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Solar energy is clean and sustainable to power our continuously developing society, but the intermittency and
unpredictability lays a barrier on its direct connection to the grid. Seawater desalination is an effective path to
consume dynamic solar energy to produce fresh water and stable salinity gradient energy simultaneously. Thus, a
self-diluted 2-stage reverse osmosis with high recovery ratio is proposed to consume the renewable power from a
dish solar Stirling engine to achieve more water production and energy storage. Based on theoretical derivation,
system performance is evaluated under ideal membrane property and enough membrane area condition. The
influence of hydraulic pressure difference and diluted fraction ratio on water production and energy storage
performance are investigated. A performance optimization is further conducted and the corresponding perfor-
mance are evaluated. Results revealed that self-diluted 2-stage configuration can improve the maximal recovery
ratio from 25%, 57% and 70% to 39%, 62% and 72% under the maximal bearable pressure difference of 4, 7 and
10 MPa. Maximal salinity gradient energy of 3.84 MJ can be stored with an overall energy efficiency of 8.42%
while desalinating 1 cubic meter seawater of 0.6 M. Theoretical analysis indicates that novel configuration is
potentially an effective method to improve the upper separation limitation, which further produces more water

and stores more solar energy in the desalination process of finite amount of source seawater.

1. Introduction

Fresh water production and clean energy generation are both cor-
nerstones to guarantee the continuous and stable development of human
society [1]. Seawater, which covers around 70% of the earth, is regarded
as one of the most potential sources for fresh water production with
several developed desalination technologies [2], such as MSF (multi-
stage flash) [3], MED (multi-effect distillation) [4], MD (membrane
distillation) [5] and RO (reverse osmosis) [6] et al. Among the common
processes, RO has flexible capacity, which achieves its successful ap-
plications from a small unit for purified water production in household
[7] to a large desalination plant for megaton water production in a city
[8]. Meanwhile, RO has lower SEC (specific energy consumption) as
compared with other technologies, which makes it competitive in the
routine operation and widely utilized for seawater desalination. How-
ever, the increasing world population also drives the rapid increase of
water demand, which means further reducing SEC [9] or improving total
energy supplement [10] are both effective paths to solve this huge
challenge.

The theoretical lowest SEC of SWRO (seawater reverse 0sSmosis)
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process is reported as 1.07 kWh/m® under the recovery ratio of 50%,
while the current realistic value ranges between 2.5 and 4.0 kWh/m®
[11]. As further considering the pre-treatment and post-treatment pro-
cesses, the SEC of a SWRO plant is up to around 3.5-4.5 kWh/m® [12].In
order to cut down the SEC, different methods can be adopted before, in
and after the RO process. Reducing salinity of source seawater before
membrane module is capable to cut down the permeation resistance,
then less pump power is required to achieve lower SEC. Certainly, en-
ergy in other forms are consumed as price, such as the natural salinity
gradient energy in FO-SWRO (forward osmosis powered SWRO) system
[13] or cold energy in Freezing-SWRO system [14]. In RO process,
improving water permeation coefficient of membrane [15] or reducing
concentration polarization [16] can enhance water permeation, thus
reduces SEC. As to the discharged brine solution of RO process,
increasing water production via further desalination and reducing en-
ergy consumption via energy recovery are both effective as well. Further
desalination can be powered by low-grade heat to produce additional
fresh water in SWRO-MD system [17]. In comparison, harvesting the
residual pressure energy via high-efficiency ERD (energy recovery de-
vice) [18] or the salinity gradient energy via PRO (pressure retarded
osmosis) [19] and RED (reverse electrodialysis) [20] reduces the total
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Nomenclature max Maximal Value
opti Optimal Value
x Diluted Fraction Ratio out Outlet
k Mass Transfer Coefficient, m/s B Boundary Value/Brackish Water
A Water Permeation Coefficient, m/(s Pa) C Concentrated Solution
A*n Normalized Membrane Area D Diluted Solution
B Salt Permeation Coefficient, m/s E Electricity
C Concentration, M F Fresh Water
E Energy, MJ H High Concentration
Js Transmembrane Salt Flux, mol/(m? s) L Low Concentration
Jw Transmembrane Water Flux, m/s P Transmembrane Water Permeation
K Solute Resistivity, s/m S Seawater/Solar
p Power, kW T Mixing Solution
R Gas Constant, J/(mol K) o
T Temperature, K Abbreviations
v Volume, m? CP Concentration Polarization
w Water/Width of Membrane (in Appendix A) DSSE Dish Solar Stirling En.gine
Y Recovery Ratio, % ERD Energy Recovery Device
AG Gibbs Free Energy, MJ FO Forwa.rd Osm(.)sis
AP Hydraulic Pressure Difference, MPa GA Genetic Algorithm
GT Gas Turbine

Greek Symbol MD Membrane Distillation
n Energy Conversion Efficiency, % MED Multi-Effect Distillation
Arm Osmotic Pressure Difference, MPa MSF Multi-Stage Flash

) ORC Organic Rankine Cycle
Subscripts PRO Pressure Retarded Osmosis
0 Sf)urce Seawater RED Reverse Electrodialysis
1 First Stage RO Reverse Osmosis
2 Second Stage RSP Reverse Salt Permeation
€ Exploitable SEC Specific Energy Consumption, kWh/m?
b Bulk Flow SOFC  Solid Oxide Fuel Cell
in Inlet SWRO  Seawater Reverse Osmosis
lim Limitation
m Membrane

energy input.

With the development of energy saving technologies, the realistic
SEC will gradually approach the lower limit. Thus, improving energy
supplement for desalination will provide a wider solution path for water
scarcity. Compared with fossil fuel, clean and renewable energy sources
such as hydrogen fuel, salinity gradient, wind, tidal and solar energy are
more competitive for they have no harmful emission [21]. Valerie
Eveloy et al. integrated a SWRO unit driven by ORC (organic Rankine
cycle) to the bottom of SOFC-GT (solid oxide fuel cell-gas turbine)
system, hydrogen energy is consumed as fuel to cogenerate clean elec-
tricity and water [22]. Wei He et al. utilized the concentrated seawater
from reverse osmosis process to pair with brackish water and release the
salinity gradient energy to power a stand-alone SWRO [23]. Baltasar
Penate et al. adopted wind energy to drive a SWRO system and
compared the system performance under gradual and fixed capacity.
Results indicate that gradual capacity is recommended for the SWRO
system driven by wind [24]. Agustin M. Delgado-Torres et al. adopted
tidal energy to assist a solar powered SWRO system, which is capable to
increase the annual operating time from 19.6% to 41.7% of a year [25].
In the clean energy sources stated above, solar energy is widely
distributed and can be converted into electricity via multi methods such
as photovoltaic panel [26], thermophotovoltaic cell [27] or solar ther-
mal power cycles [28], which expands its opportunity to power SWRO
[29]. Hamid Reza Abbasi et al. [30] utilized phase change material to
store the thermal energy in a solar tower and drive thermodynamic cycle
to power SWRO, and Harsh Vyas et al. [31] utilized photovoltaic panel
to power SWRO. Among the common solar power technologies, DSSE
(dish solar Stirling engine) operates with high solar-electricity energy

efficiency and flexible power capacity [32]. Integrating DSSE and SWRO
is capable to produce water in a community for distributed application
or a large farm for centralized application.

In addition, energy storage accompanies with water production in a
desalination process as well [33]. Thus, the hybridization of DSSE and
SWRO is also a potential solution to push the further exploitation of solar
and salt gradient energy utilization. Influenced by the drastic variation
of solar illumination intensity in a day, power output of a solar energy
system always fluctuates with time [34]. The uncertainty of power
output in the next minute limits the effective match of energy supple-
ment and demand. Commonly, energy storage system such as upstream
thermal storage module [35] or downstream battery module [36] is
always installed in the solar power system to stabilize the power output.
In comparison, salinity gradient energy is more stable, but the finite
intensity of natural concentration difference only generates finite power
density which limits the application of natural salinity gradient energy
[37]. In DSSE-SWRO hybrid system, the dynamic solar power is
consumed to desalinate the seawater and stabilized as additional salinity
gradient energy in the brine solution, which also enhances the natural
salinity gradient simultaneously. Thus, stable and clean power can be
generated from the solar and salinity gradient energy. Furthermore, the
more water is extracted from seawater, the more dynamic solar power is
stored as additional salinity gradient energy based on the natural
salinity gradient energy in the brine solution, which will consequently
improve the downstream energy releasing performance [38]. Hence, the
SWRO module should operate with high-recovery in the DSSE-SWRO
system. Extending the membrane area to fully utilize the hydraulic
pressure difference or elevating the operating pressure of RO module
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Fig. 1. Dish solar Stirling engine powered seawater reverse osmosis system.

can increase the recovery ratio. However, the thin film semi-permeable
membrane has a maximal bearable pressure limitation which prevents
its damage. Toray Industries ever developed a RO membrane which can
endure the high pressure of 8-10 MPa [39]. The high pressure mem-
brane technology allows the further desalination of RO brine solution
from the previous stage, which improves the recovery ratio from 40% to
60% [40].

In order to further improve the recovery ratio of SWRO module to
achieve better water production and energy storage performance under
workable pressure difference. Osmotic pressure in the diluted channel is
utilized to improve the outlet concentration of concentrated solution
under maximal bearable pressure difference in a novel self-diluted 2-
stage SWRO. Previous work such as osmotically assisted reverse
osmosis system proposed by Timothy V. Bartholomew et al. [41],
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cascading osmotically mediated reverse osmosis system proposed by Xi
Chen et al. [42] and split-feed counterflow reverse osmosis system
proposed by Andrew T. Bouma et al [43] all demonstrate the theoretical
availability of the utilization of osmotic pressure in the diluted channel.
In this work, partial source seawater is fed as barometric diluted solution
and the rest is fed as pressurized concentrated solution in cocurrent flow
to produce diluted and concentrated seawater at the first stage. Then,
the diluted seawater is desalinated at the second stage to produce more
fresh water with lower inlet concentration under the maximal bearable
pressure condition. The influence of hydraulic pressure difference and
diluted fraction ratio on the water production and energy storage per-
formance are investigated. A performance optimization is further con-
ducted and the corresponding water production and energy storage
performance are evaluated with the derived analytical solution. This
study offers an alternative efficient way for solar energy powered
seawater desalination and energy storage with better theoretical
performance.

2. Methods and quantification

As depicted in Fig. 1, green solar power generated from DSSE is
utilized to power a high-recovery RO unit to desalinate the pretreated
seawater. Under higher recovery ratio, the fed seawater can be sepa-
rated into fresh solution with more quantity and brine solution with
higher concentration. Thus, more fresh water is produced for drinking or
irrigation, and more dynamic solar power is stored as stable salinity
gradient. Besides, the harmful emission in the energy and matter con-
version procedures are both zero.

In RO process, the applied pressure on feed solution overcomes the
osmotic resistance then drives the fresh water permeation. Meanwhile,
the osmotic resistance will increase continuously with the concentration
of feed solution until it equals to the applied pressure difference and
ends the water permeation as depicted in Fig. 2(a). Thus, increasing
hydraulic pressure difference is a method to discharge brine solution
with higher concentration, which means more fresh water production
and energy storage can be achieved. Thus, as the hydraulic pressure

(b-2)

(a) (b-1)

., 0°°C.,’ o)

RERTR

ZRT(CC,1 -CD)= AP"m

2RTCc,2 = AP"m

Fig. 2. Seawater reverse osmosis under the maximal bearable pressure difference: (a) Seawater as feed solution and fresh water as permeate solution; (b) Partial
seawater as feed solution and partial seawater as permeate solution for self-dilution at the first stage (b-1), diluted seawater as feed solution and fresh water as
permeate solution for water production at the second stage (b-2); (c) Continuous self-diluted 2-stage seawater reverse osmosis configuration.
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difference approaches APy, (maximal bearable pressure difference of
membrane), recovery ratio of the seawater-water paired RO configura-
tion in Fig. 2(a) reaches its upper limitation.

To further improve the recovery ratio under APy, the 2-stage RO
configuration depicted in Fig. 2(b) can be adopted. In Fig. 2(b-1) and (c),
certain fractions of seawater are utilized as concentrated and diluted
solutions respectively at the first stage. For the diluted seawater has a
concentration over zero, the concentration of discharged brine solution
at the first stage can be higher than Fig. 2(a) under the same pressure.
Then, the diluted seawater is utilized as feed solution for water extrac-
tion and discharged at the second stage in Fig. 2(c) with the same con-
centration in Fig. 2(a). As the concentration of total brine discharge in
Fig. 2(b) is higher than Fig. 2(a), recovery ratio can be enhanced.

e Slight reverse salt permeation is neglected;

e Slight variation of seawater volume with concentration is neglected;

e Membrane area is enough to achieve complete fresh water
permeation.

With the first assumption, the molar conservation of dissolved ions in
concentrated and diluted channels have Egs. (1) and (2). As 1 m° source
seawater enters the inlet, Eq. (3) is established by the second assump-
tion. According to the third assumption, transmembrane water flux will
end at the outlet under enough membrane area, which means the local
concentration polarization is extremely slight. Thus, the bulk concen-
tration can be utilized to evaluate the osmotic pressure difference which
equals to the hydraulic pressure difference. In Egs. (1)—(4), x represents
the diluted fraction ratio.

Co(l - x) = Cc1 Ve, 1)
Cox = CpVp @
Vei+Vp =1 3)
2RT(Cc, — Cp) = AP (C)]

With the derivation in Appendix A.1, the volume and concentration
of the brine discharge at the first stage have Egs. (5) and (6).

RTC, 1 \/RTCO RTCy, 1,
Ve, = i 2x—1 =
cr=0Czp +3) AP )+ (Gp) 6 )
Coy = Co(1 —x) _ Co(1 —x) 6)
Ver e - R D+ (5 4 O

The volume and concentration of the discharged solution at the
second stage can be derived as Eqs. (7) and (8) according to the con-
servation of dissolved ions in diluted solution and the outlet pressure
relationship as well.

Cox RTC,

Vep=—-=2 7
c2 Cen AP X 7)
AP
Cer= RT ®
Thus, the overall recovery ratio has Eq. (9).
Y=1- VC,I — VC.Z
RTC, RTCy,, 1., RTC, RTCy 1
= -1 P -2 - -
\/ ap F VAR Q) 2 ) ©

SEC is derived according to Eq. (10), in which the pressurization of
source seawater (1 — x) at the first stage and diluted seawater (x + Vp 1)
at the second stage consumes pump work, and ERD harvests residual
pressure of discharged solution. The further expansion of SEC in Eq. (10)
reveals its precise components those are the energy consumed for
pressurizing the transmembrane water permeation from the first stage,
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energy consumed for pressurizing the total source seawater and energy
recovered by ERD for producing 1 m® fresh water. By substituting the
formulations of Vp; and Y into Eq. (10), SEC can be described as Eq.
1n.

SEC — AP[(1 = x) + (x+ Vo1)] = AP(1 = Y)riggp

Y
Ve 1 (I*Y)
= apZE i apo—art Ty, 10
RIG (9 1) 4 (KIS 4 (1) —x _KIG {3 _
SEC:[\/AP AP‘ - 2 - 'AP 2 : ERDJrI’]ERD]AP
T 0 O 2 )
an

Egs. (9) and (11) indicate that recovery ratio and SEC are both
closely related to the diluted fraction ratio (x). As x equals to 0 or 1, it
means that the real separation process only occurs at one of the two
stages (the first or second stage). Thus, recovery ratio can be simplified
as Eq. (12) which is exactly equal to that of conventional seawater-water
paired SWRO in Fig. 2(a).

RTC,

Yo=1-2
B AP

(x=0orl) 12

As to the SEC when x equals to 1, all the seawater passes through the
diluted channel with no energy consumption or harvesting at the first
stage, and the separation process only occurs at the second stage. Hence,
the corresponding SEC in Eq. (13) is equal to that of Fig. 2(a).

AP — fggp (1 — Y5)AP

SECg = T
B

(x=1) (13)

In comparison, the separation process as x = 0 only occurs at the first
stage. However, the transmembrane water permeation from the first
stage is pressurized again at the inlet of the second stage for water
production though no salt needs to be filtered at the second stage. Thus,
the corresponding SEC in Eq. (14) is higher than Eq. (13).

AP — Hp (1 — Y5)AP + Yz AP
Y

SECy = (x=0) a4

Salinity gradient energy exists between the solutions with concen-
tration difference and can be quantified by Gibbs free energy in Eq. (15)
[44]. With the separation in RO unit, Gibbs free energy appears with the
concentration difference from zero. Thus, the Gibbs free energy stored
between the concentrated and fresh solutions in the desalination process
of 1 m® seawater has Eq. (16) with the derivation in Appendix A.2. Egs.
(17) and (18) are the energy conversion efficiency of SWRO process and
the whole system.

AG = 2RT(VHcHzn& + VLCLln&) (15)
Cr Cr
1
AGro
= a7
TR0 = KP(1+ Vo) — AP(1— ¥)iiegp
11 = Mpssellro (18)

Eq. (16) indicates that more Gibbs free energy can be stored with the
increase of recovery ratio. However, considering the produced fresh
water has high level for drinking, the concentrated solution should be
coupled with other low-concentration solutions such as fresh river (F),
brackish (B) or even seawater (S) to release salinity gradient power. The
exploitable Gibbs free energy in the mixing process of 0.5 m® concen-
trated solution and 0.5 m® low-concentration solution has Eq. (19).
2Cc 2C,

+CLin 19
Cc+C ' F CC+CL) a9

AG, = RT(Ccln
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Table 1
Initial values for case study.
Water salinities Co/Cs (M) Cg (M) Cr (M)
— 0.6 0.3 0.005
Operational parameters x (=) AP (MPa) T (K)
0.5 7 298.15

3. Results and discussion

In order to investigate the performance systematically, case study,
sensitivity analysis and performance optimization are conducted
sequentially based on the derived equations stated above. Water pro-
duction and energy storage performance of conventional 1-stage reverse
osmosis is set as comparison benchmark, the theoretical performance of
novel configuration is evaluated and analyzed precisely.
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3.1. Case study

To start with, water production and energy storage performance of
the proposed system are evaluated and compared with conventional 1-
stage seawater-water paired configuration.

With the initial values listed in Table 1, 1 m® seawater with the
concentration of 0.6 M is selected as total feed solution. At the first stage,
half of the seawater flows through diluted channel to extract water from
the other half in concentrated channel under the hydraulic pressure
difference of 7 MPa. Then, diluted seawater is fed into the second stage
for fresh water production under the same pressure difference.

As shown in Fig. 3(a), the recovery ratio is enhanced from 57.51% to
61.83%, which means more fresh water of 43 L can be produced from 1
m® seawater by the 2-stage configuration under the maximal bearable
pressure difference of 7 MPa. Fig. 3(b) reveals the mechanism of re-
covery ratio enhancement. Area I + II encircled by black solid line and II
+ III encircled by red solid line both represent the total molar of NaCl

(a)7o 4 (b)z 0 (¢)
B 1 -Stage Confg “le.,—— — t1-stageConfig| 0.5 — 2-Stage Config
-Stage Config | &= J — 2-Stage Config 1 1
65} BE _tspe, ML 1 _ o5 10
@ é E ME 1 3
<60} 122 510t 1 =105 11+
>. - 4 4
55| 118 005. II I 0.5 SEC
(7)) ' Vea Ve, v 0 5“ ) 1
[od .
50 0 0.0 - : : L ' '
Y SEC 00 01 02 03 04 05 7 7 7
Ve (m3) AP (MPa)

Fig. 3. Comparison of water production performance and discharged brine solution property between 2-stage and 1-stage configurations in (a) and (b), components

of specific energy consumption of 2-stage configuration in (c).

(a';) 1-Stage Config (3'2% 1-Stage Config
S 2t .
=
31 o
21} i
0 0 n
0 6 C-F C-B C-S
(b-1) (b-2) 2-Stage Config
6 : 3
3 2} .
3 =
] — e -~ =
Q1 -
: ; i
0 3 6 C-F Cc-B C-s

Fig. 4. Comparison of energy storage performance between 2-stage and 1-stage configurations.
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Fig. 5. Influence of diluted fraction ratio and hydraulic pressure difference on recovery ratio under different efficiency of energy recovery device.

(sodium chloride) dissolved in the source seawater. It can be seen that 1
m> seawater is concentrated to 0.42 m® brine solution with the con-
centration of 1.41 M by the 1-stage configuration. Higher discharge
concentration of 1.77 M at the first stage in 2-stage configuration further
accommodates the NaCl from area I to area III, thus to improve the re-
covery ratio. Certainly, more energy is required to produce fresh water
with higher recovery ratio. Fig. 3(a) indicates that SEC increases
significantly from 2.09 to 3.10 kWh/m?. The grey area I(+) and II(+) in
Fig. 3(c) represent the pump work consumed for pressurizing the
transmembrane water permeation from the first stage and the total 1 m>
source seawater, while III(—) represents the harvested energy by ERD.
Compared with 1-stage configuration, the pressurization of trans-
membrane water permeation from the first stage at the inlet of the
second stage requires additional energy of area I(+), which induces the

AP=7 MPa
(a1) 3 . :
x=0.1
S27 -
o -
O
(a-2) 3/0 }
x=0.4
g’ .
[$)
O 1
(a-3) 3/0 } .
x=0.9
g 2 _I A
(8]
O 1
0 1 1
0.0 0.1 0.2 0.3 0.4 0.5
V¢ (md)

increase of SEC (blue area).

Fig. 4(a-1) depicts the energy storage performance while desali-
nating 1 m® seawater by DSSE powered 1-stage SWRO. With an electric
energy input of 4.32 MJ, Gibbs free energy of 2.55 MJ is produced be-
tween the fresh and concentrated solutions with an efficiency of 59%.
Considering DSSE has a solar-electricity conversion efficiency of 25.56%
[45], the consumed solar energy is 16.91 MJ and the overall efficiency is
15%. Paring 0.5 m® concentrated solution with 0.5 m® of fresh river
water, brackish estuarial water or saline seawater, corresponding Gibbs
free energy in Fig. 4(a-2) is 2.35, 0.97 and 0.41 MJ respectively. Fig. 4(b-
1) depicts the energy storage performance of DSSE powered 2-stage
SWRO. With the increase of concentration, stored Gibbs free energy in
the desalination process of 1 m® seawater is enhanced to 2.87 MJ. And
the exploitable Gibbs free energy for different solution pairs is increased

(b-1) 3 x=05
AP=4 MPa
g 2 » i ]
S
O 1 ]

(b-2) 3/0 :

AP=7 MPa
= 2
=
= ]
O 1
(b-3) 3/0 :
AP=10 MPa
2|1
=
S1p -

0.0 0.2 04 0.6 0.8 1.0
Ve (ms)

Fig. 6. Comparison of discharged brine solution under different diluted fraction ratio in (a) and hydraulic pressure difference in (b).



X. Lai et al. Energy Conversion and Management 228 (2021) 113665
a b c
(a) SEC (kWh/m®) (b) (c)
10 : 5625 44——T——T——T——T— 48—
; —_ AP=7 MPa | x=0.5

9 - 5.080 & 4.0 ﬁéé T1_ 4.2} ééé 4
T 8. i 4535 E 56l CHg. E g8
a g L 3990 £ By £ 3.6} ééé ;
= i, D 4 [ 3440 332 Bg 13 8
= ; 3444 ") o =30l éée ]
[« 6 ] ; - 2.899 v2.8 I —O0— nERD=95% ﬁ ; ééé —0— ’7ERD=950A)
< : - 2.354 1] 2 4f —0— Ngrp=90% By 4 W 2.4r ﬁééé —0= Ngrp=90% T

51 c 1809 D, o1 A= nee;=85% a1 1.8l —A— Ngrp=85% |

4 : 1.264

00 02 04 0.6 0.8 1.0
X

0.0 0.2 0.4 0.6 0.8 1.0

4 5 6 7 8 9 10

X AP (MPa)

Fig. 7. Influence of diluted fraction ratio and hydraulic pressure difference on specific energy consumption under different efficiency of energy recovery device.

to 2.62, 1.17 and 0.55 MJ respectively in Fig. 4(b-2). However, 2-stage
configuration has lower RO efficiency of 41%, which increases the
renewable electrical and solar energy consumption to 6.91 and 27.04 MJ
while the overall efficiency is reduced to 10%.

With the results of case study, it can be seen that 2-stage configu-
ration is capable to enhance the water production ability significantly
while the increase of SEC is drastic as well. In addition, the 2-stage
configuration is also capable to convert more fluctuating solar energy
into stable salinity gradient energy with higher concentration differ-
ence, which can improve the amount of stabilized energy and enhance
the energy releasing intensity of salinity gradient power system
simultaneously.

AP=7 MPa

x=0.1

x=0.4

1 x=0.9

7 7

7
AP (MPa)

3.2. Sensitivity analysis

The derived equations indicate that the separation performance is
closely related to the operational parameters (diluted fraction ratio and
hydraulic pressure difference). Thus, the influence of operational pa-
rameters on water production and energy storage performance of DSSE
powered 2-stage SWRO system is investigated and analyzed in this part.
The diluted fraction ratio varies from 0 to 1 and hydraulic pressure
difference varies from 4 to 10 MPa.

Fig. 5 shows the influence of diluted fraction ratio and hydraulic
pressure difference on recovery ratio under different efficiency of ERD.
In Fig. 5(a), the increase of diluted fraction ratio from O to 1 and

(b-1) x=0.5

1 _ AP=4 MPa
> 1 N

-

(b-2) +— .

1 AP=7 MPa
1
g .

1

(b-3) :

1 AP=10 MPa
' |
> 1

1

10 10 10

AP (MPa)

Fig. 8. Comparison of specific energy consumption components under different diluted fraction ratio in (a) and hydraulic pressure difference in (b).
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Fig. 9. Influence of diluted fraction ratio and hydraulic pressure difference on energy storage performance.

hydraulic pressure difference from 4 to 10 MPa induces great variation
of recovery ratio from 25% to 72%. Comparing the results horizontally
under pressure difference of 7 MPa in Fig. 5(b), it can be seen that re-
covery ratio appears the trend of increasing before decreasing and is not
affected by the energy efficiency of ERD. Namely, the 2-stage SWRO
under an arbitrary x (0 < x < 1) is capable to produce more water than 1-
stage configuration and optimal diluted fraction ratio exists to achieve
the maximal recovery ratio. According to the properties of discharged
solutions under different diluted fraction ratio (x = 0.1, 0.4 and 0.9) in
Fig. 6(a), it can be seen that the discharged solution at the first stage as x
equals to 0.1 has high volume but low concentration improvement and
the discharged solution at the first stage as x equals to 0.9 has high
concentration improvement but low volume, which are both not capable
to enrich more salt into the discharged solution at the first stage. In
comparison, a moderate diluted fraction ratio of 0.4 is capable to extract
more water from the concentrated solution at the first stage, for more
salt can be enriched to the discharged solution with appropriate con-
centration improvement and solution volume.

The vertical comparison of recovery ratio in Fig. 5(c) indicates that
higher hydraulic pressure difference is beneficial for improving recovery
ratio significantly. Under the diluted fraction ratio of 0.5, recovery ratio
increases from 38% to 72%. As the driving force of reverse osmosis,
greater hydraulic pressure difference will end the water permeation
with greater outlet osmotic pressure difference. Thus, the concentration
of discharged solutions from the first and second stages are both
improved with the increase of hydraulic pressure difference in Fig. 6(b).
Namely, the total dissolved NaCl (area in pink) is enriched into less
volume of concentrated solution which is depicted on the X axial. Hence,
high recovery is achieved with more fresh water extraction from the
inlet source seawater.

As to the SEC of 2-stage configuration, the results depicted in Fig. 7
(a) indicate that SEC varies from 1.26 kWh/m? to 5.62 kWh,/m3 with the
variance of diluted fraction ratio and hydraulic pressure difference
under the ERD efficiency of 95%. Fig. 7(b) further indicates that the SEC
under 7 MPa drops gradually with the increase of diluted fraction ratio,
and the increase of ERD efficiency from 85% to 95% is capable to further
reduce SEC by 0.5 kWh/m®. According to the components of SEC in Eq.
(10), the three parts of SEC under different diluted fraction ratio is
depicted in Fig. 8(a). The analysis in case study indicates that the three
areas in grey represent the energy consumption by pressurization of
transmembrane water permeation from the first stage and the total
source seawater, and energy harvested by ERD. It can be seen that, with
the increase of diluted fraction ratio, energy consumption for the pres-
surization of the transmembrane water permeation drops significantly
while the other two parts vary slightly. As treating 1 m® source seawater,
the increase of diluted fraction ratio (x) represents less seawater is fed

into the concentrated channel (1 — x) at the first stage. Thus, the
transmembrane water permeation from the first stage drops significantly
and leads to the drop of SEC (blue area). Meanwhile, the improvement of
ERD efficiency is capable to increase the area of the third area in grey
and reduce the SEC as well.

In comparison, the increase of hydraulic pressure difference induces
the increase of SEC in Fig. 7(c). Under the ERD efficiency of 95%, SEC
increases from 1.93 to 4.26 kWh/m®. According to the components of
SEC under different hydraulic pressure difference in Fig. 8(b), low
pressure difference of 4 MPa provides weak driving force for water
permeation so that more source seawater (height of grey area) needs to
be pressurized to produce 1 m® fresh water in Fig. 8(b-1). With the in-
crease of hydraulic pressure difference, less source seawater is required
to produce 1 m® fresh water (shortening of the height of grey area II).
However, higher hydraulic pressure difference means the energy con-
sumption for 1 m® pressurized solution is getting stronger as well. Thus,
higher hydraulic pressure difference is capable to cut down the amount
of pressurized solution but the increase of energy consumption density is
more significant. This will lead to the increase of SEC which is plotted by
the blue area.

Fig. 9 depicts the stored Gibbs free energy and solar-Gibbs free en-
ergy conversion efficiency of DSSE powered 2-stage SWRO system. High
pressure difference and moderate diluted fraction ratio are beneficial for
achieving more energy storage as desalinating 1 m> seawater. Within the
calculation range, the highest Gibbs free energy of 3.84 MJ is obtained.
According to Eq. (16), the stored Gibbs free energy is positively related
to recovery ratio. Higher recovery ratio means deeper separation process
with more energy consumption and storage. In Fig. 9(b), the energy
conversion efficiency exhibits a monotonic dependence with diluted
fraction ratio and hydraulic pressure difference. The maximal energy
conversion efficiency of 19.2% appears as the diluted fraction ratio is 1
and hydraulic pressure difference is 4 MPa, while the minimal efficiency
is 6.5% as the diluted fraction ratio is O and the hydraulic pressure
difference is 10 MPa. Therefore, operating the DSSE powered 2-stage
SWRO system under high hydraulic pressure difference and a moder-
ate diluted fraction ratio is capable to achieve high recovery ratio and
store more dynamic solar energy as stable Gibbs free energy with
stronger intensity.

3.3. Performance optimization

Sensitivity study indicates that optimal diluted fraction ratio exists to
achieve the maximization of recovery ratio. Thus, optimization of
diluted fraction ratio to maximize the recovery ratio under different
maximal bearable pressure difference is conducted in this part. Deriving
the recovery ratio (Y) with respect to diluted fraction ratio (x) according
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Fig. 10. Optimization of diluted fraction ratio for maximization of recovery
ratio under different maximal bearable pressure difference.

to Eq. (9) and letting the derivative formula equal to zero in Eq. (20)
yield to the analytical solution of optimal diluted fraction ratio in Eq.
2n.

fl—Y: - i -1=0 (20)
X
20/ (BI9) + () + 51 (20— 1)
1 RTC,
Xopti = 5(1 - AP ) (21)

In order to verify the analytical solution derived above, numerical
optimization based on GA (genetic algorithm) is also conducted and the
results are compared with analytical solution. Compared with analytical
optimization, numerical optimization adopts different optimization
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path, in which the fast computing speed of computer is utilized to find
the optimal value by forward search.

Fig. 10(b) depicts the process of finding the optimal diluted fraction
ratio under the maximal bearable pressure difference of 10 MPa by
numerical method. Recovery ratio is set as the fitness function and the
arbitrarily generated populations at the first generation in Fig. 10(b-1)
gradually evolves in the next generations. Most populations at the fifth
generation in Fig. 10(b-2) are approaching the optimal value and all the
populations finally converges at the fiftieth generation in Fig. 10(b-3).
Comparing the optimal dilution ratio obtained by different methods in
Fig. 10(a), the numerically optimized diluted fraction ratio under the
selected sample pressure differences fit well with the analytical solution
curve. Hence, the analytical optimal diluted fraction ratio derived in Eq.
(21) is reliable. Further analysis of Eq. (21) indicates that lower maximal
bearable pressure difference corresponds to smaller optimal diluted
fraction ratio, and the optimal diluted fraction ratio gradually increases
and approaches 0.5 with the increase of maximal bearable pressure
difference. Dividing 1 m® seawater in Eq. (9) into two parts of x and 1 —
X, recovery ratio in Eq. (22) can be presented as the sum of two parts in
the square brackets.

Y = 1 — VC,I b VCAZ = [(1 —X) - VC.I] + [.X - Vc.z} (22)

The first part in Eq. (22) represents the water permeation from the
first stage, and the second part represents the water extracted from the
desalination of x m® source seawater by seawater-water paired SWRO at
the second stage. According to Eq. (22), smaller xop; under lower
maximal bearable pressure difference means that more water extraction
occurs at the first stage and less water extraction occurs at the second
stage. The most significant difference between the first and second stage
is the inlet resistance (inlet osmotic pressure difference of RO module)
for water permeation. As the driving force of water permeation in RO
process, hydraulic pressure difference meets no inlet resistance at the
first stage (no inlet concentration difference) while the inlet resistance is
significant (significant inlet concentration difference) at the second
stage. When hydraulic pressure difference is down to approach the inlet
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Fig. 11. Comparison of optimal water production and energy storage between 1-stage and 2-stage configurations under different maximal bearable pres-

sure difference.
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Fig. 12. Comparison of maximal exploitable Gibbs free energy of 0.5 m® discharged brine solution paired with 0.5 m® different low-concentration solution between
1-stage and 2-stage configurations under different maximal bearable pressure difference.

osmotic pressure difference at the second stage, water is hard to be
driven across the membrane at this stage. Thus, more water permeation
should occur at the first stage to achieve high recovery ratio, which
exactly corresponds to a small diluted fraction ratio. With the contin-
uous increase of maximal bearable pressure difference, the inlet net
driving force at the two stages are getting closer, which makes the 2-
stage configuration behave like the 1-stage configuration. Especially
as diluted fraction ratio is closer to 0 or 1, the operation of 2-stage
configuration approaches the 1-stage desalination by the first or sec-
ond stage. In comparison, a diluted fraction ratio of 0.5 is the furthest
condition away from the 1-stage desalination condition under high
maximal bearable pressure difference. Thus, the optimal diluted fraction
ratio increases with the increase of maximal bearable pressure differ-
ence and gradually approaches 0.5.

Further substituting the optimal diluted fraction ratio into Eq. (9),
equation of the maximal recovery ratio of self-diluted 2-stage SWRO can
be derived as Eq. (21), in which the number of maximal recovery ratio
equals to the four times of the square of optimal diluted fraction ratio.

RTC,
1) = 4
AP

opti

Ymax = (

(23)

Fig. 11 depicts the comparison of maximal water production and
energy storage performance between DSSE powered 1-stage and 2-stage
SWRO systems while operating the systems under different maximal
bearable pressure difference. The maximal bearable pressure difference
of 4, 7 and 10 MPa represents the membrane which has low, middle and
high mechanical intensity respectively. The water production ability in
Fig. 11(a) and (b) indicate that recovery ratio can be enhanced signifi-
cantly in 2-stage configuration with more energy consumption. Under
the maximal bearable pressure difference of 4, 7 and 10 MPa, the
maximal recovery ratio is enhanced from 25%, 57% and 70% to 39%,
62% and 72% respectively. The corresponding SEC is increased from
1.27, 2.02 and 2.84 kWh/m"® to 2.08, 3.25 and 4.46 kWh/m°>. Results
indicate that the enhancement of recovery ratio becomes smaller with
the increase of the maximal bearable pressure difference. With the
analysis above, the increase of maximal bearable pressure difference
will make the 2-stage configuration behave like the 1-stage configura-
tion, which consequently induces the weaker enhancement. As to the

10

energy storage performance in Fig. 11(c) and (d), maximal Gibbs free
energy of 3.84 MJ between the produced fresh and brine solutions can
be generated while desalinating 1 m® source seawater under 10 MPa
with 2-stage configuration. However, the lowest solar-Gibbs free energy
efficiency of 8.42% is paid as price. In comparison, the overall efficiency
under maximal bearable pressure difference of 4 MPa is 12.91% while
the generated Gibbs free energy is 1.49 MJ.

Fig. 12 depicts the maximal brine concentration and corresponding
exploitable Gibbs free energy as coupled with different low-
concentration water source under different maximal bearable pressure
difference. The white breaks in the black and red bars represent the basic
concentration and exploitable Gibbs free energy of the natural seawater
with concentration of 0.6 M. Higher maximal bearable pressure differ-
ence is capable to achieve more significant improvement of outlet con-
centration and exploitable Gibbs free energy, and 2-stage configuration
can achieve further enhancement. Under the maximal bearable pressure
difference of 4 MPa, the exploitable Gibbs free energy is enhanced to
1.63 MJ by 2-stage configuration as 0.5 m® fresh river water is paired
with 0.5 m® brine solution which has an enhanced concentration of 0.99
M. Increasing of maximal bearable pressure difference to 10 MPa further
improves the brine concentration and Gibbs free energy to 2.18 M and
3.66 MJ in 2-stage configuration, which has a relative improvement of
8% in brine concentration and Gibbs free energy as compared with 1-
stage configuration.

4. Conclusion

In this study, a cocurrent self-diluted 2-stage seawater reverse
osmosis configuration is proposed to improve the recovery ratio under
maximal bearable pressure difference to consume seawater and dynamic
solar power for synchronous water production and energy storage. With
deeper enrichment of dissolved salts into the discharged solution at the
first stage, higher water recovery ratio can be achieved by the 2-stage
configuration, thus to guarantee better water production and energy
storage performance. Theoretical analysis and optimization are con-
ducted to evaluate the water production and energy storage perfor-
mance of the 2-stage configuration under ideal membrane property and
enough membrane area condition. Results indicate that decreasing
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Appendix A

The derivation of discharged solution at the first stage and stored Gibbs free energy of self-diluted 2-stage reverse osmosis are stated in A.1 and A.2
respectively. And A.3 is the validation of reverse osmosis module.

A.1. Volume and concentration of brine solution at the first stage

The derivation of the discharged brine solution at the first stage is based on the conservation of dissolved ions in Egs. (A-1) and (A-2), volume
conservation of seawater in Eq. (A-3) and outlet concentration relationship in Eq. (A-4).

Co(1 —x) = Cea Ve, (A-1)
Cox = CpVp (A-2)
Ver+Vp =1 (A-3)
2RT(Cc) — Cp) = AP (A-4)

Substitute (A-3) and (A-4) into (A-2) to replace Cp and Vp with C¢; and V¢ ; in Eq. (A-5).

AP

Cox = (CC.] - m

(1 —Ver) (A-5)

Substituting (A-5) into (A-1), Cc,1 in Eq. (A-1) can be replaced by V¢ ; in the form of Eq. (A-6) to derive the quadratic equation of V¢ ; in Eq. (A-7).

AP
Ce1=0Cy +m(1 — Vi) (A-6)
AP AP
WVZ:I —(Co +m)vm +Cy(1—x)=0 (A-7)

Eq. (A-7) indicates that two mathematical solutions of V¢ ; exist, which are derived as Eq. (A-8). For there is no discharged solution (V¢;=0) as all
the seawater is fed into the diluted channel (x = 1) at the first stage, the true solution of V¢; which has physical significance is Eq. (A-9).

RTC, 1 RTC 1, RIC

Ver = ( APO E) + \/( APO)2 (5)2 APO (2x—1) *-8)
RTC, 1 RTC, 1, RITC,

Ver = ( APO + E) B \/( APO)2 + (E)z + APO (2x=1) (A-9)

According to Eq. (A-1), the concentration of the discharged brine solution at the first stage has Eq. (A-10).

_G-x) _ Go(1 —x) (A-10)

Ver @9y - B9 1 (1 + 9 (20— 1)

CC,I
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A.2. Gibbs free energy storage of Self-diluted 2-stage seawater reverse 0smosis

The stored Gibbs free energy in the desalination process of source seawater exists between the generated fresh and brine solutions and has Eq. (A-
11).

AGgro = 2RT VCCCln% + VFCFln9 (A-11)
CO CU

In the self-diluted 2-stage SWRO, the volume and concentration of the brine and fresh solutions has following relationship with recovery ratio and
initial concentration while desalinating 1 m® source seawater.

Ve=Y (A-12)
Ve=1-Y (A-13)
Cr=0 (A-14)
Co
_ A-1
Co=1"%5 (A-15)

Substituting Eqs. (A-12)-(A-15) into Eq. (A-11), the stored Gibbs free energy has Eq. (A-16).

1 . C
AGro = 2RT {Coln1 —~ + élir(l) (YClnC—U> } (A-16)

Adopting the L’Hospital’s rule in Eq. (A-17), the second term in the square bracket in Eq. (A-16) equals to zero. Thus, the stored Gibbs free energy
can be simplified as Eq. (A-18).

c In& 1
lim <YCln—> = lim| — | = lim| <~ | = lim(—YC) =0 (A-17)
=0 Cy ol ye 0| =y =0
1
AGro = 2RTCylni— (A-18)

A.3. Validation of reverse osmosis module

In order to validate the derived analytical solution in this work, it is compared with a published mass transfer model from [41]. The main governing
equations are stated below. At first, Eqs. (A-19)-(A-21) indicate the fundamental relationship of water transfer.

Jy = A(AP — An) = A[AP — 2RT(Cc — Cp)] (A-19)
Vo _;w (A-20)
dx

dve

Ve A-21
o J W ( )

Then, CP (concentration polarization) in the concentrated and diluted channels are considered as Egs. (A-22) and (A-23). Thus, the transmembrane
water flux is updated as Eq. (A-24).

jw
Cem = Cepexp (7) (A-22)
CD.m = CD,bexp( - ‘,WK) (A-ZS)
‘,W
Jo = A{AP — 2RT {Cc7bexp (7> — Cppexp( — JWK)} } (A-24)

Further considering RSP (reverse osmosis permeation) in Eq. (A-25) from the supporting information in [41], the molar flow rate of solutes varies
in the form of Eq. (A-26) and (A-27).

Js = B(Cc — Cp) (A-25)

d <VDCD)

—=JW (A-26)
dx

d <Vccc>

SN A (A-27)
dx

Compared with the mass transfer model stated above, this work attempts to evaluate the performance under sufficient membrane area condition.

12
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Fig. A-1. Validation of derived analytical solution.

Thus, we obtained the recovery ratio under zero membrane area (A*,, = 0) to sufficient membrane area (A*,, = 1) based on the mass transfer model in
Fig. A-1 to compare with the recovery ratio obtained from this work. Relative parameter setting is referred from [41] as well.

In Fig. A-1, (a) and (b) depict the validation of the derived analytical solution in this work for the 1st and 2nd stage respectively. The black dot line

is obtained from the fundamental water transfer relationship in which CP and RSP are neglected. It can be seen that with the increase of membrane
area, recovery ratio goes up and reaches the value obtained by this work (red straight line). Then, CP is considered in the red dot line. It can be seen
that CP increases the osmotic pressure difference as resistance. Thus, it needs more membrane area to achieve complete water permeation and reaches
the red straight line. Finally, RSP is considered in the blue dot line, which is basically the same with the red dot line but a little bit higher. As membrane
area is sufficient (A*, = 1), the relative error of recovery ratio at the 1st and 2nd stage is —2.62% and —2.40% respectively. This is because slight
reverse salt permeation from the concentrated to diluted channel reduces the concentration difference. Thus, higher recovery ratio can be achieved
under lower osmotic resistance. According to the comparison between the mass transfer model under ideal and realistic conditions with the analytical
solution in this work at each stage, it can be seen that this work is capable to state a reliable performance evaluation of the novel RO configuration
under sufficient membrane area condition.
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