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ABSTRACT

To solve the global environmental problem of a shortage of freshwater resources,
seawater desalination is considered one of the most promising solutions. In this
research, the main novelty of the seawater desalination system lies in its
utilization of a reverse osmosis unit as the core process for producing drinking
water. By optimizing the pretreatment section in the process flow, a seawater
reverse osmosis (SWRO) control system based on Siemens PLC with a high
degree of automation was developed, which has the advantages of convenient
maintenance and monitoring. In addition, through research on reverse osmosis
systems, the results showed that within two years of operation, the total
desalination rates of the primary and secondary reverse osmosis systems were
not less than 99% and 97.5%, respectively. Furthermore, the water quality after
desalination was tested. When the doses of CaCl,, MgCl, and NaHCOs were 20
mg/L, 15 mg/L, and 50 mg/L, respectively, high-quality drinking water was
obtained. Finally, a reasonable process plan and corresponding estimates were
given for the complex water source conditions. Compared with traditional
seawater desalination systems, our system has the advantages of easy operation,
efficient water production and lower price. Accordingly, this study will help to
solve drinking-water problems in some freshwater-scarce regions.
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1. Introduction

Water resources are one of the resources closely related to human life. In recent years, the total amount of
global water resources has been decreasing, which has seriously affected social and economic development [1-6].
In 2011, California's drought, the worst in its history, could cost up to $1.8 billion in agricultural losses [7]. In 2018,
Cape Town, South Africa, implemented water rationing [8]. In addition, 80 percent of U.S. state water management
agencies expect freshwater shortages within the next 10 years [9]. In China, increasing water demand and limited
water resources have always existed, especially in the northern coastal areas [10-14]. As the population continues
to gather along the coast and the economy continues to develop toward coastal cities, the excessive use of surface
water and groundwater has resulted in land subsidence, the drying up of rivers and lakes, and serious water
pollution [15, 16]. Specifically, since the end of 2020, the rainfall in Jiangnan, most of South China, and the
southwest has been 40% to 70% lower than that in the same period of the previous year [17-19]. Some cities,
counties, and towns experienced water supply shortages, and the direct economic loss was as high as 175 million
yuan [20]. Thus, the efficient desalination of marine resources has become an urgent problem to be solved.

In recent decades, many well-known scholars in the field of seawater desalination at home and abroad have
carried out much research. In 1960, American researcher S. Loeb improved the asymmetric cellulose acetate
membrane for desalination, which has a good stiffness-free performance [21]. In 1972, the B-10 reverse osmosis
membrane successfully developed by the American DuPont Company was first used in seawater desalination [22].
Subsequently, research and development companies in the United States and Japan successfully developed three
kinds of cellulose acetate hollow fiber reverse osmosis membranes, which can be used for desalination and
freshwater treatment [23]. In 1985, the research and application of reverse osmosis membranes were developed
rapidly. Two technologies, reverse osmosis seawater desalination composite membrane technology and high-
recovery process technology, have become the fastest growing technologies in the field of seawater desalination
[24, 25]. Meanwhile, as the technology matures, the desalination cost also decreases. Research on reverse
osmosis technology in China started in the 1960s, and strategic technological research on reverse osmosis
technology was conducted [26]. Currently, great progress has been made in the construction of reverse osmosis
desalination projects. Song et al. prepared a high-performance PA-poly (ionic liquid) (PIL, poly (1-vinyl-3-
butylimidazolium tetrafluoroborate)) RO membrane by two-step polymerization, which exhibited excellent
antifouling antimicrobial properties and long-term separation stability [27]. Li et al. provided a facile method to
modulate the PA microstructure via micelles to prepare high-performance TFC RO membranes for seawater
desalination [28]. Yin et al. constructed a seawater reverse osmosis (SWRO) desalination system to evaluate the
effect of seawater axial piston pump (SWAPP) discharge pressure on RO brine pressure [29]. Xu et al. proposed the
future direction of electrospun nanofibrous membranes (ENMs) in developing more advanced desalination
membranes and expounded the research of ENMs in advancing high-performance desalination [30]. To reduce the
system operating cost, system optimization and energy management have received increasing attention [31, 32].
Zhu et al. discussed the optimal design and operation of RO networks under various operating parameters (such
as time-dependent membrane fouling) and obtained time-dependent system performance [33]. Wu et al. and Lu
conducted in-depth analysis and research on the optimal design of reverse osmosis and hot-film hybrid
desalination technology [34, 35]. By designing the mixing structure for different feeding conditions, He et al.
established hourly average operating cost equations for RO and multistage flash (MSF) processes [36].

The abovementioned studies show that the traditional seawater pretreatment method cannot meet its high
requirements for influent water quality. Affected by the fluctuation of raw-seawater turbidity, the operational
stability of the reverse osmosis system is poor. Furthermore, the effluent flow of the system is significantly
attenuated. Because of this, chemical cleaning is often needed, which indirectly results in a short service life of the
reverse osmosis membrane. Moreover, the use of traditional pretreatment requires regular replacement of filter
materials and security filter elements, resulting in higher investment costs for system operation and maintenance.
Therefore, it will be gradually replaced by the new type of SWRO technology.

To overcome these challenges, an improved seawater desalination system mainly adopts a reverse osmosis
unit as the core process of high-quality, drinking-water production. For the pretreatment section in the
technological process, through local optimization, a set of control systems of seawater desalination plants with a
high degree of automation based on Siemens PLC is designed. In addition, the water quality of the desalinated
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seawater is tested. When the doses of CaCl,, MgCl, and NaHCOs are 20 mg/L, 15 mg/L and 50 mg/L, respectively,
the water quality to achieve the target is obtained. By optimizing seawater desalination technology, the drinking-
water problem in some freshwater-scarce areas can be solved.

2. SWRO System Analysis

Fig. (1) represents the basic process flow of a SWRO system. The SWRO process is generally divided into four
parts: the water intake system, pretreatment system, reverse osmosis system and posttreatment system [37].
Among them, the water intake system contains raw water, which mainly includes turbid water, water containing
saltwater, harmful chemical substances, biological agent-contaminated water, war- contaminated water, brackish
water with high salt content, and seawater. As shown in Fig. (2), the system has a strong ability to intercept
suspended substances, dust, bacteria, asbestos, salt (seawater), nitrate, heavy metals, and surfactants.
Nevertheless, no retention of chlorine is possible. Seawater enters the reverse osmosis membrane through water
extraction, flocculation, dosing, and filtration. Subsequently, low-salinity freshwater and concentrated brine are
formed by reverse osmosis (RO). Finally, the freshwater is further conditioned into drinking water through the
product pool. On the other hand, high-pressure concentrated brine is discharged into the sea after recovering its
pressure through an energy recovery device. For the existing seawater desalination system, considering the
membrane performance and system stability, the fixed operation mode is generally preferred [38]. When the
equipment constraints and water requirements cannot be met, the use of simple start-stop control will result in
high overall operating costs. In addition, in the actual process, the seawater temperature fluctuates greatly on a
summer day and has a quasi-periodic characteristic (Fig. 3a). Meanwhile, parameters such as seawater salinity
also change (Fig. 3b). Similarly, the water-production process using fixed operating conditions will cause the
quality constraints of drinking water to be difficult to achieve edge-to-edge control or will even be substandard.
The flow of the SWRO system shows that the reservoir has a certain buffering effect as the intermediate unit of
the RO water-production process and water-supply process. Adjusting the water level can increase the flexibility of
operation, providing space for reducing system operating costs.

Based on the above situation, the quality of drinking water and effluent performance can be significantly
improved by local optimization of the pretreatment section in the process flow. In addition, by using the buffer
capacity of the reservoir to consider the water production and water inflow processes in a unified manner and
fully analyzing the time-varying influence of seawater-feeding parameters, it is expected to achieve better
optimization results.
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Figure 1: Schematic diagram of SWRO process.

3. Methods
3.1. AF Series Bernoulli Self-Cleaning Filter

3.1.1. Bernoulli Effect Cleaning Principle

The first pretreatment of the SWRO system adopts an AF series Bernoulli self-cleaning filter [39, 40], which can
filter suspended solids and particulate impurities from water with various water qualities, such as seawater, lake
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water and river water. Here, coarse-precision filtration with a filtration precision between 150 pm and 2000 pm
can be efficiently filtered. The filter is designed based on the Bernoulli effect, using high-speed cross-flow and
backwashing water on the surface of the filter screen for cleaning, and requires an extremely low inlet pressure

(minimum 30 kPa).
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Figure 2: Contaminant retention capacity of a SWRO system.
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Fig. (4) represents the Bernoulli effect generated within the filter. The principle is that the water inside the filter
screen flows through the gap between the cleaning disk and the filter screen, resulting in an increase in the water

flow rate around the cleaning disk. Due to the Bernoulli effect, the pressure is suddenly reduced, and the suction
produced by the low pressure causes the external water to backwash the inner surface of the screen.

3.1.2. Filter's Work Phase

The working stages of the AF series Bernoulli self-cleaning filter are as follows (Fig. 5):
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screen is in the filtering status
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Figure 5: Work phase.
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(I) Due to the high-speed flow of the liquid at the inlet of the filter screen, the clear liquid filtered out of the
lower 1/3 section backflush the filter screen. Therefore, no impurities are deposited on the surface of this
part of the filter screen.

(1) The impurities on the inner surface of the filter screen gradually deposit from top to bottom, and the
pressure difference gradually increases. Here, the lower 1/3 of the screen is still in the filtering status.

() The upper 2/3 section of the filter screen is almost completely blocked, the pressure difference is further
increased, and the entire filter screen surface is in the filtering status. When the differential pressure
reaches the preset value, the self-cleaning program starts.

(IV) The drain valve is opened, and the large particles of impurities on the surface of the filter screen fall off
and are discharged with the liquid. The lower 1/3 of the filter screen is still in the filtering phase.

(V) The cleaning pan moves down until the lower 2/3 of the filter screen. Due to the Bernoulli effect,
impurities are discharged into the sewage pipe with the liquid.

(VI) The upper 2/3 section of the filter screen and the lower 1/3 section of the filter screen is cleaned to filter
out the clear liquid and backwash the filter screen surface again. All impurities are discharged with the
liquid, and the entire cleaning process is completed.

3.2. Multimedia Filter

The second pretreatment of the SWRO system uses a fully automatic multimedia filter. It is composed of a
standard high-speed sand tank unit, with a unique two-way automatic flushing valve, which can realize the
individual backwashing of the standard high-speed sand tank one by one in the normal system operation, as well
as fully automatic program control. Considering the practical application of the system, we use carbon steel
rubber-lined material as the shell material of the pretreatment system. The greatest advantage of this filter is that
it saves electricity and water. Under the normal operation of the system, backwash is performed one by one.
Compared with other sand-filter equipment, the required filter pump head is 6~7 m lower. On the other hand, the
backwash water is filtered with clean water; therefore, less backwash water is consumed. The backwash water
volume and time of a single tank are 1 m3/min and 2~3 minutes, respectively.

3.2.1. Working Principle

1) Washing Filter Status: When the system is in the filter state, the water flows to the packing layer in a
laminar flow state. As water flows through the packing layer, impurities are trapped in the packing layer. There are
multiple evenly distributed water collectors at the bottom of the filter, which evenly collect and direct the filtered
water. Among them, advection filtration can achieve better results.

2) Backwashing Status: As impurities build up in the packing layer, the internal head loss will continue to
increase. When the head loss of the inlet and outlet water reaches the set value, the system will automatically
activate the constant pressure device to switch to the backwashing state. When the backwashing of this station is
completed, the hydraulic valve changes the direction of the water supply to realize backwashing one by one, which
is convenient for cleaning the accumulated impurities. In the process of the high-speed sand tank fully automatic
filtration system, the special water collector design can make the fillers rub each other, maximize the backwashing
efficiency and reduce the required backwashing water (clean water). At the same time, there is no material
running phenomenon during backwashing. In this study, a standard unit sand tank is backwashed for two minutes
at the end of the backwash.

3.3. Precision and Security Filters

For precision and security filters, we choose large flow and high dirt capacity filter elements. Here, the filtration
precision of the precision filter and the security filter is 10 um and 1 pym, respectively. In our design, the outer
diameter and length of the high-flow, high-contamination filter element are 6 inches and 40 inches, respectively
(Fig. 6). Filtration flows from the inside out, and the foreign particles are collected in the filter element. More than
5 layers of ultrafine fiber membrane filter material are used, including the diversion layer, the multistage
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prefiltration layer, the final filter layer and the diversion layer. There are two design structures, vertical and
horizontal. In the filtration process, 304 stainless steel and corrosion- resistant coating are used as materials to
prevent the corrosion of equipment by seawater or chemicals. As shown in Fig. (6), the fiber diameter gradually
becomes finer from upstream to downstream, forming a gradient pore structure, which can intercept pollutants in
the filter material step by step. This greatly increases the dirt-holding capacity of the filter element and prolongs
its service life. Polypropylene, polyester or fiberglass are available as options [41-43]. In addition, the filter element
is joined by heat fusion, which will not cause contamination. Fig. (7) represents the flow rate of the filter element
under the comparison of different filtration precisions. The results show that with the continuous increase in the
MaxSEP flow rate, the pressure drop variation range decreases with the continuous increase in the filtration
precision value. In other words, the smaller the filtration precision of the high-flow and high- contamination-
capacity filter element is, the stronger the contamination-holding capacity. Furthermore, in our study, the filtration
precision ranged from 0.5 ym to 100 um, and the filtration efficiency was not less than 99%.
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Figure 6: Large flow and high dirt capacity filter element.
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3.4. Reverse Osmosis System

The primary reverse osmosis membrane can remove inorganic ions, bacteria, viruses, organic matter, colloids,
nuclides and other impurities in seawater to obtain high-quality freshwater. As shown in Fig. (8), the reverse
osmosis membrane has the property of selectively passing water and retaining ionic species. When the pressure
on the saline side of the membrane is greater than the osmotic pressure, the water in the saline will flow to the
freshwater side, thereby realizing the separation of saline in the solution [44]. For reverse osmosis membranes,
membrane fouling refers to the degradation of membrane performance caused by the blockage of the membrane
surface by pollutants. To prevent reverse osmosis membrane fouling, a new type of membrane pretreatment
technology was proposed using a reverse osmosis unit as the core process of desalination water production.
Among them, the primary reverse osmosis system mainly includes the primary RO lifting pump, the primary RO
high-pressure pump, the primary reverse osmosis component, the energy recovery system, and the dosing pump.
In detail, the membrane module adopts the polyamide composite membrane provided by DOW Company in the
United States. The surface layer is composed of aromatic polyamide with a thickness of approximately 2000
angstroms, which can withstand high pressure and has good resistance to mechanical tension and chemical attack.
In addition, the module has a large membrane area and relatively large flux of water production. When
radionuclide treatment is required for seawater purification, a secondary reverse osmosis system is used [45].

Pressure

J

Freshwater

Freshwater

Osmosis Reverse osmosis

Figure 8: The principle of reverse osmosis.

4. Results and Discussion
4.1. Reverse Osmosis Plant Design Results

Whether it is a primary reverse osmosis device or a secondary reverse osmosis device, the design guidelines
for 8-inch membrane elements in water treatment applications are as shown in Table 1 [46, 47]. Herein, the
membrane element selected for the primary reverse osmosis unit is SW30HRLE-400, and its membrane area is 37
mZ. Based on the membrane design guidelines, the pretreated water (SDI<2) has an average membrane design
flux of 13 L/m?h. The permeation design water yield is 4.4 m3/h/set. In addition, according to Eq. (1), it can be
concluded that the number of design membranes and pressure membrane shells are both 8. Table 2 shows the
water production of different components of the primary reverse osmosis system. On the other hand, the
membrane element selected for the secondary reverse osmosis system is BW30HRLE-440, and its membrane area
is 41 m2. For the primary reverse osmosis effluent (SDI<1), the average membrane design flux is 38.5 L/m?h
according to the membrane design guidelines. The designed water yield of the secondary reverse osmosis is 4
m3/h/set. Through calculation, the number of membranes and shells in the designed secondary reverse osmosis
system are both 3.

In general, the primary reverse osmosis system is designed with a reverse osmosis unit of 4.4 m3/h. Each
reverse osmosis unit is equipped with 8 pressure membrane tubes (8 inches) and 8 SW30HRLE -400-type
membrane elements. Here, the water inflow is 12 m3/h, the operating pressure is not more than 6.0 MPa, the
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recovery rate is 35%, and the water production is 4.4 m3/h. The secondary reverse osmosis system is designed as
a 4 m3/h reverse osmosis device. Each reverse osmosis unit is equipped with 3 pressure membrane tubes (8
inches) and 3 BW30HRLE-440 type membrane elements. Here, the water inflow rate is 4 m3/h, the operating
pressure is not more than 1.0 MPa, the recovery rate is not less than 85%, and the water production rate is 4 m3/h.
In the test, concentrated water partial return technology is used to improve the recovery rate, optimize the
influent water quality, and prevent the generation of concentration polarization. Finally, the test results show that
within two years of operation, the total desalination rate of the primary reverse osmosis system is not less than
99%, and the total desalination rate of the secondary reverse osmosis system is not less than 97.5%.

Table 1: Design guidelines for 8-inch membrane elements in water-treatment applications [46, 47].
Average Membrane Flux
Water Source

gfd L/m2h

Treated seawater (SDI<5) 7-10 11-17

Treated seawater (SDI<3) 8-12 13-20

Treated seawater (SDI<1) 21-25 36-43

Reverse osmosis water (SDI<1) 21-25 36-43

Table 2: Water production meter of different components of the primary reverse osmosis system.

Element | Recovery | Feed Water Feed Water Feed Water Concentrated Product Permeate Product
Number | Rate(%) | Flow(m¥h) | Pressure(bar) TDS(mg/L) @ vaterFlow | WaterFlow | o .\ my) | WaterTDs
(m3/h) (m3/h) (mg/L)
1 7.3 11.4 55.6 39757 10.6 0.84 22.5 100.7
2 6.9 10.6 55.2 42882 9.87 0.72 19.5 1234
3 6.3 9.84 54.8 46018 9.25 0.62 16.6 152.5
4 5.6 9.23 54.4 49081 8.73 0.52 14.0 190.0
5 5.0 8.71 54.1 51989 8.30 0.43 11.6 2384
6 4.3 8.28 53.9 54676 7.94 0.35 9.5 300.7
7 3.6 7.93 53.6 57093 7.65 0.29 7.7 380.6
8 3.0 7.64 53.3 59215 7.42 0.23 6.2 482.5
Note: TDS denotes total dissolved solids.
N=a/(SxL) (1)

In the equation, N represents the number of designed membranes, a represents the water output, S represents
the area of a single membrane, and L represents the membrane flux.

4.2. Mineralization and Conditioning of Desalinated Seawater

At present, SWRO desalination is difficult to directly use as drinking water due to its "soft water" characteristics
[48]. Thus, desalination water conditioning is utilized, which can increase the salinity and stability of desalination
seawater [49, 50]. Generally, the water-quality adjustment methods of seawater desalination are divided into
three types: dosing, dissolving ore, and mixing with raw water. In this subsection, we adopt the dosing method for
water-quality adjustment of desalinated seawater. Next, we discuss three different dosing methods.

1) Ca(OH); and CO;

The reaction equation of this method is as follows:
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Ca(OH), + 2C0O, = Ca(HCOs3),

Ca(OH), can increase alkalinity and hardness at the same time but cannot increase carbonate alkalinity, and
supplementation with CO, can increase the buffer capacity of desalinated water. The disadvantage is that if the
utilization rate of suspended Ca(OH); is less than 96%, the turbidity of the effluent will exceed the WHO limit of 5
NTU. In addition, pH fluctuates with Ca(OH), availability.

2) Ca(OH)2 and Na;COs
The reaction equation of this method is as follows:
Ca(OH), + Na,COs = CaCO5 + 2NaOH

Since CaCOs is slightly soluble in water, it has little adjustment effect on the hardness of desalinated water.
Furthermore, the pH of the effluent exceeds 10, resulting in a higher water alkalinity. Hence, the use of this
method has limitations.

3) CaCl; and NaHCO3
The reaction equation of this method is as follows:
CaCl; + 2NaHCO; = Ca(HCO3) + 2NaCl

Compared with the first two methods, this method increases the hardness but also increases the carbonate
alkalinity. In addition, this method does not have the problem in which the turbidity of the effluent exceeds the
standard.

Comparing the RO water quality of the secondary desalination with the research water quality, the water
quality has the characteristics of low pH, low alkalinity, low calcium and magnesium content, low hardness, and
extreme corrosion. To achieve high-quality drinking-water standards, the water-quality components, water-quality
characteristics, partial ions and water-quality stability are analyzed. Then, we set up three conditioners for
feasibility tests and dose optimization tests. During conditioning, the concentration gradient of CaCOs is set to 20,
50, and 80 mg/L; the concentration gradient of MgCl, is set to 5, 15, 25, and 35 mg/L; and the concentration
gradient of NaHCOs is set to 50, 70, 90, and 110 mg/L. In our study, CaCl,, MgCl,, and NaHCOs conditioners are
added to adjust the pH of the water to reach the standard. According to the suitable concentration range
suggested by GJB1335-92 (Table 3), the dosage of MgCl,, 5 mg/L, does not meet the requirements. As shown in
Table 3, when CaCl, is 80 mg/L and MgCl is 35 mg/L, the hardness exceeds the appropriate value, indicating that

Table 3: Drinking-water mineralization standard (GJB1335-92).

Indicators Unit Suitable Concentration Range Maximum Limit Value

Potassium (K*) mg/L 5~10 20
Sodium (Na*) mg/L 20~100 200
Calcium (Ca%") mg/L 20~50 75
Magnesium (Mg2*) mg/L 10~20 50
Chloride (CI) mg/L 50~100 250
Sulfate (SO4%) mg/L 30~100 250
Bicarbonate (HCO3) mg/L 50~150 250
Total hardness (CaCOs) mg/L 100~200 450

TDS mg/L 200~500 1000

pH value - 7.0~8.5 6.5~9.0
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this dosage combination should be abandoned in actual conditioning. After conditioning, the pH value is mostly
between 7.0 and 7.5, and the water stability is improved. Any combination of CaCl; at 50 and 80 mg/L and MgCl, at
25 and 35 mg/L has a serious scaling tendency of calcium carbonate precipitation potential (CCPP), and this
dosage combination is unreasonable.

Hence, with a comprehensive consideration of preventing scaling, ensuring compliance with drinking water
quality standards, and prolonging the life of RO membranes, high-quality drinking water can be produced when
the dosages of CaCl,, MgCl,, and NaHCOs are set at 20 mg/L, 15 mg/L, and 50 mg/L, respectively. Additionally, to
accommodate the varying salinity of seawater, our system integrates a water quality monitoring module that
continuously measures key parameters, including salinity and pH levels. When necessary, the system can
automatically adjust the dosing rates of CaCl, and MgCl, or trigger alarms for manual intervention to maintain
optimal operating conditions (See section 4.3 for details).

4.3. SWRO Instrument Control System

To better meet the needs of industrial production, based on the high automation level of Siemens PLC, we
designed a control system for a small seawater desalination plant. It can reduce labor intensity and save industrial
costs. In addition, the control system can support automatic operation and cleaning and can also trigger an alarm
or stop in the event of failure. Fig. (9) shows the hardware design of the SWRO control system. A Siemens PLC is
used for control and communication with the LCD touch screen through a serial port. By collecting the signals of
induction switches, pressure sensors, liquid level gauges, water production valve induction switches, and
start/stop buttons, the operations of seawater desalination pumps, flushing water pumps, low-pressure
pneumatic valves, high-pressure pneumatic valves, and sound and light alarms are realized.

24VDC Touchscreen
- | E Sound and light alarm
Start/Stop '
High liquid level —m Pneumatic solenoid valve 1

Low liquid level —INILZ]  Pneumatic solenoid valve 2

Water valve open

Water valve off High pressure solenoid valve

Magnetic induction switch 1

Low pressure solenoid valve

Magnetic induction switch 2

High pressure sensor 1

Siemens PLC

0

Flush water pump 24VDC
High pressure sensor 2
Seawater desalination pump 220VDC
Low pressure sensor 3

220VAC
Low pressure sensor 4

PYYY

Figure 9: Siemens PLC control system.

Fig. (10) represents the layout of the touch screen and the working state of the system software. After turning
on the power of the device, the PLC automatically records the changes in various times and parameters, the touch
screen displays real-time data, and the system status is displayed in the information bar. As shown in Fig. (10), the
system software workflow mainly includes the initialization process, normal running process, cleaning process,
setting process, debugging process, query process, and alarm process. In our design, we focus on the
development of the cleaning process and alarm process.

1) Cleaning Process

e Seawater-flushing process. When the pressure difference between the two ends of the reverse osmosis
membrane exceeds the limit value (the initial value is 1.4 bar) or the running time exceeds the limit
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Figure 10: Touch screen layout and system software working state diagram.

value and the water is at a trough (the initial value is 48 h, 2:00 am), seawater flushing is performed
automatically. Raw-water flushing can also be performed manually when deemed necessary.
Specifically, two pneumatic three-way valves are placed in the position where the function port is
connected to high-pressure water and the high-pressure pneumatic valve is opened. After one hour, it
is restored to its original position, the high-pressure pneumatic valve is closed, and the raw-water-
flushing process ends.

Freshwater replacement process. After the running time exceeds the limit value (the initial value is 96 h,
2:00 am), the system automatically replaces the freshwater of the reverse osmosis membrane module.
Likewise, freshwater replacement can also be performed manually.

2) Alarm Process

The following are the specific conditions to meet the system entry alarm and exit alarm.

When the system low-pressure circuit value is greater than 6.5 bar and less than 7 bar, the
overpressure alarm is triggered. Above 7 bar, severe overpressure is shutdown. In contrast, when the
system low-pressure circuit value is less than 6.4 bar, the sound and light alarms are turned off and the
system operates normally.

When the system high-pressure circuit value is greater than 5.8 MPa and less than 6 MPa, the
overpressure alarm is triggered. Above 6 MPa, severe overpressure is shutdown. In contrast, when the
system high-pressure circuit value is less than 5.5 MPa, the sound and light alarms are turned off and
the system operates normally.

When the differential pressure value of the low-pressure circuit reaches the limit value (the initial value
is 0.5 bar), the membrane filter device is polluted and triggers the alarm.

After the primary RO lift pump water is flushed three times, the reverse osmosis membrane is still
blocked, and the machine is shut down.

In the normal operation process, when the premembrane pressure is less than 1 bar, the primary RO
high-pressure pump is blocked and triggers the alarm.

When the flow rate is less than the set value, the desalination pump triggers the alarm due to
insufficient power supply.
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e When the change in the premembrane pressure and postmembrane pressure is less than 0.2 bar, the
primary RO high-pressure pump triggers the circuit (short circuit) alarm.

In addition, to address the potential problem of scale deposition and roughness increase due to exceeding the
permissible limits of CaCl, and MgCl,, our system incorporates real-time water quality monitoring. When the
concentration of CaCl, and MgCl, approaches or exceeds the preset maximum limits, the monitoring system will
automatically adjust the dosing rates or trigger an alarm, alerting operators to take immediate action. Additionally,
we have implemented a regular maintenance schedule for the reverse osmosis membranes to prevent fouling and
ensure optimal performance. And the control system designed for the SWRO plant not only supports automatic
operation and cleaning but also incorporates advanced water quality monitoring. By integrating sensors that
continuously measure parameters such as CaCl, and MgCl, concentrations, the system can automatically adjust
dosing rates or issue alerts when preset limits are exceeded. This feature ensures that the quality of the
desalinated water remains within acceptable standards, even under varying source water conditions.

4.4. Process Treatment Plan for River, Lake, Saltwater, Seawater, and Radioactively Polluted Water

In this section, we discuss the developed SWRO system's process solutions and corresponding estimates for
river, lake, brine, seawater and radioactively polluted water. Fig. (11) represents a process flow diagram for
treating the water source. In this test, raw-water contaminants generally include turbid water (impurities, colloids,
and suspended solids), biological contamination (bacteria, viruses, and toxins), chemical contaminants (inorganic
salts, organic compounds, pesticides, and herbicides), saltwater, seawater and war-contaminated water
(radionuclide contamination) [51, 52]. Subsequently, the aspects of pretreatment and refined treatment system
technology will be elaborated.

During preprocessing, the raw water is first disinfected with an oxidant-dosing device. Then, the water is
further processed through the raw-water booster pump, Bernoulli self-cleaning filter, automatic multimedia filter,
and precision filter. Among them, the raw-water booster pump provides sufficient water pressure and flow for the
backwash system. The Bernoulli self-cleaning filter mainly removes algae, mud and suspended solids from the
turbid water. The automatic multimedia filter mainly removes colloids and large suspended solids from the water.
The precision filter mainly removes visible particulate matter and fine suspended matter from the water.
Ultimately, a reducing agent-dosing device is used to reduce the residual oxidant to prevent it from oxidatively
decomposing the membrane system.
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Figure 11: Process flowchart for the treatment of river, lake, saltwater, seawater, and radioactively polluted water.
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After the pretreatment stage of the raw water, we use the scale inhibitor-dosing device to effectively prevent
the scaling phenomenon on the RO concentrated water side. Later, the pretreated water is further treated by an
RO booster pump, security filter, high-pressure pump, primary reverse osmosis system, secondary reverse
osmosis system, radionuclide purification filter, and ultraviolet sterilizer. Here, the RO booster pump provides
sufficient water pressure and flow for the security filter so that it can further filter the water in the RO, ensuring
that the SDI is not greater than 3. In addition, primary and secondary reverse osmosis systems are used to remove
water bacteria, viruses, toxins, organic matter, inorganic salts, small-molecule inorganic salts, and organic
compounds. The radionuclide purification filter can efficiently remove thiophilic ions such as Mn-54, Co-60, Co-58,
Fe-59, and Ag-110m in radioactive wastewater. The ultraviolet sterilizer uses ultraviolet light to sterilize the
bacteria remaining in the water purification pipeline. To achieve the quality standard of drinking water, a certain
amount of minerals are added to the purified water. Using the terminal sterilization filter, the bacteria remaining
in the pipeline and the bacteria brought by the mineralization-dosing device are filtered out, and finally, high-
quality drinking water is produced [53-55]. As shown in Table 4, the price of the SWRO system we developed is
797,000 RMB (approximately 114,550 USD). Previous studies have indicated that primary and secondary reverse
osmosis systems are the most costly to develop. With the same output, the cost of our entire system is
approximately 75% of that of conventional desalination plants on the market. Compared with traditional
desalination systems, this system is more efficient, convenient and affordable [56].

Table 4: Process treatment plan quotation table [56].

Name Quantity Unit Cost Price Total Cost

Preprocessing system 1 Set ¥129,000.00 ¥129,000.00

Primary and secondary reverse osmosis system 1 Set ¥406,000.00 ¥406,000.00
Chemical cleaning unit 1 Set ¥21,000.00 ¥21,000.00

Complete processing and auxiliary materials 1 Batch ¥50,000.00 ¥50,000.00
Radionuclide purification filter 1 Batch ¥78,000.00 ¥78,000.00

PLC electric control 1 Batch ¥65,000.00 ¥65,000.00

Guide installation and debugging 1 Batch ¥48,000.00 ¥48,000.00

Total — - - ¥797,000.00

In order to comprehensively assess the energy consumption of different desalination technologies, we
conducted a detailed analysis and visualized the energy consumption differences through Table 5. Reverse
osmosis (RO) has a significant advantage in terms of energy consumption over other mainstream desalination
technologies (e.g., multi-stage flash MSF, multi-effect distillation MED). This is mainly due to the fact that RO
utilizes pressure difference as the driving force instead of heat, thus reducing energy consumption. In particular,
we designed a SWRO system based on Siemens PLC control, which further reduces energy consumption and
improves energy efficiency by optimizing the pretreatment and operation processes.

Table 5: Energy consumption of different technologies.

Technology Type Energy Consumption (kWh/m3)
Multi-stage flash distillation MSF 10-15
Multi-effect distillation MED 6-10
Reverse osmosis RO (general purpose) 3-5
Our SWRO systems 2.5-35

4.5. System Risk Management and Control Means

To ensure the efficient and reliable operation of our SWRO system, we have designed a control system based
on Siemens PLC, which offers a high degree of automation. This automation not only reduces labor intensity and
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saves industrial costs but also enhances system performance through precise control of various parameters.
However, the high level of automation requires the presence of skilled operators and maintenance personnel to
ensure smooth operation and timely troubleshooting in case of any failures.

To mitigate the risk of control system failures, we have implemented several measures:

(1) Redundancy and Backup Systems: Key components of the control system, such as PLCs and sensors, are
provided with redundancy to ensure continuous operation even in the event of a single component failure.
Backup power supplies and communication channels are also included to further enhance reliability.

(2) Comprehensive Training and Support: To ensure that operators are equipped with the necessary skills to
handle the high level of automation, we provide comprehensive training programs that cover both
theoretical knowledge and practical hands-on experience. In addition, we offer ongoing technical support
to address any operational challenges that may arise.

(3) Regular Maintenance and Inspection: Regular maintenance and inspection of the control system and
associated equipment are crucial for ensuring its long-term reliability and performance. We have
established a comprehensive maintenance schedule that includes regular checks, calibrations, and
replacements of worn-out components.

While the high level of automation in our SWRO system does require skilled workers, we believe that the
benefits in terms of reduced labor intensity, improved performance, and enhanced reliability far outweigh the
challenges. By implementing the measures outlined above, we can ensure the successful operation of our
technology in practical applications and minimize the risk of control system failures.

4.6. Highlights and Future Prospects

The highlight of our research is the development of a SWRO system based on Siemens PLC control. By partially
optimizing the pretreatment section in the process flow, the quality of drinking water is significantly improved. In
addition, according to the practical application function of the SWRO system, the process treatment plan and
corresponding estimates for complex water source conditions are given. Compared with traditional seawater
desalination systems, it has the advantages of easy operation, efficient water production and lower price.

Currently, we are applying this technology to the complete desalination of seawater and making it into drinking
water (Shanghai, China). Specifically, we installed this SWRO system (water purification truck) on a truck.
Considering that some areas in China and even the world lack freshwater resources, the advantages of flexible
truck traffic can be used to conveniently provide high-quality drinking water. Furthermore, we believe that this
study may be more applicable to military and rescue teams. In future plans, system functionality will continue to
be optimized to reduce operating costs and increase output yields. On the other hand, we intend to roll out this
technology to all parts of the country and other countries.

Conclusions and Prospects

Through the local optimization of the pretreatment section in the process flow, a SWRO system based on
Siemens PLC automatic control was developed. The main conclusions that may be drawn from the results
obtained are as follows:

1) Experimental results show that when the MaxSEP flow rate increases continuously, the variation range of
the pressure drop decreases with the continuous increase in the filtration precision value. In other words,
the smaller the filtration precision of the high-flow and high-contamination filter element is, the stronger
the contamination-holding capacity.

2) The reverse osmosis unit is used as the core process for the production of high-quality drinking water. By
optimizing the pretreatment section in the technological process, a set of seawater desalination control
systems based on Siemens PLC with a high degree of automation is designed, which has the advantages of
convenient operation, maintenance and monitoring.
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3) The test results of the reverse osmosis system show that within two years of operation, the total
desalination rates of the primary and secondary reverse osmosis systems are not less than 99% and 97.5%,
respectively. In addition, comparing the reverse osmosis water quality of the secondary desalination with
the research water quality, when the doses of CaCl,, MgCl, and NaHCOs are 20 mg/L, 15 mg/L and 50 mg/L,
respectively, high-quality drinking water can be produced. Ultimately, according to the practical application
function of the SWRO system, the process treatment plan and corresponding estimates for complex water
source conditions are given. Compared with traditional seawater desalination systems, our system has the
advantages of easy operation, efficient water production and lower price. Therefore, this study could
address the drinking-water problem in some freshwater-scarce regions.

In future plans, regarding reverse osmosis model devices, the composition of reverse osmosis membranes will
be further optimized, manufacturing costs will be reduced, and operating functions will be improved. Focus on the
removal rates of Engine oil and Emulsion. Additionally, there will be vigorous promotion in areas lacking fresh
water such as central and western parts of China, as well as certain foreign countries.

Author’s Contribution

Qihang Li: Resources, Software, Conceptualization, Project administration, Methodology, Funding
acquisition, Writing - original draft, Review & editing.

Kai Li: Conceptualization, Methodology, Software, Data curation.
Canming Yuan: Conceptualization, Methodology, Software, Review & editing.

Conflicts of Interest

The authors declare that they have no known competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

Funding

The research work was funded by the Research Fund of National Natural Science Foundation of China (NSFC)
(Grant No.42277154).

Acknowledgements

Authors are thankful to the Research Fund of National Natural Science Foundation of China (NSFC) for their
support.

Availability of Data and Materials

Data will be available from the corresponding author upon request.

References

[1] David S. The decline of water consumption in Spanish cities: structural and contingent factors. Int ] Water Resour D. 2020; 36: 90-25.
https://doi.org/10.1080/07900627.2019.1634999

[2] Li XS, Li QH, Wang YM, Liu W, Hou D, Zheng WB, et al. Experimental study on instability mechanism and critical intensity of rainfall of
high-steep  rock  slopes under unsaturated conditions. Int | Min Sci  Techno. 2023; 33: 1243-60.
https://doi.org/10.1016/.ijmst.2023.07.009

[3] Li QH, Wang YM, Li XS, Gong B. Rainfall-mining coupling effects on slope failure mechanism and evolution process: A case study of
open-pit to underground mining. Water. 2024; 16: 740. https://doi.org/10.3390/w160 50740
[4] Scanlon BR, Fakhreddine S, Rateb A, Graaf I, Famiglietti ], Gleeson T, et al._Global water resources and the role of groundwater in a

resilient water future. Nat Rev Earth Env. 2023; 4: 87-101. https://doi.org/10.1038/s43017- 022-00378-6

16


https://doi.org/10.1080/07900627.2019.1634999

Application Research of an Automatic Control SWRO System Li et al.

[5]

[6]

(71

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

(171

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Hettiarachchi S, Wasko C, Sharma A. Do longer dry spells associated with warmer years compound the stress on global water
resources? Earths Future. 2022; 10: e2021EF002392. https://doi.org/10.1029/2021EF 002392

Haddeland I, Heinke J, Biemans H, Eisner S, Floerke M, Hanasaki N, et al. Global water resources affected by human interventions and
climate change. P Natl Acad Sci. 2014; 111: 3251-6. https://doi.org/10.1073/pnas. 1222475110

Reiter ME, Elliott NK, Jongsomijit D, Golet GH, Reynolds MD. Impact of extreme drought and incentive programs on flooded agriculture
and wetlands in California's Central Valley. Peer J. 2018; 6: 1-12. https://doi. org/10.7717/peerj.5147

Ernest NA, Mark S, Kevin U. Sustainable urban water system transitions through management reforms in ghana. Water Resour Manag.
2016; 30: 1835-49. https://doi.org/10.1007/s11269-016-1256-3

Randy S. U.S. states predict water shortages. Eos, Transactions American Geophysical Union. 2003; 84: 290-6.

Wang XX, Xiao XM, Zou ZH, Dong JW, Qin YW, Doughty RB, et al. Gainers and losers of surface and terrestrial water resources in China
during 1989-2016. Nat Commun. 2020; 11: 1-12. https://doi.org/10.1038/ s41467-020-17103-w

Wang XJ, Zhang JY, Shahid S, Xie W, Du CY, Shang XC, et al. Modeling domestic water demand in Huaihe River Basin of China under
climate change and population dynamics. Environ Dev Sustain. 2018; 20: 911-24. https://doi.org/10.1007/s10668-017-9919-7

Zhang SJ, Wang YR. Research on Water Price and quantity to meet the basic living needs of urban residents based on water
conservation. Water Resour Manag. 2024; 38: 2171-87. https://doi.org/10.1007/s11269-024- 03750-x

Jia CH, Yan P, Liu P, Li Z. Energy industrial water withdrawal under different energy development scenarios: A multi-regional approach
and a case study of China. Renew Sust Energ Rev. 2021; 135: 110224. https://doi. org/10.1016/j.rser.2020.110224

Ren K, Huang SZ, Huang Q, Wang H, Leng GY, Cheng LY, et al. A nature-based reservoir optimization model for resolving the conflict in
human water demand and riverine ecosystem protection. ] Clean Prod. 2019; 231: 406-18. https://doi.org/10.1016/j.jclepro.2019.05.221
Li QH, Song DQ, Yuan CM, Nie W. An image recognition method for the deformation area of open-pit rock slopes under variable rainfall.
Measurement. 2022; 188: 110544. https://doi.org/10.1016/j.measurement.2021. 110544

Zhang X, Zhu H, You RY, Gao DY, Ao TQ. Comprehensive evaluation of water quality and non-point source pollution in baitiao river basin.
OpenJ Soil Water Conserv. 2021; 9: 16-25.

Chang HY, Zhao Y, Wang QM, Wang JH, Li HH, Zhai JQ, et al. Available water supplies in Beijing, China, under single-and multi-year
drought. ] Am Water Resour As. 2020; 56: 230-46. https://doi.org/10.1111/1752- 1688.12833

Li XS, Li QH, Hou GQ, Zhang F, Lu J. Investigation on the disaster mechanism and dynamic evolution of a dump slope using experimental
and numerical methods: Case study, Kunyang phosphate mine, China. Geol J. 2024; 59: 1-16. https://doi.org/10.1002/gj.4909

Li QH, Geng JB, Song DQ, Nie W, Pooya S, Liu JT. Automatic recognition of erosion area on the slope of tailings dam using region growing
segmentation algorithm. Arab | Geosci. 2022; 15: 1-15. https://doi.org/10. 1007/s12517-022-09746-4

Zhao L, Cui NB, Guan J, Du P, Zhang YL, Jiang SZ. Copula-Based Risk Analysis of Agricultural Water Shortage under Natural Precipitation
Conditions in the Guanzhong Plain, a Drought-Prone Region of China. ] Hydrol Eng. 2021; 26: 1-11.
https://doi.org/10.1061/(ASCE)HE.1943-5584.0002084

Hoernschemeyer DL, Lawrence RW, Saltonstall-Jr CW, Schaeffler OS. Stabilization of cellulosic desalination membranes by crosslinking.
Reverse Osmosis Membrane Research. 1972; 1972: 163-75.

Hashim AH. Flow transport modelling of feed species (water and salt) through a seawater RO membrane. Desalin Water Treat. 2013; 51:
1385-404. https://doi.org/10.1080/19443994.2012.714856

Maeda Y. Roles of sulfites in reverse osmosis (RO) plants and adverse effects in RO operation. Membranes. 2022; 12: 1-59.
https://doi.org/10.3390/membranes12020170

Ye FH, Bianchi G, Rane S, Tassou S, Deng JQ. Numerical methodology and CFD simulations of a rotary vane energy recovery device for
seawater reverse 0Smosis desalination systems. Appl Therm Eng. 2021; 190: 116788.
https://doi.org/10.1016/j.applthermaleng.2021.116788

Park K, Albaik I, Davies PA, Dadah RA, Mahmoud S, Ismail MA, et al. Batch reverse osmosis (BRO)- adsorption desalination (AD) hybrid
system  for multipurpose desalination and minimal liquid discharge. Desalination.  2022; 539:  115945.
https://doi.org/10.1016/j.desal.2022.115945

Yin FL, Wang Y, Jia GT, Nie SL, Ji H, Ma CH. Research situation and prospect of energy recovery device for seawater reverse osmosis
desalination. Chinese Hydraulics & Pneumatics. 2021; 45: 1-16.

Song XP, Wang C, Li SS, Liu HP, Zhang CH. Polyamide-poly (ionic liquid) reverse osmosis membrane with manifold excellent performance
prepared via bionic capillary network for seawater desalinization. ] Membrane Sci. 2021; 632: 119360.
https://doi.org/10.1016/j.memsci.2021.119360

Li Y, Chen TH, Yu CY, Wu T, Zhao XT, Pan JF, et al. Facile polyamide microstructure adjustment of the composite reverse osmosis
membrane assisted by PF127/SDS mixed micelles for improving seawater desalination performance. Desalination. 2022; 521: 115395.
https://doi.org/10.1016/j.desal.2021.115395

Yin FL, Kong XL, Ji H, Nie SL, Lu W. Research on the pressure and flow characteristics of seawater axial piston pump considering
cavitation for reverse osmosis desalination system. Desalination. 2022; 540: 115998. https://doi.org/10.1016/j.desal.2022.115998

Xu GR, Xing YL, Wang M, An ZH, Zhao HL, Xu K, et al. Electrospun nanofibrous membranes as promising materials for developing high-
performance desalination technologies. Desalination. 2022; 528: 115639. https:// doi.org/10.1016/j.desal.2022.115639

17


https://doi.org/10.1007/s12517-022-09746-4

Lietal.

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Global Journal of Earth Science and Engineering, 11, 2024

Astolfi M, Mazzola S, Silva P, Macchi E. A synergic integration of desalination and solar energy systems in stand-alone microgrids.
Desalination. 2017; 419: 169-80. https://doi.org/10.1016/j.desal.2017.05.025

Carballo JA, Bonilla J, Roca L, Calle A, Palenzuela P, Alarcén-Padilla DC, et al. Optimal operation of solar thermal desalination systems
coupled to double-effect absorption heat pumps. Energ Convers Manage. 2020; 210: 112705.
https://doi.org/10.1016/j.enconman.2020.112705

Zhu M, El-Halwagi M, Al-Ahmad M. Optimal design and scheduling of flexible reverse osmosis networks. ] Membrane Sci. 1997; 129:
161-74. https://doi.org/10.1016/S0376-7388(96)00310-9

Wu LY, Xiao SN, Hu YD, Gao CJ. Optimization and design of hybrid MSF/RO desalination system. CIESC J. 2012; 63: 3574-8.

Lu YY. Study on the optimization design of seawater desalination processes by reverse osmosis membrane method. Qingdao, Ocean
University of China; 2007.

He L, Jiang AP, Huang QY, Zhao Y, Li C, Wang J, et al. Modeling and structural optimization of MSF-RO Desalination System. Membranes.
2022; 12: 1-25. https://doi.org/10.3390/membranes12060545

Seoudy H, Seoudy A, Fahmy A. Comparative analysis of centralized and decentralized control systems for NUWIEBAA SWRO
desalination plant. Results in Engineering. 2024; 21: 101904. https://doi.org/10.1016/j. rineng.2024.101904

Rezakazemi M. CFD simulation of seawater purification using direct contact membrane desalination (DCMD) system. Desalination.
2018; 443: 323-32. https://doi.org/10.1016/j.desal.2017.12.048

Reuter S, Vo BT, Vo BN, Dietmayer K. The Labeled Multi-Bernoulli Filter. IEEE T Signal Proces. 2014; 62: 3246-60.
https://doi.org/10.1109/TSP.2014.2323064

Muthyala P, Chandra PD. crustal and lithospheric variations along the western passive continental margin of the Indian Peninsula. Glob
J Earth Sci Eng. 2023; 10: 1-13. https://doi.org/10.15377/2409-5710.2023.10.1

Lewandowski S, Rejsek-Riba V, Bernés A, Perraud S, Lacabanne C. Influence of the environment during a photodegradation of
multilayer films. ] Appl Polym Sci. 2016; 133: 44075. https://doi.org/10.1002/app.44075

Sunitha TG, Monisha V, Sivanesan S, Vasanthy M, Prabhakaran M, Omine K, et al. Micro-plastic pollution along the Bay of Bengal coastal
stretch of Tamil Nadu, South India. Sci Total Environ. 2021; 756: 144073. https://doi.org/10.1016/j.scitotenv.2020.144073

Liu W, Li QH, Yang CH, Shi XL, Wan JF, Jurado MJ, et al. The role of underground salt caverns for large-scale energy storage: A review and
prospects. Energy Storage Mater. 2023; 63: 103045. https://doi.org/10.1016/j.ensm. 2023.103045

Li D, Yan YS, Wang HT. Recent advances in polymer and polymer composite membranes for reverse and forward osmosis processes.
Prog Polym Sci. 2016; 61: 104-55. https://doi.org/10.1016/j.progpolymsci.2016.03. 003

Herzberg M, Berry D, Raskin L. Impact of microfiltration treatment of secondary wastewater effluent on biofouling of reverse osmosis
membranes. Water Res. 2010; 44: 167-76. https://doi.org/10.1016/j.watres.2009. 09.022

Alidai A, Pothof IWM. Guidelines for hydraulic analysis of treatment plants equipped with ultrafiltration and reverse osmosis
membranes. Desalin Water Treat. 2016; 57: 1917-26. https://doi.org/10.1080/19443994.2014. 979244

Ji YL, Lu HH, Gu BX, Ye RF, Zhou Y, An QF, et al. Tailoring the asymmetric structure of polyamide reverse osmosis membrane with self-
assembled aromatic nanoparticles for high-efficient removal of organic micropollutants. Chem Eng J. 2021; 416: 129080.
https://doi.org/10.1016/j.ce}.2021.129080

Zhao X, Chen YY, YinY, Zou LQ, Chen QY, Liu K, et al. Janus polypyrrole nanobelt@polyvinyl alcohol hydrogel evaporator for robust solar-
thermal seawater desalination and sewage purification. ACS Appl Mater Interfaces. 2021; 13: 46717-26.
https://doi.org/10.1021/acsami.1c13584

Lee J, Jo K, Lee ], Hong SP, Kim S, Yoon J. Rocking-chair capacitive deionization for continuous brackish water desalination. ACS
Sustainable Chem Eng. 2018; 6: 10815-22. https://doi.org/10.1021/acssuschemeng. 8002123

Tang KX, Kim YH, Chang JJ, Mayes RT, Gabitto J, Yiacoumi S, et al. Seawater desalination by over-potential membrane capacitive
deionization: Opportunities and hurdles. Chem EngJ. 2019; 357: 1031-1. https://doi.org/ 10.1016/j.cej.2018.09.121

Troger R, Ren HW, Yin DQ, Postigo C, Nguyen PD, Baduel C, et al. What's in the water? - Target and suspect screening of contaminants of
emerging concern in raw water and drinking water from Europe and Asia. Water Res. 2021; 198: 117099.
https://doi.org/10.1016/j.watres.2021.117099

Almanassra W, Jaber L, Manawi Y, Takriff MS, Alawadhi H, Atieh MA, et al. Recent advances in 2D materials for improved performance
and antifouling characteristics of ultrafiltration membranes. Chem Eng J. 2024; 488: 151029. https://doi.org/10.1016/j.cej.2024.151029

Goncharuk VV, Kucheruk DD, Dulneva TY. New Approaches to the use of membrane methods for obtaining high-quality drinking water.
Chem Sustain Dev. 2020; 28: 375-87. https://doi.org/10.15372/CSD2020243

Hosseinkhani O, Kargari A. Production of high-quality drinking water from chillers and air conditioning units? condensates using
UV/GAC/MF/NF hybrid system. ] Clean Prod. 2022; 368: 133177. https://doi.org/10.1016/j. jclepro.2022.133177

Liu W, Du JW, Li QH, Shi XL, Chen ], Yi WK, et al. Feasibility analysis on the utilization of TWH-caverns with sediment space for gas
storage: A case study of Sanshui salt mine. ] Energy Storage. 2024; 75: 109576. https://doi.org/10.1016/j.est.2023.109576

Yousef MS, Hassan H. Energy payback time, exergoeconomic and enviroeconomic analyses of using thermal energy storage system
with a solar desalination system: An experimental study. J Clean Prod. 2020; 270: 122082. https://doi.org/10.1016/j.jclepro.2020.122082

18



