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Abstract

:

The human welfare and sustainability of oases have received wide attention because of the fragility of the ecological environment and the instability of these systems. In this study, the sustainability level and the driving forces of emergy utilization in the Hotan Prefecture (in the Xinjiang Uygur Autonomous Region, China) from 2005 to 2015 were evaluated using the emergy approach combined with the logarithmic mean Divisia index (LMDI) method. The emergy analysis showed that non-renewable resources (N) accounted for a large proportion of net emergy (U). The Emergy Sustainability Index (ESI) continued to decline in the study period, implying increasing environmental stress. From a long-term perspective, the system’s development is not sustainable. According to the emergy analysis and the LMDI results, it is imperative to pursue the following aims: (1) increase the per capita gross domestic product (GDP) and labor productivity, (2) improve the efficiency of state investment and aid fund utilization, (3) enhance the area’s sustainability level and economic independence, and (4) protect the area’s fragile ecological environment.
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1. Introduction


The regional sustainability level is an important yardstick of social development as well as a comprehensive manifestation of economic development and people’s happiness. Nowadays, the regional sustainability level is mainly measured by the following methods: the energy flow method [1,2,3], the lifecycle analysis [4,5,6], and the ecological footprint analysis [7,8,9]. The three methods are widely used for the analysis of regional resource-bearing capacity and environmental accounting. Before the advent of the emergy concept and theory, determining how to reflect the regional sustainability level comprehensively and integrate and mutually convert three types of flow (energy flow, material flow, and currency flow) had been a long-standing issue. Over time, people have been committed to seeking a study scale and method that can be used for quantitative analysis and study by combining the ecological system and the economic system [10]. The emergy approach is such a method; specifically, it is an integrated method rooted in the energy system and ecological economics.



The emergy theory was founded in the 1980s by Odum. Emergy is different from energy. Specifically, emergy refers to the energy required for making a resource, product, or service [11]. The quantity of a type of energy contained in flowing or stored energy is referred to as the emergy of the energy. Emergy is usually measured in terms of solar energy (unit: solar emjoules or sej). For example, when 1 cm³ of rainwater drops on the ground, the emergy is 75,000 sej. In emergy analysis, solar transformity (unit: sej/J or sej/g) is used as the unit of transformation for different types of matter or energy. Namely, the solar emergy per unit energy or matter can be used to transform the different types of energy or matter flowing and stored in an ecological–economic system into the emergy ratio of the same standard. Odum, Brown, Hau, Sciubba, and Ulgiati have published many works about emergy [10,12,13,14,15,16,17,18,19,20,21,22]. They calculated the emergy transformity and discussed its calculation method [23,24,25,26,27,28].



Emergy analysis is used to evaluate the level of system sustainability from different angles and scales. From the angle of ecology and ecosystem service value, Campbell et al. studied the significance of oyster coral reefs to society, concluding that oyster coral reefs are a typical species that transcend their market value, and it is necessary to calculate the welfare of their ecosystem services to mankind [29]. In agricultural, economic, and social studies, Fonseca et al. used the emergy analysis method to evaluate the benefits of cattle breeding on the Montado farm, and offered some suggestions to optimize the system sustainability [30]. In the emergy evaluation for industries and technologies, Li et al. applied the emergy analysis method to the closed-loop recycling process, specifically evaluating the environmental stress of each recycling stage according to the emergy of products [31]. Liu et al. selected two cities and compared their similarities and discrepancies from the perspective of urban metabolism [32].



Decomposition analysis is widely used to study the key driving factors that affect energy consumption, carbon emissions, material consumption, and production demand [33,34,35,36]. Decomposition analysis includes structure decomposition analysis (SDA) and index decomposition analysis (IDA). As a branch of the IDA model, the LMDI model is a decomposition model that is applicable to the circumstance in which there are not many variables and a time series is involved. The LMDI model can do without the data of an input–output table, so it is easy to use and is widely used in many fields.



Although the human welfare and sustainability of oases have received wide attention [37,38,39,40], the comprehensive studies based on emergy and index decomposition mainly focus on developed economic systems or industrial systems [41,42,43,44,45]. However, none of them touch on the sustainability of underdeveloped oases. In previous regional-scale studies, some scholars analyzed the sustainability level of resource-based cities or islands [46,47]. Such papers mainly focused on the resource utilization level, the running status of the economic system, and the evaluation of the regional development level. The Hotan Prefecture is a typical oasis system in northwest China that is characterized by a fragile ecosystem and poor economic extroversion; it is a clustered area of minorities. By using emergy analysis combined with LMDI, this paper evaluated the sustainability level and the driving forces of emergy utilization from 2005 to 2015, which provides an important reference and basis for policy-making in the future.




2. Materials and Methods


2.1. Study Area


The Hotan Prefecture is in the southeastern Xinjiang Uyghur Autonomous Region (Figure 1). Its center is located at 37°7′12″ N 79°55′12″ E; its average altitude is 1400 m. It administers one city and seven counties: Hotan City, Hotan County, Moyu County, Pishan County, Luopu County, Cele County, Yutian County, and Minfeng County. It occupies approximately 248,100 km2. Hotan City is 1513 km away from Urumqi, which is the capital of the Xinjiang Uyghur Autonomous Region. Of the total area, mountainous lands account for 44.5%, the Gobi and other deserts account for 49.73%, and oases account for only 3.96% [48]. It is dominated by an arid desert climate, with a hot and arid summer and a cold and arid winter. The total amount of solar radiation is very high; for example, the annual amount of solar radiation in the plains areas is 5934 MJ/m2. The annual sunshine duration is 2747–3038 h, the cumulative temperature of 10 °C is 4200 °C, and the annual frostless period (with surface temperature greater than −1 °C and minimum air temperature at least 4 °C) lasts for 170–201 days [49].



In 2015, the study area had a total population of 2,324,300 [21], composed of over 30 ethnicities. In 2015, the gross domestic product (GDP) was $3624 billion, and the per capita GDP was $1573. The ratio of primary, secondary, and tertiary industries was 25.8:16.7:57.5. The manufacturing industry is underdeveloped, and the primary industry plays an important role. The tertiary industry accounts for a high proportion of industries, but mainly focuses on such sectors as building, education, public administration, and social security. The industrial structure is simple, and the economy is underdeveloped. Distinctive agricultural and forest products include red dates and walnuts. In 2015, the yield of red dates was 96,500 tons with a per capita yield of 42.13 kg, and the yield of walnuts was 154,400 tons with a per capita yield of 67.4 kg [49].



The Hotan Prefecture is located within a typical oasis system, which is characterized by a close link between humans and nature and a fragile and unstable ecosystem. In this study, it is used as a typical case for evaluating the sustainability level of an oasis.




2.2. Data Sources


The initial study data herein is available from the statistical yearbook of the Hotan Prefecture (from 2006 to 2016) [49].




2.3. Emergy Approach


2.3.1. Emergy Theory


The oasis emergy system is an integrated system that relates to the economic, social, and natural sustainability of an oasis. By referencing the research findings of other scholars, this paper selected the matter and energy items most closely correlated with the whole oasis system and calculated the energy and emergy of each item, thus composing an oasis emergy system. Table 1 describes the emergy classification, emergy composition, and emergy transformity regarding the oasis system. Emergy transformity was recalculated according to the new global emergy benchmark, 15.83 × 1024 sej/a [19,50].



Renewable resources (R) include renewable environmental resources (R0) and indigenous products (R1). The renewable environmental resources are a manifestation of the natural conditions of the oasis system. To avoid a repetitive calculation of emergy, this paper only took the sum of the earth’s circulation energy and the largest of the following: solar energy, wind energy, potential energy of rainwater, or chemical energy of rainwater [17]. Indigenous products include farming products, livestock products, forest products, and aquatic products. They are derived from environmental resources in the oasis system, and provide the source of food that maintains the survival of humans in the oasis system. Non-renewable resources (N) include environmental non-renewable resources (N0) and locally produced non-renewable resources (N1). Environmental non-renewable resources include the net losses of the surface soil layer. Locally produced non-renewable resources include the main industrial products produced in the oasis system, including raw coal, cement, steel, electric power, and tap water. Import emergy (IMP) refers to all of the energy streams that enter the oasis system from the outside, including the externally inputted goods and services, inbound tourism, investment, aid funds to Xinjiang, and fiscal surplus. Aid funds to Xinjiang account for a considerable proportion of import emergy. Export emergy (EXP) includes the goods and services exported from the oasis system.




2.3.2. Emergy Indices


The following indices were used to evaluate the sustainability level of Hotan’s emergy system.



	(1)

	
Aggregate Indices







Net emergy (U) is the total emergy inputted and utilized by the system, and is equal to the sum of R, N, and IMP.



	(2)

	
Efficiency Indices







The net emergy yield ratio (EYR) is the ratio of net emergy to import emergy, U/IMP. EYR was used to measure the contribution of externally inputted emergy to economic development in the oasis system. The emergy/currency ratio (EG) is the ratio of net emergy to GDP, U/GDP. For convenience of comparison, the GDP in RMB (China Yuan), which is based on the present prices, was converted into GDP based on comparable prices of a year and then converted into US dollars. Emergy density (ED) is the emergy per unit area of land, U/Area. It is used to measure the intensity of emergy. Emergy per capita (EP) reflects the emergy possessed per capita. The larger the EP value, is, the higher the living standards.



	(3)

	
Stress Indices







The environmental load ratio (ELR) is the ratio of the emergy input of non-renewable resources to the emergy input of renewable resources, (N + IMP)/R. ELR is used to measure the degree of environmental stress.



	(4)

	
Comprehensive Indices







The ESI was jointly made by Brown and Ulgiati [51]. ESI is the ratio of the system’s emergy yield ratio to the environmental load ratio, EYR/ELR, and is a comprehensive index for measuring the sustainability level of an oasis system.





2.4. Index Decomposition


Some scholars have studied the emergy structure by using the emergy theory combined with the index decomposition method. Using data envelopment analysis and decomposition analysis, Zhang et al. evaluated the system sustainability of Qingyang and its eight constituent districts [41]. In light of the emergy theory, Liu Zhe et al. studied the influencing factors of industrial symbiosis in industrial parks through the human impact population affluence technology (IPAT) equation and the IDA model [42]. Using the emergy theory combined with the LMDI method, Lu Sun et al. analyzed the sustainability level of Shenyang City and determined the driving factors of emergy utilization [43]. Using a combination of the emergy approach and the LMDI method, Xu Tian et al. studied the balance of trade between China and Japan [44]. Using the Kaya equation combined with the IDA model (index decomposition analysis), Liu Zhe et al. analyzed the key factors that affect the sustainability of the Tianjin Economic–Technological Development Area [45]. The published comprehensive studies based on emergy and index decomposition mainly focus on developed economic systems or industrial systems, but rarely touch on the sustainability of an oasis system. The Hotan Prefecture is an economically underdeveloped region whose industrial structure is dominated by agriculture. Its development must rely on national aid funds, and both its emergy structure and sustainability factors are very special. Considering this, it is necessary to analyze its emergy structure and driving factors of efficiency through index decomposition.



Ehrlich and Holdren quantified the environmental impact of mankind. Specifically, the environmental impact is regarded as a function of population, technology, and affluence, i.e., the IPAT model. The function is expressed as follows: I (Environmental impact or stress) = P (Population) × A (Affluence) × T (Technology, indicating the specific technology that supports affluence) [52]. The IPAT model provides an analytical framework by combining the human driving force with the core factors of the environmental issue. Specifically, in a country or region, the impact on the environmental and ecological systems is the outcome of its population and affluence, and is damaged by the specific technology that supports such affluence. This model is also referred to as the environmental stress control model, which is essentially used to measure the imported impact or stress on/to the environment produced by human activities [53].



We used an improved IPAT model in which the net emergy is decomposed as follows:


  U =  U  R + N   ×   R + N   G D P   ×   G D P   P O P   × P O P  



(1)







In Equation (1), R refers to renewable resources, N refers to non-renewable resources, GDP refers to the gross domestic product (measured on the basis of the comparable prices of 2005 and converted to US dollars), and POP refers to the population. For the convenience of calculation and expression, each constituent factor of the net emergy was replaced by the following equation:


  C =  U  R + N    



(2)







In Equation (2), C is the structure factor, indicating the ratio of the system’s total emergy input to the emergy input of local resources.




   E =   R + N   G D P     



(3)





In Equation (3), E is the efficiency factor, indicating the resource input emergy per unit of GDP. E reflects the efficiency of resource utilization. The smaller the E value, the higher the yield efficiency of input resources.




   G =   G D P   P O P     



(4)





In Equation (4), G is the economic factor, indicating the ratio of the GDP to the population. G reflects the per capita GDP, namely, the economic scale. To some extent, G reflects the level of affluence of the people in the system.



When other conditions remain constant, a larger population means a larger demand for and consumption of net emergy. Due to the complexity of the demographic factor, the net emergy will be influenced by the structure, movement, regional distribution, and rural–urban differences of the population.



In summary, U is expressed as follows:


  U = C × E × G × P O P  



(5)







According to Equation (5), when other conditions remain constant, U will increase with the rise of the following factors: the ratio of the system’s total emergy input to the emergy input of local resources (C), resource input emergy per unit of GDP (E), per capita GDP or living standard (G), and population size (POP).



In this paper, the addition model of LMDI I was selected to decompose the driving factors of the oasis emergy system, specifically:


  ∆ U =  U t  −  U 0   



(6)







In the above equation,    U t    refers to the net emergy of Period t, and    U 0    refers to the net emergy of the base period (2005 is the base period, and 2006 to 2015 are the changing periods). The variation in the net emergy can be decomposed as the sum of variation in all factors:


  ∆ U = ∆ C + ∆ E + ∆ G + ∆ POP  



(7)







The contribution of each single factor can be calculated by the following equations:


  ∆ C =   ∑  ​     U t  −  U 0    ln  U t  − ln  U 0    ln    C t     C 0     



(8)






  ∆ E =   ∑  ​     U t  −  U 0    ln  U t  − ln  U 0    ln    E t     E 0    #  ( 9 )   



(9)






  ∆ G =   ∑  ​     U t  −  U 0    ln  U t  − ln  U 0    ln    G t     G 0     



(10)






  ∆ P O P =   ∑  ​     U t  −  U 0    ln  U t  − ln  U 0    ln     P O P  t      P O P  0     



(11)









3. Results


3.1. Emergy Stream Analysis


The Hotan Prefecture is dominated by a dry and scarce rain climate. Therefore, wind energy plays a dominant role compared with solar energy, the potential energy of rainwater, and the chemical energy of rainwater. This is totally different from the research conclusions regarding Guangdong, Tibet, etc. [54]. From 2005 to 2015, the R0 was maintained at 5.97 × 1022 sej, and the R1 increased steadily from 1.02 × 1022 sej (2005) to 1.64 × 1022 sej (2014), which was an increase of 60.78% over 10 years. In 2015, the R1 increased rapidly to 2.89 × 1022 sej, which is 1.76 times the R1 in 2014. This shows that the output of the primary industry increased sharply in 2015. Table 2 describes the emergy flows of the study area.



There was a slight variation in the emergy of environmental non-renewable resources. From 2005 to 2015, there existed three stages regarding the variation in the emergy of locally produced non-renewable resources. From 2005 to 2015, with the increasing consumption of fossil fuels, the emergy of N1 increased remarkably from 3.26 × 1024 sej to 1.32 × 1025 sej. The import emergy increased rapidly from 1.45 × 1023 sej (in 2005) to 1.31 × 1024 sej (in 2015), which was a ninefold increase.




3.2. Emergy Index Analysis


Table 3 shows that emergy indices and indicators for Hotan. From 2005 to 2015, the net emergy increased rapidly from 3.53 × 1024 sej (in 2005) to 1.46 × 1025 sej (in 2015), i.e., by 4.14 times in 11 years (as shown in Figure 2). The net emergy decreased only in 2009 and 2010, and then increased abruptly in 2011. The increase in the net emergy was primarily contributed to by non-renewable resources.



The larger the EYR value, the higher the utilization efficiency of the import emergy. From 2005 to 2015, the EYR tended to decrease overall (as shown in Figure 3). Specifically, the EYR decreased from 24.39 (in 2005) to 11.02 (in 2010), remained stable from 2010 to 2015, and finally reached 11.18 in 2015.



ELR is used to measure the degree of environmental stress. From 2005 to 2015, the ELR increased significantly (as shown in Figure 3). Specifically, it increased by 3.31 times from 49.46 (in 2005) to 164.13 (in 2015).



The ESI continued to decrease from 2005 to 2015 (as shown in Figure 3). Specifically, the ESI in 2005 (0.493) was 7.25 times that in 2015 (0.068).



The emergy/currency ratio is measured in sej/$. For the convenience of comparison, the GDP from 2005 to 2015 was calculated in terms of comparable prices in 2005 and was converted into US dollars according to the exchange rate in 2005. The EG of economically underdeveloped regions is usually high. From 2005 to 2015, the EG experienced four stages: (1) increase, (2) decrease, (3) increase, and (4) decrease. The EG in 2015 was somewhat higher than in 2005, indicating that the Hotan Prefecture is economically underdeveloped.



Emergy density and emergy per capita shared a similar trend: increase, decrease, and continuous increase. ED is used to measure the intensity of emergy, and EP is used to measure the living standard of a region. From 2005 to 2015, the population increased from 1,825,127 to 2,324,287. The increase in ED and EP shows that the Hotan Prefecture has embraced a rapid economic development and is also being confronted with a high environmental stress.




3.3. Driving Factor Analysis


To evaluate the sustainability level, we analyzed the driving factors of net emergy. Figure 4 and Table 4 present the contribution of various driving factors to net emergy from 2006 to 2015.



The variations in the driving factors can be divided into three stages. In the first stage (2006 to 2010), the total effect fluctuated between negative and positive. In the second stage (2011 to 2014), the total effect was positive. During this period, external financial aid was increased, and the Hotan Prefecture actively developed its distinctive forestry and fruit industry. In the third stage (2015), the total effect was negative.



The economic factor was the primary driving factor of the increase in the net emergy, because the economic foundation is very poor. In 2005, its GDP was only $1934 billion (calculated in terms of comparable prices in 2005), and its per capita GDP was $1559.04 (calculated in terms of the prices of the current year). A low GDP implies that the net emergy value is small.



The demographic factor (i.e., POP) ranked second in terms of contribution to the increase in net emergy over the last 10 years, and did not contribute significantly to the increase in net emergy. The Hotan Prefecture has a very high natural population growth rate. In 2015, its natural population growth rate was as high as 17.51%, far higher than the national average (5.8%). Due to the poor structure and resources of the population, however, the ability of the demographic factor to promote emergy input is very limited.



Among all of the driving factors, the structural factor ranked third in terms of contributions to the increase in net emergy. This implies that the import of external resources strengthened the economic vigor of the whole system, but to a very limited extent. The increase in the structure factor shows that the import emergy continued to increase. On one hand, the Hotan Prefecture is gradually ridding itself of the excessive reliance on local resource input; on the other hand, it is increasingly relying on external aid.



The efficiency factor was the primary driving factor of the decrease in net emergy. The role of the efficiency factor is unstable. Specifically, the efficiency factor played a significant positive role in certain years (e.g., 2006, 2008, and 2011), but a significant negative role in other years (e.g., 2009, 2010, 2014, and 2015).





4. Discussion


The Hotan Prefecture is a typical oasis system characterized by economic underdevelopment and simple industrial structure. Over this past decade, similar to other regions of China, it has experienced rapid economic development. It has also been confronted with various problems, including environmental pollution, unreasonable industrial structure, and a widening gap with other regions of China. Using the emergy analysis method combined with the LMDI method, we analyzed the sustainability level and driving factors of emergy.



When the emergy sustainability index (ESI) was first proposed by Brown and Ulgiati, a system was defined as a developed country or region if ESI <1, whereas it was defined as a developing country or region if 1< ESI <10 [51]. However, some researchers have expressed different opinions in recent years. In the emergy analysis for Puerto Rico, González-Mejía et al. pointed out that the larger the ESI value, the higher the system’s sustainability level [47]. Lulu Qu et al. analyzed the sustainability level of Taiyuan City. They argued that the larger the ESI value, the more likely a region is to develop sustainably, with less use of local non-renewable resources and fewer imports. In contrast, a small ESI value implies that a region consumes more non-renewable emergy and imports more emergy, which gradually results in unsustainable development [46]. From 2005 to 2015, the ESI continued to decline, and its interaction with the outside world increased. According to González-Mejía and Lulu Qu, a decrease in the ESI shows that the economic foundation of a system is gradually transforming, moving from agriculture to the manufacturing industry, and its overall sustainability level continues to decrease. If the ESI value is smaller than 1, the system is a resource-consuming and unsustainable system, and is also confronted with high environmental stress [14]. A large IMP is the main reason for a small ESI. This is the peculiarity of Hotan. The export emergy involves the exported goods and services, and was maintained at a low level. The import emergy was far higher than the export emergy. This shows that the local goods and services were not sufficient to support local economic development, and that external financial support was indispensable. It is imperative that the Hotan Prefecture enhances its development sustainability and economic independence, increases its export emergy, develops an export-oriented economy, and improves the deep processing of agricultural products based on the planting of distinctive agricultural products. While developing its economy, it should also protect the fragile ecological environment in the oasis. The ESI index has limitations, and different interpretations tend to reflect different or even converse outcomes [55,56]. Therefore, we used LMDI to analyze the driving forces of emergy utilization.



Judging by the GDP, the economy is dominated by the primary industry, and the output of indigenous products is increasing. Notwithstanding, the rapid development of primary industry (i.e., of the agriculture and forest) is dominated by the production of primary products and is deficient in their deep processing. According to the principle of diminishing marginal utility, this means that economic development will bring about a great marginal utility. As long as the Hotan Prefecture keeps developing steadily, the net emergy will keep increasing remarkably. Economic development will stimulate the demand for regional emergy. Specifically, the development of the manufacturing industry, primary industry, or tertiary industry will bring about a rise in the output of indigenous products, an increase in the input of non-renewable resources, or an increase of external investment. For an underdeveloped region whose economy is dominated by the primary industry, economic development is an effective means of increasing marginal utility. However, the emergy analysis also showed that, in the net emergy, non-renewable resources accounted for a very large proportion, and the import emergy (IMP) accounted for the second largest proportion. Evidently, in this underdeveloped area, people used non-renewable resources extensively (for example, raw coal, cement, and electric power) in a very primitive way, and such non-renewable resources were not satisfactorily transformed into products for industrial development.



To increase the net emergy, it is necessary to increase the per capita GDP and labor productivity. To raise labor productivity, the key is to improve the competence of the population. First, the economy is dominated by the primary industry. In 2015, the agricultural population was 1,705,883, accounting for 73.4% of the total population. In accordance with China’s definition of an impoverished population (i.e., a population with an average annual net income per capita below 944 yuan), the impoverished population was still as large as 504,459. Secondly, among the rural population, the impoverished population accounted for a large proportion. Most of the rural population was engaged in the primary industry in the countryside, and their living and production habits were significantly different from those of the urban population. Due to its limited educational level, this part of the population could hardly transfer to high-emergy industries, e.g., the manufacturing industry and the service industry.



The total effect of the structure factor shows that the Hotan Prefecture is not only gradually ridding itself of its excessive reliance on local resource inputs, it is also increasingly relying on external aid. The import emergy comprises fiscal surplus, attracted investment, and Xinjiang-aiding funds. From 2005 to 2015, China provided great support for south Xinjiang, especially Hotan. The period from 2005 to 2010 was the second five-year period after the implementation of the Great Western Development Strategy of China. After the working conference on pairing assistance for Xinjiang in 2010, China further strengthened aid for Xinjiang. Statistical data shows that, from 2012 to 2015, the paid-in funds to aid the study area had totaled up to 10,907,000,000 yuan (about $1.75 billion) after the working conference. If the on-budget state-allocated funds are counted, the total aiding funds were far greater than the amount of imports. However, the net emergy was not boosted by such a huge external import emergy. This shows that the aid funds have produced a positive influence on the economic development, but have yet to play a greater role in the coming years. China should not only provide aid continuously, it should also improve the utilization efficiency of external investment and aid funds. The intent is to ensure that the external investment and aid funds constantly play a great role and gradually promote the economic development.



The smaller the E value, the higher the yield efficiency of input resources. Usually, the higher the yield efficiency, the lower the required net emergy. With the change in the efficiency factor (e.g., technological advance), the input resources required for the same GDP will decrease. Therefore, the increase in the E value (namely, the decrease in yield efficiency) will lead to an increase in net emergy, and the increase in efficiency will bring about a decrease in net emergy, namely, emergy input. However, this does not mean that efficiency should be reduced. The increase in net emergy arising from the reduction in efficiency is in vain and wasteful. It is not advisable to reduce efficiency because of the quantitative increase in net emergy. In recent years, the resource utilization efficiency has been somewhat improved as a result of the increase in import emergy. The input resources required to achieve the same GDP will decrease only with a change in a certain factor (e.g., technological advance). Therefore, only the increase in net emergy accompanied by higher efficiency will be effective emergy.




5. Conclusions


By empirical analysis and innovative methods, combined with emergy analysis and the LMDI model, this paper evaluated the sustainability of a typical oasis system. The emergy analysis showed that non-renewable resources (N) accounted for a large proportion of net emergy (U). The Emergy Sustainability Index (ESI) continued to decline in the study period, implying increasing environmental stress. From a long-term perspective, the system’s development is not sustainable. According to the emergy analysis and the LMDI results, it is imperative to make efforts pursuing the following aims: (1) increase the per capita gross domestic product (GDP) and labor productivity, (2) improve the efficiency of state investment and aid fund utilization, (3) enhance the area’s sustainability level and economic independence, and (4) protect the area’s fragile ecological environment. The findings will provide a reference for subsequent studies. In the future, emergy analysis may be used to evaluate the sustainability of different regions and different scales from various points of view, providing a useful reference for regional economic development and policy-making.
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Figure 1. The geographical location of Hotan (GS (2016) 1600). (a) The geographical location of Hotan in China; (b) The geographical location of Hotan in Xinjiang. 
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Figure 2. Net emergy use per year and its components for Hotan. Caption: Renewable resources (R), non-renewable resources (N), and import emergy (IMP). 
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Figure 3. Hotan emergy indicators (2005–2015). Caption: Emergy sustainability index (ESI), net emergy yield ratio (EYR), environmental load ratio (ELR). 
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Figure 4. The driving factor of U in Hotan from 2006 to 2015. ΔC is the variation in the structure factor, ΔE is the variation in the efficiency factor, ΔG is the variation in the economic factor, ΔPOP is the variation in population, and ΔU is the variation in the net emergy. 






Figure 4. The driving factor of U in Hotan from 2006 to 2015. ΔC is the variation in the structure factor, ΔE is the variation in the efficiency factor, ΔG is the variation in the economic factor, ΔPOP is the variation in population, and ΔU is the variation in the net emergy.



[image: Sustainability 10 01856 g004]







[image: Table] 





Table 1. Emergy items and transformities of the oasis system.
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Flows

	
Items

	
Units

	
Transformity (Sej/Unit)

	
Reference






	
Renewable resources (R)

	
Renewable environmental resources (R0)

	
Solar energy

	
J

	
1

	
[17]




	
Wind energy

	
J

	
2.52 × 103

	
[19]




	
Chemical energy of rainwater

	
J

	
3.06 × 104

	
[19]




	
Potential energy of rainwater

	
J

	
1.76 × 104

	
[17]




	
Rotational energy of the earth

	
J

	
5.71 × 104

	
[19]




	
Indigenous products (R1)

	
Farming products

	
J

	
4.44 × 104–1.45 × 106

	
[17]




	
Forest products

	
J

	
7.39 × 104–1.43 × 105

	
[17]




	
Livestock products

	
J

	
2.86 × 106

	
[17]




	
Aquatic products

	
J

	
3.36 × 106

	
[17]




	
Non-renewable resources (N)

	
Non-renewable resources (N0)

	
Net losses of the surface soil layer

	
J

	
1.24 × 105

	
[19]




	
Locally produced non-renewable resources (N1)

	
Raw coal

	
J

	
6.72 × 104

	
[17]




	
Cement

	
g

	
5.54 × 1010

	
[17]




	
Steel

	
g

	
2.35 × 109

	
[17]




	
Electric power

	
J

	
2.69 × 105

	
[17]




	
Tap water

	
g

	
1.29 × 1013

	
[17]




	
Import emergy (IMP)

	
Goods and services

	
$

	
9.37 × 1012

	
[19]




	
Tourism income

	
$

	
1.66 × 1012

	
[15]




	
Money

	
$

	
9.37 × 1012

	
[19]




	
Export emergy (EXP)

	
Goods and services

	
$

	
6.34 × 1012

	
[19]
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Table 2. Hotan emergy flow summary (2005–2015).
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	Variable
	Units
	2005
	2006
	2007
	2008
	2009
	2010
	2011
	2012
	2013
	2014
	2015





	R
	×1022 sej
	6.99
	7.02
	7.06
	7.16
	7.23
	7.23
	7.31
	7.41
	7.51
	7.61
	8.85



	R0
	×1022 sej
	5.97
	5.97
	5.97
	5.97
	6.00
	5.97
	5.97
	5.97
	5.97
	5.97
	5.97



	R1
	×1022 sej
	1.02
	1.05
	1.10
	1.19
	1.23
	1.27
	1.35
	1.44
	1.54
	1.64
	2.89



	N
	×1024 sej
	3.31
	5.10
	4.93
	8.20
	6.06
	5.64
	1.01
	1.17
	1.32
	1.36
	1.32



	N0
	×1022 sej
	5.27
	5.28
	5.28
	5.28
	4.79
	4.80
	4.80
	4.80
	4.80
	4.80
	4.80



	N1
	×1024 sej
	3.26
	5.05
	4.88
	8.15
	6.01
	5.59
	1.01
	1.16
	1.31
	1.36
	1.32



	IMP
	×1023 sej
	1.45
	1.30
	2.22
	3.05
	4.53
	5.70
	7.27
	8.28
	8.72
	9.87
	1.31



	EXP
	×1019 sej
	1.79 1
	1.79
	3.31
	3.32
	3.25
	4.46
	2.70
	4.38
	6.65
	4.93
	4.74







1 The export data of 2005 is not available, so the export data of 2006 is used instead.
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Table 3. Emergy indices and indicators for Hotan (2005–2015).
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Expression

	
Unit

	
2005

	
2006

	
2007

	
2008

	
2009

	
2010

	
2011

	
2012

	
2013

	
2014

	
2015






	
U

	
U = R + N + IMP

	
×1024 sej

	
3.53

	
5.36

	
5.22

	
8.58

	
6.59

	
6.28

	
10.9

	
12.6

	
14.1

	
14.7

	
14.6




	
EYR

	
U/IMP

	

	
24.386

	
28.275

	
23.528

	
28.076

	
14.550

	
11.024

	
15.051

	
15.199

	
16.184

	
14.879

	
11.180




	
EG

	
U/GDP

	
×1015 sej/$

	
5.86

	
8.06

	
7.08

	
9.69

	
6.71

	
5.70

	
8.79

	
9.00

	
9.25

	
8.48

	
7.56




	
ED

	
U/Area

	
×1013 sej/m2

	
1.42

	
2.16

	
2.11

	
3.46

	
2.64

	
2.53

	
4.41

	
5.08

	
5.69

	
5.92

	
5.89




	
EP

	
U/population

	
×1018 sej/inh.

	
1.93

	
2.89

	
2.77

	
4.49

	
3.37

	
3.08

	
5.27

	
5.93

	
6.55

	
6.51

	
6.29




	
ELR

	
(N + IMP)/R

	

	
49.46

	
75.39

	
72.94

	
118.81

	
90.10

	
85.80

	
148.59

	
168.97

	
186.95

	
192.02

	
164.13




	
ESI

	
EYR/ELR

	

	
0.493

	
0.375

	
0.323

	
0.236

	
0.161

	
0.128

	
0.101

	
0.090

	
0.087

	
0.077

	
0.068




	
General information

	

	

	

	

	

	

	

	

	

	

	

	




	
GDP($)

	

	
×108 $

	
6.02

	
6.65

	
7.38

	
8.85

	
9.82

	
1.1

	
1.24

	
1.4

	
1.53

	
1.73

	
1.93




	
Area (m2)

	

	
×1011 m2

	
2.48

	
2.48

	
2.48

	
2.48

	
2.49

	
2.48

	
2.48

	
2.48

	
2.48

	
2.48

	
2.48




	
Population (inh.)

	

	
inh.

	
1,825,127

	
1,857,563

	
1,883,894

	
1,910,054

	
1,955,836

	
2,039,601

	
2,075,811

	
2,123,377

	
2,154,462

	
2,258,200

	
2,324,287








Note: Net emergy (U), net emergy yield ratio (EYR), emergy–currency ratio (EG), emergy density (ED), emergy per capita (EP), environmental load ratio (ELR), emergy sustainability index (ESI), and gross domestic product (GDP).
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Table 4. Decomposition results of the driving factor values of U of the Hotan oasis system (2006–2015).
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	Year
	ΔC
	ΔE
	ΔG
	ΔPOP
	ΔU





	2006
	−2.57 × 1022
	1.42 × 1024
	3.60 × 1023
	7.72 × 1022
	1.84 × 1024



	2007
	3.93 × 1022
	−7.27 × 1023
	4.76 × 1023
	7.45 × 1022
	−1.37 × 1023



	2008
	−4.85 × 1022
	2.17 × 1024
	1.14 × 1024
	9.33 × 1022
	3.35 × 1024



	2009
	2.63 × 1023
	−3.03 × 1024
	6.02 × 1023
	1.79 × 1023
	−1.99 × 1024



	2010
	1.54 × 1023
	−1.20 × 1024
	4.68 × 1023
	2.70 × 1023
	−3.08 × 1023



	2011
	−2.21 × 1023
	3.86 × 1024
	8.74 × 1023
	1.48 × 1023
	4.66 × 1024



	2012
	−8.14 × 1021
	2.83 × 1023
	1.11 × 1024
	2.66 × 1023
	1.65 × 1024



	2013
	−5.71 × 1022
	4.14 × 1023
	9.71 × 1023
	1.94 × 1023
	1.52 × 1024



	2014
	8.34 × 1022
	−1.33 × 1024
	1.15 × 1024
	6.77 × 1023
	5.76 × 1023



	2015
	3.54 × 1023
	−2.03 × 1024
	1.19 × 1024
	4.23 × 1023
	−6.81 × 1022



	Total
	5.33 × 1023
	−1.69 × 1023
	8.33 × 1024
	2.40 × 1024
	1.11 × 1025











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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