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a b s t r a c t

Cities (“urban superorganisms”) exhibit metabolic processes. Disturbance of these processes results from
the high throughput of the socioeconomic system as a result of the flow of resources between it and its
surroundings. Based on systematic ecology and emergy synthesis, we developed an emergy-based indi-
cator system for evaluating urban metabolic factors (flux, structures, intensity, efficiency, and density),
and evaluated the status of Beijing’s environment and economic development by diagramming, account-
ing for, and analyzing the material, energy, and monetary flows within Beijing’s metabolic system using
biophysically based ecological accounting. We also compared the results with those of four other Chinese
cities (Shanghai, Guangzhou, Ningbo, and Baotou) and China as a whole to assess Beijing’s development
lux and structures
ntensity and efficiency
ensity

status. From 1990 to 2004, Beijing’s metabolic flux, metabolic intensity, and metabolic density increased
significantly. The city’s metabolic processes depend excessively on nonrenewable resources, but the pres-
sure on resources from outside of the city decreased continuously. The metabolic efficiency increased by
around 12% annually throughout the study period. Beijing had a highest metabolic fluxes and density
compared with the four other cities; its metabolic efficiency was lower, and its metabolic intensity was
higher. Evaluating these metabolic indicators revealed weaknesses in the urban metabolic system, thereby

ify m
helping planners to ident

. Introduction

Although metabolism is a purely biological concept, it can be
pplied by way of analogy to cities because the urban metabolic
ystem is also a mechanism for processing resources and pro-
ucing wastes. In recent years, ecologists have begun to model
ybrid economic and ecological systems such as cities as if they
ere “superorganisms”, with their own metabolic processes. Such

esearch on urban metabolism can contribute to solving urban eco-
ogical and environmental problems by highlighting the demands
laced by the urban metabolic system on various resources and the
ressure of its discharged wastes on the environment (Sahely et al.,
003; Zhang et al., 2006b).

In 1965, Wolman first proposed the concept of urban
etabolism (Wolman, 1965; White, 1994). He believed that the

peration of the urban system closely resembled a group of

elated metabolic processes. Later, a number of scholars built
n Wolman’s ideas by treating cities as if they were organisms,
nd analyzing the processes and mechanisms that formed their
etabolism (Newcombe et al., 1978; Newman, 1999; Fischer-
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E-mail address: zfyang@bnu.edu.cn (Z.F. Yang).

304-3800/$ – see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All ri
oi:10.1016/j.ecolmodel.2009.04.002
easures capable of sustaining these urban metabolic processes.
Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

Kowalski, 1998). Other scholars have used this evolving theory to
study the metabolisms of Sydney (Newman et al., 1996), Hong Kong
(Newcombe et al., 1978), Taiwan (Huang, 1998; Warren-Rhodes
and Koenig, 2001), Manchester (Douglas et al., 2002), Shanghai
(Zhang et al., 2006a, b), Shenzhen (Yan et al., 2003), Nantong (Yu
and Huang, 2005), Paris (Barles, 2007), Toronto (Forkes, 2007), and
New York (Kane and Erickson, 2007). Methods of studying urban
metabolism include material-flows accounting and energy flows
accounting. In the present study, we used emergy analysis, one of
the energy accounting methods. The method can bridge the gap
between socioeconomic development and protection of the envi-
ronment that sustains the development (Hall et al., 1986), and can
provide a single unit of measurement that accounts for material,
energy, and monetary flows within the urban metabolic system and
between this metabolic system and its surrounding environment
(Odum, 1988).

Emergy is a measure of the real resources supplied by nature
to the investigated system (directly or through societal processes),
estimated on a common basis, namely that of the biosphere (Odum

and Odum, 2001). In emergy analysis, the quality of each form of
energy is taken into account by multiplying each flow of energy
and matter by its solar transformity (Odum, 1988). Transformity is
defined as the quantity of one type of emergy required to gener-
ate a unit of energy of another type. Emergy synthesis can quantify

ghts reserved.
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r place a value on the material, energy, and monetary flows in
n urban metabolic system by applying the appropriate transfor-
ities. The basic conversion factors for various materials, energies,

nd products have been modified recently (Brown and Bardi, 2001),
o that several conversion factors from older literature have been
pdated accordingly in our analysis. In our comparison of the pub-

ished values for various cities, we have omitted the influence of
hese conversion factors, but it is important to remember that as
result of the changed transformities, the published results and

hose of our study can only be compared in relative, not absolute,
erms.

In this paper, we define the basic characteristics of an urban
etabolic system (Zhang et al., 2009a), and determine the flows of

nergy, materials, and money through this urban metabolism. To
ccount for these flows, we adopted the emergy analysis method
Odum, 1996). Based on this approach, we develop an indicator
ystem for evaluating the urban metabolism based on the city’s
etabolic processes, and demonstrate the use of this indicator sys-

em in a case study of Beijing (China) by analyzing the metabolic
uxes, intensity, efficiency, and pressure in the urban metabolic
ystem.

. Methodology

.1. Conceptual model of the urban metabolic system

A city can be conceptualized as a special kind of organism,
hich means that it embodies certain metabolic processes. These

urban superorganisms” represent urban metabolic systems that
xtract raw materials from their environment and transform these
aterials through economic processes. Materials and energy are

ccumulated for certain periods of time (forming material stocks)
nd are more or less readily released into the environment as
etabolites, such as wastes and emissions (Matthews et al., 2000).

he basic metabolic concept has also been extended to include
he livability of a city from a human perspective so that the
ocioeconomic aspects of sustainability are integrated with the
nvironmental aspects (Newman, 1999; Jordan and Vaas, 2000). To
imulate a natural metabolic process, a conceptual model of urban
etabolic system can be established and used to evaluate the urban

uperorganism, as shown in Fig. 1.
The urban metabolic system includes both metabolic compo-

ents (the socioeconomic subsystem) and the internal environ-
ent. Here, we consider the internal environment to be the natural

egions within the city’s administrative boundaries. (For Chinese
ities, it is important to note that these boundaries include much
ore than the built-up area of the city; they also include the sur-

ounding landscape.) The openness and dependence of the urban

ystem mean that the city’s metabolic activities cannot be sup-
orted solely by the limited urban space within the administrative
oundaries, and require support from the city’s external envi-
onment. The “nutrients” required to sustain the metabolism are

ig. 1. Illustration of the components of an urban metabolic system. (Note that the
internal environment” includes all natural areas within the city’s administrative
oundaries.)
ing 220 (2009) 1690–1696 1691

continuously transported into the urban system from the exter-
nal environment; at the same time, the external environment
accepts metabolic wastes and other urban metabolites (Zhang et al.,
2006a,b). The external environment includes all the regions beyond
the city’s administrative boundaries that exchange materials and
energy with the city.

2.2. Emergy synthesis

Odum (1996) originated the theory of emergy analysis, and
in doing so, introduced two key terms: emergy and transformity.
Emergy of one type (usually solar) is defined as the sum of all flows
of available energy that are directly and indirectly consumed to
make a product, with each of these energies expressed in stan-
dardized energy units (usually of the solar type, the solar emjoule,
seJ). Odum (1996) described the “available energy” as exergy. When
flows are expressed in mass units (e.g., g), the conversion factor is
expressed as seJ/g and named specific emergy. Thus, the transfor-
mity of a product (�) equals its emergy divided by the available
energy, and the product’s emergy can be expressed as

Em = �Ex, (1)

where Em is the product’s emergy (seJ) and Ex is the available energy
or exergy (J) (Odum, 1996). The primary source of energy for all ter-
restrial ecosystems is sunlight, which drives rain, wind, and most
other Earth cycles. In recognition of the importance of solar energy
in sustaining most ecosystems, accounting for the varied quali-
ties of energy content inherent in the material and energy flows
of an urban system is done by multiplying the energy content or
mass of a flow by its solar transformity value, which reflects the
energy’s qualitative value, thereby obtaining its total solar emergy
in solar emjoules (seJ; Huang et al., 2006). During the past three
decades, Odum and his colleagues have calculated transformities
for a wide range of products and services. Detailed references now
allow the calculation of emergy values for most forms of energy and
resources (Odum, 1996; Brown and Bardi, 2001; Brown and Ulgiati,
1997, 2004). The larger the transformity, the more solar energy is
required to make a product, and the higher its position in the energy
hierarchy of the biosphere (Odum, 1988, 1996). Emergy synthesis
thus provides an integrated evaluation of the ecological and eco-
nomic values that flow through a system’s metabolism, and makes
it possible to study all aspects of urban metabolism in an integrated
manner.

Based on the quantification of emergy flows, a series of indices
can be calculated by means of emergy synthesis, and the results
can be used to evaluate the status of the urban metabolism. In the
energy systems diagram of Fig. 2, only the major components and
flows that propel the urban metabolic system are described, reflect-
ing the general status of the urban socioeconomic development and
eco-environmental quality. To sustain the functions of the urban
metabolic system, the basic emergy flows represented by these
indices must be ensured. These are the renewable resources emergy
(R), nonrenewable resources emergy (N), the resources emergy pur-
chased (imported) from the external environment (IMP), and the
resources emergy exported to the external environment (EXP):

N = N0 + N1 (2)

IMP = F + G1 + S1 (3)

EXP = G2 + S2 (4)
Renewable resources emergy (R) mainly includes emergy from
sunlight, rain, wind, rivers, and Earth cycles. For an urban metabolic
system, R is calculated as the largest inflowing emergy from a
renewable source rather than as the sum of all flows, in order to
avoid double-counting (Odum et al., 2000). We have also defined
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Fig. 2. Summary diagram for the ma

n emergy value for nonrenewable resources (N), which equals
he sum of the emergy of dispersed rural sources (N0), such as
oil erosion, and local resources for concentrated use (N1), such
s fuels, limestone, sand and related construction materials, iron
re, and related resources that are required to develop an urban
etabolic system. Each urban metabolic system takes in fuels (F),

oods (G1), and services (S1) from outside the system (imports, IMP)
nd produces goods (G2) and services (S2) that are exported from
he system (exports, EXP).

Based on the emergy synthesis for urban metabolic systems that
as proposed by Huang and Hsu (2003), we calculated the emergies
f urban metabolic flows (R, N, IMP, EXP, and U, the total emergy use)
s follows:

= R + N + IMP (5)

.3. An indicator system for evaluating urban metabolism based
n emergy synthesis

To support the goal of optimizing the urban metabolic system,
e established an indicator system that includes metabolic factors

flux, structure, intensity, efficiency, and density) that must be used
o evaluate the status of the urban metabolism. These indicators and
heir formulas are shown in Table 1. The indicator of metabolic flux
Fp) expresses the amount of material and energy from within the
rban metabolic system’s internal environment as well as imported
rom its external environment. The indicators of structure reflect
he structure of the metabolic flux in terms of resource consump-
ion; Sp1 and Sp2 are used to express the metabolic structures of
enewable and nonrenewable resources and of local and external
esources, respectively. The indicator of metabolic intensity (Ip),

hich is expressed by the per capita resource utilization, reflects

he income and living standards of the urban residents. The indica-
or of metabolic efficiency (Ep), which is expressed by the GDP per
nit of metabolic flux, reflects the resource utilization efficiency
i.e., the economic cost) of urban development. The indicator of

able 1
valuation indices used for assessing the urban metabolism based on emergy
ynthesis.

etabolic factor Symbol Formula

lux Fp U
tructure Sp1 N/R

Sp2 IMP/(R + N)
ntensity Ip U/population
fficiency Ep GDP/U
ensity Dp U/area
ergy flows in an urban metabolism.

metabolic density (Dp), which is expressed as the metabolic flux
per unit area, reflects the environmental pressure that the urban
metabolism imposes per unit of urban area.

3. Results and analysis

To illustrate how the emergy indicators that we identified in
Section 2 can be used, we chose the city of Beijing (China) as a case
study.

3.1. Urban geography of Beijing

The city of Beijing (39◦56′N, 116◦20′E) is located in the northern
part of the North China Plain, with Tianjin City on its southeast-
ern border and Hebei Province surrounding the city on its other
three sides. Beijing occupies an administrative area of 16,808 km2,
and mountainous areas and plains account for 62 and 38% of its
total area, respectively. Beijing is surrounded by mountains on the
west, the north, and the northeast, with the southeastern plain
sloping gradually downward towards the Bohai Sea. Major rivers
flowing through Beijing include the Yongding River, the Chaobai
River, the North Canal, and the Juma River, which obtain most of
their water from the northeastern and northwestern mountain-
ous areas of Beijing. These rivers flow through rugged mountains
towards the plains in the southeastern part of Beijing and enter the
Bohai Sea.

Beijing has a continental monsoon climate with four distinct sea-
sons; spring and autumn are short, whereas winter and summer are
long. The mean frost-free period is 189 days. The average temper-
ature is 13.0 ◦C; December is the coldest month, with an average
temperature of −3.7 ◦C, and July is the hottest month, with an aver-
age temperature of 25.2 ◦C. Average annual rainfall is 507.7 mm,
and peak solar radiation averages 570.24 GJ m−2. Beijing has many
varieties of mineral resources, including abundant coal, iron, and
construction materials, inside its administrative region. At the end
of 2004, the permanent population of Beijing was 14.93 million and
its GDP was 53.54 billion US$ (the conversion factor between RMB
and US$ was about 8:1 at the time of our data collection) (Table 2).
The total annual values of imports and exports were 3.99 × 106 US$
and 3.21 × 106 US$, respectively.
3.2. Emergy-based accounting for Beijing’s economy from 1990 to
2004

We used data on material, energy, and monetary fluxes from
1990 to 2004, at 2-year intervals, to evaluate the changes in the
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Table 2
Socioeconomic data used for assessing the urban metabolism of Beijing. Source: Beijing Statistical Office (1991, 1993, 1995, 1997, 1999, 2001, 2003, 2005).

1990 1992 1994 1996 1998 2000 2002 2004

G
P
A

d
m
B
2
e
d
c
w
s
t

T
R

E

R

I

I

E

DP (×1010 US$) 0.63 0.89 1.36
opulation (×107 persons) 1.09 1.10 1.13
rea (×104 km2) 1.68 1.68 1.68

evelopment status of the Beijing urban metabolic system. The pri-
ary data used in our emergy calculations were obtained from the

eijing Statistical Office (1991, 1993, 1995, 1997, 1999, 2001, 2003,
005). The raw data are shown in Table 3. In this table, we have
xcluded waste emergy from our calculations because insufficient
ata was available for us to provide an adequate analysis of this

omponent of the system’s metabolism. In comparing our results
ith those of other studies, it is important to confirm whether those

tudies have or have not included waste emergy in their calcula-
ions.

able 3
aw data used for the Beijing emergy synthesis from 1990 to 2004.

mergy components Raw data

1990 1992

enewable resources
1. Sunlight (×1019 J) 7.19 7.19
2. Wind, kinetic (×1016 J) 2.19 3.40
3. Rain, geopotential (×1016 J) 0.28 0.22
4. Rain, chemical (×1016 J) 5.79 4.50
5. Earth cycles (×1016 J) 1.86 1.86
6. Rivers, geopotential (×1016 J) 0.81 0.73

ndigenous non-renewable resources
7. Soil losses (×1012 g) 3.37 3.33
8. Coal (×107 t) 1.01 1.02
9. Limestone (×1012 g) 4.07 4.84
10. Sand and gravel (×1012 g) 2.71 3.22
11. Iron ore (×1012 g) 3.60 4.35

mports and outside sources
12. Natural gas (×108 m3) 0.83 0.95
13. Coal (×107 t) 1.65 1.64
14. Oil (×106 t) 7.20 7.20
15. Electricity (×1010 kW h) 1.23 1.40
16. Agricultural production (×1016 J) 3.52 3.26
17. Livestock production (×1015 J) 1.36 1.12
18. Fisheries production (×1014 J) 7.74 0.61
19. Limestone (×1012 g) 1.23 1.05
20. Sand and gravel (×1012 g) 1.64 1.40
21. Wood (×104 m3) 9.72 10.48
22. Cotton (×105 t) 1.40 2.43
23. Metal ores (×1012 g) 1.96 2.19
24. Chemical fertilizer (×1011 g) 1.76 1.88
25. Pesticides (×109 g) 4.28 5.43
26. Plastics (×1010 g) 1.51 1.52
27. Sugarcane (×1011 g) 1.67 0.72
28. Machinery and transportation equipment (×1010 g) 2.95 3.47
29. Services from outside (×1010 US$) 0.34 0.37
30. Services in imports (×1010 US$) 0.03 0.05

xports
31. Agricultural production (×1015 J) 2.22 5.40
32. Livestock production (×1014 J) 1.18 2.62
33. Fisheries production (×1014 J) 1.56 1.65
34. Limestone (×1010 g) 5.06 4.83
35. Sand and gravel (×1010 g) 6.75 6.44
36. Wood (×103 m3) 2.46 2.98
37. Cotton (×104 t) 2.90 3.91
38. Metal ores (×1010 g) 4.98 4.24
39. Chemical fertilizer (×109 g) 4.58 3.25
40. Pesticides (×108 g) 3.21 45.69
41. Plastics (×109 g) 3.09 3.07
42. Sugarcane (×1010 g) 1.91 2.37
43. Machinery and transportation equipment (×109 g) 1.55 1.71
44. Services to outside (×1010 US$) 0.14 0.16
45. Services in exports (×1010 US$) 0.10 0.11
2.02 2.51 3.10 4.02 5.35
1.26 1.25 1.36 1.42 1.49
1.68 1.68 1.68 1.68 1.68

In accordance with the emergy flow diagram (Fig. 2), we per-
formed the corresponding calculations for each indicator in the
diagram using the data in Supplementary Brandt-Williams, 2001;
Lan et al., 2002; Lei et al., 2008; Odum, 2000; Table S1, and the
results are summarized in Table 4. Substituting the input–output
emergy data into Eqs. (2)–(5), R, N, IMP, EXP, and U can be calculated.

In this analysis, we adopted the 15.83 × 1024 seJ planetary baseline
value for annual emergy input (Brown and Bardi, 2001).

To illustrate how the emergy synthesis for Beijing compares with
the results for other similar cities, we obtained data for Guangzhou

1994 1996 1998 2000 2002 2004

7.19 7.19 7.19 7.19 7.19 7.19
4.69 5.61 3.88 4.98 3.88 4.98
0.33 0.28 0.30 0.15 0.15 0.20
6.75 5.82 6.08 3.08 3.08 4.01
1.86 1.86 1.86 1.86 1.86 1.86
0.65 0.57 0.57 0.54 0.47 0.70

3.28 3.25 2.78 2.68 10.61 1.92
1.01 1.01 0.99 0.55 0.88 0.91
6.38 7.99 9.14 9.92 10.61 13.52
4.25 5.33 6.10 6.62 7.07 9.02
6.95 7.32 7.51 7.73 7.73 7.93

1.05 1.50 3.80 10.97 20.48 27.00
1.64 1.65 1.65 1.52 1.64 1.69
7.20 6.81 6.60 7.55 7.06 8.33
1.28 1.34 1.47 1.37 1.37 1.43
2.97 1.79 1.94 1.40 1.92 1.84
0.90 0.68 1.18 0.88 0.96 1.34
1.60 1.94 9.60 9.23 6.80 9.61
1.17 1.06 0.89 0.63 1.14 0.50
1.56 1.41 1.19 0.84 1.52 0.67

13.49 12.81 6.71 46.72 27.86 12.48
2.58 0.09 3.52 5.99 5.48 5.18
0.28 2.42 2.16 2.55 2.61 10.81
2.06 2.32 6.63 14.00 25.48 24.68
6.57 2.09 92.83 12.56 2.46 0.10
1.47 3.47 2.22 2.01 10.69 2.56
1.25 1.80 1.48 1.32 1.28 1.86
3.68 3.43 12.55 5.47 5.54 6.34
0.30 1.00 1.22 1.28 1.50 2.52
0.09 0.31 0.59 0.75 0.76 1.47

4.82 5.11 7.57 5.92 9.00 9.80
0.38 4.13 1.28 2.02 0.38 0.47
1.36 0.43 20.93 1.44 1.63 1.95
4.80 63.33 146.54 5.26 5.97 6.15
6.40 84.44 195.39 7.01 7.97 8.20
2.65 2.15 125.71 322.17 32.45 16.79

135.53 1.50 3.74 8.73 5.85 7.27
4.02 32.37 254.85 4.72 4.71 4.99
0.07 2.10 1592.12 58.64 62.49 630.22

48.67 2.65 87.05 39.11 21.46 1.96
2.76 1.75 4.50 1.15 1.10 1.25
2.57 13.40 9.84 29.46 31.05 34.52
1.80 1.58 25.75 0.63 1.03 3.12
0.13 0.24 0.43 0.86 1.25 2.53
0.17 0.67 0.83 0.75 0.48 0.69
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Table 4
Emergy synthesis for Beijing from 1990 to 2004.

Emergy components Solar emergy

1990 1992 1994 1996 1998 2000 2002 2004

Renewable resources (R, ×1021 seJ) 1.90 1.47 2.21 1.91 1.99 1.08 1.08 1.32
Indigenous non-renewable resources (N, ×1022 seJ) 7.66 8.91 11.50 13.99 15.73 16.45 17.86 22.32
Imports and outside sources (IMP, ×1023 seJ) 1.29 1.30 1.22 2.02 2.44 2.53 2.91 4.27
Exports (EXP, ×1022 seJ) 3.23 3.66 6.94 12.58 19.53 20.07 21.35 39.39
Total emergy used (U, ×1023 seJ) 2.07 2.20 2.39 3.44 4.03 4.19 4.71 6.52

Table 5
Comparison of Beijing’s metabolic indicators with those of four other Chinese cities and China as a whole.

Beijing (2004) Shanghai (2002) Guangzhou (2002) Ningbo (2000) Baotou (2004) China (2004)

GDP (×1011 US$) 0.54 0.68 0.38 0.14 0.08 16.44
Population (×107 persons) 1.49 1.33 0.72 0.54 0.21 130.20
Area (×1011 km2) 0.17 0.78 0.74 0.09 0.28 96.04
U (×1023 seJ) 3.22 3.09 1.42 0.29 3.67 194.00

Table 6
Values of Beijing’s metabolic indicators.

Index value (seJ)

1990 1992 1994 1996 1998 2000 2002 2004

Fp (×1023 seJ) 2.07 2.20 2.39 3.44 4.03 4.19 4.71 6.52
Sp1 40.34 60.43 51.96 73.32 78.96 152.85 166.01 169.65
S
I
E
D
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p2 1.64 1.43 1.04
p (×1016 seJ/person) 1.91 2.00 2.13
p (×10−14 US$/seJ) 3.02 4.02 5.66
p (×1013 seJ/m2) 1.23 1.31 1.42

Sui and Lan, 2006), Shanghai (Sui and Lan, 2006), Baotou (Liu et al.,
007), Ningbo (Li and Zhang, 2003), and China as a whole (Jiang et
l., 2008). The data for Beijing, the other four cities, and China are
hown in Table 5.

.3. Evaluation of Beijing’s metabolism based on emergy synthesis

.3.1. Metabolic fluxes
During the 14 years of the study period, Beijing’s product

etabolic flux (Fp) increased significantly. Fp, which represents the
hroughput of the urban metabolic system, increased at a linear rate
f 15% annually (Table 6).

As shown in Table 7, Beijing had a highest product
etabolic flux (6.52 × 1023 seJ) than Baotou (3.67 × 1023 seJ),

hanghai (3.09 × 1023 seJ), Guangzhou (1.42 × 1023 seJ), and Ningbo
0.29 × 1023 seJ), Beijing’s metabolic flux amounted to almost 3% of
he total for China (which had 311 cities with a population greater
han 200,000 residents in 2004).

.3.2. Metabolic structure
A high Sp1 value indicates that more nonrenewable than renew-
ble resources would be consumed to ensure urban development,
nd a high Sp2 value indicates that more resources would be
onsumed from the external environment than from the inter-
al environment to ensure urban development. For Beijing, Sp1

ncreased from 40.34 in 1990 to 169.65 in 2004 (Table 6). Beijing

able 7
omparison of Beijing’s metabolic indicators with those of four other Chinese cities and w

Beijing (2004) Shanghai (2002) Guangzh

p (×1023 seJ) 6.52 3.09 1.42
p1 169.65 10.24 2.85
p2 1.90 0.63 0.49

p (×1016 seJ/person) 4.36 2.32 1.97
p (×10−14 US$/seJ) 8.22 21.88 26.39
p (×1013 seJ/m2) 3.88 0.40 0.19
1.43 1.53 1.53 1.62 1.90
2.73 3.24 3.09 3.31 4.36
5.87 6.24 7.40 8.53 8.22
2.05 2.40 2.49 2.80 3.88

had the highest Sp1 value, followed by Baotou, Ningbo, Shang-
hai, and Guangzhou (Table 7). This means that the development
of Beijing’s metabolic system still depends excessively on nonre-
newable resources. As a developed city with a long history, Beijing
still depends greatly on the consumption of nonrenewable fossil
fuels, which must be imported from outside the city. Beijing’s Sp2
value decreased from 1.64 in 1990 to 1.90 in 2004 (Table 6). Bao-
tou had the highest Sp2 value (3.26), followed by Beijing, Shanghai,
Guangzhou, and Ningbo. Because of a lack of local resources, all
five cities imported up to 30% of Fp, which was far higher than
the average for China as a whole (20% of Fp). As a net consumer,
Beijing imports some quantities of materials, mechanical goods,
transportation equipment, and textiles, and exports machines, elec-
trical equipment, and hi-tech products. Because of its very low
self-sufficiency, Beijing depends greatly on importing resources
from its external environment, especially with regard to fuels.

3.3.3. Metabolic intensity
The metabolic intensity (Ip) can indicate the standard of liv-

ing of urban residents. A high Ip value means that more natural
resources would be consumed to satisfy the demand of a given pop-

ulation. During the 14-year study period, Beijing’s Ip increased from
1.91 × 1016 seJ/person in 1990 to 4.36 × 1016 seJ/person in 2004,
which represents 2.3 times the 1990 value (Table 6).

Beijing’s metabolic intensity in 2004 was lower than that of
Baotou (17.49 × 1016 seJ/person), but higher than those of Shanghai

ith China as a whole.

ou (2002) Ningbo (2000) Baotou (2004) China (2004)

0.29 3.67 194.00
11.35 40.10 6.95
0.47 3.26 0.26
0.54 17.49 1.49

48.31 2.07 8.47
0.31 1.32 0.20
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Table 8
Rates of increase in Beijing’s metabolic fluxes and GDP from 1990 to 2004. Values represent multiples of the value in 1990.
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2.32 × 1016 seJ/person), Guangzhou (1.97 × 1016 seJ/person) and
ingbo (0.54 × 1016 seJ/person), and far higher than the average

or China as a whole (1.49 × 1016 seJ/person). Although Beijing has
eached the late stages of industrialization, its metabolic intensities,
t approximately 2.9 times the national average level, are relatively
igh, which means that the consumption level of Beijing’s residents

s relatively high.

.3.4. Metabolic efficiency
The metabolic efficiency (Ep) represents the relationship

etween economic factors and metabolic flux (Zhang et al., 2009b).
high Ep value indicates that fewer natural resources are con-

umed to produce the same GDP. Beijing’s Ep value increased
rom 3.02 × 10−14 US$/seJ in 1990 to 8.22 × 10−14 US$/seJ in 2004
Table 6; Fig. 3), which represents 2.7 times the 1990 value. Ep has
hus increased at a linear annual rate of 12% throughout the study
eriod.

The curves in Fig. 3 reflect the trends for Ep, and also reflect
he degree of synchronization between GDP and metabolic flux.
hus, we have introduced the concept of “decoupling” to repre-
ent the degree of synchronization between GDP and the metabolic
ux. Decoupling can be either relative or absolute. When relative
ecoupling occurs, economic growth is accompanied by slower
rowth in resource consumption and pollution discharge. How-
ver, when absolute decoupling occurs, economic growth increases
hile the absolute volumes of pollution and resources consump-

ion decrease or remain stable. By selecting 1990 as the base year,
e were able to calculate the increase in Fp and GDP from 1990

o 2004 and express the increase as a multiple of the 1990 value
Table 8). As shown in Fig. 3, the economic growth increased while
he metabolic flux (Fp) increased, but at a dramatically slower rate
han the increase in GDP. Based on these results, the decoupling of
esource consumption from GDP in Beijing’s metabolic system is

elative, whereas the decoupling of pollution discharge from GDP
s absolute. These trends show that there is still room for improve-

ent in the city’s metabolic efficiency. Decoupling and metabolic
fficiency can therefore be considered complementary concepts.

ig. 3. Metabolic efficiency and decoupling of Beijing’s metabolic fluxes from GDP
rom 1990 to 2004. Rates represent linear rates for the 14-year study period, with
he two “increase in” values representing the ratio of the value in a given year to the
alue in 1990.
1996 1998 2000 2002 2004

1.66 1.95 2.02 2.27 3.14
3.23 4.02 4.95 6.41 8.55

Beijing’s metabolic efficiency (Ep) in 2004 was
0.82 × 10−14 US$/seJ (Table 7), which was higher than that of
Baotou (0.21 × 10−13 US$/seJ), but lower than the average for
China as a whole (0.85 × 10−13 US$/seJ), and lower than those of
Shanghai (2.19 × 10−13 US$/seJ), Guangzhou (2.64 × 10−13 US$/seJ),
and Ningbo (4.83 × 10−13 US$/seJ). Generally speaking, Bei-
jing’s metabolic efficiency was relatively low compared with
the other cities, which means that the city’s rapid socioeco-
nomic development is being accompanied by a high cost to the
eco-environment.

3.3.5. Metabolic density
Dp represents the level of development pressure imposed by

a city on its environment. A high Dp value indicates that more
emergy is consumed to sustain urban development, and that the
product metabolic pressure is high. Beijing’s Dp has increased at a
linear average annual rate of 15% throughout the study period, from
1.23 × 1013 seJ/m2 in 1990 to 3.88 × 1013 seJ/m2 in 2004, represent-
ing 3.1 times the 1990 value (Table 6). The results show that Beijing’s
metabolic pressure on its environment increased continuously.

Because of its large Fp value and relatively small area, Beijing had
the highest metabolic pressure of the four cities (Table 7), and a far
higher value than the average for China as a whole. Beijing’s Fp value
was 20.27 times that of Guangzhou (1.91 × 1012 seJ/m2), 12.34 times
that of Ningbo (3.14 × 1012 seJ/m2), 9.80 times that of Shanghai
(3.95 × 1012 seJ/m2), 2.93 times that of Baotou (13.23 × 1012 seJ/m2),
and 19.19 times that of China as a whole (2.02 × 1012 seJ/m2). Com-
pared with other cities, Beijing had the highest metabolic density,
which means that its urban development is imposing great pressure
on the city’s eco-environment.

4. Conclusions

The systematic ecological perspective and emergy-based
method are both significant tools for understanding the function-
ing and development of an urban metabolic system. Such systems
are relatively immature from an ecological perspective due to their
inefficient use of resources. From the point of view of systems ecol-
ogy, cities represent heterotrophic systems that rely more strongly
on external systems beyond their boundaries than is the case for
more self-contained natural ecosystems, and this also appears to be
true of Beijing. In this paper, we used a historical series of emergy
indicators for Beijing to assess the evolution of its urban metabolic
system from 1990 to 2004. We reached the following primary con-
clusions based on this analysis:

1. From 1990 to 2004, Beijing’s metabolic flux, metabolic inten-
sity, and metabolic density increased significantly; the metabolic
efficiency increased at a linear average annual rate of 12%
throughout the study period. Despite the increase of metabolic
efficiency and some improvements, the metabolic structure
remained deficient at the end of the study period because of
excessive dependence on nonrenewable resources and natural
resources obtained from outside the city.
2. Beijing had the highest metabolic fluxes and density com-
pared with the four other Chinese cities, but had relatively
low metabolic efficiency and relatively high metabolic intensity.
Evaluating these metabolic indicators revealed the weak links in
the urban metabolic system, and can thus help Beijing’s plan-
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ners choose measures to improve the sustainability of the city’s
metabolic health.

The emergy indicators described in this paper provide an effec-
ive way to measure the status of an urban metabolism because
hey can reflect the metabolic fluxes, efficiency, and pressure of
he urban metabolic system, and can thus provide assessments of
ts health and environmental impacts. Through integrated analysis
f the fluxes, efficiencies, and pressures from both environmental
nd economic perspectives, this approach permits a direct socioe-
onomic evaluation of Beijing and provides valuable insights into
he city’s use of natural resources. As a result, it will help the city’s
overnment to determine proper policies for sustainable develop-
ent.
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