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Abstract

:

Urban development boundary (UDB) has always served as a crucial aspect of urban sprawl research. The objective of this paper is to investigate boundary delineation and carbon emission effects. Firstly, we examined the patterns of land use changes. Additionally, this paper utilized the FLUS model and land use carbon emission calculation model to delineate UDB and calculate carbon emission effects within UDB under typical scenarios. The research results are as follows: (1) Xuzhou city witnessed a significant increase in both forest land and construction land from 2010 to 2020. (2) Under the CPS, the area of cultivated land increased by 217.05 km2 compared to the NDS. The UDB area under the NDS and CPS was 971.50 km2 and 968.99 km2, respectively. (3) Compared to the NDS, the CPS led to a net carbon emission increase of 4759.93 t within the UDB. Therefore, we should enhance the carbon sequestration and emission reduction capacity of the agricultural system. This study is beneficial for expanding the depth of research on the UDB and guiding the low-carbon urban development. We sincerely encourage readers to download this paper to improve this paper.
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1. Introduction


Since the Industrial Revolution, urbanization has been accelerating globally [1]. Indeed, urban land expansion was occurring at a much faster rate than population growth [2], with China being particularly pronounced in this aspect. Since the implementation of economic reform and opening up, the urbanization rate in China has significantly increased by 3.6 times from 1978 to 2022. The construction area has also expanded from 0.7 × 104 km2 in 1981 to 6.2 × 104 km2 in 2021. Unplanned urban expansion has brought significant social and environmental challenges on a global scale [3]. Many cities are experiencing uncontrolled land development and excessive sprawl of urban land, resulting in a severe imbalance in urban development patterns. This has led to various issues such as biodiversity loss, deterioration of natural environment, increased air pollution, soil degradation, and a reduction in cultivated land [4,5,6]. Therefore, there is growing recognition for the need to control the uncontrolled and rapid expansion of cities and guide their orderly expansion, aiming for sustainable urban spatial development. As a result, the urban development boundary (UDB) has become a crucial measure for regulating urban sprawl and achieving optimized urban spatial planning. At the same time, it is particularly noteworthy that rapid and chaotic urban expansion caused an increase in greenhouse gas emission, which is impacting climate change [7] and accelerating global warming [8], posing a great threat to both the natural world and humanity [9]. A great deal of global carbon dioxide emissions can be attributed to urban areas, and this proportion might rise further with ongoing urbanization [10]. At the same time, China has already surpassed other countries to become the world’s largest annual emitter of carbon dioxide [11]. In order to address this urgent situation and achieve the coordinated pattern between urban expansion and low-carbon development, China has announced its commitment to strive for dual carbon goal [12]. This solemn commitment imposes new requirements on the urban sprawl pattern and management. Therefore, integrating the UDB with carbon emission effects and systematically exploring the carbon emission effects after the delineation of the UDB is crucial. This is an important approach to reconcile the conflicting goals of urban sprawl and low-carbon development, and to address the crucial issue and prerequisite of regulating the orderly and low-carbon sprawl of urban space.



Through reading a large amount of literature, we found that many existing studies primarily concentrate on defining the concept of UDB and delineating it through simulation. With regard to the conceptual definition of the UDB, the concept of urban development boundary (UDB) originated from urban growth boundary (UGB) and has been widely recognized as one of the most useful tools globally to manage and restrict urban sprawl [13]. It was derived from the “Garden City” theory proposed by European scholar Howard in the 19th century. The research on the conceptual definition of UDB can generally be divided into two primary areas. On the one hand, from the physical boundary perspective, it is considered that the UDB is seen as limits or restrictions that determine where urban settlements should not exceed [14]. It can also refer to the boundaries where there is a clear distinction in construction density between inside and outside the boundary [15]. On the other hand, from the practical function perspective, it is considered that the UDB is effective for controlling the urban sprawl and protecting non-urban land beyond the city’s territory [16,17], which is conducive to the coordination of the conflicts between land use plans [18]. Building on these studies, this paper considered UDB as regional limit that guides and regulates urban development within a specific time period, particularly for urban development and construction.



With regard to the simulation delineation of UDB, the first delineation of UDB occurred in Salem, USA, in 1976, as a means to address conflicts between urban and rural land management [19]. In China, the content regarding the delineation of UDB in central urban areas first appeared in the “Urban Planning Compilation Methods” implemented on 1 April 2006 [20]. Upon reviewing the existing literature, we found that the methods and criteria for delineating urban development boundary have not been fully clarified and standardized, which can be mainly divided into two primary areas. On the one hand, from the ecological security perspective, methods such as ecological suitability assessment, resource and environmental carrying capacity assessment, or landscape safety pattern establishment [21,22] are employed to preliminarily determine ecologically fragile areas (such as restricted or prohibited development zones), which in turn influence the scope of urban sprawl. On the other hand, from the inherent urban sprawl perspective, models such as the ANN model [23], CA model [24], CLUE-S model [25], SLEUTH model [26], and the FLUS model [27] are utilized to simulate urban expansion in terms of construction land spatial growth.



From the above literature review, we concluded that scholars dedicated significant research efforts to conceptualizing and simulating the delineation of the UDB [28,29]. However, the impact and effects after the boundary delineation have received limited attention in the existing literature [30], particularly regarding carbon emission effects. Therefore, considering the needs of low-carbon development in the current context and the existing research shortcomings, this study aims to carry out the research on the carbon emission effect after the UDB delineation, which is conducive to deepening the research content of UDB and regulating the orderly and low-carbon expansion of urban space.



In view of this, this paper focused on Xuzhou City and examined the land use changes from 2010 to 2020. Simultaneously, by setting the NDS and the CPS, we utilized the FLUS model to delineate the UDB under different scenarios. Furthermore, we calculated the carbon emission effects within UDB using the land use carbon emission calculation model. This study is beneficial for enriching the research on UDB, providing strategic recommendations for constraining urban expansion in Xuzhou City and contributing to the achievement of low-carbon development and the “dual carbon” goal.




2. Materials and Methods


2.1. Study Area


Xuzhou is located in Jiangsu Province, China, and is situated in the Huang Huai Plain. It is divided into five municipal districts, namely Tongshan, Jiawang, Quanshan, Gulou, and Yunlong (Figure 1). The city boasts diverse landforms, expansive plains, and abundant natural, cultural, and tourist resources. As a major regional center and a resource-exhausted city [31], Xuzhou is the central city of the Huaihai Economic Zone. It acts as a national comprehensive transportation hub, connecting the railroad network in all directions. Xuzhou is a significant old industrial base, energy supply base, and power transmission and distribution base in China. With strong momentum in urbanization, the city is experiencing rapid development. From 2000 to 2020, the built-up area of Xuzhou City experienced a significant expansion, increasing from 71.7 km2 to 289.6 km2, experiencing a fourfold increase. This growth propelled Xuzhou City to become the fourth largest city in Jiangsu Province, following Nanjing, Suzhou, and Wuxi.




2.2. Data and Preprocessing


Considering the physical conditions of the study area and accessibility of the research date, this paper mainly utilized data from four parts and the details are shown in Table 1. The land use data were reclassified according to the Current Land Use Classification (GB/T 21010-2017) into seven types, namely cultivated land (L1), garden land (L2), forest land (L3), grass land (L4), construction land (L5), water area (L6), and other land (L7). All the driving factor data underwent normalization processing (Figure 2). The projection coordinate system used was WGS_1984_UTM_Zone_50N. The resolution of all grid data was uniformly set at 30 × 30 m, with consistent row and column numbers. It is worth noting that the land use data were provided by the China Land Surveying and Planning Institute, which is an official government department in China. The terrain factor data were sourced from Geospatial Data Cloud, a big data platform created by the Chinese Academy of Sciences. Therefore, the accuracy of the land use data and terrain factor data can be guaranteed.




2.3. Methodology


This paper utilized methods such as the land use transfer matrix, land use dynamic degree, FLUS model, and the land use carbon emission calculation model. We analyzed the land use changes, delineated the UDB, and explored the carbon emission effects within the UDB under different scenarios. To present the research methodology and approach in more clear manner, this paper incorporated a flowchart illustrating the framework of the research methodology (Figure 3).



2.3.1. Scenario Setting


(1) Scenario 1: Natural Development Scenario (NDS). The basis for setting the NDS is that it does not consider artificial planning control, protected areas, or limitations on the conversion between different types. It solely focuses on the development of cities within the framework of the existing natural conditions.



(2) Scenario 2: Cultivated Land Protection Scenario (CPS). The basis for setting the CPS was conducted by introducing permanent basic cultivated land data as a restricting conversion factor into the model for the simulation, and strictly prohibited the situation that permanent basic cultivated land converts to other types.




2.3.2. Methodology for Land Use Change Analysis


(1) Land Use Transfer Matrix



The land use transfer matrix can describe the conversion between different types during a specific period [32], and has been widely used in many countries such as China [33], Japan [34], Rwanda [35], and Turkey [36]. It can indicate the transfer and changes during the study period [37]. The calculation formula is as follows:


   S  i j   =        S  11        S  12        S  13      ⋯     S  1 n          S  21        S  22        S  23      ⋯     S  2 n          S  31        S  32        S  33      ⋯     S  3 n        ⋮   ⋮   ⋮   ⋮   ⋮       S  n 1        S  n 2        S  n 3      ⋯     S  n n          



(1)




where    S  i j     represents the convert area of land use type   i   to type   j  ;   n   represents the number of land use types.



(2) Land Use Dynamic Degree



Land use dynamic degree can reflect the speed and magnitude of changes in various types over a certain period of time [38,39], and has been widely used in many countries such as China [40], Greece [41], and India [42]. This includes both comprehensive and single land use dynamic degrees. The former refers to the speed of change in all types over a certain study period, while the latter refers to the changes in a specific type. The calculation formula is as follows:


  K =     ∑   i = 1  n  Δ  U  i − j   / 2   ∑  i n   U  i t 1     ×      t 2  −  t 1      − 1   × 100 %  



(2)






   K i  =      U  i t 2   −  U  i t 1     /  U  i t 1     ×      t 2  −  t 1      − 1   × 100 %  



(3)




where   K   represents the comprehensive land use dynamic degree;    K i    represents the single land use dynamic degree of the i-th land use type;    t 2  −  t 1    represent the study period;   Δ  U  i − j     represents the changed area.




2.3.3. FLUS Model


The FLUS model, developed by Liu et al. in 2017 [43], is a simulation model for predicting future land use changes. In 2018, Liang et al. further expanded the model by adding the UGB (urban growth boundary) module [44], which enables effective land use simulation and UDB delineation. Due to the advantages of higher accuracy, faster processing speed, and ease of use, the FLUS model has gained widespread use in many countries such as China [45], Myanmar [46], Turkey [47], and Colombia [48]. The FLUS model consists of three components: (1) Probability-of-occurrence estimation using artificial neural network; (2) Cellular automata based on self-adaptive inertia and competition mechanism; (3) Boundary delineation based on morphological erosion and dilation. For detailed formulas, please see the references [43,44].




2.3.4. Calculation of Land Use Carbon Emission


Land use carbon emission can be divided into direct carbon emission and indirect carbon emission [49], and has been widely used in many countries such as China [50] and India [51]. Direct carbon emission from land use refers to those generated by human activities on the land. The calculation formula is as follows:


  E = ∑  T i  ×  f i   



(4)




where    E    represents the direct carbon emission from land use;   i   represents the land use type;    T i    represents the area;    f i    represents the carbon emission coefficient. Due to the inherent characteristics of L1, L2, L3, L4, L6, and L7, their carbon emission and absorption rates change minimally over a certain period. Therefore, for the study period, the carbon emission coefficient for L1, L2, L3, L4, L6, and L7 is assumed to be constant. Based on previous research findings [52,53], the coefficients for L1, L2, L3, L4, L6, and L7 are shown in Table 2.



Indirect carbon emission from land use primarily refers to the carbon emission associated with construction land. These emissions are estimated indirectly by considering the consumption of different energy types [54]. The calculation formula is as follows:


  C E =   ∑   i = 1  n   A i  ×  B i  ×  C i   



(5)




where   C E   represents the carbon emissions from construction land;  i ,  n ,    A i   ,    B i   ,    C i    represent the energy source type, the number of energy source types, the consumption, the carbon emission coefficient, and the coal equivalent coefficient, respectively. The coal equivalent coefficients are sourced from the “China Energy Statistical Yearbook 2013”, which lists the coal equivalent coefficients for various energy source types. Due to the study area being the municipal district of Xuzhou City, it is difficult to obtain comprehensive and accurate data on energy consumption. Therefore, this paper indirectly estimated the carbon emission from construction land in the municipal district of Xuzhou City by using the ratio of GDP between the municipal district and the entire city of Xuzhou [55]. Based on the result from construction land in Xuzhou City from 2005 to 2020, the GM(1,1) model was used for grey prediction, combined with the projected construction land area in Xuzhou City in 2035, yielding a coefficient value of approximately 15,468.33 t C/km2 for the construction land in Xuzhou City in 2035.






3. Results


3.1. Analysis of the Status of Land Use Change


3.1.1. Changes in Land Use Area


Firstly, we reclassified the original land use data of Xuzhou City for the periods of 2010, 2015, and 2020 into seven types (Figure 4). From Figure 4, we found that the land use types in Xuzhou are predominantly composed of L1, L5, and L6. In the year 2020, these three types collectively constituted around 84.58% of the total area. On the other hand, L3, L2, L7, and L4 were relatively small in area, comprising only 15.42%. The land use area in Xuzhou experienced different degrees of change, leading to a transformation in the whole structure. The areas of L1, L7, L6, L4, and L2 decreased by 131.40 km2, 26.66 km2, 23.52 km2, 10.41 km2, and 0.69 km2, respectively. However, L3 and L5 increased by 142.31 km2 and 50.37 km2, respectively. Among them, L3 increased most prominently with a growth rate of 127.39% over the 10-year period. On the other hand, there was a dramatic decrease in the area of L7, with a decrease of 32.55%. The area of garden land slightly decreased, but overall, the change was the least significant compared to other types.




3.1.2. Changes in Land Use Type Transition


From Table 3, we found that from 2010 to 2020, Xuzhou City experienced significant land use transitions, especially with frequent conversions among L1, L3, and L5. In terms of land area transferred out, the types with the largest to smallest transfer amounts were as follows: L1 > L5 > L6 > L2 > L7 > L4 > L3. Cultivated land was the dominant type, accounting for 40.63% of the transferred-out area. On the other hand, in terms of land area transferred in, the types with the largest to smallest transfer amounts were as follows: L1 > L5 > L3 > L6 > L > L7 > L4. Construction land was the main recipient, accounting for 25.65% of the transferred-in area.



In general, the land use transitions were primarily focused on L1, L5, and L3. Therefore, the analysis focused on these three types. Regarding L1, from 2010 to 2020, 24.13% of L1 had converted to other land types, with the majority of it being converted to L5. From L1 to L5, the transferred-out area reached 144.96 km2. Regarding L5, a total of 230.75 km2 of land from other land use types had converted to L5. This indicated a high level of urban expansion in Xuzhou City. Regarding L3, from 2010 to 2020, a total of 163.03 km2 of land from other types had converted to L3. This is strongly related to the implementation of Xuzhou City’s policy of promoting afforestation and artificial forestation.




3.1.3. Changes in Land Use Dynamic Degree


The land use dynamic degree is an indicator that reflects the speed of land use change. Based on the Equations (2) and (3), we obtained the land use dynamic degree in Xuzhou (Table 4).



From the perspective of comprehensive land use dynamic degree, the speed of land use change in Xuzhou was constantly changing. From 2010 to 2015, the degree in Xuzhou was 0.24%, indicating a relatively slow rate. However, from 2015 to 2020, the degree in Xuzhou city increased to 1.09%. Compared to the period of 2010 to 2015, the rate of change in land use types exhibited an increasing trend, suggesting that socioeconomic activities had a greater influence on the land pattern during the period of 2015 to 2020. From the perspective of single land use dynamic degree, the various types of land use exhibit dynamic fluctuations in trends during the study period. Among them, forest land changed the most, with a dynamic degree of 12.74%, while the smallest change was in garden land, with an intense degree of −0.07%. Forest land and construction land demonstrated an upward trend, while other types decreased. Among them, other land experienced the most significant decline, showing a considerable decrease with a dynamic degree of −3.26%.





3.2. Delineation of UDB in Xuzhou City under Multiple Scenarios


3.2.1. Model Accuracy Verification


Firstly, we simulated the spatial distribution of different land use types in 2015 (Figure 5b) based on the date of 2010. Subsequently, compared to the actual data of 2015 (Figure 5a), it can be observed that the simulated results generally correspond to the distribution of different types in the actual data. Afterwards, we selected 10% of the total number of simulated results’ pixels for accuracy verification. By calculating accuracy verification metrics, we obtained that the Kappa value is 0.7618 and the overall accuracy is 0.8427. This result suggested that FLUS model exhibited a high accuracy level in simulating urban land use changes. Therefore, we can utilize the model to simulate changes in various types in Xuzhou city, and it serves as an important foundational model for this study.




3.2.2. Future Land Use Simulation


Firstly, we estimated the probability-of-occurrence in 2020 based on the real data in 2020 of Xuzhou. Secondly, based on the land use data of 2015 and 2020 of Xuzhou City, we used the built-in Markov chain module in the GeoSOS-FLUS software v. 2.4.1. for determining the pixel count of each type in Xuzhou City in 2035. Finally, the FLUS model was applied to simulate the future land use in Xuzhou in 2035 under different scenarios (Figure 6).



It can be observed that L1 and L3 show significant changes under different scenarios. In the NDS, compared to the current area of Xuzhou City in 2020, there is a decreasing trend in L1 and L7. Specifically, the L1 area has decreased most, by 197.49 km2. Moreover, the L3, L5, L4, and L2 show an increasing trend. Among them, L3 shows a particularly evident upward trend, with an increase in area of 191.70 km2, representing a growth rate of 75.47%. The water area (L6) remained relatively stable. In the CPS, compared to the current area of Xuzhou City in 2020, there is a decreasing trend in L6, L2, L7, and L4. The reduction in water area is particularly significant, with a decrease of 30.08 km2, representing a reduction rate of 9.98%. Moreover, the L1, L3, and L5 show an increasing trend. Specifically, the L1 area has increased by 19.56 km2. It is worth emphasizing that, compared to the simulation results of the NDS in 2035, there is an additional increase of 217.05 km2 in the L1 area. This indicates that the CPS can effectively achieve the expected goal of cultivated land protection.




3.2.3. Delineation of Urban Development Boundary (UDB)


The UDB is delineated based on the future land development status of the city. In this paper, we utilized the UGB module in the GeoSOS-FLUS software to delineate the UDB under different scenarios in Xuzhou City, using morphological erosion and dilation operations in the opening–closing mathematical operation method.



Through comprehensive comparison of the results obtained using 3 × 3, 5 × 5, 7 × 7, and 9 × 9 structuring elements, it was found that using the 7 × 7 structuring element for delineating the UDB results in a smoother and more continuous boundary. The boundary line can better integrate with the urban area contours. Therefore, a window size of 7 × 7 was chosen for boundary delineation. Additionally, considering the actual situation, we removed scattered patches (less than or equal to 0.4 km2) and filled in small patches within large patches. The delineation results are shown in Figure 7.



From Figure 7, it can be observed that the UDB of Xuzhou in 2035 demonstrates a strong concentration and integrity. The main distribution is in Tongshan District and Jiawang District, while the UDB areas covered by the Yunlong District, Quanshan District, and Gulou District were quite similar. Under the NDS, the UDB area of Xuzhou City was 971.50 km2, accounting for 32.82% of the total area of Xuzhou. Under the CPS, the UDB area of Xuzhou City was 968.99 km2, accounting for 32.74% of the total area of Xuzhou City. The UDB area under the CPS was reduced by 2.51 km2 compared to the NDS. This indicated that the CPS can better control urban land sprawl, resulting in a lower proportion of boundary area to the total area.





3.3. Carbon Emission Effects within UDB under Different Scenarios


3.3.1. Aggregate Analysis of Carbon Emission Effects


According to the results of UDB delineation in Xuzhou City in 2035, we extracted the spatial distribution and area of different types within the UDB under the NDS and the CPS. These data were then incorporated into the calculation model to obtain the carbon emission effects within the UDB of Xuzhou City in 2035 (Table 5).



Regarding the net carbon emission, under the NDS, the net carbon emission within the urban development boundary of Xuzhou City in 2035 was estimated to be 10,470,405.55 t. Under the CPS, the result was 10,475,165.47 t. The CPS showed an increase of 4759.93 t compared to the NDS. This is mainly because the CPS can effectively protect cultivated land, while cultivated land exhibits carbon source characteristics, leading to higher net carbon emission compared to the NDS. Regarding the perspective of carbon source, the carbon source under the NDS and the CPS were estimated to be 10,478,062.42 t and 10,481,475.48 t, respectively. L1 and L5 are both carbon sources, with L5 being the main contributor, accounting for 99.95% of the total carbon source. Regarding the carbon sink, the carbon sink under the NDS and the CPS were estimated to be 7656.88 t and 6310.01 t, respectively. The L2, L3, L4, L6, and L7 act as carbon sinks. Among them, L3 was the main source of carbon sink. Under the NDS, L3 accounted for 61.49% of the total carbon sink, while under the CPS, L3 accounted for 57.19% of the total carbon sink.




3.3.2. Analysis of Regional Differences in Carbon Emission Effects


In this paper, we utilized ArcGIS software v.10.8.2 to partite the UDB of Xuzhou city under the NDS and CPS in 2035. Following that, we calculated the carbon emission effects in each municipal district within the UDB of Xuzhou city. In terms of net carbon emission, the municipal districts within the urban development boundary showed regional differentiation with Tongshan > Jiawang > Gulou > Quanshan > Yunlong District under both the NDS and the CPS. Among them, Tongshan District had the highest net carbon emission, reaching 4,602,517.47 t under the NDS, accounting for 43.96% of the total net carbon emission, and, reaching 4,560,670.41 t under the CPS, accounting for approximately 43.54% of the total net carbon emission. In terms of per-unit net carbon emission intensity, the municipal districts within the urban development boundary of Xuzhou city exhibited regional differentiation with Gulou > Quanshan > Yunlong > Jiawang > Tongshan District under both the NDS and the CPS. Among them, Gulou District had the highest per-unit net carbon emission intensity, reaching 12,819.09 tC/km2 under the NDS and 12,466.28 tC/km2 under the CPS. This is mainly because Gulou District serves as the main and central urban area of Xuzhou city, with active socioeconomic activities and a dense population, resulting in the highest carbon emission intensity.



In terms of carbon source, the municipal districts still exhibited the same regional differentiation as the total net carbon emissions, with Tongshan > Jiawang > Gulou > Quanshan > Yunlong District, and Tongshan District was the largest carbon source district. In terms of carbon sink, under the NDS, the municipal districts within the urban development boundary of Xuzhou city exhibited regional differentiation with Tongshan > Jiawang > Yunlong > Quanshan > Gulou District. Under the CPS, the municipal districts exhibited regional differentiation with Tongshan > Jiawang > Gulou > Yunlong > Quanshan District, where Yunlong District’s rank had changed significantly. Under the NDS, the carbon sink in Yunlong District reached 572.18 t, accounting for approximately 7.47% of the total carbon sink. Under the CPS, it reached 489.91 t, accounting for 7.76% of the total carbon sink. This is mainly because Yunlong District has various natural attractions such as Yunlong Mountain and Dalong Lake, which have strong carbon sequestration capability and high carbon sink value. It is worth noting that analyzing regional Differences facilitates the development of more targeted measures.






4. Discussion


4.1. Significance and Innovation


The delineation and management of UDB serve as effective tools to guide city development and restrict unplanned urban sprawl [56], contributing to sustainable urban development and more rational spatial planning [27]. Since the initiation of land spatial planning in China [57], UDB has been an integral part of the work. Increasingly, scholars have conducted in-depth research on this topic [58,59]. Existing studies have explored the definition of urban development boundary and have investigated how to utilize higher-precision models or more comprehensive data to achieve more accurate boundary delineation. However, some of the existing studies only considered the delineation of flexible boundary under the state of natural urban development [17], without taking into account major national strategies such as cultivated land protection. Based on this, this paper set up CPS, and substituted permanent basic cultivated land as the data restricting the transformation into the model for simulation [60], which realized in the combination of rigid boundary and flexible boundary. Based on the study results, compared to the NDS, it can be observed that the area of the cultivated land increased by 217.05 km2 and the area of UDB decreased by 2.51 km2 under the CPS. The CPS demonstrated better control over urban land sprawl while fully achieving the objective of cultivated land protection. The findings are consistent with the previous study [61].



Moreover, we found that there has been limited exploration of the effects of UGB delineation in existing studies [30]. Only a limited number of studies had examined the impact of UDB on land prices and housing prices [62,63]. Therefore, the innovative contribution of this paper lies in combining the urban development boundary with carbon emission effects, in line with China’s recent “dual carbon” goal. This paper utilized the land use carbon emission calculation model to estimate carbon emissions within the boundary, with the intention of achieving both rational and orderly urban expansion while evaluating carbon emissions levels. This evaluation enabled the adoption of targeted low-carbon development measures, thereby reconciling conflicts between urban expansion and low-carbon development. This paper seeks to guide a low-carbon and orderly expansion of urban space, ultimately achieving sustainable urban development. This represents the significance and innovation of this study. Indeed, due to the carbon source attribute of cultivated land as a whole [50], the CPS led to an increase of 4759.93 t carbon emission compared to the NDS. Therefore, in subsequent policy recommendations, it is crucial to focus on strengthening the efficient use of cultivated land, enhancing the carbon sequestration and emission reduction capacity of the agricultural land system [64] and supporting low-carbon development in cities.




4.2. Policy Proposals for the Future Development of Cities


Based on the results of this paper, the following policy proposals are proposed to realize the future low-carbon sustainable development of cities:



(1) During the process of delineating and managing UDB, it is important to integrate regional circumstances and base the delineation on accuracy. Furthermore, efforts should be made to strengthen the construction of management and control mechanisms. We should enhance the professional competence of planning and management personnel to ensure that the urban development boundary effectively fulfills their intended purpose and achieves rational control over the urban sprawl.



(2) It is important to innovate the methods and approaches for land spatial planning from the perspective of low carbon [65]. This involves the rational planning of future land use layout and methods, as well as precise delineation of UDB. By doing so, the delineation of low-carbon urban development boundary becomes more targeted, enabling low-carbon and sustainable urban development.



(3) We should develop strategies to enhance carbon sequestration and emission reduction based on the carbon source and sink attributes of different types. On one hand, efforts should be made to further promote efficient and intensive use of cultivated land and construction land [66], strengthen low-carbon agricultural technology innovation, promote industrial upgrading and transformation, and reduce regional carbon emission. On the other hand, we need increase the proportion of forest land and other carbon sink types, and enhance the region’s carbon sequestration and sink capacity.




4.3. Problem Statement and Future Work


Although this paper explored the carbon emission effects of urban development boundary delineation under different scenarios in Xuzhou City in 2035, there are still some problems that need to be stated and some future works that need to be conducted. Firstly, this paper only investigated the carbon emission effects within urban development boundary from a top-down perspective, without approaching it from a bottom-up perspective to study the delineation of urban development boundary under low-carbon constraints [65]. This limitation of the study contributes to the lack of more targeted policies and should be considered as the future research direction. Secondly, due to limitations in data availability, only the NDS and CPS were considered without fully considering other scenarios such as ecological conservation scenarios [19,22]. This limitation of the study contributes to the lack of more comprehensive policies and needs to be further explored in future research. Thirdly, the accuracy of future land simulation can be improved by considering additional influencing factors or using more precise data to achieve more accurate boundary delineation.





5. Conclusions


This paper took Xuzhou City as an example and adopted various methods to analyze the land use changes in Xuzhou City from 2010 to 2020, to delineate the UDB in Xuzhou City in 2035, and to explore the carbon emission effects within the UDB under different scenarios. The main conclusions are as follows:



(1) From 2010 to 2020, there was an increasing trend in forest land and construction land. Forest land showed the greatest changes from 2010 to 2020. It can be seen that Xuzhou’s urban sprawl is dramatic. Additionally, due to the implementation of afforestation policies, the area of forest land experienced substantial growth in Xuzhou City.



(2) Compared to the NDS, the CPS leaded to an increase of 217.05 km2 in cultivated land area. This indicated that the CPS has effectively achieved the intended goal of cultivated land protection. Moreover, the delineation of UDB in Xuzhou City in 2035 showed that compared to the NDS, the CPS can better control urban sprawl.



(3) The analysis of total carbon emissions showed that CPS produced more carbon emission than NDS due to the fact that cultivated land as a whole behaves as a carbon source. Therefore, in addition to implementing urban development boundary delineation, it is crucial to strengthen the efficient use of cultivated land, enhance the carbon sequestration and emission reduction capacity of the cultivated land system, and contribute to the low-carbon development of the city.



In conclusion, the main contribution of this paper lies in exploring the carbon emission effects after the delineation of UDB, bridging the gap in existing research. It provides valuable insights for the rational regulation of low-carbon urban development and lays a foundation for achieving the ‘dual carbon’ goal successfully.
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Figure 1. Location map of the study area. 
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Figure 2. Land use driving factors. 
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Figure 3. The flowchart of the methodology. 
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Figure 4. The land use types in Xuzhou City in 2010, 2015, and 2020. (a) Land use types in Xuzhou City in 2010; (b) Land use types in Xuzhou City in 2015; (c) Land use types in Xuzhou City in 2020. 
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Figure 5. Comparison of real and simulated land use in Xuzhou City in 2015. (a) Real land use types in Xuzhou City in 2015; (b) Simulated land use types in Xuzhou City in 2015. 






Figure 5. Comparison of real and simulated land use in Xuzhou City in 2015. (a) Real land use types in Xuzhou City in 2015; (b) Simulated land use types in Xuzhou City in 2015.



[image: Land 12 01819 g005]







[image: Land 12 01819 g006] 





Figure 6. Simulation of land use in Xuzhou City in 2035. (a) Land use simulation under NDS; (b) Land use simulation under CPS. 
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Figure 7. UDB under different scenarios in 2035. (a) UDB under the NDS; (b) UDB under the CPS. 
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Table 1. Information on data sources.
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Data Attribute

	
Data Name

	
Data Source






	
Land use data

	
Land use data of Xuzhou in 2010, 2015, and 2020

	
China Land Surveying and Planning Institute




	
Terrain factor data

	
DEM

	
Geospatial Data Cloud

(https://www.gscloud.cn/, accessed on 18 April 2022)




	
Aspect




	
Slope




	
Transportation accessibility factor data

	
To town

	
Open Street Map

(https://www.openstreetmap.org/, accessed on 17 April 2022)




	
To airport




	
To highway




	
To railway station




	
To city




	
To waterway




	
To water




	
To railway




	
To main road




	
Socio-economic factor data

	
1 km × 1 km grid level GDP

	
Resource and Environment Science and Data Center

(https://www.resdc.cn/, accessed on 19 April 2022)




	
1 km × 1 km grid level population











 





Table 2. Carbon emission coefficient for land use.
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	Land Use Type
	Carbon Emission Coefficient
	Unit





	L1
	42.2
	t C/km2



	L2
	−73
	t C/km2



	L3
	−57.8
	t C/km2



	L4
	−2.1
	t C/km2



	L6
	−25.2
	t C/km2



	L7
	−0.5
	t C/km2










 





Table 3. Xuzhou City Land Use Transfer Matrix from 2010 to 2020 (km2).
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	L1
	L2
	L3
	L4
	L5
	L6
	L7
	Total





	L1
	1148.95
	50.12
	65.50
	3.62
	144.96
	76.64
	24.64
	1514.43



	L2
	40.40
	27.95
	10.39
	0.98
	13.38
	7.50
	2.70
	103.29



	L3
	6.21
	1.71
	89.53
	2.89
	8.19
	1.36
	2.06
	111.96



	L4
	12.88
	2.96
	18.04
	8.02
	7.29
	2.10
	1.40
	52.68



	L5
	77.50
	10.01
	30.77
	17.50
	609.60
	36.11
	5.02
	786.51



	L6
	79.64
	6.31
	11.68
	3.28
	44.29
	161.62
	3.00
	309.82



	L7
	15.82
	3.78
	26.65
	5.86
	12.65
	1.76
	13.83
	80.35



	Total
	1381.40
	102.84
	252.56
	42.14
	840.35
	287.10
	52.65
	2959.03










 





Table 4. Xuzhou City Land Use Dynamic Degree from 2010 to 2020 (%).
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Period

	
Single Land Use Dynamic Degree

	
Comprehensive Land Use Dynamic Degree




	
L1

	
L2

	
L3

	
L4

	
L5

	
L6

	
L7






	
2010–2015

	
−0.30

	
−0.42

	
−0.36

	
−0.02

	
0.88

	
−0.58

	
0.34

	
0.24




	
2015–2020

	
−1.48

	
0.30

	
26.30

	
−3.88

	
0.38

	
−0.89

	
−6.74

	
1.09




	
2010–2020

	
−0.88

	
−0.07

	
12.74

	
−1.94

	
0.64

	
−0.72

	
−3.26

	
0.65











 





Table 5. Carbon Emission Effects within UDB under Different Scenarios (t).
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Scenario

	
Carbon Emission of Different Land Use Types within UDB

	
Net Carbon Emission

	
Carbon Source

	
Carbon Sink




	
L1

	
L2

	
L3

	
L4

	
L5

	
L6

	
L7






	
NDS

	
4641.80

	
−1477.59

	
−4708.43

	
−35.79

	
10,473,420.62

	
−1430.61

	
−4.45

	
10,470,405.55

	
10,478,062.42

	
−7656.88




	
CPS

	
5702.13

	
−1387.19

	
−3608.42

	
−34.63

	
10,475,773.36

	
−1275.73

	
−4.04

	
10,475,165.47

	
10,481,475.48

	
−6310.01
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