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Abstract

:

The Yellow River Basin assumes an important ecological and economic function in China. The study of carbon emissions from land use in the nine provinces (regions) of the pathway is important to achieve carbon reduction. Based on the dynamic data of land use, energy, and economic changes in nine provinces (regions) for the past 30 years from 1990 to 2018, this study analyzed the spatial and temporal evolution characteristics of land-use carbon emissions by using the carbon emission coefficient method in the IPCC inventory method and evaluating the low-carbon development model of the nine provinces (regions) by land-use carbon emission intensity. Finally, the LMDI model was used to analyze the factors influencing land-use carbon emissions. The results showed that: (1) in the past 30 years, the net carbon emissions have shown a continuously increasing trend, and the difference in the spatial distribution of carbon emissions in different periods was obvious. The carbon sink effect was not significant enough to offset the carbon emissions generated. (2) The continuously decreasing carbon emission intensity values per unit of GDP indicate that the coordination between land-use and economic development was getting better. (3) The factors of population size, economic size, and land-use structure accelerated land-use carbon emissions, whereas land-use efficiency limited land-use carbon emissions. Accordingly, this paper puts forward some corresponding policy suggestions.
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1. Introduction


In recent years, with the development of production technology and the continuous improvement of urbanization level, carbon emissions from industrial production and human activities are increasing. Climate warming and natural disasters frequently occur, affecting normal production and human well-being [1,2]. Constructing a development model for a low-carbon economy is imperative. Following the themes of peace and development, global environmental governance has emerged as a major challenge for human development. China’s economic and social development is currently at a bottleneck, requiring higher energy consumption to maintain economic development. In terms of increased carbon emissions since 2006 for 16 consecutive years, China is ranked first [3]; therefore, reducing China’s carbon emissions is extremely important. The land is an important factor in production, providing an important platform for human activities. Human activities produce high levels of carbon emissions during land-use change, which is one of the most important carbon sources in the world [4,5]. The study of land-use carbon emissions from the perspective of land use and its control is important in improving China’s low-carbon development model and achieving the “double carbon” goal.



At present, many scholars have studied land-use carbon emissions, mainly focusing on land-use changes [6], effects of land use on carbon emissions [7,8], land-use-induced carbon emission accounting methods [9,10], influencing factors of land-use carbon emissions [11,12], and predictions of land-use carbon emissions [13], using different methods and data. Zhang et al. used carbon emission models to measure land-use carbon emissions in some areas of the Xinjiang Uygur Autonomous Region. They explored its influence mechanism and the coupling relationship between land-use carbon emissions and urbanization level [14]. Poeplau C. found that changes in land use practices affected CO2 emissions or sequestration using long-term monitoring of data from different soils in Europe [15]. From 1990 to 2000, Liu Jiyuan used remote sensing estimation methods to calculate soil carbon and nitrogen accumulation for various land-use types in China [16]. Houghton R. A. calculated carbon fluxes from living vegetation, dead vegetation, soil, and wood products in China using a bookkeeping model [17]. Yuan Shaofeng used Landsat TM image interpretation data to combine economic contribution and ecological carrying capacity, and then used the coupling results to investigate the characteristics of land-use carbon emissions in the Yangtze River Economic Zone [18]. Michele et al. [19] examined the factors influencing land-use carbon emissions in the study area using a regression analysis model. Yang Kun et al. [20] used a Markov model to predict future land-use changes and carbon emissions in the study area based on remote sensing data from the Lhasa region for two periods in 2000 and 2010, and classified the region into six land categories: arable land, forest land, grassland, water, construction land, and unused land. Tan et al. forecasted the 2020 census using a GM (1, 1) model. The GM (1, 1) model was used to forecast Chongqing’s carbon emissions in 2020 [21]. In general, domestic and international studies have focused on accounting for land-use carbon sinks, carbon sources, and net carbon emissions and analyzing the spatial and temporal changes. These studies are relatively comprehensive but still have some limitations, e.g., the studies on the spatial and temporal distribution characteristics of the study area are less diversified and comprehensive. There is a lack of discussion of the social, economic, and ecological effects, and the impact of the land-use change on carbon emissions cannot be fully and profoundly revealed. In terms of exploring the factors affecting carbon emissions, although different principles and methods have been used, the results mostly show a positive correlation between carbon emissions and economic factors; however, the conclusions are not innovative and the methods used are rather homogeneous. From the standpoint of land use, it is practical to investigate and control the influencing factors of the Yellow River Basin land-use carbon emissions, as well as to take appropriate measures to reduce the national pressure on carbon emission reduction and to achieve green and low-carbon sustainable development. This paper uses this as a jumping off point for further discussions.



The Yellow River Basin is an important region for economic development and ecological protection and an important energy basin in China [22]. It is important for China’s economic and social development and ecological security. The development and implementation of an ecological protection and high quality development strategy for the Yellow River Basin can help to balance the economies of the north and south and support the high quality development of the northern economy. It will effectively promote the balanced and green development of China’s regions and the formation of a new pattern of coordinated regional development when combined with other regional development strategies. In this study, the data on the dynamic changes in land use, population, energy, and economy from 1990 to 2018 in nine provinces (regions) of the Yellow River Basin were used to estimate land-use carbon emissions using the carbon emission coefficient of the IPCC inventory method, combined with energy consumption data, and the low-carbon development patterns of the nine provinces (regions) were evaluated through land-use induced carbon emission intensity; finally, the LMDI model was used to analyze the factors influencing land-use carbon emissions. The current level of the low-carbon development in the Yellow River Basin is relatively low, with obvious differences between the regions, and there have been serious problems facing low-carbon development, such as the coal-leaning energy consumption structure, heavy industrial structure, and insufficient policies and mechanisms for the low-carbon economy to support the economic transition. On the basis of land-use carbon emissions, analyzing the efficiency of land-use carbon emissions in provinces and regions of the Yellow River Basin provides an important reference value for determining the degree of the differences in low-carbon development among provinces and regions of the Yellow River Basin [23]. It can also provide a basis for relevant departments to prepare relevant plans for the Yellow River Basin.




2. Overview of the Study Area and Data Sources


2.1. Overview of the Study Area


The Yellow River is known as the “mother river” of Chinese civilization and is the second longest river in China (Figure 1). Originating from the Qinghai–Tibet Plateau, it covers the eastern, central, and western parts of China and empties into the Bohai Sea near Dongying in Shandong Province. The total area of the basin is 795,000 square kilometers, dividing into the Hekou town as the upper, between Hekou and Taohuayu as the middle, and below Taohuayu as the lower reaches, with the mountainous terrain located in the upper reaches and hills and plains located in the middle and lower reaches [24]. Since the “reform and opening up”, the economic development of the Yellow River Basin has made significant progress, with the average annual growth rate of regional GDP in the region reaching 9.4% between 1978 and 2020 and the total economic value increasing by nearly 56.2 times [25]. According to the data derived from the statistical yearbook of the provinces in the study region, the total population of the study region was 421,604,100 by the end of 2020, accounting for 29.70% of the total population of the country, and the regional GDP was CNY 2,538,661 billion, accounting for 25.00% of the total national GDP. Along with the rapid economic development, carbon emissions in the Yellow River Basin remain high, and in 2018, carbon emissions in the Yellow River Basin were 1,574,994,200 tons, accounting for 12.01% of the national total carbon emissions. In this study, taking the naturally flowing area of the Yellow River as the main body and considering the economic and ecological relationships among the regions in the basin, nine provinces (regions) including Qinghai, Sichuan, Gansu, Shaanxi, Ningxia, Inner Mongolia, Shanxi, Henan, and Shandong were selected as the study area based on the accessibility and accuracy of relevant research data and the issue of data measurement scales in research.




2.2. Data Sources


Land-use monitoring data from the Chinese Academy of Sciences (www.resdc.cn, accessed on 21 January 2023) were used in this study, with an accuracy of 30 m × 30 m, cropped to the administrative boundaries of the study area. Among them, the data for 2000, 2005, and 2010 were produced using Landsat TM/ETM remote sensing images from each period as the primary data source. The data for 2018 were updated based on the previous data, with the addition of Landsat 8 remote sensing images and manual analysis, yielding 90% accurate annual land-use remote sensing monitoring data. Since 2020, land-use remote sensing data are currently used less in relevant studies, and the accuracy of data use has yet to be tested, followed by the use of data from 2018. The energy consumption data and other data of the nine provinces (regions) required to measure carbon emissions from various energy sources were obtained from the China Energy Statistical Yearbook in 1991, 2001, 2011, and 2019. The data on total population, GDP, total energy consumption, and residential energy consumption from the nine provinces (regions) were obtained from the Statistical Yearbook of each province from 2011 to 2021.





3. Research Methodology


3.1. The IPCC Land-Use Carbon Emission Coefficient Method


Land-use carbon emissions are the drivers of greenhouse gases such as CO2 in the process of land-use change, and they can be divided into direct carbon emissions and indirect carbon emissions [26]. In this paper, the results of carbon emission accounting represent the difference between the carbon emission and carbon absorption of each land-use type, and the positive value of the accounting results reflects the carbon source, which generates carbon emissions. In contrast, the negative value of the accounting results reflects the carbon sink, which is the absorption of carbon emissions. The IPCC land-use carbon emission coefficient method is based on the carbon emission coefficient calculation method in the IPCC Guidelines for National Greenhouse Gas Inventories. The direct carbon emission coefficient method is used for the land-use types including cultivated land, grassland, forest land, water area, and unused land. In contrast, the indirect carbon emission coefficient method is used for construction land to estimate the net carbon emissions from land use [27,28].



3.1.1. Direct Land-Use Carbon Emission Coefficient Method


Direct land-use carbon emissions refer to the carbon emissions generated in the process of direct land-use change, as well as carbon emissions generated from the transformation of land-use types, including the transformation within each land type and between land types.


  E =  ∑  e i =  ∑  S i × Q i  



(1)




where E is the regional land-use carbon emissions; ei is the carbon emission from a certain land-use type; Si is the area of a certain land-use type; and Qi is the carbon emission coefficient of a certain land-use type. The carbon emission coefficients of land-use types [29] are shown in Table 1.




3.1.2. Indirect Land-Use Carbon Emission Coefficient Method


Indirect carbon emissions from land use refer to the carbon emissions generated by human activities using land as the basic carrier of socioeconomic activities and consuming energy in the process of land-use change. The carbon emission coefficients were calculated based on the parameters given in the IPCC Guidelines for National Greenhouse Gas Inventories [30,31,32], and eight main energy sources were selected according to the energy consumption of the study area, as shown in Table 2.


   E c  = ∑ E i ×  f i   



(2)




where Ec is the carbon emissions from construction sites; Ei is the energy consumption; and fi is the carbon emission factor for energy.




3.1.3. Accounting for Net Land-Use Carbon Emissions


The net carbon emissions in the region are equal to the sum of the total carbon emissions from land-use types and the total carbon emissions from energy consumption in construction land, which is calculated as shown in (3).


  C = E +  E C   



(3)




where C is the total regional carbon emissions; E is the total carbon emissions from land-use changes; and EC is the carbon emissions from construction land.





3.2. Land-Use Carbon Emission Intensity


Carbon emission intensity refers to the amount of carbon dioxide emitted per unit of GDP in the study area. Analysis of land-use carbon emission intensity can further reveal the relationship between the land-use carbon emissions and socioeconomic factors such as population and economy and can also help assess the low-carbon development model of the region, as shown in Equation (4) [33].


  C E I =  C  G D P      



(4)




where CEI is the carbon emission intensity of the study region in t/CNY 10000; C is the total carbon emission (t) of the study region; GDP is the gross domestic product of the study region in million CNY.




3.3. Decomposition of Land-Use Carbon Emission Factors Based on the LMDI Method


Currently, the most widely used factor decomposition methods include the log-averaged D-type exponential decomposition (LMDI), the Kaya constant equation, and the STIRPAT model. Among them, LMDI is the most widely used method in the decomposition of carbon emission factors. Compared with other methods, the LMDI method can not only overcome the disadvantage of the improper decomposition of residual terms from decomposition but also removes the residual terms and satisfy the reversibility condition. The LMDI model is an analytical framework for studying the characteristics of land-use change and its mechanism of action. It is run by decomposing the total index, identifying the factors that affect the total index, analyzing the degree of the influence of each factor on the total index, and finally explaining the reasons for the change in the total index [34,35,36,37]. In this study, the LMDI model was used to decompose the land-use carbon emission factors in the study area and analyze the influence of economic factors, demographic factors, factors affecting the structure of land-use change, and energy-use efficiency factors on land-use carbon emissions [31,38].


  C =  C L  ×  L  G D P   ×   G D P  P  × P  



(5)






  A I =  C L  ; B I =  L  G D P   ; C I =   G D P  P   



(6)




where C is the carbon emissions (million t); L is the area of regional construction land (million ha); GDP is the regional gross domestic product (billion CNY); P is the total population (ten thousand); AI is the land-use structure; BI is the energy-use efficiency; and CI denotes the level of economic development.



For Equations (5) and (6), the total carbon emissions at the beginning of the period were taken as C0 and the total time of the T-period is Ct, whose change is denoted by ∆C. Similarly, the land area at the beginning of the period is L0 and the area of the regional construction land in period T is Lt, with its change denoted by ∆L. The total population at the beginning of the period is P0, while the total population during the period T is Pt. The change in the population size is ∆P. The regional GDP at the beginning of the period is GDP0 and the regional GDP during the period T is GDPt. The regional economic development rate is ∆GDP; the land-use structure at the beginning of the period is AI0, while the land-use structure during the period T is AIt and the change in the land-use structure of the region is ∆AI. The energy-use efficiency intensity at the beginning of the period is BI0, whereas the intensity of energy-use efficiency during the period T is BIt, and the change in the regional energy-use efficiency intensity is ∆BI. Therefore, the change in carbon emissions during the study period (0-T) can be changed from Equations (5) and (6) to Equation (7) as follows [32,39]:


  Δ C = Δ P + Δ G D P + Δ A I + Δ B I  



(7)






   Δ P = w l n      P t     P 0        ;   Δ G D P = w l n     G D  P t    G D  P 0        ;   Δ A I = w l n     A  I t    A  I 0        ;   Δ B I = w l n     B  I t    B  I 0        ;   w =      C t  −  C 0        l n  C t  − l n  C 0        













4. Results and Analysis


4.1. Analysis of the Spatial and Temporal Pattern Evolution of Land-Use Carbon Emissions


4.1.1. Time Series Analysis of the Characteristics of Land-Use Carbon Emissions


Based on the data on the dynamic changes in land use, energy, population, and economy of the nine provinces (regions) in the Yellow River Basin, the results of land-use carbon emissions in the study area during the past 30 years were obtained for the land-use carbon emission measurement using the IPCC method, as shown in Table 3. Within the last 30 years, the net carbon emissions of these nine provinces (regions) showed a continuous increase and also a large decrease, from 253,493,700 t in 1990 to 157,499,400 t in 2018. Among them, in four time periods from 2000 to 2010, carbon emissions underwent the largest change of 773,113,600 t, with a change rate of 220.00%, which strongly indicates that China’s economy was in a state of rapid development at that time, with a sloppy mode of development and poor awareness of environmental protections [40]. Arable land and construction land producing large amounts of carbon emissions during the utilization process were carbon sources. Woodland, grassland, water area, and unused land minimized the increase in total carbon emissions by absorbing carbon emissions generated from carbon sources and were also the main carbon sinks [41]. The results of the study showed that among the carbon sink land-use types, carbon absorption remained stable, with forest land playing the main role of carbon absorption; cropland and construction land promoted the increase in carbon emissions in the utilization process, and the amount of carbon emissions from cropland has undergone a steady 30-year change. In comparison, carbon emissions from construction land showed a sharp increase within 30 years, demonstrating that it is the most important source of carbon emissions. In terms of cross-sectional analysis, the carbon sink effect in related land types within the study area was not significant enough to offset the carbon emissions generated by the change in land use, and construction land played a decisive role in the production of net carbon emissions from land use.




4.1.2. Sequencing-Based Spatial Analysis of the Characteristics of Land-Use Carbon Emissions


The net carbon emissions (Table 4) and spatial distribution (Figure 2) of land-use types in the nine provinces (regions) in the Yellow River Basin during 1990–2018 in different periods were calculated by the land-use carbon emission measurement method. The spatial pattern of net land-use carbon emissions was divided into four levels using the natural interval method, with level 1 being the lowest and level 4 the highest.



Overall, the carbon emissions in the Yellow River Basin are high. There were significant differences in carbon emissions among the nine provinces (regions) along the Yellow River, with four provinces (Shanxi, Shaanxi, Henan, and Shandong) in the middle and lower reaches of the Yellow River belonging to the high emission area, two provinces (regions) in Sichuan and Inner Mongolia in the upper reaches of the Yellow River belonging to the medium emission area, and three provinces (regions) in Qinghai, Ningxia, and Gansu belonging to the low emission area, with large differences in the spatial distribution of carbon emissions (Figure 2). In 1990, Sichuan Province and Shandong Province were the main carbon emitter areas, with a total net carbon emissions of 107,278,100 tons, accounting for 43% of the total carbon emissions of the nine provinces (regions). In 2000, the proportion of carbon emissions in Henan Province increased, which was considered the top carbon emitter area together with Sichuan Province and Shandong Province, with a total carbon emissions of 225,969,700 tons in these three provinces and regions accounting for 64% of the total net carbon emissions of the study area. The net carbon emissions in 2010 were mainly concentrated in Sichuan Province, with a total of 301,829,000 tons, accounting for 28% of the total net carbon emissions of the study region; however, the regional net carbon emissions in 2018 were mainly concentrated in Qinghai Province, Sichuan Province, and Shandong Province, with a total net carbon emissions of 1025.407 million tons, accounting for 65% of the total regional carbon emissions. Sichuan Province had the largest carbon emissions in all four periods from 1990 to 2018, whereas Inner Mongolia had the smallest carbon emissions. Overall, the low carbon emission areas were mainly distributed in the central and northern parts of the Yellow River Basin, namely, the Inner Mongolia Autonomous Region and the Shaanxi District, which are dominated by mountains and grasslands, with high forest cover areas and large carbon sinks but relatively low amounts of total carbon emissions [42]. The high carbon emission areas, however, were concentrated in the southern and eastern parts of the Yellow River Basin, which are closely related to rapid economic development, large-scale expansion of construction land, and large populations in recent years [43].





4.2. Time Series Analysis of Land-Use Carbon Emission Intensity


Carbon emissions per unit GDP can reflect the contribution of regional economic development to carbon emissions, which is considered an important indicator for the regional low-carbon development level [44]. To clarify the relationship between the economy and carbon emissions of each province, the GDP and total carbon emissions of the nine provinces (regions) in the four periods (1990, 2000, 2010, and 2018) were calculated using the carbon emission intensity formula to obtain the carbon emission intensity from land use in the nine provinces (regions) in different years.



The carbon emission intensity per unit GDP can reflect the relationship between the regional carbon emissions and economic development; the smaller the value, the more consistent, coordinated, reasonable, and sustainable the land use and the economic development is and vice versa [45]. According to Figure 3, the total carbon emission intensity per unit GDP of the nine provinces (regions) has decreased during the past 30 years, from 5.21 t/CNY in 1990 to 0.66 t/CNY in 2018, with an initial more rapid and then a slower deceleration. This indicates that the nine provinces and regions have actively responded to the call for the “double carbon” policy, continuing to promote energy conservation and emission reduction and taking a low-carbon development model, with strong coordination between land use and economic development, along with a remarkable sustainable development of the region. Among the provinces in the study area, the carbon emission intensity of Qinghai and Ningxia was significantly higher than that of the other provinces and regions, reaching 4.07 tons per million CNY, reflecting the low level of low-carbon development in these two provinces and also the need for improving their industrial efficiency, as well as the further optimization of the industrial structure. Inner Mongolia showed a continuously decreasing trend during 1990–2018, from −0.98 t/CNY in 1990 to 0.06 t/CNY in 2018, and the total amount has been at a low level, indicating that there is some variation in land use and economic development in Inner Mongolia, but in general, the economic structure is more logical.




4.3. Analysis of Factors Influencing Land-Use Carbon Emissions in Nine Provinces and Regions in the Yellow River Basin


Carbon emissions from construction land had the largest proportion of total carbon emissions from the different land-use types (Table 3), but its utilization area ranked last among all other types of land use. Therefore, using the LMDI model, we could further analyze the influencing factors of land-use carbon emissions by analyzing the factors leading to the increase or decrease in construction land combined with other related factors. According to Equation (7) and the total land-use carbon emissions in the study area from 1990 to 2018, the decomposition analysis results of land-use carbon emission factors in the study area could be obtained, as shown in Figure 4.



According to the calculation results, the population, economy, land-use structure, and energy-use efficiency all had a significant influence on land-use carbon emissions, and all underwent obvious annual changes in the different periods; however, the contribution rates of the different influencing factors differed significantly. During 1990–2018, the factor of energy-use efficiency had the greatest influence on land-use carbon emissions in the nine provinces and regions, i.e., the energy-use efficiency significantly affected carbon emissions and played a suppressive role in the increase in carbon emissions. The contribution of economic factors and energy-use efficiency factors to carbon emissions was relatively similar, and the contribution rate of demographic factors was significantly lower than that of other factors. The factor of energy-use efficiency limited carbon emissions. In contrast, other factors played a positive role in the increase in carbon emissions, and the factor of the economy greatly promoted the increase in carbon emissions.



In terms of population-related factors, the increase in the size of populations showed a positive correlation with the increase in total carbon emissions and promoted the increase in land-use carbon emissions. The contribution rate of population-related factors to carbon emissions was relatively consistent from 1990 to 2008, hovering around a low rate of 37.2 million tons. This may be due to the reduction in the contribution rate of population size by the population divergence and aging of the population in the Yellow River Basin [23]. However, the increase in carbon emissions caused by population size in the Yellow River Basin, with an early large population size, still needs to be taken seriously. Thus, a reasonable layout of population size is needed, and carbon emissions can also be reduced by reducing personal consumption.



In terms of economic factors, GDP per capita reflects the economic development of the study region, and the expansion of economic scale resulted in a significant positive contribution to the increase in carbon emissions, with an average contribution rate of about 835,488,800 tons, indicating that it is a key factor in promoting the increase in regional carbon emissions. The contribution rates of economic development and energy use efficiency could offset each other to a certain extent. Economic development was accompanied by a significant increase in energy consumption, and thus, they were combined, bringing about a rapid increase in carbon emissions. Therefore, it is necessary to change the development model, improve its quality, and strongly promote a low-carbon economic development to reduce the effects of economic factors on the increase of carbon emissions.



The land-use structure factors promoted the increase in land-use carbon emissions, with an average contribution rate of around 440,686,300 tons. During the study period, the obtained basic data on land-use structure revealed that while the cultivated land area as a carbon source is continuously slightly decreasing, construction land is increasing. The continuous expansion of construction land and rising fossil fuel consumption, as well as the small change in the area of land-use types that act as carbon sinks, cannot offset the carbon emissions produced by expanding carbon sources, making the net carbon emissions show a continuously increasing trend throughout the study period.



The analysis of energy-use efficiency and its influencing factors showed that the contribution rate of energy-use efficiency factors to carbon emissions significantly increased from −479,805,600 tons in 1990–2000 to −105,541,000 tons in 2000–2010, further clarifying that the energy-use efficiency in the Yellow River Basin has been effectively improved during this period, significantly suppressing the increase in carbon emissions. However, the suppression effect has been minimized in recent years, indicating that there may be some difficulties in the further development of clean energy [46].





5. Conclusions


This study used the carbon emission coefficient method based on the IPCC inventory method to analyze the spatial and temporal evolution characteristics of land-use carbon emissions in nine provinces (regions) and assessed the low-carbon development patterns of these provinces (regions) through land-use carbon emission intensity. Finally, the LMDI model was used to decompose the factors influencing land use carbon emissions, revealing the impact of various factors on land use carbon emissions. The main conclusions are as follows:




	
In the past 30 years, the net carbon emissions of the nine provinces (regions) have shown a continuously increasing trend, from 253,493,700 tons in 1990 to 1,574,994,200 tons in 2018, with a large increase of 220% from 2000 to 2010. Construction land was the main carbon source, and the emissions from construction land increased rapidly from 256,375,600 tons in 1990 to 1,578,892,000 tons in 2018, with a growth rate of 500.15%. The difference in the spatial distribution of carbon emissions in different periods was obvious, and the carbon sink effect was not significant enough to offset the carbon emissions generated in the process of land-use change; the pressure for reductions in land-use carbon emissions was also high.



	
The total carbon emission intensity values per unit of GDP of the nine provinces (regions) continuously decreased from 5.21 t/CNY in 1990 to 0.66 t/CNY in 2018, with an initial rapid and then a slow deceleration which indicates that the coordination between land use and economic development was improving in the nine provinces (regions). Moreover, the rapid economic development and the green, low-carbon development model had obvious results.



	
There were differences in the degree of the contribution of influencing factors to carbon emissions, and the factors of economy and energy-use efficiency were the main factors affecting land-use carbon emissions. Among them, the factors of population size, economic size, and land-use structure accelerated land-use carbon emissions, whereas energy-use efficiency factors limited land-use carbon emissions.








The findings of this study accurately reveal the changes in land-use carbon emissions in the Yellow River Basin over the last 30 years, as well as the factors influencing land-use carbon emissions. The conclusions drawn can serve as a solid scientific foundation for relevant departments to develop economic and ecological development plans for the Yellow River Basin and plans for energy conservation, emission reduction, and green development in China.




6. Discussion and Recommendations


In this study, based on the accounting results of land use carbon emissions during the last 30 years from 1990 to 2018, the LMDI model was used to analyze the influencing factors of land-use carbon emissions, which were generally consistent with previous studies. Some previous studies suggested that increased efficiency in energy use has contributed to increased efficiency in carbon emissions and has generally curbed the increase in carbon emissions [47]. This study analyzed the influence of energy use efficiency factors on land-use carbon emissions based on previous studies and concludes that energy use efficiency factors limited land-use carbon emissions, with ample scope for innovation; however, there are still limitations as follows: (1) From the standpoint of land-use carbon emission accounting methods, this paper adopted the IPCC inventory method for land-use carbon emission accounting, which is based on energy consumption, has a fixed formula, and is easy to calculate; However, the carbon emission accounting in this paper has certain accuracy problems and does not take into account the large span of the study area. The same accounting formula and conversion factors are used for the whole study area, and the accounting results may be different from the actual carbon emission situation. (2) Different provinces have different social, economic, and natural conditions, and their carbon emissions may vary. This study takes the provinces involved in the study area as a whole and does not consider the interrelationships that exist between different provinces. Therefore, in the future, we should conduct an in-depth comparative study of the changes in carbon emissions in each province in the region and consider their inter-provincial effects, which will help to grasp the impact of land-use changes on carbon emissions in a deeper way. (3) The factor decomposition model was used to analyze the influencing factors of carbon emissions. In reality, there are many driving factors affecting carbon emissions, and this study cannot decompose all the factors, and only analyzed the main influencing factors, hoping that future studies can further analyze the influencing factors of land-use carbon emissions in depth.



Although there are shortcomings, this paper has some reference significance for reducing carbon emissions in the Yellow River Basin, and the following policy recommendations can be made based on the findings of this paper:




	
Creating a basic layout of land-use structure: The carbon emissions from different land-use types have different levels. To reduce carbon emissions, we need to reasonably establish the land-use structure, increase the area that acts as a carbon sink under different land-use types, reduce the area that acts as the carbon source under different land-use types, introduce norms for the use of construction land, create a strict approval process, and determine the ratio of the area of the construction land, arable land, forest land, grassland, etc., to contribute to the low-carbon and high-quality development of the nine provinces (regions).



	
Adjusting the economic structure of the industry: Carbon emissions are closely related to the speed of economic development; the faster the economic development, the higher the level of carbon emissions. Therefore, we should adjust the industrial structure, prioritize the development of the tertiary industry, promote the industrial transformation of primary and secondary industries, control the scale of high energy-consuming and high emissions industries, actively eliminate “backward production capacity”, and reduce carbon emissions in the nine provinces (regions) to ensure economic development.



	
Optimizing the structure of energy use and vigorously developing clean energy: Energy use is the direct source of carbon emissions, and the use of clean energy and the efficiency of traditional energy use should be improved. The relevant policies should be formulated to create favorable conditions for developing new energy sources and raise people’s awareness of using clean energy. The improvement of energy use efficiency is the key to reducing carbon emissions, encouraging technological innovation in heavy industries and other high energy-consuming industries, and reducing and promoting low-carbon green development of industries.
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Figure 1. Administrative division map of the study area. 
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Figure 2. Spatial distribution of net carbon emissions by province in the study area by year (104 t). 
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Figure 3. Carbon emission intensity per unit of GDP by province in different years in the study region (10 thousands t/CNY). 
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Figure 4. Decomposition result of land-use carbon emission factors in the study area (104 t). 
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Table 1. Carbon emission coefficient for land-use types.
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	Land Use Type
	Arable Land
	Forest Land
	Grassland
	Water
	Unused Land





	Carbon emission factor
	0.497 t/hm2
	−0.581 t/hm2
	−0.021 t/hm2
	−0.253 t/hm2
	−0.005 t/hm2







Note: Carbon emission factors based on IPCC 2006.
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Table 2. Carbon emission coefficient for each type of energy.
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	Energy Type
	Raw Coal
	Coke
	Crude Oil
	Fuel Oil
	Gasoline
	Kerosene
	Diesel Oil
	Natura l Gas





	Carbon emission factor

(tc.t–1 standard coal)
	0.7559
	0.8550
	0.5857
	0.5538
	0.5714
	0.5921
	0.6185
	0.4483



	Standard coal factor

(t standard coal)
	0.7143
	0.9714
	1.4286
	1.4286
	1.4714
	1.4714
	1.4571
	1.2143







Note: Carbon emission factors based on IPCC 2006.
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Table 3. Carbon emissions by land use types in the study area (104 t).
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	Year
	Arable Land
	Woodland
	Grassland
	Water
	Construction Land
	Unused Land
	Net Emissions





	1990
	3281.32
	−3077.77
	−294.38
	−158.58
	25,637.56
	−38.78
	25,349.37



	2000
	3341.48
	−3050.00
	−292.10
	−159.53
	35,339.12
	−38.70
	35,140.27



	2010
	3306.10
	−3174.06
	−281.89
	−171.33
	112,812.09
	−39.27
	112,451.63



	2018
	3266.60
	−3153.59
	−282.22
	−181.69
	157,889.20
	−38.87
	157,499.42
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Table 4. Carbon emissions from land-use types in the study area by province (104 t).
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Year

	
Province

	
Arable Land

	
Woodland

	
Grassland

	
Water

	
Construction Land

	
Unused Land

	
Net Emissions






	
1990

	
Inner Mongolia

	
513.11

	
−973.57

	
−113.03

	
−36.26

	
312.94

	
−15.57

	
−312.37




	
Gansu

	
322.39

	
−220.64

	
−30.03

	
−8.48

	
4428.07

	
−8.65

	
4482.67




	
Shanxi

	
304.16

	
−255.74

	
−9.6

	
−4.49

	
1592.58

	
−0.01

	
1626.91




	
Shaanxi

	
356.64

	
−268.33

	
−16.2

	
−4.24

	
540.7

	
−0.3

	
608.28




	
Qinghai

	
39.68

	
−166.89

	
−78.28

	
−69.41

	
2410.81

	
−12.94

	
2122.96




	
Ningxia

	
80.81

	
−13.42

	
−5.51

	
−2.38

	
1711.63

	
−0.26

	
1770.87




	
Shandong

	
521.99

	
−57.45

	
−2.93

	
−13.66

	
4949.08

	
−0.16

	
5396.86




	
Henan

	
537.52

	
−156.09

	
−2.16

	
−10.27

	
3953.25

	
−0.01

	
4322.25




	
Sichuan

	
605.03

	
−965.64

	
−36.65

	
−9.4

	
5738.49

	
−0.88

	
5330.95




	
2000

	
Inner Mongolia

	
564.5

	
−951.39

	
−111.35

	
−37.21

	
400.58

	
−15.61

	
−150.49




	
Gansu

	
326.23

	
−218.62

	
−29.95

	
−8.36

	
3593.04

	
−8.64

	
3653.71




	
Shanxi

	
304.54

	
−254.1

	
−9.6

	
−4.29

	
2443.54

	
−0.01

	
2480.09




	
Shaanxi

	
357.18

	
−269.48

	
−16.33

	
−4.15

	
709.77

	
−0.24

	
776.76




	
Qinghai

	
40.98

	
−166.81

	
−78.19

	
−69.05

	
3675.87

	
−12.95

	
3389.85




	
Ningxia

	
91.97

	
−14

	
−5.01

	
−2.38

	
2323.07

	
−0.26

	
2393.39




	
Shandong

	
515.68

	
−57.53

	
−2.91

	
−15.41

	
8934.79

	
−0.11

	
9374.51




	
Henan

	
537.98

	
−156.68

	
−1.99

	
−9.03

	
5924.47

	
0

	
6294.75




	
Sichuan

	
602.43

	
−961.39

	
−36.77

	
−9.66

	
7333.98

	
−0.88

	
6927.71




	
2010

	
Inner Mongolia

	
590.85

	
−1037.93

	
−98.95

	
−35.06

	
1132.75

	
−17.52

	
534.14




	
Gansu

	
323.46

	
−223.85

	
−30.02

	
−8.98

	
9531.62

	
−8.55

	
9583.68




	
Shanxi

	
288.51

	
−259.05

	
−9.42

	
−3.84

	
4846.63

	
−0.01

	
4862.83




	
Shaanxi

	
338.77

	
−279.2

	
−16.56

	
−4.16

	
3667.68

	
−0.23

	
3706.3




	
Qinghai

	
42.6

	
−165.96

	
−82.4

	
−75.27

	
17,144.54

	
−11.79

	
16,851.73




	
Ningxia

	
88.34

	
−16.21

	
−4.97

	
−2.46

	
9611.68

	
−0.25

	
9676.13




	
Shandong

	
511.16

	
−52.29

	
−1.78

	
−20.49

	
19,043.75

	
−0.03

	
19,480.33




	
Henan

	
528.66

	
−157.69

	
−1.86

	
−10.15

	
17,214.6

	
0

	
17,573.56




	
Sichuan

	
593.73

	
−981.88

	
−35.93

	
−10.93

	
30,618.82

	
−0.89

	
30,182.93




	
2018

	
Inner Mongolia

	
599.84

	
−1020.67

	
−99.52

	
−37.63

	
1595.13

	
−17.2

	
1019.95




	
Gansu

	
318.05

	
−223.67

	
−30.14

	
−9.68

	
9019.71

	
−8.5

	
9065.76




	
Shanxi

	
286.81

	
−257.89

	
−9.3

	
−3.89

	
5936.81

	
−0.01

	
5952.53




	
Shaanxi

	
332.43

	
−277.97

	
−16.6

	
−4.16

	
8662.27

	
−0.22

	
8695.74




	
Qinghai

	
42.7

	
−165.75

	
−82.22

	
−76.76

	
29,850.69

	
−11.76

	
29,556.89




	
Ningxia

	
86.52

	
−16.26

	
−4.93

	
−2.5

	
15,014.5

	
−0.24

	
15,077.1




	
Shandong

	
498.38

	
−52.39

	
−1.81

	
−24.57

	
30,912.89

	
−0.05

	
31,332.45




	
Henan

	
515.86

	
−157.42

	
−1.86

	
−10.45

	
14,801.52

	
0

	
15,147.65




	
Sichuan

	
586

	
−981.59

	
−35.83

	
−12.03

	
42,095.68

	
−0.88

	
41,651.34








Note: The bolded parts are provinces with high net carbon emissions.
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