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Abstract: Limited land resources are used to meet the growing economic, social, and ecological needs
of people in China. Food, energy, and water (F-E-W) are the basic resources for supporting human
survival and the transformation of different land uses. This paper tries to construct a theoretical
framework of land use and the F-E-W nexus and uses system dynamics to simulate the optimal
allocation of land use in Shizuishan City, China, by comparing different scenarios that have different
parameters related to F-E-W. The final results follow: (1) according to the relationship between land
use and the F-E-W nexus, a three-layer nested theoretical framework is constructed. (2) Future
land use under different scenarios differs. Under the scenarios of a less dependence on coal energy,
a higher utilization efficiency of energy and agricultural water resources, and a lower grain self-
sufficiency rate, there are less crop and urban lands but more ecological land. However, generally
speaking, crop and rural construction lands tend to decrease, while urban and ecological lands tend
to increase. (3) Combined with different objectives, the rapid transformation scenario is considered
a better option in which to achieve a balance among the economy, society, and ecology. This paper
also discusses the application of land use optimization in the delineation of three control lines in
territory-space planning in China.

Keywords: F-E-W nexus; land use optimization; system dynamics; Shizuishan City

1. Introduction

Land is one of the most important material foundations for human survival and devel-
opment [1,2]. Due to the process of China’s rapid economic development and urbanization,
a large area of crop land was transformed into construction land. In contrast, because of the
increase in population and the improvement in people’s living standards, food demands
are increasing [3]. To ensure food security, there must be sufficient crop land for food
production. Ecological land, a land use category that provides considerable ecological
value, is decreasing in area because of its transformation into construction land or crop
land, which leads to a decline in ecological function [4-6]. The scarcity of land resources,
the multifunctionality of land use, and the unlimited demand for land require land use
optimization so as to promote a high-quality urban development, ensure food security, and
realize an ecological civilization. Sustainable land use does not mean to simply meet the
needs of human economic development through land development; more importantly, it
establishes a long-term balance between economic development, environmental protection,
and social equity [7]. In the 17 Sustainable Development Goals formulated by the United
Nations in 2015, there are significant challenges and intrinsic tradeoffs that arise from the
interaction of social and environmental systems [8]. Particularly, the food, energy, and
water (F-E-W) nexus is central to the sustainability question [9,10].

The concept of the F-E-W nexus became popular after the Bonn2011 Nexus
Conference [11]. Future Earth (2014-2023), a ten-year scientific project initiated by the
International Science Council and the International Social Science Council, set up a network
(https:/ /futureearth.org/networks/knowledge-action-networks /water-energy-food-nexus,
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accessed on 25 July 2021) on the F-E-W nexus to cocreate the knowledge needed to deliver
water, energy, and food for all in a sustainable and equitable way. Interactions among
food, energy, and water are complex and progress in any one can favor or hinder the
progress in another, which can be considered as synergies or tradeoffs, respectively [12].
For example, water is the most critical resource, since large volumes of water are required
for the production of food and energy [13]; energy is also widely used in food and water
production [14,15]; and food can also be used to produce energy using biofuels [16]. Food
production, however, affects water quality, primarily through the increased use and dif-
fused (nonpoint) mobilization of reactive forms of nitrogen (N) and phosphorus (P) [17,18]
(see Figure 1).

[

Biomass energy

Figure 1. Graph of F-E-W nexus.

F-E-W is also closely related to land. Imasiku and Ntagwirumugara found that popu-
lation growth in Rwanda will cause an increase in water, energy, and food consumption,
and this will exert more pressure on land resources [19]. Siciliano et al. studied large-scale
European farmland investments for food and energy in developing countries, and found
that these exacerbated the scarcity of water and land resources in the target countries and
affected the local ecology [20]. In dry regions, agroforestry was proven to help meet the
high demands of water use, food production, and energy consumption through increasing
the diversity of land production and soil erosion [21]. The perspective of the F-E-W nexus
was used in South Africa to evaluate resource security, coordinate competition for land
between agriculture and mining, and solve secondary environmental problems [22].

These studies explain the interconnection between land and F-E-W resources, apply-
ing the nexus view in different cases; however, research on land and the F-E-W nexus
is still limited, especially regarding how to optimize land-use allocation based on the
interconnection between different kinds of land and F-E-W resources. Some researchers
created a decision-making model, providing multiscale and multiperiod simulation results
of land for crop-livestock-energy use optimization [23,24], but land use cannot cover most
land types.

In terms of land use types, energy, food, and water resources are interconnected.
Construction land (here generally referring to urban and mining land), agricultural land
(generally referring to crop land), and ecological land are also interrelated and can be
converted into each other. At the same time, there is a direct or indirect relationship
between F-E-W resources and different land uses. Crop land is the material basis of
grain production. Coal accounts for more than 70% of the energy produced in China,
and due to a lack of planning and regulation, mining activities often occupy large areas
and disproportionately use land resources, which causes serious damage to the land
environment [25]. Water is closely related to ecology. Ouyang summarized seven types
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of ecological land in Beijing [26], of which four types (surface water conservation land,
groundwater conservation land, soil and water retention land, and river protection land)
are directly related to water, and the other three types are also indirectly related to water.
In arid and semiarid areas, water is the driving force of all ecological processes [27].

Based on this, a three-layer nested theoretical framework including F-E-W, various
types of land, and multiple objectives is constructed (see Figure 2).

Food
Safety

F-E-W Nexus

Land Usc Transfer

Multiobjective Collaborative Optimization

Direct Association between Different Layers

Urban Ecological
Development Civilization

Element layer

Carrier layer

Target layer
Figure 2. Three-layer nested theoretical framework.

The first layer consists of the basic F-E-W resources. As noted, these resources influence
and restrict one another.

The second layer is composed of different types of land, which is a carrier of various
resources and life, and is closely related to F-E-W. F-E-W resources are all liquid and can
be traded, and the quantity of resources is also uncertain. Due to the fixed area and the
unchangeable position of the land within a certain boundary, and as a constant variable, it
can reduce the variability of the whole system in the study. Different land uses can also be
transformed into each other.

The third level forms the main targets that humans need to achieve at present. The
realization of each target is absolutely not isolated, but the relationship between each target
needs to be considered together with the land use and F-E-W resources.

The association of different elements or objectives is not one-directional but bidirec-
tional; therefore, there are multiple feedback loops in this theoretical model to maintain the
stability of the F-E-W nexus and land use.

Starting with the F-E-W nexus, this paper aims to discuss the mechanism of its impact
on land use change, and examines land use optimization and planning in a resource- ex-
hausted city to better realize sustainable development. To be specific, this paper constructs
a theoretical framework of land use and the F-E-W nexus, and uses system dynamics to
simulate the optimal allocation of land use by comparing different scenarios that have
different parameters related to F-E-W.

2. Materials and Methods
2.1. Study Area

Shizuishan City (Figure 3), located in the northernmost part of Ningxia Autonomous
Region and in the northern part of Yinchuan, is the capital of the autonomous region. The
Yellow River, the second longest river in China, passes through the east, and the Helan
Mountain Nature Reserve, accounting for 30.24% of the total land area of Shizuishan,
lies to the west. Shizuishan is in an arid and semiarid area, with little precipitation.
Throughout history, its abundant coal resources, and important agriculture were relatively
well developed.
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Figure 3. Location of Shizuishan.

In 1955, a large number of coal mines began to be constructed in Shizuishan, which
caused a large number of people to immigrate. On the one hand, with the increase in food
demand, most of the wasteland meeting irrigation and drainage conditions in the Yellow
River irrigation area became crop land; on the other hand, the new urban area was attached
to the development of coal resources and the expansion of large industrial and mining
enterprises [28]. Construction lands increased rapidly. The land use of Shizuishan in 2019
can be seen in Figure 4.

Food production and energy consumption greatly increased the consumption of
water resources and have threatened ecological security. With the exploitation of coal
resources, the recoverable energy reserves of Shizuishan decreased, and even began to
diminish, which had a massive impact on Shizuishan, where industry was extremely
dependent on coal [29]. In 2008, Shizuishan City was listed in the first batch of resource-
exhausted cities in China. A resource-exhausted city is a type of resource-based city
where accumulative recovered reserves of mineral resources already exceeded 70% of
the recoverable reserves [30]. The depletion of coal energy and the restriction of mining
meant a reduction in job opportunities, which meant that much of the local industrial
population began to leave Shizuishan [31]; however, urban construction land remains in a
state of growth, inevitably occupying crop and ecological land. Due to China’s crop-land
dynamic balance policy (according to the amount of crop land occupied by construction,
the same quantity of crop land must be added), crop land areas continue to increase rapidly.
Ultimately, this means that the area of ecological land is decreasing.

Figure 5 presents the research procedure of this paper. We built a three-layer nested
theoretical framework, including F-E-W, various types of land use, and multiple objectives.
Based on system dynamics (SD), we built a specific system dynamics model to simulate
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future land use for Shizuishan. The system contains several subsystems. By checking
the accuracy and sensitivity of the model, we ensured the model’s logic to be correct and
found important parameters, which were an important basis for designing the scenarios.
After developing the scenarios, we simulated different land use planning processes and
compared the different scenarios to find the best one.

Urban land Ecological land N
I urban land [ unused Land
- Mining land - Garden land
Waters

Crop land I

‘:I Grass land -
l:] Crop land L

- Woodland g

Rural construction land

- Rural construction land

Other land
- Other land
Sy,
0 5 10
| . |
Yellow River
Figure 4. Land use of Shizuishan in 2019.
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Figure 5. Research procedure.
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2.2. Methods

System dynamics (SD) is a method of studying the dynamic behavior of information
feedback systems, based on the feedback-control theory [32], which was first created by
Forrest in 1956 [33]. Many scholars applied system dynamics to the study of the F-E-W
nexus [34,35]. Land space is composed of many complex subsystems, and each subsystem
consists of numerous elements, including F-E-W resources and different land use patterns.
The interconnection, restriction, and feedback between F-E-W reflect the characteristics
of the system, and F-E-W are all related to land use. It is necessary to use the system
theory to summarize the complex relationship between the subsystems and land space to
provide more reasonable planning and optimization for future land use. SD can accurately
reflect the dynamic characteristics of a land use system. Considering that China’s land use
planning especially emphasizes quantity control of land use, and that SD can simulate a
future land use scale, SD is therefore an effective tool for land use planning and allocation.

2.3. Model Developed Based on SD

In the process of land use planning modeling using SD, this report refers to some
existing models [36,37]. F-E-W nexus is not involved in the cited articles. We worked to
integrate the F-E-W nexus into the land use planning model. The collected historical data on
the local population, food, water, land, etc. was used to help establish variable relationships.
The land use optimization or planning model consists of five subsystems. As noted, the
F-E-W nexus is closely related to land; thus, our model includes four subsystems: energy,
food, water, and land use. This report also sets up an urban-rural integration subsystem. In
this model (Figure 6), the subsystems are interdependent. Economic development needs to
consume energy, which will lead to an increase in the local mining land and affects the land
use subsystem. Furthermore, energy consumption leads to an increased energy footprint,
which affects the environment. Urban and rural economic development will also affect
urban and rural population migration, and then the increase in urban land will lead to a
decrease in crop land. Under the motivation of the food security goal, ecological land will
be transformed into crop land. Finally, both economic development and cultivation will
require extensive water resources, resulting in ecological deterioration, which will have
an impact on food production and urban-rural integration. The spatial boundary of the
model was set as Shizuishan City, and the time frame was 2020-2035. To reduce the chance
of error caused by the period change in the prediction, the time step was set as one year.

Ubanrural _ — — 7= 7 = —
__ _ integration. subsystem -
L - . -
- -
: o P
; L7 N Economic development
F 4 !
i < B
Fopd Subsystem . -~/ | N I
Pk s ; /
- ; N Energy subsystem
- I h -
- - o ! Land usg subsystem | -
‘ ! ~ ~ ! N | P
,rf ~ _ .- |
1 i~ I '
é Y LIS Y i !
Food safety ' ~ il ! n
. . . | ! '
K N !
5 !
N ~ | /s i
~ ~ \
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— —Limitaf environment

Figure 6. Framework of dynamic modeling.
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2.3.1. Energy Subsystem

Considering that the main energy sources in Shizuishan are coal and coke, and that
diesel and natural gas are also important energy sources in Shizuishan, the proportion of
coal/coke/diesel/natural gas in the energy structure, and their consumption demands
are considered here. Renewable energy is used sparingly in Shizuishan and its carbon
emissions are low; thus, the energy footprint here does not include renewable energy. GDP
is an important economic index. The development level of the secondary and tertiary
industries mainly reflects the development of the urban economy, while the development
of the primary industry is mainly concentrated in rural areas, which will bring about a
disparity in GDP among the population and in the land between urban and rural areas.
Economic development leads to energy consumption, and the consumption of fossil energy
releases greenhouse gases and pollutants. The energy footprint reflects the land area
needed to absorb the CO, generated by human energy production and consumption [38].
Here, the traditional method is used; that is, the required forest area is used to represent
the energy footprint [39] (Figure 7).

S
GDP per Urban 5 '1”*“‘
Population opi0e Urban Economic Ratio of Diesel Oil
Policy
+
Diesel Oil Demand = =
a4 Ratio of Natural
™~ =
GDP per Urban % Total GDP of Gas
Land 2nd&3rd Industry
<Utban Land> \ = + Natural Gas
GDP per Rural Energy Demand Demand ‘
Population ‘,\ v Ratio of Coal
Rural
i, i
Coal Demand Ratio of Coke
Energy Consumption
per unit GDP
Total GDP of
Primery Industry . \;
+ / A
. CO2 Emission Coke Demand
GDP per Rural /
Land +
= Rural Economic Coal Reserves

Policy Coefficient of CO2

<Rural Construcion

Absorbed by Forests

>

Energy Footprint

Proportion of Coal \J/_///
Import

Figure 7. Illustration of causal relationships in energy subsystem.

2.3.2. Food Subsystem

The demand for food is determined by the population and food consumption per
person. With the improvement in economic development, direct grain consumption will
decrease, but indirect consumption will increase, meaning that per capita grain consump-
tion level will still increase. Crops need land to grow and the demand for land is closely
related to cropland productivity, the grain crops cropping index, and the grain crop area
proportion. In addition, ecological risk factors should be considered, which will also affect
the productivity of crop land (Figure 8).
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Figure 8. Illustration of causal relationships in food subsystem.

2.3.3. Water Subsystem

In the water subsystem, the water supply mainly meets water demands for industry,
urban and rural domestic supply, agriculture, and ecological needs. Agricultural water
consumption is the main form of water demand in Shizuishan, within which irrigation
water consumption for crop land is the largest proportion used, and so only the water
demand of crop land is considered here. The supply of ecological water is elastic. At
present, China lacks clear and operable rules or methods for determining the quantity and
quality of ecological water, which makes the supply of ecological water uncertain [40].

Forest coverage is an important indicator of eco-environmental capacity and ecological
carrying capacity. According to the law of regional differentiation, forest landscapes are
difficult to cultivate in arid and semi-arid areas unless water resources meet the needs of
a forest. Once water resources are insufficient, the forest quickly degenerates into barren
sandy land [41]. Forests play an important role in CO, absorption, and thus, the traditional
method comprises using woodland areas needed to absorb CO, emitted by fuel combustion
to characterize the energy footprint [42,43] (Figure 9).

2.3.4. Urban-Rural Integration Subsystem and Land Use Subsystem

The last two subsystems are the urban-rural integration subsystem and the land use
subsystem. The urban-rural integration subsystem focuses on changes in the urban and
rural populations while the land use subsystem mainly describes the transformation in
different land types. The land use types of Shizuishan are mainly divided into urban land,
rural construction land, crop land, and ecological land. Urban land also contains mining
land. Ecological land includes woodland and grassland, which also have agricultural value.
Other land types include water conservancy land, traffic land, and some special lands. In
the past, change in other land areas was not obvious and showed no obvious trend. This
change, however, is less relevant to F-E-W, so it is set as a fixed value here—37,724.3 ha,
which comprises the total land area.

Figures 10 and 11 present the causal relationships in the two subsystems.
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Figure 9. Illustration of causal relationships in water subsystem.
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Figure 10. Illustration of causal relationships in urban-rural integration subsystem.

Finally, the map module in iThink was used to draw the system flow diagram
(Figure 12); iThink is a system thinking tool software that can help to build models for
simulating actual situations and with finding an ideal scenario for decision-making. Stocks,
flows, converters, and connectors are used to build an iThink model [44,45].
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2.4. Data and Model Validation

The data for the area of different kinds of land came from ‘The survey data of land use
change of Shizuishan (2015-2020)’; the data for the population and its changes came from
the “Shizuishan statistic yearbook (2010-2020)’; the data for food demand and production,
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GDP, industrial energy consumption, and energy types also came from the ‘Shizuishan
statistic yearbook (2010-2020)’; while the data for different uses of water came from the
‘Water resources bulletin of Ningxia Autonomous Region (2015-2020)". The initial state of the
model was 2019, which simulated 2020-2035, and the historical data from 2010-2019 were
used to help establish variable relationships.

The iThink software has a “Check Units” function that was used to track and check
the accuracy of the simulation model’s equation expression. The test results show that the
values of each element do not appear abnormal and that the dimensions of the equation
are consistent.

A sensitivity analysis function is used to observe the influence of the numerical change
of a certain parameter on the system. The sensitivity (S) is calculated as:

S = AQ/Qp x Xo/AX 1)

where X and Qg are the values of the parameters and the output state variables under the
initial conditions, respectively; AX and AQ are the absolute value of the parameter change
and the absolute value of the output state variable change caused by parameter change,
respectively. If the parameter of an auxiliary variable changes greatly, but the change in the
critical output variable in the system is very small, this means that the auxiliary variable is
not sensitive. In this report, the coal energy consumption ratio, energy consumption per
unit GDP, comprehensive irrigation quota, water consumption per unit industrial output
value, and grain self-sufficiency rate were selected as important parameters; crop land,
urban land, ecological land, forest, and new mining land were selected as state variables.
The sensitivity of five important parameters was obtained by analyzing the changes in the
five output variables, showing a change of 10% in 2035 (See Table 1).

Table 1. Model parameter sensitivity results.

Variables Coal Energy Energy Consumption Comprehensive Water Consumption per Unit Grain Self-Sufficiency

Consumption Ratio per Unit GDP Irrigation Quota Industrial Output Value Rate

Crop land 0 0 0.001 0 0.996
Urban land 0.103 0.107 0 0 0.022
Ecological land —0.012 —0.013 —0.005 —0.001 —0.343
Forest 0 0 —0.964 —0.269 —0.96

New mining land 0.964 1 0 0 0

Average absolute 0.2158 0.224 0.194 0.054 0.4642

value

When the parameter changes by 10%, the average change in all output state variables
is less than 10%, and the sensitivity coefficient is less than 1, indicating that the model has
a good robustness. In addition, consistency analysis indicated the absolute value of the
relative error of 90% of the model’s predictions were within 5%, which implies that the
model fits the historical data quite well.

2.5. Scenario Design

According to the sensitivity analysis, the coal energy consumption ratio, energy
consumption per unit GDP, comprehensive irrigation quota, and grain self-sufficiency
rate have a more significant impact on land variables. These parameters are selected for
setting scenario setting parameters. At the same time, according to the local national
economic and social development plan, agricultural plan, and an investigation by local
government officials, we set different scenarios where different parameters related to the
F-E-W nexus are combined. Scenario 1 is conservative with parameters close to actual
values. Scenario 3 reflects the development demands for rapid urban transformation in
local planning. Scenario 2 is a moderate transition scenario (Table 2).
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Table 2. Scenario setting parameters.

Scenario
System Parameter
1 2 3
Coal energy consumption ratio 0.84 0.72 0.6
Energy Energy consumption per unit GDP 205 16 115
(tons of standard coal /10,000 CNY) ’ ’ ’
Food Grain self-sufficiency rate 1.35 1.23 1.1
Water Comprehensive irrigation quota 6000 4800 3600

(cubic meter/ha)

Scenario 1:

Conservative scenario: the energy structure is still dominated by coal. The energy
consumption per unit GDP is similar to that of the existing level: it maintains a high rate of
grain self-sufficiency and a high grain yield. In agriculture, flood irrigation with Yellow
River water is still the main irrigation method, and existing paddy fields are maintained,
meaning that irrigation water consumption remains large.

Scenario 2:

Smooth transition scenario: in terms of the energy structure, the proportion of coal
is moderately reduced and energy consumption per GDP is steadily reduced. The grain
self-sufficiency rate is maintained, and water-saving agriculture is popularized locally.

Scenario 3:

Rapid transformation scenario: in terms of the energy structure, the dependence
on coal resources is rapidly changed and renewable energy is developed by relying on
abundant local wind resources and solar energy resources. Industrial transformation is
accelerated, reducing the proportion of high-energy consuming enterprises, and improving
the entry threshold of energy consumption. It is also necessary to reduce grain production
and support the development of the animal husbandry industry in accordance with the
local agricultural “14th Five-Year Plan”. To improve the efficiency of water resources
utilization in agriculture, there is a need to vigorously promote water-saving agriculture.

3. Results
3.1. Land Use Simulation Results

In scenario 3 (the rapid transformation scenario), the area of crop land is the small-
est, while in scenario 1 (the conservative scenario), the area of crop land is the largest
(Figure 13). This is mainly because reducing grain self-sufficiency leads to diminishing
demand for crop land. Additionally, reducing irrigation quota, which improves water
resources utilization efficiency, can increase ecological water use supply and, thus, reduce
agriculture production risks. In scenario 1, crop land area decreases to the lowest area
of 86,626 hectares in 2023, increases to 90,842 hectares in 2029, and then fluctuates. In
scenario 3, the crop land area drops to the lowest area of 69,408 hectares in 2025, continues
to rise to 73,936 hectares in 2029, and then decreases. Scenario 2 shows a similar trend; this
is because, according to the calculation of the area of existing crop land, the amount of
food that can be produced exceeds the demand. At that time, some crop land needs to be
converted into ecological land.

In scenario 3, the area of ecological land is the largest, while in scenario 1, the area of
ecological land is the smallest (Figure 14). The reason for this is similar to the previous
analysis, because in scenario 3, much crop land becomes ecological land, and less ecological
land is occupied as crop land. Additionally, reducing the proportion of coal energy increases
ecological land by diminishing the area occupied by mining activities. At the same time,
the change trend of ecological land area corresponds to crop land.
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Figure 13. Simulation results of crop land under different scenarios.
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Figure 14. Simulation results of ecological land under different scenarios.

In scenario 3, the area of urban land is the smallest, while in scenario 1, the area of
urban land is the largest (Figure 15). Additionally, the area of urban land will continue to
increase. In 2035, the urban land area under scenarios 1, 2, and 3 will reach 30,102, 29,013,
and 28,118 hectares, respectively. Furthermore, the change in rural construction land area
will be the inverse of this. In 2035, rural construction land area under scenarios 1, 2, and
3 will decrease to 7862, 7855, and 7853 hectares, respectively. Note that, on the one hand,
urbanization causes the urban population to increase and the rural population to decrease,
and land use also needs to show similar changes to meet human needs. Simultaneously, the
continuous development of the economy also causes the energy consumption to increase.
Although coal mining is limited, new industrial and mining land will increase a little.
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Figure 15. Simulation results of construction land under different scenarios: (a) Urban land; (b) Rural construction land.

In any case, future land use planning simulated in this paper is different from the
trend of land use changes in the past five years (Table 3).

Table 3. Comparison of land use trend between simulation and past five years.

Land Use Trend
Area of Different Land Use Type
2015-2020 2020-2035 (Simulate)
Urban land Relatively rapid growth Relatively slow growth
Crop land Keep growing Decrease to the lowest point, then fluctuate
Ecological land Continuous decrease Increase to the peak, then fluctuate
Rural construction land Continuous increase Continuous decrease

In the past five years and before, both urban land and rural construction land showed
an increasing trend. Urban sprawl occupied much land for urban development; at the same
time, the speed of reclamation of rural construction land was slower than the increasing
speed of rural construction land. Previously, the existence of the crop land dynamic balance
policy caused crop land to increase continually. The increase in construction land and crop
land caused ecological land to decrease continuously.

Based on the interconnection between the F-E-W nexus and land, the land use simu-
lation for the next 15 years is closely based on crop land planning around food demand.
Under the conditions of meeting this demand, crop land is converted to ecological land,
and the urban land area is simulated and combined with future energy structure changes.
At the same time, it assumes that future rural construction land area will be inevitably
reduced. When setting the change in rural land reduction, it should be linked with the level
of rural population reduction and the area of crop land occupied by construction lands.

Different land use simulations for each scenario are given in the Appendix A
(Tables A1-A3).

3.2. Scenario Comparisons
3.2.1. Food Safety

The gap between the crop land area needed for food consumption and the actual crop
land area (i.e., pressure index of crop land) can be used to reflect food security [46,47].
Due to the change in population during Shizuishan’s history, the current crop land area
in Shizuishan is greater than its demand, and thus, more crop land will be transformed
into ecological land. Under scenario 1, the grain self-sufficiency rate is higher, and the risk
of ecological deterioration to grain production is greater. The gap is slightly larger than
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that under the other scenarios, resulting in a greater pressure on crop land. The gap under
scenario 3 is the smallest (Figure 16).
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Figure 16. Simulation results of gap between crop land demand and actual area under

different scenarios.

3.2.2. Urban Development

Note that the urbanization speed under the three scenarios is almost the same, but the
urbanization speed under scenarios 2 or 3 is slightly faster than that in scenario 1 (Figure 17).
Under scenarios 2 and 3, the deterioration of the urban ecological environment has less
impact on urbanization, which is conducive to the further promotion of urbanization.
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Figure 17. Simulation results of urbanization level under different scenarios.
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3.2.3. Ecological Civilization

Carbon neutralization means that the carbon dioxide emitted from human activities is
absorbed during a specified period [48]. From the perspective of reducing the carbon deficit
and achieving carbon neutrality (Figure 18), scenario 3 is the best. Here, the carbon deficit is
converted into the area of woodland needed to absorb excess carbon. Scenario 3 reduces the
dependence on coal energy, improves energy use efficiency, and reduces carbon emissions.
Furthermore, by reducing the impact of agricultural water use on ecological water use,
the degradation of forest land slows and the carbon absorption capacity improves, thus
minimizing the carbon deficit. However, we can find that the annual carbon deficit still
increases under the three scenarios, and so it is necessary to increase the carbon absorption
capacity by developing clean energy and increasing the proportion of green space.
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Figure 18. Simulation results of carbon deficit under different scenarios.

Some other indicators related to the F-E-W nexus are listed in Appendix B. Note that
scenario 3 can better achieve a balance among economy, society, and ecology. It shows
that achieving different goals of economic development, food security, and ecological
civilization is not a zero-sum game, but can be done in coordination. Therefore, we need to
carefully consider the F-E-W nexus.

From the perspective of land use, the scale of urban and rural construction land in
scenario 3 will be effectively limited in the future, which is reasonable for this resource-
exhausted and shrinking city. Although the area of crop land is the smallest, it is sufficient
to ensure food security in our simulation. At the same time, sufficient ecological land is
also very important for developing and maintaining an ecological civilization.

4. Discussion

By changing the parameters related to F-E-W, the optimal land allocation of a city
can be realized. We should not only perceive the one-way impact of one kind of resource
on another (for example, only giving attention to the one-way effect of food production
on water resources) but also consider the feedback mechanism of excessive water use
that threatens the ecological environment; increases the risk to food production; and thus,
affects food production.

The nexus is neutral and needs to be broken when necessary; for example, considering
the consumption of water resources by coal energy production and related industries, we
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can consider the development of solar and wind energy to break the nexus between energy
and water resources to promote the sound development of the city.

In terms of planning, the determination of land use quantity needs to be combined
with layout. The delimitation of ecological protection and permanent basic farmland
thresholds, together with an urban development boundary, is an important part of China’s
territory space planning. These three lines are boundaries that need to be strictly controlled,
and they are the key to realizing the rigid control of space in China [49]. Among them, the
ecological protection threshold constitutes special important ecological functions within
the scope of ecological space, which must be strictly protected, and it is the bottom line
to ensure ecological security. The permanent basic farmland limit contains the crop land
under permanent special protection to ensure the supply of national food and important
agricultural products, which is the bottom line to realize food security. The urban develop-
ment boundary is not only a “predevelopment line” to guide urban expansion but also an
important bottom line to control the scale of cities, promote urban and rural construction
and management, and to ensure food security and ecological security.

According to the attributes of the three lines and land use, the urban development
boundary corresponds to the construction land, the permanent basic farmland limit cor-
responds to the crop land, and the ecological protection threshold corresponds to the
ecological land. Therefore, the F-E-W nexus can be considered in determining the area
quantity defined by three lines. At the same time, considering the role of a double evalua-
tion in optimizing the layout of three lines, we can finally provide an appropriate scheme
for delineating the three lines (Figure 19).

Quantity Layout
< ) -—
Territory space
F-E-W Control development
resources lines suitability
evaluation
. Ecological Importance of
EC?::lgdlcal Water protection ecological
threshold protection
Permanent Suitability of
Cro . uttability o
lan(lij Food basic farmland planting
limit production
Urban Urban Suitability of
land Energy development urban
an boundary construction

Figure 19. A perspective combining the F-E-W nexus and double evaluation to delimit three control
lines in territory space planning.

The ideas presented in this study are just theoretical ideas. Obviously, in practical
operations, more in-depth layout simulations are needed based on spatial models, such as
cellular automata (CA). Specifically, various land areas and control line areas predicted by
the SD model are taken as constraints. Then, spatial land change is simulated considering
land use suitability and neighborhood effects using a CA model [50]. Other methods,
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such as GIS-linked Bayesian belief networks (BBN) [51] and GISCAME [52] are also good
for spatial simulations. Compared with that of these methods, SD can show the complex
dynamic changes and internal feedback mechanism of the system, while BBN may represent
a set of variables and their conditional dependencies via directed acyclic graphs and
attempt to reduce complexity [53]. However, in data-scarce areas, the use of SD models
will be limited.

In fact, land spatial data will enrich the research content. Land cover and land use
accounts, based on the System of Environmental and Economic Accounting (SEEA), were
implemented in Europe, the US, and other countries [54-56]. Based on spatial information,
land cover and land use accounts can be as detailed as possible according to the resolution
of the satellite data input. Other accounts, such as the land change matrix based on spatial
data, can better present the area of different land types at the beginning of the reference
period (opening stock), the net increases and net decreases according to the land type it
was converted from (in the case of increases), or what it was converted to (in the case of
decreases) [57].

5. Conclusions

We give attention to the production, supply, distribution and consumption of food,
energy, and water (F-E-W) resources, which affect the change in land use and optimize
land allocation from the perspective of the F-E-W nexus and its interconnection with
land to promote high-quality urban development, ensure food security, and realize an
ecological civilization.

We built a three-layer nested theoretical framework including F-E-W, different land
use, and multiobjective according to the relationship between land use and the F-E-W
nexus. Energy, food, and water resources are interconnected; urban land, crop land, and
ecological land are also interrelated and can be converted into one another. The association
between different elements or objectives is not one-way, but rather is bidirectional.

In this paper, Shizuishan is taken as an example to explore its mechanism of influence
on land use change by using the F-E-W nexus and system dynamics. According to different
scenarios, future land use changes are different: the overall situation shows that the urban
land grows more steadily; crop land decreases to its lowest point, and then fluctuates;
ecological land increases to its peak, and then fluctuates; and rural construction land
decreases continuously. In the conservative scenario, the area of crop land and urban
land is the largest in the next 15 years, and ecological land is the smallest. In the rapid
transformation scenario, the area of crop land and urban land is the smallest, and the area
of ecological land is the largest, while the smooth transition scenario represents the middle
option for land use changes. The results of the simulation of different land use scenarios
in the future and historical land use change show different trends as we set parameters
and variable relations according to the F-E-W nexus to correct unreasonable land use in
the past. Combined with the different objectives of urban development, food security, and
ecological civilization, the rapid transformation scenario is considered the best to achieve a
balance of economy, society, and ecology.

Some contributions arise from our study. Firstly, the model used in this work enables
local management authorities to simulate future trends in land use change. Secondly, in
land use planning, planners should give attention to the impacts of the F-E-W nexus on
land use, rather than consider the effect of certain resources on land use in isolation. Finally,
the F-E-W nexus refers not only to the interdependence of resources but also to the tradeoff
of policies between different departments. In the context of institutional restructuring of
China’s natural resources sector, our research calls on the various sectors—land, water,
agriculture, and energy—to strengthen cooperation in the process of spatial planning to
make it more scientific and rational.

Future research needs to focus on how to optimize land use layouts and to combine
them with existing research results from the quantity scaling of land use. The land use types
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studied in this report can also be examined in more detail to support land use planning in
the real world.
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Appendix A

Table A1l. Simulation results of different land under conservative scenario (ha).

Year Crop Land Urban Land Ecological Land  Rural Construction Land
2015 86,564 25,326 244,795 13,171
2016 87,635 25,633 243,137 13,318
2017 87,914 25,899 242,392 13,380
2018 90,308 25,980 239,919 13,421
2019 91,769 26,012 238,457 13,485
2020 87,628 26,176 242,965 12,953
2021 86,879 26,348 244,033 12,462
2022 86,879 26,531 244,321 11,992
2023 86,626 26,724 244,836 11,537
2024 86,868 26,928 244,813 11,113
2025 87,877 27,144 243,949 10,752
2026 88,844 27,371 243,089 10,419
2027 89,199 27,611 242,820 10,092
2028 89,879 27,865 242,196 9782
2029 90,842 28,134 241,261 9486
2030 90,432 28,418 241,678 9194
2031 89,338 28,719 242,752 8913
2032 87,937 29,037 244,111 8638
2033 86,611 29,372 245,368 8372
2034 85,498 29,726 246,385 8114
2035 84,417 30,102 247,341 7863

Table A2. Simulation results of different land under smooth transition scenario (ha).

Year Crop Land Urban Land Ecological Land Rural Construction Land
2015 86,564 25,326 244,795 13,171
2016 87,635 25,633 243,137 13,318
2017 87,914 25,899 242,392 13,380
2018 90,308 25,980 239,919 13,421
2019 91,769 26,012 238,457 13,485
2020 87,259 26,140 243,370 12,953
2021 82,970 26,273 248,022 12,457
2022 79,563 26,412 251,770 11,976
2023 78,612 26,558 253,034 11,518
2024 78,797 26,712 253,119 11,095
2025 79,692 26,873 252,422 10,736
2026 80,579 27,042 251,698 10,403
2027 80,920 27,220 251,505 10,077
2028 81,519 27,407 251,029 9768
2029 82,390 27,604 250,256 9473
2030 82,064 27,811 250,665 9182
2031 81,088 28,028 251,705 8901
2032 79,834 28,256 253,005 8628
2033 78,623 28,495 254,241 8362
2034 77,608 28,747 255,263 8105

2035 76,626 29,013 256,228 7855
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Table A3. Simulation results of different land under rapid transformation scenario (ha).

Year Crop Land Urban Land  Ecological Land  Rural Construction Land
2015 86,564 25,326 244,795 13,171
2016 87,635 25,633 243,137 13,318
2017 87,914 25,899 242,392 13,380
2018 90,308 25,980 239,919 13,421
2019 91,769 26,012 238,457 13,485
2020 87,259 26,110 243,400 12,953
2021 82,970 26,212 248,083 12,457
2022 78,892 26,317 252,536 11,976
2023 75,015 26,426 256,764 11,517
2024 71,327 26,539 260,773 11,083
2025 69,408 26,655 262,945 10,713
2026 71,387 26,775 261,169 10,391
2027 72,626 26,901 260,126 10,070
2028 73,157 27,032 259,772 9760
2029 73,936 27,168 259,152 9466
2030 73,693 27,311 259,542 9177
2031 72,834 27,459 260,533 8897
2032 71,727 27,613 261,759 8624
2033 70,635 27,774 262,955 8359
2034 69,716 27,942 263,963 8102
2035 68,832 28,118 264,919 7853
Appendix B
Table A4. Some other indicators related to F-E-W nexus in Shizuishan.
2035
Indicators 2019 Conservative Smooth Transition Rapid Transformation
Scenario Scenario Scenario
Crop land (ha) 91,768.52 84,417.27 76,625.6 68,832.18
Urban land(ha) 26,011.76 30,101.58 29,013.38 28,118.39
Ecological land (ha) 238,457.06 247,340.56 256,228.32 264,919
Crol])n production (tons) 523,290 590,464.79 535,814.32 481,150.81
Local urban food demand (tons) 294,175.8 392,964.36 393,125.02 393,217.04
Local rural food demand (tons) 90,266.96 44,416.97 4427443 44,192.79
Coal mining (kilo-tons) 2047.08 38,594.11 25,974.97 15,687.23
Energy Footprint (hectares of woodland) 5,697,712.65 17,971,390.06 12,378,342.86 7,712,356
Crop water demand (million m?) 55.06 50.65 36.78 24.78
Urban domestic water demand (million m?) 221 241 242 242
Rural domestic water demand (million m?3) 0.5 0.22 0.22 0.21
Industry water demand (million m?) 11.91 14.16 14.16 14.16

Sources: the data in 2019 are from the ‘“The survey data of land use change of Shizuishan 2019’, *Shizuishan statistic yearbook 2020" and other
government publications or indirect calculations; data for 2035 are obtained according to the simulation.
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