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Abstract: Land use change has always been a significant factor affecting global carbon emissions.
Dissecting the characteristics of territorial space evolution and its impact on carbon emissions is
crucial for developing low-carbon-oriented territorial space optimization and governance strategies.
This paper calculates the carbon emissions associated with territorial spaces in Qingdao from 2000
to 2020, utilizing land use data alongside various statistical data. Based on the accounting results,
the evolution characteristics of territorial spaces and their corresponding carbon emissions, as well
as the carbon transition dynamics resulting from space transfer, are analyzed. A carbon transition
decomposition formula is then proposed to quantify the differential and spatially heterogeneous
impacts of changes in space types and socio-economic development on emissions. The results
indicate that: (1) the evolution of territorial spaces in Qingdao during 2000–2020 is characterized by
an expansion of living space and a contraction of production and ecological spaces; (2) net carbon
emissions rose from 313.98 × 104 tons to 1068.58 × 104 tons, with urban production space contributing
the most (69.96% in 2020) due to its significantly high emission density. The spatial distribution of
carbon emissions exhibited a stable “northwest–southeast” pattern, with increased dispersion and
weakened directionality; (3) the transformation of territorial spaces promoted carbon emissions in
Qingdao, with the conversion of urban production space to other uses yielding the most favorable
carbon transitions, while the expropriation of agricultural production spaces for urban production
and residents’ living has resulted in the most detrimental carbon transitions; (4) socio-economic
development shapes the overarching pattern of regional emission density changes, whereas space
transfers account for local variations. This paper also identifies priorities for spatial optimization and
key sectors for emission reduction. The findings contribute to a deeper understanding of the carbon
emission consequences of territorial space transformation in Qingdao, thereby providing valuable
insights for regional spatial planning and optimization aimed at promoting low-carbon development.

Keywords: carbon emission; territorial space; carbon transition flux; space transfer; Qingdao city

1. Introduction

Land use and land use change considerably alter the structure, process, and function
of ecosystems, thereby affecting carbon exchange between the land and the atmosphere [1].
With increased population and urbanization, unsustainable land use practices (such as
excessive agricultural cultivation, industrial construction, urban sprawl, etc.) over the
past few decades have significantly diminished the land’s carbon sequestration ability
and increased carbon emissions [2–4]. Human activity is primarily concentrated in urban
areas, carbon emissions from which amounted to 67 to 72% of total global emissions in
2020 [5]. As the carrier of human production and life, the allocation and pattern of land use
can indirectly affect anthropogenic carbon emissions by constraining the distribution and
intensity of human activities, and the carbon fluxes considering land transitions can vary at
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a higher magnitude [6]. These point out the great potential of urban land management and
spatial adjustment for carbon reduction. In China, land space is divided into urban space,
agricultural space, and ecological space to balance urban development, food security, and
ecological protection [7]. Understanding the evolution characteristics of regional territorial
spaces and their effects on carbon emissions is crucial for optimizing spatial layouts and
achieving low-carbon sustainable development.

Research on carbon emissions associated with land use has gained significant attention
in recent years, with two mainstream research perspectives [8,9]. One views the land as
ecosystems, focusing on the changes in carbon stocks and emissions related to biomass,
dead organic matter, and soil carbon caused by land use and land use change, which
are mainly related to deforestation, afforestation, logging and forest degradation, shifting
cultivation, and regrowth of forests [10]. Key research topics include estimating carbon
fluxes [11], identifying the contributions of different regions and land use change categories
to global historical and contemporary emissions [6], and exploring land management
strategies to achieve net-zero emissions [12]. Another perspective sees land as a carrying
space for emission activity, emphasizing the accounting and analysis of emissions, typ-
ically from energy consumption, industrial processes, waste, etc., occurring in different
land spaces. Related studies primarily concentrate on carbon emission accounting and
forecasting [13–15], spatiotemporal differentiation characteristics [16], the emission effect
of land use changes [17,18], and driving mechanisms and influencing factors [19,20], as
well as low-carbon optimization and planning [21]. Carbon emission accounting serves
as a critical foundation for analyzing emissions characteristics and informing policy deci-
sions. The majority of studies on accounting for anthropogenic emissions and removals
occurring on various land spaces follow the IPCC Guidelines for National Greenhouse Gas
Inventories [22]. From the research scale perspective, related studies have been conducted
at various levels, including global, national, provincial, urban agglomeration, and key city
scales; however, the predominant focus remains on medium to macro scales [23]. The
ultimate goal of these studies is to establish a scientific foundation for land management or
planning, ultimately facilitating carbon reduction efforts.

Under the strategic background of high-quality development and ecological civiliza-
tion construction, China has initiated a comprehensive integration of various planning
frameworks and has progressively established a cohesive national spatial planning system
since 2014 [24]. Consequently, the issue of carbon emissions associated with territorial
spaces has garnered increasing attention from scholars. Territorial space refers to a land
function classification system that organizes land use types with analogous functions into
categories such as urban, agricultural, and ecological spaces [7]. Therefore, the current
research on carbon emissions in relation to territorial space is mainly based on the cor-
respondence between territorial spaces and land use types and is performed according
to the research framework of land use carbon emissions. In addition, the mainstream
research route is to conduct emission forecasting or low-carbon zoning management based
on carbon emission accounting and spatiotemporal pattern analysis [23,25,26].

Investigations into the effects of land use change on carbon emissions have been
approached from various angles. Some studies examined the spatiotemporal effects of land
use change on carbon emissions through land use simulations and predictive modeling
under diverse scenarios [27]. Some employed decomposition analysis to elucidate the
influence of alterations in land use structure on carbon emissions [28,29]. In addition,
there is also research focused on the effects of changes in land use characteristics, such as
land use intensity and land urbanization, on carbon emissions with various econometric
methods [30]. These studies enhance our comprehension of the overall implications of land
use patterns, structures, intensities, and other characteristics on carbon emissions. However,
there is still a lack of quantitative descriptions of carbon emission flows caused by regional
land use transfer processes. The land use transfer matrix and transfer map serve as effective
tools to illustrate the primary pathways, locations, and extents of land use transfers over
a specified timeframe. Based on this, it is feasible to quantify the carbon transfer flux
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resulting from various transfer pathways, which enables a more comprehensive analysis
of the direction and magnitude of the effect of spatial transfer on carbon emissions [31].
However, the impact of land use transfer on carbon emissions is a joint effect of land use
type changes and socio-economic development, and the distinct impacts of these factors
across different periods and transfer paths have yet to be effectively decomposed and
spatially located.

China has incorporated “carbon peaking and carbon neutrality” into the overall layout
of ecological civilization construction, and low-carbon-oriented territorial space utilization
is a new requirement for urban advancement. Qingdao, as the economic center of Shandong
Province, functions as a critical node within the New Asia–Europe Continental Bridge
Economic Corridor and serves as a strategic city for maritime collaboration. The city’s rapid
urbanization, industrialization, and substantial alterations in land use have resulted in a
notable increase in carbon emissions [32]. As a low-carbon pilot city, Qingdao’s potential
for carbon reduction has been extensively examined from various perspectives, including
energy structure, energy efficiency, solid waste management, and resident behavior [33–35].
However, limited attention has been paid to the impact of territorial space changes on
carbon emissions in Qingdao, particularly regarding the differential impacts of space
type changes and socio-economic development during the process of territorial space
transformation. Consequently, this study aims to analyze Qingdao’s territorial space and
its associated carbon emissions from 2000 to 2020, utilizing the established relationship
between different territorial space types and carbon emission sectors. The specific objectives
of this research are: (1) to characterize the spatiotemporal evolution characteristics of
territorial spaces and carbon emissions in Qingdao from 2000 to 2020; (2) to identify the
features of carbon transitions resulting from territorial space transformations; and (3) to
differentiate the impacts of changes in space types and socio-economic factors during the
process of territorial space transfer. The findings of this study can provide a scientific
foundation and strategic guidance for the optimization and governance of low-carbon-
oriented territorial spaces.

2. Materials and Methods
2.1. Study Area

Qingdao is located in the southern part of the Shandong Peninsula, bordering the
Yellow Sea to the east. It has administrative jurisdiction over 10 districts, encompassing an
area of 11,293 km2 between latitudes 35◦35′~37◦09′ N and longitudes 119◦30′~121◦00′ E
(see Figure 1). The topography of Qingdao is characterized by elevated terrain in the eastern
part and lower elevations in the west, with uplands flanking the north and south and a
central depression. The region experiences a temperate monsoon climate, influenced by its
marine surroundings. This advantageous geographical setting enhances the abundance
and variety of natural resources within the study area.

As the core city of the Shandong Peninsula urban agglomeration, Qingdao has wit-
nessed a continuous increase in urbanization and industrial development in recent years,
leading to significant alterations in the spatial configuration of land use, as well as the
density and distribution of carbon emissions. Nowadays, a pronounced focus on low-
carbon development and the optimization of territorial space is reflected in both policy
frameworks and ongoing urban initiatives. Consequently, it is imperative to investigate the
evolution of territorial space and its implications for carbon emissions.

2.2. Methods

This study aims to analyze the evolution of territorial spaces and its impact on car-
bon emissions in Qingdao City, and Figure 2 depicts the general technical route. We first
established the matching relationship between land use types and territorial space types.
Based on this relationship and alongside land use data, we mapped the distribution of
territorial spaces in Qingdao from 2000 to 2020. Subsequently, we analyzed the spatiotem-
poral variations of territorial space through area statistics and transfer matrices. Next, we
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conducted carbon emission accounting and allocated the emissions from various sectors to
their corresponding carrying spaces. Through total changes, density changes, and standard
deviation ellipses, we investigated the evolutionary characteristics of carbon emissions.
Finally, based on carbon transition flux and decomposition of changes in carbon emission
density, we differentiated the impacts of changes in space types and socio-economic factors
during the process of territorial space transfer.
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2.2.1. Territorial Space Classification and Its Associated Carbon Emission Sectors

According to China’s territorial space governance system, territorial space is regarded
as an organic whole, composed of urban, agricultural, and ecological space [36]. Here, we
further divide territorial space into eight distinct types based on functional differences,
namely urban living space (ULS), urban production space (UPS), rural living space (RLS),
agricultural production space (APS), forestland/grassland/water ecological space (FES,
GES, WES), and other ecological space (OES). The classification of urban-agricultural-
ecological space serves as a land use functional division scheme that correlates with various
land use types [7]. Each type of space is aligned with its respective land use types so that the
spatial distribution of territorial space can be obtained based on the land use/cover data.

Referring to the IPCC National Greenhouse Gas Inventories Guidelines, as well as
the Provincial Greenhouse Gas Inventories Guidelines and previous studies [37–39], the
primary sources of carbon emissions encompass energy consumption, industrial processes,
waste management, respiration, and agriculture. Carbon sequestration predominantly
occurs within terrestrial ecosystems, specifically in forests, grasslands, and wetlands. In
light of the land use characteristics associated with various carbon emission activities, the
refined sectors of carbon emission and carbon sequestration were systematically allocated
to eight distinct territorial spaces, thus establishing a bearing relationship (Table 1). Given
that the carbon emission and sequestration functions of OES are extremely weak, this space
is excluded from the scope of this study.

Table 1. Connection between the classification of territorial space and the classification of land use
and accounting catalog of carbon emissions/sinks.

Territorial Space Classification Land Use
Classification * Catalog of Carbon Emissions/Sequestration

Primary
Space Type

Secondary
Space Type Land Use Type Carbon Emissions Carbon Sinks

Urban space

Urban living space
(ULS) Urban land

Energy consumption from urban
households, wholesale retail trade and
catering services; Urban domestic sewage;
Urban domestic solid waste; Respiration
of urban population.

Urban production
space (UPS) Other built-up land

Energy consumption from industry,
construction, transport, storage, and
postal services; Industrial sewage;
Industrial production processes.

Agricultural
space

Agricultural
production space (APS)

Paddy field, dry
farmland

Energy consumption from agriculture;
Rice cultivation; Agricultural production
processes.

Rural living space
(RLS)

Rural residential
land

Energy consumption from rural
households and graziers; Rural domestic
sewage; Rural domestic solid waste;
Respiration of rural population and
livestock; Enteric fermentation and
livestock manure.

Ecological
space

Forestland ecological
space (FES) Forestland — Forestland carbon

uptake
Grassland ecological

space (GES) Grassland — Grassland carbon
uptake

Water ecological space
(WES) Water area — Water carbon

uptake
Other ecological

space (OES) Unused land — —

* Land Use Classification System of the Chinese Academy of Sciences.
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2.2.2. Carbon Emission/Sequestration Calculation

Table 1 presents the carbon emission and sink accounting framework utilized in this
study, which encompasses five carbon emission sectors (20 emission sub-sectors) and
three carbon sink sectors. The calculations for carbon emissions and sequestration were
conducted in accordance with IPCC guidelines, the Provincial GHG Inventories Guidelines,
and previous studies. A comprehensive description of the calculation methodology and
the parameters employed is provided in the Supplementary Materials.

Given that data pertaining to energy terminal consumption, solid waste management,
and industrial sewage treatment are only accessible at the provincial level, the carbon
emissions associated with these activities were determined by first calculating the emissions
for Shandong Province and subsequently adjusting these figures based on the output
value share or population share of the relevant sectors (e.g., industry, construction, and
transportation) within Qingdao. Furthermore, the carbon emissions resulting from energy
consumption and solid waste generated by urban and rural residents were estimated by
apportioning the total emissions for Qingdao City in accordance with the ratio of the urban
and rural permanent populations. Energy consumption from fisheries and forestry was not
considered in this study.

It is important to note that, due to data constraints, this study’s analysis of carbon
sequestration and emissions is limited to carbon dioxide (CO2) and methane (CH4), rather
than encompassing all greenhouse gases. To ensure consistency in the analysis, all results
are expressed in terms of carbon. Ultimately, the carbon emissions from all sub-sectors
are allocated to various territorial spaces based on the actual distribution of activities, as
detailed in Table 1.

2.2.3. Transfer Matrix of Territorial Space

The transfer matrix denotes the configuration of the transfer area associated with
alterations in territorial space, represented in a matrix format. This framework facilitates the
analysis of transfer patterns and directional movements among various types of territorial
spaces [16,40]

Aij =


A11 A12
A21 A22

. . . A1n

. . . A2n
· · · · · ·
An1 An2

. . . · · ·

. . . Ann

 (1)

where A denotes the area of the region. i and j represent the territorial space use type at the
beginning and end of the research period, respectively. n denotes the number of territorial
utilization types.

2.2.4. Standard Deviation Ellipse

The Standard Deviation Ellipse (SDE) is a classic method of measuring the distribution
characteristics of geographic elements and their spatial-temporal evolution [41]. Taking the
gravity center, the lengths of the long and short axes, azimuth, and the area of the spatial
distribution ellipse as the main parameters, the SDE technique quantitatively elucidates the
directionality, dispersal, and distribution patterns of the spatial distribution of geographic
elements from a global spatial perspective. The gravity centers and their changing trajecto-
ries represent the relative positions of geographically dispersed elements and the directions
of their spatial development. The long half-axis and short half-axis signify the direction and
extent of distribution, respectively. The azimuth angle reflects the predominant distribution
direction of an element. The variation in the area of the SDE provides insights into the
trends of spatial contraction or expansion of these elements [42]. The SDE analysis was
performed using ArcGIS 10.6, according to the calculation formulas in reference [43].

2.2.5. Carbon Transition Flux

The carbon transition flux is the amount of potential carbon that flows from one
component of the system to another, and results in a change in the carbon stocks per unit
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time and per unit area for each component [31]. In the context of urban space systems, it
refers to the potential carbon flow caused by the conversion process of territorial spaces with
different carbon emission/sequestration densities (i.e., carbon emissions/sequestration
per unit time and per unit area). The change in carbon emission density is expressed
as a carbon transition rate. The accounting for carbon transitions is conducted based on
the carbon transition rate (∆D) and the space area undergoing conversion (∆S) between
different territorial space types using the following steps.

Initially, the carbon transition rate (∆D) can be calculated as follows:

∆Dij = Dj − Di =
Cj

Sj
− Ci

Si
(2)

where i and j represent the initial and final types of territorial space involved in the transfer
process, respectively. D represents the carbon emission density. C represents the net carbon
emission associated with a specific type of space (if it is a carbon source, C is larger than 0,
and if it is a carbon sink, C is less than 0). S represents the area of territorial space. If ∆D < 0,
it represents a decrease in carbon emissions or an increase in carbon sequestration, and
therefore the process is beneficial; if ∆D > 0, it represents an increase in carbon emissions or
a decrease in carbon sequestration, and therefore the process is harmful.

Subsequently, carbon transition flux (fij) between two territorial spaces is determined
by multiplying the area transferred between the two types of spaces (∆S) by the corre-
sponding carbon transition rate (∆D).

fij = ∆Dij × ∆Sij (3)

where fij, ∆Dij, and ∆Sij denote the carbon transition flux, transition rate, and the transition
area, respectively, associated with the transfer from space i to space j. ∆S can be derived by
computing the transfer matrix, as outlined in Section 2.2.3.

2.2.6. Decomposition of Changes in Carbon Emission Density

The carbon emission density within a given territorial space is subject to variation
over time due to shifts in socio-economic factors, including economic scale, technological
advancement, land and environmental protection policies, and population distribution.
Therefore, the changes in carbon emission density (T) caused by the process of territorial
space transition not only include the apparent density change caused by the space type
transfer (S) but also contain the underlying density changes induced by socio-economic
development (E). In this context, we reformulate the equation for the carbon transition rate
to facilitate the decomposition and quantification of the density changes associated with
both space type alterations and socio-economic development.

∆DTij(t0, t) = Dj(t)− Di(t0) =
(

Dj(t)− Dj(t0)
)
+

(
Dj(t0)− Di(t0)

)
= ∆DEj(t0, t) + ∆DSij(t0) (4)

∆DEj(t0, t) = Dj(t)− Dj(t0) (5)

∆DSij(t0) = Dj(t0)− Di(t0) (6)

where i and j represent the types of territorial space at the beginning (t0) and end (t) of
the research period. D represents the carbon emission density. ∆DTij(t0, t) is the total
change in D caused by the transition from space i to space j. ∆DEj(t0, t) is the density
difference of space j at the end and the beginning of the period, which is influenced by
socio-economic development. DSij(t0) is the density difference between space j and space i
in the initial period, that is, the difference is solely a result of the alteration in space type
while maintaining the same socio-economic conditions.

2.3. Data Sources

The dataset utilized in this research comprises two primary components: (1) Land-use
data. The land use data for the years 2000, 2005, 2010, 2015, and 2020 were sourced from
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the Data Center for Resources and Environmental Sciences of the Chinese Academy of
Sciences (https://www.resdc.cn/, accessed on 20 September 2023). This dataset consists of
30 m Landsat TM image interpretation data, which have been categorized into six major
classifications and 24 sub-classifications. For analytical purposes, these classifications have
been restructured into eight distinct types of territorial space, as detailed in Section 2.2.1.
(2) Socio-economic data. Statistics on energy consumption, industrial processes, waste
discharge and treatment, agricultural activities, and livestock breeding for designated years
were sourced from the China Energy Statistics Yearbook, the Qingdao Statistical Yearbook,
the China Urban Construction Statistical Yearbook, and the China Statistical Yearbook on
Environment.

3. Results and Analysis
3.1. Spatial-Temporal Evolution Characteristics of Territorial Spaces
3.1.1. Spatiotemporal Variation Characteristics

The spatial distribution of territorial spaces and the changes in the area of each space
in Qingdao from 2000 to 2020 are illustrated in Figure 3. Obviously, agricultural production
space (APS) was the dominant space type, accounting for approximately 65% of the total
area, showing a slight fluctuation and downward trend. The area of rural living space (RLS)
exhibited a continuous increase, rising from 912.28 km2 (8.23%) in 2000 to 1142.30 km2

(10.28%) in 2020, thereby securing its position as the second largest space type since 2005.
Urban living space (ULS) experienced remarkable growth throughout the study period,
with its area increasing by 1.23 times. The ULS is primarily situated around Jiaozhou Bay,
and the central built-up areas of each district have expanded significantly. Conversely,
urban production space (UPS) maintained the smallest proportion during the study period,
initially declining by 89.98 km2 between 2005 and 2010, followed by an increase of 51.17 km2

in the subsequent decade. Its substantial decrease observed during 2005–2010 was mainly
due to the conversion of UPS into WES in the coastal regions to the east of the Jimo district
and northeast of Jiaozhou Bay.
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Among the ecological spaces, both grassland space and forestland space have contin-
ued to decline, with reductions of 642.45 km2 and 122.13 km2, respectively. The primary
regions affected by this decrease are situated in the northern Pingdu District and the south-
ern Huangdao District. On the contrary, the area of WES has exhibited a positive trend,
reflecting a total increase of 222.02 km2.

3.1.2. Transfer Characteristics of Territorial Space

Based on the territorial space transfer matrix, the Sankey diagram is used to show
the transfer trajectory and patterns of territorial space within Qingdao city during the
study period (Figure 4). Overall, approximately 22.50% of the total area experienced space
transformation from 2000 to 2020. Notably, there was a frequent outflow and inflow of
APS and RLS, alongside the outflow of GES and the inflow of ULS. Among them, the most
converted type is from GES to APS (538.75 km2), accounting for 55.35% of the total GES area.
APS underwent the most substantial alterations, with 993.36 km2 exiting and 953.58 km2

entering. Most of the converted APS was repurposed into RLS (45.24%), ULS (28.63%),
and UPS (13.70%). ULS exhibited a net increase of 445.14 km2, primarily resulting from
transformations from APS (284.38 km2) and RLS (78.58 km2). The net increase in RLS was
dominated by the reciprocal conversions between APS and RLS. Additionally, 121.24 km2

of FES was converted into APS, constituting 77.43% of the total FES transformations. The
transfer trajectory from UPS to WES determined the net decrease of UPS (41.11 km2) and
the net increase of WES (191.78 km2).
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From the viewpoint of the transition period, the most significant change occurred
between 2005 and 2010, when Qingdao city underwent a transformation in 18.12% of its
total area. In contrast, the conversion areas in the other three periods were much smaller,
with only 3.84% from 2000–2005, 1.02% from 2010–2015, and 4.88% from 2015 to 2020.
The substantial shift from GES to APS during 2005–2010 led to the only increase in APS
area (335.64 km2) during that time. Over the span of two decades, Qingdao’s primary
transformation trend was from agricultural and ecological spaces to residential areas,
highlighting the significant impact of socio-economic development and human activities
on land resources.
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3.2. Spatiotemporal Evolution Characteristics of Carbon Emissions in Territorial Spaces
3.2.1. Temporal Changes in Carbon Emissions

Figure 5 depicts the changing trends of total carbon emissions/sequestration across
seven territorial spaces from 2000 to 2020. In general, carbon emissions in Qingdao showed
an increasing trend, with the total net carbon emissions increasing from 313.98 × 104 tons
to 1068.58 × 104 tons. Among the four carbon source spaces, UPS recorded the high-
est emissions, which rose from 185.08 × 104 tons (57.94% of total emissions) in 2000
to 751.04 × 104 tons (69.96%) in 2020. ULS experienced the most significant growth in
emissions, surging 9.60 times over the two decades to reach 192.69 × 104 tons by 2020.
In contrast, RLS had the slowest growth rate, with emissions increasing by 17% from
102.96 × 104 tons in 2000 to 120.61 × 104 tons in 2020. Only APS exhibited a decline in
carbon emissions, falling from 13.23 × 104 tons to 9.25 × 104 tons.
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In comparison, the change in carbon sequestration is quite minor. FES plays a larger
role in the overall carbon sink. Due to the area reduction of FES and GES, the carbon sinks in
both spaces have significantly declined, dropping from 4.43 × 104 tons and 0.23 × 104 tons
to 3.65 × 104 t and 0.08 × 104 tons, respectively. On a positive note, the carbon sequestra-
tion capacity of WES has been greatly improved, growing from 0.79 × 104 tons in 2000 to
1.27 × 104 tons in 2020.

In terms of carbon emission density (Table 2), UPS exhibits a significantly higher
emission density compared to other spaces, primarily due to its substantial energy con-
sumption and industrial activities. In these 20 years, the emission density of UPS has nearly
tripled, soaring from 5988.98 t/km2 in 2000 to 30,879.02 t/km2 in 2015, followed by a slight
decrease. The carbon emission density of RLS exhibited a fluctuating downward trend
from 1128.57 t/km2 in 2000 to 1055.84 t/km2 in 2020, and its ranking fell from second
place before 2010 to third place after 2015. In contrast, the emission density of ULS has
risen significantly, reaching 4.72 times its 2000 level, making it the second most intense
space after 2015. Recently, the growing urban population and enhanced living standards
have exacerbated household energy consumption and waste production, which have con-
tributed to the rise in carbon emission density. APS recorded the lowest carbon emission
density, which has fluctuated downwards from 17.82 t/km2 in 2000 to 12.52 t/km2 in 2020.
FES, GES, and WES serve as vital carbon sink spaces, maintaining stable carbon emission
densities at approximately −64.40 t/km2, −2.40 t/km2, and −21.80 t/km2, respectively.
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Table 2. Carbon emission density of different territorial spaces in Qingdao (t C/km2).

Type 2000 2005 2010 2015 2020

ULS 497.38 643.27 908.58 2416.86 2351.46
UPS 5988.98 13,960.04 26,026.22 30,879.02 27,442.29
APS 17.82 19.33 15.28 12.38 12.52
RLS 1128.57 1169.86 1091.4 1101.78 1055.84
FES −64.40 −64.40 −64.40 −64.40 −64.40
GES −2.40 −2.40 −2.40 −2.40 −2.40
WES −21.80 −21.80 −21.80 −22.80 −21.80

3.2.2. Spatial Distribution and Evolution Characteristics of Carbon Emissions

Table 3 and Figure 6 present the parameters and distribution of the standard devia-
tional ellipse (SDE) pertaining to carbon emissions for each year. The data indicate that
the carbon emissions of Qingdao City form a relatively stable “northwest–southeast” dis-
tribution pattern. Throughout the observed period, the area of the SDE demonstrated
a fluctuating upward trend, increasing from 35.79 km² to 106.09 km², which signifies an
expansion in the spatial dispersion of carbon emissions. Analyzing the long half-axis
reveals a significant reduction from 15.86 km to 8.57 km between 2000 and 2010, followed
by a period of stability until 2020. This trend suggests a centripetal agglomeration of carbon
emissions in the northwest–southeast direction. Compared with other regions, the main
urban area experienced accelerated economic growth and a higher degree of population
concentration from 2000 to 2010, leading to larger and more concentrated carbon emissions.
On the contrary, there was a notable increase in the short half-axis, indicating a decrease in
the oblateness of the SDE, which reflects an increase in the dispersion of carbon emissions
and a weakening of directional tendencies.
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Figure 6. The directional distribution and gravity center of carbon emissions from 2000 to 2020 (a)
with a standard deviational ellipse change pattern (b) and gravity center migration paths (c).

As for the moving track of the gravity center, the gravity center of carbon emissions in
Qingdao City has cumulatively shifted 20.40 km to the northwest on the whole. The two
major migrations were the westward shift (14.35 km) during 2005–2010 and the northeast-
ward movement (3.76 km) from 2015 to 2020. This phenomenon is likely attributable to the
economic development of the northwestern counties of Jiaozhou, Pingdu, and Laixi, which
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has led to an increase in local carbon emissions, thereby influencing the relocation of the
emission center in that direction.

Table 3. The parameters of the carbon emission standard deviation ellipse and gravity center in
Qingdao from 2000 to 2020.

Year Area
/km2

Long Half-Axis
/km

Short Half-Axis
/km Azimuth/◦ The Coordinates of the

Gravity Center

2000 35.79 15.86 0.72 141.82 120.25◦ E, 35.65◦ N
2005 19.20 11.78 0.52 142.80 120.26◦ E, 35.64◦ N
2010 192.82 8.57 7.16 167.50 120.11◦ E, 35.66◦ N
2015 186.60 8.83 6.73 172.31 120.11◦ E, 35.66◦ N
2020 106.09 8.53 3.96 135.66 120.14◦ E, 35.68◦ N

Consistent with carbon emissions, carbon sinks in Qingdao city also exhibited a
“northwest–southeast” distribution pattern, with the azimuth angle initially shifting to-
wards the north and subsequently towards the west (Table 4 and Figure 7). The SDE
area experienced a notable reduction, measuring only 0.75 km2 in 2020, which indicates a
significant contraction in the distribution of carbon sinks. Furthermore, the average length
(8.54 km) and the length variation (1.73 km) of the long half-axis of the carbon sink SDE
were considerably less than those associated with carbon emissions, suggesting a more
stable and distinctly centripetal distribution of carbon sinks. The substantial reduction in
the short half-axis contributes to an increase in elliptic oblateness, thereby reflecting an
enhancement in the centrality and directional orientation of carbon sinks.
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The gravity center displayed an overall migration of 5.35 km to the northeast from
2000 to 2020. Likewise, substantial migration events were observed during the intervals
of 2005–2010 and 2015–2020, during which the center of gravity shifted 3.42 km to the
northeast and 1.02 km to the southwest, respectively.
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Table 4. The parameters of the carbon sink standard deviation ellipse and gravity center in Qingdao
from 2000 to 2020.

Year Area
/km2

Long Half-Axis
/km

Short Half-Axis
/km Azimuth/◦ The Coordinates of the

Gravity Center

2000 52.87 8.35 2.01 111.03 120.27◦ E, 35.67◦ N
2005 91.74 9.09 3.21 125.81 120.27◦ E, 35.67◦ N
2010 23.86 8.92 0.85 152.00 120.30◦ E, 35.69◦ N
2015 21.20 8.96 0.76 150.01 120.30◦ E, 35.69◦ N
2020 0.75 7.36 0.04 137.46 120.29◦ E, 35.68◦ N

3.3. Impact of Territorial Spatial Transfer on Carbon Emissions
3.3.1. Carbon Transition Flux Caused by Space Transfers

Utilizing the transfer matrix of territorial space alongside the carbon transition rate,
the carbon transition flux resulting from space transfers was computed for each designated
period. The net carbon transition fluxes during the four periods (2000–2005, 2005–2010,
2010–2015, and 2015–2020) were 30.96 × 104 tons, 37.19 × 104 tons, 80.24 × 104 tons,
and 65.64 × 104 tons, respectively. These positive net fluxes suggest that harmful carbon
transition fluxes significantly outweighed the beneficial ones, implying that the transfer of
territorial space in the four periods all exerted detrimental effects on the carbon emissions
in Qingdao City. Table 5 delineates the primary beneficial and harmful space transfer paths,
along with the corresponding carbon transfer flux and their respective contribution rates.

Table 5. Main space transfer paths, fluxes, and contribution rates of major beneficial and harmful
carbon transitions in Qingdao city.

Years

Beneficial Carbon Transition Harmful Carbon Transition

Main Space
Transfer Path

Carbon
Transition Flux

(×103 t)

Contribution
Rate

%

Main Space
Transfer Path

Carbon
Transition Flux

(×103 t)

Contribution
Rate

%

2000–2005

UPS → ULS −34.01 25.45 APS → UPS 149.25 33.67
RLS → APS −27.17 20.33 APS → RLS 120.78 27.25
UPS → RLS −26.44 19.79 APS → ULS 68.94 15.55
UPS → APS −19.52 14.61 WES → UPS 55.31 12.48
RLS → ULS −13.06 9.77 GES → UPS 23.89 5.39

—— GES → RLS 9.04 2.04

2005–2010

UPS → WES −2085.01 66.41 APS → UPS 1950.95 55.56
UPS → ULS −601.85 19.17 GES → UPS 443.1 12.62
RLS → APS −223.74 7.13 APS → RLS 346.54 9.87
UPS → RLS −105.72 3.37 RLS → UPS 236.73 6.74
UPS → APS −69.78 2.22 WES → UPS 185.51 5.28

—— APS → ULS 104.29 2.97

2010–2015

UPS → WES −38.03 39.60 APS → UPS 798.99 88.93
UPS → APS −35.49 36.96 APS → ULS 35.54 3.96
RLS → APS −13.14 13.68 APS → RLS 34.63 3.85
UPS → GES −2.3 2.40 WES → UPS 9.62 1.07
UPS → RLS −1.97 2.05 ——

2015–2020

UPS → WES −897.31 49.56 APS → UPS 1375.33 55.75
UPS → APS −676.66 37.37 WES → UPS 746.31 30.25
RLS → APS −96.17 5.31 APS → RLS 139.88 5.67
UPS → RLS −54.97 3.04 RLS → UPS 65.52 2.66
UPS → FES −23.03 1.27 APS → ULS 48.08 1.95

—— GES → UPS 36.73 1.49

The transfer of urban production space to other types of space is the main contributor
to beneficial carbon transitions, with their total contribution rates reaching 65.83%, 91.41%,
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84.06%, and 93.11% in the four periods, respectively. Among them, the path with the
largest contribution during 2000–2005 was “UPS to ULS” (25.45%); in the subsequent three
periods, the predominant transitions were all “UPS to WES” (66.41%, 39.60%, and 46.56%,
respectively). In addition, the transfer of RLS to APS emerged as another critical beneficial
transfer pathway, resulting in carbon fluxes of −27.17 × 103 tons, −223.74 × 103 tons,
−13.14 × 103 tons, and −96.17 × 103 tons across the four periods, respectively. Regarding
the harmful carbon transition, the outflow from APS to the other three carbon source
spaces—UPS, RLS, and ULS—was the most significant contributor, accounting for 76.47%,
68.40%, 96.74%, and 63.37% of the harmful carbon fluxes in the four periods, respectively.
Additionally, the transfers of Waste Energy Space (WES) and Green Energy Space (GES) to
UPS were also notable harmful transfer pathways across all four periods.

3.3.2. Changes in Carbon Emission Density Caused by Space Type Transfer and
Socio-Economic Development

The spatial distribution of changes in carbon emission density (DTC) caused by the
process of territorial space conversion is shown in Figure 8a. The DTC for each period
is decomposed into two components, namely the explicit density changes attributable to
modifications in space type (DSC, Figure 8b) and the implicit density changes associated
with variations in socio-economic level (DEC, Figure 8c).

From 2000 to 2005, a notable positive density difference was observed across most
regions, primarily attributed to the increase in DEC within four designated carbon source
areas. The distribution of DSC is relatively sporadic, with a concentration in proximity to
urban space. Among them, the positive density difference was predominantly linked to the
transition from APS to ULS (yellow patches, 479.57 t/km2) and from APS to RLS (orange
patches, 1110.76 t/km2). Conversely, beneficial transitions, particularly from APS to WES
in the northern regions (green patches, −39.60 t/km2), as well as from RLS to ULS and
APS around urban space (blue patches, −631.19 t/km2 and −1110.75 t/km2, respectively),
contributed to a reduction in density within these areas (Figure 8(b2)).

The carbon emission density in Qingdao City experienced the most drastic territorial
space transformation during 2005–2010. The concentration of urban population and indus-
trial development led to an increase in DEC from ULS and UPS by 265.31 t/km2 (yellow
patches) and 12,066.18 t/km2 (orange patches), respectively. On the contrary, the DEC
of APS and RLS decreased by 4.05 t/km2 and 78.46 t/km2, respectively (green patches,
Figure 8(c2)). This substantial space transformation resulted in a spatially heterogeneous
distribution of DSC across approximately 18% of the area, of which the transition of ecologi-
cal spaces (FES, GES, and WES) to APS resulted in a density increase of less than 100 t/km2

in about 42% of the conversion area. The pronounced increase of DSC (>10,000 t/km2) was
primarily attributed to the conversion of other spaces to UPS. Beneficial DSC occurred over
a large area near Jiaozhou Bay and in the eastern coastal regions of Jimo District, with the
most significant contributions arising from the conversion of UPS to WES and ULS (blue
patches, Figure 8(b2)).

In contrast, the proportion of regions exhibiting a transition in space type from 2010
to 2020 is minimal, indicating that approximately 99% of the observed changes in DTC
are attributable to DEC. With the exception of APS, the emission density of the other three
carbon source spaces increased to varying degrees (Table 2 and Figure 8(c3)). However, this
situation was reversed in the last period. Only the emission density (DEC) of APS increased
slightly (0.14 t/km2), while the DEC of the other three carbon source spaces decreased by
65.40 t/km2 (ULS), 3436.72 t/km2 (UPS), and 45.94 t/km2 (RLS), respectively (Figure 8(c4)).
The pronounced and concentrated areas of DSC in the northwestern region of Jiaozhou
can be attributed to the conversion from APS to UPS, which resulted in a substantial
density increase of 30,866.64 t/km2 (Figure 8(b4)). In addition, the interconversion between
RLS and APS played a pivotal role in driving both beneficial and harmful changes in
DSC, respectively.
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Figure 8. The distribution of total changes in carbon emission density (DTC), density change caused
by space type transfer (DSC), and density change caused by socio-economic development (DEC)
in Qingdao City from 2000 to 2020. (a–c) represent DTC, DSC, and DEC, respectively; 1, 2, 3, and
4 correspond to the four distinct time intervals: 2000 to 2005, 2005 to 2010, 2010 to 2015, and 2015
to 2020.
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4. Discussion
4.1. Evolution of Territorial Spaces and Its Effect on Carbon Emissions

Generally, the transformation of the territorial space structure in Qingdao between 2000
and 2020 is mainly characterized by an expansion of residential space and a contraction of
both production and ecological spaces, which is in line with the findings of the investigation
of Jia and Yin [44]. Qingdao is a fast-growing city with a continuous influx of people, whose
urbanization rate grew to the highest in the province by 2017 and reached as high as
76.34% in 2020 [45]. To accommodate the growing population, ULS and RLS expanded
by 122.73% and 24.87%, respectively, in these 20 years. Spatially, influenced by planning
initiatives such as “One Valley, Two Districts” and “Three Bays and Three Cities”, Qingdao
has gradually formed a municipal district pattern around Bohai Bay [46]. The Huangdao
district, designated as a state-level new area, has significantly contributed to the urban
development of the southwestern region of Jiaozhou Bay, thereby facilitating the expansion
of ULS (Figure 3). Concurrently, inland county-level cities exhibited divergent sprawl
from the county seat to the periphery. Most of the newly added living space is converted
from APS, which caused an increase in carbon emissions in these areas, while the multi-
directional expansion of living space has further exacerbated the spatial dispersion of
carbon emissions. The study conducted by Zhang et.al [47] also corroborated that carbon
emissions in urban areas in Qingdao increased significantly from 2000 to 2020, exhibiting
a pattern of outward expansion. The per capita ULS in Qingdao rose from 85.30 m2 in
2000 to 136.47 m2 in 2010, before gradually declining to 105.48 m2 by 2020, indicating an
improvement in the efficiency of ULS utilization. However, the phenomenon of “decreasing
rural population vs. increasing RLS” was very prominent in Qingdao, resulting in a rise in
the per capita RLS from 284.16 m2 in 2000 to 476.42 m2 in 2020, significantly surpassing
the national standard for per capita rural construction [48]. Consequently, while efforts to
optimize per capita ULS continue, it is essential to intensify measures aimed at controlling
and reducing RLS, as well as promoting its conversion into APS and ecological spaces, as a
critical strategy for mitigating carbon emissions.

UPS was initially concentrated in coastal areas but has gradually spread inland since
2010 (Figure 3). The transformation of large-scale UPS to WES is mainly due to the
conversion of salt pans into ponds or shoals. Notwithstanding a decrease in area, carbon
emissions from UPS have persistently increased over the past two decades. This trend can
be attributed to a heightened emission density resulting from the expansion of industrial
scale and energy consumption. From the perspective of space transformation, the transfer
of UPS to other spaces has significantly contributed to the beneficial carbon transitions.
This indicates that carbon emissions can be mitigated through two primary strategies:
first by regulating the area of UPS through enhanced intensive and economical land use
practices, thereby facilitating its transition to other spaces, and second by decreasing
emission intensity through advancements in production technology and improvements in
energy efficiency. The widespread expropriation of APS for urban production and resident
living spaces in the past 20 years has resulted in the greatest harmful carbon transition
(Table 5). Therefore, controlling its transfer to other carbon source spaces is very essential
for both ensuring regional food security and achieving carbon emission reduction.

4.2. The Evolution of Carbon Emissions in Qingdao and Its Implications

To date, there is no officially recognized and standardized methodology for measuring
city-scale carbon emissions. To assess the validity of the accounting results in this paper, the
emission inventories for 290 Chinese Cities from 1997 to 2019, as published by the China
Emission Accounts and Datasets (CEADs) (https://www.ceads.net.cn/, accessed on 10
September 2023), were utilized as benchmark data for carbon emissions. By comparison,
the total carbon emissions for Qingdao city calculated in this paper are approximately
0.5 times greater than those reported in the corresponding datasets for the same years. This
discrepancy can be attributed primarily to the incomplete nature of the CEADS accounting,
which only considers energy-related and process-related emissions from industrial activ-

https://www.ceads.net.cn/
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ities while neglecting emissions from other sectors such as agriculture, land use change
and forestry, and waste management [49]. Overall, the carbon accounting methodology
employed in this study, which is grounded in actual statistical data and pertinent research
(as detailed in the Supplementary Materials), is deemed to be relatively sound and credible.

In recent years, some scholars, using carbon emissions data from the ODIAC database,
have revealed the continuous rise in carbon emissions in Qingdao between 2000 and 2020
and identified socio-economic development as the key driver of this increase [32,47]. How-
ever, these studies focused solely on carbon emissions from fossil fuels and did not explore
the differences in the impact of space type changes and socio-economic development on
carbon emissions during land use transitions. This paper proposes a carbon transition
decomposition formula to quantify the differential and spatially heterogeneous impacts
of changes in space types and socio-economic development on emissions. The results
indicate that DEC predominantly shapes the global patterns of regional emission density
alterations, whereas space transfer primarily accounts for local variations (Figure 8). This
means that the biggest contribution to carbon emission growth is the increase in emission
density in carbon source spaces caused by socio-economic development. Specifically, the
2.4-fold increase in Qingdao’s net carbon emissions during the study period is mainly
attributed to the sprawl of urban space and the surge in their emission densities (Figure 3
and Table 2). This assertion is further supported by the significant increase in the share of
total carbon emissions from both UPS and ULS, which widened from 63.67% in 2000 to
91.57% in 2020 (Figure 9). From the perspective of emission structure, industrial energy
consumption contributes the most to emissions in UPS (accounting for 85.2% on average),
with its proportion rising in recent years. By 2020, Qingdao was still in the late middle
period of industrialization as a whole and the corresponding industrialization task had not
yet been completed [34]. In this context, optimizing the energy structure—specifically by
increasing the share of cleaner energy sources such as natural gas—and enhancing energy
efficiency through technological advancements are identified as the most effective strategies
for mitigating emissions in UPS [50]. The transport, storage, and postal services (TSPS)
sector ranks as the second largest contributor to emissions within UPS. The reduction of its
emissions ratio in 2020 is likely due to the decreased energy intensity and repercussions
of the COVID-19 pandemic. However, ongoing urbanization and industrialization are
likely to escalate the demand for TSPS. Strategies such as substituting high-carbon energy
sources, expanding electric vehicle infrastructure, and developing hydrogen energy are
potential avenues for further emission reductions [51]. In the context of ULS, the proportion
of energy consumption emissions has remained stable at around 33%. Notably, solid waste
emissions surged to the forefront, accounting for 41% in 2020. This trend underscores the
importance of encouraging residents to adopt low-carbon lifestyles [35], promoting the
classification of solid waste, and transitioning waste disposal methods from landfilling to
incineration as effective strategies for reducing emissions in ULS [33].

In contrast, the growth in total emissions from agricultural space was very slight,
resulting in a substantial reduction of its share by 24.7%. The primary contributors to
emissions were human and animal respiration, as well as livestock breeding; however,
due to a concurrent decline in both the rural population and livestock breeding scale,
their share decreased from 76.84% to 59.85%. Additionally, there was a notable rise in the
emission of solid waste in RLS. Carbon emissions from APS, which account for the smallest
proportion, are primarily associated with the use of fertilizers, pesticides, and plastic films.
This highlights the critical role of optimizing and regulating the use of agricultural inputs
to meet emission reduction targets [52].
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4.3. Implication for Territorial Spatial Planning and Governance

The impact characteristics of territorial space evolution on carbon emissions can
offer significant insights for the development or adjustment of urban spatial planning and
governance strategies that aim to foster low-carbon development. The increase in net carbon
emissions in Qingdao can largely be attributed to the expansion of urban space coupled with
the reduction of ecological space. From a planning perspective, it is essential to scientifically
delineate or adjust urban development boundaries and ecological protection red lines, while
rigorously restricting the growth of urban spaces and the contraction of ecological spaces.
In terms of spatial regulation, it is imperative to implement necessary measures, such as
promoting three-dimensional development and increasing the minimum floor area ratio,
to enhance the economical and intensive use of urban land [53,54]. Concurrently, the
construction of urban green space networks and the ecological restoration of forests and
grassland are crucial for augmenting ecological land. Furthermore, it is advisable to explore
land use policies through the lens of low-carbon land use regulations and planning. For
instance, imposing restrictions on land use for traditional high-carbon industrial projects
and enacting preferential land supply policies for low-carbon industrial projects channel
capital into low-carbon industries and promote the transformation of regional industrial
structures into low-carbon structures [19].

At the county scale, it is possible to develop tailored land use structure adjustment
plans and implement differentiated land use supply models that take into account the car-
bon emission profiles of various counties [55]. For Pingdu, Huangdao, and Laoshan, which
have important ecological source zones, it is imperative to prioritize the preservation of
the existing land use structure while promoting the development of low-carbon industries,
and strict controls should be enforced regarding the extent of forest land, grassland, and
water areas within these ecological sources. For the counties/districts with high carbon
emissions, which are mainly situated around Bohai Bay, it is recommended that future
policies for construction land use should be tightened reasonably.

To achieve more detailed insights, it is advisable to perform further multi-scenario
land use predictions and micro-scale carbon balance zoning. Such efforts can aid in the
adjustment and optimization of land use structures [23,55].
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4.4. Limitations and Future Research

This study assesses the carbon emissions associated with territorial spaces in Qingdao
by utilizing a range of statistical data and adhering to the IPCC guidelines, the Provincial
Greenhouse Gas Inventories Guidelines, and prior research. However, there are still the
following deficiencies in the calculation process: (1) Due to constraints in data availabil-
ity, the carbon emissions for certain sectors, including energy consumption, solid waste,
and industrial sewage, are derived from provincial accounting results based on output
or population ratios, which may result in discrepancies in the accounting. (2) The energy
consumption from fisheries related to water bodies is not considered in this paper. The
fishery sector in Qingdao constitutes a significant element of marine aquaculture; however,
current statistical data do not distinguish between freshwater and marine fisheries. As
a result, there is a lack of adequate information to accurately assess carbon emissions
stemming from energy consumption related to fisheries in terrestrial water bodies. Consid-
ering the significant importance of carbon accounting, it is imperative that future research
endeavors focus on enhancing foundational studies related to carbon accounting, as well
as the validation of carbon accounting data at the municipal level and lower.

5. Conclusions

Based on the relationship between territorial spaces and carbon emission sectors, this
paper calculated the carbon emissions associated with territorial spaces in Qingdao from
2000 to 2020. It investigates the spatiotemporal dynamics of territorial spaces alongside
their corresponding carbon emissions, identifies the contribution of various space transfer
paths to carbon emissions, and disaggregates the differential impacts of space type changes
and socio-economic development.

From 2000 to 2020, living spaces in Qingdao have significantly expanded, with ULS
and RLS increasing by 122.73% and 24.87%, respectively. Conversely, both production land
and ecological land experienced a decline to varying extents. The total net carbon emissions
in Qingdao rose from 313.98 × 104 tons to 1068.58 × 104 tons, with UPS contributing the
most (69.96% in 2020) due to its exceptionally high emission density. The spatial distribution
of carbon emissions and carbon sinks both formed a stable “northwest–southeast” pattern.
Carbon emissions are becoming increasingly dispersed spatially and exhibiting diminished
directionality, while carbon sinks are demonstrating an opposing trend.

The transformation of the territorial space exerted detrimental effects on carbon
emissions in Qingdao City. The transfer of UPS to other spaces has primarily facilitated
positive carbon transitions, whereas the expropriation of APS for urban production and
residents’ living has resulted in the most significant harmful carbon transition. Socio-
economic development predominantly shapes the global patterns of regional emission
density alterations, whereas space transfer primarily accounts for local variations.

In light of these findings, it is advisable that the urban development boundaries and
ecological protection red lines of Qingdao City should be scientifically delineated to restrict
the growth of urban spaces and the contraction of ecological spaces. We recommend the
implementation of incentive-based or restrictive policies aimed at fostering the economical
and intensive utilization of urban land, while also imposing limitations on land designated
for high-carbon industries. Furthermore, we propose the establishment of differentiated
structural adjustment and land supply models that take into account the carbon emission
profiles of various counties/districts. Our research may serve as a valuable reference for
other cities seeking to advance low-carbon development through spatial optimization
strategies. For low-carbon optimization at the local scale, future research should prioritize
the development of multi-scenario land use predictions and micro-scale carbon balance
zoning to inform the adjustment and optimization of land use structures. At the national
and international levels, it is essential to investigate the variations in carbon balance
and emission characteristics across different regions, thereby enabling the formulation of
tailored low-carbon development strategies for each specific area.
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