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Abstract: China announced a target of achieving carbon neutrality by 2060. As one of the most
promising pathways to minimize carbon emissions, the low-carbon electricity supply is of high
consideration in China’s future energy planning. The main purpose of this study is to provide a
comparative overview of the regional siting potential of various low-carbon power plants in the
Yangtze River Delta of China. First, unsuitable zones for power plants are identified and excluded
based on national regulations and landscape constraints. Second, we evaluate the spatial siting
potential of the seven low-carbon energy power plants by ranking their suitability with geographic
information system (GIS)-based hierarchical analysis (AHP). The results revealed that around 78%
of the area is suitable for power plant siting. In summary, biomass power plants have high siting
potential in over half of the spatial areas. Solar photovoltaic and waste-to-electricity are encouraged
to establish in the long-term future. The maps visualize micro-scale spatial siting potential and can
be coupled with the sustainability assessments of power plants to design an explicit guiding plan for
future power plant allocation.

Keywords: low-carbon energy; power plant; spatial suitability; energy planning; analytic hierarchy
process; carbon neutrality

1. Introduction

In 2020, the low-carbon energy power development was promoted by the “Net-Zero”
emission target, which was set by Europeans and three major Asian economies, including
China, Japan, and Korea [1]. China has set a target to increase the share of non-fossil fuels
and reach “carbon neutral” by the end of 2060 [2,3]. Since 1980, the Chinese economy has
grown rapidly for over forty years [4]. One of the consequences of the rapid economic
growth is the immediate increase in energy consumption [5-7]. In China, the abundant
coal resources and limited oil and natural gas have resulted in a coal dominated (installed
capacity of 1007 GW in 2018) energy structure, quadrupling since 2000 [8]. It contributed,
largely, to carbon emission, and posed a significant challenge to the clean energy transition.
In 2018, the carbon emissions resulting from the coal-fired power plants was 4.6 Gt (49.23%
of China’s total) [9], which decreased to 1.4 Gt in 2020 [10]. To wean from the heavy
reliance on coal, China has been undergoing a reform of power generation structure and
seeking alternative clean energies [11]. Low-carbon power plays a vital role in effectively
controlling carbon emission in the power generation system [12,13].

For the low-carbon power plants” implementation, the spatial condition has been
evidenced to be important by recent research and energy transition history of China. The

Energies 2022, 15, 2167. https:/ /doi.org/10.3390/en15062167

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15062167
https://doi.org/10.3390/en15062167
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-9831-5876
https://orcid.org/0000-0003-4414-4009
https://orcid.org/0000-0002-7171-3062
https://doi.org/10.3390/en15062167
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15062167?type=check_update&version=1

Energies 2022, 15, 2167

2 of 20

spatial availability of energy resources, especially renewable energy, determines the operat-
ing hours and generation capacity of the power plant [14]. For instance, the geographic
locations of crop residue supply areas are important for the bioenergy plant siting [15-18],
since the intermediate feedstock transportation influences the supply security of bioenergy
resources [19]. Second, to avoid electric curtailment, the siting location of power plants
should also consider the local electricity supply-demand market or the accessibility of high
voltage power transmission grid [20,21]. In the early stages of China’s energy transition,
renewable energy plants with significant capacity were installed in the western and north-
ern resource-rich regions [18]. However, the large amounts of electricity can neither be
consumed by the local market nor efficiently transmitted to the economically developed
eastern coastal regions due to the poorly constructed transmission grid. Until 2019, the
power curtailment was reduced to 4% for wind power and 2% for solar power [13]. Third,
the ecological and social environment around the power plant site also needs to be consid-
ered since the pollution and noise generated by the power plant can affect the surrounding
environment [22-24]. Furthermore, specific political criteria should be, also, considered in
some countries based on the localized political conditions, such as the political stability are
important for the case studies in Egypt [24].

Based on these spatial conditions, previous researches evaluated the spatial energy
resource potential [16,25] or identified preferable sites of power plants [17,20] by imple-
menting the GIS-based AHP. The assembly of GIS and the analytic hierarchy process are
mutually complementary to reveal deeper cognition of aggregated spatial data [16]. For
instance, Derdouri et al. [26] considered the environmental, social, and economic condi-
tions to evaluate the wind farm suitability in Japan using the GIS-based AHP weighted
linear combination and ELECTRE-TRI. The methodology has been widely used in prac-
tice and gained significance for different electricity generation technologies, including
bioenergy [17,27], municipal solid waste power [25], wind [28-31], solar [20,32,33], and
hydro [34,35]. Although, these independent studies can demonstrate the optimal site or
suitable sites for their particularly focused type of power plant over a spatial extent. They
cannot rank the spatial suitability of various power plants within the same spatial cell and
didn’t consider different land carrying capacities [36]. Clear instructions for comparing
spatial siting potential of low-carbon power plants are missing but needed to optimize
spatial energy planning.

Therefore, we develop a mapping tool to illustrate a potential power plant landscape
across alternative low-carbon powers in high-resolution spatial cells in the Yangtze River
Delta region. We first define suitable areas in the study region for power plant installation.
Second, we evaluate the spatial suitability of the implementation for alternative low-carbon
power plants through GIS-based AHP. To enable a comparison of the spatial suitability
of different power plants, we propose a suitability index scheme for the selected siting
evaluation criteria. Data of the selected theoretical, environmental, economic, and social
criteria have been collected, scaled, and processed as the criteria maps calculated by the
ArcGIS AHP function [37]. As a result, we obtain spatial siting potential maps of alternative
power plants, which support decision-makers in better interpreting the complex problem
of energy planning. This study represents a replicable example, which could be applied in
other regions or in energy planning models, which contribute to future sustainable energy
planning. The mapping tool can be valuable for energy planners and energy managers in
government or private sectors.

The article is organized as follows: Section 2 introduces the overall research process
and the relevant methodological details. Section 3, firstly, illustrates the suitable area for
sting power plants, and second present the scaled suitability indices of different criteria.
Finally, the results of the spatial siting potential of alternative low-carbon powers and the
comparison of these spatial siting potentials are demonstrated. Section 4 discusses the
research results by comparing them with previous literature. Finally, Section 5 concludes
the remakes of this research and research outlook.
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2. Materials and Methods
2.1. Study Area

In Figure 1, the Yangtze River Delta region (YRD) encompasses Shanghai, Jiangsu,
Zhejiang, and Anhui (between 115-122° E and 27-35° N) and covers approximately
358 x 103 km? [38]. In the YRD region, 16.65% of the national population contributed
to 23.94% of China’s national gross domestic product (GDP) in 2019 (calculated from
the GDP statistical data sources: [38—41]) in 3.69% of the national land area. YRD region
consumed 20.53% of China’s total electricity production in 2019 (calculated from the elec-
tricity consumption statistical data sources: [38—41]), mainly supplied by local thermal
power plants and electricity imported from the other regions. Furthermore, fossil fuel
resources are also mostly imported in the YRD region. As the largest electricity consumer
and importer, the YRD region faces the risk of electricity supply security. In 2020, the
total power generation of the Yangtze River Delta region is 1226.8 GW, which accounts
for 80.67% of the total electricity consumption. Of the total electricity generation, only
20.38% (250.06 GW) of the electricity is generated from non-fossil sources [42]. Under such
a circumstance, renewable and nuclear power, which are not limited by regional resources,
become a potential solution for improving the power generation capacity in the region to
ensure energy supply security. The state council has developed integrated development
goals of flexible power dispatching and low-carbon energy resource exploration for the
overall region to promote electricity security in the medium or long term [43]. However,
adequate feasibility visualized studies of spatial low-carbon energy are still necessary and
scarce for energy planners.
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Figure 1. Study area—the Yangtze River Delta region.

2.2. Methodology
2.2.1. Methodology Framework

This paper selects seven types of low-carbon power plants as the research objects
based on their developing potential in the Yangtze River Delta Region, including natural
gas (NG) power, nuclear power, on-shore wind power, solar PV, pump-storage hydropower,
biomass power, and waste-to-energy. We extend the approach of power plant suitable
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site selection for one specific power generation technology to a comparable spatial siting
potential evaluation across alternative low-carbon power plants.
As shown in Figure 2, the study methodology is divided into two phases:

1. The first phase identifies the unsuitable zones through constraining rules formed by
legal system provisions, technical difficulties, etc. We derive the suitable zones by
eliminating these unsuitable areas.

2. The second phase evaluates the spatial siting potential of alternative power plants
in the suitable zones proposed by the first phase. It applies the GIS-combined AHP
method to determine the value and weight for evaluation criteria. The weighted sum
value of the evaluation criteria is calculated to rank the spatial siting potential of
alternative energy technologies.

Proposing a framework for evaluating the siting potential of spatial power plants

]
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|
[ [ | |
’ Environmental ‘ Landuse ’ Infrastructure ’ Geograpic ‘
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Figure 2. Flowchart of the methodology (adapted from Siefi et al. [44]).

Phase 1 is used to exclude unsuitable areas. However, suitable areas do not refer to
the high potential areas of the power plant installation, but only the areas where imple-
mentation is allowed from a technical and legislative perspective. In comparison, even
if the power plant siting potential is highly ranked by Phase 2 in the spatial cells, the
insurmountable impediments created by the constraints (Phase 1) shut down the possibility
to install power plants. Therefore, the combination of Phase 1 and 2 are necessary. Suitable
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areas from Phase 1 would join the spatial siting potential evaluation in Phase 2. The whole
process would eventually lead to an overall siting potential evaluation for each type of
low-carbon power plant in each spatial cell.

2.2.2. Identification of Suitable Zones

This phase identifies the suitable zone for energy power plant siting by eliminating un-
suitable zones resulting from several constraining factors. The constraining factors shown
in Table 1 derive from the existing legal and institutional regulations and the literature
review concerning the impact of power plants on the natural and human environment
and the technical difficulties in power plant siting. According to the listed constraints,
each restrictive layer is generated by the “buffer” analyzing tool. The constraints could
be illustrated through individual GIS map layers, and an aggregated suitable zone map is
generated by “erasing” the unsuitable zone from the original study area.

Table 1. Constraining factors of the unsuitable zones.

Constraining Factor

Environmental reason

Constraining .. Buffer Zone
Parameter Constraining Map Layer (Unsuitable Area) References
Distance to water and rivers Constraining map to distance to D <500 m [45]
permanent rivers and lakes
Constraining map to distance to
Distance to protected areas national and regional natural D <300 m [46]

ecosystem reserves, wildlife refuges,
and nature reserves

Land use reason

Distance to residential area 400 km? > Area >100 km? (large and

Constraining map to distance to
residential areas D <5km [47]
Area > 1000 km? (megacity)

Constraining map to distance to

residential areas D<2km [33]

median cities)

Constraining map to distance to
residential areas
Area < 100 km? (small towns D <500 m (471
and rural areas)

Infrastructure reason

Constraining map to distance to
Distance to roads motorways, firs-class roads, secondary D <50 m [48]
roads, and tertiary roads

Constraining map to distance

: . D<50m [48]
to major railways

Distance to railways

Constraining map to distance to
Distance to grid high-voltage electricity grids D <50 m [48]
(Voltage > 100,000 Volt)

Geographic reason

Slope Constraining map to slope percentage >30% [26]

Elevation Constraining map to the altitude >2000 m [33]

The first constraining factor is resulted from the impact of power plants on the envi-
ronment during the construction and operation period. In the parameter of distance to
protected areas, the constraint comes down to the national legislation. Production and
operation activities are prohibited in protected areas and limited in the peripheral area
(300 m) of the protection zone [46]. Second, unsuitable zones are determined by land-use
conflict. Most research excludes the urban area and its buffer zones between 1.5 km to
2 km [33,47,48]. In our study area, the city scale varied from smaller than 100 km? to over
1000 km? (Shanghai). The urbanization speed of these cities with different scales signifi-
cantly correlated to per capita GDP and industrial level [49]. The cities with larger sizes and
higher per capita GDP, thus, have the potential to expand more speedy than small cities.
Thus, the constraining parameters of distance to the residential areas are differentiated
with the city size from 500 m for small towns and rural areas (smaller than 100 km?) to
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5 km for Shanghai megacity (over 1000 km?). Third, the potential visual and sound impacts
of power plants could influence the surrounding infrastructures. Thus, it is necessary to
consider such neighboring areas (<50 m) as limiting. In addition, the difficult access areas,
including steep slopes larger than 30% and high elevations larger than 2000 m, are not
suitable to install power plants from the technical and economic perspectives [26,33].

2.2.3. Evaluation Criteria and AHP

In the second phase, the power plant siting potential is evaluated by the most impor-
tant criteria that affect power plant siting. Figure 3 presents the analytic hierarchy process
of power plant siting potential evaluation in spatial cells. The nine sub-criteria are energy
potential, slope, elevation, proximity to the road, proximity to high voltage grid, proximity
to surface water, energy demand, population density, and ecological and environmental
impact. In this research, a cell size of 0.025 x 0.025 degrees is used in the study area. Each
spatial cell is evaluated by the selected criteria. An integrated grade, which represents the
potential to accommodate alternative energy power plants, would be generated through an
analytical hierarchy process.

Spatial area with highest potential to install energy power plants ‘

¥ v
Environmental & theoretical criteria ‘ l Economic criteria I Social criteria
e Cl-Energy potential* e CA-Proximity to road e (8-Population density
s  (C2-Elevation e C5-Proximity to surface water * (9-Ecological &
e C3-Slope e C6-Proximityto grid environmental impact
[ e C7-Energy demand ]\

Spatial cells
*criterion presented as different value
for each type of energy power plants.

Figure 3. The analytic hierarchy of spatial siting potential evaluation.

Since the evaluation criteria are measured by different units or scales, it is necessary
to transform these layers into comparable units. In this research, we propose a suitability
index scheme (Table 2) to score the spatial area from 1 (low) to 10 (high) based on each
evaluation criterion. This suitability degree index scheme is established through literature
reviews by comparing the suitability of evaluation criteria from previous research. Table 2
shows the detailed scoring of each criterion.

Cl-energy potential* presents the energy potential of each type of power plant. The
scoring method differentiates between renewable and non-renewable energy. In particular,
the environmental and theoretical criterion of energy potential is essential for renewable
power plants. The suitable areas are graded based on renewable resources potentials, such
as GHI for solar PV power plants and wind power density for wind power plants [23,30,50].
In addition, there are minimum thresholds (an index of zero) to establish renewable power
plants. Previous literature stated that spatial areas with wind power density less than
150 W/m?, technically, has no potential (score 0) to install a wind power plant [51,52].
For solar PV, the minimal requirement is 1000 kWh/ m2. Unlike renewables, the energy
potential (C1) is rather complex depending on the aggregated influences of accessibility
to fuel [53], the spatial location of previous power plants and others. The installed power
plants have the highest potential to be extended. As an example, we defined the spatial
areas within 5 km around the previous nuclear power plants as the most suitable areas with
a suitability index of 10. In addition, nuclear power plants are necessary to be considered
implemented in the 10 km buffer inland area of coastal, resulting from its requirement of
the high cooling efficiency of seawater [54].
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Table 2. Scoring scheme of criteria map layers.

Criterion Map Layer Low Medium High
Index 0 1 2 3 4 5 6 7 8 9 10
. NG plant and Distance to NG plant and 5 km
C1—NG potential NG pipeline (km) - >40 - 30-40 - 20-30 - 10-20 - <10 buffer area
Nuclear plant and Distance to Nuclear plant and
Cl—Nuclear uranium ore (km) ) } } >400 200-400 ) <200 B ) 5 km buffer area
potential
Costal buffe (km) Coastal areas and 10 km buffer area
C1—Wind potential Wind power density in 100 m (W/m?) <150 150-200 200-250 250-300 300-350 350-400 400-450 450-500 500-550 550-600 >600
. Annual GHI
Cl1—Solar potential (KWh/m2) <1000 1000-1050 1050-1100 1100-1150 1150-1200 1200-1250 1250-1300 1300-1350 1350-1400 >1400 -
. . B . B " B w B power plant and
C1—Hydro Contour (5 m) density 100 100-300 300-500 500-700 700-900 >900 10 km buffer
potential - -
River buffer River and 10 km buffer area
C1—Biomass Agricultural and forest - <100 100-300 300-500 500-700 700-900 900-1100 1100-1300  1300-1500 >1500 -
potential land kernel density
C1—WTE potential Annual house refuse density (tons/km?) - <150 - 150-300 - 300-450 - 450-600 - >600 -
Cc2 Elevation (m) - 1700-2000 1500-1700 1300-1500 1100-1300 900-1100 700-900 500-700 300-500 100-300 0-100
C3 Slope (%) - 17-30 15-17 13-15 11-13 9-11 7-9 5-7 3-5 1-3 <1
c4 Proximity to road: motorway, lst, - > - 7500-1000 - 5000-7500 - 2500-5000 - <2500 -
2nd, 3rd (m)
C5 Proximity to waterbody(m) - > - 7500-1000 - 5000-7500 - 2500-5000 - <2500 -
c6 Proximity to powerline with - > - 7500-1000 - 5000-7500 - 2500-5000 - <2500 -
voltage > 1000 v (m)
c7 Energy demand (MWh/ km?) - <900 - 900-1600 - 1600-3000 - 3000-7500 - >7500 -
cs Population density - >3000 - 15003000 - 1000-1500 - 500-1000 - <500 -
(pop/km?)
C9 Protected zone buffer (m) - - - - - <5000 - - - >5000 -
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C2-elevation and C3-slope impact the spatial suitability of low-carbon power plants
from both economic and technical aspects [37,55]. High latitudes and steep slopes lead
to high transportation costs and create technical challenges for power plants’ installa-
tion [15,18]. Many reviewed scientific studies have identified different ranges of suit-
able elevation and slope values for different power plants [26,44,48,55,56]. In particular,
Yousefi et al. [33] proposed a slope threshold value of 10° for solar power, and Ali et al. [16]
proposed 15° for biomass power plants. This research uses the most applied ranges of
suitable elevation and slope as a common standard. The lowest score of slopes is assigned
to the area steeper than 17% (10°). Suitability scores increase with the stepwise decreased
value of C2 and C3.

The proximity to roads (C4), surface water (C5), and ultra-high voltage grids (C6)
closely relate to the costs of the construction and operating stage. Proximity to the transport-
ing and transmission infrastructure could reduce costs and avoid electricity loss [29,57,58].
Therefore, the whole region is classified along with the distance to the road connections,
ultra-high voltage grid (voltage > 1000 kv), and surface water resources. The maximum
threshold has been set for C4 (proximity to roads) by Yousefi et al. [33] and Ali et al. [16].
They considered the area without road connections in the 10 km surrounding area as the
lowest suitable area. We applied this threshold in this research, and assigned the area with
an index of 1. Similar thresholds “10 km” were also applied for criterion C6 (proximity
to ultra-high voltage grids) in many previous studies [29,33]. Therefore, the areas beyond
10 km from the ultra-high voltage grids were assigned with the lowest index of 1.

In addition, the other economic criterion is energy demand (C7). Panagiotidou
et al. [48] state that “the proximity of production and consumption could reduce energy
losses caused by the electricity distribution”. Thus, it is valuable to consider the electricity
demand of local markets [59,60]. Power plants are suggested to be located as closely as
possible to areas with high energy demand to minimize electricity losses during transmis-
sion [26]. The highest score of C7 is assigned to the triangle-shaped megalopolis led by
Shanghai, with an annual energy demand value larger than 7500 MWh /km?.

Unlike the economic criteria, social criteria (C8—population density and C9—ecological
and environmental impact), negatively affect the spatial subtility [23,48,57,58,61]. Power
plant siting will cause pertinent inferences (emissions, pollutions, and visual and sound
impacts) on nearby areas during the construction and operation stages [62,63]. Derdouri
and Murayama [26] suggested establishing new power plants away from the populated
and natural protected area to avoid conflict with residents and guarantee natural conser-
vations [57]. The most populated areas with a population density larger than 3000/km?,
such as Shanghai, are probably unsuitable for power plants (Score 1). The area around the
protected area with a distance greater than 5 km has a high score of 9.

The relative importance of criteria is determined through literature reviews. Then,
according to the pairwise relative importance of criteria for each type of power plant,
the comparison matrixes are generated for each type of clean power plant. The resulting
weights of criteria for each type of power plant are shown in Table 3.

Table 3 shows that C1 is more important for renewable and nuclear power plants. This
is due to the heavy reliance on spatial energy resources of renewable powers. For nuclear
power, we include the distance to costal as an important indicator of energy potential. Thus,
the nuclear power siting is also highly reliant on C1—energy potential. Unlike renewable
power plants, which are more sustainable and play an important role in the future energy
transition, the NG power plant is less sustainable but more secure in electricity supply.
Therefore, the weight of energy demand (C7) and social indicators (C8 and C9) of NG
power plant is higher than other indicators.
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Table 3. Weight of criteria for energy power plants.

NG Nuclear Wind PV Hydro Biomass WTE
We, 0.1005 0.2811 0.2734 0.2470 0.2552 0.2787 0.2367
We, 0.0438 0.0644 0.0788 0.0811 0.0215 0.0306 0.0891
We, 0.0671 0.0343 0.1882 0.1207 0.0492 0.0572 0.2398
We, 0.0575 0.0644 0.1039 0.0664 0.1455 0.0306 0.1040
W, 0.0327 0.0644 0.0259 0.0253 0.0656 0.2787 0.0615
We, 0.0232 0.0601 0.0579 0.2118 0.2134 0.0513 0.0234
We, 0.2251 0.0245 0.1386 0.0471 0.1304 0.1441 0.0238
We, 0.2251 0.2351 0.0306 0.0335 0.0327 0.0980 0.1453
We, 0.2251 0.1717 0.1026 0.1672 0.0865 0.0306 0.0764

2.2.4. GIS Dataset Acquisition and Processing

According to the AHP framework, we present the evaluation criteria as GIS maps.
The initial data sources for map layer preparation include the 1:1,000,000 scale geographic
information map, remote sensing land use map, topographic radar map, renewable energy
resources map, location map of existing power plants, open street map, and annual statisti-
cal data (Table 4). To be more specific, the initial data resources are projected, re-sampled,

and spatially analyzed to be in the same format with the same extent and cell sizes to

present the criteria.

Table 4. GIS data sources for criteria map layers.

Criteria Map Source Map Layer References
C1—NG potential . Locatl(?n of power plants; o Natural gas power plants a'nd the]r buffer area; [64,65]
Spatial allocation of natural gas pipeline Distance to pipeline
Location of power plants; Nuclear power plants and their buffer area;
Cl—Nuclear potential The map of mineral resource distribution; Distance to uranium ore; [64,66]
Boundary map Distance to coastal areas
C1—Wind potential Mean wind powerl((:l)‘(e)nrilty atan altitude of Mean wind power density [67]
C1—Solar potential Annual global horizontal irradiance Global horizontal irradiance (GHI) [68]
. .. . Streams;
C1—Hydro potential SRTM 90 m Digital Elevation Database Elevation drop [69]
Cl1—Biomass potential Global land 30 Agricultural and biomass density [70]
C1—WTE potential Statistical ye a.rbooks of cgunty-level Annual house refuse density [38-41]*
administrative regions
C2—Elevation SRTM 90 m Elevation [69]
C3—Slope SRTM 90 m Slope [69]
.. Distance to motorways, firs-class roads,
C4—Proximity to roads Road map secondary roads, and tertiary roads (711
C5—Proximity to surface water River map Distance to rivers and water bodies [71]
Waterbody map
C6—Proximity to grids Electricity grid map Distance to high-voltage electricity grids [72]
C7—Energy demand Sta@shcal year bogkls of the county and Annual electricity demand density at city [38-41] *
city-level administrative regions and county levels
. . Spatial population distribution . T .
C8—Population density P gf (I:Z)hina in1km Spatial population distribution of resampled grid [73]
C9—Ecological/ Protected zone map Protected zone buffer [71]

environmental impact

* More data from 2019 statistical year books at the city or county level have been included.
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We further scale the criteria map layers with continuous or discontinuous data based
on the suitability degree index. Based on the proposed suitability degree index scheme, each
criterion’s values are classified into several ranges by using a “multi-buffer” or “reclassify”
function of ArcGIS. For instance, we use the multi-buffer function to grade the spatial
potential according to the radial distances from the main roads, surface water, and high-
voltage electricity grids (C4-C6).

By adding up these graded multiple evaluation map layers according to their weight
through the AHP function of ArcGIS, we obtain the spatial siting potential of different
low-carbon powers.

3. Results
3.1. Map of Suitable Zone
As Section 2.2.1 described, the unsuitable zone for power plants siting should be

excluded in phase 1. Figure 4 shows the unsuitable area due to each constraint and the rest
areas, which are suitable for the establishment of power plants.
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Figure 4. Suitable zones.

Only three constraints (environmental, land use, and infrastructure constraints) have
resulted in unsuitable areas in the study area. The Yangtze River Delta region, located in
the middle and lower Yangtze Valley Plain, has the highest spatial cell of 1721 m and the
steepest cell of 17.93%. Thus, no area is excluded due to geographical constraints. The
other three constraining maps (Figure 4a—c) define the areas where power plant siting is
legally, technically, or environmentally prohibited. The unsuitable areas are resulted by
environmental constrains (Figure 4a), land use constraints (Figure 4b) and infrastructure
constraints (Figure 4c). By eliminating the three overlying unsuitable zone in the study
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region, Figure 4d results the rest unsuitable zones. The unsuitable area for power plants
siting is calculated through the “zonal geometry” function of GIS. As a result, 21.78% of the
whole region is defined as unsuitable areas, and the rest 78.22% areas are suitable. A large
area of Shanghai is excluded because it is a mixed area of the mouth of the Yangtze River
and the highly populated megacity of Shanghai.

3.2. Map of AHP Evaluation Criteria

To obtain the normalized AHP spatial siting potential map of alternative power plants,
we first create spatial theoretical energy potential (C1) maps (Figure 5) for alternative
power plants. Second, the spatial suitability maps for the other evaluation criteria (C2-C9)
(Figure 6) are created according to the suitability index in Table 3.

C1-Nuclear power
theoretical potential

C1-Wind power
theoretical potential

C1-NG power
theoretical potential

p Hioh: 09

- ow:02

C1-Solar power
theoretical potential

High: 0.9 +

Low: 0.1

C1-Waste-to-electricity
theoretical potential

C1-Hydro power
theoretical potential

Kilometers
0 200 400

C1-Biomass power
theoretical potential

Figure 5. Spatial theoretical energy potential (C1) map of alternative power plants.
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Figure 6. Spatial suitability map of evaluation criteria (C2-C9).

Figure 5 presents the result of spatial theoretical energy potential (C1) for each type
of low-carbon energy power. The first map of NG power theoretical potential shows that
areas with highly suitable indexes (>0.8) are concentrated near the NG pipeline. This is
due to the fact that this area could better assess the imported NG resources from other
regions or other countries. In the second map, the theoretical energy potential of nuclear
power highly depends on the distance from the sea. Only the coastal area has theoretical
potential to establish nuclear power plants. The south coastal region has a higher potential
than the north coastal region due to the higher accessibility to uranium resources, which
is essential for nuclear power plants. The third map of wind power theoretical potential
shows that the overall region has low wind power potential. Most of the areas are assigned
with a suitable index lower than 0.4 (wind density < 300 W/m?), and the suitability index
decreases from northeastern to southwestern areas. The northeast coastal area of the YRD
region has the highest wind power theoretical potential because it is close to the sea with
high stable wind speed and regular wind direction changes [74]. Similar to the wind power
theoretical potential, the solar power theoretical potential also decreases from northeastern
to southwestern areas. Nevertheless, solar energy resources are richer than wind power
resources. Most areas in the solar energy potential map are assigned with a suitable index
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higher than 0.6, presenting the annual GHI larger than 1250 kWh/m?. The fifth map of
hydropower potential shows that only a small riverside area in the south with a significant
elevation drop has a highly suitable index (>0.8). The sufficient river discharge from the
perennial river and significant natural elevation drop in these areas provides geographical
benefits for establishing hydropower plants [75,76]. The rest area with flat terrain has a
very low theoretical potential for hydro powers. In the biomass power potential map, it is
easy to find that biomass resources are abundant in the overall study area, which could
easily satisfy the feed-in stock of biomass resources for biomass plants [16,17]. Most of the
area has been ranked over 0.8, which is highly suitable for biomass plants. However, in
China, the high crops demand has limited the development of biomass powers. In the last
WIE theoretical potential map, results rely highly on the spatial distribution of house refuse
density. Although the metropolitan and large cities, such as Shanghai and Hangzhou,
have been eliminated as unsuitable areas, the areas surrounding these cities have a higher
potential for establishing WHE sites. This is due to the high population density and the high
production of domestic waste in the areas surrounding large cities. Conversely, in counties
and small cities, the population density is much lower, and the generated domestic waste is
only sufficient for a few WHE plants. Therefore, the theoretical potential of waste-to-energy
plants is very low in these areas.

Unlike C1, determined mainly by different conjunct factors, criteria C2 to C9 only
depend on the individual criterion as it is named. Figure 6 shows the resulting map of C2 to
C9. From the map, we can easily find that the high suitability indexes of C2 and C3 exist in
the flat area of the northeast of the YRD region. It results from the geographic characteristic
of the northeast of the YRD region, which locates in the middle and lower Yangtze natural
alluvial plain. The region is low and flat, so the values of elevation and slope are low,
indicating high suitability for power plant siting [25,55]. However, the southwest of the
YRD region is covered by hilly areas, which is less suitable for power plant implementation.
Except the geographic advantage, the east region is also highly urbanized [77], including
Shanghai, Suzhou, and Hangzhou, and has a well-developed transportation system and
power transmission grids. Therefore, in the map of C4 and C6, east areas are most suitable
to implement power plants. To be more specific, most areas of the YRD region are close
to the roads, except some hilly areas in the south. By the same token, the north and west
are more urbanized and more economically developed with higher population and energy
demand [78]. For criteria, C7 and C8, north and east areas have a higher suitability index
than the south and west areas. In the map of C5 and C9, most of the areas are assigned
with high suitability indexes. The research area with Yangtze River and Tai Lake is rich in
water resources [78,79]. There are also high-density tributaries, which distribute water to
the whole region. Thus, it is easy to access surface water in the overall region. As for C9,
only the impacts on the nearby areas of protected regions are considered, so that most of
the areas in the region have a high value.

3.3. Map of Spatial Power Plant Siting Potential

The aggregated spatial siting potential maps from evaluation criteria C1-C9 of alter-
native power plants are shown in Figure 7. The map shows that areas with higher siting
potential of different low-carbon powers are distributed very differently in the study area.
This is due to the different spatial theoretical energy potential and different weight matrices
of evaluation criteria for each type of power plant. Regarding the different weighting
matric of alternative power plants, the spatial siting potential of power plants is rated
differently from low to high (0-1). The areas with high siting potential of NG power plants
are concentrated in the east because of the well-developed pipeline (C1) and high electricity
demand (C7). The theoretical energy potential (C1) is also crucial for renewable and nuclear
power plants. Therefore, the highest potential siting value for nuclear power is seen in the
southern coastal area; the high potential value of wind power plant siting is seen in the
northeastern area with rich wind resources; the high potential value of WtE power plant
siting is seen in the nearby area of urban agglomeration. In addition, renewable power
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plants have higher siting potential in areas with a high suitability index of proximity to
grids (C6), especially solar and hydropower plants. It is because renewable energy requires
a transmission grid to minimize the financial cost of electricity storage devices.
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Figure 7. Spatial siting potential map of alternative power plants.

The resulting spatial siting potential map shows the rated spatial siting potential scores
of alternative power plants in each cell. The siting potentials of different low-carbon power
plants can be compared in each spatial cell. Since the number of cells is very large, we
select one random cell as an example in Figure 8, which shows the varied siting suitability
of alternative power plants in one cell. The same cell is highly suitable for NG and WtE
power plants but less suitable for pumped-storage hydropower and nuclear power plants.
It could explicitly guide the decision makers’ choice of power plants in each spatial cell.
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Figure 8. Spatial siting potential of alternative power plants in one cell.

3.4. Comparison of Spatial Siting Potential of Alternative Power Plants

To compare the spatial siting potential of different power plants, the “zonal geometry”
function of ArcGIS has been used to calculate the spatial area of different potential scales
for each type of power plant. Table 5 shows the percentage of the area in each potential
scale out of the suitable area for alternative power plants.

Table 5. Percentage of areas in each potential scale out of the suitable area for alternative power plants.

Low Medium High
Potential Scale 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1

NG 0% 0% 0% 0.163% 13.986% 47.320% 32.557% 5.957% 0.017%

Nuclear 0% 0% 0.097% 5.220% 76.179% 17.200% 1.288% 0.017% 0%

Onshore Wind 0% 0.052% 3.736% 17.271% 45.690% 28.381% 4.797% 0.073% 0%
Solar PV 0% 0% 0.002% 1.148% 14.887% 49.301% 20.666% 13.993% 0.002%

Hydro 0% 3.899% 27.798% 33.426% 22.748% 10.957% 1.141% 0.031% 0%

Biomass 0% 0% 0% 0.002% 1.600% 35.922% 59.641% 2.836% 0%
WTE 0% 0% 0% 0.903% 11.212% 56.538% 30.194% 1.148% 0.005%

For hydro, nuclear, and wind power plants, more than 90% of the suitable area is as-
signed with low to medium potential, resulting from the low theoretical potential. The low
theoretical potential of hydropower results from the non-significant elevation drops. With-
out significant elevation drops, the gravitational potential energy of the water discharge
is less, which cannot be adequately converted into electrical energy [75]. The nuclear and
theoretical wind potentials are, respectively, limited by the seawater accessibility and the
annual wind power density in 100 m above the ground. In contrast, for NG, solar, biomass,
and WtE powers, more than 30% of the suitable area is considered as high potential areas.
For solar, biomass, and WtE powers, there is a stretch of areas with high theoretical energy
potential in addition to high spatial siting potential. However, NG and biomass are not
encouraged in the long-term future due to the characteristics of their fuel resources. In
particular, 62.476% of the suitable areas are considered as a high potential area for biomass
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power plants. However, the conflicts between the food supply and biomass resources of
power plants could limit the developing potential of biomass power plants (Shu et al.,
2017). To achieve “carbon neutrality” by the end of 2060, the NG power can only serve as a
short-term electricity transition path to secure electricity supply, but not in the long-term
because the NG power is not a “zero-carbon” choice.

In summary, the NG, solar, biomass power and WtE power plants are ranked with high
potential to be populated installed in a large area of the study region by only considering
the spatial theoretical potential and suitability. From the long-term perspective, solar and
WHE power plants are more encouraged to be established for future energy planning.

4. Discussion

China is currently facing the challenge of achieving carbon neutrality by the end of
2060 [2]. The country has managed to disengage itself from the coal-reliant electricity
generation system [80,81]. However, with the rapid increase of renewable power capacity,
the country has experienced many problems associated with transmissions and electricity
supply. The YRD region is an economically advanced region of China [77], which has high
energy intensity and historically relies on input electricity from the other areas of China [82].
To satisfy the energy demand, flexibly modulate peak loads of the electricity supply, and
minimize the electricity loss during the transmission, complementary electricity generation
mixed plans should be developed in the YRD region. To that end, comparing the spatial
siting potential of alternative low-carbon power plants is essential in energy planning [83].

This research contributes to the comparison of spatial siting potential evaluation across
different low-carbon powers by proposing a suitability index scheme for evaluation criteria
based on the GIS-based analytic hierarchy process. This design complements previous re-
search on power plant sites selection [17,29,31,33] by transforming incompatibility datasets
into comparable scaled values according to the suitability index, which is gathered from
a literature review. It allowed the spatial siting potential of different low-carbon power
generation technologies to be comparable.

The case study in the Yangtze River Delta region shows that solar PV, biomass, WTE,
and NG power are assigned with high siting potential (>0.8) in more spatial areas compared
to other low-carbon power generation technologies. The great spatial siting potential of
solar power in the YRD region has also been approved by Odhiambo et al. [55]. For biomass,
WTE, and NG power, the theoretical energy potential is the most important criterion of
siting potential. The geographical, climatic, and economic conditions support an adequate
supply of fuel resources for these three energy technologies. However, the Chinese food
shortage could limit the development of biomass power plants [84]. Therefore, the spatial
siting potential of low-carbon powers is not the only factor that should be considered in
energy planning. Furthermore, in most areas of the Yangtze River Delta region, the siting
potential for wind, nuclear, and hydro powers is in the medium range (0.4-0.7). Although
wind resources are also plentiful in the YRD region [74], the theoretical potential of wind is
relatively lower compared to solar resources, according to the suitability index proposed
in Table 3. Nuclear and hydropower siting potentials are limited by geographic reasons
(distance to coastal and elevation drops) in a vast area.

Our results are promising, and the proposed suitability index scheme of siting potential
evaluation criteria could be applied in the spatial siting comparison research in city-level
or regional-level spatial areas. The ranked low-carbon power generation technologies in
each spatial cell could sufficiently support decision-makers for energy planning.

5. Conclusions

This research develops a power plant siting potential mapping tool to compare the
spatial siting potential of alternative low-carbon power plants in each spatial cell of the
Yangtze River Delta region. The research supports us in taking steps further in the compar-
ison of power plant spatial suitability and providing decision-makers with more applicable
information for energy planning. Indeed, the previous research of individual energy tech-
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nology is inadequate to show the suitability ranking of different technologies within a
spatial cell. In this research, we first identified a suitable area of 381,613.95 km? for power
plant siting. Second, we ranked the suitability of different power plants in each spatial
cell of the study region. Distributed solar PV and WtE plants should be encouraged to
be established. This study represents a replicable example, which could be applied to
regional-level or city-level spatial areas and contribute to future energy planning.

This research will be expanded into an energy landscape model to investigate the
optimal spatial energy planning strategy for future sustainable energy development. Other
factors should also be considered, including the environmental impact of power plants, the
economic benefit of power plants, the conflict of renewable energy resources and regional
demand, and the national developing inclination of specific electricity industries [67]. Thus,
instead of only considering the spatial potential, we recommend designing the future
energy plan from more perspectives. Future research could be developed by considering
the impact of power plants on the spatial environment and the decision makers’ preferences
of energy planning.
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