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Abstract
As a major contributor to carbon emissions among various land-use types, the expansion and spatial distribution 
of construction land are critical factors in regional carbon management strategies. Although considerable research 
has independently examined construction land growth control and regional carbon emission assessments, few 
studies have integrated these aspects to guide construction land expansion within the framework of carbon 
peaking strategies. This study proposes an innovative framework that integrates carbon emission considerations 
into the management of regional construction land expansion. Using Changsha City as a case study, this research 
analyzes the spatiotemporal dynamics of construction land expansion and associated carbon emissions from 1990 
to 2020, exploring their interdependencies. To project future trends, three scenarios—natural growth, high-emission 
expansion, and low-emission development—were developed to simulate the impacts of construction land changes 
on carbon emissions by 2030. The study evaluates the carbon emission consequences of urban expansion and 
proposes mitigation strategies within a low-carbon development framework. The findings indicate that: (1) From 
1990 to 2020, construction land in Changsha City expanded by 660.24 km², primarily encroaching upon adjacent 
cultivated and forested lands. During the same period, carbon emissions increased by 1.3963 × 10⁸ t, showing a 
strong positive correlation with construction land expansion; (2) By 2030, carbon emissions are projected to reach 
2.396 × 10⁸ t, 2.582 × 10⁸ t, and 1.639 × 10⁸ t under the natural growth, high-emission, and low-emission scenarios, 
respectively, reflecting increases of 53.21%, 65.11%, and 4.81% relative to 2020 levels; (3) Under both the natural 
growth and high-emission scenarios, construction land expansion is likely to intensify its adverse impact on the 
regional ecosystem, thereby reducing ecological stability. In contrast, the low-emission development scenario is 
projected to promote significant improvements in ecosystem health and resilience. This study offers critical insights 
for territorial spatial planning and construction land management within the context of the dual-carbon strategy, 
presenting a viable pathway for reconciling land expansion with ecological sustainability.
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Introduction
Human-induced land-use change exerts a substantial 
influence on global climate and the carbon cycle [4, 6, 
22]. Energy consumption and industrial activities gener-
ate substantial carbon dioxide (CO₂) emissions, which 
are closely associated with land-use patterns and their 
intensity. Unregulated expansion of construction land 
can disrupt regional ecosystem functioning, modify car-
bon-cycle processes, and pose significant challenges to 
sustainable development [1, 18, 28]. Since the Industrial 
Revolution, accelerated urbanization and industrializa-
tion have driven cumulative global carbon emissions to 
approximately 340 × 10⁹ t by 2020; construction land–
related activities account for over 90% (≈ 306 × 10⁹ t) of 
this total [17], [5]. Therefore, effective management of 
urban construction land is essential for mitigating carbon 
emissions and advancing carbon-peaking and carbon-
neutrality goals.

This study examines regional carbon emissions asso-
ciated with land use using two analytical components: 
(1) carbon-emission accounting and forecasting and (2) 
spatiotemporal variation analysis and identification of 
influencing factors. Existing studies on land-use–related 
regional carbon emissions largely adopt these two per-
spectives. Regarding carbon-emission accounting and 
prediction, prior work has been conducted at multiple 
spatial scales, including regional [38] and provincial lev-
els [27, 29], and across sectors such as energy [31, 39], 
transportation [26, 40], agriculture [8], and construction 
[10]. Scenario-based models have also been developed to 
project carbon-emission peaks. For example, Wu et al., 
[30] and Zhang and Zhao [37] analyzed the evolution of 
China’s CO₂ emissions since the Reform and Opening-up 
period. They applied the Kaya identity and an extended 
STIRPAT model to examine relationships between car-
bon emissions and socioeconomic development and to 
project peak emissions. With the maturation of the field, 
carbon-emission accounting and forecasting should 
move beyond aggregate estimates to incorporate inter-
regional linkages and scenario-specific emission patterns, 
thereby providing a more comprehensive and spatially 
explicit understanding of emission sources. For instance, 
Sun et al., [24] used a backpropagation (BP) neural net-
work to predict CO₂ emissions in Hebei Province based 
on key drivers and validated the model’s predictive per-
formance. Similarly, Chen et al., [3] quantified carbon 
emissions in Beijing’s transportation sector using 1990–
2016 data and developed a support vector regression 
(SVR) model to forecast future emissions.

Research on spatiotemporal shifts in carbon emissions 
and their underlying drivers has increasingly examined 
how changes in regional land use shape emission pat-
terns over time. The heterogeneity and mechanisms of 
carbon emissions are commonly examined by integrating 

land-use spatial patterns, temporal dynamics, and asso-
ciated drivers. For instance, Xu et al. [32] and He et al. 
[9] used city-level data from China to estimate carbon 
emissions and applied spatial econometric models to 
examine spatial patterns and key drivers. Zhang et al. 
[35] developed an enhanced model that integrates a 
regression-based extension of Kaya’s identity to quan-
tify the direct and indirect effects of land-use expansion 
on regional carbon emissions and proposed planning 
strategies to mitigate these impacts. Liu et al. [13] and 
Cai and Li [2] analyzed spatiotemporal carbon-emission 
patterns, focusing on land-use transitions at the munici-
pal and provincial levels, respectively. Building on these 
findings, they constructed factor-decomposition models 
to identify the determinants of spatial disparities in car-
bon emissions and concluded that construction land is a 
dominant contributor. Similarly, Li et al. [11] developed 
a factor-decomposition framework based on emission 
assessments to analyze temporal changes in construc-
tion land and energy consumption and to evaluate their 
association. However, relatively few studies have exam-
ined how carbon emissions respond to the expansion of 
construction land or how rising emissions may, in turn, 
constrain future land expansion. Focusing exclusively 
on the effects of land-use change on carbon emissions 
is insufficient to inform effective emission-reduction 
policies. Overall, existing studies have provided rela-
tively systematic accounting and analysis of land-use–
related carbon emissions across multiple spatial scales 
and disciplinary domains; however, important limitations 
remain. First, most studies emphasize carbon-emission 
accounting at macro-regional or sectoral scales while 
paying limited attention to the expansion of urban con-
struction land—an essential process in territorial spa-
tial planning—thereby hindering the characterization of 
the heterogeneous effects of construction-land growth 
and spatial evolution on carbon emissions. Second, 
prior research has largely interpreted emissions growth 
through land-use change and often assumes a unidirec-
tional relationship; in contrast, studies that incorporate 
carbon-emission constraints into planning decisions—
using them to guide the scale and spatial configuration 
of construction land—remain limited, which reduces the 
direct utility of the evidence base for low-carbon land-
use regulation. Third, although many studies employ sta-
tistical analysis and model fitting, they are often weakly 
linked to territorial spatial planning practice; conse-
quently, their findings are difficult to translate into opera-
tional zoning and regulatory strategies for construction 
land.

In 2020, the Chinese government announced the “dual-
carbon” targets of peaking carbon emissions by 2030 and 
achieving carbon neutrality by 2060. A growing body of 
work advocates integrating these strategic objectives 
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into land-use spatial planning frameworks [14, 32, 36]. 
At present, many Chinese cities are experiencing rapid 
urbanization, which often entails continued expansion of 
construction land to accommodate urban growth. Under 
the combined pressures of development demands and 
carbon constraints, achieving carbon peaking while sus-
taining economic growth remains a significant challenge. 
In November 2023, China’s National Development and 
Reform Commission (NDRC) issued a notice launching 
the first batch of pilot cities for carbon peaking and des-
ignated Changsha, along with several other cities, as pilot 
sites. The pilot initiative is intended to create enabling 
conditions for greener urban development by testing car-
bon-peaking measures, thereby supporting the sustain-
able transition of regional economies and societies. As 
a major hub city in central China, Changsha has experi-
enced sustained urbanization, accompanied by continued 
expansion of construction land. Consequently, the city 
faces pronounced spatial constraints and coordination 
pressures when reconciling urban land demand with car-
bon-mitigation targets. Meanwhile, forests, grasslands, 
and other ecological land uses occupy a substantial share 
of the municipal territory; therefore, construction-land 
expansion risks encroaching on carbon-sink areas. These 
characteristics make Changsha a representative case for 
examining the interplay between land-use change and 
the regional carbon balance. Accordingly, taking Chang-
sha as the study area and adopting an integrated perspec-
tive that links territorial spatial planning with low-carbon 
development, this study examines the spatiotemporal 
evolution of carbon emissions induced by construction-
land expansion during 1990–2020 and investigates the 
underlying mechanisms of spatial association. Building 
on this analysis, we develop a scenario-driven spatial sim-
ulation framework that integrates Monte Carlo methods 
with the Markov-PLUS model. We then specify three sce-
narios—business as usual, high-carbon development, and 
low-carbon development—to simulate construction-land 
expansion in 2030 and the associated carbon-emission 
responses. Furthermore, informed by the scenario results 
and from a planning-regulation perspective, we pro-
pose differentiated control strategies for construction-
land growth, delineate priority and guidance zones for 
future expansion, and explore pathways for embedding 
emission-reduction targets into the spatial governance 
framework for construction land. The findings provide 
quantitative decision support for urban territorial spatial 
planning and for the rational management of construc-
tion-land growth under carbon-peaking objectives.

Study area and data sources
Study area
Changsha, located in eastern Hunan Province, China, 
lies between 111°53′–114°15′E and 27°51′–28°41′N. The 

municipality comprises nine administrative divisions—
Furong, Tianxin, Yuhua, Kaifu, Yuelu, Wangcheng, 
Changsha County, Ningxiang, and Liuyang—with a total 
area of 11,849.94  km² (Fig.  1). Construction-land area 
increased from 257.80 km² in 1990 to 918.04 km² in 2020, 
representing a 356% increase. This rapid expansion has 
been accompanied by encroachment on forests, grass-
lands, and other land types with high carbon-seques-
tration capacity, potentially disrupting regional carbon 
balance and carbon-cycle processes. As the capital of 
Hunan Province and a core city in the middle reaches 
of the Yangtze River urban agglomeration, Changsha is 
undergoing rapid urbanization and has been designated 
as one of the first batch of national pilot cities for car-
bon peaking. Continued urban development is expected 
to further increase demand for construction land, plac-
ing additional pressure on ecological carbon sinks such 
as woodlands and grasslands. Assessing the impacts of 
construction-land expansion on urban carbon emissions 
is essential for supporting regional low-carbon develop-
ment, guiding rational land expansion, and informing 
optimized urban spatial-planning strategies. In addi-
tion, the findings can provide a reference for other cities 
seeking to manage and mitigate urban carbon emissions 
under similar development pressures.

Data sources
This study primarily utilizes three categories of data: (1) 
Land use data. Landsat satellite imagery with cloud cover 
below 5% was employed to generate land use datasets 
for Changsha City across seven time points from 1990 
to 2020. These data were obtained from the Resource 
and Environmental Science and Data Center of the Chi-
nese Academy of Sciences (​h​t​t​p​​:​/​/​​w​w​w​.​​r​e​​s​d​c​​.​c​n​​/​D​e​f​​a​
u​​l​t​.​a​s​p​x). Land types were categorized into six classes 
based on national land use classification standards: agri-
cultural land, woodland, grassland, construction land, 
water bodies (lakes and rivers), and unused land. The 
classification accuracy reached 91.3%, which meets the 
analytical requirements of this study. (2) Spatial driving 
factors. These datasets were derived from land use sim-
ulation outputs and were further refined using dynamic 
transportation analyses to incorporate spatial accessibil-
ity advantages. Socioeconomic data were obtained from 
the Resource and Environmental Science and Statistics 
Center, while demographic data were extracted from the 
Changsha Statistical Yearbook. (3) Carbon emission coef-
ficients and land-use-specific energy consumption data. 
These datasets were acquired from the National Eco-
logical Science Data Center (www.nesdc.org.cn) and the 
Changsha Energy Statistics Yearbook, and were resam-
pled to a 30-meter spatial resolution. All aforementioned 
datasets were standardized using ArcGIS to ensure 

http://www.resdc.cn/Default.aspx
http://www.resdc.cn/Default.aspx
http://www.nesdc.org.cn
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uniform raster dimensions in terms of row and column 
counts.

Research methods
This study proposes an integrated methodological frame-
work that embeds carbon-emission constraints into the 
regulation of construction-land growth. The framework 
aims to elucidate coupling mechanisms between con-
struction-land expansion and carbon-emission dynamics 
and to provide methodological support for low-carbon 
territorial spatial planning. Following the sequence “cur-
rent-pattern identification–scenario-response simula-
tion–translation into spatial regulation,” the framework 
integrates construction-land change analysis, land-use–
related carbon-emission accounting, and scenario-driven 
spatial simulation to establish an integrated analysis-and-
forecasting system for planning support (Fig. 2).

(1) Current-pattern identification. Using land-use and 
activity data for Changsha during 1990–2020, we char-
acterize construction-land expansion in terms of rate, 
intensity, and land-use transition pathways. Under a uni-
fied accounting scheme, we estimate land-use–related 
carbon emissions and examine their spatiotemporal pat-
terns and association with construction-land expansion, 

thereby informing parameterization and constraint set-
ting for subsequent scenario simulations.

(2) Scenario-response simulation. We construct a hier-
archically coupled Monte Carlo–Markov–PLUS simu-
lation framework, in which coupling is implemented 
primarily via scenario-based constraints on the projected 
quantity of construction land. The Monte Carlo module 
characterizes the probability distribution of total regional 
carbon emissions in 2030 under alternative development 
scenarios. Based on the statistical association between 
construction-land area and carbon emissions during 
1990–2020, we translate carbon-emission scenarios into 
corresponding constraints on the total amount of con-
struction land. Subject to these constraints, the Markov 
model projects the total construction-land area in 2030 
and provides the projected total as an exogenous input 
to the PLUS model. Under the prescribed quantity con-
straint, the PLUS model allocates construction-land 
expansion spatially by incorporating land-use suitability, 
neighborhood effects, and explicit spatial constraints. 
Through this hierarchical coupling, carbon-emission 
scenarios impose ex ante constraints on construction-
land area, thereby shaping spatial expansion patterns 
and enabling scenario-consistent characterization of 

Fig. 1  Changsha City Location and City Limits
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Fig. 2  Technical lines of research

 



Page 6 of 21Wang et al. Carbon Balance and Management           (2026) 21:93 

construction-land expansion and carbon-emission 
responses.

(3) Translation into spatial regulation. Based on sce-
nario-specific carbon-emission increments attributable 
to construction-land expansion and their spatial hetero-
geneity, we assess the implications of construction-land 
growth for regional carbon-balance objectives. From a 
territorial spatial planning and regulation perspective, we 
integrate expansion probability, carbon-emission inten-
sity, and spatial constraints to delineate priority and guid-
ance zones for construction-land growth and to propose 
differentiated regulatory strategies. The results provide 
quantitative evidence to support the formulation and 
implementation of urban territorial spatial plans aligned 
with carbon-peaking targets.

Measurement of changes in building land
To comprehensively characterize the expansion of con-
struction land in the study area, we employed three 
indicators: growth rate, growth share, growth intensity 
and combined them with a land-use transition matrix 
to quantitatively assess changes in construction land. 
Specifically, the growth rate represents the mean year-
to-year change in construction-land area; the growth 
share is defined as the expanded area relative to the ini-
tial (baseline) area, capturing relative changes in expan-
sion magnitude; and growth intensity is the proportion of 
the expanded area to the total urban land area, indicating 
relative development pressure and the expansion pattern. 
Overall, the growth share emphasizes relative changes in 
expansion magnitude and thus enables a direct quantita-
tive linkage to incremental carbon emissions; the growth 
rate helps identify critical phases of acceleration or decel-
eration, informing the prioritization of control measures; 
and growth intensity reflects relative development pres-
sure, providing evidence for selecting the strength of 
planning controls and the necessity of spatial constraints. 
Together with the transition matrix, these metrics jointly 
support our objective of identifying construction-land 
growth characteristics under the “dual-carbon” con-
straint and proposing differentiated control strategies.

1.	 Growth rate

The growth rate of construction land measures the mag-
nitude of change in construction land area per unit time, 
thereby indicating the overall scale and temporal trend 
of urban expansion. It also captures the direct quantita-
tive effect of newly added construction land on land-use 
structure and carbon-emission changes. The formula is:

	
V = Mn+i − Mn

n

Where: The variable V denotes the rate at which con-
struction land expands, Mn+i and Mn signify the con-
struction land areas at years n + i and n, respectively, with 
n indicating the duration of the interval in years.

(2)	Growth share

The growth share of construction land enables compari-
sons of the relative magnitude and pace of construction 
land expansion across different periods, thereby identify-
ing critical stages where expansion is closely associated 
with marked changes in carbon emissions. The structure 
of the equation essentially below:

	
I = Mn+i − Mn

Mn
× 100%

Where: I denotes the growth share of construction land, 
Mn+i and Mn denote the construction land in years n + i 
as well as i, correspondingly.

(3)	Growth intensity

The city-scale development intensity metric serves as a 
measure of the increase in construction land within the 
same metropolitan region over different time periods, 
enabling a comparison of land growth characteristics 
within the same area over time [33]. This indicator also 
measures the development pressure imposed by con-
struction-land expansion relative to the regional land 
base, enabling inter-period comparisons on a consistent 
and comparable basis. The formula is as follows:

	
U = At2 − At1

At1 × ∆ t

Where U denotes the construction land growth intensity 
index, At1 and At2 denote the area of construction land 
during time periods t1 and t2, respectively, and ∆t repre-
sents the time interval between t1 and t2.

(4) Land use transfer.
Construction land transfer is used to represent the 

direction and extent of inter-conversion between differ-
ent land use types during the study period. It includes the 
area of inflow and outflow between land categories upon 
completion of the research timeframe [20] while being 
calculated using the following formula:

	

Sij =




S11 S12 . . . S1n
S21 S22 . . . S2n
...

. . .
...

Sn1 Sn2 . . . Snn



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Where S denotes the extent of a specific land classifica-
tion, n indicates the total count of classifications, while 
Sij represents the matrix illustrating the transition of land 
area from category i at the study’s outset to category j at 
its conclusion.

Measurement of carbon emissions from land utilization
Carbon emissions associated with land use are defined 
as an integrated representation of carbon emissions and 
carbon sequestration effects linked to land use patterns 
and their changes within the administrative boundary of 
the study area, as delineated in the corresponding annual 
statistical records. This definition covers both emissions 
arising from ecological and biogeochemical processes 
of different land cover types and emissions from energy 
consumption driven by human activities on construc-
tion land. In this study, emissions produced by ecologi-
cal and biogeochemical processes of land cover types 
are referred to as direct emissions, while energy related 
emissions induced by human activities are referred to as 
indirect emissions. Direct emissions are estimated using 
an emission factor method by land use type, which char-
acterizes the carbon source and sink effects of cropland, 
forestland, grassland, water bodies, and unused land; 
carbon sinks are allowed to take negative values to repre-
sent net ecosystem carbon uptake. Indirect emissions are 
calculated from the energy consumption statistics of the 
study area by converting energy use into standard coal 
equivalent and applying IPCC emission factors, thereby 
quantifying carbon emissions attributable to energy use 
on construction land.

(1) Direct carbon emission accounting
Considering the specific environmental and develop-

mental context of Changsha City, carbon output associ-
ated with different land categories, including wooded 
areas, grasslands, croplands, watersheds, and unexploited 
terrain, is estimated using the direct emission coefficient 
method [21, 34, 39]. The formula for this estimation is 
presented below:

	 Ex =
∑

n
i=1Ai =

∑
n
i=1Si × Ti

Where: Ex refers to total direct carbon output (t); Ai 
denotes carbon emissions generated by category i (t); 
Si represents the spatial extent of category i (km²); and 

Ti signifies the emission coefficient for category i (as 
detailed in Table 1) in t/km².

(2) Indirect Carbon Emission Accounting
The carbon footprint of construction processes is 

assessed by initially converting energy consumption 
from industrial production and daily human activities 
into tons of standard coal equivalents. Carbon output 
is then derived based on the emission coefficients asso-
ciated with various energy sources, as specified in the 
IPCC guidelines and corroborated by existing research 
[19]. Using energy consumption data for Changsha(The 
dataset covers the period 1990–2020 and was compiled 
from the Changsha Energy Statistical Yearbooks and pub-
lications of the Changsha Municipal Bureau of Statistics), 
this study estimates emissions from nine primary energy 
sources utilized in industrial operations and daily life, 
including coal, petroleum, and natural gas. The emission 
calculation is determined by the following equation:

	 Ey =
∑

n
i=1Bi =

∑
n
i=1Pni × Mi × Qi

Where: Ey denotes total indirect carbon output, specifi-
cally emissions linked to developed land (t); Bi represents 
the emissions associated with energy category i (t); Pni 
indicates the consumption volume of energy category i, 
measured in tons(t); Mi is the conversion coefficient from 
the i-th energy type to standard coal; and Qi is the carbon 
emission coefficient of the i-th energy type. The details 
are provided below (Table 2).

Monte Carlo simulation based on carbon emission 
decomposition factor modeling
(1) Monte Carlo model setup

Monte Carlo simulation can randomly sample values 
from multiple variables based on specified probabil-
ity distributions, combining them for operations. This 
method offers advantages in multi-scenario analysis 
and uncertainty assessment [25]. By combining numer-
ous randomly generated scenarios, the Monte Carlo 

Table 1  Carbon emission factors for each land-use type
Land use type Carbon emission factor(t/hm2)
Cropland 0.497

Woodland −0.581

Grassland −0.021

Water −0.253

Unutilized land −0.005

Table 2  Energy carbon conversion factor
Carbon source Conversion factor for stan-

dard coal
Carbon 
emission 
factor

Raw Coal 0.7140 kg·kg− 1 0.7559

Coke 0.9714 kg·kg− 1 0.8550

Natural Gas 1.4714 kg·kg− 1 0.4483

Gasoline 1.4714 kg·kg− 1 0.5538

Kerosene 1.4714 kg·kg− 1 0.5714

Diesel oil 1.4714 kg·kg− 1 0.5921

Fuel Oil 1.4714 kg·kg− 1 0.6185

Heat 0.0341 kg·(106J− 1) 0.7330

Electricity 0.1229 kg·(kW·h)−1 0.7330
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simulation can model the diverse evolution paths of 
urban carbon emissions, thereby identifying the most 
likely carbon peak conditions and emission reduction 
potentials for a city. This provides more reliable data and 
research support for urban carbon peak action plans. 
The Monte Carlo simulation allows for the visual iden-
tification of the most probable carbon peak and reduc-
tion potentials in a city, offering more reliable data and 
research support for the city’s carbon peak action plan. 
The traditional Kaya equation considers only the impacts 
of energy, economy, and population on carbon emissions, 
neglecting the influence of scientific and technological 
progress. Therefore, this study uses 0.91 times the rate of 
change in labor compensation to represent the rate of sci-
entific and technological progress, constructing a Monte 
Carlo model based on this approach. The specific math-
ematical formulation is as follows:

	
Cz = Ce × k = Ce

MCe
× MCe

GDP
× GDP

P
× P × k

Where Cz represents total carbon emissions, Ce denotes 
carbon emissions derived from energy use, MCe indi-
cates overall energy utilization, while GDP signifies eco-
nomic output, P corresponds to the total population, 
and k eflects advancements in science and technology. 
Based on the above, define α = Ce

MCe
, β = MCe

GDP , and 
γ = GDP

P . The equation can then be

	 Cz = α × β × γ × P × k

.
where α, β, γ, P, and k represent carbon emissions 

per unit of energy use, energy consumption efficiency, 
economic output per person, total population size, and 

the pace of scientific and technological advancements, 
respectively.

(2) Carbon emission scenario setting for construc-
tion land use

Monte Carlo simulation, through repeated sampling 
of random sequences, is used to explore the probability 
distribution of different variables within a given inter-
val and to identify evolutionary paths based on logical 
deduction. This study adopts 2020 as the base period 
and sets up three scenarios: natural development, high-
carbon natural progression, high-carbon growth, and 
low-carbon transformation. The rate of change for the 
base period (2020) is established as follows: Accord-
ing to the Changsha Municipal Statistical Yearbook and 
the Changsha Municipal National Economic and Social 
Development Statistical Bulletin, Changsha’s total energy 
consumption in 2020 was 272,886,440 tons, with a GDP 
of 1,214,252 million Yuan and a population of 1.0479 mil-
lion. The rates of change for carbon emissions from 
energy consumption, energy intensity, GDP per capita, 
and technological progress are − 29.57%, −17.5%, −17.5%, 
and 13.35%, respectively. The other two scenarios—
the scenario with high carbon emissions and the one 
with low carbon emissions—are simulated using these 
parameters.

Scenario 1: Natural Development Scenario
The natural growth scenario is established using the 

spatiotemporal patterns of carbon emissions associated 
with Changsha’s construction land from 1990 to 2020. 
This scenario assumes unchanged influencing factors and 
growth rates, with no modifications aligned with pre-
vailing trends. The highest, lowest, and median values 
recorded during 2005–2019, 2010–2019, and 2015–2019 
serve as key quantitative indicators for these influencing 
factors (Table 3).

Table 3  Rate of change of carbon emission factors under different development scenarios(%)
Scenarios Target 2020–2030

2020–2025 2025–2030

Maximum value Intermed-iate 
value

Maximu-m 
value

Maxim-um 
value

Inteme-diate
value

Maxi-
mum 
value

Natural Development 
Scenario

α −4.70 7.34 12.49 −4.70 7.34 12.49

β −19.62 −13.98 3.37 −19.62 −13.98 3.37

γ 1.10 16.87 25.99 1.10 16.87 265.99

k −2.36 −1.81 −1.27 −2.36 −1.81 −1.27

High Carbon Emission 
Level Development 
Scenario

α 8.94 9.34 9.74 9.54 9.84 10.14

β −12.38 −11.98 −11.58 −11.78 −11.48 −11.18

γ 18.47 18.87 19.27 19.07 19.37 19.67

k −0.20 0.20 0.60 0.40 0.70 1.00

Low Carbon Emission 
Level Development 
Scenario

α 5.54 6.34 7.14 4.74 5.34 5.94

β −15.78 −14.98 −14.18 −16.58 −15.98 −15.38

γ 15.07 15.87 16.67 14.27 14.87 15.47

k −3.6 −2.81 −2.01 −4.41 −3.81 −3.21
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Scenario 2: High-Carbon Development Scenario
This scenario is formulated based on the Changsha 

New Urbanization Development Plan (2021–2025), the 
Three-Year Action Plan for Integrated Development of 
Changzhutan (2023–2025), and the Changsha Territo-
rial Spatial Master Plan (2021–2035). It projects that by 
2025, Changsha’s GDP will reach 184.5 billion yuan, with 
an estimated resident count of 11.7 million. By 2035, the 
city’s population is expected to expand to 15.5  million, 
accompanied by accelerated modernization and indus-
trial growth, driving an increase in economic expansion 
rates. Detailed parameter configurations are provided in 
Table 3.

Scenario 3: Low-Carbon Development Scenario
As outlined in the Changsha City Carbon Peak Imple-

mentation Plan, the share of non-fossil energy consump-
tion is set to surpass 20% by 2025 and 22% by 2030, 
which remains 3% points below the provincial target. The 
energy efficiency of large-scale industrial enterprises in 
the city is projected to improve, with energy use per unit 
of added value declining by 14.5% by 2025, as specified 
in the Changsha “14th Five-Year” Energy Efficiency and 
Emission Reduction Action Plan. Additionally, under the 
Changsha Peak Carbon Implementation Program and 
national guidelines for pilot cities striving to reach peak 

emissions, the city aims for a 15% reduction in energy 
use intensity per unit of GDP by 2025, using 2020 lev-
els as a benchmark. By 2030, energy intensity relative to 
GDP will continue to decline, while the rate of CO₂ emis-
sion reduction per unit of economic output will align 
with provincial targets. Furthermore, forest coverage, 
encompassing tree and green space density, is planned 
to remain stable at 55%. Based on these policy objectives, 
specific indicator values for key influencing factors are 
determined (Table 3).

Construction land simulation (Markov-PLUS model)
(1) PLUS model setup

The PLUS model is a state-of-the-art tool for simulat-
ing land use changes. Its workflow involves data conver-
sion, identification of spatial variations, and predicting 
land suitability through random forest algorithms. Addi-
tionally, the model employs an adaptive inertia mecha-
nism to determine spatial allocation and subsequently 
validates the simulation results. A detailed description of 
the operational mechanisms and the parameters can be 
found in Table 4. Previous research has shown that the 
PLUS model is more effective in predicting future spatial 
changes in land use [12].

(2) Scenario setting

Table 4  PLUS model parameterization
Module type Module Parameters Operation Settings Parameter description
The information 
conversion, land 
expansion extrac-
tion for regional 
construction

Land extension clearance - Integrating the 1990 and 2020 study 
area data into the database

An research 
approach for 
land use growth 
utilizing Random 
Forest

Land expansion map Information collected on residential land expansion for the 
1990–2020 study territory

-

Directory encompassing 
driving forces

Driver Folders -

Quantity of regression tree 
branches

Count of decision trees 20

The act of sampling rate Sampling ratio 0.01

mTry Number of features utilized for training the decision tree 16

Allocating 
space via the 
adaptive inertia 
mechanism

Possibilities towards growth Variability in frequency of the site’s suitability for each type 
of site

Land use appropriateness probabil-
ity produced by the random forest 
algorithm

Structure of property 
utilization

The study area’s status quo data (which requires format 
conversion)

Input 2020 land use data

Restrictions of conversion limited development space (format conversion required) Information on the research area’s 
present rivers, lakes, basic cropland, 
and ecological protection zones

Output Path Save Path

Extent of the community Neighborhood range 3*3

Patch generation Ease of site conversion and decay coefficient of lowering 
threshold (0 ~ 1)

0.9

Expansion coefficient The greater the random patch probability (0 ~ 1), the more 
probable it is that additional patches will be created.

0.1

Accuracy 
validation

Kappa Coefficient Comparison of the real land use dis-
tribution with the simulation resultsOverall Acuracy
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Utilizing the Monte Carlo and Markov-PLUS models 
and considering the region’s economic trajectory, three 
alternative pathways for construction land transforma-
tion from 2020 to 2030 are introduced: natural growth, 
intensive carbon expansion, and low-emission develop-
ment. The natural growth model assumes a continua-
tion of land use dynamics and carbon emission trends 
observed from 1990 to 2020, where population increase, 
energy demand, economic output, and land develop-
ment progress in alignment with existing patterns. The 
high-carbon development scenario seeks to increase 
urbanization and economic development through rapid 
land expansion, without considering the impact of car-
bon emissions on regional development. The low-carbon 
development scenario focuses on achieving or surpass-
ing the carbon emission reduction targets set by Hunan 
Province, with ecological protection as the primary 
consideration.

Potential impact analysis
(1) Potential impact assessment (PI)

Ecological vulnerability refers to a system’s susceptibil-
ity and limited capacity to adapt to the adverse impacts of 
climate change. Schroter et al., later expanded this con-
cept to include the effects of land transformation [15]. 
Drawing from the IPCC report and Schroter et al.,‘s defi-
nition of ecological vulnerability [23], this study applies 
the methodology proposed by Metzger et al., [16] to 
evaluate the susceptibility of land use alterations to eco-
system functionality. To quantify the risk to carbon stock 
services within ecosystem hubs, the Potential Impact 
Index (PI) is employed, calculated as follows:

	
PI = ∆ C

∆ L

Where ∆L denotes the variation in the land-use index, 
and ∆C signifies the alteration in carbon stocks(t).The 
land-use index serves as a metric to assess the inter-
play between anthropogenic activities and the natural 
environment. An elevated index value suggests intensi-
fied human influence on the environment and a more 
advanced stage of urbanization. The calculation of this 
index follows the formula below:

	 L = 100 ×
∑

n
i=1Di × Pi

In this formula, Di denotes the grading index correspond-
ing to the land-use degree at level i, with values assigned 
based on relevant studies: unutilized land is assigned a 
value of 1, ecological land (e.g., forests, grasslands, and 
watersheds) is given a value of 2, arable land is designated 
as 3, and construction land is classified as 4. Meanwhile, 

Pi represents the proportion of the total area occupied by 
each land-use category.

(2) Coefficient of elasticity (EI).
Elasticity refers to the proportional change in one vari-

able relative to another. It is commonly employed to 
assess how the growth rate of one economic variable cor-
relates with the growth rate of another within a defined 
time frame. Building on this concept, a model was for-
mulated to evaluate the relationship between construc-
tion land expansion and carbon emissions within the 
study area, quantifying carbon emission responses under 
various analyzed scenarios. The corresponding calcula-
tion formula is as follows:

	
EI = ∆ Ci+n

Ci
/

∆ Si+n

Si

In this formula, EI represents the carbon emission 
response intensity of construction land, also known as 
the elasticity coefficient. ∆Ci+n represents the variation 
in carbon emissions from construction land between 
the (i + n)-th year and the i-th year, while Ci indicates the 
carbon emissions from construction land in the i-th year. 
Similarly, ∆Si+n signifies the change in construction land 
area over the same period, whereas Si corresponds to the 
construction land area in the i-th year.

Analysis of results
Spatiotemporal analysis of construction land dynamics 
and associated carbon Emissions
Characterization of changes in construction land
This study analyzes the expansion of construction land in 
Changsha City from 1990 to 2020, using growth rate and 
growth intensity as key statistical indicators (Table  5). 
During the study period, the area of construction land 
increased from 257.80 km² to 918.04 km², with its share 
of the total land area rising from 2.17% to 7.77%, cor-
responding to a cumulative growth rate of 356%. The 
overall growth rate and intensity exhibited a fluctuating 
pattern, initially increasing and later declining, indicating 
distinct phases of expansion. Notably, between 2005 and 
2010, construction land expanded by 667.31  km², with 
the peak annual increase reaching 263.74 km²—account-
ing for 34.00% of the total increase over the entire study 
period. Forest land and cultivated land were the primary 
sources of construction land conversion, jointly con-
tributing 818.65  km², or 95.82% of the total expansion. 
Specifically, the converted area rose from 26.39  km² in 
1990–1995 to a peak of 309.20  km² during 2005–2010, 
before declining to 182.25  km² in 2015–2020. This pat-
tern is consistent with the general trajectory of construc-
tion land expansion.

In terms of spatial distribution (Fig.  3), construction 
land is mainly concentrated in areas of gentle topography, 



Page 11 of 21Wang et al. Carbon Balance and Management           (2026) 21:93 

displaying a typical outward growth pattern from the city 
center to the periphery. Recent construction activities 
have been concentrated in the central Furong District, 
eastern Changsha County, and the urban cores of Liuy-
ang and Ningxiang Cities. This expansion trend is pri-
marily driven by rapid urbanization and industrialization, 
which have intensified economic and social activities in 
central areas, thereby stimulating development in sur-
rounding regions and accelerating the expansion of con-
struction land.

Characteristics of carbon emissions from land use
Based on land use and energy consumption data from 
1990 to 2020, both direct and indirect carbon emissions 
in Changsha City were quantified (Table  6). Over the 
study period, total carbon emissions increased substan-
tially, while the carbon sink capacity associated with land 
use remained limited. Net carbon emissions rose from 
1.6810 × 10⁶ t to 1.5641 × 10⁷ t by 2020, representing a 9.3-
fold increase. As illustrated in Fig.  4, the growth trend 
of net carbon emissions closely mirrored the fluctuating 

pattern of construction land expansion. Among the two 
primary land-use-related sources of emissions in Chang-
sha, construction land overwhelmingly dominated, with 
its share increasing from 91.16% in 1990 to 98.95% in 
2020. This indicates that ongoing urbanization and indus-
trialization are likely to further accelerate the expan-
sion of construction land, thereby contributing to rising 
carbon emissions. In contrast, reductions in cultivated 
land area were associated with a slight decline in carbon 
emissions. Specifically, emissions from cultivated land 
decreased by 1.93 × 10⁴ t over the study period. Therefore, 
construction land remains the principal source of carbon 
emissions in Changsha and is expected to continue as the 
dominant contributor amid ongoing urban expansion.

Coupled correlation analysis of construction land expansion 
and carbon emissions
Construction land, which supports the majority of human 
activities—major contributors to carbon emissions—
exhibits a strong and consistent correlation with regional 
carbon emissions. This relationship is confirmed through 

Table 5  Construction Land Growth and Land Class Shift in Changsha, 1990–2020
Year Area of growth Growth speed Growth rate Intensity of growth Category-specific transfers

Category Name Transfer out Transfer in
1990–1995 44.98 8.996 17.45 0.08 Cropland 2.62 21.74

Woodland 1.23 4.65

Grassland 0.01 0.00

Water 0.09 4.35

Unutilized land 0.00 0.00

1995–2000 5.83 1.166 1.93 0.01 Cropland 20.41 15.92

Woodland 5.923 17.64

Grassland 0.02 0.045

Water 2.81 1.26

Unutilized land 0.00 0.00

2000–2005 94.96 18.992 30.78 0.16 Cropland 8.48 51.13

Woodland 4.06 52.69

Grassland 0.04 0.49

Water 0.64 3.97

Unutilized land 0.00 0.00

2005–2010 263.74 52.748 65.35 0.45 Cropland 33.28 175.44

Woodland 20.42 133.76

Grassland 0.17 1.40

Water area 4.72 11.82

Unutilized land 0.16 0.09

2010–2015 115.32 23.064 17.28 0.20 Cropland 30.85 94.65

Woodland 21.31 68.78

Grassland 0.34 0.56

Water area 2.97 6.73

Unutilized land 0.033 0.04

2015–2020 135.41 27.082 17.30 0.23 Cropland 24.81 99.50

Woodland 23.58 82.75

Grassland 0.36 0.67

Water area 2.91 4.03

Unutilized land 0.02 0.23
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statistical analysis of the spatiotemporal dynamics of 
construction land expansion and carbon emission trends 
in Changsha. Regression analysis (Fig. 5) reveals a strong 
positive correlation, with an R² value of 0.9884. The cor-
responding regression equation is: y = 2.1596x − 355.62, 
where x denotes the construction land area (km²) and y 
represents regional carbon emissions (×10⁴ t). The cor-
relation indicates that construction land expansion and 
carbon emissions evolve synchronously over time, but 
it does not necessarily imply a one way causal relation-
ship. During the study period, the share of emissions 

attributable to construction land increased steadily. 
This is partly because construction land concentrates 
energy intensive processes such as population agglom-
eration, industrial production, and transport, leading to 
substantially higher emissions per unit area than eco-
logical land; therefore, expansion can raise total emis-
sions directly through increased energy consumption. In 
addition, expansion often occurs at the expense of high 
sequestration land such as forests and grasslands, which 
weakens regional carbon uptake capacity. As a result, 
carbon emissions may increase more rapidly due to the 

Table 6  Changes in Carbon Emissions in Changsha, 1990–2020
Cropland (×104t) Woodland (×104t) Grassland (×104t) Water

(×104t)
Construction Land(×104t) Net carbon emissions (×104t)

1990 18.72 −42.94 −0.03 −0.63 192.98 168.10

1995 18.57 −42.94 −0.03 −0.60 273.94 248.94

2000 18.58 −42.86 −0.03 −0.63 310.17 285.23

2005 18.30 −42.55 −0.03 −0.64 634.57 609.66

2010 17.52 −41.90 −0.03 −0.64 1189.75 1164.70

2015 17.18 −41.66 −0.03 −0.64 1357.83 1332.69

2020 16.79 −41.30 −0.03 −0.65 1589.28 1564.09

Fig. 3  Changes in Construction Land Expansion in Changsha, 1990–2020
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combined effect of higher emissions and reduced carbon 
sinks. Accordingly, the subsequent scenario simulations 
consider not only changes in the scale of construction 
land but also differences in carbon balance effects arising 
from its encroachment on ecological space.

Analysis of building land expansion and carbon emission 
response under different scenario simulations
Construction land carbon emission simulation
A Monte Carlo simulation was employed to model car-
bon emissions from construction land in 2030, aiming to 
assess the emission response to Changsha’s construction 
land expansion. Based on predefined scenario variables, 
iterative simulations were conducted to generate carbon 
emission projections under three urban expansion sce-
narios (Fig. 6).

By 2030, regional carbon emissions in Changsha 
are projected to increase under all three development 

scenarios compared to 2020, with the most pronounced 
growth occurring in the high-emission scenario. Under 
the natural development scenario, and without external 
policy intervention, carbon emissions from construc-
tion land are expected to increase steadily, reaching 
2.42108 × 10⁷ t by 2030—an increase of 8.5699 × 10⁶ t or 
54.19% over 2020 levels.

In the high-emission development scenario—charac-
terized by a focus on economic growth, reduced empha-
sis on low-carbon initiatives, intensified industrialization, 
and accelerated urbanization—carbon emissions are 
projected to rise by 1.04318 × 10⁷ t, corresponding to a 
66.70% increase over 2020 and an average annual incre-
ment of 1.0432 × 10⁶ t.

In contrast, the low-emission development pathway—
which prioritizes land use control, industrial restructur-
ing, and improvements in energy efficiency—exhibits 
a fluctuating emission trajectory. Emissions under this 

Fig. 5  Analysis of the correlation between building land and regional carbon emission fitting

 

Fig. 4  Changsha Net Carbon Emissions and and Net Carbon Emissions Growth Rate
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scenario are projected to peak at 2.02688 × 10⁷ t in 2025 
before declining to 1.66449 × 10⁷ t by 2030, resulting in a 
net increase of only 1.0041 × 10⁶ t over 2020, equivalent 
to a growth rate of 6.42%.

The divergence in carbon emission trajectories across 
the three scenarios fundamentally reflects the com-
bined effects of economic growth, energy efficiency, and 
technological progress on the emissions side, as well 
as the indirect influence of construction land expan-
sion patterns on the carbon sink side. Under the natural 
development and high carbon development scenarios, 
the expansion of economic activity and the advance of 
urbanization drive simultaneous growth in energy con-
sumption and demand for construction land. Meanwhile, 
the conversion of ecological land reduces regional carbon 
sequestration capacity, resulting in a sustained rise in 
emissions. In the low carbon development scenario, con-
straints such as a decline in energy intensity per unit of 
GDP, industrial structure upgrading, and a higher share 
of non fossil energy suppress the growth rate of emis-
sions. At the same time, the scale and spatial configura-
tion of construction land expansion are constrained, 
which reduces encroachment on high sequestration land 
and leads emissions to peak in the medium term before 
declining.

Simulating construction land expansion under multiple 
scenarios with carbon emission considerations
(1) Verification of construction land expansion simu-
lation accuracy

This study simulates the spatial distribution of con-
struction land in 2020 using the 2015 land use layout of 
Changsha as the baseline. The projected outcomes are 
illustrated in Fig.  7. To evaluate the model’s accuracy, 
the construction land simulation generated by the PLUS 
model for 2020 was compared with observed land use 
data from the same year. The validation results show an 
overall accuracy (OA) of 0.95 and a Kappa coefficient of 
0.91, indicating high model reliability and suitability for 
future construction land projections.

(2) Simulation of construction land expansion under 
multiple scenarios

The total land area of Changsha serves as the baseline 
reference for land use optimization. The Monte Carlo 
and Markov models are applied to simulate land demand 
under different carbon emission scenarios. Additionally, 
the PLUS model is used to project land use patterns and 
simulate construction land expansion within the study 
area under three development scenarios: Natural Devel-
opment, High-Emission Growth, and Low-Emission 
Growth (Table 7; Fig. 8). Under the Natural Development 
scenario, construction land expands to 1,285.89  km², 
accounting for 10.89% of the total area—an increase of 
40.07% relative to 2020. In the High-Emission scenario, 

Fig. 7  Validation of the accuracy of the simulation of the distribution of building land expansion (2020)

 

Fig. 6  Projections of carbon emissions from construction land in Changsha in 2030 under different scenarios
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construction land further expands to 1,372.11 km², rep-
resenting a 49.46% increase compared to the 2020 base-
line. In both cases, expansion primarily occurs adjacent 
to existing urbanized areas, with current construction 
zones serving as nuclei for outward, peripheral growth. 
This process contributes to the degradation of key car-
bon-sequestering ecosystems, including forests, grass-
lands, and wetlands. Compared to 2020, the area of these 

ecological lands is projected to decline by 208.56 km² and 
256.97  km² under the Natural and High-Emission sce-
narios, respectively. In contrast, under the Low-Emission 
scenario—which emphasizes sustainable development 
and limits ecological land conversion—urban expansion 
is significantly constrained. By 2030, construction land is 
projected to reach only 935.51 km², accounting for 7.92% 
of the total study area.

Table 7  Land use changes in the study area in 2030 under different scenarios
Land use type Changsha land use status in 

2020 (km2)
Natural development 
scenario in 2030 (km2)

High Carbon Emission Devel-
opment Scenario 2030 (km2)

Low Carbon 
Emission Devel-
opment Scenario 
2030 (km2)

Cropland 3377.52 3221.28 3182.96 3377.73

Woodland 7109.02 6935.26 6900.97 7094.66

Grassland 137.96 137.55 137.41 137.93

Water 255.41 221.02 207.04 255.36

Construction Land 918.12 1285.89 1372.11 935.51

Unutilized land 6.45 7.72 8.24 7.54

Fig. 8  Distribution of land use in the study area in 2030 under different scenarios
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Assessing the potential effects of construction land growth 
and its associated carbon emissions control measures
Evaluation of the environmental impact of carbon emissions 
associated with construction land use
This study evaluates the potential impacts of construc-
tion land expansion on regional development in Chang-
sha City from 1990 to 2030, using the IPCC framework 
for assessing land use change and regional vulnerability. 
The results (Table  8) indicate that the overall land use 
intensity in Changsha corresponds to a medium level 
of development. From 1990 to 2020, the land use inten-
sity index rose from 324.41 to 334.10, representing a 
2.99% increase, primarily driven by intensified human 
activity and economic growth, which accelerated con-
struction land expansion. Meanwhile, total carbon emis-
sions increased as large areas of carbon-sequestering 
land—such as forests, grasslands, and wetlands—were 
converted into high-emission land types, including con-
struction land and cropland. This transformation simul-
taneously heightened emissions and diminished regional 
carbon sequestration capacity. The potential impact 
value (PI) for construction land consistently increased 
from 0.04 in 1990 to a peak of 0.37 in 2015, indicating 
that construction land expansion has exacerbated carbon 
emissions and increased ecosystem vulnerability. These 
developments pose considerable challenges to regional 
stability, economic growth, and environmental sustain-
ability. In the multi-scenario simulations, both the Nat-
ural and High-Emission scenarios show increasing PI 
values, whereas the Low-Emission scenario demonstrates 
comparatively lower impacts. When considered along-
side changes in the regional elasticity index (EI), results 
suggest that the Low-Emission scenario provides greater 
system stability, as the EI values under the other two sce-
narios increased by 1.21 and 1.22, respectively. These 
findings underscore that optimizing construction land 
use, improving energy efficiency, and conserving key car-
bon-sequestering ecosystems—such as forests and grass-
lands—can effectively mitigate ecological vulnerability, 

curb carbon emissions, and support progress toward 
regional carbon neutrality.

Construction Land Growth Control under Low Carbon 
Emission Mode
Analyzing the spatiotemporal patterns of regional car-
bon emissions and their correlation with construction 
land expansion provides a comprehensive understand-
ing of how urban growth in Changsha City influences 
carbon output. Based on this analysis, and considering 
the carbon cycle balance between future development 
and ecological preservation, the low-carbon develop-
ment scenario was adopted as the foundation for delin-
eating priority zones for construction land expansion. 
The selection of this scenario was further supported by 
potential impact (PI) values and elasticity indices (EI), 
under which the simulated construction land expansion 
area was subjected to spatial control. The 2020 construc-
tion land layout served as the baseline, defining a guiding 
zone for regional development covering 918.04 km². The 
projected expansion area for 2030, totaling 935.51 km²—
including the guiding zone—is designated as the priority 
area for construction land growth and placed under regu-
latory control.

In terms of spatial configuration (Fig. 9), zone boundar-
ies were delineated based on minimum ecological protec-
tion thresholds and the conservation of cultivated land. 
The expansion follows a radial pattern outward from the 
guiding zone, integrating fragmented land parcels into a 
continuous and compact spatial structure. The optimi-
zation of construction land regulation within this zone 
is designed to be dynamic and adaptive, enabling itera-
tive adjustments in response to periodic assessments and 
evolving planning requirements.

Discussion
Construction land, as the dominant land-use type 
accommodating urban populations, industrial activ-
ity, and transportation infrastructure, can substantially 

Table 8  Potential impacts of building land expansion on regional ecosystems
Year Land use 

intensity 
index

Land use 
intensity 
change

Total carbon 
emissions 
(×104t)

Change in car-
bon emissions 
(×104t)

PI EI

1990 324.41 168.10 0.04 2.76

1995 324.16 −0.25 248.94 80.85 0.02 7.57

2000 324.99 0.83 285.23 36.29 0.04 3.70

2005 325.83 0.84 609.66 324.43 0.13 1.39

2010 330.05 4.22 1164.70 555.04 0.37 0.83

2015 331.98 1.93 1332.69 167.99 0.36 1.00

2020 334.1 2.12 1564.09 231.41 0.04 2.76

2030(Natural development scenario) 340.89 6.79 2396.21 832.12 0.32 1.33

2030(High carbon emission level development scenario) 342.44 8.34 2582.44 1018.35 0.32 1.32

2030(Low carbon emission level development scenario) 334.58 0.48 1639.38 75.29 0.17 2.54
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affect regional carbon emissions, particularly through 
its expansion. Over the study period, construction-
land expansion in Changsha was associated with a net 
carbon-source effect, consistent with patterns reported 
for rapidly urbanizing regions [7]. Two complementary 
mechanisms plausibly explain this pattern. First, con-
struction land typically exhibits substantially higher car-
bon-emission intensity per unit area than other land-use 
types; therefore, continued expansion is likely to increase 
energy use and associated emissions. Second, construc-
tion-land expansion often occurs at the expense of high 
carbon-sink land uses (e.g., forests and grasslands), which 
can weaken ecosystem carbon-sequestration capacity. 
Together, higher emissions and reduced sink capacity may 
amplify pressures on the regional carbon balance. Tem-
porally, from 1990 to 2020, construction land in Chang-
sha expanded by 660.24 km². Over the same period, total 
regional net carbon emissions increased from 1.6810 × 
10⁶ t to 1.56409 × 10⁷ t, and the share of emissions attrib-
utable to construction land rose from 91.16% to 98.95%. 
These results indicate that construction land expansion 
was the dominant contributor to the increase in regional 
carbon emissions during the study period. The influence 
of construction-land expansion on carbon emissions 
peaked around 2010 and moderated thereafter, consistent 
with Changsha’s transition from rapid outward expansion 
to a phase emphasizing structural optimization; this sug-
gests that the carbon implications of land-development 
modes vary across urbanization stages. Scenario simula-
tions further indicate that incorporating carbon-emission 
constraints into construction-land growth regulation 
can substantially alter the regional emissions trajectory. 
Moreover, at the scenario simulation level, the differences 
among the natural development, high carbon develop-
ment, and low carbon development scenarios are not 
merely the result of different expansion scales; rather, 
they represent the combined outcomes of the pathways 

described above under varying intensities of policy con-
straints. Under the low-carbon development scenario, 
both the scale and spatial configuration of expansion are 
constrained, ecological space is comparatively well pro-
tected, and total regional carbon emissions are projected 
to decline. This outcome is broadly consistent with recent 
local policies promoting energy-structure adjustment 
and strengthened ecological-space protection, suggest-
ing that low-carbon-oriented regulation may better align 
with local development priorities. By contrast, under the 
high-carbon development scenario, higher emissions per 
unit construction-land area coincide with substantial 
losses of high carbon-sink land uses, indicating relatively 
uncoordinated expansion alongside rapid emissions 
growth. Therefore, the carbon emission impacts of con-
struction land expansion depend not only on the expan-
sion scale itself but also on its spatial configuration, the 
level of land use intensification, and the extent to which 
ecological space is encroached upon. Under continued 
urbanization, relying solely on controlling expansion 
scale is often insufficient to stabilize the emissions tra-
jectory. Instead, it is necessary to combine spatial plan-
ning control, efficiency improvements, and carbon sink 
protection to reduce the emission impacts associated 
with urban expansion. For Changsha, which remains in a 
phase of ongoing urbanization, an important pathway to 
mitigate the carbon emission impacts of land expansion 
is to meet reasonable land demand while optimizing the 
spatial layout of construction land, increasing land use 
intensification, and reducing the conversion of ecological 
carbon sink land.

Methodologically, we propose a coupled Monte Carlo–
Markov–PLUS framework to jointly simulate construc-
tion-land expansion and carbon-emission responses, 
integrating uncertainty characterization, land-use 
quantity projection, spatial allocation, and emissions-
response assessment within a single workflow. Within 

Fig. 9  Priority areas for construction land growth
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this framework, the transmission pathway from carbon 
emission scenarios to construction land scale constraints 
and then to spatial allocation simulation provides a clear 
interface for embedding policy instruments. At the 
aggregate level, an emissions cap is translated into a con-
trol boundary for the allowable scale of construction land 
and is introduced as an ex ante constraint in quantity 
projection, so that construction land growth is subject to 
a binding carbon target. At the spatial level, bottom line 
requirements such as the ecological protection redline, 
permanent basic farmland, and the urban development 
boundary are operationalized as exclusion or restriction 
rules. Together with land suitability and neighborhood 
effects, these rules shape the spatial allocation process 
by explicitly defining where development is permitted 
or prohibited. At the intensity level, changes in energy 
structure and improvements in energy efficiency can 
be represented in the scenarios through key parameters 
such as carbon emissions per unit of energy consump-
tion and energy intensity. In implementation, these set-
tings correspond to institutional arrangements including 
industrial entry requirements, performance evaluation 
for industrial parks, building energy efficiency standards, 
and zoning of development intensity, all aimed at reduc-
ing emissions per unit of land. In parallel, demand side 
measures reduce reliance on new construction land by 
adjusting net demand for additional land and steering 
optimization within existing built up areas, thereby cre-
ating synergy with aggregate, spatial, and intensity con-
straints. This mapping allows the growth guidance zones 
and growth priority zones identified under the low car-
bon scenario to serve not only as simulation outputs but 
also as planning instruments, which can be translated 
into differentiated access rules and annual control bench-
marks in territorial spatial planning.

Nonetheless, the framework has several limitations. 
Monte Carlo simulation is sensitive to assumptions about 
parameter distributions and plausible ranges; alternative 
specifications—particularly for transition-probability 
distributions—may affect scenario outcomes. Although 
repeated random sampling can reduce run-to-run vari-
ability, it cannot eliminate uncertainty arising from 
input-data errors or subjective parameterization. In addi-
tion, the spatial accuracy of the PLUS model depends 
partly on the spatial resolution of land-use data and the 
selection of driving factors. When resolution is insuf-
ficient, the model may fail to capture fine-scale expan-
sion dynamics, potentially leading to underestimation of 
localized carbon-emission effects. Moreover, non-spatial 
factors (e.g., policy interventions and market behavior) 
are represented in a simplified manner, which may limit 
performance in complex urban-development contexts.

Despite these uncertainties and limitations, this study 
identifies potential pathways to align construction-land 

growth regulation with regional carbon-mitigation 
objectives. The results suggest that steering the direc-
tion of construction-land expansion, controlling expan-
sion intensity, and protecting ecological carbon-sink land 
can reduce emissions pressure associated with urban 
development. The proposed delineation of priority and 
guidance zones for construction-land growth offers an 
operational tool for spatial regulation and supports the 
integration of carbon-peaking and carbon-neutrality 
goals into territorial spatial planning. These conclu-
sions are relevant for Changsha in coordinating rational 
construction-land growth with carbon-peaking targets 
under ongoing urbanization and may also offer transfer-
able insights for other rapidly urbanizing cities seeking to 
optimize land-use structure and spatial patterns under 
carbon-neutrality constraints.

Conclusion and future studies
Conclusion
This study introduces a novel framework that incorpo-
rates carbon emissions into the regulation of regional 
construction land expansion. By examining the spatio-
temporal dynamics of construction land transformation 
and associated carbon emissions in Changsha City from 
1990 to 2020, this research explores their interdependent 
evolution. To project future trends, three scenarios—nat-
ural development, high-carbon growth, and low-carbon 
development—were established to simulate construction 
land expansion and carbon emissions by 2030. These sce-
narios assess the potential impacts of construction land 
growth on carbon emissions and offer targeted strategies 
for guiding development under a low-carbon trajectory.

(1) From 1990 to 2020, construction land in Chang-
sha expanded cumulatively by 660.24  km², following a 
staged trajectory of “slow initiation–rapid expansion–
deceleration.” Expansion occurred primarily through the 
conversion of cultivated land and forest land adjacent to 
existing construction land; together, these conversions 
accounted for 95.82% of the newly expanded area. Over 
the study period, construction-land expansion broadly 
tracked changes in carbon emissions. Regional net car-
bon emissions increased from 168.10 × 10⁴ t in 1990 to 
1564.09 × 10⁴ t in 2020 (approximately 9.3 times the 1990 
level), and the share attributable to construction land 
rose from 91.16% to 98.95%, indicating that construction 
land was the dominant source of regional emissions.

(2) Under the three scenarios–business as usual (BAU), 
high-carbon development, and low-carbon develop-
ment—projected carbon emissions in Changsha in 2030 
are 2396.21 × 10⁴ t, 2582.44 × 10⁴ t, and 1639.38 × 10⁴ t, 
respectively, representing increases of 53.21%, 65.11%, 
and 4.81% relative to 2020. Construction-land expan-
sion is pronounced under the BAU and high-carbon 
scenarios, with increases of 367.85 km² and 454.07 km², 
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respectively. By contrast, expansion is strongly con-
strained under the low-carbon scenario, increasing by 
only 17.47  km² and exhibiting substantially reduced 
encroachment on high carbon-sink land uses (e.g., forests 
and grasslands); consequently, both ecological pressure 
and emissions-growth pressure are comparatively lower.

(3) During 1990–2020, construction-land expansion 
was consistently associated with higher regional net 
carbon emissions and was also linked, to some extent, 
to reduced ecosystem stability. However, after peaking 
during 2010–2015, this association weakened by 2020, 
and ecosystem stability showed signs of improvement. 
Scenario simulations further suggest that in 2030, under 
the BAU and high-carbon scenarios, ecosystem pressure 
associated with construction-land expansion is projected 
to intensify, suggesting a heightened risk of declining 
ecosystem stability; by contrast, ecosystem stability is 
projected to improve under the low-carbon scenario. 
Combined with the delineated priority and guidance 
zones for construction-land growth under the low-car-
bon scenario, the low-carbon pathway appears more 
conducive to balancing ecological, social, and economic 
objectives while accommodating rational construction-
land growth and improving land-use efficiency.

Collectively, these findings provide evidence to sup-
port coordinated construction-land development and 
carbon-emission control and offer practical references 
for sustainable land-use planning aligned with national 
carbon-neutrality targets.

Future studies
This study advances a regional approach to regulating 
construction-land growth by incorporating a carbon-
emissions perspective; however, several limitations 
remain and point to directions for future research. The 
analysis focuses on the spatiotemporal dynamics of 
construction-land expansion and associated carbon 
emissions in Changsha and identifies a strong positive 
association between the two. Nevertheless, reliance on a 
single case study may limit the generalizability of the con-
clusions. Future research should extend the investigation 
to regions with diverse geographic, economic, and policy 
contexts to evaluate robustness and to support localized, 
context-sensitive land-management strategies.

This study employs three scenarios—business as usual 
(natural growth), high-carbon development, and low-
carbon transition—to simulate carbon emissions and 
construction-land change under alternative development 
trajectories. However, the scenarios remain stylized and 
may not fully capture complexities associated with socio-
economic dynamics and policy shifts. Future research 
should incorporate additional variables—such as demo-
graphic trends, industrial restructuring, land-market 

mechanisms, and technological innovation—to improve 
the precision and policy relevance of simulation results.

Moreover, although this research focuses on the direct 
impacts of construction-land expansion on carbon emis-
sions, it does not sufficiently address indirect pathways, 
such as land-use efficiency and spatial optimization. 
Future studies should examine internal restructuring 
within construction land, including strategies to improve 
land-use efficiency, promote compact urban form, and 
optimize spatial configuration to enhance low-carbon 
development potential. In addition, the current growth-
control strategy is largely driven by carbon-emission 
metrics, with limited consideration of other ecological 
indicators (e.g., biodiversity, water resources, and soil 
quality). Future work should develop multi-objective 
optimization models that jointly consider carbon mitiga-
tion, ecological integrity, and economic development to 
promote synergistic outcomes in land governance.

Overall, while this study introduces a framework for 
regulating construction land under carbon-peaking tar-
gets, further research is needed to enhance regional 
applicability, scenario richness, land-use optimization, 
and multi-objective integration. These efforts will pro-
mote deeper integration of territorial spatial planning 
and low-carbon development and support sustainable 
urbanization amid a rapidly evolving policy environment.
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