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Seawater desalination water intake site selection has an important impact on
the investment, water production cost, stable operation, and safety of seawater
desalination plants. Site selection is affected by many factors, such as the natural
geography, ecological environment, and social economy of coastal zones;
some constraints can be directly identified as unsuitable areas for these
construction projects. For the shallow water intake method of seawater
desalination, this study selects suitability evaluation indicators for seawater
desalination water intake site selection from the three influencing factors of
basic geography, water environment, and industrial development and
constructs a suitability evaluation model based on the multifactor spatial
overlay analysis of the Geographic Information System platform. This model
carries out a quantitative suitability evaluation of the seawater desalination
water intake site selection and realizes the suitable spatial zoning for spatially
selecting the water intake, thus forming a scientific, quantitative, and spatial
suitability evaluation system for this process. The evaluation method was
applied in the Rongcheng city offshore area of China and analyzed. The
evaluation results showed that the suitable areas for seawater desalination
water intake site selection comprised 304.8 square kilometers, which were
mainly distributed in the offshore areas in northern Rongcheng city and near the
coastline areas of its central and southern regions. The unsuitable areas covered
292.4 square kilometers, mainly distributed in the marine ecological red line
areas and the coastal aquaculture areas of Rongcheng city. The evaluation
results met the site selection needs of the seawater desalination water intake
project in Rongcheng city. This study improves upon the existing method of
seawater desalination intake site selection at the theoretical and technical levels
and provides a scientific basis for the location selection and planning for water
intake in large spatial ranges of coastal waters.
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1 Introduction

Seawater desalination is an important strategic solution to
the contradiction between water resource supply and demand.
Additionally, desalination can optimize the structure of water
resources, and ensure the security of the water supply in coastal
areas around the world. Thus, desalination plays an important
role in ensuring the sustainable utilization of water resources and
promoting the transformation of the economic development
model (Glueckstern, 2003; Elabbar and Elmabrouk, 2005;
Elabbar, 2008; Ramirez et al, 2019; Dawoud et al., 2020;
Elsaid et al, 2020; Zhang et al., 2020). Seawater desalination
technologies are grouped into two categories: membrane
desalination, mainly Reverse Osmosis (RO), and thermal
desalination, mainly Multiple Stage Flashing (MSF) and
Multiple Effect Distillation (MED) (Ahmad et al, 2020;
Ahmed et al,, 2020; Eke et al., 2020; Lin et al., 2021). As an
important part of a desalination plant, seawater intake ensures
that sufficient, continuous, and suitable raw water is provided
throughout the life cycle of the plant. The selection of a water
intake location has important impacts on the investment in the
seawater desalination plant, water production cost, stable
operation of the and ecological environment
(KRESHMAN, 1985; 1996; Gille, 2003;
Andrianne and Ftlix, 2004; Tsiourtis, 2008; Darwish et al.,
2016; Shahabi et al., 2017; Missimer and Maliva, 2018; Al-
Kaabi and Mackey, 2019; Aydin and Sarptas, 2019). The water
intake methods of seawater desalination include indirect water

system,

Morton et al.,

intake, such as beach well and seabed filtration water intake,
shallow water intakes, such as direct water intake on the shore
and artesian open channel water intake, and deep-sea water
intake, of which shallow water intake is the most widely used
(Gille, 2003; Lin et al., 2021).

Suitable site selection is an optimistic way to minimize stress
on the ecosystem, enhance productive harvests, and mitigate
conflicts between different water users (Yin et al., 2018; Wei et al.,
2021). Studies of the spatial location selection of seawater
desalination intakes have been performed worldwide. Site
selection for a desalination plant is a very challenging task, as
various aspects need consideration, such as technical criteria,
costs, schedule, environmental impacts, and political-social-
Ftlix, 2004).
(Tsiourtis, 2008) has designed a criterion and procedure for

human factors (Andrianne and Tsiourtis
selecting a site for a desalination plant; the selection of an

environmentally, technically, socially, and economically
accepted site should reduce the risks involved in the design,
construction, operation, and maintenance of the project and
generally decrease the cost of desalination. The Texas Water
Development Board conducted a large-scale desalination
demonstration project that included row identification, site
selection, and other research work. Consideration of the
geographic conditions allowed for engineering costs, potential

benefits, policy support, engineering demonstration value,
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optimization indexes, and weights to be considered during
this process, which led to the selection of three alternatives
Shahabi
(Shahabi et al, 2017) constructed an optimal desalination

for desalination demonstration projects. et al
planning framework customizable by intake type, staging, and
location of the infrastructure by considering environmental,
different land-use, and economic policies.

There are many factors affecting seawater desalination water
intake site selection. In multifactor comprehensive spatial
analysis, Geographic Information System (GIS) technology
combined with the construction of mathematical models plays
an important role. Dawoud et al. (Dawoud et al., 2020) employed
a GIS-based Multi-Criteria Analysis (MCA) approach to plan
and manage the existing and proposed community-scale
brackish-water desalination plants in Gaza Strip, Palestine.
When Melbourne Water selected the site for the Melbourne
seawater desalination plant, the GIS-INCA model was applied to
first evaluate the environmental, social, planning, and natural
attributes of the land and ocean, then determine the scope of site
selection. The alternative sites were then evaluated in terms of the
corresponding technological, risk, environmental, and societal
impacts to identify the best alternative sites. This method has
been widely used in other desalination projects in Australia.
Aydin et al. (Aydin and Sarptas, 2019) developed a GIS-based
Multi-Criteria Evaluation (MCE) model to assess the site
suitability for solar desalination plants of coastal regions in
Turkey using six criteria, such as seawater temperature,
seawater salinity, solar radiation, precipitation, population,
and water unit price.

The combination of GIS and the data model also fully shows its
advantages in other spatial site selections of coastal zones.
Stelzenmiiller et al. (Stelzenmiiller et al, 2017) highlighted the
(DSS)
regarding their capability for aquaculture site selection and their

advances in GIS-based Decision Support Systems
integration into multiple-use Marine Spatial Planning (MSP). Yin
etal. (Yin et al, 2018) demonstrated a locally oriented approach to
selecting suitable locations for mussel cultivation in the Menai Strait
by conducting Multi-Criteria Decision Analysis (MCDA), which
considers environmental and socioeconomic factors. The sensitivity
simulation indicated that the developed systematic analytical GIS-
based Multi-Criteria Evaluation (MCE) model was effective and
stable and delivered an efficient solution for complex spatial
challenges for the mariculture site selection process (Divu et al,
2021). The GIS methodology for site selection was developed to be
easily adaptable to the demands of diverse artificial reef programs
(Jha et al, 2022). Tekin et al. (Tekin et al., 2021) identified the
potential best renewable energy site alternatives using the maximum
entropy model (MaxEnt) and GIS. Diaz et al. (Diaz et al., 2022) used
the Analytic Hierarchy Process (AHP) and Multiple Attribute
(MADA) different
approaches for floating offshore wind farms site selection. Marsh

Decision  Analysis to assess selection

etal. (Marsh et al, 2021) conducted a more holistic approach to site
selection using an MCE process for Australian tidal energy sites.
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Flocard et al. (Flocard et al, 2016) presented a geospatial
multicriteria evaluation approach to identify optimal locations to
deploy a wave energy farm while minimizing potential conflicts with
other coastal and offshore users.

In summary, the existing index systems for evaluating
seawater desalination site selection are not perfect because
such systems are affected by many factors, including
construction cost related to offshore distance from coastline,
pretreatment cost caused by seawater quality, suspended
sediment content, a stable operation associated with the coast
type and water depth, the needs of economic and social
development, and consistency with relevant planning. Most
studies have not obtained regional-scale spatial evaluation
results and thus cannot provide feasible quantitative and
spatial support for the selection and planning of the spatial
locations of seawater desalination intakes. In this study, a
GIS-based multifactor comprehensive evaluation model and
the AHP method are used to evaluate the suitability for
seawater desalination water intake site selection. Based on an
analysis of the factors that influence seawater desalination water
intake, this study selects representative evaluation indexes to
build a suitability evaluation model for seawater desalination
water intake site selection and obtains the suitability spatial
This process
quantitative, and spatial suitability evaluation system for

partitioning  results. outlines a scientific,
seawater desalination water intake site selection, that can
provide research ideas and technical method support for
seawater desalination water intake site selection.2. Suitability

evaluation method.

2 The quantitative suitability
evaluation method for seawater
desalination water intake site
selection

2.1 Research framework

When selecting a water intake site, consideration must be
given to the fact that membrane desalination and thermal
desalination are not suitable for the same natural environment
conditions. Reverse osmosis membranes have a very high
desalination rate, hence, they are widely used throughout the
world (Morton et al., 1996; Darwish et al., 2016; Saeed et al., 2019;
Ahmad et al., 2020; Al-Kaabi et al., 2021; Yusefi et al., 2021).
Therefore, this study mainly focuses on selecting the spatial
location for reverse osmosis membrane desalination water
intake projects.

Based on an analysis of the factors that influence seawater
desalination water intake site selection, this study constructs a
corresponding suitability evaluation system for seawater
desalination water intake site selection and then selects a pilot
sea area to apply the suitability evaluation method. In the
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construction process of the suitability evaluation system, the

influencing factors analyzed include basic geographical

conditions, seawater environmental conditions, industrial
development conditions, and constraint conditions. This study
selects representative suitability evaluation indexes from basic
geographical conditions, seawater environmental conditions, and
industrial development conditions, calculates the weights of
evaluation indexes, and then constructs a suitability evaluation
model to obtain preliminary evaluation results. Constraint
conditions are directly used to adjust the preliminary
evaluation results to obtain the final evaluation result. In the
application of the suitability evaluation method, the main
processes include the selection of the evaluation sea area, data
collection and collation, vectorization of evaluation indicators
and constraints, operation of the suitability evaluation model and
spatial analysis via the GIS platform. This method yields suitable
spatial zoning results for seawater desalination water intake site
selection. It realizes the whole process for seawater desalination
water intake site selection from theoretical methods and
technological development to practical applications. The

technical process is shown in Figure 1.

2.2 Analysis of the factors that influence
seawater desalination water intake site
selection

Based on the construction cost of desalination water intakes,
the water demand, the stable operation of the system, and the
goal of minimizing the impact on the marine ecological
environment, this paper analyzes the factors that affect
seawater desalination water intake site selection from four
aspects: basic geographical conditions, seawater environmental
conditions, industrial development conditions and various
constraints (Dawoud et al., 2020).

2.2.1 Basic geographical conditions

1) Distance from coastline. The distance from the coastline to a
seawater desalination water intake directly affects the capital
investment in a seawater desalination project. The closer the
water intake area is to the shore, the lower the cost.

2) Water depth condition. To ensure that the water intake at a
seawater desalination plant is effective, a certain depth
criterion must be met (Gille, 2003). Generally, sea areas
with water depths greater than 2 m at the lowest tide are
suitable for the construction of desalination projects of
various scales. Sea areas with depths of 0-2 m are suitable
for small- and medium-sized desalination projects. Sea areas
with depths less than 0 m are not suitable for the construction
of desalination plants (Tsiourtis, 2008).

3) Coast/sediment type. Coast types are mainly divided into
bedrock coasts, sandy coasts, and muddy coasts. The
engineering and geological bearing capacities of bedrock

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.842253

Huang et al. 10.3389/fenvs.2022.842253
-
| Analysis of influencing factors about seawater
| desalination water intake site selection |

|
| } |

| [Basic geographical Seawater environmental Industrial development Constraint
geograp! P! |
| conditions conditions conditions conditions |

|
| Selection of representative |
suitability evaluation indicators |
Suitability evaluation | |
method for seawater | Weight calculation of |
desalination water intake | evaluation indicators
site selection | |
| Construction of the suitability |
| evaluation model |
|
Prelimin; valuation results: jus .

| _ Preliminary evaluation results: ‘ Adjust Unsuitable |
| suitable, moderately suitable, le |
: Final evaluation results: |
suitable, moderately suitable, ble |
- E ______________ J

r-r—r |

| ‘ Selection of the evaluation sea area H Data collection and collation ‘ |

| l

Application of the - P—r—T - — -
.pp. . . | Operation of suitability evaluation model Vectorization of evaluation |
suitability evaluation | . . . L .

method and spatial analysis on GIS platform indicators and constraints |

| I

| Results of suitability spatial zoning for seawater |

| desalination water intake site selection |

e

FIGURE 1

Technical flow chart for the suitability evaluation method for seawater desalination water intake site selection.

coasts are high, the underwater topography is stable, and the
construction conditions are relatively good for water intake
projects. The seabed foundation bearing capacity of sandy
coasts is low, and the underwater topography is easily affected
by waves; thus, the water intake project conditions are
generally acceptable but not ideal. The foundation-bearing
capacity of muddy coasts is poor, and siltation problems can
be serious during excavation; notably, the construction costs
are high because mechanisms are needed to prevent sediment
from entering the water intake structure. The marine
sediment type also affects the sediment content in a water
body; thus, the sediment type is a key factor in the selection of
seawater desalination water sources. Generally, gravel, sand,
and clay contents in the sediment influence the effectiveness
of seawater desalination, with gravel preferred over sand and
clay as the least favored.

2.2.2 Seawater environmental conditions

1) Suspended sediment content. The content of suspended

sediment is the main factor that influences the water
intake process at seawater desalination plants. For seawater
low sediment

with a suspended

pretreatment is generally not needed. For seawater with a

content, complex

high suspended sediment content, pretreatment is needed,
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which increases the treatment cost. According to “Seawater
desalination engineering design for distillation” (Marine trade
standards of China, HY/T 115-2008), the content of
suspended solids in seawater entering a distillation
desalination unit should be less than 50 mg/L.

Seawater quality. Seawater quality is one of the important factors
related to the cost of desalination. The quality of seawater is
related to the choice of the pretreatment method. The better the
water quality is, the simpler the pretreatment process, the lower
the cost, and the better the economic achievement (Elabbar and
Elmabrouk, 2005; Ghosh et al., 2018; Saeed et al., 2019; Al-Kaabi
et al, 2021). According to the “Technical specification for
delineating source seawater protection areas for desalination”
(Marine trade standards of China, HY/T 220-2017), seawater
desalination water source protection areas should be established.
The water quality indicators in the first-level protection areas
should meet the Class II seawater quality standard (National
standards of China, Sea water quality standard, GB 3097-1997),
and the second-level protection areas should meet the Class III
seawater quality standard.

Tidal current velocity. According to relevant research, to protect
fish, avoid sediment entrainment, and prevent debris and other
materials from becoming trapped in vortices, the maximum
velocity at the seawater desalination inlet should be limited to

0.25-0.3 m/s (National standards of China, Technical guidelines
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for environmental impact assessment of seawater multipurpose
utilization engineering, GB/T 22413-2008.). The design of water
intake facilities should be controlled within this velocity range to
minimize the corresponding effects.

4) Biological density. The impact of seawater desalination water
intake on the marine ecological environment is mainly due to
the entrainment and sweeping effect of the intake process,
which reduces the quantities of larvae, juveniles, fish eggs, and
plankton in adjacent local waters (Missimer and Maliva,
2018). Water intakes should be set at positions with low
marine biomass and biological density to reduce the impact of

The

assessment in

water intake operations on marine organisms.

“Guidelines for marine biodiversity
nearshore areas” (Marine trade standards of China, HY/T

215-2017) are used to assess the biological density.

2.2.3 Industrial development conditions

1) Distance from industrial coastline. Coastal thermal power
plants, nuclear power plants, and industrial parks have high
demands for seawater desalination. The closer a water intake
area is to an industrial coastline, the lower the cost of
desalination, and the better the economic benefit.

2) Distance from pollution sources. According to HY/T 115-
2008, the location of a seawater intake should be far from
pollution sources. According to the “Health management
standard of centralized water supply units for desalination
of drinking water” (Local standards of Shandong Province,
China, DB 37/T 3683—2019), a sea area with a radius of
1,000 m around the seawater desalination water intake should
not receive discharges from industrial wastewater and
domestic sewage. Therefore, the farther an intake is from a
pollution source, the better the water quality, and the lower
the cost of desalination treatment (Tsiourtis, 2008).

3) Planning compliance. The water intake area of a seawater
desalination plant should conform to regional economic and
social development strategies (Tsiourtis, 2008). According to
the requirements of sea area use control, the compliance
categories for seawater desalination planning can be divided
as follows: consistent (industrial and transportation sea
areas), compatibility (fishery, tourism, and entertainment
sea areas), and exclusion (special and other sea areas).

2.2.4 Constraints

For areas that are directly identified as unsuitable for the
construction of desalination water intake projects, the constraints
on desalination can be divided into two types: ecological

constraints and status constraints.

1) Ecological constraints. Due to the impact of seawater desalination
water intake projects on the marine ecological environment,
important ecological areas or special protection areas are
directly defined as ecological constraints. Such areas mainly
include marine ecological redline areas that delimit important

Frontiers in Environmental Science

05

10.3389/fenvs.2022.842253

marine ecological function areas, ecologically sensitive areas, and
ecologically vulnerable areas; important habitat areas, such as
spawning grounds, feeding grounds, wintering grounds, and
migration channels; and special target protection areas, such as
protected areas of base points of the territorial sea. In the above
areas, strict control and mandatory protection strategies must be
implemented, and the construction of desalination water intake
projects should be prohibited.

2) Status constraints. Island areas and reclamation areas within
the scope of an evaluation are direct status constraints that
may limit the construction of desalination water intake
projects.

2.3 Suitability evaluation for seawater
desalination water intake site selection

The suitability of seawater desalination water intake site
selection refers to the suitability of a sea area for a proposed
desalination water intake project considering the natural
conditions and socioeconomic conditions. According to
the of the that
desalination water selection, a

analysis factors influence seawater

intake site suitability
evaluation index system for seawater desalination water
intake site selection is established from three aspects: basic
geography,

development.

environment, and industrial

the
standards, and available information, the quantitative

seawater
According to relevant regulations,
classification standard for every evaluation indicator is
determined, and the weights of the evaluation indicators
are calculated by the Analytic Hierarchy Process (AHP)
(Saaty, 2008; Tang, 2021) and expert scoring method. The
suitability of seawater desalination water intake site selection
is evaluated by using a multifactor comprehensive evaluation
model, and preliminary evaluation results are obtained. All
constraints are identified as unsuitable areas, and the
preliminary evaluation results are revised using these
final evaluation results. The
to divide
evaluation areas into three levels: suitable, moderately

constraints to obtain the

evaluation indexes and results are used

suitable, and unsuitable.

2.3.1 Establishment of the evaluation index
system and quantitative classification standard
The evaluation indexes for basic geographical conditions
include distance from coastline, water depth condition, and
coast/sediment type. The evaluation indexes for seawater
include sediment

environmental conditions suspended

content, seawater quality, tidal current velocity, and
biological density. The evaluation indexes for industrial
development conditions include distance from industrial
coastline, distance from pollution sources, and planning

compliance. According to the suitability of each evaluation

frontiersin.org
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TABLE 1 Suitability evaluation index system and quantitative classification standard for seawater desalination water intake site selection.

Evaluation
indexes

Evaluation
elements

Evaluation objective

Basic geographical Distance from coastline

conditions

Water depth condition

Coast/sediment type
Suitability of
seawater
desalination water intake

site selection Seawater environmental

conditions

Suspended sediment
content

Seawater quality
Tidal current velocity
Biological density

Distance from industrial
coastline

Industrial development
conditions

Distance from pollution
sources

Planning compliance

TABLE 2 The relative importance of evaluation indexes.

a;; (The relative
importance of index
i compared to

Quantized value

index j)

Equally important 1
Moderately more important 3
Obviously more important 5
Strongly more important 7
Extremely more important 9
Slightly less important 1/3
Obviously less important 1/5
Strongly less important 1/7
Extremely less important 1/9

index for seawater desalination water intake site selection,
quantitative classification standards were established, as
shown in Table 1.

2.3.2 Computing method for evaluation index
weights

This study used the AHP combined with expert scoring to
calculate the weights of the evaluation indexes (Mu and Pereyra-
Rojas, 2018; Zhang et al., 2020).

Frontiers in Environmental Science

Classification conditions

<1,000 m; 1,000-2,000 m; >2,000 m

>2 m; 0-2 m; <0 m

Bedrock coast/gravel; Sandy coast/sand; Muddy coast/clay

<25 mg/L; 25-50 mg/L; >50 mg/L
Class I or Class II seawater quality; Class III seawater
quality; Class IV seawater quality or below

<0.3 m/s; 0.3-0.5 m/s; >0.5 m/s

<148 ind/m? 148-702 ind/m? >702 ind/m?®

<2,000 m; 2,000-4,000 m; >4,000 m

>2,000 m; 1,000-2,000 m; <1,000 m

Consistent; Compatible; Exclusive

06

Suitable level

Suitable; Moderately
suitable; Unsuitable

Suitable; Moderately
suitable; Unsuitable

Suitable; Moderately
suitable; Unsuitable

Suitable; Moderately
suitable; Unsuitable

Suitable; Moderately
suitable; Unsuitable

Suitable; Moderately
suitable; Unsuitable

Suitable; Moderately
suitable; Unsuitable

Suitable; Moderately
suitable; Unsuitable

Suitable; Moderately
suitable; Unsuitable

Suitable; Moderately
suitable; Unsuitable

First, the importance of each layer index relative to the upper
layer index is determined, and the values are compared. Then,
this study constructs a comparative judgment matrix A:

A=(ay), .

In the formula, # is the number of evaluation indexes, a;; is

M

the relative importance of index i compared to index j, and
quantitative scale values are determined by expert scoring. The
relative importance rankings are shown in Table 2.

For the comparative judgment matrix A, its maximum
eigenvalue A, and the corresponding eigenvector W are
calculated, and the calculation formula is as follows:

AW =L W @

Where W is the corresponding normalized eigenvector, the
component of W; is the weight value of the corresponding
index relative to the corresponding index on the upper layer,
and A . is the largest eigenvalue of A.

In this study, the square root method is used to solve the
regularized eigenvector and the maximum eigenvalue. First, the
nth root of the product of the elements in each row of the
judgment matrix W; is calculated, as follows:

frontiersin.org
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TABLE 3 RI value of average random consistency index.

Matrix 1 2 3 4 5 6 7 8 9 10
order
RI 0 0 058 090 112 124 132 141 145 149

Then, the square root vector is normalized to obtain the ith
component W; of the eigenvector W, as follows:

Wi

Z?:l i

The maximum eigenvalue A .y of the judgment matrix is

Wi

4

calculated as follows:
A max — — (5)

After calculating the weight of each evaluation index, it is
necessary to test the consistency of the judgment matrix A (Liu
et al,, 2017; Huang, 2021; Tang, 2021). The test formula is as
follows:

e

CR=—
RI

(6)

In the formula, CI is the general consistency index of the
judgment matrix, and the calculation formula is as follows:
A max — N

n-1

CI= (7)
RI is the average random consistency index. See Table 3 for the
RI value of the judgment matrix of orders 1-10.

When CR < 0.1 of judgment matrix A or A oy =1, CI =0, it
is considered to have satisfactory consistency; otherwise, it does
not have satisfactory consistency, and the elements of A need to
be adjusted to achieve satisfactory consistency.

Then, the weight values from the element layer to the target
layer and from the index layer to the element layer are calculated,
and a consistency test is performed:

Wi=W; xW; ®)

Where W; is the weight value from the index layer to the target
layer, W; is the weight value from element layer j to the target
layer, and W; is the weight value from index layer i to element
layer j.

2.3.3 Suitability evaluation model

A multifactor comprehensive evaluation model is used to
evaluate the suitability for seawater desalination water intake site
selection:

)
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Where S is the suitability evaluation index for seawater
desalination water intake site selection; B; is the suitability
score for the ith evaluation index; W; is the weight of the ith
evaluation index; and # is the number of indexes included in the
evaluation.

The suitability levels of seawater desalination water intake
site selection are divided into three categories: suitable,
moderately suitable, and unsuitable. The evaluation results
show that “suitable” refers to good economic benefit or low
difficulty for the construction of desalination water intake;
“moderately suitable” refers to acceptable economic benefit or
moderate difficulty for the construction of desalination water
intake; and “unsuitable” refers to sites that are not suitable due to
constraints or for which the construction of water intake is
difficult or not economical.

3 Application of the suitability
evaluation method and discussion

3.1 Overview of the study area

Rongcheng city is located in the easternmost part of
Shandong Province in China, between east longitudes 122° 08’
to 122° 42" and north latitudes 36° 45" to 37° 27'. The city is
surrounded by the Yellow Sea to the north, east, and south. The
area has a warm and humid temperate continental monsoon
climate. Rongcheng city lacks freshwater because it is surrounded
by seas on three sides. Recent years have seen the continuous
development of industries, industrial parks, and economic and
technological development zones in Rongcheng city, and the
dependence on freshwater resources has increasingly risen. The
freshwater resource shortage problem must urgently be solved
with seawater desalination.

The coastline of Rongcheng city is tortuous, with 10 bays and
72 islands distributed along the coast, belonging to the bedrock
harbor-type coast. The water quality of the Rongcheng offshore
area has reached the national class II standard or above. The coast
of Chengshan town in Rongcheng city is the wintering habitat of
swans, and a Rongcheng swan national nature reserve has been
established to protect swans and other rare and endangered birds.
In addition, to protect the marine ecosystem of Chengshantou
and all base points of the territorial sea in Rongcheng city,
Chengshantou nature reserve and protected areas have been
established around the base points of the territorial sea. Three
marine fishing grounds near Rongcheng city have been named
Yanwei, Shidao, and Lianqingshi. They are the primary means by
which many kinds of fish and shrimp migrate. They are rich in
aquatic resources and have marine pastures in Sanggou Bay and
Ailian Bay.

In this paper, the coastal area of Rongcheng city is selected to
perform applied research on the suitability evaluation method for
selecting the spatial location for seawater desalination water
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FIGURE 2
Study area and evaluation scope.

intakes. The coastline extracted from remote sensing images in
2019 is taken as the landside boundary. The main coast is
extended 5km outward to create the seaside boundary. On
both sides, the administrative boundary of the Rongcheng sea
area approved by the State Council is used as another boundary;
it starts from Maozicaokou at the junction of Boyu town,
Huancui District, Weihai city in the north and ends at
Caiguan estuary near Wendeng city in the south. The length
of the coastline within the evaluation scope is 493.2 km, and the
area of the evaluation scope is 1,049.7 km?, as shown in Figure 2.

3.2 Evaluation process and results

3.2.1 Data sources and processing methods
According to the suitability evaluation index system and
quantitative classification standard for seawater desalination water
intake site selection constructed in Table 1, when carrying out
sustainability evaluation in Rongcheng city, it is necessary to
obtain the spatial distribution data of each evaluation index
within the evaluation scope. Due to the large extent of the study
area, this study cannot simultaneously obtain the latest survey data
of all evaluation indicators. However, the suitability evaluation for
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seawater desalination water intake site selection focuses on the
spatial distribution difference of each evaluation index. The data
content of these evaluation indexes is different, and different indexes
will not affect each other. Moreover, the spatial distribution of many
evaluation indexes, such as coast/sediment type, water depth
condition, tidal current velocity, and other evaluation indexes,
does not change much with time. For each evaluation index, this
study collected the latest survey data and information as much as
possible, but there are still some data from earlier years. However,
these data meet the needs of suitability evaluation for seawater
desalination water intake site selection and ensure the accuracy of
evaluation results in Rongcheng city. The data sources of this study
mainly include coastline survey data of Rongcheng city in 2020,
survey data of the Shandong coastal zone in 2018, hydrological
observation data of Rongcheng coastal waters in 2018, the marine
environment status bulletin of Rongcheng city in 2017, ecological
survey data of Rongcheng coastal waters in 2016, the China
Electronic Chart (Rongcheng sea area, chart No. C1412110),
Rongcheng sea area use planning data (planning period:
2013-2020). See Table 4 for the detailed processing method of
the original data and the corresponding evaluation index data
obtained. The classification conditions of all evaluation indexes
adopt the classification standard in Table 1.
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TABLE 4 Data sources and processing methods.

Data sources

Coastline survey data of Rongcheng city in 2020

Survey data of the Shandong coastal zone in
2018

Data processing methods

Calculate the distance from coastline of the evaluation unit using the Euclidean
distance algorithm, and conduct spatial zoning according to the classification
condition of the evaluation index “distance from coastline”

Determine the position of the industrial coastline, calculate the distance from
industrial coastline of the evaluation unit using the Euclidean distance algorithm, and
conduct spatial zoning according to the classification condition of the evaluation index
“distance from industrial coastline”

Extract the coast classification and seabed sediment classification vector data within
the assessment scope, perform data synthesis, and conduct spatial zoning according to
the classification condition of the evaluation index “coast/sediment type”

Generate the isoline of suspended sediment content in the assessment area by using the
suspension concentration survey data, and conduct spatial zoning according to the
spatial location of the isoline and the classification condition of the evaluation index
“suspended sediment content”

10.3389/fenvs.2022.842253

Available evaluation
indexes data

Distance from coastline

Distance from industrial coastline

Coast/sediment type

Suspended sediment content

Hydrological observation data of Rongcheng
coastal waters in 2018

Marine environment status bulletin of
Rongcheng city in 2017

Ecological survey data of Rongcheng coastal
waters in 2016

China Electronic Chart (Rongcheng sea area,
map No.: C1412110)

Rongcheng sea area use planning (planning
period: 2013-2020)

Generate the isoline of the average tidal current velocity in the assessment area by
using the tidal current prediction results of the tidal current field, and conduct spatial
zoning according to the spatial location of the isoline and the classification condition of
the evaluation index “tidal current velocity”

Conduct spatial zoning according to the results of spatial zoning of seawater quality
within the assessment scope and the classification condition of the evaluation index
“seawater quality”

Determine the location of the sewage outfall in Rongcheng city, calculate the distance
from the sewage outfall of the evaluation unit using the Euclidean distance algorithm,
and conduct spatial zoning according to the classification condition of the evaluation
index “distance from pollution sources”

Conduct spatial zoning according to the average abundance of zooplankton within the
assessment range and the classification condition of the evaluation index “biological
density”

Extract the water depth vector data within the evaluation range, and conduct spatial
zoning according to the classification condition of the evaluation index “water depth
condition”

Extract the space partition vector data of the sea area use planning within the
assessment scope, and conduct spatial zoning according to the classification condition
of the evaluation index “planning compliance”

Tidal current velocity

Seawater quality

Distance from pollution sources

Biological density

Water depth condition

Planning compliance

3.2.2 Suitability evaluation for seawater

1) Layering the evaluation indexes

desalination water intake site selection

The suitability evaluation of seawater desalination water
intake site selection requires spatial analysis and calculations
involving large quantities of spatial data; thus, a GIS platform
with spatial data management and spatial analysis functions is
used. The ArcToolbox in ArcGIS software (developed by ESRI
Company, United States) provides many directly usable
spatial data processing tools. Therefore, ArcGIS software
was selected as the platform for the suitability evaluation of
seawater desalination water intake site selection. In this study,
all the layers adopt the China Geodetic Coordinate System
2000 (CGCS 2000), the Gauss-Kruger projection, a central
longitude of 123°, and a grid data resolution of 50 m. The
scope of all evaluation index layers is consistent with the

evaluation scope.
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represent the spatial

classification standard in Table

distribution

ArcGIS software uses layers for the spatial analysis and
processing of spatial data. Data were collected and used to
create GIS layers, including vector and grid layers, which

information for each

evaluation index. The data sources and data processing
methods for each evaluation index are shown in Table 4. The
classification conditions of all evaluation indexes adopt the

1. When carrying out

suitability evaluation on the ArcGIS platform, it is necessary
to run the multifactor spatial overlay analysis tool. The tool
requires that all evaluation index layers be grid layers with the
same spatial range and spatial resolution. Therefore, all the vector
layers should be converted to grid layers. The suitable levels

“suitable”, “moderately suitable” and “unsuitable” for each

09
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FIGURE 3
The suitable level of evaluation indicators.

evaluation index were represented by suitability scores of 2, 1,
and 0, respectively.

For distance-type indicators, such as “distance from
coastline”, “distance from and
“distance from pollution sources”, first, the Euclidean
distance tool was used to generate a distance grid layer.
Then, the grid layer was reclassified according to the index
classification conditions to generate a grid layer based on the
suitability score. For other indicators, such as “water depth

industrial  coastline”

» «

condition”, “coastal/sediment type” and “suspended sediment
content”, first, the polygon vector layer was generated
according to the classification conditions. Then, the
suitability score attribute was added, and the polygon
vector layer was converted to a raster layer according to
the suitability score. After the above spatial analysis and
processing steps, grid layers of each evaluation index with
the same spatial range and grid resolution were obtained, as
shown in Figure 3.
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2) Calculation of the weights of evaluation indexes

This study used the AHP combined with expert scoring to
calculate the weights of the evaluation indexes. Twenty-five
experts in seawater desalination,
marine science, and related fields were consulted regarding
the relative importance of each element layer and index layer
in Table 1 for the suitability evaluation index system for seawater
desalination water intake site selection. We considered the

environmental science,

suggestions of these experts comprehensively. The quantitative
judgment results are shown in Tables 5-8. Additionally, the
calculated evaluation index weights are shown in Table 9.

3) Implement the evaluation model
The multifactor spatial overlay analysis (weighted sum) tool

was used on the ArcGIS platform to perform weighted overlap
calculations. Each evaluation index raster layer and its

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.842253

Huang et al. 10.3389/fenvs.2022.842253

TABLE 5 Quantitative judgment of the relative importance of the element layer.

A Basic geographical Seawater environmental Industrial development conditions u;
conditions u; conditions u,

Basic geographical conditions u; 1 12 2

Seawater environmental conditions u, 2 1 3

Industrial development conditions u; 172 1/3 1

TABLE 6 Quantitative judgment of the relative importance of indexes for basic geographical conditions.

A, (basic geographical Distance from Water depth Coast/sediment type u,;
conditions u,) coastline u;,; condition u;,

Distance from coastline u;; 1 1/2 1/3

Water depth condition u;, 2 1 1/2

Coast/sediment type u;3; 3 2 1

TABLE 7 Quantitative judgment of the relative importance of indexes for seawater environmental conditions.

A, (seawater environmental  Suspended sediment content  Seawater quality u,,  Tidal current  Biological density u,4

conditions u,) Uy velocity u,;
Suspended sediment content uy; 1 2 3 1/3
Seawater quality u, 1/2 1 2 1/4
Tidal current velocity u,; 1/3 1/2 1 1/5
Biological density u,4 3 4 5 1

TABLE 8 Quantitative judgment of the relative importance of indexes for industrial development conditions.

A; (industrial development Distance from industrial Distance from pollution Planning compliance u;;
conditions us) coastline us; sources us,

Distance from industrial coastline us; 1 12 1/3

Distance from pollution sources us, 2 1 172

Planning compliance us; 3 2 1

corresponding weight value were input, and each pixel in the There were three types of suitable spatial zones, namely “suitable
output raster layer was the result of the overlap addition areas”, “moderately suitable areas” and “unsuitable areas”, as
operation for all evaluation index layers. This value was a shown in Figure 4 (left figure).

single-precision value between 0 and 2. The raster layer was
reclassified according to the classification conditions of 0-1 for 3.2.3 Obtain the vector layer for the constraint

unsuitable, 1-1.3 for moderately suitable, and 1.three to two for regions

suitable. Then, this layer was converted to a vector polygon layer As mentioned above, the constraints on desalination can be
(raster to polygon) to obtain preliminary spatial zoning of the divided into two types: ecological constraints and status
suitability for seawater desalination water intake site selection. constraints. The ecological restraint areas in Rongcheng city
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TABLE 9 Weight calculation results for the evaluation indexes.

Evaluation objective

10.3389/fenvs.2022.842253

Suitability for seawater desalination water intake site selection

Evaluation elements Weights  Evaluation indexes Weights
Basic geographical conditions 0.2970 Distance from coastline 0.0486
Water depth condition 0.0882
Coast/Sediment type 0.1602
Seawater environmental conditions  0.5396 Suspended sediment content 0.1258
Seawater quality 0.0741
Tidal current velocity 0.0452
Biological density 0.2945
Industrial development conditions 0.1634 Distance from industrial coastline  0.0267
Distance from pollution sources 0.0485
Planning compliance 0.0882

Preliminary evaluation result

Results of suitability spatial zoning: [0 Suitableareas | | Moderately suitable areas [INMI1] Unsuitable areas

FIGURE 4
The results of suitability spatial zoning.

Constraint areas(unsuitable areas)

Final evaluation result

mainly include marine ecological redline areas, such as the
Whooper swans marine nature reserve, Chengshantou marine
ecosystem nature reserve, and Sanggouwan nature reserve, and
the protected areas around the five base points of territorial sea in
Rongcheng city, including Shandong Gaojiao (1), Shandong
Gaojiao (2), Moye Island (1), Moye Island 2) and Moye
Island (3). The status constraint areas in Rongcheng city
mainly include reclamation areas and island land areas, such
as Jiming Island, Moye Island, and Hailu Island, within the
assessment scope obtained by vectoring remote sensing images.
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The ecological constraints and status constraints in Rongcheng
city were merged into a vector layer of constraints, identified as
directly unsuitable areas, as shown in Figure 4 (middle figure).

3.2.4 Obtain the final evaluation results

In the preliminary spatial zoning for the suitability of
seawater desalination water intake site selection, all areas that
overlapped with the vector layer generated using the above
constraints were adjusted to unsuitable areas, regardless of
their original types. After correction, the final suitability
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TABLE 10 Statistics for the Rongcheng offshore area evaluation results.

Serial number Suitability level Sea area
Area (km?)

1 Suitable 304.8

2 Moderately suitable 452.5

3 Unsuitable 2924

Total 1,049.7

spatial zoning for seawater desalination water intake site
selection was obtained. The final evaluation results for
seawater desalination water intake site selection were also
divided

“moderately suitable areas” and “unsuitable areas”, as shown

into three categories, namely “suitable areas”,
in Figure 4 (right figure).

The final evaluation results show that “suitable areas” refers
to good economic benefit or low difficulty for the construction of
desalination water intake; “moderately suitable areas” refers to
acceptable economic benefit or moderate difficulty for the
construction of desalination water intake; and “unsuitable
areas” refers to sites that are not suitable due to constraints or
for which the construction of water intake is difficult or not

economical.

3.2.5 Analysis and discussion

According to the suitability evaluation spatial zoning for
seawater desalination water intake site selection, statistics were
obtained considering the sea area and coastline length for three
levels: suitable, moderately suitable, and unsuitable. The results
are shown in Table 10. From the perspective of the occupied sea
area, the suitable sea area is 304.8 square kilometers, accounting
for 29% of the total region. Such suitable areas are mainly
distributed in the offshore waters north of Rongcheng city,
with continuous large patches; suitable areas in the central
waters are mainly located near the coast, with medium-sized
zones, and suitable areas in the southern seas are mainly located
near the coastline, with small zones. The moderately suitable sea
area is 452.5 square kilometers, accounting for 43% of the total
region, and such areas are mainly distributed in the central and
southern waters of Rongcheng city. The unsuitable sea area is
292.4 square kilometers, accounting for 28% of the total region,
and such areas are mainly distributed in the marine ecological
redline area near the northern coast of Rongcheng city and the
marine aquaculture area near the Qinglong River mouth in the
south.

In terms of the length of the coastline occupied, the suitable
coastline length is 286.9 km, accounting for 58% of the total
coastline length, which is mainly located along the central and
southern coastlines of Rongcheng city. The moderately suitable
coastline length is 96.8 km, accounting for 20% of the total

Frontiers in Environmental Science

13

10.3389/fenvs.2022.842253

Coastline
Proportion (%) Length (km) Proportion (%)
29 286.9 58
43 96.8 20
28 109.5 22
100 4932 100

coastline length, which is mainly distributed along the central
coastline of Rongcheng city. The length of the unsuitable
coastline is 109.5 km, accounting for 22% of the total coastline
length, which is mainly distributed along the coastlines of the
marine ecological redline area and the coastal aquaculture area in
Rongcheng city.

Rongcheng is a city short of water. As it is surrounded by the
sea on three sides and lacks freshwater sources, the excavation of
groundwater will cause seawater to recharge. In previous years,
affected by drought and water shortages, many enterprises were
in a state of shutdown or semi-shutdown. To ensure social
stability and the minimum domestic water needs for residents,
it is urgent to use the local rich seawater resources for
desalination and implement the seawater desalination project
to ensure the normal water supply in Rongcheng city. Therefore,
a suitability evaluation of this area for seawater desalination
water intake site selection is of great significance. The seawater
desalination water intake project of the Shidao Bay nuclear power
plant built in Rongcheng city is located in suitable areas for the
suitability evaluation results, which shows the effectiveness and
feasibility of the suitability evaluation method for seawater
desalination water intake site selection in this study.

In the future, consideration should be given to the
development and utilization strategies in Rongcheng city and
the spatial distribution of resources, as its southern waters are
dominated by traditional fish farming and support aquatic
product processing, shipbuilding, fishing ports, and wharf
construction; these waters are mainly industrially-oriented.
The northern waters are mainly used for tourism development
and utilization, with a general preference for protection and
development. The eastern part of the area includes fishery,
industry, and tourism functions and is in a state of balanced
protection and development. In general, the southern and eastern
parts of Rongcheng city urgently need freshwater; with the
exception of the Qinglong Estuary, which is unsuitable for
desalination sites, most areas are suitable and moderately
suitable for seawater desalination water intake site selection.
The low demand for fresh water in the northern region has
much to do with the protective development strategy in this area,
with an emphasis on tourism; hence, most of these areas are
unsuitable for desalination.
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4 Conclusion

In this study, the influencing factors of seawater desalination
water intake site selection are analyzed from four aspects: basic
geographical conditions, water environmental conditions,
industrial development conditions, and constraint conditions.
Representative evaluation indicators, such as distance from
coastline, water depth condition, suspended sediment content,
seawater quality, and planning compliance are selected, and the
quantitative classification standards of each evaluation indicator
are determined according to relevant standards, specifications,
and research basis. The suitability evaluation model of seawater
desalination water intake site selection is constructed based on
the GIS platform, and the suitability spatial zoning results are
generated by multifactor spatial superposition analysis and
correction by constraints. The research results improve the
existing spatial location selection and planning method for
seawater desalination intake from the theoretical method and
technical level and form an evaluation system with scientific,
quantitative, and spatial characteristics, which can provide
research ideas and technical support for the spatial location
selection of seawater desalination intake.

The suitability evaluation system for seawater desalination
water intake site selection constructed in this study has perfect
methods, comprehensive evaluation indicators, a simple
construction process, efficient operation, strong operability,
and universality, which can be popularized and applied in
the spatial selection for seawater desalination water intakes.
The suitability evaluation method has been applied in the
coastal waters of Rongcheng city, Shandong Province, China.
In this application, based on the impact analysis of three
evaluation elements on seawater desalination water intake
the of
conditions is the largest, followed by the impact of basic
and the
development conditions is the smallest; the evaluation
element weights are 0.5396, 0.2970, and 0.1634 respectively.
Based on the impact analysis of evaluation indexes on seawater

site  selection, impact seawater environmental

geographical conditions, impact of industrial

desalination water intake site selection, the evaluation indexes
with greater impact are biological identity, coast/sediment type,
and suspended sediment content; the evaluation index weights
are 0.2945, 0.1602, and 0.1258 respectively. The evaluation
indexes with less impact are distance from industrial
coastline, tidal current velocity, and distance from pollution
sources; the evaluation index weights are 0.0267, 0.0452, and
0.0485 respectively. The evaluation results conform to the
natural and socioeconomic characteristics of Rongcheng city
and meet the needs for seawater desalination water intake site
selection in Rongcheng city.

The results show that the evaluation method has a strong
scientific nature, applicability, and operability and can better
meet the needs of practical applications. When applying this
suitability evaluation method in other coastal areas, according to
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the local natural environment characteristics and socioeconomic
development needs, and in combination with the availability of
spatial data, the evaluation indicators can be appropriately
increased or decreased, and the quantitative classification
standards of the evaluation indicators can be adjusted. The
weight calculation of the evaluation indicators and the
classification of the evaluation results can be set according to
the local status and needs, and then the suitability evaluation
method for seawater desalination water intake site selection can
be established to meet these requirements while being further
improved and optimized throughout the application process.
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