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Introduction: As a typical ecologically fragile area, Shaanxi Province has a prominent contradiction between sustainable economic development and ecological environmental protection, and ecological compensation is needed. Existing studies predominantly focus on single ecosystems, often neglecting the supply-demand relationship between human and nature, the ability to pay compensation amount and the economic development level at the same time, resulting in poor operability.

Methods: In view of this, this paper introduces the adjustment coefficient of payment capacity and the adjustment coefficient of economic level to modify ecosystem service value (ESV). By coupling the improved ESV and ecological footprint model, the ecological compensation amount of Shaanxi Province was calculated.

Results: The results show that: (1) The improved ESV of Shaanxi Province in 2022 was 6.174 billion CNY. Among them, the ESV of forest and water area were as high as 4.884 billion CNY and 485 million CNY, respectively, accounting for 86.98% of the total ESV. In addition, the value of regulating service accounted for the largest proportion of ESV in all services, reaching 68.7%. (2) The ecological footprint (EF) of Shaanxi Province in 2022 was 134.2669 million hectares but the total ecological carrying capacity (ECC) was 14.262 million hectares. The ecosystems with the most serious ecological deficit were fossil energy land and farmland. (3) The ecological overload index (EFI) of Shaanxi Province in 2022 was −8.41, which means that the resources of the whole province were seriously in short supply.

Discussion: As the payer of ecological compensation, the amount of compensation was 51.947 billion CNY. This study comprehensively considers the supply-demand relationship between human and nature, regional payment capacity and economic development level, so that the proposed ecological compensation scheme can better meet the actual needs and has strong operability, which provides a valuable reference for implementing ecological compensation and advancing environmental protection in Shaanxi Province.
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1 Introduction

With the rapid development of the global economy and the accelerating process of urbanization, ecological and environmental challenges have become increasingly prominent, resulting in significant ecological degradation (Ariken et al., 2021; Zhu et al., 2025). Simultaneously, global carbon emissions are unevenly distributed (Chancel, 2022), with substantial disparities in economic development levels across regions. Especially in China, the spatial and temporal characteristics of carbon emissions vary considerably between regions (Liu et al., 2023; Jia et al., 2023), exacerbating social inequities and intensifying ecological pressures. The concept of ecological compensation emerged in the early 1980s. As an important policy tool, ecological compensation aims to promote ecological protection and sustainable development among different regions through rational allocation of resources and environmental benefits. This approach not only facilitates regional economic balance and ecological restoration but also serves as a critical strategy for advancing green and low-carbon transformation and addressing climate change. It plays a vital role in mitigating the tension between environmental protection and economic growth (Nie et al., 2024). In 2005, the Chinese government incorporated the core principle of ecological compensation—“those who develop must protect, and those who benefit must compensate”—into the “11th Five-Year Plan.” Since then, research and practical efforts in this field have deepened significantly. A series of policies and measures have been successively introduced, marking steady progress in ecological compensation legislation. Table 1 below outlines the development milestones of ecological compensation laws in China.


TABLE 1 The development milestones of ecological compensation law in China.
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In order to respond to relevant policies and measures, all over the country within the scope of key ecological function areas, give priority to choose concentrated contiguous destitute areas and areas with good ecological protection compensation as ecological compensation pilot, carry out ecological compensation research, its core is the ecological compensation mechanism. The main challenge in developing such a mechanism is accurately determining compensation standards and clearly identifying the stakeholders involved—namely, “how much to compensate,” “who to compensate,” and “compensation to whom.” By setting clear ecological compensation standards, the compensation amount can be precisely calculated, addressing the question of “how much to compensate” and facilitating the implementation of these standards. The ecosystem services value (ESV) is closely related to the ecological compensation amount. By evaluating ESV, the contribution of ecosystems to human wellbeing can be quantified, providing a scientific basis for the implementation of ecological compensation (Zhong et al., 2020). The ESV was first proposed in the 1960s, which reflects the value of various service functions provided by different ecosystems in a certain area (Guan et al., 2024). In recent years, two primary methods for evaluating ESV have been widely adopted in academia: functional value method and equivalent factor method. The functional value method mainly includes market value method (Jin et al., 2024; Balasubramanian and Sangha Kamaljit, 2023), carbon tax method (Richardson et al., 2015), etc. However, due to the complexity and diversity of its formulas, it is difficult to standardize evaluation methods and parameters, which limits the comparability of results (Yu et al., 2020). Moreover, this approach involves high implementation costs and is mainly suitable for small-scale applications. Equivalent factor method was proposed by Costanza et al. (1998). Compared with the functional value method, the equivalent factor method requires less data and has a unified subsystem classification standard and a benchmark equivalent factor table. After verification and revision by many domestic scholars, this method has become a widely applicable comprehensive value assessment system (Xie et al., 2015a; Chen et al., 2023; Ren et al., 2022). The calculation of this method is relatively simple and has horizontal comparability (Shao et al., 2021). Therefore, the equivalent factor method can estimate ESV on a large scale more effectively.

In addition to quantifying ecological compensation standards, accurately identifying the stakeholders involved—namely, the subject and object of ecological compensation—is essential for establishing an effective ecological compensation mechanism (Yuan and Zhou, 2014). The ecological footprint (EF) method offers a valuable approach for this purpose. It quantifies the consumption of ecological resources driven by economic and social development, evaluates whether a region experiences an ecological surplus or deficit, and helps distinguish the payer and recipient of ecological compensation. This directly addresses the key questions of “who to compensate,” and “compensation to whom,” which has important reference value for the calculation of ecological compensation standards. Rees (1992) proposed the concept of ecological footprint (EF), which is the conversion of the human consumed natural resources and generated waste into bio-productive land area through the coefficients (Dai et al., 2023), which reflects the degree of human utilization of the resources generated by the ecosystems. Wackernagel and Rees (1997) later refined and popularized this concept, and proposed the ecological footprint model. By comparing the EF with the ecological carrying capacity (ECC), the difference between the two can reflect the supply-demand relationship between human demand and the resources provided by ecosystems, and then analyze the ecological surplus and deficit state of the region, which can provide a basis for the calculation of the ecological compensation amount, so as to measure the ecological compensation more scientifically (Xu and Zheng, 2017). In recent years, the ecological footprint model has been extensively studied and applied across various scales. Scholars have conducted theoretical and practical research, employing the model to analyze ecological compensation in contexts ranging from national (Pençe et al., 2024) and provincial (Liu and Lei, 2018; Jia et al., 2010) scales to more localized applications, such as universities (Liu et al., 2024) and reservoirs (Jing et al., 2024).

In recent years, numerous scholars have taken the Yangtze River (Guan et al., 2022; Ling et al., 2023; Mao and Niu, 2024), Lishui River Basin (Guo and Shen, 2017) and Three Gorges Reservoir Area (Zhou et al., 2018) as examples, combined ESV assessment with ecological footprint model, and conducted a large number of empirical studies on ecological compensation around various river basins and water areas. Combining the two can effectively solve the problems of “how much to compensate,” “who to compensate,” and “compensation to whom.” On the whole, the existing studies have proposed various approaches for calculating ecological compensation. However, there are few existing ecological compensation calculation methods that simultaneously consider the supply-demand relationship between human and nature, the ability of the study area to pay compensation amount and the level of economic development. Consequently, the resulting ecological compensation mechanisms are often inefficient, fail to meet practical requirements, and are challenging to implement effectively.

Shaanxi Province, as an important province in the western region, is the major ecological barrier in the middle reaches of the Yellow River basin and an important base of national energy and resources. However, with the vigorous development of the economy and the accelerating process of industrialization and urbanization, the ecological environment of Shaanxi Province is facing serious soil erosion, expansion of ecologically fragile areas, excessive resources consumption and reduction of biodiversity. At present, Shaanxi is in a critical period of economic transformation and the pursuit of sustainable development, and carbon emissions are at a high level (Guo et al., 2024). It is urgent to accelerate the work of ecological compensation. A large number of scholars have carried out research on ecological compensation in Shaanxi Province. Ma and Gao (2020) analyzed the impact of ecological compensation policies on farmers' income and satisfaction through a field survey of farmers in public welfare forest areas in Shaanxi Province, and provided a reference for further improving ecological compensation policies. Jin et al. (2015) proposed a compensation zoning scheme from the dual perspectives of food security and ecological security through the regional differentiation analysis of the economic compensation policy for cultivated land protection in Shaanxi Province, which provided valuable policy suggestions for the sustainable development of cultivated land protection. However, the current research on ecological compensation in Shaanxi Province mainly focuses on a single ecosystem, and the research results are not universal. Therefore, it is urgent to explore an effective and suitable ecological compensation method for Shaanxi Province to maintain the balance between economic development and ecological environment protection.

In view of this, this paper takes Shaanxi Province as the research object, and uses the ecological compensation method which coupling improved ESV—EF model to carry out ecological compensation research on farmland, forest, grassland, wetland, water area and other ecosystems. Firstly, the ESV of multiple ecosystems in Shaanxi Province was calculated, and the payment capacity adjustment coefficient and the economic level adjustment coefficient were used to correct the ESV. Analyze the proportion of ESV and the causes behind it from the perspective of ecosystem and service function. Secondly, the EF and ECC of multiple ecosystems were calculated by using the ecological footprint model. By comparing the two, the ecological surplus and deficit state of Shaanxi Province can be clarified, that is, to solve the problem of “who to compensate” and “compensation to whom.” Finally, the improved ESV and EF model were coupled to quantify the amount of ecological compensation in Shaanxi Province, that is, “how much to compensate.” This method provides a new perspective for ecological compensation research in Shaanxi Province, and provides a basis for the coordination of ecological environment protection and sustainable economy development.



2 Materials and methods


2.1 Study area

Shaanxi Province occupies 205,624.3 km2 and is situated in the northwest Chinese inland region, as shown in Figure 1. The province features a long and narrow geographical shape extending from north to south and encompasses diverse landforms, including plateaus, mountains, and plains. Its topography is characterized by higher elevations in the north and south and lower elevations in the central region, resulting in a wide range of natural landscapes and ecosystems. The climate in most parts of Shaanxi is dry, which belongs to the temperate and north subtropical monsoon climate. The annual average temperature is between 9 and 16 degrees Celsius, and the annual average precipitation is between 340 and 1,240 mm. The precipitation is more in the south and less in the north. Shaanxi Province spans the Yellow River basin and the Yangtze River basin. The areas of the Yellow River and Yangtze River basins within the province are 132,900 and 72,700 km2, respectively, accounting for 64.7 and 35.3% of the province's total area.


[image: Figure 1]
FIGURE 1
 Geographical map of Shaanxi Province.


By the end of 2022, Shaanxi Province had a permanent population of 39.56 million, representing 2.80% of China's total population. With a population density of 192 people per square kilometer, the land area comprises only 2.12% of China. In particular, the provincial capital, Xi'an, houses 13 million permanent residents, accounting for 32.86% of Shaanxi's population. With a population density of 1,286 people per square kilometer, the land area accounts for 4.92% of Shaanxi. In general, the population distribution is relatively dense, and the carrying capacity of the population is relatively heavy. In 2022, the GDP (Gross Domestic Product) of Shaanxi reached 3,277.268 billion CNY, accounting for 2.56% of the national GDP, and the per capita disposable income was 30,116 CNY, which was in the lower middle stage. In addition, as an ecologically fragile region and an underdeveloped region in western China, Shaanxi faces severe challenges between economic development and ecological environment, and it is urgent to carry out ecological compensation research.



2.2 Data sources

Data on ESV, EF, ECC, and ecological compensation for Shaanxi Province in 2022 were collected from sources such as the “China Statistical Yearbook 2023,” “Shaanxi Statistical Yearbook 2023,” and other relevant official websites. And then the state of ecological surplus or ecological deficit and the final ecological compensation amount of Shaanxi Province in 2022 were analyzed. The research area comprises several land types such as farmland, forest, grassland, wetland, desert, water area, construction land and fossil energy land. Relevant data were organized and summarized based on the specific calculation requirements, as presented in Table 2.


TABLE 2 Data types and sources.

[image: Table 2]



2.3 Research methods

The calculation method of ecological compensation coupling improved ESV and EF model is illustrated in Figure 2. The process involves three primary steps: (1) Improved ESV. Based on the specific characteristics of the study area, relevant ecosystem service functions were identified. The equivalent factor table was localized to align with regional conditions, and the ESV was calculated using the equivalent factor method. Subsequently, the ESV was improved by the adjustment coefficients for payment capacity and economic development level. (2) EF model. The consumption items were chosen according to the specific situation of the study area, and the correlation coefficient was used to convert resource consumption into land area, and the EF was calculated. Ecosystems with the ability to support ECC were chosen, and convert their land areas based on the correlation coefficients to calculate the ECC. Based on the ecological footprint model, the ecological surplus or deficit status of the study area was determined, so as to judge the study area as the payer or recipient of ecological compensation, and the EFI was calculated. (3) Ecological compensation. By coupling the improved ESV and EFI, the ecological compensation amount was calculated.


[image: Figure 2]
FIGURE 2
 Framework diagram of research method.



2.3.1 Improved ecosystem service value

The equivalent factor method has the advantage of having a unified subsystem classification standard and a benchmark equivalent factor table of ESV per unit area. Therefore, it is suitable for the study of ESV at a large watershed scale (Shao et al., 2021). This method requires fewer data inputs and involves simpler calculations. Given the extensive scale of Shaanxi Province and the challenges in obtaining comprehensive ecological data, this study employs the equivalent factor method to calculate ESV.

In the equivalent factor method, the national average net profit of grain production per unit area of farmland ecosystem is taken as an equivalent factor of ESV, which is used as a reference to establish the equivalent factor table containing different ecosystems, and the service values corresponding to different ecosystems can be calculated (Wackernagel, 1998). Additionally, studies have shown that without human intervention, the value of original ecological services that natural ecosystems provide is only one seventh of the food market value provided by the unit farmland area under the condition of human intervention (Yu et al., 2023). Then, ESV per unit area is multiplied by the corresponding equivalent factor value, and ESV can be obtained by combining the area of each ecosystem (Li et al., 2015). The calculation process of ESV has been displayed in Equations 1 and 2.
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In the formula, ESVij is the total ESV of the i-th ecosystem service function under the j-th ecosystem, in billions of CNY; eij is the equivalent factor of the i-th ecosystem service function under the j-th ecosystem; the type of ecological service function that is i; j represents the kinds in the ecosystem; Aj represents the area under the j-th ecosystem, hm2; Ea represents the per equivalent factor of ESV, CNY/hm2; n is the selected grain type, and this paper mainly selects corn, wheat, rice and soybean for calculation according to the actual situation of grain cultivation in Shaanxi Province; mn is the regional planting area of the n-th type of grain, hm2; pn is the national average price of the n-th type of grain, CNY/kg; qn is the regional unit area yield of the n-th type of grain, kg/hm2; M is the total area planted with n grains in the region, hm2.

Based on the current state of ecosystems and land use in Shaanxi Province, the ecosystem is primarily divided into 13 categories. Using the method of Millennium Ecosystem Assessment (MA) and the classification method of Xie et al. (2015b), the ecosystem services are divided into four categories and 11 subcategories (Table 3). At the same time, based on the equivalent factor table of ESV per unit area modified by Xie et al. (2015a), the equivalent factor values of irrigated land, arbor and garden plot are added to the equivalent factor table of Shaanxi Province by referring to the method used in previous research (Zhou et al., 2017; Cao and Liu, 2024; Peng et al., 2024). Considering the regional economic disparities, the equivalent factor table was localized. In 2022, the annual average yield per unit area of the main grain crops in Shaanxi Province was 4,301 kg/hm2, which is 0.74 times the China grain yield of 5,802 kg/hm2. Table 3 displays the revised equivalent factors of ESV in Shaanxi Province.


TABLE 3 Revised equivalent factors of ESV in Shaanxi Province.
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In addition, considering the level of economic development and the ability to pay in the study area, the adjustment coefficient of payment capacity and the adjustment coefficient of economic level were introduced to modify the ESV (Zhang et al., 2015). The formula is presented in Equations 3–6.
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In the formula, ESV is the improved ecosystem service value, in billions of CNY; F is the adjustment coefficient of payment capacity; K is the adjustment coefficient of economic level; f′ is the per capita disposable income of Shaanxi's residents, CNY; f is the per capita disposable income of Chinese residents, CNY; GDP′ is the annual gross domestic product of Shaanxi, CNY; GDP is Chinese Gross Domestic Product, CNY; En denotes the comprehensive Engel coefficient; Ea denotes the urban Engel coefficient; Eb denotes the rural Engel coefficient; θ denotes the degree of urbanization. The formulas demonstrate a positive correlation between the level of local socio-economic development and the region's willingness to pay for ecological compensation. Specifically, when En is smaller and f′is larger, it means the higher level of regional socio-economic development and personal living standard, and the K and F would be correspondingly larger, indicating that the willingness and the pay ability for ecological compensation are higher.



2.3.2 Ecological footprint model
 
2.3.2.1 Ecological footprint

EF reflects the need for natural resources in human life and production processes. It is mainly composed of the EF of biological resources and energy, which, respectively stand for the production and waste absorption functions of bio-productive land to natural resources. Based on the research results of Wackernagel and Rees (1997), bio-productive land is classified into six categories: forest, construction land, grassland, fossil energy land, farmland and water area. Through the conversion of equilibrium factors, the total EF can be obtained by converting the local consumption items into the area of bio-productive land and summing up them.

(1) Ecological footprint calculation of biological resources

Biological resources are fundamental to human survival and development. To calculate the EF of biological resources, it is essential to classify consumption items. Based on the data from the “China Statistical Yearbook 2023” and “Shaanxi Statistical Yearbook 2023,” combined with the actual conditions of Shaanxi Province, these items are categorized into four types: farmland footprint, forest footprint, grassland footprint, and water area footprint. Equation 7 illustrates the calculating procedure for the biological resources' EF (Yang and Jia, 2015):

[image: image]

In the formula, EFb shows the overall EF of biological resources, hm2; efb represents the per capita EF, hm2; N represents the total population of Shaanxi Province; i represents the category of consumption items for biological resources; pi represents the average production capacity of the i-th consumption item, kg/hm2; ci refers to the per capita consumption of the i-th consumption item, kg; ri is the equilibrium factor. This paper selects the suitable equilibrium factors for Shaanxi Province based on the research findings of Liu and Li (2010). The consumption items and equilibrium factors of biological resources in Shaanxi Province are shown in Table 4.


TABLE 4 Consumption items and equilibrium factors of biological resources in Shaanxi Province.

[image: Table 4]

(2) Ecological footprint calculation of energy

According to the “Shaanxi Energy Statistics Yearbook,” the calculation of energy EF considers both fossil energy land and construction land. Equation 8 illustrates the calculation of energy EF (Niu et al., 2024):

[image: image]

In the formula, EFe represents the energy EF of Shaanxi Province, hm2; efe is per capita EF, hm2; N represents the total population of Shaanxi Province; j represents the category of energy consumption items; tj is Shaanxi's per capita consumption of the j-th kind of energy, tons; Rj is the energy conversion coefficient of the j-th kind of energy; Ej is the global average EF of the j-th kind of energy, GJ/hm2;rj is the equilibrium factor. The equilibrium factors of fossil energy land and construction land in this study are 0.94 and 0.72, respectively, based on the research findings of Liu and Li (2010). And the energy consumption items and their corresponding global average EF and conversion coefficients would be seen on the research findings of Wackernagel et al. (2002).

The total EF can be obtained by adding the biological resources EF and the energy EF. The calculation process has been displayed in Equation 9.

[image: image]

In the formula, EF represents the total EF of Shaanxi Province, hm2; EFb represents the biological resources EF of Shaanxi Province, hm2; EFe represents the energy EF of Shaanxi Province, hm2.



2.3.2.2 Ecological carrying capacity

ECC represents the supply side of EF. The types of land that can provide ECC are farmland, forest, grassland, water area, construction land, etc. Simple biological production areas do not have regional comparability due to the different production factors of various resources. Therefore, they need to be converted by equilibrium factors and yield factors (Ouyang et al., 2023), and 12% of the area set aside for biodiversity must to be subtracted, so that the regional overall ECC is 88% of the total ECC (Yang et al., 2022). In the meantime, humans have not set aside a specific land area to absorb carbon dioxide during planning due to the scarcity of land resources, which resulting in zero ECC of fossil energy land. The ECC is calculated according to Equation 10.

[image: image]

In the formula, ECC means the overall ECC of Shaanxi, hm2; N represents the total population of Shaanxi Province; ecc stands for per capita ECC, hm2; j is the j-th ecosystem, consisting of five types; rj is the equilibrium factor; aj is the per capita land area, hm2; yj is the yield factor. The yield factors suitable for Shaanxi province are selected based on the research findings of Liu et al. (2010), including 0.51 for farmland, 0.83 for forest, 2.16 for grassland, 2.16 for water area, and 0.51 for construction land.



2.3.2.3 Ecological overload index

EF and ECC jointly determine the ecological surplus or deficit state of the region, which subsequently indicates whether the region is a payer or recipient of ecological compensation. The framework theory is shown in Figure 3. When the ECC is bigger than the EF, it indicates that the resource utilization degree does not exceed the ECC, and is in a state of ecological surplus, which can be considered as the recipient of ecological compensation. When the ECC is less than the EF, it indicates that the ECC is insufficient to meet the needs of regional resource utilization, and there is an ecological deficit that is not conducive to regional sustainable development, which can be considered as the payer of ecological compensation. When the two are equal, it indicates that the regional resource utilization level is equivalent to ECC, which is a natural equilibrium state (Galli et al., 2015). The specific calculation is shown in Equation 11.
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FIGURE 3
 Framework diagram of determining whether payer or recipient of ecological compensation.


In the formula, I denotes the ecological surplus and deficit state of the region, hm2; the overall EF is represented by EF, measured in hm2; ECC refers to the overall ECC, also measured in hm2. In principle, when I>0, it is in an ecological surplus state and accepts ecological compensation; when I < 0, there is an ecological deficit state and pays ecological compensation; when I = 0, it is in a natural equilibrium state.

The ecological overload index (EFI) can reflect the balance between supply and demand of local resource, and reflect the level of local ecological resource utilization (Wackernagel, 1999). More importantly, it can combine ESV with EF to achieve the calculation of ecological compensation. The formula of EFI is given in Equation 12.

[image: image]

Where, EFI stands for EFI; the overall EF is represented by EF, measured in hm2; ECC refers to the overall ECC, also measured in hm2. When EFI is positive, there is an ecological surplus. The larger the value, the greater the ecological surplus in the region. When EFI is negative, there is an ecological deficit. The lower the value, the more serious the ecological deficit. When EFI is equal to 0, it represents the rational utilization of natural resources and the supply-demand balance of resources in the region.




2.3.3 Ecological compensation

Determining a reasonable amount of ecological compensation requires consideration of both ecological and economic factors. Therefore, in the calculation of ecological compensation, this paper uses the theories and methods of ESV and EF model. ESV is modified based on the regional economic development level and the pay ability, and EFI is used to express the level of resource utilization. The calculation formula is given in Equation 13.

[image: image]

In the formula, E is the amount of ecological compensation that the region must pay or accept, in billions of CNY, ESV is the improved ecosystem service value, in billions of CNY; the EFI is referred to as EFI.





3 Results


3.1 Analysis of improved ecosystem service value

Based on the existing data, the per unit area ESV in Shaanxi Province could be calculated, as shown in Table 5.


TABLE 5 Per unit area ESV of Shaanxi Province in 2022.
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According to the above data, the per unit area ESV in Shaanxi Province in 2022 was 2,129.12 CNY/hm2. Multiply it with the ecosystem service equivalent factor, and according to the area of each ecosystem, the ecological service function values corresponding to different types of ecosystems were calculated by Equation 1. Based on the data from “China Statistical Yearbook 2023” and “Shaanxi Statistical Yearbook 2023,” China's per capita disposable income in 2022 was 36,883 CNY, while Shaanxi's per capita disposable income was 30,116 CNY. Consequently, the payment capacity adjustment coefficient was 81.65%. The urban Engel coefficient was 27.44%, the rural Engel coefficient was 29.72%, and the urbanization rate was 64.02%. Consequently, the comprehensive Engel coefficient was 0.28. The GDP of Shaanxi Province accounted for 2.56% of the national GDP, so the economic level adjustment coefficient of Shaanxi Province was 1.46%. The improved ESV was finally calculated by Equation 3, as shown in Figure 4. We can see that:

(1) The estimated ESV in Shaanxi Province for the year 2022 was ~6.174 billion CNY. From the perspective of ecosystem, the ESV of farmland, forest, grassland, wetland, desert, water area, and garden plot were around 0.204 billion CNY, 4.884 billion CNY, 0.209 billion CNY, 0.046 billion CNY, 0.055 billion CNY, 0.485 billion CNY, and 0.290 billion CNY, respectively. From the perspective of ecosystem service functions, the ESV of supply service, regulation service, support service and cultural service were 0.366 billion CNY, 4.202 billion CNY, 1.337 billion CNY, and 0.269 billion CNY, respectively.

(2) The function values of climate regulation and hydrological regulation of forest ecosystem were significantly higher than others. Further analysis indicates that the forest has strong carbon sink function, temperature regulation function and air purification function, which can effectively regulate the climate. Additionally, forest vegetation and roots play a key role in hydrological regulation by absorbing water and transpiration to maintain regional water cycle, reducing flood risk by reducing surface runoff, and improve water quality by filtering sediments and pollutants.

(3) Most of the ESV were positive, and only the water supply function of farmland and garden plot ecosystem were negative. There are many reasons responsible for this instance, and the following are the typical ones. Farmland and garden plot typically require significant irrigation water to maintain the growth of crops and plants. Agricultural activities often involve the application of pesticides, chemical fertilizers and other agricultural chemicals, which can enter the water body through runoff, leading to water pollution. Most of the Shaanxi Province is the Loess Plateau, and the reclamation and planting of farmland have destroyed the original vegetation, caused soil erosion, and introduced significant sediment into lakes and rivers, affecting the cleanliness and ecological health of water bodies. In contrast, other ecosystems play an active role in the regulation, filtration and conservation of water resources, and each ecosystem also contributes to other functions, so they usually show positive values.


[image: Figure 4]
FIGURE 4
 The ESV of Shaanxi Province.


From the perspective of ecosystem types, the ESV of different ecosystem types were added, respectively, and the value proportion diagram was drawn (Figure 5). According to the diagram, the order of service value of each ecosystem type was forest, water area, garden plot, grassland, farmland, desert, wetland. Among them, the ESV of forest was relatively high, accounting for 79.12% of the overall ESV. The ESV of water area, garden plot, grassland and farmland were relatively smaller compared with water area and forest ecosystems. The ESV of desert and wetland ecosystems were significantly low, accounting for <1% of the total ESV.
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FIGURE 5
 The proportion of ESV of different ecosystem types in Shaanxi Province in 2022.


It is evident that the contribution of ESV in Shaanxi Province is mainly concentrated in forest, water area, garden plot, grassland and farmland. Among them, forest accounted for 60.56% of the province's territory, and water area accounted for 1.00% of the province's territory. The two together provided 86.98% of the total ESV. Thus, it is necessary to protect forest ecosystem and water area ecosystem. On the basis of maintaining and repairing the existing vegetation, the farmland should be returned to forest and lake. For each orchard base in Shaanxi province, it is necessary to strengthen orchard construction and attach importance to the orchard environment. Under the guidance of the ecological integration policy, the resources of forest, water area, garden plot and grassland must be protected.

From the perspective of service function types, the values of different ecosystem service functions were added and calculated, and the value proportion diagram was drawn (Figure 6). Among the four categories of ecological service functions, the value of regulating service accounted for 68.07% of the total ESV in Shaanxi province. Supporting service accounted for 21.65% of the total ESV. The values of supply service and cultural service accounted for 5.93 and 4.35% of the total value, respectively. In addition, further analysis of the data showed that among the 11 subcategories of ecological service functions, the value of six ecosystem service functions of climate regulation, hydrological regulation, soil conservation, biodiversity, gas regulation and environment purification accounted for 88.78% of the total ESV, which were the main functions of the ecosystem in Shaanxi Province. It can be seen that the regulation service contributed the greatest percentage of the total ESV, indicating that the regulation service is crucial to Shaanxi's ecosystem. Once again, it has been proven that water area and forest are ecosystems that require key protection. In addition, Wang et al. (2010) separated ESV into two categories: market value and non-market value. Of the entire value, the non-market value accounted for about 95%, and the market value, which includes the production of food and raw material, accounted for about 5%. It shows that non-market value is crucial to the whole ecosystem services.


[image: Figure 6]
FIGURE 6
 The proportion of different ecosystem service function values in Shaanxi Province in 2022.




3.2 Analysis of ecological footprint
 
3.2.1 Ecological footprint

The calculation process of EF based on the formula and related data is shown in Tables 6, 7. According to the data in the table, the EF proportion of various land types in Shaanxi Province in 2022 can be obtained, as shown in Figure 7. It can be seen that the EF of the six land types in Shaanxi Province in 2022 were successively fossil energy land, farmland, forest, grassland, construction land and water area. Among them, the EF of fossil energy land and farmland accounted for about 95.38% of the total EF, ranking the top two. In comparison, the EF of forest, grassland, construction land and water area were relatively minor. In addition, further research on fossil energy land revealed that the relatively higher consumptions were raw coal and crude oil. This shows that coal and oil are the major energy sources consumed in Shaanxi Province, but the consumption of coal and oil would aggravate environmental pollution. Therefore, Shaanxi Province should consider adjusting the energy consumption structure and promoting the development of new energy sources to mitigate environmental impact.


TABLE 6 Biological resources EF of Shaanxi in 2022.
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TABLE 7 Energy EF of Shaanxi in 2022.
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FIGURE 7
 The proportion of EF of different land types in Shaanxi Province in 2022.




3.2.2 Ecological carrying capacity

Combined with the previously mentioned data on various types of biological production land area, the formula of ECC can be utilized to calculate the ECC of Shaanxi's ecosystems. As can be observed, Shaanxi's ECC in 2022 was ~14.262 million hectares. Through further analysis, the proportion of ECC of different ecosystems can be obtained, as Figure 8 illustrates. The order of ECC was forest, grassland, farmland, construction land, water area. Among them, the ECC provided by forest, grassland, farmland and construction land accounted for about 98.13% of the local total ECC. It is evident that the protection of forest, farmland, grassland, the rational development and utilization of construction land are of great significance to the sustainable development of ecological economy in Shaanxi Province.


[image: Figure 8]
FIGURE 8
 The proportion of ECC of different land types in Shaanxi Province in 2022.




3.2.3 Ecological overload index

Based on the ECC and EF of Shaanxi Province in 2022, the ecological surplus and deficit situation was calculated, as shown in Table 8. It can be seen that Shaanxi Province was in a state of ecological deficit in 2022. The EF reached 134.2669 million hectares, which was 9.41 times the ECC. It is obvious that the EF and ECC of Shaanxi Province were unbalanced, and the ecological environment was severely overloaded. Table 8 indicates that forest, grassland and water area have achieved ecological surplus, which shows that Shaanxi has taken effective measures in the planning and management of water resources, returning farmland to forest and lake, and has achieved sustainable development. However, other land types, such as fossil fuel land, farmland, construction land, were in a state of ecological deficit. With 121.2788 million hectares, fossil energy land had the worst ecological deficiency. The statistical analysis shows that this was caused by the unreasonable consumption structure, excessive dependence on fossil fuels, and excessive carbon emissions. Secondly, the ecological deficit of farmland was 5.6915 million hectares. In the process of urbanization construction and development, the occupation of farmland leads to the reduction of farmland area, the unscientific mode of agricultural production and the haphazard use of pesticides and fertilizers lead to the poor efficiency of farmland production and management, and it is easy to form the state of ecological deficit. There was an ecological deficit of 0.1275 million hectares on construction land. This was primarily caused by inadequate land use planning, excessive development intensity, and pollution from industrial, transportation, and domestic sources. In addition, there are industrial pollution, traffic pollution and domestic pollution in the process of construction development and utilization. The lack of effective ecological protection and restoration measures makes it difficult to effectively compensate for ecological functions and easily forms an ecological deficit.


TABLE 8 Ecological surplus and deficit of different land types in Shaanxi Province in 2022.
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Combined with the above data and related calculation formulas, the EFI of Shaanxi Province in 2022 could be calculated to be −8.41, indicating that Shaanxi Province was in a state of ecological deficit, the ecological compensation amount was negative, the ecological supply and demand were unbalanced, the serious overload and the unsustainable development need to be compensation accordingly.




3.3 Analysis of ecological compensation

By coupling improved ESV and EFI, the amount of ecological compensation can be obtained, which was about 51.947 billion CNY, accounting for 1.59% of Shaanxi's GDP in 2022. In addition, some studies have calculated that when the proportion of ecological compensation in local GDP is higher than 1%, the difficulty of implementation would increase accordingly (Zhao et al., 2020). The proportion of ecological compensation amount calculated by this method to local financial revenue was relatively lower, which was more reasonable and operable.




4 Discussion


4.1 Influencing factors of ecosystem service value

The land area of various ecosystems is the key factor in determining ESV. Changes in land use across different ecosystems are influenced by factors such as urbanization, agricultural development, and industrial construction. On the one hand, these factors indirectly affect ESV by affecting the land area. On the other hand, they directly affect ESV by affecting the function of ecosystem services. This study's analysis reveals that forest ecosystems occupy 60.56% of the province's total area and contribute 79.12% of the total ESV. This highlights the significant achievements of Shaanxi Province's farmland-to-forest restoration efforts in recent years.

Furthermore, factors like biodiversity would also affect ESV. Rich species and genetic resources make the ecosystem more resilient and ensure its long-term stable operation. For example, forest ecosystem with high biodiversity can provide better services such as soil conservation, air purification, and water conservation. It is suggested that the future ecosystem protection and restoration in Shaanxi Province should continue to focus on forest, and pay attention to the coordinated promotion of economic development and ecosystem protection.



4.2 Reasons for ecological deficit in Shaanxi Province

In 2022, the EFI of Shaanxi Province was −8.41, and the ecological deficit was serious. The main reasons are as follows:

(1) Fossil energy land, farmland and construction land were all in a state of unsustainable development, and they accounted for about 95.84% of the total EF, which were the crucial components in determining the ecological state of the whole Shaanxi Province. Further analysis shows that the consumption of raw coal and crude oil for fossil energy land was too large, and these two kinds of energy would cause serious pollution to the environment when burning, resulting in EF and ECC of fossil energy land can't be balanced. For farmland, over-reliance on groundwater or surface water for irrigation exacerbates drought conditions. Additionally, the overuse and mismanagement of pesticides and chemical fertilizers degrade soil quality and pollute water sources, diminishing the functionality of agricultural ecosystems. As for construction land, early urban planning often prioritized economic growth over ecological preservation, adversely affecting ecosystem health.

(2) Data analysis revealed that the secondary industry contributed 48.62% to Shaanxi's total economy. However, this sector consumes substantial energy and generates significant environmental pollution. Large volumes of industrial waste discharged into the environment contaminate air, water, and soil, disrupt the fragile ecosystem balance, and hinder the sustainable development of the ecological environment.

(3) In 2022, China had a population density of 142 people per square kilometer, while Shaanxi's population density was 192 people per square kilometer. High population density increases demand for food, water, and energy, intensifying resource consumption and environmental pollution, thereby further deteriorating ecosystem health.



4.3 Proposals to promote the implementation of ecological compensation

The ecological compensation standard of Shaanxi Province in 2022 was 51.947 billion CNY, representing 15.69% of the local general public budget revenue. Promoting the implementation of ecological compensation is crucial. As an early pilot province for ecological compensation in the Yellow River Basin, Shaanxi has gained substantial experience. For instance, the province has issued several government directives to protect the Weihe River sub-basin. To enhance ecological compensation efforts and establish a fair and efficient system, the following recommendations are proposed:

(1) Based on the experiences and lessons from the ecological compensation pilot in the Weihe River sub-basin, it is advisable to conduct timely evaluations of the policy's effectiveness, promptly summarize successful practices, and promote them. Additionally, the ecological compensation policy and evaluation mechanisms should be continuously refined in accordance with practical realities.

(2) The government supports and subsidizes ecological protection efforts through financial measures or directly implements ecological preservation and construction projects. It should establish dedicated compensation funds for different river basins, develop more practical compensation standards, and promote an innovative compensation model that integrates diverse approaches.

(3) Strengthen the promotion of ecological environmental protection and ecological compensation across the province. Efforts should focus on raising awareness of ecological compensation policy development from the perspectives of social morality, citizens' rights and obligations, social equity, and social responsibility. Additionally, public participation in ecological compensation initiatives should be encouraged and facilitated to foster a greater sense of responsibility and engagement in ecological conservation efforts.



4.4 Limitations

(1) The lack of foundational and dynamic monitoring data, as well as the accuracy of datasets, are major factors influencing the assessment of ecosystem service functions. This study employs the equivalent factor method to estimate the ESV of Shaanxi Province in 2022. Differences in research periods and regional conditions may introduce discrepancies between the calculated ESV and actual values. Future studies should leverage 3S technologies to acquire dynamic and field-based monitoring data and adopt multiple methodologies to achieve more accurate and comprehensive evaluations of ESV in Shaanxi Province.

(2) With ongoing urbanization, the expansion of artificial water bodies, green belts, and community green spaces contributes increasingly to ecosystem services. Ignoring these factors would lead to an underestimation of the overall ESV, thereby increasing the uncertainty of research findings. Consequently, the ESV estimated in this study serves only as an approximate evaluation.

(3) This study calculates the ecological compensation amount, providing a reference point for ecological compensation research in Shaanxi Province. However, it does not address the allocation methods for ecosystem funds, despite the diverse ecological conditions across different regions in the province. To ensure effective implementation, it is essential to consider the geographical, economic, and demographic characteristics of each region when determining the allocation weights for compensation funds. This targeted approach would support the implementation of tailored ecological protection measures. Furthermore, unresolved issues, such as identifying who should compensate and determining appropriate compensation mechanisms, highlight the challenges that must be overcome for ecological compensation to be fully realized.




5 Conclusions

Given that most existing research focuses on single ecosystems, it often fails to comprehensively account for the supply-demand relationship between humans and nature, the capacity to pay compensation, and the level of regional economic development, resulting in limited practicality. This study takes Shaanxi Province as its research object and explores an ecological compensation method based on a coupled and improved ESV—EF model. The research results offer a new perspective and methodology for the rational development of ecological compensation strategies in Shaanxi Province. They contribute to fostering a new paradigm of ecological protection and sustainable economic development while also providing a foundation for studying ecological compensation in other ecologically fragile regions.

(1) The improved ESV in Shaanxi in 2022 was ~6.174 billion CNY. The ranking of ESV by ecosystem type was forest, water area, garden plot, grassland, farmland, desert, and wetland. Together, forest and water area contributed 86.98% of the total ESV, highlighting their critical importance for ecological protection in Shaanxi. Regulation services accounted for the largest proportion of all ecosystem services, underscoring their vital role in maintaining ecosystem functions. Moreover, market value constituted only 5% of the overall ESV, emphasizing the need to avoid an overreliance on market-centered strategies when formulating ecological development plans. This study incorporates multiple ecosystems and adjusts ESV using economic level adjustment coefficient and payment capacity adjustment coefficient, enhancing the accuracy and reliability of the results.

(2) According to the calculation and analysis of EF and ECC, the total EF of Shaanxi Province in 2022 was 134.2669 million hectares, of which the EF of fossil energy land was the largest, reflecting the high demand for energy by human beings. Concurrently, the total ECC of Shaanxi Province in 2022 was about 14.262 million hectares, mainly provided by forest, grassland, farmland and construction land. It indicates that Shaanxi, as an important agricultural province in China, is facing greater food pressure while undertaking the task of production and economic development.

(3) By comparing the EF and ECC, the ecological surplus and deficit states can be obtained, which further reflects the supply and demand relationship between humans and nature. The calculation results showed that Shaanxi was in ecological deficit state in 2022. The supply-demand relationship of ecological resources was seriously out of balance. The ecological deficit of fossil energy land was the largest, followed by farmland, and the ecological deficit of construction land was the smallest. Therefore, it is necessary to carry out reasonable planning of fossil energy land, farmland and construction land to ensure the good development of these ecosystems and coordinate the balance between different ecosystems.

(4) After calculating and analyzing ecological compensation, it was discovered that Shaanxi Province had a serious overload phenomenon in 2022, with the EFI of −8.41. The imbalance between the supply and demand relationship of resources in the province was severe, resulting in negative environmental benefits. The compensation amount for 2022, as the payer of ecological compensation, was 51.947 billion CNY. This amount, calculated using the ecological compensation method based on the coupled improved ESV-EF model, accounted for only 1.59% of the province's GDP, highlighting its feasibility for implementation.
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items global coefficient total consumption factor EF (hm?) (10%hm?)
energy (GJ/t) population (tons)
footprint
(GJ/hm?)
Fossil Raw coal 55 20.934 39,560,000 290,686,000 0.94 262897 10,400.20
energy land
Coke 55 28.474 39,560,000 8,662,180 0.94 0.10656 421.54
Crude oil 93 41.868 39,560,000 19,259,225 0.94 0.20602 815.02
Diesel oil 93 42.705 39,560,000 3,257,990 0.94 003555 140.63
Gasoline 93 43.124 39,560,000 2,886,055 0.94 0.03180 125.80
Kerosene 93 43.124 39,560,000 433,255 0.94 0.00477 18.88
Fuel oil 71 502 39,560,000 2,219,565 0.94 0.03729 147.52
Natural gas 93 38.98 39,560,000 1,479,710 094 001474 58.30
Subtotal 3.06569 12,127.88
Construction| Electricity 1,000 36 39,560,000 23,758,945° 072 0.01557 61.58
land
Subtotal 001557 6158
Total 3.08126 12,189.46

The unit of*, the conversion coefficient of electricity, is GJ/10* kWh, the unit of®, energy consumption of electricity, is 10* kWh.
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Land types Consumption Total Average Total Per capita Equilibrium Per capita EF Total EF

items production production consumption consumption factor (hm?2) (10%hm?)
(tons) (kg/hm?) (tons) (%))
Farmland Rice 733,300 6912 732,368 18.51 072 0.00193 7.63
Wheat 4,297,800 4,486 4,292,335 108.50 0.72 0.01741 68.89
Corn 6,168,100 5,190 6,160,257 155.72 072 0.02160 85.46
Soybean 305,400 1,753 1,479,611 37.40 0.72 001536 60.77
Oil crop 563,400 2,242 632,646 15.99 0.72 0.00514 20.32
Cotton 200 1,552 515 0.01 072 0.00001 0.02
Tuber crop 1,044,000 3,228.2 1,044,000 26.39 0.72 0.00589 23.28
Hemp crop 300 1,772 608 0.02 0.72 0.00001 0.02
Sugar crop 2,700 29,967 2,700 0.07 0.72 0.00000 0.01
Tobacco 53,700 2,302 43,488 1.10 072 0.00034 136
Vegetable 20,821,500 37,770 14,002,643 353.96 0.72 0.00675 26.69
Pork 1,016,600 360 1,016,653 25.70 0.72 0.05139 203.29
Egg 636,200 253 636,200 16.08 072 0.04580 18117
Subtotal 0.17162
Grassland Beef 89,300 407 90,414 229 077 0.00432 17.09
Goat wool 4,067 19 4,067 0.10 0.77 0.00427 16.88
Sheep wool 3,680 17 3,680 0.09 0.77 0.00427 16.88
Mutton 102,000 465 102,000 2.58 0.77 0.00427 16.88
Milk 1,078,500 4,920 1,078,675 27.27 0.77 0.00427 16.88
Cocoon 6,609 30 6,609 0.17 0.77 0.00427 16.88
Honey 13,337 61 13,337 0.34 077 0.00427 16.88
Subtotal 0.02992
Forest Tea 100,418 625 100,365 254 0.94 0.00382 15.10
Fruit 19,934,700 1,707 6,702,010 169.41 094 0.09332 369.17
Pepper 96,638 1,126 90,908 230 094 0.00192 7.59
Walnut 451,135 1,214 424,384 10.73 0.94 0.00830 32.85
Chinese chestnut 107,146 783 100,793 2.55 094 0.00306 12.09
Subtotal 0.11041 436.79
Water area Aquatic product 173,500 3,204 173,332 438 0.6 0.00080 3.16
Subtotal 0.00080 3.16
Total 031275 1237.23
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Farmland Dryland 0.63 0.30 001 0.50 027 0.07 020 0.76 0.09 0.10 0.04
Paddy field 0.70 0.05 —136 057 0.30 0.09 141 001 0.10 011 0.05
Irrigated 101 0.07 -195 082 0.42 013 201 0.01 0.14 0.16 0.07
land
Forest Coniferous 0.16 0.38 020 1.26 3.75 1.10 247 152 0.12 139 0.61
forest
Broad- 021 0.48 025 159 476 1.40 3.19 194 0.15 176 0.77
leaved
forest
Arbor 0.14 0.32 016 1.04 313 0.95 2.48 127 0.10 116 051
Shrub 0.07 0.10 006 038 0.99 0.33 073 0.46 0.04 0.41 0.19
Grassland Grassland 0.16 0.24 013 084 223 0.74 1.64 103 0.08 0.94 041
Meadow 0.38 037 192 141 2.66 2.66 17.93 171 013 5.82 3.50
Wetland Wetland 0.01 0.02 001 0.08 0.07 023 016 0.10 0.01 0.09 0.04
Desert Desert 0.59 0.17 613 057 1.69 411 75.66 0.69 0.05 1.89 140
Water area Water area 0.61 0.28 —085 121 2.62 0.78 276 0.98 0.14 097 043
Garden plot Garden plot 0.63 0.30 001 0.50 0.27 0.07 020 0.76 0.09 0.10 0.04
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ta types

Ecosystem service value data

Data informatiol

Grain yield and area

Data sources

Shaanxi Statistical Yearbook 2023

Grain price

National Development and Reform Commission Price Monitoring
Center (http://www.jgjcndrc.org.cn)

Ecological footprint data

Statistics population, total production and consumption of
biological resources, energy utilization per capita

China Statistical Yearbook 2023, Shaanxi Statistical Yearbook 2023

Partial resource consumption

China Ministry of Agriculture and Rural Affairs (http://www.moa.gov.
cn)

Partial biological resource productivity

Forestry Professional Knowledge Service System

Biological resources production area

Resource Environmental Science and Data Center (https://www.resdc.
cn)

Ecological carrying capacity data

Area of different land types

Resource Environmental Science and Data Center (https://www.resdc.
cn), Land survey results sharing application service platform (https://
gtdc.mnr.gov.cn)

Ecological compensation data

Urban and rural Engel coefficients, urbanization rate, Per
capita disposable income, GDP

China Statistical Yearbook 2023, Shaanxi Statistical Yearbook 2023
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Implementing

period

Laws and government
announcements

Key content

2005 11th Five-Year Plan For the first time, it is proposed that “whoever develops shall protect, whoever benefits shall
compensate, and accelerate the establishment of ecological compensation mechanism.”

2007 Guidance on the pilot work of ecological Establish the standard system of ecological compensation in key areas; implement the

compensation responsibility of compensating all stakeholders and explore diversified ecological
compensation methods and models.
2012 18th National Congress Report Establish a system of paid use of resources and an ecological compensation system;
improve the ecological environment protection responsibility system and environmental
damage compensation system.
2014 The Environmental Protection Law of the The state establishes and improves the ecological protection compensation system; increase
People’s Republic of China financial transfer payments to ecological protection areas.

2016 Opinions on the Full Implementation of the Promote the establishment of ecological protection compensation mechanism, strengthen
River Chief System the prevention and supervision of soil erosion and comprehensive improvement.

2019 Ecological Comprehensive Compensation Within the scope of national key ecological function areas, 50 counties and cities were
Pilot Program selected to carry out ecological compensation pilot work.

2021 Opinions on Deepening the Reform of To clarify the road map and timetable for deepening the reform of China’s ecological
Ecological Protection Compensation System protection compensation system.

2024 Ecological Protection Compensation China’s first law specifically for ecological protection compensation marks a new chapter in

Ordinance

the legalization of China s ecological protection compensation.
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Land types

ECC (10* h

Ecological surplus and de

Ecological state

Farmland 678.92 109.77 —569.15 Ecological deficit
Forest 436.79 795.89 359.10 Ecological surplus
Grassland 118.36 445.06 32670 Ecological surplus
Water area 3.16 26.65 23.49 Ecological surplus
Construction land 61.58 48.83 —12.75 Ecological deficit
Fossil energy land 12,127.88 0.00 —12,127.88 Ecological deficit
Total 13,426.69 1,426.20 —12,000.50 Ecological deficit
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