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Abstract: The changeable patterns and contractions of land use have become increasingly significant
in recent years as the economy and society have rapidly developed. Subsequently, land use change
simulation has become a focal point in the study of land use patterns and change processes. Four
development scenarios in 2030, including business-as-usual, ecological protection, economic develop-
ment, and sustainable development scenarios, are proposed to realize the sustainable development
of land use in Beijing–Tianjin–Hebei in the context of a low-carbon economy and ecological security.
Then, a feasible multi-objective land use optimization scheme suitable for the region’s long-term de-
velopment was identified through comparative analysis. The GMOP-PLUS model analyzed changes
in ecological and economic benefits and carbon emissions by optimizing the quantitative structure
and spatial layout of land use in different scenarios. The cultivated land area in the four scenarios
decreased, while the construction land area increased for all scenarios other than the ecological
protection and sustainable development scenarios. Moreover, the target development of the sustain-
able development scenario was the most balanced, with carbon emissions and economic benefits
reduced by 49.77 million tons and CNY 0.73 billion compared with the business-as-usual scenario,
respectively. Meanwhile, the ecological benefits increased by CNY 0.03 billion, and the economic
benefits increased by 1.54 times compared with those in 2020. Therefore, the sustainable development
scenario was more in line with the needs of Beijing, Tianjin, and Hebei for high-quality economic
and ecological development, aiming towards a low-carbon goal. This work provides a theoretical
basis for Beijing–Tianjin–Hebei territorial spatial planning and more perspectives for the study of
sustainable land use through the obtained results.

Keywords: PLUS model; multi-objective optimization; land use optimization; scenario simulation;
Beijing–Tianjin–Hebei

1. Introduction

Land use structure optimization research, as an integral part of global environmental
change and development sustainability research [1–3], affects natural and social systems [4].
Considering the natural ecological change process, changes in land use affect soil [5],
hydrology [6], climates [7], and ecosystems [6]. Different types of land rely on different
economic industrial structures for the allocation of land resource structures, and economic
factors affect the evolution of land use [8]. As the carrier of carbon emissions [9], the carbon
cycle in the environment is changed due to changes in land use structure [10]. Direct carbon
emissions from land use refer to carbon emissions generated by human land use for the
sake of a productive life and the transformation of the land use structure [11]. Unreasonable
land use weakens the carbon sequestration capacity of land ecosystems, and the greater
amount of carbon released into the atmosphere leads to environmental degradation [12].
Land use optimization research should consider resources, the environment, the economy,
and ecology due to the complex interaction between land use, ecosystems, and the social
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economy. By taking the above factors as constraints or a decision making basis for land use
spatial optimization, one can promote sustainable land use.

Land use structure optimization is an important tool used to achieve the sustainable
development of land resources [13]. It refers to the optimization of the quantity and
spatial structure, such as the optimization and forecasting of the land use quantity and
structure with linear programming [14], grey prediction model and system dynamics [15],
and the methods reported in [16]. Moreover, a spatial optimization model of land use is
established by combining simulated annealing [17], genetic algorithms [18], particle swarm
optimization [19], and geographic information systems (GIS). Huang [20], Zhang [21], and
Liu [22] optimized and predicted land use space, combining a spatial optimization model
and multi-objective algorithm by coupling multi-objective linear optimization with the
CA-Markov model, the landscape pattern with the CLUE-S model, and system dynamics
(SD) with future land use simulation models (FLUS).

Today, researchers pay more attention to land use optimization simulations based
on specific objectives, such as urban low-carbon development [23,24], the promotion of
urban development and ecological protection [25], and the balance between ecological
and economic development [26,27]. However, there are few studies oriented towards
land use policy, focusing on analyzing land use optimization from the perspectives of
ecology, the economy, and low carbon. Based on the above research, this work optimized
multi-objective land use space by coupling with the GMOP-PLUS model, in which the
patch-generating land use simulation (PLUS) model was improved in comparison to the
cellular automata (CA) model. The transition analysis strategy (TAS) and pattern analysis
strategy (PAS) were applied to the original model to reveal the driving factors of land use
changes, which were used to simulate the patch evolution of multiple land uses across
multiple spaces and time [28].

The Beijing–Tianjin–Hebei region is the “third growth pole” of China’s economy after
the Pearl River Delta and the Yangtze River Delta, which is the site for the mission of build-
ing China’s Innovation-Driven New Engine and Ecological Restoration and Environmental
Improvement Demonstration Area. Land use problems in the Beijing–Tianjin–Hebei region
have gradually become prominent. Firstly, the pressures on land for food production and
economic construction have become worse. This region faces great pressure on food pro-
duction, with 2.3% of the country’s land area accommodating around 8% of the country’s
population. The apparent uneven quality of cultivated land in the region is affected by
topography, hydrology, and other factors leading to unbalanced economic development.
The central and southern plains of the Beijing–Tianjin–Hebei region show a prominent
land use contradiction, because they hold both the grain-producing areas and areas of
economic construction.

Secondly, the degree of land use development in Beijing, Tianjin, and Hebei is different
from region to region. For a virtuous land use cycle, it is beneficial to have a structure
that can be reasonably adjusted considering different land use development patterns
exacerbated by regional socioeconomic development. Thirdly, ecological land becomes
largely occupied as the society and economy grow rapidly, which results in insufficient
reserve land resources and limited development space. Therefore, it is urgent to explore
a scientific land use plan to realize the coordinated development of social resources and
natural resources in the region. The land use problems in the Beijing–Tianjin–Hebei region
are representative in China. The study of this region aims to understand the changing
trends of different land use scenarios influenced by human society. It can enlighten and
enable us to formulate effective land use management strategies for this region and other
similar regions and provides a basis for land use optimization.

The following are the research objectives of this work: (1) First, the multiple land use
optimization goals of low-carbon, ecological, and economic coordinated development are
set. This work realizes the quantitative and spatial optimization simulation of land use in
the study area by setting different land use optimization scenarios. (2) The economic bene-
fits and ecological benefits of, and carbon emissions from, land use in 2030 are compared
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between different scenarios. The grey multi-objective optimization (GMOP) model is used
to set the optimization goals, and different scenarios are created using the PLUS model
to optimize land use in the study area. This work will be informative for future land use
planning and policy formulation in the Beijing–Tianjin–Hebei region and help to achieve
sustainable development.

2. Methods and Data Collection
2.1. Study Area

The Beijing–Tianjin–Hebei region includes 11 cities in Hebei Province, Beijing, and
Tianjin (See Figure 1). Located in the north of the North China Plain, the third step of
China’s topography, it is bordered by the Yanshan Mountain Range in the north, the Bohai
Sea in the east, the rest of the North China Plain in the south, and the Taihang Mountain
Range in the west. The terrain, with a total land area of about 218,000 km2, is complex
and diverse, mainly including plains, mountains, hills, plateaus, and basins. The average
altitude of the Beijing–Tianjin–Hebei region is about 1500 m. Its overall terrain is generally
high in the northwest and low in the southeast, where the Yanshan–Taihangshan cordillera
gradually transitions to the plains in the southeast.
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The region’s gross domestic product (GDP) increased rapidly from CNY 3979.84 to
8090.08 billion from 2010 to 2020, of which Beijing, Tianjin, and Hebei accounted for 37.84,
17.41, and 44.75%, respectively, in 2020. The change was less than 1% compared with
2010. However, the three provinces’ area ratios accounted for 7.56, 5.51, and 86.93%, re-
spectively, which reflects the long-term uneven development of the region. Moreover, the
total energy consumption increased from 391,357,700 to 477.52 million tons (converted
into standard coal), of which Hebei’s growth accounted for 76.39%, while the carbon emis-
sions increased with primary energy consumption. Meanwhile, farmland decreased by
0.40 million hm2; construction land increased by 0.19 million hm2; and forest land and
grassland changed little. The increased carbon emissions from human activities are not
easily absorbed. Therefore, scientific and rational land use planning is urgently needed to
promote regional ecological security, the economy, and the sustainable use of land resources.
The Guiding Opinions of the State Council on Accelerating the Establishment and Improve-
ment of a Green and Low-Carbon Circular Development Economic System was issued on
22 February 2021. Later, Hebei, Tianjin, and Beijing enacted implementation plans based
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on the current reality. This plan, incorporating carbon peaking and carbon neutrality into
the overall layout of socio-economic development and the construction of the Ministry of
Ecology, proposes the implementation of green and low-carbon requirements for territorial
spatial planning. Therefore, 2030 was set as the target year for peak carbon emissions.

2.2. Data Sources and Processing

The dataset of this work includes the following aspects:
(1) Triple-phase land use raster data with a spatial resolution of 30 m for 2000, 2010,

and 2020 were derived from the Data Center for Resources and Environmental Sciences
and the Chinese Academy of Science.

(2) The spatial resolution of the precipitation data, which were derived from the
National Tibetan Plateau Scientific Data Center, was 1 km. Since the precipitation data were
gathered monthly, the raster data for 2010 and 2020 were accumulated monthly.

(3) The spatial resolution of the digital elevation model (DEM) grid data, derived from
the geospatial data cloud (http://www.gscloud.cn accessed on 5 August 2021), was 30 m.

(4) The socio-economic data included the population and GDP (per capita), with a
spatial resolution of 1 km for the raster data, which came from the Sciences Resource and
Environment Data Center of the Chinese Academy. The vector dataset for evaluating
the distances from roads and railways was derived from Open Street Map (http://www.
openstreetmap.org accessed on 5 August 2021), in which the roads are divided into national
trunk highways, motorways, and primary, secondary, and tertiary roads. Additionally,
social driving factors were simulated. The urban nighttime light data with a spatial
resolution of 1 km for 2010 and 2020 were derived from the China Research Data Service
Platform (https://www.cnrds.com accessed on 5 August 2021).

(5) The statistical data included the total population; the annual output and sown
area of rice, corn, and wheat; the second and third output values; and the agriculture,
forestry, animal husbandry, and fishery output values for Beijing, Tianjin, and Hebei. The
above data were derived from the Hebei Statistical Yearbook (2000–2020), Tianjin Statistical
Yearbook (2000–2020), and Beijing Statistical Yearbook (2000–2020). Moreover, the energy
consumption was derived from the China Energy Statistics Yearbook (2000–2020), and food
crops prices were derived from the National Agricultural Product Cost–Benefit Information
Compilation (2000–2020). This work adopted ArcGis10.5 to unify all the raster data to a
spatial resolution of 300 × 300 m, and the data were coordinated with the WGS-1984-UTM-
Zone-50N projected coordinate system to render them applicable to the PLUS model.

2.3. Research Framework

This work includes four parts, as follows: (1) calculations of the ecological and eco-
nomic benefits and the carbon emission coefficients of six land types; (2) land use structure
optimization based on GMOP; (3) spatial optimization of land use based on PLUS; and
(4) analysis of the optimized land use results (see Figure 2).

2.4. GMOP Model Specification

GMOP was developed by combining the grey model and grey prediction theory with
multi-objective programming [29]. We set objective optimization functions and constraints
for the model based on policymakers’ expectations (such as the protection of ecological
functions) to solve the problem of land use optimization. The model construction included
the selection of decision variables, construction of the target system, determination of the
constraint conditions, and selection of the solution method.

http://www.gscloud.cn
http://www.openstreetmap.org
http://www.openstreetmap.org
https://www.cnrds.com
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This work took the areas of six land use types as variables and set the land develop-
ment target system based on the ecological and economic benefits and carbon emissions.
Firstly, the ecological benefits, characterized by the value of ecosystem services, the eco-
nomic benefits, characterized by the output value, the carbon emission coefficient, and the
estimation method were used to calculate the carbon emissions. Secondly, the correspond-
ing ecological and economic benefits and carbon emission target factors were substituted
to obtain the objective function. Then, the optimization objective functions of ecology
(maximum ecological benefit), economy (maximum economic benefit), and sustainable
development were set according to the optimized scenario. Finally, the areas of six land
types were obtained by LINGO18.0, combined with the constraints.

2.4.1. Target System Construction

Considering the current situation and development needs, this work proposes a land
use optimization goal based on the coordinated development of low carbon, ecology, and
economy. The goal was to comply with the trend of low-carbon city development. The
following objective functions were established based on three aspects, namely, ecological
and economic benefits and carbon emissions, as follows:
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(1) Carbon emission target coefficient
Carbon emissions from cultivated land, forest land, grassland, the water area, and

unutilized land were calculated using the following direct carbon emission coefficient:

Ci = Si × Ki (1)

where Ci is the carbon emissions for different land use types, Si is the area, and Ki is the
carbon emission coefficient.

This work set the carbon emission coefficients of cultivated land, forest land, grassland,
the water area, and unutilized land as follows [30,31]: The carbon emission and absorption
coefficients of cultivated land were the same as those of crops, which were 0.504 and
0.007 t/hm2, respectively. The difference between them was the net carbon emission
coefficient of 0.479 t/hm2. The carbon emission coefficients of forest land and grassland
were −0.581 and −0.021 t/hm2, respectively. The unutilized lands was mostly grassland,
saline-alkali land, marshland, foreshore, sand, and naked land, with large seasonal changes
and a weak carbon absorption capacity. Therefore, its carbon absorption was not considered,
and the carbon emission coefficient was −0.005 t/hm2.

The construction land carbon emissions increased significantly with economic devel-
opment, which could be estimated by indirect carbon emission estimation. The carbon
emissions per unit area from 2000 to 2020 were calculated based on the energy consumption
and land use area, while the emissions in 2030 were predicted using the grey prediction
model, with the coefficient of 313.03 t/hm2:

E = ∑ Eti = ∑Eni × θi × fi (2)

where E is the construction land carbon emissions; Eti is the energy carbon emissions;
Eni is the energy consumption; θi is the coefficient of energy conversion to standard coal;
and fi is the energy carbon emission coefficient. The energy consumption for thermal
power generation and heating is included in other energy statistics. Additionally, the
average coal carbon emission coefficient is the coal carbon emission coefficient. The energy
carbon emission and standard coal conversion coefficients (see Table 1) refer to the 2006
IPCC Guidelines for National Greenhouse Gas Inventories and China Energy Statistics
Yearbook (2000–2020).

Table 1. Energy carbon emission factor and conversion factor from the physical unit to the coal equivalent.

Energy

Carbon
Emission

Coefficient
(t/t)

Conversion
Coefficient of
Standard Coal

(t/t)

Energy

Carbon
Emission

Coefficient
(t/t)

Conversion
Coefficient of
Standard Coal

(t/t)

Raw coal 0.7143 0.7559 Fuel oil 1.4286 0.6185

Cleaned coal 0.9000 0.7559 Liquefied
petroleum gas 1.7143 0.5042

Coke 0.9714 0.8550 Gas field
natural gas 1.2143 0.4483

Crude oil 1.4286 0.5857 Oil field
natural gas 1.3300 0.4483

Gasoline 1.4714 0.5538 Coke oven gas 0.5714 0.3548
Kerosene 1.4714 0.5714 Refinery Gas 1.5714 0.4602

Diesel 1.4571 0.5921 Other gas - 0.3548

(2) Ecological benefit target coefficient
Land use optimization considers ecological optimization; thus, the ecological benefit

value of each land type is calculated using the ecosystem service value. Referring to the
equivalent factors table of ecosystem service values (compiled by Xie et al. in 2005) [32]
applicable to China, this work established a similar table applicable to the Beijing–Tianjin–
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Hebei region (see Table 2). The economic value of the ecosystem service value’s equivalent
factor is 1/7 [33] of the national average value of grain per unit area for the given year:

Ea =
1
7 ∑n

i=1
mi piqi

M
(3)

where Ea is the national average value of grain per unit area (yuan/hm2); n is the crop
species number; i is the crop type (main food crops: rice, wheat, and maize); mi is the crop
planting area (hm2); pi is the national crop average unit price (yuan/kg); qi is the crop yield
per unit area (kg/hm2); and M is the total area for crop planting (hm2).

Table 2. Ecosystem service value equivalent per unit area for Beijing, Tianjin, and Hebei.

Forest Land Grassland Water Area Cultivated Land Construction Land Unutilized Land

18.51 12.03 110.89 4.00 −9.59 0.93

The equivalent factor’s economic value for 2020 (CNY 2479.75/hm2) was obtained by
calculating the data from 2000 to 2020, while the value of 2030 (CNY 4306.90/hm2) was
predicted using the GM (1,1) model. Table 3 shows the ecological value target coefficient.

Table 3. Carbon emissions and economic and ecological benefit coefficients of each type per unit area
for 2030.

Coefficient Cultivated
Land Forest Land Grassland Water Area Construction

Land
Unutilized

Land

Carbon emission coefficient
(t/hm2) 0.497 −0.581 −0.21 −0.253 313.03 −0.005

Ecological benefit coefficient
(CNY 104/hm2) 1.644 7.608 4.944 45.579 −3.942 0.382

Economic benefit coefficient
(CNY 104/hm2) 3.918 1.267 6.158 4.564 463.528 0.0001

(3) Economic benefit target coefficient
The output values of agriculture, forestry, animal husbandry, and fishery can be used

as the output benefits of cultivated land, forest land, grassland, and waters, combined with
their economic data. Meanwhile, the economic benefits of construction land are obtained
by adding the output values of the second and third industries. Additionally, the economic
benefits of unutilized land can be set to CNY 1/hm2, according to previous studies [34].
Then, the economic benefit coefficient of each land type from 2000 to 2020 is calculated, and
the coefficients of 2030 are obtained using the GM (1,1) model (see Table 3).

2.4.2. GMOP Model Land Structure Optimization

Firstly, the variables and constraints were set according to the land use, socio-economic
conditions, planning requirements, and future development trends over many years. Then,
the objective function was determined according to the need for different development
benefits (see Table 4). Finally, LINGO18.0 was used to calculate the optimized land use struc-
ture of Beijing–Tianjin–Hebei for 2030. (LINGO, an abbreviation of linear interactive and
general optimizer, is used to solve interactive linear, nonlinear, and integer optimizations).
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Table 4. Multi-objective programming optimization function of land use structure in Beijing, Tianjin
and Hebei.

Objective Function Formula Description

Carbon emission objective function f 1(x) = 0.497x1 − 0.581x2 − 0.21x3 −
0.253x4 + 313.03x5 − 0.005x6

x1 to x6 represent the areas of cultivated
land (x1), forest land (x2), grassland (x3),

water area (x4), construction land (x5),
and unutilized land (x6), respectively.

Ecological benefit objective function f 2(x) = 1.64x1+7.61x2 + 4.94x3 + 45.58x4 −
3.94x5 + 0.38x6

Economic benefit objective function f 3(x) = 3.92x1 + 1.27x2 + 6.16x3 + 4.56x4 +
463.53x5 + 0.0001x6

Ecological optimization objective
function Max {f 2(x)} Ecological and economic optimization

objectives have the same constraints.
Economic optimization objective function Max {f 3(x)}

Sustainable development optimization
objective function

Max {−a· f1(x)
G1 + b· f2(x)

G2 + c· f3(x)
G3 }

f 2(x) ≥ 1601577.53
f 3(x) ≥ 5246020.11

a = 0.7, b = 0.1, and c = 0.2. G1, G2, and
G3 are the target values for the carbon
emission and ecological and economic
benefit functions, respectively. If the

economic and ecological benefits
continue to grow under sustainable

development condition, CNY
5246,020.11 million will be the land

economic benefit, and CNY
1601,577.53 million will be the ecological

value benefit in 2020.

Among the objectives of ecological optimization, the ecosystem service value of the
land resources was the largest, and the ecological benefits were maximized. When the
economic benefit of each land output was the largest, the land use economic development
was the best according to the economic optimization goal. The three optimization objective
functions, including carbon emission minimization, economic benefit maximization, and
ecological benefit maximization, were sorted into a combined function according to the
sustainable development optimization goal. The research of Liu et al. [35] on low-carbon,
economy-oriented land use structure optimization demonstrated that when the weights
of the three objective functions of carbon emissions, ecological benefits, and economic
benefits are 0.2, 0.1, and 0.7, respectively, the scheme focuses on economic development
and imposes less constraints on increased carbon emissions. When the a, b, and c values
are 0.3, 0.2, and 0.5, respectively, the carbon emission constraint of this scheme is medium.
When the a, b, and c values are 0.7, 0.1, and 0.2, respectively, the scheme imposes the
greatest constraints on carbon emissions, with the optimization results having greater
carbon emission reduction effects. This work set the target weights according to the third
scheme based on the vision of carbon neutrality.

The constraints of each variable were established (see Table 5) based on the Na-
tional Land Use Planning Outline (2006–2020), Hebei Province Land and Space Planning
(2021–2035), and Beijing–Tianjin–Hebei Collaborative Development Planning Outline.

2.5. Land Use Optimization Based on the PLUS Model

The PLUS model is new and based on cellular automata [38]. It applies a new land
use expansion analysis strategy in contrast to other land use simulations, which leads to
a better understanding of the land use change mechanism. This new model can use the
mechanism of multi-type land use patch change to simulate the patch-level evolution of
multiple land types.
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Table 5. Optimization constraints of land use structure in Beijing, Tianjin, and Hebei.

Constraint Type Constraints (hm2) Description

Total land use area x1 + x2 + x3 + x4 + x5 + x6 = 21,438,158.85 The total land use area remains unchanged.

Grain demand constraints a0 × x1 × f0 × fr ≥ s0 × p0
x1 ≥ 7926,504.53

a0 is the projected average grain yield for 2030
(8576 kg·hm−2); f 0 is the multiple cropping index

(1.37) [36]; fr is the ratio of the grain crop planting area
to the total area (70.62%); s0 is the per capita standard
grain (491 kg); p0 is the projected total population in

2030 (125.63 million). (Data for 2030 were obtained by
calculating the yearbook data through the gray

prediction model.)

Cultivated land x1 ≤ 9764,334.20

Beijing–Tianjin–Hebei cultivated land was reduced
following the National Land Use Planning Outline

(2006–2020), and the largest cultivated land area was
set in 2020.

Forest land 4,685,117.09 ≤ x2 ≤ 5149,431.29

The minimum scale of forest land was determined by
the growth rate from 2010 to 2020, and the maximum
scale was 1.1 times the area of forest land in the BAU

scenario [37].

Grassland 3,426,079.26 ≤ x3 ≤ 3465,228.13
The minimum scale of grassland was determined by
the growth rate from 2010 to 2020, and the maximum

scale was 1.01 times that of the BAU scenario [37].

Water area 713,680.98 ≤ x4 ≤ 866,853.66
As the water area grew, the minimum size of the water
area was observed in 2020, and the maximum size was

set by the growth rate from 2010 to 2020 [23].

Construction land 2,311,683.86 ≤ x5 ≤ 3467,525.80
The percentage of built-up land was 0.8-1.2 times the

area of construction land in the 2030 BAU
scenario. [28].

Unutilized land 170,060.38 ≤ x6 ≤ 208,101.90

The demand for land increased with the improvement
of the urbanization level, and the development of

unutilized land was strengthened. The minimum scale
of unutilized land was that in 2020, and the maximum

scale was the area in the BAU scenario for 2030.

In this study, 2020 was taken as the base year, and 2030 was taken as the target
year. The following steps were performed when the PLUS model was used to stimulate
a multi-type land use scenario in the Beijing–Tianjin–Hebei region: (1) Land expansion,
based on information extracted from the land use data from 2010 to 2020, were combined
with the natural and social conditions to select the appropriate driving factors of land use
change. Moreover, land expansion analysis strategy (LEAS) rules were used to mine the
incentives for change and the probability of each type of development. (2) The weight,
patch formation threshold, and land use demand of the six land types were set according to
different scenarios after each development probability was incorporated into CA based on
the multi-type random patch seeds (CARS) model. The land use demand in the business-
as-usual scenario was forecasted using the Markov model, while the rest were forecasted
using the GMOP model.

2.5.1. PLUS Model Setting and Verification

The natural environment and policies, which are affected by human social activities
and regional socio-economic development, can promote land use change. Therefore,
11 driving factors were selected from the above-mentioned aspects (Figure 3), including
elevation, slope, annual precipitation, night light, population density, GDP, and distances
to the railways, motorways, and primary, secondary, and tertiary roads, to explore the
development probability of each category [28,39].
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The model adopted historical data on land use and the driving factors from 2010 to
2020. Then, the spatial pattern was simulated, and the simulation results were verified
based on actual land use data for 2020. The Kappa coefficient was 0.8828, while the
simulation accuracy was 91.81%. The results were highly reliable, indicating that the PLUS
software was suitable for the multi-objective programming of land use allocation.

2.5.2. Development Scenario Setting

This work aimed to realize the optimization, as proposed earlier based on the GMOP
model, through the PLUS model after considering the current land use situation and re-
gional development needs. Therefore, four land use change scenarios corresponding to the
optimization goals were established, namely, business-as-usual, economic development,
ecological protection, and sustainable development scenarios. The number of areas of each
land use type in the economic development scenario was calculated using the economic
optimization objective function; that in the ecological protection scenario was calculated
using the ecological optimization objective function; and that in the sustainable develop-
ment scenario was calculated using the sustainable development optimization objective
function. The principles and objectives for the designed scenarios are as follows:

(1) Business-as-usual (BAU) scenario: The previous trend of land use change continued,
and the land demand for 2030 was calculated using the transition probability from 2010 to
2020 with Markov model. The transfer cost and direction were consistent with those for the
same period.
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(2) Ecological protection (EP) scenario: The scenario reflected the implementation of
local government policies to protect forests, grasslands, and water sources; control the
growth of cultivated and construction lands; and encourage the policy of restoring farmland
to forests, grasslands, or lakes based on the Returning Farmland to Forest Program, the
Northeast–Northwest–North China Shelterbelt Program, and the Fourteenth Five-Year Plan
for Ecological Protection. Therefore, the transformation rules reduced the probability of the
transformation of forest land and grassland into non-ecological land, such as construction
land. The water mask, extracted in 2020 on the premise of protecting water sources, was a
non-convertible area.

(3) Economic development (ED) scenario: This scenario, based on the policy of the
rapid development of urban construction land in the region, gave priority to economic
development, with more demand for urban spaces. Combined with previous studies, our
findings indicated that cultivated land and grassland were converted into construction
land, and the growth rate of ecological land slowed.

(4) Sustainable development (SD) scenario: By weighing multiple scenarios, one can
identify a suitable development model for the region. Therefore, this work proposes a
sustainable development scenario, which provides a new perspective on multi-objective
weighing. By developing a low-carbon economy and establishing green and sustainable
land use planning, from the perspective of low-carbon, the construction land expansion
speed and the probability of the transformation of land use types into cultivated and
construction lands were reduced.

Conversion costs connote the difficulty of switching from the current land use type to
the demand type. Different conversion cost matrices were set (see Table 6) according to
the different scenarios described above. The list shows the current land use types, and the
rows represent the future types, where 0 means no conversion and 1 means that conversion
is permitted.

Table 6. Scenario simulation transformation cost matrix.

BAU Scenario EP Scenario ED Scenario SD Scenario

cu f g w co u cu f g w co u cu f g w co u cu f g w co u

cu 1 1 1 1 1 1 1 0 0 0 1 1 1 0 0 1 1 0 1 1 1 1 0 0
f 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 0 1 1 1 1 1 1
g 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 0 1 1 1 1 1 1 1
w 1 1 1 1 1 1 1 1 1 1 1 0 1 0 0 1 0 1 1 1 1 1 1 1
co 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 1 0 0 0 0 1 1
u 1 1 1 1 1 1 1 0 0 1 1 1 0 0 0 1 1 1 1 0 0 1 1 1

cu: cultivated land; f: forest land; g: grassland; w: water area; co: construction; u: unutilized land.

3. Results
3.1. Analysis of Land Use Scenario Prediction Results

The land use quantities based on different optimization objectives in Beijing, Tianjin,
and Hebei for 2030 were obtained using the GMOP model (see Table 7). Meanwhile, the
land use change characteristics in the four different scenarios were calculated (see Figure 4)
by simulating the spatial distribution with the PLUS model.

Table 7. Quantities of land use in Beijing, Tianjin, and Hebei in different scenarios.

Type of Land Use
Land Use Area (hm2)

2020 BAU EP ED SD

Cultivated land 9,764,334.21 9,407,160.02 9,474,894.89 8,783,376.09 9,519,913.83
Forest land 4,632,725.77 4,681,301.18 5,149,433.63 4,685,114.44 4,685,644.64
Grassland 3,426,805.48 3,430,918.95 3,465,228.78 3,465,228.78 3,465,228.78
Water area 713,680.99 821,071.99 866,854.62 866,854.62 866,854.62

Construction land 2,730,552.03 2,889,604.83 2,311,686.56 3,467,524.53 2,730,456.60
Unutilized land 170,060.38 208,101.90 170,060.38 170,060.38 170,060.38
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The quantity and spatial pattern of each land use type in 2030 are quite different from
those observed in 2020 according to the various backgrounds (see Table 7). The land use
types observed in the region are mainly cultivated land, forest land, and grassland, with
cultivated land accounting for 45.55%. The trends of land use change in the future scenarios
are as follows: the BAU scenario continued the trend of cultivated land degradation, with
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the degradation area reaching 210,307.82 hm2, which accounted for 3.66% of the total
area. Cultivated land was converted into construction land, forest land, and grassland (see
Table 8). An area of 157,245.73 hm2 was converted into construction land, which accounted
for 74.77% of the total degraded area. Therefore, the rapid urbanization process and the
implementation of de-farming and reafforestation reduced the amount of cultivated land.
This situation is in line with the trend of continuous downward adjustment of cultivated
land tenure in the Beijing–Tianjin–Hebei region from 2010 to 2020. On the other hand, the
decline in cultivated land in the SD scenario shows a slower trend compared with the BAU
one, which ensures the cultivated land quantity.

Table 8. Land use transfer in Beijing, Tianjin, and Hebei in different scenarios from 2020 to 2030.

Type of Land Use
BAU Scenario

Grassland Cultivated
Land

Construction
Land Forest Land Water Area Unutilized

Land

2020

Grassland 3,426,805.48 0.00 0.00 0.00 0.00 0.00
Cultivated land 4093.12 9,554,026.39 157,245.73 48,968.97 0.00 0.00

Construction land 0.00 0.00 2,730,552.03 0.00 0.00 0.00
Forest land 0.00 371.14 0.00 4,632,333.43 21.21 0.00
Water area 0.00 26,684.92 0.00 0.00 683,167.58 3828.48

Unutilized land 0.00 12,592.16 0.00 0.00 3250.10 154,218.12

Type of land use
EP scenario

Grassland Cultivated
land

Construction
land Forest land Water area Unutilized

land

2020

Grassland 2,851,572.54 0.00 0.00 575,232.93 0.00 0.00
Cultivated land 35,719.21 9,456,137.42 171,523.24 71,841.36 29,112.98 0.00

Construction land 196,816.30 15,524.46 2,313,092.28 30,762.81 174,356.17 0.00
Forest land 174,084.50 0.00 5.30 4,456,737.87 1898.10 0.00
Water area 61,328.61 3162.66 52,287.97 14,554.49 582,347.25 0.00

Unutilized land 0.00 0.00 0.00 0.00 0.00 170,060.38

Type of land use
ED scenario

Grassland Cultivated
land

Construction
land Forest land Water area Unutilized

land

2020

Grassland 3,426,805.48 0.00 0.00 0.00 0.00 0.00
Cultivated land 38,402.09 8,798,954.13 735,163.72 52,388.66 139,425.61 0.00

Construction land 0.00 0.00 2,730,552.03 0.00 0.00 0.00
Forest land 0.00 0.00 0.00 4,632,725.77 0.00 0.00
Water area 0.00 0.00 0.00 0.00 713,680.99 0.00

Unutilized land 0.00 0.00 0.00 0.00 0.00 170,060.38

Type of land use
SD scenario

Grassland Cultivated
land

Construction
land Forest land Water area Unutilized

land

2020

Grassland 3,426,805.48 0.00 0.00 0.00 0.00 0.00
Cultivated land 37,787.08 9,521,499.04 0.00 53,814.91 151,233.16 0.00

Construction land 614.62 0.00 2,728,649.89 985.51 302.01 0.00
Forest land 0.00 2677.49 0.00 4,629,947.54 100.74 0.00
Water area 0.00 11,100.58 0.00 879.10 701,701.31 0.00

Unutilized land 0.00 0.00 0.00 0.00 0.00 170,060.38

EP scenario: The area of forest land and water area increased significantly, while that
of construction land decreased by 417,459.75 hm2, which accounted for 15.34% of the total
area. In total, 7.54% was converted into grassland and 6.36% was converted into a water
area. However, the increased area of forest land was mainly transferred from grassland.
The spaces of the Bashan Plateau and the Yanshan–Taihang Mountains revealed less arable
land and mushrooming ecological land. The construction land shrank inward during the
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ecological protection period. Moreover, some construction land was vacated and converted
into grassland, and shallow mountain grassland was vacated, being converted into forest
land, with increased ecological land obtained through the advancement of greening and
afforestation ecological projects.

ED scenario: The scale of construction land expanded, while that of cultivated land
decreased. In total, 735,163.72 hm2 was converted into construction land, which was
1.03 times the size of the water area in 2020. The areas of forest land, grassland, and the
water area increased by 1.13, 1.12, and 19.54%, respectively, and they were transformed
from cultivated land. Therefore, urbanization increased the rapid economic development
but encroached on the agricultural land. Spatially, the growth of construction land mostly
occurred in the central plain area, which indicates that urbanization continued to spread
to the central Beijing–Tianjin–Hebei region. However, the central Beijing–Tianjin–Hebei
region is mostly a plain area, most of which is agricultural land suitable for agriculture. The
encroachment of agricultural land due to urbanization is further evidenced by this trend.

SD scenario: The development of a low-carbon economy and the implementation
of ecological projects reduced carbon emissions and optimized economic and ecological
benefits. (1) This scenario showed the least reduction in the cultivated land area, which
accounted for 2.49% of the total area, while the expansion trend of construction land was
similar to that of the BAU. (2) The increased areas of forest land and grassland were the same
as those in the ED scenario, while the increased area originated from the transformation of
construction land in the SD scenario. The above information shows that the expansion of
construction land tended to be stable under the requirement of low-carbon development,
and economic development should ensure the quantity of cultivated land and the benefit
of an increased ecological land area.

3.2. Comparison of the Results for Different Optimization Scenarios

The comparison of the results of the different scenarios (see Figure 5) is as follows: The
total carbon emissions in the EP scenario amounted to 724.59 million tons, being 20% less
than that estimation for the BAU scenario, because the increased forest land area yielded
0.27 million tons of carbon absorption. However, the ecological benefit of the EP scenario
only increased by 2.79% compared with that of the BAU scenario, and the ecological benefits
of forest land, grassland, and the water area did not increase. Moreover, the reduction in
the construction land area led to an 18.94% decline in economic efficiency. The economic
benefits provided by construction land outweighed those of the other land types, and
its carbon emissions also appear to follow the same trend. The area of construction land
should be controlled to reduce carbon emissions, which undermine the economic benefits.

ED scenario: The total carbon emissions and ecological benefits were 1086.32 million
tons and CNY 2357.57 billion, respectively. They increased by 19.94% and decreased by
2.23% compared with the BAU scenario, respectively, indicating low ecological benefits.
The economic benefit was CNY 16,729.40 billion, being 18.89% higher than that of the BAU
scenario, indicating that the maximum economic benefit was achieved. Additionally, the
construction land area increased compared with the natural situation, which improved the
land economic benefits. Meanwhile, fossil energy combustion and carbon emissions from
industrial activities placed pressure on the ecological environment and carbon emissions
management, affecting economic development.

SD scenario: The total emissions amounted to 855.97 million tons, being 49.78 million
tons less than that of the BAU scenario, with a decrease of 5.5%. The ecological bene-
fit was CNY 2442.69 billion, being CNY 31.31 billion higher than that of BAU scenario,
with an increase of 1.29%. The economic benefit was CNY 13,341.74 billion, being CNY
729.02 billion less than that of the BAU scenario, with a decrease of 5.18%. However, it was
1.54 times higher than that in 2020. The carbon emissions reduction was mainly achieved
by controlling the construction land area, along with the increase in the ecological land
area in the SD scenario. This indicates that construction land can make certain concessions
for the purpose of regional ecology protection. A follow-up promotion of land intensifica-
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tion, as well as the adjustment of the industrial structure, could help to meet the need for
socio-economic development.
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This work explained the relationship between land use structure change, carbon
emissions, and ecological and economic benefits by setting different scenarios. Forest
land expansion increased, with carbon emission reductions of 0.27 million tons in the EP
scenario and 2523.55 tons in the SD scenario compared with the BAU scenario. However,
carbon emissions were reduced by 49.77 million tons in the SD scenario, and more than
90% originated from construction land contraction. The construction land included three
types of high-carbon-emission land, namely, industrial, construction, and transportation
lands, indicating that the limitation of its excessive expansion could control land use
carbon emissions.

The reduction in ecological benefits in the ED scenario was due to the degradation of
cultivated land (CNY 47.46 billion) and the expansion of construction land (CNY 22.78 bil-
lion), while the increase in the EP scenario was due to the increase in the amount of
cultivated land (CNY 5.15 billion) and forest land area (CNY 23.15 billion) compared with
the BAU scenario. If the same area is increased, the ecological benefit of forest land will
be higher than that of cultivated land. Limited by the afforestation project period, the
variation in forest land is limited in the short term. However, ecological engineering and
cultivated land protection measures need to be implemented in parallel in the long term,
and ecological land cannot be developed at the expense of cultivated land.

The economic benefits of cultivated and forest land in the EP scenario increased by
CNY 2.65 and 5.93 billion (See Table 9), respectively, and that of construction land decreased
by CNY 2678.81 billion compared with the BAU scenario. Construction land had the
greatest impact on economic benefits, but the development plan needs to balance ecology
and the economy. The economic efficiency needs to be improved through high-quality
regional development rather than blind development.
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Table 9. Carbon emissions, ecological benefits, and economic benefits of different land types in
different scenarios in Beijing, Tianjin, and Hebei.

Results of Different
Scenarios

Type of Land Use

Cultivated
Land Forest Land Grassland Water Area Construction

Land
Unutilized

Land

Carbon
emissions
(104 ton)

2020 485.29 −269.16 −71.96 −1.81 69,082.97 −0.09
BAU scenario 467.54 −271.98 −72.05 −2.08 90,453.30 −0.10
EP scenario 470.90 −299.18 −72.77 −2.19 72,362.72 −0.09
ED scenario 436.53 −272.21 −72.77 −2.19 108,543.92 −0.09
SD scenario 473.14 −272.24 −72.77 −2.19 85,471.48 −0.09

Ecological
benefits

(CNY 108)

2020 4878.95 1504.46 10,257.92 77.06 −706.88 4.27
BAU scenario 7157.16 2314.77 15,637.91 134.99 −1139.02 7.95
EP scenario 7208.70 2546.25 15,794.29 142.52 −911.22 6.50
ED scenario 6682.57 2316.66 15,794.29 142.52 −1366.83 6.50
SD scenario 7242.95 2316.92 15,794.29 142.52 −1076.29 6.50

Economic
benefits

(CNY 108)

2020 2209.33 217.25 1472.77 182.30 48,378.55 0.002
BAU scenario 3685.53 593.14 2112.85 374.76 133,941.34 0.002
EP scenario 3712.07 652.45 2133.98 395.66 107,153.20 0.002
ED scenario 3441.15 593.62 2133.98 395.66 160,729.55 0.002
SD scenario 3729.71 593.69 2133.98 395.66 126,564.37 0.002

3.3. Spatial Distribution Comparison of Different Optimization Scenarios

Forest land, in the EP scenario, grows along the Yanshan–Taihang Mountains and
results from the extensive expansion of forest land and the fragmentation of grassland.
Additionally, grassland is degraded from the periphery of the non-ecological land, such as
construction land, compared to the land use structure in 2020 (see Figure 6b). Therefore, a
policy of natural afforestation should be introduced so as to encourage farmers to cultivate
forests in mountainous areas. Moreover, the degradation of construction land into grassland
needs to incorporate the recultivation of idle, abandoned rural construction land into forest
and grasslands.

Carbon emissions in the EP scenario were reduced compared with the BAU scenario,
but the government should invest more manpower and material resources in these efforts.
However, the notion of sacrificing the economy to seek ecological stability is not ideal.
Ecological protection in real planning scenarios should be coordinated with economic
construction. Sacrificing construction land for ecological development is not desirable in
the Beijing–Tianjin–Hebei economic environment, because ecological protection cannot
achieve a win–win situation between low-carbon ecology and urban development.

The expanded patches of construction land in the ED scenario are scattered in the
plain area compared with the land use structure in 2020 (see Figure 6c). The construction
land extends outward, encroaching on the surrounding cultivated land, indicating that
the development and construction needs are significant. The water expansion patches are
distributed in the coastal and central areas, indicating that wetland parks have been built
in the coastal port zones of Tianjin and Tangshan. The excavation and dredging of water-
courses have increased the number of water areas. Therefore, the central waters of Beijing,
Tianjin, and Hebei have promoted eco-hydraulic engineering through the construction
of a water conservancy infrastructure network system to form a water scale system. The
construction land scale is the largest, and the cultivated land scale is the smallest, with
small changes in ecological lands such as forest land and grassland. Increased water areas
with low ecological benefits reduce land allocation with large ecological benefits, which
hinders green ecology and low-carbon development.
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The forest and grassland expansion areas in the SD scenario are in the northern
mountains and northwest, respectively, while the water expansion mode is similar to
that of the ED scenario compared with the land use structure in 2020 (see Figure 6d).
Therefore, constraints and planning indicators are set for the expansion of construction
from the planning governance level. The green space and water network systems have
been planned and improved in the existing construction land so that the ecological lands,
such as forest land, grassland, and water, can grow synchronously in the form of facilities
supporting construction land. Moreover, current ecological projects such as the construction
of the Three-North Shelterbelt, the Tai hang Mountain greening project, and de-farming
and reafforestation should continue to be implemented in the northwest, and ecological
construction should be steadily promoted.

The SD scenario is a development model in which urban construction boundaries
tend to stabilize within elastic limits. The transformation of construction land through
extensive expansion into land under integrated, efficient use has promoted the economy
based on improved land use. The reasonable planning of the ecological land layout and
reduction in construction costs for the mutual transformation of various land types can
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help to achieve low-carbon emission reduction, ensuring the synchronous development of
the ecological economy.

4. Discussion

Sustainable development is an economic growth model focusing on long-term de-
velopment, which refers to the coordinated development of socioeconomic resources and
the environment. Sustainable development of land use is a complex issue including the
integration of biodiversity conservation, climate change, food security, poverty alleviation,
and sustainable energy [40]. The study of the sustainable development of land use in the
Beijing–Tianjin–Hebei region inevitably involves the ecological environment. The existing
ecological and environmental problems in the Beijing–Tianjin–Hebei region are closely
related to the sustainable development of land use. For example, the Yanshan Mountains
in the west and north undergo serious soil erosion every summer, which results in the
siltation of reservoirs. Land desertification in northern Hebei has caused wind and sand
weather and even sandstorm weather in Beijing and Tianjin. Moreover, the excessive
reclamation of land in poverty-affected areas has caused serious damage to the local land
and placed the ecological economy in a vicious circle. However, challenges and opportuni-
ties arise in parallel. The Outline of the Beijing–Tianjin–Hebei Coordinated Development
Plan, approved in 2015, has ushered in a historic opportunity for the development of the
Beijing–Tianjin–Hebei region. The “Beijing–Tianjin–Hebei coordinated development” is a
regional development strategy implemented by the state, which is conducive to promoting
urban agglomerations and their competitiveness. Sustainable land use and the ecological
environment are the foundation of regional sustainable development.

Beijing, Tianjin, and Hebei implemented the overall deployment of One Core, Three
Axes, Four Zones, and Multiple Nodes [41]. Geographical and resource advantages promote
urbanization, which brings with it greater challenges for the originally fragile ecological
environment. This work predicted land use changes and their possible impacts on the
ecology and economy of the Beijing–Tianjin–Hebei region based on different prospects and
proposed relevant suggestions for upgrading sustainable land use models. This work will
be helpful for addressing existing land and ecological environment problems.

The coupled GMOP-PLUS model provides the optimal land use structure, quantity,
and space and suitable land use planning for the Beijing–Tianjin–Hebei region in regard
to eco-economic benefits and carbon emissions. The coupled GMOP-PLUS model, com-
pared with methods used in previous studies, is oriented towards the value of ecosystem
services [42,43], and the scenario of ecological optimization and coordinated development
of the economy and ecology is selected for fixed development scenarios. The GMOP model
can determine the optimal objective function, and the coupled PLUS-GMOP model can
provide a scientific reference for coordinated regional eco-economic development. Taking
2030 as the carbon neutrality target, this work evaluated land system carbon emissions in a
sustainable development scenario.

Cultivated land degrades and construction land increases in the BAU scenario, which
is consistent with the research results of Fu et al. [44] for Beijing, Tianjin, and Hebei. The
expansion of construction land in the ED scenario destroys a large area of cultivated land
and contradicts the premise of controlling the increment in the area of construction land in
the overall planning of land use.

Yang et al. [45] proposed converting the occupied cultivated land into ecological land
in the BAU scenario. However, ecological land, in the EP scenario, originates from the
contraction of construction land, and forest land increases due to grassland conversion.
This scenario considers the constraints of cultivated land protection and the population’s
food demands on cultivated land conversion. Moreover, the SD scenario explains the
urbanization process. The establishment of an ecological economy to jointly promote the
goal of limiting the uncontrolled growth of the urban construction space can inhibit the
growth of high urban carbon emissions.



Sustainability 2023, 15, 3977 19 of 22

The economic and ecological benefits and carbon emissions of Beijing, Tianjin, and
Hebei increase by 168.22, 50.56, and 30.84%, respectively, in the BAU scenario compared
with those in 2020, respectively. Economic growth will be rapid from 2020 to 2030. However,
the EP scenario, unlike that of 2020, shows increases in the economic benefits, ecological
benefits, and carbon emissions by 117.40, 54.77, and 4.67%, respectively. Even the most strin-
gent ecological protection scenarios can have economic benefits that are slightly increased
under the ecological goals. The economic development goal leads to a large transformation
of cultivated land into construction land compared with the ecological optimization goal
and the sustainable development goal.

The purposes of the EP and SD scenarios, aiming to simulate the implementation
of ecological projects, are as follows: (1) the restoration and construction of ecological
resources such as woodlands, grasslands, and waters; (2) the consolidation of the function
of the ecological conservation area in the northwest; and (3) increased vegetation produc-
tivity to provide more carbon reduction services. These goals are in line with the green
transformation of the accelerated development mode based on China’s 14th Five-Year Plan.

It can be naturally concluded from the four scenarios that the lowest carbon emissions
or the maximum ecological benefits are not necessarily the best choice based on the com-
parison of the four scenarios. Only by comprehensively considering the future direction of
land use development can land development policies be proposed.

The three proposed optimization scenarios beneficially transform the current situation
of land use, but the development characteristics are different, with different emphases.
Therefore, future research directions should seek a multi-objective optimization scenario to
analyze future land use development and explore universal optimal allocation scenarios of
regional land use structures.

The following suggestions are made based on previous research and the results of the
current work [46–48]:

(1) Flexible planning to optimize the land use layout
Since the planning is conducted under the socio-economic conditions of the time,

regional conditions will change significantly over time. Thus, land use planning should be
conducted flexibly alongside dynamic monitoring, through which we can adjust the layout
of land use according to changes in the external situation in a timely manner. We should
strengthen restrictions on the use and development of land resources. The maintenance of
scientific agricultural land areas is feasible during the long-term dynamic monitoring of
agricultural land in the central and southern areas; however, it is not feasible for promoting
the economy at the expense of the former goal.

A blueprint for the expansion of construction land should be written during the
development stage. The increment in construction land should be reduced on a year-
by-year basis, and urban development boundaries should be limited. Firstly, the new
construction land in Beijing, Tianjin, and other megacities should be strictly controlled.
Secondly, those in Tangshan, Shijiazhuang, Handan, Baoding, and other large cities should
be rationally allocated. Thirdly, the new construction land in other medium-sized cities
such as Qinhuangdao and Xingtai should be increased appropriately. As for the eastern
areas, they should give full play to their ecological and coastal resource advantages so as to
develop the regional economy.

(2) Combining systematization and correlation to highlight functional partitioning
The direction of land use in the Beijing–Tianjin–Hebei region should start with each

region’s endowment resources and economic development and view the research area as
an organic whole. The three regions of Beijing, Tianjin, and Hebei should be viewed as
interlinked so that the resource advantages of each region can be fully exploited and the
functional divisions can be highlighted. For example, mountains and hilly area can be
found everywhere in the Zhangjiakou and Chengde areas, including the western Baoding,
Shijiazhuang, Xingtai, and Handan areas. While the economy is relatively backward, the
environment takes the lead, with a heavy proportion of forest land and grassland. The
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main functional area, here, can be positioned as one of ecological conservation due to the
high contribution rate of the ecological benefits.

Cangzhou, Tangshan, and Qinhuangdao are adjacent to Tianjin, together marking
the first coastal development area. They border the Bohai Sea and possess convenient
transportation conditions with obvious geographical advantages. Resources can be used,
and complementary advantages can be achieved, by giving full play to the functional
characteristics of each region.

(3) Paying attention to ecological construction and reducing carbon emissions
The ecological land should be retained to the greatest extent in the Taihang Mountains

and Yanshan Mountains, because it has the ecological effects and entertainment service
functions of regulating the microclimate, purifying the air, and conserving the water
sources. The Zhangcheng area in the north of Hebei Province should be noted for its
location in the upwind and water areas of Beijing and Tianjin. Its environment needs to
be protected; hence, we should handle the relationship between economic construction
land and ecological land in a reasonable manner. The Beijing–Tianjin–Hebei region still
relies heavily on its secondary industry, meaning that it is the key to reducing carbon
emissions. The secondary and tertiary industries’ land use allocation can be handled in a
more reasonable manner through the development of high-tech industries, such as the new
industrialization base around the Bohai Sea, which relies on its port advantage.

5. Conclusions

This work set multiple quantitative structure optimization objectives using the GMOP
model by combining knowledge of land use carbon emissions, the land ecosystem service
value, land economic value, and previous research results, including ecological benefit
maximization, economic benefit maximization, and sustainable development goals. Four
spatial development scenarios, namely the BAU, EP, ED, and SD, were set using the PLUS
model. Then, the land use structure and spatial layout of Beijing, Tianjin, and Hebei in 2030
were simulated and optimized on the premise of introducing macro-control constraints.
The following conclusions were obtained by comparing the changes in carbon emissions
and economic and ecological benefits in each simulation scenario:

(1) The future expansion of construction land will mostly sacrifice cultivated land, es-
pecially in the central plains and the periphery of the urban construction land. If ecological
protection measures are not taken, there will be little change in ecological lands such as
woodland, grassland, and water.

(2) Ecological and economic benefits will increase in 2030, and carbon emissions will
increase in tandem with economic development and population growth. The highest
ecological benefit, that of the EP scenario, is CNY 2478.70 billion, with the lowest carbon
emissions of 7.25 × 108 t, and the economy declines by 18.94% compared with the BAU
scenario. The ED scenario has the highest carbon emissions and economic benefits, which
are 1.09 × 109 t and CNY 16,729.40 billion, respectively; however, the ecological benefits
are low.

(3) Beijing, Tianjin, and Hebei will develop together in the future, and different land
plans will lead to greater differences in land use patterns. Therefore, it is necessary to
coordinate different land use types so as to comprehensively select appropriate regional
land use strategies.

Author Contributions: Conceptualization, F.M. and Z.Z.; methodology, F.M.; software, F.M.; formal
analysis, P.Z.; writing—original draft preparation, F.M and Z.Z.; writing—review and editing, F.M.,
Z.Z. and P.Z.; funding acquisition, P.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Hebei Social Science Development Research Project
(20220202232) and Hebei Social Science Fund Project in 2019 (HB19YJ020).

Institutional Review Board Statement: Not applicable.



Sustainability 2023, 15, 3977 21 of 22

Informed Consent Statement: Not applicable.

Data Availability Statement: Statistical data were obtained from the statistical yearbooks (2000 to
2020), including the Hebei Statistical Yearbook, Tianjin Statistical Yearbook, and Beijing Statistical
Yearbook, China Energy Statistics Yearbook, National Agricultural Product Cost–benefit Information
Compilation, and social development statistical bulletins of the studied cities. The triple-phase land
use raster data were derived from the Data Center for Resources and Environmental Sciences and the
Chinese Academy of Science.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jin, G.; Deng, X.Z.; Chu, X.; Li, Z.H.; Wang, Y. Optimization of land-use management for ecosystem service improvement: A

review. Phys. Chem. Earth Parts A/B/C 2017, 101, 70–77. [CrossRef]
2. Liu, C.C.; Deng, C.X.; Li, Z.W.; Liu, Y.J.; Wang, S.Y. Optimization of Spatial Pattern of Land Use: Progress, Frontiers, and Prospects.

Int. J. Environ. Res. Public Health 2022, 19, 5805. [CrossRef]
3. Gao, L.; Bryan, B.A. Finding pathways to national-scale land-sector sustainability. Nature 2017, 544, 217. [CrossRef]
4. Liu, J.Y.; Liu, M.L.; Deng, X.Z.; Zhuang, D.F.; Zhang, Z.X.; Luo, L. The land use and land cover change database and its relative

studies in China. J. Geog. Sci. 2002, 12, 275–282.
5. Borrelli, P.; Robinson, D.A.; Fleischer, L.R.; Lugato, E.; Ballabio, C.; Alewell, C.; Meusburger, K.; Modugno, S.; Schutt, B.; Ferro, V.;

et al. An assessment of the global impact of 21st century land use change on soil erosion. Nat. Commun. 2017, 8, 2013. [CrossRef]
6. Sterling, S.M.; Ducharne, A.; Polcher, J. The impact of global land-cover change on the terrestrial water cycle. Nat. Clim. Chang.

2013, 3, 385–390. [CrossRef]
7. Findell, K.L.; Berg, A.; Gentine, P.; Krasting, J.P.; Lintner, B.R.; Malyshev, S.; Santanello, J.A.; Shevliakova, E. The impact of

anthropogenic land use and land cover change on regional climate extremes. Nat. Commun. 2017, 8, 989. [CrossRef]
8. Hertel, T.W. Economic perspectives on land use change and leakage. Environ. Res. Lett. 2018, 13, 075012. [CrossRef]
9. Wang, K.; Li, X.B.; Lyu, X.; Dang, D.L.; Dou, H.S.; Li, M.Y.; Liu, S.Y.; Cao, W.Y. Optimizing the Land Use and Land Cover Pattern

to Increase Its Contribution to Carbon Neutrality. Remote. Sens. 2022, 14, 4751. [CrossRef]
10. Tang, X.J.; Woodcock, C.E.; Olofsson, P.; Hutyra, L.R. Spatiotemporal assessment of land use/land cover change and associated

carbon emissions and uptake in the mekong river basin. Remote. Sens. Environ. 2021, 256, 112336. [CrossRef]
11. Zhang, C.Y.; Zhao, L.; Zhang, H.; Chen, M.N.; Fang, R.Y.; Yao, Y.; Zhang, Q.P.; Wang, Q. Spatial-temporal characteristics of carbon

emissions from land use change in yellow river delta region, China. Ecol. Indic. 2022, 136, 108623. [CrossRef]
12. Alma, M.P.; Rogelio, C.N.; Florian, K.; Sylvain, L.; Piera, P. Identifying effects of land use cover changes and climate change on

terrestrial ecosystems and carbon stocks in Mexico. Glob. Environ. Chang. 2018, 53, 12–23.
13. Zhang, H.H.; Zeng, Y.N.; Jin, X.B.; Shu, B.R.; Zhou, Y.K.; Yang, X.H. Simulating multi-objective land use optimization allocation

using multi-agent system—A case study in Changsha, China. Ecol. Model. 2016, 320, 334–347. [CrossRef]
14. Liu, Y.F.; Ming, D.P.; Yang, J.Y. Optimization of land use structure based on ecological GREEN equivalent. Geo-Spat. Inf. Sci. 2002,

5, 60–67.
15. Shen, Q.P.; Chen, Q.; Tang, B.S.; Yeung, S.; Hu, Y.C.; Cheung, G. A system dynamics model for the sustainable land use planning

and development. Habitat. Int. 2009, 33, 15–25. [CrossRef]
16. Porta, J.; Parapar, J.; Doallo, R.; Francisco, F.R.; Santé, I.; Crecente, R. High performance genetic algorithm for land use planning.

Comput. Environ. Urban 2013, 37, 45–58. [CrossRef]
17. Santé-Riveira, I.; Boullón-Magán, M.; Crecente-Maseda, R.; Miranda-Barrós, D. Algorithm based on simulated annealing for

land-use allocation. Comput. Geo. Sci. 2008, 34, 259–268. [CrossRef]
18. Fotakis, D.; Sidiropoulos, E. A new multi-objective self-organizing optimization algorithm (MOSOA) for spatial optimization

problems. Appl. Math. Comput. 2012, 218, 5168–5180. [CrossRef]
19. Liu, X.; Xia, L.; Xun, S.; Huang, K.; Liu, Y. A multi-type ant colony optimization (MACO) method for optimal land use allocation

in large areas. Int. J. Geogr. Inf. Sci. 2012, 26, 1325–1343. [CrossRef]
20. Huang, S.Q.; Xi, F.R.; Chen, Y.M.; Gao, M.; Pan, X.; Ren, C. Land Use Optimization and Simulation of Low-Carbon-Oriented—A

Case Study of Jinhua, China. Land 2021, 10, 1020. [CrossRef]
21. Zhang, R.T.; Lu, J.F. Simulation of Land Use Pattern Evolution from a Multi-Scenario Perspective: A Case Study of Suzhou City in

Anhui Province, China. Int. J. Environ. Res. Public Health 2021, 18, 921. [CrossRef]
22. Liu, X.P.; Liang, X.; Li, X.; Xu, X.C.; Ou, J.P.; Chen, Y.M.; Li, S.Y.; Wang, S.J.; Pei, F.S. A future land use simulation model (FLUS) for

simulating multiple land use scenarios by coupling human and natural effects. Landsc. Urban Plan. 2017, 168, 94–116. [CrossRef]
23. Wang, G.Z.; Han, Q. The multi-objective spatial optimization of urban land use based on low-carbon city planning. Ecol. Indic.

2021, 125, 107540. [CrossRef]
24. Liu, H.J.; Yan, F.Y.; Tian, H. Towards low-carbon cities: Patch-based multi-objective optimization of land use allocation using an

improved non-dominated sorting genetic algorithm-II. Ecol. Indic. 2022, 134, 108455. [CrossRef]

http://doi.org/10.1016/j.pce.2017.03.003
http://doi.org/10.3390/ijerph19105805
http://doi.org/10.1038/nature21694
http://doi.org/10.1038/s41467-017-02142-7
http://doi.org/10.1038/nclimate1690
http://doi.org/10.1038/s41467-017-01038-w
http://doi.org/10.1088/1748-9326/aad2a4
http://doi.org/10.3390/rs14194751
http://doi.org/10.1016/j.rse.2021.112336
http://doi.org/10.1016/j.ecolind.2022.108623
http://doi.org/10.1016/j.ecolmodel.2015.10.017
http://doi.org/10.1016/j.habitatint.2008.02.004
http://doi.org/10.1016/j.compenvurbsys.2012.05.003
http://doi.org/10.1016/j.cageo.2007.03.014
http://doi.org/10.1016/j.amc.2011.11.003
http://doi.org/10.1080/13658816.2011.635594
http://doi.org/10.3390/land10101020
http://doi.org/10.3390/ijerph18030921
http://doi.org/10.1016/j.landurbplan.2017.09.019
http://doi.org/10.1016/j.ecolind.2021.107540
http://doi.org/10.1016/j.ecolind.2021.108455


Sustainability 2023, 15, 3977 22 of 22

25. Li, J.Z.; Ouyang, X.; Zhu, X. Land space simulation of urban agglomerations from the perspective of the symbiosis of urban
development and ecological protection: A case study of Changsha-Zhuzhou-Xiangtan urban agglomeration. Ecol. Indic. 2021,
126, 107669. [CrossRef]

26. Gu, M.; Ye, C.S.; Li, X.; Hu, H.P. Land-Use Optimization Based on Ecosystem Service Value: A Case Study of Urban Agglomeration
around Poyang Lake, China. Sustainability 2022, 14, 7131. [CrossRef]

27. Gao, P.P.; Li, Y.P.; Gong, J.W.; Huang, G.H. Urban land-use Planning under Multi-uncertainty and Multi-objective considering
ecosystem service value and economic benefit-A case study of Guangzhou, China. Ecol. Complex. 2021, 45, 100886. [CrossRef]

28. Zhang, M.N.; Xu, L.; Zhang, C.C. Study construction of ecological security pattern in Beijing-Tianjin-Heibei region and identifica-
tion of early warning points. For. Ecol. Sci. 2021, 85, 101569. (In Chinese)

29. Wang, Y.; Li, X.M.; Zhang, Q.; Li, J.F.; Zhou, X.W. Projections of future land use changes: Multiple scenarios-based impacts
analysis on ecosystem services for Wuhan city, China. Ecol. Indic. 2018, 94, 430–445. [CrossRef]

30. Lai, L.; Huang, X.J. Carbon Emission Effect of Land Use in China, 1st ed.; Nanjing University Press: Nanjing, China, 2010; pp. 3–65.
31. Fang, J.Y.; Guo, Z.D.; Piao, S.L.; Chen, A.P. Terrestrial vegetation carbon sinks in China, 1981–2000. Sci. China Ser. D-Earth Sci.

2007, 50, 1341–1350. [CrossRef]
32. Xie, G.D.; Zhang, C.X.; Zhang, L.M.; Chen, W.H.; Li, S.M. Improvement of the evaluation method for ecosystem service value

based on per unit area. J. Nat. Resour. 2015, 30, 1243. (In Chinese)
33. Xie, G.D.; Zhen, L.; Lu, C.X.; Xiao, Y.; Chen, C. Expert knowledge-based valuation method of ecosystem services in China. J. Nat.

Resour. 2008, 23, 911–919. (In Chinese)
34. Du, Y.M.; Li, X.L.; He, X.L.; Li, X.Q.; Yang, G.; Li, D.B.; Xu, W.H.; Qiao, X.; Li, C.; Sui, L. Multi-Scenario Simulation and Trade-Off

Analysis of Ecological Service Value in the Manas River Basin Based on Land Use Optimization in China. Int. J. Environ. Res.
Public Health 2022, 19, 6216. [CrossRef]

35. Liu, H.L.; Wu, S.D.; Wei, S.Q.; Lin, H.L.; Wang, Q. Optimization Research of Low-carbon Economy Oriented Land Use Structure-A
Case Study in Fuzhou City of Fujian Province. Bull. Soil Water Conserv. 2017, 37, 202–208. (In Chinese)

36. Huang, S.A.; Guo, D.M.; Wu, J. An evaluation of the effects of direct grain subsidy policy. China Rural Econ. 2019, 1, 17–31.
(In Chinese)

37. Xu, S.; Zhu, Y.M. Study on Multi-Scenario Land Use Optimization Based on Maximization of Land Use Function. Chin. J. Agric.
Resour. Reg. Plan 2022, 43, 90–100. (In Chinese)

38. Liang, X.; Guan, Q.F.; Clarke, K.C.; Liu, S.S.; Wang, B.Y.; Yao, Y. Understanding the drivers of sustainable land expansion using a
patch-generating land use simulation (PLUS) model: A case study in Wuhan, China. Comput. Environ. Urban 2021, 85, 101569.
[CrossRef]

39. Liu, W.; Zhan, J.; Zhao, F.; Wang, C.; Zhang, F.; Teng, Y.; Chu, X.; Kumi, M.A. Spatio-temporal variations of ecosystem services
and their drivers in the Pearl River Delta, China. J. Clean Prod. 2022, 337, 130466. [CrossRef]

40. Meyfroidt, P.; De Bremond, A.; Ryan, C.M.; Archer, E.; Aspinall, R.; Chhabra, A.; Camara, G.; Corbera, E.; DeFries, R.; Díaz, Z.;
et al. Ten facts about land systems for sustainability. Proc. Natl. Acad. Sci. USA 2022, 119, e2109217118. [CrossRef]

41. Deng, Z.W.; Quan, B. Intensity Characteristics and Multi-Scenario Projection of Land Use and Land Cover Change in Hengyang,
China. Int. J. Environ. Res. Public Health 2022, 19, 8491. [CrossRef]

42. Li, C.; Wu, Y.M.; Gao, B.P.; Zheng, K.J.; Wu, Y.; Li, C. Multi-scenario simulation of ecosystem service value for optimization of
land use in the Sichuan-Yunnan ecological barrier, China. Ecol. Indic. 2021, 132, 108328. [CrossRef]

43. Zhu, L.; Huang, Y. Multi-Scenario Simulation of Ecosystem Service Value in Wuhan Metropolitan Area Based on PLUS-GMOP
Model. Sustainability 2022, 14, 13604. [CrossRef]

44. Fu, H.Y.; Zhao, S.C.; Liao, C. Spatial governance of Beijing-Tianjin-Hebei urban agglomeration towards low-carbon transition.
China Agric. Econ. Rev. 2022. ahead-of-print. [CrossRef]

45. Yang, Y.Y.; Bao, W.K.; Liu, Y.S. Scenario simulation of land system change in the Beijing-Tianjin-Hebei region. Land Use Policy
2020, 96, 104677. [CrossRef]

46. Wei, C.J.; Meng, J.J.; Zhu, L.K.; Han, Z.Y. Assessing progress towards sustainable development goals for Chinese urban land use:
A new cloud model approach. J. Environ Manag. 2023, 326, 116826. [CrossRef]

47. Yang, D.; Zhang, P.Y.; Jiang, L.; Zhang, Y.; Liu, Z.Y.; Rong, T.Q. Spatial change and scale dependence of built-up land expansion
and landscape pattern evolution—Case study of affected area of the lower Yellow River. Ecol. Indic. 2022, 141, 109123. [CrossRef]

48. Biswas, M.; Banerji, S.J.; Mitra, D. Land-use–land-cover change detection and application of Markov model: A case study of
Eastern part of Kolkata. Environ. Dev. Sustain. 2020, 22, 4341–4360. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.ecolind.2021.107669
http://doi.org/10.3390/su14127131
http://doi.org/10.1016/j.ecocom.2020.100886
http://doi.org/10.1016/j.ecolind.2018.06.047
http://doi.org/10.1007/s11430-007-0049-1
http://doi.org/10.3390/ijerph19106216
http://doi.org/10.1016/j.compenvurbsys.2020.101569
http://doi.org/10.1016/j.jclepro.2022.130466
http://doi.org/10.1073/pnas.2109217118
http://doi.org/10.3390/ijerph19148491
http://doi.org/10.1016/j.ecolind.2021.108328
http://doi.org/10.3390/su142013604
http://doi.org/10.1108/CAER-04-2022-0069
http://doi.org/10.1016/j.landusepol.2020.104677
http://doi.org/10.1016/j.jenvman.2022.116826
http://doi.org/10.1016/j.ecolind.2022.109123
http://doi.org/10.1007/s10668-019-00387-4

	Introduction 
	Methods and Data Collection 
	Study Area 
	Data Sources and Processing 
	Research Framework 
	GMOP Model Specification 
	Target System Construction 
	GMOP Model Land Structure Optimization 

	Land Use Optimization Based on the PLUS Model 
	PLUS Model Setting and Verification 
	Development Scenario Setting 


	Results 
	Analysis of Land Use Scenario Prediction Results 
	Comparison of the Results for Different Optimization Scenarios 
	Spatial Distribution Comparison of Different Optimization Scenarios 

	Discussion 
	Conclusions 
	References

