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Abstract

:

The fundamental component of the ecological compensation system, as well as the crucial basis for its efficient functioning, is calculating the ecological compensation amount and establishing the ecological compensation standard. This study integrates the ecological footprint with natural capital monetization and other methods by introducing a natural capital accounting system. From the standpoint of natural capital supply and demand, it also builds an accounting framework for ecological compensation standards that is standardized, dynamic, and regionally differentiated while taking local socioeconomic aspects into account. We determined the amount of ecological compensation by using Xinjiang as the research object and calculating and analyzing the features of regional and temporal changes in the monetary and physical quantities of natural capital in Xinjiang from 2010 to 2020. The findings show that from 2010 to 2020, Xinjiang’s ecological footprint increased by 1.26 times in physical terms and 1.21 times in monetary terms and that its ecological carrying capacity increased by 4.13% in physical terms and 9.42% in monetary terms. The ecological deficit continues to grow in physical and monetary terms, with a per capita ecological deficit in 2020 of 19.92 s-nha/cap and 70,100 CNY/cap in physical and monetary terms, respectively. The amount of ecological compensation required to be paid in Xinjiang increased from CNY 5659 million to CNY 10,259 million, and the per capita ecological compensation payment standard increased from 259.42 CNY/cap/yr to 396.11 CNY/cap/yr. In summary, Xinjiang’s natural capital supply is insufficient to meet the demand for consumption, and the ecological deficit is growing with time, necessitating the payment of ecological compensation. The study’s results lay the foundation for formulating and implementing ecological compensation policies in Xinjiang and provide theoretical support for constructing ecological civilization in Xinjiang. In addition, the ecological compensation accounting framework constructed in this study organically integrates natural capital theory, ecosystem services, and socioeconomic influencing factors, which enriches the methodology of accounting for ecological compensation standards, and, at the same time, can be used as a paradigm of a dynamic and equitable ecological compensation accounting framework to further promote its use at different scales and regions.
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1. Introduction


In recent years, the development of regions and countries at different levels of development at the expense of ecological quality and transitional consumption of natural resources has caused the gradual deterioration of the ecological environment, and the contradiction between the environment and development has reached an unprecedented height in the 21st century [1,2,3]. The key to realizing the harmonious coexistence of humans and nature lies in balancing the relationship between the socioeconomy and the ecological environment [4]. The coordinated and consistent development of the two is directly related to a region’s sustainable development level [5]. In existing practice, it can be proven that ecological compensation is a strategy that can effectively solve the contradiction between environment and development [6]. Determining the ecological compensation standard is the premise and key to implementing the ecological compensation system [7]. However, academics have not proposed a uniform methodology for setting ecological compensation standards [8].



In the current study of ecological compensation, scholars have adopted various methods to scientifically and rationally determine feasible ecological compensation standards [9,10,11]. These methods include the cost method (the opportunity cost method, the ecological damage cost method, and the alternative cost method) [12], WTP/WTA (willingness to pay/willingness to accept) [13], the ecosystem service value assessment method [14], and the ecological footprint method [15]. The cost method is highly operable and versatile. It can provide intuitive market-based economic value accounting for regional ecological compensation. However, it also has the limitations of ignoring the reparability of the ecological environment and making it challenging to quantify ecological impacts [16]. WTP/WTA can objectively reflect ecological value and provide the feasibility of mobilizing funds to calculate compensation standards. However, WTP/WTA results mainly depend on respondents’ perceptions of the importance of the ecological environment and natural resources protection, and it takes work to reach an agreement between the payers and the beneficiaries [17]. Internationally, ecological compensation is known as “PES” (payments for ecosystem/environmental services), the essence of which is to internalize the external costs of the ecosystem based on quantifying the value of ecosystem services [18]. Chinese scholars have also integrated multiple ecosystem services into the valuation process by quantifying the value of ecosystem services to determine the theoretical overall economic and social value of ecological compensation [19]. The ecological footprint model consists of two accounting systems: ecological footprint and ecological carrying capacity [20], which reflect the level of human consumption of natural resources and the supply capacity of ecosystems [21]. Therefore, the ecological footprint model can comprehensively reflect the pressure and sustainability of ecosystems [22] and reveal the supply and demand of regional natural resources [23]. Because of its comprehensive and objective nature, some scholars have used it to study ecological compensation standards [24].



With the introduction of a sustainable development strategy and ecological civilization construction in China, people’s attention to ecological compensation has increased. Scholars from all walks of life have gradually increased the number of studies on ecological compensation standards, which has led to the development of many accounting systems that connect and integrate existing methods and models [25]. Accounting for ecological compensation standards from a supply and demand perspective is becoming widely accepted and used in existing studies [26]. Natural capital provides the material basis and environmental conditions for the survival and development of human beings and is characterized by scarcity, mobility, diversity of values, externality, and commonality [27,28]. Therefore, the natural capital accounting system under the perspective of supply and demand opens up new horizons for determining the ecological compensation standard [29]. The System of Environmental–Economic Accounting–Ecosystem Accounting (SEEA-EA) develops an assessment covering natural capital accounting [30]. It emphasizes the accounting of the physical quantity of environmental resources and, at the same time, proposes a way to account for natural capital monetarily and expresses the importance of ecological services through monetary values [31]. SEEA-EA provides an idea for natural capital accounting by converting different forms of natural capital into capital quantities with the same unit of measurement. The ecological footprint is a comprehensive and effective indicator for assessing the utilization of regional natural capital [32]. However, the ecological footprint model lacks consideration of the diversity of ecosystem services, and ecosystem service valuation can compensate for the shortcomings of the ecological footprint model by monetarily estimating the production value of services provided by natural capital to humans [33]. Fewer studies have integrated the two under a coherent accounting framework with seamless integration [34], affecting the accuracy of ecological compensation standards that also require monetized accounting. In addition, for existing ecological compensation studies that combine ecological footprint and ecosystem service value, we found that there are also some problems, such as the accuracy of accounting, poor optimization of model linkage, and the lack of compensation standards and intra-domain allocation [35]. Therefore, this study will introduce ecosystem service equivalence factors (ESEQs) to combine ecological footprints with ecosystem services to realize a reasonable shift from accounting for the physical amount of natural capital to the monetary amount [36]. Based on accounting for the physical and monetary quantities of natural capital and on the supply and demand characteristics of the monetary quantities of natural capital, we will determine the ecological compensation payment areas and beneficiary areas and combine them with regional socioeconomic indicators to determine the ecological compensation standard.



Xinjiang has obvious geographical advantages as a window for China’s “Belt and Road” to open to the West [37]. However, its natural resource endowment is poor. With the development of regional urbanization and industrialization, the consumption of natural capital in the region has surged, and ecological security has been threatened [38]. Therefore, realizing ecological and economic sustainable development is still essential in Xinjiang. On this basis, the research on ecological compensation in Xinjiang was carried out. Firstly, this study improved the ecological footprint model based on regional characteristics, which enhanced the understanding of local ecological conditions. Secondly, introducing the ESEQs to realize the reasonable conversion of natural capital accounting from physical quantities to monetary quantities helped improve the accuracy of natural capital accounting. Thirdly, based on the dynamic changes and spatial heterogeneity of natural capital supply and demand in Xinjiang, this study constructed a research framework for ecological compensation standards, which provided a differentiated payment standard for the ecological compensation standard scheme of various prefectures in Xinjiang and also provided a scientific basis for balancing the interests between regional ecological environment protection and economic development. We hope that the ecological compensation we have studied and determined can provide some constructive references for the coordinated development of the ecological economy in Xinjiang and enrich the framework and methodological system of calculating ecological compensation standards against the background of promoting regional sustainable development.




2. Materials and Methods


2.1. Study Area


The Xinjiang Uygur Autonomous Region is located in the northwest of China (34°25′–49°10′ N, 73°40′–96°23′ E), with a total area of about 1.66 × 106 km2, accounting for about one-sixth of China’s land area (Figure 1). It is the largest province in China [39]. North of the Tianshan Mountains in Xinjiang is the Junggar Basin, in the south is the Tarim Basin, in the northernmost part are the Altai Mountains, and in the southernmost part are the Kunlun Mountains. Xinjiang is deep inland and far from the ocean. The region is a typical semi-arid and arid area with low precipitation, intense evaporation, a fragile ecological environment, and strong sensitivity. The average annual temperature range is −4.11 °C–17.22 °C, and the precipitation is relatively small. The average annual precipitation is 10.02 mm–588.93 mm [40]. With the development of large-scale and high-intensity industrialization and urbanization in the region in recent years, the consumption rate of natural capital in Xinjiang has exceeded the speed of ecosystem renewal and regeneration [41]. Coordinating the development of ecological construction and economic growth is still arduous. The existing research needs to pay more attention to the ecological compensation in Xinjiang [42]. Therefore, based on the improved natural capital accounting framework, combined with regional socioeconomic indicators, this paper evaluates the utilization of natural capital in Xinjiang from 2010 to 2020, tries to calculate the regional ecological compensation amount, and determines the ecological compensation standard.




2.2. Data Source


In this study, data on biological resources (products produced by biologically productive land), water resources, energy consumption, various pollution emissions, and the socioeconomy were obtained from the 2011–2021 Xinjiang local government statistical yearbook. The land use data and other data were obtained from the results of existing scientific studies (Table 1).




2.3. Research Methodology


Figure 2 shows the basic framework and process of this study, which mainly includes the following parts: First, we included biological accounts, carbon footprint accounts, pollution footprint accounts, and freshwater footprint accounts at the same time, which showed the physical consumption level of natural capital in the economic and social system more comprehensively. Secondly, we introduced the index of ESEQs to connect the value of ecosystem services with the ecological footprint to realize the natural capital monetary (EFM: ecological footprint monetary; BCM: ecological carrying capacity monetary) accounting. In selecting ecosystem service categories, we selected six ecosystem services, namely, food production, material production, gas conditioning, climate control, hydrological regulation, and waste disposal, to correspond to the content of the ecological footprint project. Finally, we judged the compensation method (pay or accept) based on the accounting results of natural capital currency and proposed differentiated ecological compensation standards based on the level of regional social and economic development.



2.3.1. Physical Accounting of the Ecological Footprint


Determination of Critical Factors


The global hectare (gha) refers to the global production of biological products per unit of land area. Similar to the global hectare, the sub-national hectare (s-nha) represents the average productivity of a province’s land. Compared with the global hectare and the national hectare (nha), the sub-national hectare can more accurately reflect the land productivity of specific regions [41]. Therefore, local biological production data in Xinjiang were selected to determine s-nha values in this study. On this basis, the two critical factors of the ecological footprint model, the equivalence factor (EQF) and the yield factor (y), were calculated with reference to the method of Zhang et al. [46]. The EQF is the function of converting various types of biologically productive land into standard areas that can be directly compared. The multi-year average EQFs of Xinjiang’s cropland (EQFc), grassland (EQFg), woodland (EQFo), and water bodies (EQFf) were calculated to be 2.25, 0.49, 0.98, and 0.27, respectively. The yield factor is used to convert areas of the same type of biologically productive land in different regions. The multi-year average yield factors for each land type for each prefecture are shown in Table 2.




Total Ecological Footprint Accounting


The total regional ecological footprint (EF) is the sum of the biological ecological footprint (EFB), the carbon footprint (EFC), the freshwater footprint (EFW), and the pollution footprint (EFP) [32]:


  e f =   E F   N   =     E F   B   +   E F   C   +   E F   W   +   E F   P     N    



(1)




where ef is the ecological footprint per capita and N is the total regional population.




Biological Ecological Footprint Accounting


The biological ecological footprint calculates the total amount of biologically productive land given over to the regional production of biological resources, which is reflected at the production end. Biologically productive land includes cropland, woodland, grassland, and water bodies; the calculation formula is as follows:


    E F   B   =   ∑  j = 1   4            E Q F   j   ⋅   ∑  i            c   i       p   i        



(2)




where EFB is the biological ecological footprint, EQFj is the equivalence factor, ci is the production of biological resources in category i, pi is the average productivity of biological resources in category i, j is the biologically productive land type, and i is the biological resource type.




Carbon Footprint Accounting


The carbon footprint accounting in this paper uses the carbon absorption method [47]. That is, it directly accounts for the area of biologically productive land associated with regional carbon emissions [48]. The traditional carbon sequestration method is characterized by calculating the area of woodland required to absorb the CO2 produced in the region [49]. Since the total area of grassland in Xinjiang accounts for a relatively large area and is much higher than that of several other types of biologically productive land, we used the grassland area for characterization with the following equation:


    E F   C   =   Q ·   E Q F   g       M   g      



(3)




where EFC denotes the total carbon footprint, EQFg denotes the equivalence factor of grassland, Q denotes the total regional carbon emission, and Mg denotes the carbon sequestration capacity of grassland in Xinjiang. In the most recent study, the Mg in Xinjiang is 0.952 t C/ha/year [40].




Freshwater Footprint Accounting


The freshwater footprint is the direct human use of water resources, including water used for agriculture, industry, domestic use, and artificial ecosystems (water used for artificial ecosystems refers to the water requirements for maintaining and restoring artificial ecosystems under the direct or indirect influence of human activities, which includes the amount of water needed for a variety of ecosystems that have been interfered with or created by humans, e.g., for the irrigation of artificial forests and grasslands, water replenishment of urban green spaces, and the maintenance of artificial wetlands or landscape water bodies), and is calculated by the following formula:


    E F   W   =   E Q F   W   ⋅   ∑  i   4          W   i       p   w          



(4)




where EFW is the freshwater footprint, EQFW is the water resource equivalence factor (0.192) [32], Wi is the amount of water used by water use category i, i is an indication of the water use category, and pw is the national average production capacity of water resources [50].




Pollution Footprint Accounting


The pollution footprint is an ecological footprint based on pollutant absorption, typically characterized as unavoidable for the region, and must be absorbed by the region. It is characterized by the area of biologically productive land required for total pollutant absorption in the region. Referring to the study of Hong et al. [51], industrial wastewater pollutants (chemical oxygen demand (COD) and ammonia nitrogen (NH3-N)), atmospheric pollutants (sulfur dioxide (SO2) and nitrogen oxides), and solid pollutants were selected. COD and NH3-N were accounted for as water body pollutants, while SO2 and nitrogen oxides, as well as solid pollutants, were accounted for as land-based pollutants. The calculation formula is as follows:


    E F   P   =   ∑  i          u   i       e   i          



(5)




where EFP is the pollution footprint, ui is the total amount of pollutants for the pollution accounting items of category i, ei is the decontamination coefficient of the pollution items of category i, and i denotes various types of pollution projects. The decontamination coefficients were all obtained by reference to the studies of Bai et al. [52] and Peng et al. [53]. The adsorption capacity of SO2 and NOx per unit area of forest land is 152.05 and 380 kg/ha, respectively. The average amount of wastewater consumed per unit area of water body is 365 t/ha, and the amount of solid waste that can be deposited per unit area of land is 1.09 × 105 t/ha.




Biological Carrying Capacity Accounting


The biological carrying capacity (BC) represents the total amount of biologically productive land that a region can provide for human production and livelihoods [54], and the formula used to calculate BC is as follows:


  b c =   B C   N   =   (  1 – 12 %  ) ⋅  ∑    ( S   j   ⋅   E Q F   j   ⋅   y   j   )     N    



(6)




where bc denotes the regional per capita biocapacity, Sj is the actual area of biologically productive land in category j, and EQFj and yj denote the equivalence and yield factors; the final biocapacity should be reduced by 12% to balance the ecological biocapacity base in order to conserve biodiversity [32].




Ecological Deficit/Surplus


When EF is more significant than BC, it is indicated that the regional ecological environment is overloaded and in ecological deficit, and the degree of deficit is characterized by ecological deficit (ED) and vice versa for ecological surplus (ES).


  e d =   E D   N   =   B C − E F   N   < 0  



(7)






  e s =   E S   N   =   B C − E F   N   > 0  



(8)




where ed and es denote the ecological deficit and the ecological surplus per capita, respectively.





2.3.2. Ecological Footprint Monetary Volume Accounting


Determining the Ecosystem Service Equivalence Factors (ESEQs)


We introduced ESEQs according to Zhang et al. [36] in order to realize the matching of the biological production capacity and the ecosystem service value for each category, referring to the study of Niccolucci et al. [33], where analogous equivalence factors recalculated different land types into comparable land areas with biological productivity. The market value of bioproductive cropland, woodland, grassland, and water bodies is highly correlated with the production value of four types of industries: agriculture, forestry, animal husbandry, and fishery. Therefore, ESEQs derived from the ratio of the production value per unit area of a specific industry to the average production value of all industries allow for converting all biologically productive land areas into comparable market values. The formula for ESEQs is as follows:


    E S E Q   j   =     V   j     V    



(9)




where ESEQj is the ecosystem service equivalence factor of land category j, Vj is the output value per unit area of the jth industry, and V denotes the total output value per unit area of agriculture, forestry, animal husbandry, and fishery.




Determining the Sub-National Hectare in Monetary Terms


Based on the ESEQs and ecosystem service value accounting mentioned above, we calculated the provincial hectare values of different land categories. Six ecosystem services were chosen to determine the ecosystem service value per unit area, with reference to the research conducted by Xie et al. [55] on ecosystem service equivalent variables (Table 3). According to Xie et al. [56], the average economic value of grain production per unit area in the region equals one-seventh of the ecological service value of a standard equivalent factor. In order to eliminate the impact of inflation, the regional GDP deflator was used to adjust the calculation results to the comparable price in 2010 [57]. The calculation formula is as follows:


    t V   j   =   E S V   j   ⋅   P G D P   y   ⋅   E S E Q   j    



(10)






    E S V   j   =   ∑  i   n      k   i j     ⋅ E a  



(11)




where tVj is the value of ecosystem services for the sub-national hectare of land category j (CNY/s-nha), ESVj is the value of ecosystem services per unit area of land category j (CNY/s-nha), PGDPy is the GDP deflator of year y, ki denotes the sum of the equivalence factors for each ecosystem service function of land category j, and Ea is the amount of ecosystem service value of an equivalence factor.




Monetary Accounting of the Ecological Footprint


The ecological footprint monetary volume is accounted for using the results of the ecological footprint physical volume accounting and the provincial hectare monetary value with the following accounting formulas:


  e f m =   E F M   N   =     ∑  j      E F   j   ⋅ t   V   j       N    



(12)






  b c m =   B C M   N   =     ∑  j      B C   j   ⋅ t   V   j       N    



(13)






  e d m =   E D M   N   =     ∑  j      E D   j   ⋅ t   V   j       N    



(14)






  e s m =   E S M   N   =     ∑  j      E S   j   ⋅ t   V   j       N    



(15)




where efm, bcm, esm, and edm are the monetary amounts for per capita ecological footprint, biological carrying capacity, ecological surplus, and ecological deficit and EFM, BCM, ESM, and EDM are the total monetary amounts for ecological footprint, ecological carrying capacity, ecological surplus, and ecological deficit.





2.3.3. Accounting for Ecological Compensation Standards


Reasonable ecological compensation should consider economic and ecological dimensions [35], so this study comprehensively applied the theoretical methods of ecological footprint cargo, ecosystem service value, and ecosystem service equivalence factors. Based on the monetary value of the regional ecological footprint, the deficit and surplus states of its monetary volume were used to express the regional resource utilization level. An ecological compensation model was constructed to calculate the total amount of regional ecological compensation by combining the ecological compensation coefficients and the level of regional socioeconomic development, and the model formulas are as follows:


    e c   p   =     E C   p     N   =   | E D M | ⋅   K   θ   ⋅ δ   N    



(16)






    e c   g   =     E C   g     N   =   E S M ⋅   K   θ   ⋅ λ   N    



(17)






    K   θ   =   L   θ   ⋅     e   ε       e   ε   + 1   =     e   ε   ⋅   G D P   θ       ( e   ε   + 1 ) ⋅ G D P    



(18)




where ecp and ecg represent the regional per capita ecological compensation payment and accepted standards; ECp and ECg denote the total amount of regional ecological compensation payment and the total compensation; Kθ, Lθ, and GDPθ are the ecological compensation coefficient, the ecological compensation capacity, and the regional gross domestic product of area θ, respectively; ε is the regional Engel’s coefficient; e is a natural constant; and δ denotes the coefficient of regional willingness to pay for ecological compensation. Considering that the overall socioeconomic development of the study area is relatively backward, δ was taken as 10%. λ denotes the coefficient of regional willingness to accept ecological compensation, and obtaining ecological compensation is in the interests of the local government and residents, so λ was taken as 1 [15].






3. Results


3.1. Changes in EF and BC Dynamics in Xinjiang


3.1.1. Changes in Total and Per Capita EF, BC, and ED in Xinjiang


The EF in Xinjiang increased year by year, with an average annual growth rate of 28.18 million s-nha/a (Figure 3). The BC increased slightly (1.48 million s-nha) over 11 years. The BC fluctuated above and below the mean value of 37.26 million s-nha, with fluctuations ranging from −0.56% to 1.39%. The ED grew from −209 million s-nha in 2010 to −516 million s-nha in 2020, with an average annual growth rate of −0.28 million s-nha/year. In terms of per capita numbers, the ef grew from 11.22 s-nha/cap in 2010 to 21.37 s-nha/cap in 2020 (an average annual growth rate of 8.22%) and the bc stabilized at 1.46–1.66 s-nha/cap and showed a decreasing trend year by year. The ed increased year by year during the study period, but the growth rate slowed down significantly after 2014, increasing 1.08 times in 11 years.



Figure 4 shows the structural changes in the EF and BC in Xinjiang from 2010 to 2020, with the carbon footprint representing the largest share of EF, followed by the biological footprint, the freshwater footprint, and the pollution footprint. The share of the carbon footprint increased yearly during the study period. The share of the biological footprint showed a fluctuating downward trend, with an average annual decrease of 0.23%. From 1.99% in 2010 to 0.89% in 2020, the freshwater footprint share declined yearly, exhibiting a total decline of 1.10%. The percentage of the pollutant footprint declined annually, from 2.18% in 2010 to 0.30% in 2020. The structures of the BC and EF were also stable, with cropland having the largest share of the carrying capacity, followed by grassland, woodland, and water bodies. The cropland, grassland, woodland, and water body carrying capacity ratios in 2020 were 48.90%, 46.80%, 3.63%, and 0.67%. The carrying capacity ratios for arable land, woodland, and water bodies increased by 3.16%, 0.09%, and 0.05%, respectively, and the ecological carrying capacity ratio of grassland decreased by 3.3% during the study period.




3.1.2. Partitioning Analysis of ef, bc, and ed in Xinjiang


On the whole area scale, Xinjiang’s ef and ed showed an upward trend, its bc showed a downward trend, and there was a significant difference in the changes between the prefectures. Among them, the efs of Changji, Hami, Shihezi, Ili, Kizilsu, and Turpan grew faster (Figure 5), with annual average growth rates of 40.14%, 35.78%, 35.72%, 16.00%, 14.5%, and 12.72%. The efs of Hotan, Bortala, Kash, Altay, Tacheng, Bayingol, and Aksu grew relatively slowly, with average annual growth rates of 11.45%, 9.40%, 7.69%, 7.13%, 7.05%, and 6.84%. Urumqi’s and Keramay’s efs displayed a declining trend; Keramay’s ef had an average yearly shrinkage rate of −2.86%, while Urumqi’s ef exhibited only a slight variation at −0.24%. In terms of ef average annual growth, the rankings over the study period were as follows: Shihezi > Changji > Hami > Turpan > Bayingol > Ili > Tacheng > Bortala > Altay > Kizilsu > Hotan > Kashi > Aksu > Urumqi > Karamayi. Most of Xinjiang’s prefectures showed a decreasing trend in bc, with only Bortala and Altay increasing their bcs from 3.09, 4.25 s-nha/cap in 2010 to 3.27, 4.33 s-nha/cap in 2020. In contrast to ef, the magnitude of change in bc was relatively small, with its average annual change of no more than 4.31%. The ec rankings for the Xinjiang prefectures in 2020 were as follows: Tacheng > Altay > Bortala > Bayingol >Kizilsu > Changi > Aksu > Ili > Hami > Turpan > Hotan > Kash > Karamay > Urumqi > Shihezi. While the other prefectures were always in ecological deficits over the study period, Kizilsu and Altay were in ecological surplus in 2010, and both turned into ecological deficits after 2014. Tacheng, Changji, Hami, and Hotan had faster negative growth in ed, with average annual growth rates of 60.24%, 46.62%, 40.48%, 39.66%. The ranking of the remaining prefectures with respect to ed negative growth rate was as follows: Bortala (36.57%) > Shihezi (35.85%) > Ili (25.35%) > Turpan (13.58%) > Kash (13.10%) > Bayingol (10.39%) > Aksu (1.66%) > Urumqi (−0.19%) > Karamay (−2.87%).



There are differences in the composition of ef across Xinjiang (Figure 6). However, the carbon footprint still represents highest share because the development of regional energy-consumption-related industries is growing much faster than that of other industries. Each prefecture’s average share of the carbon footprint grew from 81.86% in 2010 to 92.38% in 2020. Among them, Karamay is the prefecture with the highest carbon footprint, with 99.57% in 2020, while Tacheng has the lowest carbon footprint, with 81.18% in 2020. The carbon footprint share of the South Xinjiang region grew faster, the fastest rate being observed in Hotan, whose carbon footprint share grew from 59.23% in 2010 to 87.27% in 2020. The freshwater, pollution, and biological footprint shares were lower than the carbon footprint share and showed a decreasing trend. The composition of bc in all Xinjiang prefectures is dominated by cropland and grassland, but there are significant differences in the composition proportions. The prefectures where grassland contributes more to bc include Kash, Turpan, Bayingol, Hami, and Hotan, with grassland bc accounting for 85.58%, 77.07%, 66.22%, 65.83%, and 62.79% in 2020. All the others are prefectures where cropland contributes more to bc, and cropland bc in Karamay had the largest bc share of 77.13% in 2020. The prefecture with the highest proportion of woodland bc is Urumqi, and the prefecture with the highest proportion of water body bc is Bayingol.





3.2. Changes in EFM and BCM Dynamics in Xinjiang


3.2.1. Changes in Total and per Capita Volumes of EFM, BCM, and EDM


Monetized accounting of EF, BC, and ED in Xinjiang from 2010 to 2020 was carried out according to Equations (9)–(15), and the results are shown in Figure 7. EFM grew from CNY 887.923 billion in 2010 to CNY 1.96 trillion in 2020, a total increase of 1.20 times. BCM grew from CNY 138,560 million in 2010 to CNY 150,642 million in 2020, a relatively small change of only 8.72%. The size of the ecological deficit in Xinjiang was higher than the size of the biological carrying capacity during the study period, and the size of the deficit increased negatively from CNY −749 billion in 2010 to CNY −1815 billion in 2020, with the peak of the total deficit monetary amount peaking at CNY −1878 billion in 2018. Regarding per capita efm, it grew from 40.7 thousand CNY/cap in 2010 to 75.9 thousand CNY/cap in 2020, with two growth periods, 2010~2014 and 2016~2018, peaking at 81.2 thousand CNY/cap in 2018. Regional population growth was significantly faster than the rate of environmental improvement, with bcm shrinking from 6.4 thousand CNY/cap in 2010 to 0.58 thousand CNY/cap in 2020. edm negative growth tended to converge with efm, increasing from −34.4 thousand CNY/cap in 2010 to −70.1 thousand CNY/cap in 2020, which shows that Xinjiang has consumed a large amount of ecological capital during its development in recent years. However, the deficit in 2018 slowed down after reaching its peak, indicating that the impairment of natural capital at the monetary level had been curbed and improved to some extent.




3.2.2. efm, bcm, and edm Partition Analysis


During the study period, the efms in the Urumqi and Karamay prefectures decreased from 70.4 thousand CNY/cap and 454.1 thousand CNY/cap in 2010 to 68.7 thousand CNY/cap and 311.8 thousand CNY/cap in 2020 (Figure 8). The efms in the rest of the prefectures realized growth, and Changji’s efm grew the fastest, with a growth rate of 23.9 thousand CNY/cap/yr. Aksu’s efm had the slowest growth rate, with a 345 CNY/cap/yr growth rate. The average annual growth rates for efm across Xinjiang, from high to low, were as follows: Changji > Shihezi > Hami > Ili > Kizilsu > Turpan > Hotan > Bortala > Altay > Bayingol > Tacheng > Kash > Aksu > Urumqi > Karamayi. Shihezi, Altay, Bortala, and Kizilsu realized growth in bcm during the study period, with Shihezi having the most significant increment and the fastest growth rate, from 2.2 thousand CNY/cap in 2010 to 12.9 thousand CNY/cap in 2020. The rest of the prefectures’ bcms showed different degrees of reduction, with Tacheng’s shrinking the most, with a total of 0.07 thousand CNY/cap; the rate of shrinkage, from high to low, was as follows: Urumqi (70.28%) > Karamayi (22.90%) > Hotan (11.84%) > Hami (8.50%) > Turpan (3.67%) > Tacheng (3.15%) > Changji (2.38%) > Kash (2.09%) > Aksu (1.21%) > Bayingol (0.66%) > Ili (0.27%).



From the perspective of monetary volume, all Xinjiang’s prefectures were in ecological deficit during the study period, Shihezi having the most negative growth, with a total growth of −327.5 thousand CNY/cap. Aksu had the smallest negative growth, with a total growth of −3.9 thousand CNY/cap in the study period. Unlike the others, Urumqi’s and Karamay’s edms increased positively. The edm negative growth multiples, from highest to lowest, were as follows: Tacheng (85.29) > Altay (15.17) > Changji (5.06) > Bortala (4.92) > Hami (3.97) > Shihezi (3.84) > Kizilsu (3.65) > Ili (2.77) > Hotan (1.85) > Turpan (1.45) > Kash (1.20) > Bayingol (0.90) > Aksu (0.15) > Urumqi (−0.02) > Karamayi (−0.31).





3.3. Analysis of Ecological Compensation Standards


This study took the physical and monetary value of natural capital in Xinjiang as the research object. It calculated the amount of ecological compensation based on the region’s natural capital supply and demand. The results of the calculations are as follows: At the regional scale, the amount of ecological compensation payment in Xinjiang grew from CNY 5.659 billion in 2010 to CNY 10.259 billion in 2020 (Figure 9), with an average annual growth rate of 7.39%. The average per capita ecological compensation payment standard grew from 259.42 CNY/cap/yr in 2010 to 396.11 CNY/cap/yr, with an average annual increase of 4.79%. On the prefecture scale, the amount of ecological compensation payment in Karamay and Aksu showed a fluctuating downward trend. In contrast, the rest of the prefectures fluctuated upwardly. The ecological compensation payments and payment standards in the southern border region were lower than those in the northern border region. In 2020, Urumqi had the highest ecological compensation payment amount of CNY 3.850 billion; Kizilsu had the lowest ecological compensation payment amount of CNY 5.510 million. The average annual ecological compensation payment standard of Karamay was the highest at 2178.97 CNY/cap/yr, which was 6.01 times higher than that of the whole region’s average annual ecological compensation payment standard (362.49 CNY/cap/yr). The lowest average annual compensation payment standard was 5.37 CNY/cap/yr, in Kizilsu.





4. Discussion


4.1. Advantages and Feasibility of Ecological Compensation Standards in this Study


Compared with existing studies, we did not consider the cost of ecological damage [9] or judge the degree of export or outward consumption based on the value of ecosystem services singularly [4]. In contrast, we took into account the damage to the environment caused by pollution in the accounting process of the footprint account and included the pollution footprint in the accounting system. Additionally, we realized the realistic monetization of the footprint model and, based on this, provided a model paradigm of ecological and monetary compensation by effectively combining the biological productivity of the land and the value of ecosystem services through the use of ESEQs. The introduction of the ecosystem service equivalence factor solves the problem of different unit representations of ecological footprint and ecosystem service value, and embedding the value of ecosystem services into the ecological footprint model provides a new way of thinking about accounting for the monetary value of natural capital and ecological compensation. We selected the types of ecosystem services corresponding to the ecological footprint account to make them consistent at the actual situation and account level.



In this study, BC grew slowly, but EF grew exceptionally rapidly in Xinjiang, consistent with JIN and Yue’s findings [41,58]. The mean ecological deficit per capita in Xinjiang during the study period was 16.61 s-nha/cap, which is closer to the mean ecological deficit per capita of 16.172 gha/cap in Xinjiang from 2009 to 2020 calculated by GUAN et al. [40]. This paper used provincial hectares, a localized unit of measurement, which more accurately quantifies Xinjiang’s natural capital utilization in Xinjiang over the past 11 years. The study also found that there were differences in ecological compensation standards at the whole area scale and the prefecture scale; for example, at the whole area scale, the per capita payment of ecological compensation in 2016 was 351.15 CNY/cap/yr, which is closer to the figure of 365.3 CNY/cap/yr derived from the study of residents’ willingness to pay for ecological compensation in the Tarim River Basin by Zhang et al. [59] for the same period. However, at the prefecture scale, there was a high value of 1505.75 CNY/cap/yr in Changji and a low value of 7.53 CNY/cap/yr in Kizilsu during the same period. Our calculated regional ecological compensation amount is about 1.07–0.73% of the total regional GDP in the same period, slightly lower than the international research standard of 2–3%.




4.2. Policy Recommendations


This study explains the physical and monetary state of natural capital consumption in Xinjiang between 2010 and 2020. It is of great theoretical and practical significance to construct an ecological compensation standard accounting framework based on this from the perspective of natural capital supply and demand combined with socioeconomic indicators and to put forward a compensation scheme to determine the ecological compensation standard in Xinjiang. In theory, the ecological compensation standard is reasonably calculated based on regional natural capital utilization dynamics. In practice, this research can provide a reference for implementing ecological compensation policy and ecological environmental protection planning in Xinjiang. The following suggestions are made for the sustainable development of Xinjiang: (1) The primary factor influencing Xinjiang’s ecological footprint is its carbon footprint. Therefore, the best ways to improve the province’s ecological efficiency are to speed up industrial transformation, optimize the industrial structure, cut energy consumption, and concentrate on the growth of low-consumption new energy sectors like solar energy. (2) Cropland and grassland mainly provide the ecological carrying capacity of Xinjiang, so the first step is to focus on the protection of existing basic cropland, guaranteeing the area of cropland while promoting the development of eco-agriculture and enhancing the ecological resilience of cropland. The proportion of high-quality and high-standard cropland should be increased to improve the ecological carrying capacity of cropland. Secondly, it is necessary to consider grassland restoration and management and strengthen the utilization efficiency of existing pastureland while increasing the protection and improvement of natural grassland. The area of natural vegetation should be increased as much as possible to improve regional ecological quality and efficiency. (3) Another recommendation is to incorporate more indirect use and non-use values provided by ecosystems under the framework of accounting for ecological compensation that comprehensively considers the depletion of natural capital and the multiple service functions of ecosystems. A regular testing and assessment mechanism should be established to track these factors dynamically. (4) The establishment of market-based eco-compensation mechanisms under this framework, such as trading ecological products, carbon emission rights, and pollution emission rights, should be explored. Multi-region promotion and the expansion of horizontal ecological compensation case studies should also be carried out to promote the virtuous cycle of ecological protection and economic development. (5) It is suggested to improve the existing ecological compensation system, perfect supporting ecological compensation laws and regulations, and implement regulatory testing. The government should take the leading role, apply compensation funds and reward and punishment mechanisms, and mobilize enterprises and the public to explore and carry out diversified compensation models.




4.3. Limitations of this Study


The limitations of this study include the following: First, the import and export transactions of interregional products were ignored in the accounting of regional footprint accounts, such that the partial impact on regional natural resource appropriation was ignored, thus affecting the accuracy of the calculations [60]. Second, the ecosystem service equivalence factors cited in this paper effectively combined the value of ecosystem services and biological productivity, making a compelling connection between natural resource measurement and monetary measurement. However, the distortion of benefits caused by the ecological bias of ecosystem service value itself still exists [61], which will impact the ecological compensation accounting conducted afterward and should be continuously improved in subsequent studies. Finally, the accounting and correction of ecological compensation standards based on socioeconomic indicators and the proposal of ecological standard compensation schemes still need to be considered for transportation, culture, and other factors. Therefore, in the future, relevant revised indicators should also be added with regional development characteristics to make the results more reasonable [62].





5. Conclusions


In this study, we incorporate the freshwater and pollution footprints into the ecological footprint accounting framework and make carbon footprint localization improvements, complete the accounting of the physical amount of natural capital, and then introduce ESEQs to account for the monetary amount of regional natural capital. Based on this, we determine the differential compensation standards from different scales and calculate the regional dynamic ecological compensation amount from the perspective of the supply and demand of natural capital monetary volume combined with regional socioeconomic factors. This further improves the diversified construction of regional ecological compensation and offers new concepts for accounting for regional ecological comprehensive compensation. Our research conclusions are as follows:




	(1)

	
During the study period, Xinjiang’s ef grew from 11.22 s-nha/cap to 21.37 s-nha/cap, and only the growth rates of the ecological footprints of Altay, Tacheng, Bayingol, and Aksu were lower than the average level of the whole region (8.22%). bc declined from 1.66 to 1.46 s-nha/cap, with an average annual decline of 1.10%. Kizilsu and Altay were still in ecological surplus in 2010, and both transformed into ecological deficit after 2014. All of Xinjiang and the rest of the prefectures were in an ecological deficit during the study period.




	(2)

	
From 2010 to 2020, the BCM in Xinjiang increased by 8.74%, but the EFM increased by 1.21 times. During the study period, the whole region and all prefectures were in ecological deficit of monetary volume. Shihezi’s EFM increased the fastest (35.13%), Urumqi and Karamay EFM showed signs of contraction, and the EFMs of the rest of the prefectures increased to varying degrees.




	(3)

	
From 2010 to 2020, the total amount of ecological compensation to be paid in the whole region of Xinjiang grew from CNY 5.659 billion to CNY 10.259 billion. In 2020, the per capita payment of ecological compensation in the whole region of Xinjiang was 396.11 CNY/cap/yr. There were apparent differences in ecological compensation standards among the local prefectures, with the highest per capita payment in 2020 in Changji, at 1821.78 CNY/cap/yr, and Kizilsu had the lowest per capita payment standard of 8.63 CNY/cap/yr.
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Figure 1. Overview of study area. The map was downloaded from the standard map service website of the China National Bureau of Surveying, Mapping and Geoinformation. 
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Figure 2. Research framework. 
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Figure 3. Total and per capita changes in ecological footprint, carrying capacity, and deficit in Xinjiang. 
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Figure 4. The composition changes in EF (a) and BC (b) in Xinjiang from 2010 to 2020. 
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Figure 5. Spatial variation in ef, bc, and ed in prefectures of Xinjiang. 
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Figure 6. Composition of Xinjiang prefectures ef 2010 (a), 2020 (b), bc2010 (c), and 2020 (d). 
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Figure 7. Changes in the total and per capita amounts of natural capital monetary volume in Xinjiang. 
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Figure 8. Changes in efm, bcm, and edm in different prefectures of Xinjiang. 
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Figure 9. (a) Amount of ecological compensation payments in Xinjiang. (b) Per capita ecological compensation payments in Xinjiang and prefectures. 
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Table 1. Data and sources.
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	Data
	Source





	Biological resource data, water resource data, energy consumption data, and various pollution emission data
	Xinjiang Statistical Yearbook 2011–2021 [43]

Xinjiang Production and Construction Corps Statistical Yearbook 2011–2021 [44]



	Calorific value data of biological products
	Handbook of Agricultural Technology and Economics (Revised Edition)



	GDP, demographic data
	Government Statistical Bulletin on National Economic and Social Development (2010–2020)

Xinjiang Statistical Yearbook (2011–2021) [43]



	Land use/land cover map data
	Spatial resolution of 30 m per pixel (2010–2020) [45]










 





Table 2. Multi-year average yield factors for various land types in Xinjiang prefectures.
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	Type of Land Use\Prefectures
	Urumqi
	Karamay
	Turpan
