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Abstract

Based on six periods of remote sensing image data of land resource utilization from
1995 to 2020, this study conducted an analysis of the carbon balance of land resource
utilization in the Beijing-Tianjin-Hebei region of China and proposed spatial optimization
strategies for land resource utilization. The results were as follows: (1) Over the 25-year
period, the carbon emissions from land use in the Beijing-Tianjin—Hebei region showed
a significant “inverted U-shaped” curve pattern. Construction land was the main carbon
source, and the spatial distribution presented a “core—edge” gradient emission pattern,
with the highest carbon emission intensity in the core area of Beijing—Tianjin-Tangshan,
followed by the central area of Jizhongnan, and the ecological area of Jibei maintaining a
low-carbon level. (2) Although the total carbon absorption showed a slow growth trend, the
regional carbon deficit situation continued to intensify, reflecting the ecological imbalance
problem during the rapid urbanization process. (3) Based on the carbon neutrality goal
and the main functional zoning, the study optimized and restructured the territorial
spatial divisions of the Beijing-Tianjin—Hebei region into six categories, namely, low-
carbon maintenance—agricultural product main production area; carbon intensity control—
optimized development zone; carbon sink function—key ecological function area; carbon
sink function—key development zone; high-carbon optimization—optimized development
zone; and high-carbon optimization—key development zone. Resource allocation plans
are suggested for each optimized zone, serving as a scientific basis for the coordinated
development of the Beijing-Tianjin—Hebei region of China via low-carbon transformation
and territorial spatial optimization configuration.

Keywords: land resource utilization; carbon emissions and carbon absorption; carbon
balance; land space optimization; Beijing—Tianjin—Hebei region

1. Introduction

In recent years, the issue of global climate change has become increasingly severe. In
response to the climate governance requirements of the Paris Agreement, China officially
proposed the climate action goals of “carbon emission peak and carbon neutrality” (referred
to as the “dual-carbon goal”) at the 75th Session of the United Nations General Assembly
in 2020, further promoting in-depth research on carbon sink mechanisms in the academic
community [1]. In 2021, The State Council issued the “Action Plan for Carbon Dioxide
Peaking Before 2030”, aiming to promote the realization of carbon neutrality goals through
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multi-dimensional implementation paths such as optimizing the energy structure and
enhancing carbon sinks in ecosystems. At the level of territorial space planning, the latest
revised technical regulations for the demarcation of the “Three Zones and Three Lines” by
the Ministry of Natural Resources include the improvement of carbon sink efficiency as
an important assessment indicator and provide the core framework for dividing spatial
functions and implementing rigid control in China’s territorial spatial planning, including
urban space, agricultural space, ecological space, and the corresponding three control lines.
Specifically, “The three zones” refer to three types of functional spaces: (1) urban space—
centered around the production and living of urban residents, it encompasses economic,
social, political, and cultural elements, and serves as the carrier of urban activities and
functional areas; (2) agricultural space—mainly consisting of agricultural production and
rural life, it includes permanent basic farmland, general farmland, and rural residential land,
ensuring food security and agricultural product supply; (3) ecological space—primarily
focused on providing ecological services or ecological products, including natural areas
such as forests, grasslands, wetlands, rivers, lakes, tidal flats, wastelands, and deserts,
for the purpose of safeguarding ecological security and biodiversity. The “three line”
is a set of three rigid control lines corresponding to the “three zones”, that is, (1) the
permanent basic farmland protection red line, which stipulates that cultivated land must
not be occupied or its use changed without authorization, to ensure agricultural production;
(2) the ecological protection red line, which designates mandatory protection for important
ecological functional areas, ecologically sensitive areas, and ecologically fragile areas to
safeguard national ecological security; and (3) the urban development boundary, which
limits the concentrated construction area of towns, ensuring that urban development takes
place within the planned boundaries [1].

Under the promotion of the “dual-carbon” strategic goals, exploring and analyzing
the impact of Land Use and Land Cover Change (LUCC) on the regional carbon budget
has become one of the key issues in regulating the carbon cycle of the human-land system.
Relevant studies at home and abroad have shown that LUCC has become the second-largest
source of greenhouse gas emissions after the combustion of fossil fuels, exerting a significant
impact on regional carbon emissions and carbon absorption [2]. At present, the relevant
research mainly focuses on the following dimensions: Regarding the carbon emissions
accounting system, a binary classification framework of direct carbon emission method and
indirect carbon emission method for land use is generally adopted. The research mainly
focuses on the spatio-temporal evolution of carbon sequestration capacity [3,4], influencing
factors of carbon emissions, and carbon balance zoning and carbon compensation [5]. The
research methods widely adopted trend analysis, spatial autocorrelation analysis, three-
dimensional model individualization technology, social network analysis technology [6],
etc. Regarding theoretical research, the academic community has systematically expounded
the concept of regional carbon compensation and established a theoretical system including
compensation models, institutional frameworks, and operational mechanisms. In particular,
based on the spatial heterogeneity characteristics of regional carbon budgets, relevant
scholars have innovatively proposed the “carbon source—carbon sink” balance account
theory and suggested establishing a carbon compensation system at the national level. The
research scale ranges from national-level urban agglomerations to county-level economic
units [7]. Studies at different scales have revealed the spatial differentiation patterns
of regional carbon budgets and proposed differentiated low-carbon development paths.
However, research on carbon emissions from land use during the process of urbanization
is still in the exploratory stage, and a unified research paradigm and consensus have not
yet formed [8,9].
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Based on the current academic progress and practical exploration in the research of
land use carbon emissions and carbon absorption, the Beijing-Tianjin—-Hebei region was
selected as the research object to conduct an analysis of the spatial difference characteristics
regarding typical high-intensity carbon emissions, resource endowment, development
stage, and industrial structure in the region [6], as well as the regional land resource
situation. Based on this analysis, a scientific and reasonable land use carbon budget and
expenditure accounting system and carbon neutrality zoning model were constructed to
provide theoretical support for the optimization and decision-making of the low-carbon
transformation path under the coordinated development strategy of the Beijing—Tianjin—
Hebei region of China [7].

2. Data and Methods
2.1. The Study Area

As the core economic zone in northern China, the urban agglomeration of the Beijing—
Tianjin—-Hebei region plays a significant strategic role in China’s modernization drive. In
2024, the total GDP of the Beijing-Tianjin-Hebei region was 11.54 trillion yuan, accounting
for 8.55% of the national GDP. The overall urbanization rate reached 71.9%. This region
is building China’s first cross-provincial administrative region coordinated development
demonstration zone through the “one core and two wings”, where the core area is Beijing
and the two wings are Xiongan’s new area and the urban sub-center of Beijing’s Tongzhou
district [10]. Specifically, the research area covered 13 cities, namely, Beijing, Tianjin, and
11 prefecture-level cities in Hebei province, with a total land area of 217,000 km? and a
population of approximately 110 million [7].

2.2. Data Sources

The research data include three major categories: land use, ecological environment,
and economic and social data. The specific sources and explanations are shown in Table 1.

Table 1. Data sources and explanations.

Data Type Source Explanations

It covers six periods of data
from 1995 to 2020 (with a
5-year interval), with a spatial
accuracy of 1 km x 1 km grid
resolution [7,10]

The Resources and Environmental
Sciences and Data Center of the
Chinese Academy of Sciences and
remote sensing image data

Land use data

The land classification standards of ~ Types are divided into
the Chinese Academy of Sciences cultivated land, forest land,

Land use type

and the actual situation of land
resources in the
Beijing-Tianjin-Hebei region

grassland, water area,
construction land, and unused
land [11]

Ecological environment
data

Statistical yearbooks and
professional monitoring stations

Meteorological elements,
hydrological characteristics,
soil properties, etc. [12]

Economic and social
data

Statistical yearbooks of the
Beijing-Tianjin-Hebei region over
the years, statistical bulletins on
national economic and social
development, government work
reports, etc. [13]

GDP, output value of the
secondary and tertiary
industries, etc. [13]

Note: All datasets listed, including land-use data, were consistently collected across the six periods spanning 1995

to 2020 at five-year intervals.
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In addition, for some missing data, the research adopted the time series linear in-
terpolation method and the correlation statistical modeling method for correction and
supplementation.

2.3. Research Method
2.3.1. Land Use Carbon Budget

Different land use types exhibit significant sink and source differences in the carbon
cycle system. Based on existing research results and field investigation data, this study made
the following assumptions about carbon sinks and sources of land use types: cultivated
land has dual attributes of carbon sink and source; construction land is usually a high-
intensity carbon emission source; and forest land, grassland, water area, and unused land
belong to carbon sink land use types. Based on the above assumptions, the IPCC carbon
emissions and absorption estimation model was adopted for carbon emission/absorption
calculations. The specific formula is

Ei = Si X (Si (1)

where E;, S;, and ¢; represent the carbon emissions volume (t), area (km?), and carbon
emission/absorption coefficient (t/km?) of the ith type of land, respectively.

Referring to existing studies [14], the values of carbon emission and absorption coeffi-
cients of cultivated land are 0.00422 x 10* t/km? and 0.00007 x 10* t/km?, respectively. By
calculating the difference between the two, the net carbon emission coefficient of cultivated
land is determined to be 0.00415 x 10* t/km?.

Based on the above assumptions, the carbon sink of construction land could be disre-
garded. Therefore, regarding energy consumption, a carbon emission accounting model for
construction land was constructed. Combined with the development characteristics of the
Beijing-Tianjin—Hebei region, the specific formula is

2
Eyrban = Zkzl GDPy xex 2)

where E 4, represents the carbon emissions volume (t) generated by construction land;
GDPy is the total industrial output value (k = 2, 3) (ten thousand yuan); ¢ is the energy
consumption per unit GDP (tons per ten thousand yuan), and y is the energy consumption
coefficient, with a value of 0.7476 tons of carbon per ton of energy (t C/t). The carbon
absorption and emission coefficients for different land use types are shown in Table 2.

Table 2. Carbon emission coefficients of different land use types.

Carbon Emission Coefficient

Land Use Type (10* t/km2) Notes
Cultivated land (carbon emissions) 0.00422 The carbon emission coefficients of
Cultivated land (carbon absorption) —0.00007 different land use types are mainly
Woods —0.00623 derived from IPCC, 2006 [15], Zhao,
Grassland —0.00144 X.C,, etal,, 2022 [4], and Yu, J.W.
Water area —0.0003 et al., 2025 [16], etc., and obtained
Unused land —0.0005 through meta-analysis.

Data source: Authors’ compilation based on the literature.

2.3.2. Carbon Neutrality in Land Use

According to the carbon neutrality goal, carbon neutrality is achieved when the carbon
emissions from land use are equal to carbon absorption. Carbon neutrality cannot be
achieved when carbon emissions exceed carbon absorption. Therefore, without considering
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the time factor, this study used the difference between the carbon emissions and absorption
from land use, that is, the net carbon emissions, to represent the measurement of carbon
neutrality. The specific formula is

E, = (Eurb/m + Ecrop) - ZEi 3)

where E, represents the net carbon emission (tons). If E. > 0, it means that carbon
neutrality has not been achieved; if E, < 0, it means that carbon neutrality has been
achieved. E, ., and E¢yop represent the carbon emissions of construction and cultivated
lands (t), respectively, and ) E; represents the carbon absorption of cultivated land, forest
land, grassland, water area, and unused land (t).

2.3.3. Carbon Emission Impact

The impact of carbon emissions is mainly reflected by the economic contribution rate of
carbon emissions and the ecological carrying capacity coefficient of carbon absorption. The
economic contribution rate of carbon emissions reflects the economic benefits of different
carbon resource utilization, measuring the economic output efficiency corresponding to a
unit of carbon emissions. The specific formula is

_Gi/G

EC =
C=EE

4)

where EC represents the economic contribution rate of carbon emissions; G; and G represent
the GDP of city j and the total GDP of the Beijing-Tianjin-Hebei region, respectively; E;
and E represent the net carbon emissions of the city j and the Beijing-Tianjin—Hebei region,
respectively; and EC > 1 or 0 < EC < 1 indicate that the carbon emissions have a greater
or smaller impact on economic benefits, respectively.

The carbon absorption ecological carrying capacity coefficient reflects the intensifica-
tion degree of carbon absorption and emissions in different ecosystems. It is represented by
the quotient of the proportion of regional carbon absorption and the proportion of regional
carbon emissions [17]. The specific expression is

_ CA,/CA

ESC = E /T )

where ESC represents the carbon absorption ecological carrying capacity coefficient; CA,
and CA represent the carbon absorption amounts of the city n and the Beijing-Tianjin—
Hebei region, respectively; E, and E represent the carbon emission amounts of the city n
and the Beijing-Tianjin-Hebei region, respectively; and ESC > 1 indicates that the regional
ecosystem has a strong carbon sequestration capacity, while 0 < ESC < 1 indicates that its
capacity is relatively weak.

2.3.4. Zoning for Optimal Allocation of Land Resources

Based on the quantitative relationship between EC and ESC, the Beijing-Tianjin-Hebei
region was divided into four carbon neutrality functional zones, namely, the low-carbon
maintenance zone, the carbon intensity control zone, the carbon sink functional zone, and
the high-carbon optimization zone. The specific division criteria are shown in Table 3.
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Table 3. Standards for the division of carbon neutrality functional zones in the Beijing-Tianjin-Hebei
region.

Zoning Division Criteria Major Characteristics

The carbon absorption is greater than
Low-ca.rbon EC>1 ESC > 1 the c-a.rbon emission, the ecological
conservation zone conditions are good, and the carbon
sequestration capacity is strong

The economic contribution rate of
carbon emissions is high but the
EC>1,ESC<1 carbon sequestration capacity is
weak and the ecological carrying
pressure is large

Carbon intensity
control zone

The economic contribution rate of
carbon emissions is low but the
EC<1,ESC>1 carbon sink resources are abundant,
carbon sequestration capacity is
strong, and ecological value is high

Carbon sink functional
zone

The economic contribution rate and
ecological carrying capacity of
carbon emissions are low and the
carbon sink capacity is weak

High-carbon

Lo EC<1,ESC<1
optimization zone

3. Results and Analysis

3.1. Spatio-Temporal Variations of Carbon Emissions from Land Resource Utilization
3.1.1. Time Dimensions

The spatio-temporal variations in carbon emissions from land resource utilization
in the Beijing-Tianjin-Hebei region from 1995 to 2020 are shown in Figure 1, where an
“inverted U” shape is presented. Specifically, the period from 1995 to 2010 showed
rapid growth in carbon emissions, with the total carbon emissions increasing from
93.1144 million tons to 390,025 million tons, with an average annual growth rate of 9.8%.
The growth rate was the fastest from 2000 to 2010, with an increase of 276,063,400 tons.
The period from 2010 to 2020 showed a slow decline. The total carbon emissions dropped
to 305,116,300 tons, with a cumulative reduction of 84,886,200 tons. However, this was
still 227.68% higher than that in 1995 [18]. Regarding the energy consumption comparison
statistics, in 2020, the proportion of carbon emissions from energy consumption in the
Beijing—Tianjin—Hebei region to the total carbon emissions was 98.62%, higher than the
95.04% in 1995. This proportion reflects the energy demand during the process of industrial-
ization and urbanization, highlighting the idea that regional carbon emissions are typically
energy-driven [19].

The land use patterns varied in different regions, and their carbon emissions also
showed obvious characteristics of phased changes.

(1) The carbon emissions from construction land rapidly increased from 88.4986 million t
to 300.8966 million t during 1995 to 2020, a growth of 240%. The carbon emissions
proportion rose from 95.04% in 1995 to 98.62% in 2020, making it the largest carbon
source among the land use types in the Beijing-Tianjin—-Hebei region. The increase
in carbon emissions from construction land was mainly driven by regional indus-
trial expansion, the rise in production and living, and the growth in transportation
demand [10].

(2) The carbon emissions from cultivated land showed a continuous and gradual down-
ward trend. Over the 25 years examined, the total carbon emissions from culti-
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vated land in the Beijing—Tianjin—Hebei region decreased from 4.6158 million tons to
4.2197 million tons, a reduction of 396,100 tons. Specifically, Beijing reduced its carbon
emissions by 137,300 tons, Tianjin 75,200 tons, and Hebei 183,600 tons. The proportion
of carbon emissions from cultivated land dropped from 4.96% in 1995 to 1.38% in
2020. The decline in carbon emissions from cultivated land was mainly influenced
by two reasons: first, agricultural technological progress has reduced production
energy consumption; second, the promotion of national green economic policies has
facilitated the development of circular and ecological agriculture. As a result, the use
of pesticides and chemical fertilizers in the Beijing—Tianjin—-Hebei region decreased,
thereby reducing carbon emissions from agricultural production [18].

Beijing-Tianjin-Hebei Region Beijing
r 7 45,000 25 7 7,000
L 1 40,000 2 1 6,000
{ 35,000 z i
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——@— construction land(secondary axis) ——@— construction land(secondary axis)
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Figure 1. Analysis chart of the dynamic change trend of carbon emissions in the Beijing-Tianjin-Hebei
region.
3.1.2. Spatial Dimensions

Based on the carbon emissions calculation data of the urban agglomeration in the
Beijing-Tianjin-Hebei region [10], the regional carbon emissions were classified into four
grades (Table 4).
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Table 4. Carbon emission classification standards.

Grading Carbon Emissions

Less than 5 million tons
5 to 10 million tons
10 to 20 million tons
More than 20 million tons

Micro-carbon emissions
Mild carbon emissions
Moderate carbon emissions
Heavy carbon emissions

According to the classification criteria, regarding regional carbon emissions, from 1995
to 2020, the spatial distribution pattern of carbon emissions in the Beijing—Tianjin-Hebei
region presented a characteristic of “core—periphery” differentiation (Figure 1), where the
core circle of the Beijing—Tianjin-Tangshan region remained in a high-emission state for a
long time, the central and southern part of Hebei showed a gradually decreasing gradient
transition state, and the carbon emissions in the ecological zone of northern Hebei remained
at a low level.

Regarding carbon emissions in different cities, the ranking of total carbon emissions
in the Beijing—Tianjin—-Hebei region from 1995 to 2020 was as follows: Beijing > Tianjin
> Tangshan > Shijiazhuang > Cangzhou > Handan > Baoding > Langfang > Xingtai >
Zhangjiakou > Qinhuangdao > Hengshui > Chengde. Among them, the carbon emissions of
the top six cities accounted for 73.32% of the total emissions, and the carbon emission grades
were mainly medium and heavy areas (Table 5). Regarding the growth characteristics of
carbon emissions in various cities, Tangshan city had the fastest growth rate, with a total
increase of 33.8043 million tons over 25 years and an average annual growth rate of 15.5%.
Zhangjiakou city had the slowest growth rate, with a total increase of 5.69 million tons
and an average annual growth rate of 6.45%. Based on the heterogeneity of land use
structure and regional differences in economic development levels between cities in the
Beijing-Tianjin—Hebei region, there was a positive correlation between the total carbon
emissions from land use and GDP.

Table 5. Carbon emissions from urban agglomeration in the Beijing-Tianjin-Hebei region.

Total Carbon Emissions (10,000 tons) 1995 2000 2005 2010 2015 2020
Beijing 2495.34 2360.02 4041.56 6101.08 6005.42 4915.70
Tianjin 1683.11 2018.79 3005.29 6821.57 6130.26 4510.80

Shijiazhuang city 1008.17 1315.18 2290.90 4346.42 3586.76 3498.54
Tangshan 872.63 1142.85 2659.19 5788.59 4004.61 4253.07
Qinhuangdao city 323.19 381.05 657.38 1156.68 783.29 938.52
Handan 520.24 704.44 1499.28 2959.74 2006.06 2112.53
Xingtai city 341.40 474.82 853.15 1492.26 1107.95 1239.57
Baoding city 637.05 881.02 1328.69 2531.05 1946.08 2250.57
Zhangjiakou city 352.68 387.33 585.56 1233.03 879.20 921.30
Chengde city 177.11 238.28 465.74 1100.91 840.66 807.30
Cangzhou city 463.07 616.63 1506.27 282294 2204.55 2206.32
Langfang city 350.45 478.27 784.77 1721.69 1651.53 1985.29
Hengshui city 87.00 395.13 661.10 924.38 786.55 875.65

Based on the data in Table 5, the temporal change in carbon emissions due to land use
in each city of the Beijing—Tianjin-Hebei region is given in Figure 2. The carbon emissions
in the study area showed an overall trend of first increasing and then declining, with a
peak in 2010. This indicates that the coordinated development of the Beijing—Tianjin—Hebei
region and the implementation of the carbon emission joint prevention and control policy
have gradually achieved results since 2010. The specific spatial evolution characteristics
were as follows:
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During the upward period from 1995 to 2010, the Beijing-Tianjin—Hebei region priori-
tized economic development, which resulted in a large total amount of carbon emis-
sions. The total carbon emissions of Hengshui, Tangshan, Chengde, and Cangzhou
increased by more than 500%. However, regarding the proportion of urban carbon
emissions, Beijing had the largest total carbon emissions, accounting for 18.74%, while
Chengde had the lowest, with a proportion of only 2.48%.

During the decline period of 2010-2020, the economic development of the Beijing—
Tianjin-Hebei region reduced the dependence on resources and environment, and
gradually reduced carbon emissions. Tianjin, Handan, Chengde, and Tangshan
showed the greatest carbon emissions reduction, with a drop of more than 25%.
During this period, the proportion structure of urban carbon emissions also changed.
Tianjin had the highest carbon emissions, accounting for 17.21%, while Hengshui had
the lowest, accounting for only 2.55%.

Cangzhou

Total Carbon Emissions (104 t) Total Carbon Emissions (104 t) — Total Carbon Emissions (104 1)
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= 10002000 hosto0d 1000.2000
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Figure 2. Spatial distribution map of carbon emissions in the Beijing—Tianjin-Hebei region.

3.2. Analysis of Spatio-Temporal Variations in Carbon Absorption of Land Resources
3.2.1. Time Dimension

Calculations showed that from 1995 to 2020 (Figure 3), the total amount of car-

bon absorbed by land resources in the Beijing-Tianjin—Hebei region increased from
3.3836 million tons to 3.4355 million tons, an increase of 1.5%, and the carbon sink supply

capacity improved.
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Figure 3. The changes in carbon emissions from land resource utilization in each city of the Beijing—
Tianjin—Hebei region from 1995 to 2020.

The carbon uptake of land resources periodically changed the Beijing—Tianjin—Hebei
region’s features as follows:

(1) From 1995 to 2000, the carbon absorption of different land use types decreased slightly,
with an average annual reduction of 1000 tons. Hebei province had the greatest
reduction, reaching 4600 tons. However, the carbon absorption in Beijing and Tianjin
rose, with a cumulative increase of approximately 1200 tons.

(2)  From 2000 to 2005, different land use type carbon absorption amounts showed a trend
of slow growth, with an increase of 22,900 t (0.68%).

(3)  From 2005 to 2015, different land use types showed a slow and volatile carbon absorp-
tion reduction trend, with a 6200 t reduction.

(4) From 2015 to 2020, different land use type carbon uptakes showed a rapid growth of
39,200 t (1.15%), with the largest carbon uptake found in Hebei (26,700 t).

Figure 4 shows that there were certain differences in the carbon absorption (sink)
capacities between different land use types. The order of their carbon sink capacities was
forest land > grassland > cultivated land > water area > unused land. During the entire
research period, forest land was the most important carbon sink resource in the region,
with its absorption accounting for 82.16%. Grassland and cultivated land came second and
third, accounting for 14.78% and 2.21%, respectively. The carbon absorption from water
areas and unused land was small, accounting for only 0.85% of the total absorption.

In addition, Figure 4 shows that from 1995 to 2015, the total carbon absorption of
five major land use types, such as forest land and grassland, in the Beijing-Tianjin—-Hebei
region showed a slow and steady downward trend. However, from 2015 to 2020, the carbon
absorption volume changed; while cultivated land, grassland, and unused land maintained
a decreasing trend, the carbon absorption volume of forest land and water areas showed a
reverse growth trend [19].
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Figure 4. The carbon absorption changes in different land use types in the Beijing—Tianjin-Hebei
region from 1995 to 2020.

3.2.2. Spatial Dimension

Regarding the spatial dimension, the carbon absorption of different land use types in
the Beijing-Tianjin—Hebei region showed a changing pattern of being high in the northwest
and low in the southeast [18]. The order of carbon absorption in different regions was as
follows: Chengde > Zhangjiakou > Beijing > Baoding > Qinhuangdao > Shijiazhuang >
Tangshan > Xingtai > Handan > Tianjin > Cangzhou > Langfang > Hengshui (Table 6).
Specifically, Chengde city had the highest carbon absorption, accounting for 40.6%, while
Hengshui city had the lowest carbon absorption, only 0.17%. Regarding the growth rate,
during the 25 years from 1995 to 2020, Cangzhou city had the largest increase in carbon
absorption, with 14.16%, while Langfang city had the largest decrease, with 12.03%.

Similarly, Figure 5 shows the temporal changes in the total carbon absorption in the
Beijing-Tianjin-Hebei region from 1995 to 2020. The total carbon absorption in the Beijing—
Tianjin—Hebei region maintained a stable changing trend from 1995 to 2020; specifically, the
forest land and grassland in the main carbon sink areas of the Beijing-Tianjin—Hebei region
changed little, and the spatial distribution pattern of carbon absorption remained basically
unchanged. Furthermore, the areas with increased carbon absorption mainly occurred after
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2015. Cangzhou city had the largest increase in carbon absorption, followed by Tianjin,
Qinhuangdao, and Zhangjiakou. However, the carbon absorption volume in Chengde city
showed a decreasing trend, with a decline of 2.12%.

Table 6. Carbon absorption of the urban agglomeration of the Beijing-Tianjin-Hebei region.

Total Carbon Absorption (10* t) 1995 2000 2005 2010 2015 2020
Beijing 48.39 48.41 48.31 48.17 48.11 48.85
Tianjin 4.22 4.34 4.10 4.11 3.97 4.50

Shijiazhuang city 15.50 15.55 15.65 15.62 15.62 15.02
Tangshan 10.56 10.55 10.45 10.43 10.40 10.93
Qinhuangdao city 16.73 16.48 16.47 16.48 16.42 17.78
Handan 4.67 4.68 4.68 4.68 4.67 4.58
Xingtai city 7.18 7.14 7.15 7.14 7.15 7.28
Baoding city 31.75 31.83 31.80 31.79 31.75 31.58
Zhangjiakou city 60.08 59.41 59.28 59.26 59.21 63.11
Chengde city 137.73 138.26 138.31 138.29 138.32 135.39
Cangzhou city 1.13 1.07 1.07 1.08 1.07 1.29
Langfang city 0.81 0.85 0.82 0.82 0.81 0.71
Hengshui city 0.60 0.59 0.59 0.59 0.59 0.55
160
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Figure 5. The temporal carbon absorption changes in each city in the Beijing—Tianjin-Hebei region
from 1995 to 2020.
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3.3. Analysis of Spatio-Temporal Changes in Carbon Neutrality of Land Resource Utilization
3.3.1. Time Dimension

Without considering the time difference and based on the net carbon emission carbon
neutrality balance equation of “carbon neutrality amount = carbon emission amount-carbon
absorption amount” [20], this study calculated that over 25 years, the net carbon emissions
in the Beijing-Tianjin-Hebei region amounted to 211,951,100 tons, which is greater than 0.
Compared with 1995, the increase in 2020 was 236.21%. This result indicates that during the
process of industrialization and urbanization in the Beijing-Tianjin—-Hebei region, carbon
balance has not been achieved within the region. Carbon neutrality shows negative growth,
presenting a significant carbon deficit state (Figure 6).
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30,000 |
25,000 |
20,000 |

15,000 |

Net carbon emission/10%t

10,000 |

5,000 [

/‘/AA\«.
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Beijing-Tianjin-Hebei Region e Beijing —#— Tianjin et Hebei

Figure 6. The temporal variation chart of net carbon emissions (carbon neutrality volume) in the
Beijing-Tianjin-Hebei region from 1995 to 2020.

Over the study period, the variation in the carbon neutrality volume in the Beijing—
Tianjin—Hebei region was as follows:

(1) The period from 1995 to 2010 witnessed a sharp increase in net carbon emissions.
In 2010, the net carbon emissions in the Beijing-Tianjin—-Hebei region reached their
peak during this period, amounting to 386.6026 million tons. Over the 15 years from
1995 to 2010, the net increase was 296.8728 million tons, representing a growth rate
of 330.85%. During this period, the Beijing-Tianjin—Hebei region showed rapid eco-
nomic growth, and the functional positioning of the region underwent significant
adjustments. Beijing was no longer positioned as an economic center, and emphasis
was placed on the development of the tertiary industry [17]. Tianjin strengthened
its role as a northern economic center, promoted high-quality development of ad-
vanced manufacturing, and actively expanded the scale of the tertiary industry. Hebei
province clearly defined the development orientation of “leveraging Beijing” and
“facing the Bohai sea”, accelerating the upgrading of regional industries [19]. During
this period, affected by the adjustment of the national production capacity policy,
energy-intensive industries began to transfer within the region, leading to an increase
in the frequency and scale of energy flow within the Beijing-Tianjin—-Hebei region.
This caused industrial enterprises mainly characterized by high energy consumption,
high emissions, and low efficiency to continuously gather in the region, resulting in a
rapid increase in the total carbon emissions of the region [18,20].
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(2) The period 2010 to 2020 saw carbon emission regulations and a consequent reduction
in net carbon emissions. During 2010 to 2020, the net carbon emissions in the Beijing—
Tianjin-Hebei region decreased by 84.9217 million tons, representing a decline of
21.97%. In this period, the Beijing-Tianjin—-Hebei region carried out coordinated
environmental protection governance and coordinated construction of factor markets,
achieving a transformation in economic development from scale growth to quality
and efficiency improvements. Carbon emissions were effectively controlled, and the
net carbon emissions showed a decreasing trend [18], with the amount of carbon
neutrality also reduced.

3.3.2. Spatial Dimension

From 1995 to 2020, the spatial distribution of net carbon emissions in the Beijing—
Tianjin—-Hebei region presented a pattern of “high in the southeast and low in the north-
west”, where the high-value areas of net carbon emissions were concentrated in five
cities—Beijing, Tianjin, Shijiazhuang, Tangshan and Handan—and their combined values
accounted for 67.04% of the total net carbon emissions. The low-value areas were located
in major ecological function zones such as the Bashang plateau and the mountainous areas
of northern Hebei. The combined net carbon emissions of Zhangjiakou, Chengde, and
Hengshui accounted for 7.5% of the total. This indicates that although the region is rich
in ecological capital, forest and grassland resources, etc., and has outstanding carbon sink
capacity, it still has the potential to further develop towards carbon neutrality. The specific
temporal changes in the carbon neutrality volume of each city are shown in Figure 7.
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Figure 7. The temporal changes in net carbon emissions (carbon neutrality volume) of each city in
the Beijing-Tianjin-Hebei region from 1995 to 2020.

(1) From 1995 to 2010, the net carbon emissions of each city in the Beijing—-Tianjin-Hebei
region showed a slow growth trend. Specifically, Tianjin had the largest increase
in net carbon emissions, adding 51.3857 million tons over the last five years in this
period, with an average annual growth rate of 20.40%. Tangshan and Beijing followed,
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increasing by 49.161 million tons and 36.0596 million tons, respectively, with average
annual growth rates of 38.02% and 9.82%.

From 2010 to 2015, the net carbon emissions of each city in the Beijing-Tianjin-Hebei
region showed a decreasing trend. Specifically, the net carbon emissions of Tangshan
city decreased the most, reaching 17.8396 million tons, with a reduction rate of 30.87%.
This was followed by Handan city and Shijiazhuang city, which saw decreases of
9.5367 million tons and 7.5966 million tons, respectively, with reduction rates of 32.27%
and 17.54%, respectively. The city with the smallest reduction was Hengshui, with a
decrease of 701,500 tons, representing a reduction rate of 4.08%.

The period from 2015 to 2020 showed differentiated adjustments in net carbon emis-
sions. While the continuous decrease in net carbon emissions in Beijing, Tianjin,
Shijiazhuang and Chengde, the net carbon emissions of other cities showed an up-
ward trend. Specifically, the reduction in carbon neutrality in Tianjin was the largest,
with a decrease of 16.198 million tons, representing a reduction of 26.44%. During
this period, Langfang city saw the largest increase in carbon neutrality, reaching
3.3386 million tons, with a growth rate of 11.34%. The main reason for the disparity in
net carbon emissions in the Beijing-Tianjin—-Hebei region was the combined influence
of natural and socio-economic factors, among which the most important reason was
the changes in energy consumption and land use structures [17,18].

4. Optimal Allocation Plan for Land Resource Utilization

In combination with the carbon neutrality zoning, the national main functional zone

planning, and the positioning of the main functional zones for the coordinated develop-

ment of the Beijing—Tianjin—Hebei region, to further increase the carbon neutrality of land

resource utilization and reduce net carbon emissions, this study optimized the allocation

of land resource utilization in the Beijing—Tianjin—-Hebei region and conducted functional

zoning of territorial space. Specifically, six types of land resource utilization allocation

schemes are proposed (Table 7).

Table 7. Optimal allocation of different land resources utilization in the Beijing-Tianjin—-Hebei region.

Carbon
Proportion GDP Proportion Proportion of C ECOI.‘;;) mic ‘;bs?rp.ho? ,P eg'ree.olf
Optimal Land Allocation of Land of Automobile Total Carbon ontribution coroglea erritoria
Area (%) Industry (%) Emissions (%) Rate of Carbon Carrying Space Devel-
Emissions (%) Capacity opment (%)
Coefficient (%)
Low-carbon
conservation—major 18.61 1.87 255 1.28 15.94 2.01
agricultural product
production areas
Carbon intensity
control—optimizing 13.28 55.14 35.15 1.56 0.44 25.05
development zones
Carbon sink
function—key ecological 27.82 6.74 9.78 0.71 2.77 15.69
function area
Carbon sink
function—key 3.67 2.04 2.98 0.69 1.66 2.81
development zones
High-carbon
_ optimization— 1427 1721 24.92 0.68 0.15 27.69
optimizing development
zones
High-carbon
optimization—key 22.35 16.99 24.62 0.68 0.33 26.74

development zones
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The specific scope and functional positioning of each land resource utilization and al-
location plan are as follows: (1) Chengde city: low-carbon conservation—main production
area of agricultural products; (2) Beijing and Tianjin: carbon intensity control—optimization
development zone; (3) Zhangjiakou and Baoding cities: carbon sink function—key ecolog-
ical function zone; (4) Qinhuangdao city: carbon sink function—key development zone;
(5) Tangshan, Cangzhou, and Langfang cities: high-carbon optimization—optimization
development zone; (6) Shijiazhuang, Handan, Xingtai, and Hengshui cities: high-carbon
optimization—key development zones.

4.1. Low-Carbon Conservation—Major Agricultural Product Production Areas

The data from this study shows that Chengde city has distinct characteristics of
low-carbon conservation and can be classified as a major production area of low-carbon
conservation—agricultural products. The total carbon emissions in this region accounted
for only 2.55% of the entire area, the intensity of land development remains at a low level
of 2.01%, and the contribution rate to GDP is 1.87%. The economic contribution rate of
carbon emissions is 1.28, and the economic output per unit of carbon emissions is high.
The ecological carrying coefficient of carbon absorption reaches 5.94, demonstrating a
significant ecological carbon sequestration capacity. Therefore, the direction of optimal
allocation of land resource utilization in Chengde city is as follows:

(1) Demarcate ecological protection and sink enhancement spaces. Strengthen the func-
tion of the ecological security barrier, with a focus on implementing biodiversity
conservation, wetland restoration, and the management and protection of permanent
basic farmland. Under the premise of ensuring ecological security, the spatial layout
of urban and rural land resource utilization should be optimized through tapping the
potential of existing land and intensive utilization.

(2) Promote low-carbon agriculture as the main focus. Carry out green transformation of
traditional industries and establish a low-carbon production system [20]. Give full
play to the advantages of characteristic agriculture; build deep processing industrial
chains of edible fungi, economic forest fruits, and other agricultural products; and
promote the integrated development of agriculture and tourism. As a low-carbon
maintenance zone, by leveraging local advantages, it should be continuously explored
market-based regulatory mechanisms such as carbon emission rights trading, con-
verting carbon sink resources into calculable and tradable ecological assets, achieving
stock optimization, and contributing to carbon neutrality development [21].

4.2. Carbon Intensity Control—Optimizing Development Zones

This study designated Beijing and Tianjin as carbon intensity control-optimization
development zones. This area has a high urbanization density, and the intensity of territorial
space development reaches 25.05% [18]. The economic development of the two cities is
outstanding. Their combined GDP accounts for 55.14% of the regional total, and the
economic contribution rate of carbon emissions reaches 1.56. The most important carbon
source in this area is industrial carbon emissions, accounting for 35.15%. The ecological
carrying coefficient of regional carbon absorption is 0.44, but the carrying capacity of
resources and the environment is weak, and the carbon sequestration capacity of the
ecosystem is insufficient. The optimal allocation of land resources in this area can be
developed as follows:

(1) Strengthen the constraints on construction land and achieve control of carbon
“sources”. By raising the environmental standards and carbon emission thresholds
for industrial access and implementing mandatory integrated construction standards
of “green buildings + sponge implementation”, the pressure on resources and the
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environment can be alleviated [22]. Industrial structure adjustment should guide
high-energy-consuming and high-emission industries to shift towards high-value-
added and low-carbon-intensive directions regarding space to facilitate centralized
governance and reduce carbon emission intensity.

(2) Enhance the carbon sequestration capacity of forestry ecosystems. Strengthen the
management and protection of existing ecological reserves such as the Summer Palace
and Xishan National Forest Park to enhance the carbon sequestration benefits of
forests. By expanding the area of urban greenery and the scale of landscape rivers,
the regional carbon absorption capacity can be enhanced, and the ecological service
value of the ecosystem can be improved.

(3) Promote “land composite utilization” and “tridimensional development” to build a
coordinated development ecosystem. In areas around the capital, such as Langfang,
it is necessary to plan and develop an ecological green and low-carbon industrial
system; promote the construction of urban green areas, transportation green corridors,
and urban forest parks; form an ecological barrier with a carbon sink function and
economic value; and achieve synergy between carbon sink capacity improvement and
high-quality economic development [22].

4.3. Carbon Sink Function—Key Ecological Function Area

This study designated Zhangjiakou city and Baoding city as carbon sink function—key
ecological function zones. This area has prominent ecological advantages, with a carbon
absorption ecological carrying coefficient of 2.77, which is much higher than the average
level of the Beijing-Tianjin-Hebei region. The regional ecosystem has a remarkable carbon
sequestration capacity and undertakes key ecological functions such as water conservation,
wind prevention and sand fixation, and climate regulation. It is the “natural green lung” of
the Beijing-Tianjin-Hebei region [18]. The economic development of this region lags, and
the intensity of territorial space development is low, at 15.69%. Its GDP accounts for only
6.74% of the Beijing-Tianjin—-Hebei region’s GDP. However, the region is large, covering
27.82% of the total land area of the Beijing—Tianjin—Hebei region. It has a good ecological
background and considerable potential for carbon sinks.

Specifically, Zhangjiakou city and Baoding city are important ecological barrier areas
in the Yanshan-Taihang mountains, with strong ecological service functions. In the future,
the development of land resources should adhere to the principle of ecological security and
build a green and low-carbon development system. Regarding agricultural land, efforts
should be made to promote water-saving irrigation and ecological planting techniques,
reduce reliance on high-water-consuming and high-emission industries, and ensure the
demand for ecological water. Regarding ecological space, systematic ecological governance
should be advanced with water source conservation, soil and water conservation, and
degraded grassland management projects as the core. At the same time, we recommend
deepening the regional joint prevention and control mechanism for the ecological environ-
ment, transforming ecological advantages into development momentum, and providing
support for the low-carbon and green development of the Beijing-Tianjin—Hebei region.

4.4. Carbon Sink Function—Key Development Zones

This study classified Qinhuangdao city as a key development zone for carbon sink
function, mainly because the ecological background advantage of this area is obvious,
with a carbon absorption ecological carrying coefficient of 1.66. Regarding carbon sink
production, it has the dual carbon sink functions of the ecological barrier of the Yanshan
mountains and the coastal wetland. However, the economic development of this region
is sluggish. Its total GDP accounts for 2.04% of the total of this indicator in the Beijing—
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Tianjin—Hebei region. The economic contribution rate of carbon emissions is 0.69%, and the
proportion of carbon emissions in the total carbon emissions of the region is 2.98%. The
pressure to reduce emissions is small. The intensity of land development is only 2.81%, and
there is sufficient space for ecological conservation.

The optimization of the future territorial space in this region can be carried out from
the following three aspects: First, build a low-carbon industrial system, with a focus
on cultivating green service industries, such as coastal tourism and health care for the
elderly; developing high-tech industries and low-carbon industrial clusters, such as marine
biomedicine; and promoting the application of clean energy. Second, we recommend
strengthening refined land use management and building a three-dimensional ecological
pattern of “mountain—city-sea”. Specifically, in the northern Yanshan mountain area, we
recommend enhancing the construction of water conservation forests; in the central urban
area, we recommend improving the green space ecosystem and build sponge cities; and
in the southern coastal belt, we recommend strengthening the protection of wetlands
and the protective forest system. Furthermore, ecological restoration projects should be
conducted with a focus on the governance of degraded coastal zones. Third, innovate the
spatial governance mechanism, establish a mechanism for realizing the value of ecological
products, explore carbon sink trading and ecological compensation systems, and give full
play to the ecological advantages of the interaction between mountains and seas [23].

4.5. High-Carbon Optimization-Optimizing Development Zones

This study classified Tangshan city, Cangzhou city, and Langfang city as high-carbon
optimization—optimization development zones. The contradiction between the economy
and the environment in this area is prominent. The combined GDP of the three cities
accounts for 17.21% of the GDP of the Beijing-Tianjin-Hebei region. The intensity of land
development reaches 27.69%. The regional carbon emissions are high, accounting for
24.92%, and the carbon emission efficiency is 0.68. The environmental pressure is large [18].
The carbon absorption capacity of the region is weak, with a carbon emission intensity of
0.15. However, this area has an important coastline along Bohai Bay and possesses inherent
conditions for developing a port-related economy. The marine resources in this region have
considerable development value.

Regarding the optimal allocation of land resources, this region mainly achieves green
and low-carbon transformation from the following aspects: (1) Carry out a differentiated
land use layout, where Cangzhou city focuses on cultivating low-carbon marine industries,
such as marine new energy and low-carbon shipping, while Tangshan city mainly focuses
on the adjustment of industrial and urban land use structure in the port area and concen-
trates on the low-carbon upgrading of the chemical industry in the port area. (2) Cangzhou
city and others have implemented the mountain—sea linkage ecological restoration and
“blue carbon” sink enhancement project, advanced the restoration of coastal wetlands,
established a multi-level coastal protection forest system, protected important estuarine
ecological corridors, and innovated the “sea—land integration” ecological compensation
mechanism. Tangshan city has implemented the coastal blue carbon restoration and indus-
trial and mining abandoned land reclamation and greening project, achieving coordinated
increases in blue carbon, greening, and carbon sinks. Langfang city has strengthened the
construction of regional ecological corridors and established a cross-regional carbon sink
value conversion linkage mechanism.

4.6. High-Carbon Optimization—Key Development Zones

This study classified four cities, namely, Shijiazhuang, Handan, Xingtai, and Hengshui,
as high-carbon optimization—key development zones. This area is dominated by industrial
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economic development, and the GDP of the four cities accounts for 16.99% of the GDP of
the Beijing-Tianjin—Hebei region. The region has a high degree of industrialization, with a
territorial space development intensity of 26.74%. The economic contribution coefficient
of carbon emissions is 0.68, and the proportion of carbon emissions in the total regional
carbon emissions is 24.62%. The environmental load is heavy [18], and the region’s carbon
absorption capacity is limited, with the ecological carrying capacity of carbon absorption
being only 0.33.

According to the regional characteristics, the specific land resource optimization plan
for this area is as follows: Shijiazhuang city, Xingtai city, and Handan city, as important
industrial development zones along the Taihang Mountains in the central and southern part
of Hebei province, should thoroughly implement the “three removes and one reduction”
industrial policy regarding industrial development; optimize the industrial spatial layout;
strictly control land access for new industrial projects; and promote the transformation
of traditional manufacturing in high-end, intelligent, and green directions. By leveraging
digital means, a real-time monitoring system for industrial carbon emissions should be
established to enhance the capacity for environmental monitoring and urban pollution
control.

Hengshui city can rely on the ecological resource of Hengshui Lake to create a green
development model of “coexistence of lake and city”, make overall plans for the con-
struction of the lakeside new town and the ecological landscape belt around the lake,
and strengthen the governance of the urban ecological environment. At the same time,
Hengshui city can strictly protect basic farmland, forests, grasslands, and other carbon sink
resources to enhance the regional carbon sink capacity [24]. In addition, by implementing
differentiated policies, the green transformation of traditional industrial bases in the region
can be achieved by implementing a new model of sustainable development for the southern
part of the Beijing—Tianjin—-Hebei region [12].

5. Discussion

Land is not only a spatial carrier for carbon emissions and absorption but also a bearer
of carbon sinks and sources and a tool for regional collaborative governance. Through
zonation guidance and spatial optimization, it promotes the coordination of regional carbon
balance and ecological environment governance, as well as achieves the organic unity of
land and resource optimization, high-quality development, and ecological security in the
Beijing—Tianjin-Hebei region under the goal of carbon neutrality.

Considering the above conclusions and the problems existing in different regions, in
the future management of low-carbon transformation and optimal allocation of land and
resources, the following issues are worthy of further discussion:

5.1. Institutional Integration of Land-Based Carbon Sinks into Regional Governance

A central challenge lies in aligning land carbon sequestration functions with regional
coordinated development mechanisms [18]. Future inquiry should address. How can
institutional and regulatory frameworks embed land carbon budgets into metropolitan
governance to the sustainable development goals of “Climate Action” (SDG 13) and “Sus-
tainable Cities and Communities” (SDG 11) [25]? Concrete steps include establishing a
Beijing—Tianjin-Hebei Land-Use Carbon Neutrality Committee, enacting regional regu-
lations such as the Beijing—Tianjin-Hebei Land Carbon Balance Ordinance, and piloting
linked markets for land development rights and carbon sink quotas. Such measures would
directly support the “integrating climate change measures into policies” (SDG 13.2) and
“integrated disaster risk reduction and climate adaptation planning” (SDG 11.b).
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5.2. Operationalizing Regional Land Carbon Accounts and Ecological Compensation

Despite advances in remote sensing and IoT-based carbon flux monitoring, translating
biophysical data into economic and governance instruments remains underdeveloped, a
key question emerges. Can spatially explicit, grid-based land carbon accounts improve
the efficiency of carbon markets and ecological compensation mechanisms in ways that
reinforce “Life on Land” of SDG 15 [25]? Establishing “carbon sink banks,” developing
“photovoltaic +” agrivoltaics, forest-voltaics, etc., composite land-use models, and creating
cross-regional trading platforms could safeguard terrestrial ecosystems while mobilizing
finance for climate action [6,14]. This is also a very worthy topic for discussion.

5.3. Spatial Heterogeneity, Climate Resilience, and Nature-Based Solutions

The spatial unevenness of carbon deficits suggests that uniform policies may fail
to deliver equitable outcomes. This raises a critical research question: How can spa-
tially explicit governance address carbon budget imbalances while enhancing ecosystem
resilience through nature-based solutions? Prioritizing multifunctional land systems, par-
ticularly those restoring degraded lands and conserving biodiversity, can contribute to
the Sustainable Development Goals of sustainable forest management (SDG 15.2) and
“strengthening climate resilience” (SDG 13.1) [22,25]. Such strategies would also offer
a replicable “Beijing-Tianjin—-Hebei model” for other global megacity regions pursuing
integrated climate—ecological transitions.

In addition to the above three issues, the limitations of carbon measurement methods,
the sensitivity of carbon emission coefficients for different land use types, and the inherent
uncertainty of land use and land cover change data also need to be further improved and
discussed in the future study.

6. Conclusions

This study reconstructs the territorial carbon budget of the Beijing—Tianjin—-Hebei
region from 1995 to 2020 and proposes a net-carbon—oriented land allocation framework
aligned with China’s carbon neutrality commitment. Three principal findings emerge.

First, carbon emission trajectories exhibit a distinct inverted-U curve, with construction
land acting as the dominant carbon source. Emissions display a persistent core—periphery
structure: Beijing, Tianjin, and Tangshan form a high-emission core; central-southern Hebei
constitutes a transitional gradient; and the ecologically sensitive northern belt remains a
low-emission hinterland. Despite a modest upward trend in regional carbon sinks, no self-
sufficient carbon equilibrium has been achieved, underscoring the urgency of expanding
net sink capacity while optimizing existing land stocks.

Second, spatially differentiated land-use strategies are essential. By integrating net-
carbon performance with local socioeconomic and ecological endowments, the Beijing—
Tianjin—Hebei region is partitioned into six functional zones: (1) Chengde city: Low-
carbon conservation and agricultural carbon sink resources assetization; (2) Beijing and
Tianjin: Carbon-intensity—constrained development prioritizing high-efficiency, low-carbon
industries; (3) Zhangjiakou and Baoding city: Consolidation of carbon-sink functions
within key ecological zones; (4) Qinhuangdao city: Refined land management fostering
mountain-urban—coastal synergy; (5) Tangshan, Cangzhou and Langfang city: Industrial
restructuring and blue-carbon enhancement along port corridors; (6) Shijiazhuang, Handan,
Xingtai and Hengshui city: Green upgrading of high-carbon industrial bases.

Third, this zonal scheme operationalizes the interdependence of sustainable devel-
opment goals for “Sustainable Cities and Communities” (SDG 11), and “Climate Action”
(SDG 13), as well as “Life on Land” (SDG 15) separately, offering a transferable template
for megacity regions balancing urbanization with terrestrial carbon governance.
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While this study advances subnational carbon-land governance, data granularity and
cross-contextual comparability remain limited. Future research should deepen longitudi-
nal policy evaluation, integrate cross-regional benchmarks, and refine spatially explicit
pathways toward resilient, low-carbon land systems that sustain both development and
ecological integrity.
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