], implying that
seawater temperature variation should be taken into consideration in
the operation of the BRO-AD hybrid system.

3.3. Comparative analysis of BRO, AD, and BRO-AD hybrid systems

The characteristics and advantages of the BRO-AD hybrid system
were investigated in the previous sections. However, a comparative
analysis of the three systems (BRO alone, AD alone, and BRO-AD hybrid
process) is needed to reveal the competitiveness of the BRO-AD hybrid
system more clearly. In this section, we analyse brackish and seawater
desalination using the same feed concentration as in the baseline cases
(3 g/L for brackish water desalination and 35 g/L for seawater desali-
nation). For fair comparison, the recovery is fixed at the baseline cases
(95.9 % for brackish water desalination and 64.8 % for seawater desa-
lination) in all systems. Only high-rejection membranes are considered
in this section.
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3.3.1. Brackish water feed

In brackish water desalination, the SECgjec and SECyeat of AD alone
are higher than that of the hybrid system (Fig. 8a). This results from the
lower heat transfer coefficient in the evaporator of the AD system, as
needed to produce the same water recovery as the hybrid system
(95.9 %). The lower heat transfer coefficient is caused by the increase in
brine salinity in the flooded evaporator, resulting from higher water
recovery, which increases the saturation temperature. While the BRO
system does not require any thermal energy, SECe|e. of BRO (0.637 kWh/
m®) is slightly higher than that of the hybrid system (0.625 kWh/m>).
When considering SECpeq; in the hybrid system (182.4 kWh/m?), the
energy feasibility of BRO alone appears superior. However, as shown in
Fig. 8c, a crucial aspect of BRO is that, to reach the same recovery as the
hybrid system, the applied pressure would need to be 71.3 bar, which is
much higher than the maximum working pressure in a spiral-wound
type BWRO membrane module (41 bar). In other words, the BRO
operation at the high recovery is impractical using standard membranes.
It might become feasible if the membrane were changed to a SWRO type.
However, this would increase SECe. because of lowered permeability
[61,64]. In addition, the economic feasibility may be worsened by the
increased capital cost of the SWRO membranes and the auxiliary units
suitable for such high pressure [61,71,72]. Therefore, the hybrid system
is competitive compared to the non-hybrid AD and BRO systems for very
high-recovery brackish water desalination in terms of energy economy
and practical feasibility.

Comparing the three systems with respect to quality of water output,
AD produces pure distilled water, thus having the highest quality. BRO
produces the lowest quality because of salt passage through the
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membrane (Fig. 8c). The hybrid system produces both high- and low-
quality water giving an intermediate quality if blended.

The AD has the highest cooling output at 1834 kW - six times that of
the hybrid system (Fig. 8e). However, it also requires six times as much
adsorbent (8348 kg instead of 1400 kg), making it an expensive option
unless the primary purpose of the system is to provide cooling.

3.3.2. Seawater feed

Comparing energy consumption in seawater desalination among the
three options, SECeec of AD is the lowest (1.721 kWh/m3), while SECeat
is the highest (1270 kWh/m?®) as shown in Fig. 8b. In the hybrid system,
2.130 kWh/m? and 312.2 kWh/m? are required for SECejec and SECheqt,
respectively. Although BRO requires only SECejec (2.427 kWh/m>), the
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applied pressure (96.22 bar) is much higher than the maximum pressure
limitation of the SWRO membrane (82.7 bar) as shown in Fig. 8d.
Though AD has many advantages, such as the highest permeate water
quality and the largest cooling power among the three options (see
Fig. 8d and f) the successful implementation of AD alone as a large-scale
seawater desalination system is questionable due to high capital cost and
low adsorption rate. Considering all these limitations, the hybrid system
is more attractive for high-recovery seawater desalination.

3.3.3. Effect of feed concentration

To confirm the competitiveness of the hybrid system, variable feed
concentrations from 1.5 to 8 g/L (brackish water desalination) and from
30 to 44 g/L (seawater desalination) were investigated. The same overall
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recovery is applied in these systems (BRO alone, AD alone, and the
hybrid BRO-AD) for fair comparison. In brackish water desalination, the
hybrid system shows the lowest SEC¢je compared to either BRO or AD
alone, when the feed concentration of brackish water exceeds 2 g/L
(Fig. 9a). The energy advantage of the hybrid system over BRO increases
with feed concentration. Compared to just AD, the hybrid system has
lower SECgjec and SECheqt over the whole range of brackish water feed
concentration. As discussed in the previous paragraphs, the BRO may
require excessive pressure at high recovery, and this remains true for all
the concentrations investigated (Fig. 9b). In contrast, the hybrid system
can desalinate the brackish water feed from 1.5 to 8 g/L without any
pressure limitation.

As the feed concentration increases, more salt permeates the RO
membrane. Fig. 9c shows that the BRO system cannot meet the con-
centration of the drinking water regulation when the feed concentration
of brackish water is higher than 7 g/L. The effects of concentration on
the cooling power generation and the required mass of absorbent are not
significant (Fig. 9d). Though AD alone provides the largest cooling
power, it also demands a large amount of adsorbent material to match
the high recovery of the hybrid option. In summary, the hybrid option is
an energy-efficient, practical, and multipurpose brackish water desali-
nation system especially at high recovery.

Similar conclusions were obtained for seawater desalination as
shown in Fig. 10, which indicates a similar trend as Fig. 8 for all
seawater feed concentrations from 30 to 44 g/L. The energy effective-
ness in these systems is comparable when considering SECgle. and
SECheqt for all feed concentrations (see Fig. 10a). However, as shown in
Fig. 10b, BRO cannot operate over 30 g/L feed concentration at this
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recovery (66 %) given the current pressure limitation; whereas the
hybrid system can operate at feed concentration up to 40 g/L. Note that
the very high peak pressure in BRO alone is mainly caused by its high
recovery (66 %). The permeate water quality of the hybrid system is
better than 0.2 g/L over the range of feed concentration (Fig. 10c),
making it more applicable to high feed concentration than BRO alone.
The permeate water quality in seawater desalination is comparable to
that in brackish water desalination, as shown in Figs. 9c and 10c.
Because the recovery and the membrane salt permeability with brackish
water are much higher than with seawater, a similar permeate water
quality can be obtained. AD alone could be considered for high recovery
seawater desalination with 30-44 g/L feed concentration, if the large
SECheat and adsorbent mass were not serious drawbacks. Thus, the
hybrid system represents an effective solution to increase the water re-
covery in the seawater application with a feed concentration up to 40 g/
L.

3.4. Implementation for ZLD or MLD system

As discussed in Section 3.3, the BRO-AD hybrid system is feasible for
a range of brackish and seawater desalination applications up to a feed
concentration of 44 g/L. Its advantages of high recovery, applicability
for high feed concentration, and multipurpose desalination make it
especially interesting given the current research trend in desalination
towards ZLD or MLD systems [5,27,67,73].

Even though BRO is an energy-efficient desalination technology at
high recovery [14-16,24], there are limitations of maximum working
pressure and permeate water quality at the very high recovery (over



K. Park et al.

Desalination 539 (2022) 115945

(a) 37 T T T 1 1400 (b) 12000 T T T
__________ = = =Maximumdurable P.in SWRO membrane
______________ PeakP.in BRO system
2.8F 1200 11000 F Peak P. in BRO-AD system
_. 26 —_
« 1000 * o 10000
= E =
£ L < [
E 24 E :?;
= SEC___in ADsystem 800 = ¢ 9000
8 elec 5 @
< 2.2 ~————SEC_, in BROsystem 2 a
O O x
% SECe{ec inBRO-AD system 600 g’_] g 8000 F
2+F - = =SEC,_, inADsystem o
- —SEChea‘ inBRO-AD system
7000 [
16\ L L L " " L J 200 6000 L L . . L
30 32 34 36 38 40 42 44 30 32 34 36 38 40 42 44
Feed concentration (g/L) Feed concentration (g/L)
(C) 0.5 T T T T T (d) 600 T T T 1 3000
Perm C.in AD system
0.45 Perm C.in BRO system 1T T T - - ===F==F =
Perm C.in BRO-AD system | 500 pmimmlmees =i = 7 T 154
T 04F 1 2500 =
2 3
c 035F = 2
S Z 400 N
= = [7)
S o03f Pt 2000 T
- [ ©
5 g 5
e 025 8 300 Cooling powerin AD system E
8 o Cooling powerin BRO system =
@ 021 - g Cooling powerin BRO-AD system 1500 g
© 8 200 = = —Massofabsorbentin AD system ©
“E’ 0.15 (&) = = =Mass of absorbentin BRO-AD system 'GUJ
= —
[ =
a 0.1 1000
100 3
14
0.05
0 C 1 L L 1 1 i 0 0 L L L 500
30 32 34 36 38 40 42 44 30 32 34 36 38 40 42 44

Feed concentration (g/L)

Feed concentration (g/L)

Fig. 10. Comparative analysis results for AD alone, BRO alone, and BRO-AD hybrid depending on feed concentration at seawater desalination. (a) SECejec (solid line)
and SECpe, (dotted line), (b) peak pressure in RO system (maximum durable pressure of SWRO membrane is denoted as dotted black line), (c) permeate water
quality, and (d) cooling power (solid line) and required mass of absorbent (dotted line).

95 %) in brackish water desalination. Recently, various processes for
brine concentrators using membranes such as high-pressure RO,
osmotically assisted RO, and low-salt-rejection RO have been suggested
to improve the energy-efficiency. However, current specifications of
membranes have restricted the realization of membrane concentrators
[74,75]. A BRO-AD hybrid system can achieve high recovery without
exceeding membrane pressure limits. AD alone incurs large SECeec and
SECheat and requires a huge mass of adsorbent materials to reach similar
recovery. On the other hand, the energy consumption and operation of
AD are not significantly affected by the feed concentration. The BRO-AD
hybrid system combines these advantages to provide high-recovery
desalination. As a first stage of treatment, BRO system is used because
it is effective and efficient up to a certain recovery limit. However, BRO
cannot increase the recovery beyond this limit, due to the high osmotic
pressure of the brine, such that AD then becomes valuable (provided the
fouling or scaling issues are not limiting).

Fouling and scaling issues may arise depending on the precise
composition of the feedwater and pre-treatment applied [76]. Seawater
contains calcium sulfate which is a sparingly soluble salt that tends to
precipitate on the heat transfer surfaces of thermal distillation units. The
solubility of calcium sulfate decreases with temperature [77]. Fortu-
nately, the low temperature operation of the AD unit (<35 °C) favours
high solubility and decreases the tendency for calcium sulfate precipi-
tation in the proposed system. For brackish water, the composition de-
pends heavily on location. Calcium salts such as calcium carbonate are
common causes of fouling, as are colloidal silica, clay, and iron oxide.
The desalination industry has developed a number of pre-treatment and
anti-scaling technologies to reduce and manage the risk of fouling even
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at high recoveries.

The advantage of the BRO-AD hybrid is therefore appropriate for
ZLD and MLD systems while working within the pressure limitations of
most membranes [67]. Currently, ZLD or MLD typically relies on energy-
intensive thermal-based systems [5,67,78]. The results in this study
revealed the potential of the BRO-AD hybrid system for energy-efficient
MLD. However, various issues such as fouling/scaling alleviation at high
recovery need to be resolved prior to implementation. In addition, cost
calculations and life-cycle analyses should be carried out to investigate
the actual applicability of the BRO-AD hybrid system. Because the cur-
rent technological readiness level of the BRO-AD hybrid system is still at
the pilot stage (TRL5), the economic analysis needs to be carried out
once further development has taken place. Through the current study,
the advantages of the BRO-AD hybrid system in terms of energy, re-
covery, and versatility have been highlighted. Future work should
include an economic feasibility study.

4. Conclusions

This study has investigated comprehensively the feasibility of hybrid
batch reverse osmosis (BRO)-adsorption desalination (AD) in terms of
specific energy consumption, recovery, cooling power generation, and
suitability for brackish and seawater desalination. The results show high
potential for minimal/zero liquid discharge with modest energy con-
sumption even at high recovery — above the recovery practical using
non-hybrid BRO or AD. The key findings are:
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. To connect the BRO unit and AD unit for continuous operation,

multiple BRO units should be connected in parallel and operated
sequentially to provide a continuous brine flow to the AD and
eliminate the need for an intermediate buffer tank.

. Very high recoveries of 94.1-96.9% (brackish water) and

64.0-65.3 % (seawater) are obtained in the BRO-AD hybrid with feed
concentrations of 1-8 g/L and 30-44 g/L, respectively (at 25 °C). The
specific energy consumptions are in the range of 0.395-0.884 kWh/
m® (SECeiec) and 181.2-184.4 kWh/m? (SECheq) for brackish water
desalination, and 1.923-2.509 kWh/m? (SECelec) and
310.4-315.1 kWh/m? (SECheat) for seawater desalination. Two water
qualities (distilled water and potable water) can be produced
simultaneously. Additionally, cooling production (277.7-315.7 kW
from brackish water desalination and 168.5-183.6kW from
seawater desalination) is also provided by the evaporator of the AD
system, beside the distilled water production.

. The hybrid system withstands severe conditions such as high con-

centration and high temperature feed solution. It can handle a range
of feed concentration (1-8 g/L for brackish water and 30-44 g/L for
seawater) and temperature (25-35 °C) without any change in process
configuration or membrane type. Given the current rising demand
for hypersaline water desalination, it offers a competitive solution
for the treatment of hypersaline water with low energy and high
recovery, while providing multipurpose desalination.

. The hybrid system has better performances in terms of permeate

quality and energy consumption than non-hybrid BRO or AD. The
pressure limit of the membrane, and the large mass of absorbent
required, are the main barriers preventing high recovery using BRO
and AD respectively. The recovery in the BRO-AD hybrid is not
limited by the membrane, enabling recoveries of >90 % to be readily
achieved using brackish water and >60% using seawater. Thus,
BRO-AD has the highest potential for minimal/zero liquid discharge
system.
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