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Abstract:



For ecological economic evaluation based on the unified biophysical matrix this research illustrates an updated emergy synthesis in terms of embodied cosmic exergy instead of embodied solar energy, which successes the foundation of systems ecological theory but changes the starting point for the estimation from simply the sun to the cosmos. According to the modified definition implicating explicit scarcity and strict additivity based on the fundamental thermodynamics laws, the updated emergy approach overcomes the confusable and intractable deficiencies of traditional one and shows firmer theoretical basis as well as better applicability. As a case study for the regional socio-economic ecosystem, a cosmic emergy based ecological economic evaluation of the Beijing urban ecosystem during the period 1978-2004 is presented. The local and external resources supporting the concerned ecosystem are accounted and analyzed in a common unit, i.e., cosmic Joule, according to which a series of indicators are applied to reveal its evolutional characteristics through five aspects as emergy structure, emergy intensity, emergy welfare, environmental impacts, and degree of exploitation and economic efficiency. During the analyzed period, the major emergy source sustaining the operation of the ecosystem had changed from the renewable resources exploited locally to the nonrenewable resources purchased from outside. Emergy intensity for the Beijing urban ecosystem kept rising owing to the continuous investment of resources, which not only improved the living standard but also intensified the environmental pressure. Moreover, the increase of exploitation degree was accompanied with the decline of economic efficiency, while the rising emergy investment ratio implicates that Beijing was at the risks of resources shortage and high dependence on external resources.
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1. Introduction


Emergy synthesis is one of the unified biophysical matrices for ecological economic evaluation, whose origin can be traced back to Odum’s theory of systems ecology based on the maximum empower principle, the feedback on cybernetics, and the energy transformation hierarchy of the universe [1,2]. In view of the defects of conventional market-oriented approaches and classical energetics, emergy synthesis takes not only the free natural resources, but also the hierarchy of mass, energy, and information into account [3,4]. The traditional emergy synthesis in terms of embodied solar energy, which considers solar energy as the primary driving force for the ecosphere, is a prevalent approach to evaluate the ecological economic wealth embodied in resources, products, and services by accounting the total work previously involved to generate them and has been applied to a variety of natural and social ecosystems [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44].



In spite of the extensive applications, the synthesis of solar emergy has undergone some critics (e.g., [45,46,47])), the main concerns of which are the intractable issue of double counting and confusable nature of energy embodiment [48,49,50]. Consequently, Odum and his successors came to realize what matters is available energy, i.e., exergy, and emergy should be explained and defined as exergy embodiment instead of energy embodiment, since there is no possibility for anything to embody energy which is always in conservative cycling and never consumed [4,49]. As a modification, emergy has been reformulated as a function of exergy to associate the physical and mathematical validities of exergy consumption or entropy increase [51]. Meanwhile, discussions also emerged on the relations between emergy evaluation and exergy analysis (e.g., [49,51,52,53]).



The scarcity and usefulness of exergy as the fundamental resource for the ecosphere have been well illustrated by the global thermodynamics with the earth as a cosmic heat engine operating between the solar radiation as a heat source and the cosmic background microwave (CBM) field as a cold sink [54,55], which reveals that cosmic exergy originated in the thermal difference between solar and CBM radiations is the ultimate driving force of the ecosphere instead of solar energy as conventionally supposed. Subsequently, Chen [56] updated the concept of emergy as embodied cosmic exergy (or cosmic emergy) using to the unit of cosmic Joule (Jc) in contrast to the solar Joule (sej) in solar emergy. The cosmic emergy synthesis modifies the solar one through the starting point and clarifies the confusing issues of energy conservation and exergy embodiment according to the first and second laws of thermodynamics. Moreover, the updated emergy synthesis with strict additivity as a result of the renovated emergy power base (EPB) (see below) overcomes the double counting problem and thus is technically more applicable.



A city, or an urban ecosystem, is a super-organism generated for the benefit of human beings and is observed as a significant heterotrophic and self-regulating ecosystem in the biosphere [31]. However, the urban ecosystems are not sustainable without maintaining stable links with their hinterlands, from which energy, food, and materials are obtained and into which wastes are released. In the light of the systems perspective, it is possible to incorporate “emergy” into the conceptualization of a city to thread together both urban and natural systems, despite most of the existing work (see e.g., [17,21,22,23,42,43,57]) constructed on the traditional emergy concept in terms of embodied solar energy. In this paper, as an application of the cosmic emergy approach to the study of urban ecosystem, the Beijing city witnessing significant changes related to its structure, function, and organization is chosen and evaluated in order to reveal its ecological economic vicissitudes during the period 1978-2004.



The rest of this paper is organized as follows. In Section 2, we describe the methodological perspectives of the cosmic emergy synthesis with emphasis on introductions for systems diagram, transformity, and indicators. Section 3 presents the detailed cosmic emergy account of the Beijing urban ecosystem. In Section 4, the accounting results are systematically integrated into five sets of indicators, and corresponding ecological economic characteristics of the concerned system are analyzed. And finally, concluding remarks are drawn in the ending section.




2. Methodology


2.1. General Introduction for Cosmic Emergy


In conventional emergy studies, the solar emergy as embodied solar energy is usually used as a common numeraire for the analyses of industrial and ecological systems since most territorial processes are considered to be driven directly or indirectly by sunlight. Although the definition of emergy as the embodiment of available energy is theoretically sound in the very beginning, the later induced notion of embodied energy is misleading (because energy is conserved according to the first law of thermodynamics and is neither consumable nor can be embodied) and thus would be more appropriately replaced by that of embodied exergy. Differing from energy, exergy (or available energy) is defined as the maximal amount of work that can be extracted from a given system in the process of reaching equilibrium with its local environment [58,59], implying the consumable and irreversible characteristics according to the second law of thermodynamics, which makes it the essential resource for the functioning of all systems and applicable to measure the degradation of quality for energy, mass, and information [56,60].



Considering the earth as a heat engine driven by exergy flows associated with the thermodynamic contrast between the sun and the outer space, the scarcity of cosmic exergy is notable [55,57]. Accordingly, the ultimate and fundamental resource sustaining the ecosphere can be conceptualized as the cosmic exergy obtained by the material earth, instead of the conventionally assumed ones such as solar energy, fossil fuels, or mineral ores. Everything and every system in the earth have to be produced and maintained by work process embodying cosmic exergy consumption, either it is helped by people or not. Therefore, for a general commodity as a product, a service, or an emission the ecological economic cost can be well measured by the cosmic exergy directly or indirectly consumed in making or sustaining it associated with the concerned time and spatial scales. Thus cosmic emergy is brought forward as an update of solar emergy, which is also recognized as the generalization of Szargut's cumulative exergy theory by extending the evaluation baseline of natural resources in traditional narrow sense of fossil fuels and mineral ores to the cosmic exergy availability in the material earth [61,62,63].



In the updated emergy synthesis, the real cost of the generation, as an ecological chain in general, of a product or a service is measured by the cosmic emergy, then each form of resource is translated into cosmic exergy equivalent in unit of Jc based on its conversion factor termed transformity. On the basis of the genuine scarcity and usefulness of cosmic exergy as the fundamental resource for the ecosphere, the cosmic emergy synthesis is rooted in a firm ground with superior adaptability, thus has been applied fruitfully in a variety of studies with different scales [54,64,65,66,67,68,69,70,71]. The cosmic emergy budget of the earth was presented by Chen [54] while the resources consumption for the Chinese society from 1981 to 2001 was analyzed by applying the ecological footprint account modified by cosmic emergy [64]. To integrate the social activities with their supporting environment for urban ecosystems, a concrete cosmic emergy accounting scheme was established by Jiang [55] and further developed by Ji [65] with respect to the health issues. In other cases [66,67,68,69], the input-output structures of economies in different scales were analyzed based on cosmic emergy. And most recently, Chen et al. [70] processed an ecological economic modeling for the municipality of Beijing with special focus on the forecasting towards 2100. These studies have greatly expanded the scope of cosmic emergy research and presented solid background for further investigation.




2.2. From Energy Diagram to Exergy Diagram


For the visualization of resource flows and transformation processes, energy diagram is constructed with a series of energy systems symbols according to the graphic directives given by the Odum brothers [4,71,72]. This diagram is still effective in the updated emergy synthesis, but need to be modified according to the properties of exergy, as shown in Figure 1.


Figure 1. Comparison between energy diagram and exergy diagram: (a) typical energy diagram; (b) typical exergy diagram.
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In energy diagram, the free renewable resources input including sunlight, precipitation, wind, and earth cycle are shown only partly flowing into the border of system considering most of these resources are not available by the concerned system. However, since all exergy correlated with these free renewable resources has been exhausted in the irreversible input process, the arrow representing corresponding flow points directly into the system without any branches in exergy diagram. In energy diagram, the symbol “hint sink” is applied to represent the dispersal of available energy into a degraded, used state, which is not capable of further work [4]. In exergy diagram, the meaning of the same symbol is updated to “environmental impacts”, indicating all possible influences upon environment during the operation of system. Meanwhile, an additional dotted line with opposite direction is presented as “virtual environmental input” to indicate the work done by environment to dilute emissions.






2.3. Transformity of Cosmic Emergy


In emergy synthesis, transformity is defined as the magnitude of emergy input required for making per unit of output [4]. The larger the transformity is, the higher that item locates in the ecological hierarchy chain. The cosmic emergy synthesis integrates environmental, economic, and social values on a common counting base through transforming multiple forms of energy, mass, and information into the same form, i.e., cosmic exergy, using their respective transformities. In the global cosmic exergy budget indicating a total terrestrial consumption of 1.38 × 1021 Jc/yr [54], seven basic terrestrial exergy flows (i.e., exergy of surface wind, physical exergy of rainfall, chemical exergy of rainfall, physical exergy of runoff, chemical exergy of runoff, exergy of wave, and exergy of earth cycle) are considered, which are coupled with each other and reasonable to be assigned equal importance. Consequently, each of the basic flow is allocated with one seventh of the total terrestrial exergy, i.e., 1.97 × 1020 Jc/yr, and this quantity is termed as the EPB, based on which the transformities of the principal flows are calculated and presented in Table 1. Though progress in earth systems science might give more accurate understanding on the coupled basic flows, the present manipulation ensures all transformities are calculated according to the same baseline and guarantees consistent and comparable cosmic emergy values are obtained as the measures of ecological economic wealth. Using the renovated EPB distributing global cosmic exergy flows without overlapping, the emergy content consumed in any ecological process can be estimated while double counting is avoided.



Table 1. EPBs, exergy flows, and transformities of basic terrestrial flows (based on [4,55,56].) .







	
Note

	
Item

	
EPB (Jc/yr)

	
Exergy flow (J/yr)

	
Transformity (Jc/J)






	

	
Global flows

	
1.38 × 1021

	

	




	
1

	
Surface wind

	
1.97 × 1020

	
6.31 × 1021

	
0.03




	
2

	
Rain on land, physical

	
1.97 × 1020

	
5.61 × 1020

	
0.35




	
3

	
Rain on land, chemical

	
1.97 × 1020

	
3.24 × 1020

	
0.61




	
4

	
Overland runoff, physical

	
1.97 × 1020

	
3.40 × 1020

	
0.58




	
5

	
Overland runoff, chemical

	
1.97 × 1020

	
1.95 × 1020

	
1.01




	
6

	
Wave

	
1.97 × 1020

	
3.09 × 1020

	
0.64




	
7

	
Earth cycle

	
1.97 × 1020

	
2.75 × 1020

	
0.72










Despite cosmic transformities in different socio-economic scales have been calculated in [66,67,68,69] using the input-output model, the dataset is not applicable in the present study due to its regional and temporal coverage. Consequently, relevant transformities of goods, products, and materials are inferred taking use of data previously calculated by Odum and his successors [4,2].



For example, the transformity associated with mineral deposits is around 2.10 × 104 Jc/g, as the quotient of the cosmic exergy supporting the earth cycle (1.97 × 1020 Jc/yr) to the annual average sediment yields (9.36 × 1015 g/yr) [4]. Considering the formation of one gram of new soil needs two gram of weathering rock [4], the soil transformity is 4.21 × 104 Jc/g. Referring to the solar transformities of rock and soil as 1.0 × 109 sej/g and 2.0 × 109 sej/g, separately, the cosmic transformities of minerals can be inferred by multiplying a conversion factor of 2.10 × 10-5 Jc/sej to the solar transformities. Based on similar process, the cosmic transformities associated with the organic products on the earth can be inferred by multiplying a conversion factor of 9.00 × 10-4 Jc/sej to the solar ones for convenience.





Although the calculated cosmic transformities in the present edition are far from satisfaction, they are still meaningful and can be treated as a reference before more comprehensive transformity database for the updated methodology is presented systematically. For more detailed illustration on cosmic transformity readers can refer to [55,56].




2.4. Cosimic Emergy Based Indicators


As a systematic reversion, rephrasing, and update of traditional solar emergy synthesis, the cosmic one has obeyed the theoretical basis of systems ecology strictly and thus indicators illustrating various characteristics of ecosystem in terms of efficiency and sustainability are still effective, in spite of the fact that the unit and equivalent is changed from sej to Jc. Consequently, a series of indicators based on the fundamental resource flows are introduced to evaluate the systems performance for the urban ecosystem through five aspects involving emergy structure, emergy intensity, emergy welfare, environmental impacts, and degree of exploitation and economic efficiency.



2.4.1. Emergy Structure


Change in resource type in terms of emergy structure is closely connected with the economic development and ecological organization of a socio-ecological ecosystem [20,25]. Therefore, the estimation of the composition of emergy source is crucial to reveal the ecological economic characteristics of an urban ecosystem. The concrete indicators applied in the present study include local renewable emergy fraction, free emergy fraction, emergy self-sufficiency fraction, purchased emergy fraction, and imported service emergy fraction.




2.4.2. Emergy Intensity


Emergy intensity is generally evaluated by two indicators as empower density and concentrated to rural use ratio. The former represents the emergy flow allocated in one unit of area as a measure of spatial concentration, while the latter reflects the inner structure of available resources and the basic character of a city in terms of emergy use. A developed city with large emergy use and relatively small area usually has high empower density, suggesting that a great deal of emergy resources have to be consumed to maintain its structure and function. Besides, the higher the concentrated to rural use ratio is, the more industrialized a city is.




2.4.3. Emergy Welfare


Emergy as a measure of the real wealth provides a better approximation of actual welfare integrating both economic input and environmental costs than the marker-oriented measures, and five concrete indicators illustrating the average occupation, the comparison between import and export, as well as the diversity of emergy are adopted in the present study.



The emergy use per capita indicators, including the per capita total emergy use and per capita fuel emergy use, evaluate the living standard of local residents effectively. The higher these ratios are, the more emergy can be enjoyed by local residents and thus indicating a higher living standard.



For an urban ecosystem, the emergy welfare for its residents also can be revealed through comparing the resources embodied in imports and exports, which are accounted as the export-import difference and export-import ratio.



Emergy use diversity can be applied to evaluate the resource types which are available by an urban ecosystem. There are many definitions for diversities and the present study adopts that from Huang et [22], which will be explained in detail in the below context. Generally speaking, the higher this indicator is, the more abundant resource types a city uses.




2.4.4. Environmental Impacts


The rapid industrialization not only enhances the quality of living standard, but also brings great environmental impacts, which can be revealed by the emergy indicators of waste to renewable emergy use ratio and waste to total emergy use ratio. Besides the implications to reflect the utilization efficiencies of resources, the two ratios are also indications of the environmental pressure since the higher they are, the larger the stress on the environment is.




2.4.5. Degree of Exploitation and Economic Efficiency


Four indicators, i.e., electricity emergy fraction, emergy investment ratio, emergy to dollar ratio, and economic efficiency, are selected to indicate the degree of exploitation and economic efficiency for an urban ecosystem in this study. Although the amount of total resource use is closely correlated with the degree of urban exploitation, the structure of how the resource is used, i.e. the resources use efficiency, is also important to raise the vitality and competitive power of a city, which can be revealed to some extent by the advanced indicators.



Electricity as a form of secondary energy, which implies high quality along with high transformity, is widely used in urban ecosystems. The ratio of electricity emergy to total emergy use can be used as measure for both resource structure and local living standard.



The degree of urban development can also be revealed through the emergy investment ratio, which is taken as the total purchased nonrenewable emergy input divided by the emergy of the renewable resources. The higher this ratio is, the more purchased resources the urban ecosystem needs to sustain its development. Only proper collocation of the free local resources and purchased external resources can ensure the sustainable development of a city.



Emergy to dollar ratio of a city, reflecting the emergy use efficiency and the purchasing power (for real wealth) of money, is calculated by the total emergy use of a city divided by the urban GNP. Increase of this ratio indicates decrease of emergy use efficiency, and vice versa.



The economic efficiency indicator presented by Huang [22] as a ratio of the total emergy use to the purchased emergy is analyzed in the updated emergy synthesis to investigate the general efficiency of an urban ecosystem.






3. Cosmic Emergy Account for the Beijing Urban Ecosystem


As a case study for the regional socio-economic ecosystem using the modified emergy concept as embodied cosmic exergy, a historical analysis of the Beijing urban ecosystem is conducted. In what follows, the terms emergy is applied to indicate cosmic emergy specifically, if no extra denotation is provided.



3.1. General Review of the Case


As the capital of China, Beijing witnesses the great change of this country, especially since the start of the Reform and Opening-up policy in 1978, which therefore is chosen as the case of this research, with geographic and economic boundary as its administrative area of 16807.8 km2 involving 16 districts and 2 counties and concerned time span from 1978 to 2004.



Beijing enjoys a large variety of mineral resources including iron pyrite, fluorite, steatite, and limestone but is limited in fuels, most of which are input from other domestic areas such as Shanxi, Gansu, and Inner Mongolia. As the second largest energy consuming city of China, Beijing is undergoing a whopping energy consumption-production gap of 94%, as consumption soars while production and reserves decline continually.



The evolution of the Beijing urban ecosystem, as many other metropolises, can be treated as a history of resource consumption and accumulation, which in turn bring changes in living standard, economic structure, and urban organization. During the past centuries, Beijing has transformed from a traditional agricultural society relied mostly on local dispersed natural resources to a modern industrial society supported mainly by imported concentrated resources such as coal, oil, natural gas, and electricity. Meanwhile, most of the flows of resources are accompanied with human services and money flows and detailed exergy diagram of the Beijing urban ecosystem is portrayed in Figure 2. It should be noticed that the cross boundary input/output might comes from/goes to either other domestic regions or foreign countries, which is not indicated in the figure for succinctness but will be taken into account substantially in later calculation.


Figure 2. Exergy diagram for Beijing.
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Primary data used in this research are adopted from the official sources on the internet and public issued yearbooks such as China Statistical Yearbook, China Agriculture Yearbook, Beijing Statistical Yearbook, and Annual of Beijing EPA, while one year is taken as the time cycle for analysis.




3.2. Cosmic Emergy Account


According to the detailed ecological economic flows illustrated in Figure 2, a compressed systems diagram for the Beijing urban ecosystem is portrayed in Figure 3, described in which are only the major components and flows propelling the development of this system. The inputs are aggregated into five categories, i.e., free renewable environmental resources (R), exploited local nonrenewable resources (N) that is divided into dispersed rural sources (N0) and concentrated use sources (N1), imported fuels and minerals (F), imported goods (G), and purchased services (P2I). Correspondingly, the outputs from the system involve exported goods (B) and services (P1E). All the processes mentioned above will inevitably produce environmental impacts (EI), for which environment will work as a buffer (-EI), as shown in the bottom of Figure 3.


Figure 3. Exergy diagram for Beijing with major emergy flows.
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Table 2 and Table 3 list the evaluated emergy values of the detailed flows and the aggregated flows associated with the Beijing urban ecosystem, respectively.



Table 2. Emergy account table for Beijing of selected years.







	
No.

	
Item

	
Units

	
1978

	
1980

	
1985

	
1990

	
1995

	
2000

	
2004




	
Renewable resources

	

	

	

	

	

	

	

	




	
1

	
Photosynthesis

	
Jc

	
6.94E + 14

	
6.94E + 14

	
6.94E + 14

	
6.94E + 14

	
6.94E + 14

	
6.94E + 14

	
6.94E + 14




	
2

	
Wind, kinetic

	
Jc

	
1.52E + 15

	
1.52E + 15

	
1.52E + 15

	
1.52E + 15

	
1.52E + 15

	
1.52E + 15

	
1.52E + 15




	
3

	
Precipitation, geopotential

	
Jc

	
2.01E + 14

	
1.94E + 14

	
3.61E + 14

	
3.49E + 14

	
2.87E + 14

	
1.86E + 14

	
2.42E + 14




	
4

	
Precipitation, chemical

	
Jc

	
1.58E + 16

	
1.53E + 16

	
2.84E + 16

	
2.75E + 16

	
2.26E + 16

	
1.46E + 16

	
1.90E + 16




	
5

	
Earth cycle

	
Jc

	
2.44E + 14

	
2.44E + 14

	
2.44E + 14

	
2.44E + 14

	
2.44E + 14

	
2.44E + 14

	
2.44E + 14




	

	
Total

	
Jc

	
1.84E + 16

	
1.79E + 16

	
3.12E + 16

	
3.03E + 16

	
2.53E + 16

	
1.73E + 16

	
2.17E + 16




	
Local renewable resources

	

	

	

	

	

	

	

	




	
6

	
Hydroelectricity

	
Jc

	
2.57E + 15

	
1.72E + 15

	
1.72E + 15

	
1.79E + 15

	
2.87E + 15

	
7.80E + 15

	
2.59E + 15




	
7

	
Agriculture Production

	
Jc

	
9.25E + 18

	
9.20E + 18

	
1.08E + 19

	
1.39E + 19

	
1.41E + 19

	
9.93E + 18

	
6.92E + 18




	
8

	
Livestock Production

	
Jc

	
1.06E + 19

	
1.48E + 19

	
2.95E + 19

	
4.95E + 19

	
5.26E + 19

	
6.57E + 19

	
1.24E + 20




	
9

	
Fisheries Production

	
Jc

	
2.84E + 16

	
5.74E + 16

	
2.27E + 17

	
7.33E + 17

	
1.14E + 18

	
1.07E + 18

	
9.52E + 17




	

	
Total

	
Jc

	
1.99E + 19

	
2.41E + 19

	
4.06E + 19

	
6.41E + 19

	
6.78E + 19

	
7.67E + 19

	
1.32E + 20




	
Local nonrenewable resources

	

	

	

	

	

	

	




	
10

	
Coal

	
Jc

	
3.66E + 18

	
3.18E + 18

	
4.36E + 18

	
4.49E + 18

	
4.44E + 18

	
2.47E + 18

	
4.06E + 18




	
11

	
Soil losses

	
Jc

	
7.37E + 17

	
7.23E + 17

	
6.79E + 17

	
6.52E + 17

	
6.16E + 17

	
5.80E + 17

	
6.79E + 17




	
12

	
Top soil losses

	
Jc

	
1.32E + 16

	
1.29E + 16

	
1.22E + 16

	
1.17E + 16

	
1.10E + 16

	
1.04E + 16

	
1.22E + 16




	

	
Total

	
Jc

	
4.41E + 18

	
3.91E + 18

	
5.05E + 18

	
5.15E + 18

	
5.07E + 18

	
3.06E + 18

	
4.75E + 18




	
Imports and outside sources

	

	

	

	

	

	

	

	




	
13

	
Goods from China

	
Jc

	
5.93E + 18

	
5.81E + 18

	
7.08E + 18

	
8.06E + 18

	
1.76E + 19

	
2.30E + 19

	
4.09E + 19




	
14

	
Goods from abroad

	
Jc

	
4.77E + 17

	
6.80E + 17

	
4.98E + 17

	
2.40E + 17

	
1.40E + 18

	
5.10E + 18

	
8.19E + 18




	
15

	
Service from China

	
Jc

	
1.89E + 17

	
5.74E + 17

	
1.09E + 19

	
2.81E + 19

	
1.81E + 19

	
1.78E + 19

	
3.36E + 19




	
16

	
Service from abroad

	
Jc

	
1.52E + 16

	
6.72E + 16

	
7.12E + 17

	
7.27E + 17

	
1.72E + 18

	
3.95E + 18

	
7.14E + 18




	
17

	
Natural gas

	
Jc

	
2.65E + 13

	
2.65E + 13

	
3.77E + 14

	
4.45E + 16

	
6.16E + 16

	
5.82E + 17

	
1.33E + 18




	
18

	
Coal

	
Jc

	
8.10E + 17

	
2.63E + 18

	
3.02E + 18

	
8.87E + 18

	
9.30E + 18

	
1.05E + 19

	
1.21E + 19




	
19

	
Oil

	
Jc

	
1.61E + 18

	
2.81E + 18

	
4.98E + 18

	
5.48E + 18

	
5.26E + 18

	
9.18E + 18

	
1.13E + 19




	
20

	
Electricity

	
Jc

	
4.70E + 17

	
5.47E + 17

	
7.07E + 17

	
1.04E + 18

	
1.67E + 18

	
2.37E + 18

	
3.62E + 18




	

	
Total

	
Jc

	
6.61E + 18

	
7.13E + 18

	
1.92E + 19

	
3.71E + 19

	
3.88E + 19

	
4.98E + 19

	
8.98E + 19




	
Exports

	

	

	

	

	

	

	

	




	
21

	
Goods

	
Jc

	
3.45E + 18

	
3.52E + 18

	
8.01E + 18

	
9.86E + 18

	
2.05E + 19

	
2.86E + 19

	
5.67E + 19




	
22

	
Services

	
Jc

	
3.52E + 18

	
3.28E + 18

	
4.96E + 18

	
1.29E + 19

	
1.14E + 19

	
2.02E + 19

	
6.25E + 19




	

	
Total

	
Jc

	
6.96E + 18

	
6.80E + 18

	
1.30E + 19

	
2.27E + 19

	
3.19E + 19

	
4.87E + 19

	
1.19E + 20




	
Resource consumption by urban system

	

	

	

	

	

	

	




	
23

	
Natural gas

	
Jc

	
2.65E + 13

	
2.65E + 13

	
3.77E + 14

	
4.45E + 16

	
6.16E + 16

	
5.82E + 17

	
1.33E + 18




	
24

	
Coal

	
Jc

	
4.47E + 18

	
5.80E + 18

	
7.39E + 18

	
1.07E + 19

	
1.19E + 19

	
1.21E + 19

	
1.25E + 19




	
25

	
Oil

	
Jc

	
1.61E + 18

	
2.81E + 18

	
4.98E + 18

	
5.48E + 18

	
5.26E + 18

	
5.86E + 18

	
7.40E + 18




	
26

	
Electricity

	
Jc

	
8.83E + 17

	
1.03E + 18

	
1.33E + 18

	
1.95E + 18

	
2.68E + 18

	
2.46E + 18

	
5.43E + 18




	

	
Total

	
Jc

	
6.96E + 18

	
9.65E + 18

	
1.37E + 19

	
1.82E + 19

	
1.99E + 19

	
2.10E + 19

	
2.67E + 19




	
Waste

	

	

	

	

	

	

	

	




	
27

	
Solid waste

	
Jc

	
1.72E + 18

	
1.86E + 18

	
3.14E + 18

	
7.81E + 18

	
1.35E + 19

	
1.44E + 19

	
1.65E + 19




	
28

	
Water discharged

	
Jc

	
8.30E + 17

	
9.87E + 17

	
1.23E + 18

	
1.30E + 18

	
1.17E + 18

	
1.25E + 18

	
1.43E + 18




	

	
Total

	
Jc

	
2.55E + 18

	
2.85E + 18

	
4.37E + 18

	
9.11E + 18

	
1.47E + 19

	
1.57E + 19

	
1.79E + 19




	
Currency

	

	

	

	

	

	

	

	




	
29

	
GNP

	
US$

	
7.00E + 09

	
9.28E + 09

	
8.75E + 09

	
1.05E + 10

	
1.67E + 10

	
3E + 10

	
5.17E + 10




	
Population

	

	

	

	

	

	

	

	




	
30

	
Population

	
capita

	
8.72E + 06

	
9.04E + 06

	
9.81E + 06

	
1.09E + 07

	
1.25E + 07

	
1.36E + 07

	
1.49E + 07










Table 3. Summary flows of Beijing for selected years.







	
No.

	
Item

	
Variable

	
1978

	
1980

	
1985

	
1990

	
1995

	
2000

	
2004






	
1

	
Renewable sources (Jc)

	
R

	
1.84E + 16

	
1.79E + 16

	
3.12E + 16

	
3.03E + 16

	
2.53E + 16

	
1.73E + 16

	
2.17E + 16




	
2

	
Local nonrenewable resources (Jc)

	
N

	
4.41E + 18

	
3.91E + 18

	
5.05E + 18

	
5.15E + 18

	
5.07E + 18

	
3.06E + 18

	
4.75E + 18




	
3

	
Dispersed rural resource (Jc)

	
N0

	
7.50E + 17

	
7.35E + 17

	
6.91E + 17

	
6.63E + 17

	
6.27E + 17

	
5.91E + 17

	
6.91E + 17




	
4

	
Concentrated resource (Jc)

	
N1

	
3.66E + 18

	
3.18E + 18

	
4.36E + 18

	
4.49E + 18

	
4.44E + 18

	
2.47E + 18

	
4.06E + 18




	
5

	
Imported goods (Jc)

	
G

	
6.40E + 18

	
6.49E + 18

	
7.58E + 18

	
8.30E + 18

	
1.90E + 19

	
2.81E + 19

	
4.91E + 19




	
6

	
Imported fuels (Jc)

	
F

	
2.89E + 18

	
5.99E + 18

	
8.71E + 18

	
1.54E + 19

	
1.63E + 19

	
2.26E + 19

	
2.83E + 19




	
7

	
Dollars paid for imports ($)

	
I

	
6.96E + 07

	
3.03E + 08

	
4.46E + 09

	
1.12E + 10

	
1.10E + 10

	
1.58E + 10

	
3.36E + 10




	
8

	
Emergy of imported goods and fuels (Jc)

	
P2I

	
2.04E + 17

	
6.41E + 17

	
1.16E + 19

	
2.88E + 19

	
1.98E + 19

	
2.17E + 19

	
4.07E + 19




	
9

	
Dollars received from exports ($)

	
E

	
2.23E + 09

	
2.75E + 09

	
1.79E + 09

	
3.18E + 09

	
4.35E + 09

	
1.14E + 10

	
3.42E + 10




	
10

	
Exported goods (Jc)

	
B

	
3.45E + 18

	
3.52E + 18

	
8.01E + 18

	
9.86E + 18

	
2.05E + 19

	
2.86E + 19

	
5.67E + 19




	
11

	
Exported services (Jc)

	
P1E

	
3.52E + 18

	
3.28E + 18

	
4.96E + 18

	
1.29E + 19

	
1.14E + 19

	
2.02E + 19

	
6.25E + 19




	
12

	
Environmental impacts (Jc)

	
EI

	
2.55E + 18

	
2.85E + 18

	
4.37E + 18

	
9.11E + 18

	
1.47E + 19

	
1.57E + 19

	
1.79E + 19




	
13

	
GNP of Beijing ($)

	
X

	
7.00E + 09

	
9.28E + 09

	
8.75E + 09

	
1.05E + 10

	
1.67E + 10

	
3.00E + 10

	
5.17E + 10




	
14

	
Total emergy use (Jc)

	
U

	
1.10E + 19

	
1.11E + 19

	
2.42E + 19

	
4.23E + 19

	
4.39E + 19

	
5.29E + 19

	
9.46E + 19












Since 1978, Beijing has adhered to the policy of Reform and Opening-up with the focus on economic development, and has gradually transformed into a market economy system maintaining rapid economic growth. As a result, the consumptions of energy, materials, and labors increased correspondingly. The account shows that the total emergy use displayed a fluctuating increase from 1.10 × 1019 Jc to 9.46 × 1019 Jc with the development of Beijing during 1978-2004. According to the different sources and categories, the total emergy consumed by the urban ecosystem can be divided into five parts, free renewable sources, local nonrenewable resources, imported fuels and electricity, imported goods, and imported services as shown in Figure 4.


Figure 4. Annual emergy consumption of Beijing.



[image: Entropy 12 01696 g004]






As a result of the rapid increment of the imported goods and services, especially since 1999, the annual consumption reached the maximum value in 2004, which equals 8.57 times of that in 1978. The environmental free renewable resources, involving earth cycle, rain, wind, waves, and tide, maintained in a stable level (between 1.84 × 1016 Jc and 2.17 × 1016 Jc) and held a relatively small share compared with those of nonrenewable resources, which are found to be the fundamental impetus for Beijing as a developed urban ecosystem with long history. It is worthy to mention that in the account process based on the modified emergy as embodied cosmic exergy, the emergy of different renewable resources can be added up directly without the problem of double counting because of the renovated definition of EPB. Figure 5 reveals the composition of free environmental renewable resources from 1978 to 2004. As the predominant free renewable input, (physical and chemical) fraction of emergy of rainfall fluctuated between the minimum value of 81.3% in 1999 to the maximum value of 94.2% in 1991 due to the change in precipitation. Although Beijing is rich in free renewable resources, the exploitation was comparatively insufficient. If this urban ecosystem can take better use of the natural environmental resources, the controversy between the explosive population growth, the economic development, and the shortage of resources might be alleviated.


Figure 5. Annual free renewable resource consumption of Beijing.
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As an important support to the economic development, the local nonrenewable inputs, mainly coal and soil loss for Beijing, are the guarantees for the energy supply security. Similar to the renewable one, the local nonrenewable input contributed stably during the concerned years with emergy between 4.41 × 1018 Jc and 4.75 × 1018 Jc.







4. Cosmic Emergy Based Indicator Analysis


In this sector, eighteen indicators based on the analyzed resource flows are applied to reveal the changes in resource structure and evolutionary mechanism for the Beijing urban ecosystem through five aspects involving emergy structure, emergy intensity, emergy welfare, environmental impacts, and degree of exploitation and economic efficiency (see Table 4).



Table 4. Emergy based indicators for Beijing of selected years.







	
No.

	
Item

	
Symbol

	
1978

	
1980

	
1985

	
1990

	
1995

	
2000

	
2004






	
Emergy source

	




	
1

	
Local renewable emergy fraction

	
R/U

	
0.002

	
0.002

	
0.001

	
0.001

	
0.001

	
0.000

	
0.000




	
2

	
Free emergy fraction

	
(R + N0)/U

	
0.070

	
0.068

	
0.030

	
0.016

	
0.015

	
0.011

	
0.008




	
3

	
Emergy self-sufficiency fraction

	
(R + N0 + N1)/U

	
0.401

	
0.355

	
0.210

	
0.122

	
0.116

	
0.058

	
0.050




	
4

	
Purchased emergy fraction

	
(G + P2I)/U

	
0.599

	
0.645

	
0.790

	
0.878

	
0.884

	
0.942

	
0.950




	
5

	
Imported service emergy fraction

	
P2I/U

	
0.018

	
0.058

	
0.478

	
0.681

	
0.451

	
0.410

	
0.430




	
Emergy intensity

	




	
6

	
Empower density(108 Jc/m2)

	
U/area

	
6.6

	
6.6

	
14.4

	
25.2

	
26.1

	
31.5

	
57.6




	
7

	
Concentrated to rural use ratio

	
(G + P2I + N1)/(R + N0)

	
13.4

	
13.7

	
32.6

	
60.0

	
66.3

	
86.0

	
131.7




	
Emergy welfare

	




	
8

	
Per capita emergy use (1012 Jc/cap.)

	
U/P

	
1.26

	
1.22

	
2.47

	
3.90

	
3.51

	
3.88

	
6.33




	
9

	
Per capita fuel emergy use (1011 Jc/cap.)

	
F/P

	
3.3

	
6.6

	
8.9

	
14.2

	
13.0

	
16.6

	
19.0




	
10

	
Export-import difference

	
(P1E + B) -(P2I + G)

	
3.50E + 17

	
-3.30E + 17

	
-6.20E + 1-8

	
1.44E + 1-9

	
6.90E + 1-8

	
1.10E + 18

	
2.92E + 19




	
11

	
Export-import ratio

	
(P1E + B)/(P2I + G)

	
1.05

	
0.95

	
0.68

	
0.61

	
0.82

	
0.98

	
1.33




	
12

	
Emergy use diversity

	
* [image: there is no content]

	
0.93

	
1.07

	
1.24

	
0.95

	
1.22

	
1.32

	
1.29




	
Environmental impacts

	




	
13

	
Waste to renewable emergy use ratio

	
W/R

	
138.5

	
159.0

	
139.9

	
300.9

	
580.3

	
907.3

	
824.2




	
14

	
Waste to total emergy use ratio

	
W/U

	
0.231

	
0.257

	
0.180

	
0.215

	
0.335

	
0.296

	
0.190




	
Degree of exploitation and economic efficiency

	




	
15

	
Electricity emergy fraction (%)

	
(el)/U

	
8.01

	
9.29

	
5.48

	
4.60

	
6.10

	
4.66

	
5.74




	
16

	
Emergy investment ratio

	
(G + P2I + N0 + N1)/R

	
597.5

	
616.5

	
774.9

	
1396.4

	
1732.2

	
3061.6

	
4348.4




	
17

	
Emdollar ratio(109 Jc/US$)

	
U/GNP

	
1.58E + 09

	
1.19E + 09

	
2.77E + 09

	
4.04E + 09

	
2.63E + 09

	
1.77E + 09

	
1.83E + 09




	
18

	
Economic efficiency

	
U/(G + P2I)

	
1.67

	
1.55

	
1.27

	
1.14

	
1.13

	
1.06

	
1.05








* In this equation, ni indicates the emergy value of the i-th kind of resource used by the concerned system.












4.1. Emergy Source


Although the local input kept stable in quantity, its share of the total emergy use, i.e., the emergy self-sufficiency fraction, declined rapidly from 40.1% in 1978 to 5.04% in 2004, which means that the imported emergy had increased its importance and turned into the predominant force for the expansion of Beijing. This indicator reflects simultaneously the acceleration of urbanization and the improvement of local living standard, but also reveals the reduction in resource independence, which will raise the frangibility of the urban ecosystem.



The imported resources were from either other domestic regions or foreign countries, with the former contributing mainly goods and fuels while the latter mainly services. In 1978, the proportion from domestic service input was only 1.72% of the total emergy use but it rose dramatically to 45.0% in 1985, indicating that the immigrations with their services turned into a major force for the development of Beijing.



The change in resource type and structure is closely connected with the development of an urban ecosystem, and results in the modification of urban organization [19,22]. Therefore, according to the emergy structure account for Beijing, the development of this urban ecosystem can be divided into three distinctive periods as follows.



4.1.1. Period I—Pre-Industrializing and Transforming Period


The first period is from 1978 to 1986, when Beijing had established an independent and relatively complete heavy industrial system covering steel, automobile, and building materials. Nevertheless, the urban ecosystem was on its transition phase of industrialization with relatively undeveloped economic structure and high immigration rate. In this period, the total emergy use increased from 1.10 × 1019 Jc to 3.50 × 1019 Jc with considerable supports from local ecosystem, despite its proportion declined from 40.1% in 1978 to 13.8% in 1986. Less than 5% of the total emergy use came from foreign countries while the contribution from other domestic regions rose from 55.4% to 82.3%. Meanwhile, the contribution of local and imported services increased significantly from 1.71% in 1978 to 62.5% in 1986.




4.1.2. Period II—Industrializing and Fluctuating Period


During the second period from 1986 to 1999, Beijing experienced a great change from a planned economy system to a market economy system and the total emergy use fluctuated between the minimum value of 3.31 × 1019 Jc in 1994 and the maximum value of 5.08 × 1019 Jc in 1998. During this period, the contribution of local resources was around 12% when agriculture was an important department providing various products to local residents. With significant variation appears in structure, resources from abroad increased rapidly from 3.91% in 1986 to 15.9% in 1999. But domestically imported resources were still the major support for development, contributing more than 80% of emergy in most years. During this period, the economic growth was constructed on the extensive use of resources accompanied with a rising pressure on environment, which was revealed by the increasing waste output from 4.71 × 1018 Jc in 1986 to 1.69 × 1019 Jc in 1999.




4.1.3. Period III—Post-Industrializing and Fast Developing Period


Recovered from the short-term decrease from 1998 to 1999, Beijing stepped into a stage of rapid growth in all aspects thanks to the holding of the 29th Olympic Games. For the construction of the infrastructure facilities, a great deal of resources were input to the urban ecosystem and total emergy use rose from 4.05 × 1019 Jc to 9.46 × 1019 Jc within 5 years (from 1999 to 2004). In this period, the economic structure of Beijing experienced significant change, as its production value experienced great declines in the first and second industries, in contrast to the increase in the service industry, which contributed to over 60% of GDP in 2004. The proportion from local resources declined further while more than 90% of the total emergy use was imported. As a result of the improving economic structure and the increasing resource use efficiency, the environmental pressure was alleviated.





4.2. Emergy Intensity


As shown in Figure 6, the empower density of Beijing increased from 6.56 × 108 Jc/m2 in 1978 to 5.76 × 109 Jc/m2 in 2004. This growth is mainly caused by the input of imported goods and services embedding relatively high emergy content.


Figure 6. Annual empower density for Beijing.



[image: Entropy 12 01696 g006]








For Beijing, the concentrated to rural use ratio increased from 13.4 in 1978 to 131.7 in 2004 as shown in Figure 7. This result shows that Beijing as the capital of China enjoyed an emergy use structure relied heavily on concentrated energy such as coal, oil, and electricity since the start of Reform and Opening-up.


Figure 7. Annual concentrated to rural use ratio for Beijing.



[image: Entropy 12 01696 g007]









4.3. Emergy Use Welfare


The evaluation of emergy welfare of a city incorporates five indicators: per capita total emergy use, per capita fuel emergy use, export-import difference, export-import ratio, and emergy use diversity.



Taking into account the different qualities and sources of input, the emergy based per capita welfare indicators are more appropriate evaluations of the real living standard than energy-based indicators which often neglect the input of environment. Figure 8 shows that the per capita total emergy use for Beijing increased by 5.01 times from 1.26 × 1012 Jc in 1978 to 6.33 × 1012 Jc in 2004. The variation of this ratio is great taking into account that the population of Beijing almost doubled in the same period. After the year 1999, the construction of infrastructural facilities in Beijing was strengthened along with the launching of Subway Line No.5 and Ba-Tong Subway Line, and the extending of the Fourth Ring Road, which stimulated the demand for material and energy and expedited the increments of per capita welfare.


Figure 8. Annual emergy welfare per capita for Beijing.
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The trade evaluated in terms of emergy reveals the exchange of “real wealth”, thus is quite different from the traditional evaluation in terms of monetary value. The emergy based comparisons of imports and exports for the Beijing urban ecosystem are portrayed in Figure 9, according to which both the exports-imports ratio and difference assume U-shape distributions during the analyzed period. Before the year 1982, the export-import difference is positive with corresponding ratio larger than 1, indicating that the Beijing urban ecosystem exported more resources than it imported during this period. Statistics show that industrial products such as coal, steal, and cement occupied large proportion of the exports, most of which were sold to other domestic regions while only a little part was exported abroad. During the period from 1983 to 2002, the rapid development of Beijing industry brought a considerable demand for energy and the imported emergy exceeded the exported one with the largest gap appears in 1993. However, as a result of the fast increase of export, emergy trade surplus was obtained again in 2003 and 2004 and the export-import ratio also reached the maximum value of 1.33 in 2004, which is beneficial for the sustainable development of Beijing.


Figure 9. Annual emergy based comparison between import and export for Beijing.
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Adopted from Huang et al. (2005), the emergy use diversity is calculated as


[image: there is no content]








in which H is the emergy use diversity indicator, U is the total emergy use, and [image: there is no content] is the emergy value of the i-th kind of resource used by the concerned system. As shown in Figure 10, the emergy use diversity of Beijing was stable during the past decades, with the highest value of 1.37 in 1999 and lowest one of 0.95 in 1990. The relatively low emergy use diversity in Beijing indicated that this urban ecosystem was taking a risk of limited resources supply with high dependency on imported resources.


Figure 10. Annual emergy use diversity for Beijing.
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4.4. Environment Impact


The ratios of waste to renewable emergy use and total emergy use reveal the pressure sustained by the environment, both of which increased rapidly from 1978 to 1999 as the result of the Reform and Opening-up policy, but decline obviously since 2001 owing to the approaching of the Olympic Games.





[image: Entropy 12 01696 g011 550]





Figure 11. Annual environmental impact for Beijing. 






Figure 11. Annual environmental impact for Beijing.
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4.5. Degree of Exploitation and Economic Efficiency


In Beijing, the consumption of electricity kept rising during 1978 to 2004 with emergy increased from 8.83 × 1017 Jc to 5.43 × 1018 Jc, of which more than 60% was transferred from the Jing-Jin-Tang power network and the North China power network. As shown in Figure 12, the fraction of power use to total emergy use for Beijing decreased slowly due to the rapid increase of input of other resources. Meanwhile, the emergy investment ratio in Beijing increased by 6.28 times from 1978 to 2004, which implicates that the dependency on external resources was enhanced accompanied with the development of the Beijing urban ecosystem.


Figure 12. Annual electricity emergy fraction and investment ratio for Beijing.
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From 1978 to 1986, the emergy to dollar ratio of Beijing rose from 1.58 × 109 Jc/$ to 4.24 × 109 Jc/$ (see Figure 13), when the low cost or free local resources were the major support for the development. Afterwards, as a result of the declining share of local resources, the emergy to dollar ratio decreased from 4.04 × 109 Jc/$ in 1990 to 1.83 × 109 Jc/$ in 2004. The emergy to dollar ratio of China experienced similar trend as that of Beijing and the two values were close in recent years. However, the emergy to dollar ratio of Beijing was always higher than that of the world, which indicates that more real wealth had to be consumed to create the same unit of GDP by the Beijing urban ecosystem.


Figure 13. Annual emergy to dollar ratio for Beijing, China, and the world.
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As shown in Figure 14, this economic efficiency indicator of Beijing declined slowly towards 1, from 1.67 in 1978 to 1.05 in 2004, revealing that more and more resources were purchased from outside, despite the degree of exploration increased.


Figure 14. Annual economic efficiency for Beijing.
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5. Concluding Remarks


This research investigates the Beijing urban ecosystem based on an updated emergy synthesis in terms of embodied cosmic exergy instead of embodied solar energy, which successes foundations from Odum’s systems ecological theory but changes the starting point for the estimation from simply the sun to the cosmos represented by the thermodynamic contrast between the solar and CBM radiations. Based on the second law of thermodynamics implicating irreversible exergy consumption and entropy increase as well as the renovated EPB definition, the updated approach avoids the confusable and intractable defects of traditional one and shows firmer theoretical basis and better applicability.



Upgraded systems diagram with particular arms of free renewable resources, free nonrenewable resources, economic feedback, economic yield, environmental impact, and virtual environmental input along with the revised transformity dataset is illustrated, on the basis of which an ecological economic evaluation of the Beijing urban ecosystem is carried out. Detailed characteristics of the concerned urban ecosystem over a quarter century, i.e., from 1978 to 2004, are examined and results suggest its development can be divided into three distinctive periods: pre-industrializing and transforming period from 1978 to 1986, industrializing and fluctuating period from 1986 to 1999, and post-industrializing and fast developing period from 1999 to 2004. In the first period, local resources played an important role to support the economic development and less than 5% of total emergy was imported. During the second period, the contribution from local resources declined dramatically to around 10% while that from import increased rapidly from 3.91% to 15.9%. Considerable change of the domestic service input is observed during the first two periods, as the share of which rose by almost twenty times from 1.71% in 1978 to 33.2% in 1999. In the last period characterized by the accelerating economy development, the total emergy use increased by 1.33 times in 5 years with more than 90% of these resources came from outside, especially from other domestic regions.



The evolution of the Beijing urban ecosystem is also analyzed in detail through a series of indicators in respect to emergy intensity, emergy welfare, environmental impacts, and degree of exploitation and economic efficiency. During the focused period, the emergy intensity for Beijing increased continuously as a result of the sustained investment of resources, which not only improved living standard in many aspects, but also aggravated pressure on environment. Meanwhile, the rising emergy investment ratio implicates that Beijing was at the risks of resources shortage and high dependency on external resources, which is a hidden peril for its sustainable development. Furthermore, the examined indicators of electricity emergy fraction, emergy to dollar ratio, and economic efficiency reveal that although the degree of exploitation for the Beijing urban ecosystem increased, its economic efficiency declined during the past decades.
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