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Abstract: Carbon peaking and carbon neutrality strategies are pivotal in addressing climate change.
Optimizing land use structure is a fundamental approach to achieving low-carbon development
within a given territory. This study focuses on Fujian Province as the research subject, predicting
carbon emissions for the next decade by analyzing the correlation between land use types and
carbon emissions using the gray model. This analysis is based on land use panel data spanning from
2007 to 2021. The study applies the FLUS-Markov model to simulate Fujian’s land use in 2030. A
multi-objective optimization model is developed from a low-carbon perspective, integrating carbon
emissions, economic, and ecological factors. The study explores land use under three scenarios:
natural development scenario (NS), low carbon scenario (LCS), and comprehensive scenario (CS).
Findings highlight the relationship between land use-related carbon emissions, urbanization, and
relevant policies in Fujian. The FLUS-Markov simulations suggest that under the NS scenario, carbon
emissions in 2030 will reach 77.829 million tons, an increase of 11.013 million tons from 2020. In
contrast, the LCS demonstrates that optimizing land use structures can effectively balance carbon
reduction, economic growth, and ecological preservation. Under the CS, 2030 emissions could be
reduced by 7.2854 million tons while maintaining economic and ecological benefits. Despite variations
in construction land expansion across these scenarios, all follow a “one belt, one core” development
pattern. The study concludes with policy recommendations, including industrial layout optimization
and clean energy promotion. These findings support the alignment of land use optimization with
Fujian’s future development needs, offering guidance for land-use planning and policies focused on
low-carbon objectives.

Keywords: land use structure optimization; low carbon; gray model; FLUS-Markov model; multi-
objective optimization model

1. Introduction

As the principal facilitator of human production and livelihoods, land has undergone
significant transformations due to the progress of human economic activities [1]. Through-
out the process of land development and construction, the volume of carbon emissions
generated ranks second only to the combustion of fossil fuels, playing a crucial role in the
escalation of carbon emissions and climate warming [2].

In recent years, the optimization simulation of land use structure and the measurement
of carbon emissions have emerged as focal points of research. Regarding the optimization
simulation of land use structure, most pertinent scholars have scrutinized the optimal
allocation of land resources. For instance, Chen Ying [3], Zhao [4], Yu Feng [5], and others
have prognosticated land demand in the study area based on specific development goals
and subsequently conducted optimization simulations of land use structure grounded in
these prognostications and the current suitability of spatial units. These studies primarily
concentrate on maximizing the ecological and economic benefits of land use structure but
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devote less attention to simulation research on land use structure optimization with low-
carbon objectives. Concerning land use carbon emissions, pertinent research predominantly
centers on the mechanisms, accounting, effects, and influencing factors of land use carbon
emissions [6]. However, in comparison to the analysis of land use carbon emissions linked to
economic output, research on land use low-carbon planning is relatively sparse and mainly
focuses on the comparison of carbon accumulation and emissions. Consequently, research
grounded in carbon emissions and economic output necessitates further reinforcement [7].

Most research on land use structure primarily focuses on urban areas or city clus-
ters [8–10], with relatively little attention given to provincial-level studies. However, the
Guiding Opinions on Accelerating the Establishment of a Green, Low-carbon, and Circular
Development Economic System [11] issued by the State Council, and the Implementation
Plan for Accelerating the Establishment of a Green, Low-carbon, and Circular Develop-
ment Economic System in Fujian Province [12] underscore the significance of studying
low-carbon optimization of provincial land use structures.

Various land-use change models, such as CA-Markov [13], CLUE-S [14], SLEUTH [15],
and FLUS [16–19], are widely employed in domestic and international studies to simulate
land-use changes across different regions and scales. Each model serves specific research
scenarios: CA-Markov is suited for short-term predictions, CLUE-S for multi-scale, multi-
driver analysis, SLEUTH for urban expansion studies, and FLUS for complex land-use
planning and multi-objective optimization. The FLUS-Markov model, which combines
FLUS’s spatial optimization with Markov’s time-series forecasting, offers a robust tool
for simulating land use in Fujian Province under multiple scenarios FLUS-Markov. This
model considers complex spatial dynamics, temporal trends, and various policy and
environmental goals, making the simulation results more scientific and applicable.

Fujian Province was selected as the study area for several reasons. First, the provincial
government has incorporated the ‘dual-carbon’ goal into its overall strategy and applied
low-carbon requirements in its spatial planning [20], providing a strong policy foundation
for this research. Second, as a crucial ecological barrier in the southeastern coastal region,
Fujian has significant carbon sink potential, offering a unique scenario for exploring low-
carbon economic development and ecological civilization.

The innovation of this study lies in combining the gray model, FLUS-Markov model,
and multi-objective optimization model to deeply explore the relationship between land
use and carbon emissions from the perspective of a low-carbon economy. Through multi-
scenario simulation, the study optimizes the land use structure of Fujian Province for
2030, aiming to maximize economic benefits, minimize carbon emissions, and enhance
ecological outcomes.

The results demonstrate that optimizing land use structure effectively balances the
key objectives of carbon emission reduction, economic growth, and ecological protection.
Specifically, under the integrated scenario, carbon emissions in 2030 could be reduced by
7,285,400 tonstons compared to the natural development scenario, while sustaining growth
in economic and ecological benefits. Notably, despite varying degrees of construction land
expansion across different scenarios, a development pattern of ‘one belt, one core’—synergistic
development of the coastal urban belt and inland central cities—emerges.

This study makes several key contributions: (1) It proposes a comprehensive frame-
work for low-carbon-oriented land use structure optimization, providing technical support
for policymakers and planners to develop sustainable low-carbon land use strategies;
(2) It offers an in-depth analysis of the relationship between land use structure changes
and carbon emissions in Fujian Province, providing a scientific basis for low-carbon pol-
icy development in the region; and (3) It explores the impacts of different development
strategies on land use structure and carbon emissions through multi-scenario simulation
and optimization, offering valuable insights for balancing economic development with
low-carbon objectives.
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These findings are not only significant for guiding the sustainable development oFujian
Province, but also provide valuable insights and methods for other regions exploring low-
carbon development pathways.

2. Overview of the Study Area and Data Sources
2.1. Overview of the Study Area

Fujian Province is situated in southeastern China, spanning from 23◦33′ to 28◦20′

north latitude and 115◦50′ to 120◦40′ east longitude. The province covers a land area of
124,000 square kilometers. The accelerated urbanization has led to the encroachment upon
forestlands, grasslands, water bodies, and wetlands, causing the reduction of ecological
carbon sink capacity and the degradation of the ecological environment (Figure 1).
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Figure 1. Land use structure of Fujian Province, 2007–2021.

2.2. Data Sources

All data sources for this study are shown in Table 1.

Table 1. Data sources.

Data Type Data Name Data Sources Research Use

Statistics
data

Land use raster data for Fujian
Province, 2007–2021 CLCD land use data [21] Calculation of carbon emissions,

land use modeling
Energy consumption in Fujian

Province from 2007 to 2021
Statistical Yearbook of

Fujian Province Calculating carbon emissions

Raster population data for
Fujian Province, 2007–2021 LandScan population dataset Modeling land use

structure optimization

Fujian Province GDP 2007–2021 Statistical Yearbook of
Fujian Province

Modeling land use
structure optimization

Vector data
poi data Gaode, Baidu Maps Modeling land use change

Fujian Province Ministry of Natural Resources Cut out the bottom picture
Roads, railways Gaode, Baidu Maps Modeling land use change

Raster data
DEM data Geospatial data cloud Modeling land use change

Maximum NDVI in Fujian
Province, 2007–2021 [22]

National Centre for Ecological
Science and Technology Modeling land use change

3. Research Methods

The technical route of this study is shown in Figure 2.



Land 2024, 13, 1410 4 of 19

Land 2024, 13, x FOR PEER REVIEW 4 of 20 
 

Raster 
data 

Maximum NDVI in Fujian Province, 2007–2021 
[22] 

National Centre for Ecological 
Science and Technology 

Modeling land use change 

3. Research Methods 
The technical route of this study is shown in Figure 2. 

 
Figure 2. Research technology roadmaps. 
Figure 2. Research technology roadmaps.

3.1. Carbon Emission Calculation

Construction land involves various types of land use types and utilization methods,
so it is hard to determine the carbon emission coefficient of construction land using the
terrestrial ecosystem carbon emission coefficient method [23]. Therefore, this study employs
the indirect carbon emission calculation method to calculate the carbon emissions of
construction land, while the direct carbon emission calculation method is used for non-
construction land. The specific calculation method is outlined as follows.
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Cultivated land, shrub land, forest land, natural grassland, water land, and unused
land are all considered non-construction land, and their carbon emissions mainly arise
from agricultural machinery energy consumption, chemical fertilizer application, biological
respiration, and soil organic matter decomposition [24]. The formula utilized in this study
to calculate carbon emissions from non-construction land is as follows:

Ek = ∑ ei = ∑ Ti × δi (1)

In the formula, Ek denotes the carbon emissions of non-construction land; i denotes the
land use type; ei denotes the carbon emissions generated by the i-th land type; Ti denotes
the area of the i-th land type; δi denotes the emission (absorption) coefficient of the i-th land
type. The carbon emission coefficients for non-construction land can be found in Table 2.

Table 2. Land use classification and carbon emission factors.

Land Type Carbon Emission Factor Unit of Measure Data Sources

Cropland/1 0.0422 Kg C/(m2 a) Sun He et al. [25]; Sun Xianbin [26]

Forest/2 −0.0613 Kg C/(m2 a)
Fang Jingyun et al. [27]; Wang Gang et al [28];

Shi Hongxin et al. [29]
Shrub/3 −0.0730 Kg C/(m2 a) Sun He et al. [25]; Zhao Rongqin et al. [30]

Grassland/4 −0.0021 Kg C/(m2 a) Sun He et al. [25]; Shi Hongxin et al. [29]
Water/5 −0.0253 Kg C/(m2 a) Sun He et al. [25]; Shi Hongxin et al. [29]
Barren/6 −0.0005 Kg C/(m2 a) Sun He et al. [25]; Shi Hongxin et al. [29]

Calculation of Indirect Carbon Emissions

Since the ratio of carbon emissions from construction land to land area varies greatly
in different regional cities, this study uses the indirect method to measure the carbon
emissions in the study area from 2007 to 2021, compares them with the area of construction
land, and uses the gray prediction model to compute the ratio of carbon emissions to the
area of construction land in 2030, so as to compute the carbon emissions in 2030 through
land use simulation.

This study employs energy consumption as the metric for carbon emissions from
construction land. Considering the reliability of the data, the utilization of fossil fuels such
as coal, oil, and natural gas is selected as the basis for calculation, resulting in the indirect
estimation of carbon emissions from construction land. The specific calculation formula is
as follows using the following formula:

Ek = ∑ eki = ∑ Eniαi (2)

In the formula, Ek denotes the carbon emissions of construction land (unit: t); eki
denotes the carbon emissions caused by the use of the i-th energy (unit: t); Eni denotes the
i-th energy source (unit: tce); αi denotes the i-th type of energy Carbon emission coefficient
of energy (unit: tc/tce). According to the literature [31], the carbon emission coefficients of
various energy sources are shown in Table 3.

Table 3. Carbon emission factors for different energy sources.

Type of Energy Carbon Emission Factor

coals 0.7476 tc/tce
Petroleum (oil) 0.5825 tc/tce
Petroleum (gas) 0.4435 tc/tce

tce stands for tons of coal equivalent and is a unit of energy used to measure and compare different forms of
energy. Specifically, 1 tce equals the thermal energy contained in 1 ton of standard coal, which is approximately
7,000,000 kcal. tc/tce is the unit of tons of carbon per tons of coal equivalent. It is used to express the carbon
emissions from burning one ton of standard coal.
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3.2. Gray System Theory

The Gray correlation model and Gray prediction model are integral components
of Gray system theory. They are adept at discerning patterns from situations where
changes are not readily apparent, enabling the analysis of developments and changes
within systems.

3.2.1. Gray Correlation Model

The Gray correlation model investigates the interrelations among various elements
within a system. The computed correlation value indicates the degree of correlation
between each element and the characteristic element [32,33]. Firstly, the parent sequence
Equation (3) and sub-sequence Equation (4) are determined:

x0 = {x0(1), x0(2), x0(3), · · · , x0(n)} (3)

xm = {xm(1), xi(2), xm(3), · · · , xm(n)} (4)

The formula for calculating the correlation coefficient is:

ζi(k) = γ(x0(k), xi(k))
= mini∈mmink∈n(|x0(k)−xi(k)|+ρmaxi∈mmaxi∈n)(|x0(k)−xi(k)|)

|x0(k)−x(k)|+ρmaxi∈mmaxi∈n(|x0(k)−xi(k)|)
(5)

where ζi(k) is the relative difference of the comparison curve xi for curve x0 at the kth
moment, and this relative difference is called the correlation coefficient of xi for x0 at the
kth moment. ρ is the resolution coefficient, ρ ∈ [0, 1], which is taken as 0.5.

The formula for calculating correlation is:

ri =
∑n

k=1 ζi(k)
n

(6)

In the formula, the range is from 0 to 1, with higher values indicating a stronger correlation.

3.2.2. Forecast of Carbon Emissions and Related Economic and Technical Indicators

The Gray Forecast Model GM (1,1) is based on the differential simulation method of
time series and original data. This model can be used to forecast the future development
of a specific indicator, providing specific data for each moment in the future [34,35]. The
calculation formula is as follows:

dYt/dt + aYt = b (7)

Yt = (x0 − b/a)e−at + b/a(t = 0, 1, · · · , m) (8)

Equation (7) is a first-order linear differential equation, and Equation (8) is its corre-
sponding time response function. The coefficients a and b are determined using the least
squares method.

3.3. FLUS-Markov Model

This study combines the Markov model and the FLUS model to simulate future land
use changes in Fujian Province. The Markov model is a stochastic process model that
predicts changes in land use quantity but does not consider spatial distribution. This
study uses the land use type transition probability matrix P from two periods to calculate
future land use quantities, which are then used as input parameters for the FLUS model.
The FLUS model is a spatial dynamic simulation model based on cellular automata and
artificial neural networks capable of considering the impact of multiple factors on the
spatial distribution of land use [36].

The FLUS model simulation process [37] includes inputting the baseline year’s land
use data and various driving factor data into the neural network for training. The driving
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factors are normalized to convert their values into suitability probabilities, constructing
suitability probability maps for different land use types. It also includes conducting spatial
computation simulations based on the adaptive inertia competition mechanism of cellular
automata. The baseline year’s land use data and the constructed suitability probability
maps are used to predict future land use spatial patterns. The specific data and parameters
used are as follows.

3.3.1. Driving Factors of Land Use Change and Suitability Probability

Based on the actual conditions and practical operability in Fujian Province, this study
selects 15 influencing factors categorized into two main types: natural and social. After
normalization (Figure 3), the land use suitability probability was calculated using the FLUS
model’s artificial neural network module.
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3.3.2. Neighborhood Influence Weight

The neighborhood influence weight refers to the expansion capability of a particular
land use type, ranging from 0 to 1. The closer the value is to 1, the stronger the expansion
capability of that land use type. This parameter is determined by considering the actual land
use transitions in Fujian Province, drawing on existing neighborhood weight parameter
results [38], and making multiple adjustments until the kappa coefficient exceeds 75%. The
final neighborhood influence weights are shown in Table 4.

Table 4. Neighborhood impact weights table.

Land Type Cropland Forest Shrub Grassland Water Barren Construction Land

Domain impact weights 0.2 0.01 0.3 0.3 0.4 0.5 1
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3.3.3. Determination of Cost Matrix

The cost matrix delineates the conversion rules among various land use types, specify-
ing whether a mutual conversion is permissible. If conversion between certain land use
types is not allowed, the corresponding matrix value is 0; otherwise, it is 1. Considering
the actual land use changes in Fujian Province, the importance of ecological protection, and
the results of gray correlation analysis, supported by scientific and economic conditions,
all land use types, except for water bodies and natural grasslands, can be converted to
construction land. However, converting construction land to other types is challenging
and costly. Consequently, this study designates construction land as non-convertible to
other land use types. Similarly, water bodies and other land use types are not mutually
convertible. Details are provided in Table 5.

Table 5. Scenario simulation matrix.

Land Type Cropland Forest Shrub Grassland Water Barren Construction Land

Cropland 1 1 1 0 0 0 1
Forest 0 1 0 0 0 0 1
Shrub 1 1 1 0 0 0 1

Grassland 0 0 0 1 0 1 0
Water 0 0 0 0 1 0 0
Barren 1 1 1 1 0 1 1

Construction land 0 0 0 0 0 0 1

3.3.4. Flus Model Accuracy Verification

In this study, the 2010 land use situation of Fujian Province is taken as the initial layer
to simulate the land use situation in 2020. The prediction results are validated using the
Kappa coefficient based on the actual 2020 land use data. The final Kappa coefficient of
0.7892 indicates high accuracy and credibility. The comparison results demonstrate that the
FLUS model can effectively simulate the land use structure of Fujian Province for 2030.

3.4. Multi-Objective Optimization Model
3.4.1. Determination of Model Variables

Based on the current land use situation in Fujian Province, the simulation results of
the FLUS model, and the research requirements, this study identifies seven variables, as
detailed in Table 6.
Table 6. Table of variable settings for land use optimization.

Land Type Cropland Forest Shrub Grassland Water Barren Construction Land

variable X1 X2 X3 X4 X5 X6 X7

3.4.2. Constructing Objective Functions

Based on an analysis of the land use situation in the study area and considering social
and economic development, this study constructs three objective functions related to carbon
emissions, economy, and ecology.

(1) Carbon emission objective function:

The carbon emission rate and absorption rate for non-construction land exhibit min-
imal changes over short periods and can be treated as fixed values during the study
period [27,39]. The carbon emission coefficient for construction land is predicted using past
data and the gray prediction model, determining the carbon emission coefficient for 2030
as 159.983 t C/(hm²·a). This forms the basis of the carbon emission objective function.

MinF1(X) = 0.422X1 − 0.613X2 − 0.730X3 − 0.021X4 − 0.253X5 − 0.005X6 + 159.983X7 (9)

(2) Economic benefit objective function:
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According to existing studies [40], the relative equity coefficient is introduced to
estimate the economic output per unit area for different land types. Using the economic
efficiency coefficients of various land types in Fujian Province from previous years and
employing the gray prediction model, the economic efficiency coefficients for the target
year are estimated. The results are presented in Table 7.

Table 7. Economic efficiency coefficients for different land use types.

Land Type Cropland Forest Shrub Grassland Water Barren Construction Land

Economic efficiency
coefficient/(10,000 yuan/hm 2) 13.41 0.97 21.236 20.77 117.92 1.00 1196.84

Finalize the economic efficiency objective function:

MaxF2(X) = 13.41X1 + 0.97X2 + 21.236X3 + 20.77X4 + 117.92X5 + 1.00X6 + 1196.84X7 (10)

(3) Land use eco-efficiency objective function

In this paper, the eco-efficiency objective function is constructed by quantifying the
economic value of ecosystem services. Based on the results of existing studies [41–43], the
value of ecosystem services for each category is determined, as shown in Table 8.

Table 8. Eco-efficiency coefficients for different land use types.

Land Type Cropland Forest Shrub Grassland Water Barren Construction Land

Eco-efficiency
coefficient/(10,000 yuan/hm 2) 1.55 10.40 11.35 8.88 56.62 0.05 −6.43

Based on the ecological service value of each type of land, the eco-efficiency objective
function can be finalized:

MaxF3(X) = 1.55X1 + 10.40X2 + 11.35X3 + 8.88X4 + 56.62X5 + 0.05X6 − 6.43X7 (11)

(4) Optimization model

From a low-carbon perspective, integrating carbon emissions, economic, and ecological
factors, the three objective functions are integrated into a comprehensive optimization
model, and dimensionless processing is performed.

MaxF(X) = −a1
F1(X)− F1(X)min

F1(X)Max − F1(X)min
+ a2

F2(X)− F2(X)min
F2(X)Max − F2(X)min

+ a3
F3(X)− F3(X)min

F3(X)Max − F3(X)min
(12)

where: (a1+a2+a3 = 1)
By setting the land use carbon emission weight coefficient and adjusting the weight of

the carbon emission benefit, a multi-objective optimization model is constructed to obtain
the optimal solution.

To comprehensively evaluate potential land use optimization strategies in Fujian
Province, this study developed and analyzed three distinct scenarios, each representing a
different policy approach and set of priorities:

3.5. Multi-Scenario Modeling

This study utilizes 2020 as the base year, employing land use data and socioeconomic
parameters from 2020 to simulate land use patterns for 2030. Three distinct scenarios
Natural Development, Low Carbon, and Comprehensive are constructed to explore po-
tential trajectories of land use change in Fujian Province over the next decade and their
implications for carbon emissions, economic development, and ecological preservation.
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3.5.1. Natural Development Scenario (NS)

The NS serves as a baseline projection, extrapolating current land use trends to 2030
without significant policy interventions. This scenario encapsulates the natural evolution of
land use patterns under existing socio-economic conditions and policy frameworks, incor-
porating ongoing processes such as urbanization and economic development trajectories.
By simulating the continuation of present trends, the NS provides a reference point against
which alternative strategies can be evaluated.

3.5.2. Low-Carbon Scenario (LCS)

The LCS represents a policy approach that prioritizes carbon emission reduction above
all other considerations. In this scenario, a multi-objective optimization model is employed
with the carbon emission objective function given sole consideration (a1 = 1, a2 = 0, a3 = 0).
This scenario aims to minimize carbon emissions through strategic land use restructuring,
potentially at the expense of economic efficiency. The LCS serves as an extreme case study,
illustrating the potential outcomes of a singular focus on climate change mitigation in land
use planning.

3.5.3. Comprehensive Scenario (CS)

The CS adopts a balanced approach, seeking to reconcile carbon emission reduction
with economic growth and ecological preservation. This scenario utilizes a multi-objective
optimization model with weighted consideration given to all three objective functions (a1
= 0.6, a2 = 0.3, and a3 = 0.1). The CS aims to achieve meaningful reductions in carbon
emissions while maintaining economic vitality and ecological integrity. This approach
aligns with Fujian Province’s overarching goals of fostering low-carbon economic growth
and advancing ecological civilization.

3.6. Determining Constraints

Based on the current land use situation in Fujian Province in 2020, FLUS model
simulation results, and local development planning requirements, the following constraints
are established:

(1) Total Land Area Constraint: X1 + X2 + X3 + X4 + X5 + X6 + X7 = 12,206,708 hm2

(2) Food Security Constraints: According to the Fujian Province Land Use Master Plan
(2006–2020), the minimum cropland area in Fujian Province in 2020 must be 1,273,300
hm². To safeguard local ecology and food security, the cropland area constraint is set
as X1 ≥ 1,273,300 hm2;

(3) Ecological Environmental Protection Constraints: The Land Space Planning of Fu-
jian Province (2021–2030) proposes to increase forest green carbon. Thus, the con-
straint area for forest land is set as 9,939,132 hm2 ≤ X2. Additionally, to prevent the
conversion of cropland to non-food uses and stabilize food production, the area of
shrub land is constrained between its 2021 actual area and its 2030 simulation result:
1666 hm2 ≤ X3 ≤ 1788 hm2. The grassland area constraint is set between the actual
2020 area and the 2030 simulation result: 4592 hm2 ≤ X4 ≤ 4711 hm2.

(4) Water Area Constraints: According to the Thirteenth Five-Year Plan for Ecological and
Environmental Protection, which emphasizes protecting fishery and ecological waters,
the water area constraint is based on the actual water area in 2021: X5 = 128,038 hm2.

(5) Barren Land Constraint: The constraint area for barren land is set as 1746 hm2 ≤ X6

≤ 1771 hm2.
(6) Construction Land Constraint: According to the Notice of the People’s Government

of Fujian Province on the Issuance of the Management Program of Total Construction
Land Use Control and Reduction, total construction land use and intensity control
should be implemented to improve land use efficiency. Therefore, the construction
land constraint area is set between the actual construction land area of 430,879 hm² in
2021 and the simulated construction land in 2030: 430,879 hm2 ≤ X7 ≤ 521,953 hm2.
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4. Research Results
4.1. Analysis of Carbon Emissions in Fujian Province from 2007 to 2021

As shown in Figure 4 of Table 9, the trend of carbon emission changes in Fujian
Province can be divided into two phases during the study period. The first phase, from
2007 to 2016, is characterized by a rapid increase in carbon emissions due to accelerated
urbanization and heightened demand for fossil energy. Carbon emissions peaked at
61,825,825 tons in 2014, followed by a sharp decline. By 2016, the province’s carbon
emissions had decreased to 52,630,991 tons, a 15% reduction, resulting in an overall decrease
of nearly 10 million tons. This reduction is attributed to the Fifth Plenary Session of the 18th
CPC Central Committee, which designated Fujian Province as an ecological civilization
demonstration zone and one of the first national ecological civilization pilot zones. During
these two years, the Fujian Provincial Government actively responded to the State. The
second phase, from 2017 to 2021, saw a steady increase in carbon emissions due to the
expanding construction area and rising demand for natural gas and electricity. Carbon
emissions surpassed the previous peak of 2014, reaching 62,182,513 tons in 2018 and rising
to 72,135,265 tons by 2021. Concurrently, the carbon sink in Fujian Province exhibited a
decreasing trend over these 15 years, primarily due to the reduction in forest land area.
Despite fluctuations, the overall trend showed a decline. In summary, carbon emissions
from land use are highly coupled with urbanization and related policies. Active and
effective intervention policies can significantly reduce carbon emissions resulting from
irrational land use.
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Table 9. Carbon emissions from different land use types in Fujian Province, 2007–2021.

Particular Year
Carbon Source Carbon Credits

Carbon EmissionCropland Construction Land Total Forest Shrub Grassland Water Barren Total

2007 60.8146 4290.3950 4351.2097 632.6123 0.2042 0.0243 3.9541 0.0009 636.7958 3714.4139
2008 61.0736 4535.4169 4596.4904 635.7282 0.1991 0.0235 3.9671 0.0009 635.7282 3960.7622
2009 60.0450 5091.3488 5151.3939 632.1869 0.1905 0.0220 3.9631 0.0010 636.3635 4515.0304
2010 59.2847 5304.6607 5363.9454 632.5587 0.1825 0.0187 3.9390 0.0013 636.7001 4727.2452
2011 58.5417 6224.7992 6283.3409 632.9425 0.1742 0.0172 3.9354 0.0013 637.0705 5646.2704
2012 59.6600 5905.4612 5965.1211 630.8076 0.1571 0.0163 3.8971 0.0013 634.8794 5330.2417
2013 62.5898 6387.4238 6450.0136 625.7819 0.1521 0.0163 3.8227 0.0012 629.7742 5820.2394
2014 64.6972 6743.9323 6808.6295 622.1051 0.1514 0.0156 3.7738 0.0011 626.0470 6182.5825
2015 66.7927 6407.4594 6474.2521 618.6838 0.1466 0.0149 3.7075 0.0011 622.5539 5851.6983
2016 67.3187 5817.0469 5884.3656 617.4722 0.1388 0.0134 3.6410 0.0011 621.2666 5263.0991
2017 67.7103 6290.6228 6358.3330 616.4008 0.1315 0.0128 3.5338 0.0012 620.0801 5738.2529
2018 68.0658 6769.2904 6837.3562 615.5418 0.1234 0.0110 3.4276 0.0011 619.1049 6218.2513
2019 69.2601 6980.9434 7050.2035 613.3702 0.1213 0.0105 3.3435 0.0011 616.8465 6433.3569
2020 71.6362 7222.4294 7294.0656 609.5398 0.1344 0.0096 3.2603 0.0011 612.9453 6681.1203

2021 71.7425 7754.4336 7826.1761 609.2688 0.1305 0.0099 3.2394 0.0010 612.6496 7213.5265
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4.2. Analysis of the Correlation between Land Use Types and Carbon Emissions in Fujian Province

Using Equations (3) and (4), the correlation between changes in land use types and
net carbon emissions in Fujian Province was calculated (Table 10). Figure 5 illustrates the
trend of this correlation from 2007 to 2021.

Table 10. Correlation between land use type and net carbon emissions.

Land Type Cropland Forest Shrub Grassland Water Barren Construction Land

Correlation 0.663 0.632 0.556 0.525 0.616 0.779 0.821
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The degree of correlation, ranging from 0 to 1, indicates the similarity between each
land use type and net carbon emissions; higher values denote stronger correlations. Ac-
cording to Figure 5 and Table 10, construction land exhibits the highest correlation at
0.821. Other land use types also show varying degrees of correlation: barren land (0.779),
cropland (0.663), forest land (0.632), shrub land (0.622), grassland (0.617), and watershed
(0.616). Forest land, with a correlation of 0.632, is particularly significant as it serves as the
primary carbon sink, absorbing carbon dioxide from the atmosphere and sequestering it in
vegetation and soil.

From 2007 to 2021, the area of forest land in Fujian Province decreased annually,
highlighting the need for enhanced protection and management to optimize its ecological
and carbon sequestration functions. The correlation of water bodies with carbon emissions
is also notable at 0.616, underscoring their substantial ecological and economic benefits and
the importance of their protection.

4.3. Simulation of Land Use Structure in Fujian Province in 2030

Using the FLUS-Markov model, we predicted the land use structure of Fujian Province
in 2030 (Figure 6). The simulation employs 100 × 100 m grid data. By calculating the
proportion of each land type’s grid to the total number of grids and multiplying it by
the total land area of Fujian Province, we determined the precise area of each land type
(Table 11).
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Table 11. Land use structure optimization results.

2020 NS LCS CS

Cropland (hm2) 1,697,540 1,390,114 1,481,751 1,390,114
Forest (hm2) 9,943,553 10,157,769 10,157,769 10,203,893
Shrub (hm2) 1841 1666 1788 1788

Grassland (hm2) 4592 4592 4711 4711
Water (hm2) 128,867 128,867 128,039 128,039
Barren (hm2) 2143 1746 1771 1746

Construction land (hm²) 428,171 521,953 430,879 476,416
Carbon emission (10,00 t) 6681.12 7782.96 6329.81 7054.42

Economic efficiency (100 million yuan) 56,019.40 66,851.72 56,065.25 61,392.47
Eco-efficiency (100 million yuan) 11,064.92 11,179.56 11,247.87 11,205.01

In 2030, under NS, the areas of cultivated land, shrubs, and unused land are projected
to decrease, while water areas and grasslands remain unchanged due to cost matrix re-
strictions. Other land types, such as construction and forest land, are expected to increase.
This trend aligns with observed patterns in Fujian Province, where urban construction land
expands with urbanization and the emphasis on ecological civilization promotes increased
greening and afforestation. Consequently, some cultivated and unused lands are converted
into construction and forest lands.

4.4. Low-Carbon Optimization of Land Use Structure

We optimized Fujian Province’s land use structure for 2030 under two scenarios: low-
carbon and comprehensive. We estimated the carbon emissions, economic benefits, and
ecological benefits for each scenario using Equations (9)–(11), as summarized in Table 11.

In the LCS, carbon emissions in 2030 are projected to be 63.2981 million tons, a
reduction of 3.5131 million tons from 2020 and 14.5315 million tons (18.67%) less than the
NS. However, economic benefits in the LCS increase only slightly, by 4.585 billion yuan
compared to 2020, and are 1078.647 billion yuan less than in the NS. This indicates that
focusing solely on reducing carbon emissions without considering economic factors limits
comprehensive development.

CS balances carbon emission reductions with economic benefits. Between 2020 and
2030, carbon emissions increased by 3.733 million tons (5.59%), significantly lower than
the increase of 19.5387 million tons (41.33%) between 2010 and 2020. Economic benefits in
the CS increased by CNY 532.722 billion compared to the LCS and by CNY 537.307 billion
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(9.59%) compared to 2020. Ecological benefits increased by CNY 2.545 billion compared to
the NS and by CNY 14.009 billion compared to 2020. These results demonstrate that the CS
significantly reduces carbon emissions while enhancing economic and ecological benefits,
supporting the future sustainable development of Fujian Province.

The spatial simulation results of land use under the NS, LCS, and CS are shown
in Figure 5. Compared with NS, there was an expansion of construction land under
both the optimized LCS and CS. However, the expansion was less pronounced in the CS.
Particularly in coastal areas, the proportion of land converted to construction land decreases
significantly. In Zhangzhou, Quanzhou, and Putian, the CS includes more fragmented
forest land within the construction areas, which enhances carbon sinks and improves both
ecology and air quality.

In terms of shrub land, the comprehensive optimization adds more than one hundred
hectares, mainly in Ningde City. Forest land increases primarily through the conversion of
cultivated and barren land. Grassland sees some barren land around the original natural
grassland transformed into natural grassland. Cropland increases sporadically in each city
under the integrated scenario compared to the low-carbon scenario, with Longyan City
experiencing the most significant increase.

According to Figure 7, the expansion of built-up areas is mainly concentrated in coastal
cities, with sporadic growth in inland areas. Both the NS and CS show significant urban
growth in the central cities of Fuzhou and Xiamen. Other coastal cities, such as Putian,
Quanzhou, and Zhangzhou, also experience growth in built-up areas, forming a linear
pattern of urban expansion along the coast. In inland areas, the most significant growth in
built-up areas occurs in Sanming City, creating an urban expansion pattern characterized
by “one belt and one core”, with the Fuzhou–Putian–Quanzhou–Xiamen coastal belt and
Sanming City as the inland core.

Comparing the NS, LCS, and NS, the NS shows denser urban expansion. The LCS
indicates minimal urban expansion patches. The CS demonstrates an increase in urban
expansion compared to the low carbon scenario while ensuring a certain amount of for-
est expansion. This achieves a balance between economic, ecological, and low carbon
development.

The land transfer patterns between various types (Figure 8) reveal significant trends
over different scenarios. From 2020 to the NS (2020–NS), there is a substantial shift of
cropland to forest and shrub land. Additionally, cropland, forest land, and unused land
are significantly converted to construction land, indicating natural growth trends. The
transition from the NS to the LCS (NS–LCS) shows a notable shift of cropland, unused
land, and construction land to forest land, along with some construction land reverting to
cropland. This scenario highlights a considerable increase in forest land and a decrease in
construction land, aiming to boost carbon sinks. The shift from the LCS to the CS (LCS–CS)
reveals an increase in construction land, with a corresponding decrease in cropland and
forest land. This balance indicates that the CS optimally aligns low-carbon objectives with
economic development needs. In the final result (2020–CS), there are significant conversions
of cropland to forest and shrub land, some forest land to construction land, unused land
to cropland, and shrub land to forest land. Both forest land and construction land see
notable increases.

Overall, compared to the 2020 land status, the integrated scenario maintains an in-
crease in construction and forest land, reflecting a comprehensive optimization that balances
low-carbon goals with economic development. These findings demonstrate that the in-
tegrated scenario achieves a sustainable balance by moderately increasing construction
land and preserving forested areas, contributing to Fujian Province’s future sustainable
development.
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5. Policies and Recommendations

Based on the research and analysis of Fujian Province’s current situation, the follow-
ing recommendations aim to optimize the land use structure for low-carbon economic
development:

1. Promote Low-carbon Development. Local governments should implement policies
that encourage low-carbon land use patterns. This includes optimizing industrial
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layouts, promoting high-tech and modern service industries, and reducing traditional
high-energy-consuming industries. Additionally, green buildings and low-carbon
transportation should be promoted to enhance urban low-carbon levels. Long-term
goals and action plans for low-carbon development should be established and inte-
grated into land-use planning.

2. Enhance Land Use Efficiency. Improving land use efficiency is crucial to avoid disor-
derly expansion. Scientific planning and reasonable layout can ensure the efficient use
of land resources. Coastal cities like Fuzhou, Xiamen, and Quanzhou should focus on
increasing land utilization rates while controlling the expansion of construction land
to avoid excessive occupation of arable and forest land.

3. Strengthen Ecological Protection and Restoration. Expanding woodlands and grass-
lands enhances carbon sink capacity and improves the ecological environment. Poli-
cymakers should protect forest resources, implement projects like returning farmland
to forests and grazing land to grassland, and increase green spaces. Protecting eco-
logically sensitive areas such as wetlands and rivers is essential to prevent ecosystem
destruction from land development.

4. Balance Economic Development and Low-carbon Goals. Economic growth needs to be
balanced with low-carbon goals. Local governments should support the development
of a green economy and the R&D of clean energy and low-carbon technologies. To ad-
dress potential economic growth challenges under a low-carbon scenario, appropriate
economic subsidies and policy support should be provided to promote low-carbon
industries and ensure sustainable economic development.

5. Improve Energy Utilization Efficiency. Reducing carbon emissions requires improv-
ing energy utilization efficiency. Developing low-carbon technologies, promoting
energy-saving innovations, and transitioning from high-carbon energy (fuelwood,
coal) to medium-carbon (petroleum) and then to low-carbon energy (natural gas), and
eventually to carbon-free energy (new energy), is vital. This progression will help
achieve carbon peak and carbon neutrality goals.

6. Develop Policies for a Low-carbon Economy. Governments should consider eco-
nomic benefits while reducing carbon emissions by incorporating green GDP into
performance appraisals. Setting carbon emission standards for industrial land and
establishing a carbon trading market, as seen in developed countries, can facilitate the
transition to a low-carbon economy.

6. Conclusions

This study systematically analyses the complex role relationship between land use
structure and carbon emissions in Fujian Province. Through the combination of gray model,
FLUS-Markov model and multi-objective optimization model, the land use structure in the
next ten years was simulated and optimized. The results of this study show that optimizing
the land use structure can effectively balance carbon emission reduction, economic growth,
and ecological protection, and the following conclusions are drawn:

1. This study found a high coupling between land use carbon emissions and urban-
ization process and related policies in Fujian Province, and the carbon emissions
caused by irrational land use can be significantly reduced through active and effective
intervention policies. The influence of each type of land on the net carbon emission
is in the order of construction land > barren land > cropland > forest land > water
> shrub land > grassland, where construction land is the main carbon source, while
forest land, grassland, and shrub land are the main carbon sinks. This result is broadly
similar to the pattern found by Wei et al. [44] in Guizhou Province; however, the
weaker influence of construction land in the study by Wei et al. in Guizhou reflects
the geographical difference. Fujian Province, as an economically developed region
along the southeast coast, has seen rapid urbanization and economic growth over the
last few decades, leading to a rapid expansion of construction land. This situation
contrasts with inland regions such as Guizhou Province, where the relatively slower
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pace of development has led to a slow expansion of construction land, and where the
increase in carbon emissions has also had little to do with the expansion of urban con-
struction land. This phenomenon emphasizes the importance of tailoring low-carbon
development strategies to local conditions.

2. The FLUS-Markov model can better simulate the land use structure and carbon
emissions of Fujian Province under the NS in the next ten years, and the following
conclusions are obtained by setting up the LCS and the CS for optimization: 1. Under
the LCS, the carbon emissions of Fujian Province are 63.2981 million tons, which is
14.5315 million tons less than that under the NS, but at the same time, the economic
benefits are reduced by CNY 1078.647 billion, indicating that low-carbon development
may face the challenge of economic growth. Under the CS, carbon emissions are
reduced by 7.2854 million tons, while the economic benefits are increased by CNY
532.722 billion compared with the LCS. Although the carbon emission reduction is
not as large as that of the low-carbon scenario, the economic benefits are significantly
improved, and the study suggests that a better balance between carbon emission
reduction and economic growth can be achieved through reasonable land resource
allocation and policy adjustments. This conclusion provides a scientific basis for Fujian
Province to choose a more balanced low-carbon path in the actual development.

3. The comprehensive scenario ensures that the expansion of construction land is accom-
panied by a certain scale of expansion of forest land, and the patches of construction
land expansion are mainly concentrated in the coastal city of Fuzhou–Quanzhou,
while the expansion of construction land in inland cities is mainly concentrated in San-
ming City, forming a pattern of ‘one belt, one core’. This suggests that an intensive and
compact urban growth pattern can help to improve land use efficiency and possibly
reduce carbon emissions. This result is the same as Huang et al.’s [45] conclusion that
compact development is a sufficient condition for low-carbon urban development.

However, the development pattern of Fujian Province also demonstrates the significant
influence of geography on urban expansion patterns. As a coastal province, Fujian forms
a single core inland and an urban belt along the coastline, which is different from the
traditional circled expansion pattern. This unique spatial layout reflects the combined
effects of factors such as topography, transport, and economic activities, suggesting that
even with similar urban development strategies, different physical geographies can lead to
very different spatial development patterns.

Therefore, regional characteristics need to be fully considered when formulating low-
carbon development policies. In the case of Fujian Province, it is important to utilize the
economic advantages of the coastal city belt, but also to pay attention to the development
potential of inland cities such as Sanming while ensuring the integrity of the ecosystem.
This kind of development approach can not only achieve the low-carbon goal, but also
promote the coordinated development of the region, which can provide a useful reference
for other regions with similar geographical characteristics.

This paper innovatively combines the gray model, FLUS-Markov model, and multi-
objective optimization model to explore the relationship between land use and carbon
emissions from the perspective of the low-carbon economy, and to optimize the land use
structure of Fujian Province in the next decade. It provides a reference for the low-carbon,
goal-oriented territorial spatial planning and its management policy in Fujian Province.
Meanwhile, the innovative combination of the gray model, FLUS-Markov model, and
multi-objective optimization model also provides a comprehensive framework for the
analysis and optimization of land use structure from a low-carbon perspective, which
provides technical support for policy makers and urban planners to formulate sustainable
low-carbon land use strategies.

In addition, this study has some shortcomings: This study is limited to Fujian Province,
which may restrict the generalization of the results to other regions, and the lack of some
industry-specific data in the land use simulation may also affect the accuracy of the pre-
diction results. Another limitation is that the carbon emission calculation method may
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need to be further improved to obtain more accurate results. Therefore, for this topic,
subsequent studies incorporate more detailed economic and industry-specific data into the
optimization model.

This study demonstrates that optimizing land use structure has the potential to signifi-
cantly reduce carbon emissions while maintaining economic growth in Fujian Province, and
provides practical recommendations for low-carbon development in Fujian Province. By
balancing economic development, ecological protection, and carbon reduction objectives,
Fujian Province can achieve more sustainable development.
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