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a b s t r a c t

Regarding various energy and materials flowing in the urban ecosystem and the merit of emergy as an
embodied energetic equivalent for integrated ecological economic evaluation, an evaluation framework
of emergy-based urban ecosystem health indicators (UEHIem) was established in view of five aspects
including vigor, structure, resilience, ecosystem service function maintenance and environmental impact
to depict the urban ecosystem health states. Further, set pair analysis (SPA) was employed to assess the
urban ecosystem health level based on the UEHIem, by which the approximate degree of real index set to
the optimal one was defined and evaluated to describe the relative health state of the concerned urban
ecosystems. Choosing twenty typical Chinese cities in 2005 as cases, we evaluated and compared their
mergy

et pair analysis
hina

urban ecosystem health levels based on UEHIem and SPA. The results showed that health levels of Xiamen,
Qingdao, Shenzhen and Shanghai are pretty well, while those of Wuhan, Harbin, Yinchuan, Beijing and
Urumchi are relatively weak. Moreover, the relative health levels were analyzed by SPA to discern the
influences of the mentioned five aspects on the UEHIem. It is concluded that emergy synthesis combined
with SPA can serve as an effective relative-measure to compare different ecosystem health levels of urban

ecosystems.

. Introduction

Acting as center of socio-economic production and human con-
umption, city plays a driving role in the development of regional,
ational and even international economics (Huang, 1998). Mean-
hile, although city has indeed made obvious economic progress

nd produced notable wealth with energy and materials from sup-
orting areas, the cost of environmental degradation and pressure
rought by air pollution, water resource scarcity and energy short-
ge, which further lowered the human living standard and impeded
he sustainable development of the urban ecosystem, cannot be
gnored. There is considerable need for methods and indicators
o diagnose the status of urban ecosystem for prompt ecological
estoration, management and regulation, among which the urban
cosystem health assessment based on an analogy with the physi-
logy of the organism is a necessary procedure (Guidotti, 1995).

Methods and indicators of urban ecosystem health represent an

ttempt to measure changes in human and societal health and well-
eing and the integrity of natural ecosystems, resulting from the
omplex interplay of the social-economic-environmental factors of
he people living in an urban area (McMullan, 1997). However, the

∗ Corresponding author. Tel.: +86 10 58807951.
E-mail address: zfyang@bnu.edu.cn (Z.F. Yang).
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© 2009 Elsevier B.V. All rights reserved.

complexity incorporating numerous social, economical and eco-
logical factors (Tzoulas et al., 2007), and unique energy signature
(Collins et al., 2000), have distinguished the urban ecosystem from
the other ecosystems. Fundamental biophysical drivers, i.e., flows
of energy and materials, and the constrains they impose, should
be integrated to enhance the understanding of ecological patterns
and processes to produce long-term dynamics (Grimm et al., 2000).
More empirical researches are therefore essential to identify the
integrated energy measures to summarize the dynamic interac-
tions and feedbacks of the whole system, capture the pattern of the
human-dominated process, and assess the health of urban ecosys-
tems.

In view of the multiple flows of energy and materials in the
urban ecosystem with a path-dependent function and the donated
value of the free environment investment, goods, services and infor-
mation in a common metric, emergy synthesis, first presented by
Odum (1983) out of a creative combination of energetics and sys-
tems ecology (Odum, 1983; Ulgiati and Brown, 1998; Brown and
Ulgiati, 2004a), is considered as a promising method for charac-
terizing the properties of urban ecosystem networks and indirectly

measuring the urban ecosystem health (Campbell et al., 2004). The
urban ecosystem health can be determined based on the biophysi-
cal medium by the circulation of energy and materials flows among
the social, economic and natural subsystems, such as empower,
and the pathways of energy transformation as intensity factors

http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
mailto:zfyang@bnu.edu.cn
dx.doi.org/10.1016/j.ecolmodel.2009.06.010
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ithin the whole system. With given boundary conditions, the
rban ecosystem will even develop in certain organizing principles,

.e., ‘orientors’, as the directional nature of network processes, e.g.,
aximizing the empower and emergy or empower to exergy ratio

Fath et al., 2001).
Emery analyzes have been introduced into study socio-

conomic metabolism of the urban ecosystem, which is of great
alue for urban ecosystem health assessment. Theoretical discus-
ion and indicators of emergy have been developed to analyze the
ierarchical organization of the cities, e.g., Jacksonille by Whitfield
1994), Hongkong by Lan and Odum (1994); Taipei by Huang (1998,
004) and Huang et al. (2001); Zhongshan by Lu et al. (2003);
uangzhou by Sui and Lan (2006), Macao by Lei and Wang (2008),
eijing by Jiang et al. (2009), and Baotou by Liu et al. (2009), etc.
articularly, Brown and Ulgiati (2004b) asserted that when one
omponent in urban system is affected, the change of energy and
atter flows in the whole system may translate into declines in

cosystem health.
Meanwhile, urban ecosystem health per se as a specific concept

f health has to be measured with respect to a reference condition
Campbell et al., 2004). Therefore, the intrinsic relativity induced by
he complexity, openness and human-dominance should be incor-
orated into the health assessment. Some mathematical models
ave been developed to reduce the uncertainty of the urban ecosys-
em health assessment (e.g., Zhou and Wang, 2005; Lu et al., 2008;
ang et al., 2006; Shi and Yan, 2007). But few models are estab-
ished to describe the relativity of the ecosystem health assessment.
ence, ground on fuzzy set and vague set, set pair analysis (SPA),
onsidering symmetry information from three aspects embracing
dentity, discrepancy and contrary (Jiang et al., 2004), is introduced
nd combined with emergy-based indicators to quantify the urban
cosystem health.

In this paper, considering the special characteristics of urban
cosystem health and the merit of emergy synthesis, a framework
f evaluation model and related indicators based on emergy is pro-

osed to assess the urban ecosystem health state with respect to
he energy and materials metabolism. Meanwhile, combined with
mergy synthesis, SPA is also employed to measure the relativ-
ty of urban ecosystem health, which is introduced in details in
ection 2. Follows are the case studies of twenty typical Chinese

Fig. 1. Emergy system diagram
ng 220 (2009) 2341–2348

cities and their results. The last section offers some discussions and
conclusions.

2. Methodology

2.1. Emergy-based urban ecosystem health evaluation

The basic procedure of emergy synthesis for the urban ecosys-
tem can be summarized as following five steps: (1) confirming the
system boundary and collecting data, (2) drawing the emergy sys-
tem diagram, (3) preparing the emergy accounting table to analyze
major energy, materials, goods and services flows, (4) setting up the
emergy-based indicators and calculating their values, and (5) result
analysis for the urban ecosystem.

Through field investigations and standard annual yearbooks
complied by the local governments, the data of natural condition,
agriculture, industry, import and export trade are collected to ana-
lyze the emergy flows of urban ecosystems. The emergy diagram of
the urban ecosystem is depicted with reference to Odum (1996) as
shown in Fig. 1. The renewable resources flowing into the urban
ecosystem mainly includes sunlight, rain, wind, earth cycle and
the inflow rivers. The non-renewable resources are associated with
the nutrition both from natural topsoil losses and soil degradation,
which are the fundamental supports, especially to the forest and
agricultural subsystems supporting the urban ecosystem. As the
free environmental resources, local renewable resources such as
hydroelectricity, agricultural production, forestry production and
fish to some extent meet the production needs and household
use. For the urban ecosystem, most of the intensive resources are
purchased from outside besides a small proportion of fuels and
minerals. In addition, human services and corresponding money
flows are accompanied with all the process of goods production,
transportation and exchange. Here, major emergy flows of Beijing
2005 are listed in Table 1 as an example. Then, the values of related
emergy-based indicators can be calculated.
Combing the emergy-based indicators (Huang, 2004; Brown
and Ulgiati, 2004a) with the essential components of the urban
ecosystem health (Rapport, 1998; Guo et al., 2002), the framework
of emergy-based urban ecosystem health indicator (UEHIem), is
thereby established in view of vigor, structure, resilience, ecosys-

of urban ecosystems.
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Table 1
Emergy accounting table of resources and economic flows of Beijing 2005.

No. Item Raw data Solar transformity (sej/unit) Refs. Solar emergy (sej) Emdollar values (US$)

Renewable sources
1 Sunlight (J) 5.87E + 19 1 Odum (1996) 5.87E + 19 8.45E + 06
2 Wind, kinetic (J) 8.80E + 15 2.45E + 03 Odum et al. (2000), Folio #1 2.15E + 19 3.09E + 06
3 Rain, geopotential (J) 2.64E + 15 4.70E + 04 Odum et al. (2000), Folio #1 1.24E + 20 1.78E + 07
4 Rain, chemical (J) 3.33E + 16 3.05E + 04 Odum et al. (2000), Folio #1 1.01E + 21 1.45E + 08
5 Earth cycle (J) 2.38E + 16 5.80E + 04 Odum (2000), Folio #2 1.38E + 21 1.99E + 08

Indigenous renewable energy
6 Hydroelectricity (J) 5.04E + 15 3.36E + 05 Odum (1996) 1.69E + 21 2.43E + 08
7 Agriculture production (J) 3.58E + 16 3.36E + 05 Brown and McClanahan (1996) 1.20E + 22 1.73E + 09
8 Livestock production (J) 3.70E + 16 3.36E + 06 Brown and McClanahan (1996) 1.24E + 23 1.78E + 10
9 Fisheries production (J) 2.69E + 14 3.36E + 06 Brown and McClanahan (1996) 9.04E + 20 1.30E + 08

Non-renewable sources from within Beijing
10 Coal (J) 2.86E + 17 6.69E + 04 Odum (1996) 1.91E + 22 2.75E + 09
11 Mineral (g) 4.54E + 12 1.43E + 09 This work 6.50E + 21 9.35E + 08
12 Soil losses (g) 9.97E + 11 1.68E + 09 Odum (1996) 1.68E + 21 2.42E + 08
13 Net top soil losses (J) 3.38E + 14 7.40E + 04 Brown and Bardi (2001), Folio#3 2.50E + 19 3.60E + 06

Imports and outside sources
14 Goods (US$) 2.32E + 10 1.06E + 12 Jiang et al. (2009) 2.45E + 22 3.53E + 09
15 Services (US$) 4.84E + 09 1.06E + 12 Jiang et al. (2009) 5.11E + 21 7.35E + 08
16 Tour (US$) 1.99E + 10 5.88E + 12 This work 1.17E + 23 1.68E + 10
17 Fuels (J) 1.71E + 18 9.51E + 04 This work 1.62E + 23 2.33E + 10

Exports
18 Goods (US$) 1.71E + 10 6.95E + 12 Jiang et al. (2009) 1.19E + 23 1.71E + 10
19 Services (US$) 1.78E + 09 6.95E + 12 Jiang et al. (2009) 1.24E + 22 1.78E + 09

Resource consumed
20 Fuels (J) 1.98E + 18 8.18E + 04 This work 1.62E + 23 2.33E + 10
21 Electricity (J) 2.04E + 17 2.69E + 05 Odum (1996) 5.49E + 22 7.90E + 09

Waste produced
22 Solid waste (J) 5.23E + 16 3.02E + 06 Huang et al. (1995) 1.58E + 23 2.27E + 10
23 Waste water (J) 6.40E + 14 1.12E + 06 Huang et al. (1995) 7.17E + 20 1.03E + 08

Dollar flow
24 GDP (US$) 8.61E + 10 6.95E + 12 Jiang et al. (2009) 5.98E + 23 8.61E + 10

Table 2
Emergy-based urban ecosystem health indicators and their values for Beijing 2005.

Objective layer (O) Factor layer (R) Index layer (I) Expression Value Weight

Emergy-based urban
ecosystem health
indicator

R1 vigor I1 emergy density U/area/(1E + 19sej km−2) 2.07 0.0609

I2 emdollaratio U/GDP/(1E + 12sej $−1) 3.93 0.0115
R2 structure I3 emergy self-sufficiency (R + N0 + N1)/U 0.09 0.0243

I4 ratio of concentrated to rural use (F + G + P2I3 + N1)/(R + N0) 77.80 0.0507

I5 emergy diversity index −
∑(

Ui
U

)
× ln
(

Ui
U

)
1.23 0.0015

R3 resilience I6 carrying capacity density based
on renewable emergy

(R × Pop)/(U × area)/(pop km−2) 4.69 0.1250

I7 developed Carrying capacity
density

8 × (R × Pop)/(U × area)/(pop km−2) 37.52 0.1250

I8 fraction of locally non-renewable
emergy used

(N0 + N1)/U 0.08 0.0708

I9 Ratio of waste to renewable
emergy

W/R 93.74 0.1106

I10 ratio of waste to total emergy
used

W/U 0.47 0.0510

I11 environmental loading ratio (U-R)/R 198.98 0.0695
R4 ecosystem service
function maintenance

I12 per capita emergy used U/Pop/(1E + 16sej) 2.20 0.0320

I13 per capita fuel emergy used Fuel/Pop/(1E + 16sej) 1.05 0.0501
I14 ratio of electricity emergy used el/U 0.16 0.0102

R5 environmental impact I15 emergy investment ratio (F + G + P2I3 + N0 + N1)/R 198.98 0.0695
I16 ratio of export to import (N2 + B + P1E3)/(F + G + P2I3) 0.43 0.0593
I17 ratio of import to indigenous
emergy

(F + G + P2I3)/(R + N0 + N1) 10.31 0.0781

R: renewable emergy flow; N: indigenous non-renewable flows; N0: dispersal rural (e.g., soil loss); N1: concentrated use (e.g., hydroelectricity); N2: exported of raw materials;
F: imported fuel; G; imported goods; I3: dollars paid for imported service; B: exported products; E3: dollars received for exported service; P2: world emdollar ratio; P1: emdollar
ratio; U: total emergy used (U = R + N0 + N1 + F + G + P2I3, Ui respectively denotes each component of U); W: waste; fuel: fuel used; el: electricity used; GDP: gross domestic
products; pop: population.
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em service function maintenance, and environmental impact to
hed light on the biophysical foundation of the urban ecosystem
ealth. As shown in Table 2, associated with the major influencing

actors, UEHIem is expressed with seventeen emergy-based indices
epresenting different aspects of the urban ecosystem health.

.2. Set pair analysis

.2.1. Definitions and calculations
SPA, which was proposed by Zhao (1989) and applied to many

elds including system engineering, artificial intelligence, forecast-
ng, and multi-attribute assessment (Jiang et al., 2004; Wang et al.,
004; Zhou et al., 2007), can be chosen as a possible method with
ialectic characteristics and biophysical implications.

With respect to a given problem, a set pair is formed by putting
ogether two interrelated sets. Then, the connection degree for-

ula of the two sets, including identity degree, discrepancy degree
nd contrary degree under certain circumstances, can be given as
ollows:

(W) = S

N
+ F

N
i + P

N
j (1)

where � is the connection degree of the set pair, W is the given
roblem, N is the total number of characteristics of the set pair,
denotes the number of identity characteristics, P represents the
umber of contrary characteristics, F = N − S − P is the number of the
haracteristics of these two sets that are neither identity nor con-
rary. S/N, F/N, and P/N respectively represent the identity degree,
iscrepancy degree and contrary degree of the two sets. j is the
oefficient of the contrary degree, and is specified as −1, i, the coef-
cient of the discrepancy degree, is an uncertain value between −1
nd 1, i.e., i∈[−1,1].

Given a = S/N, b = F/N, c = P/N, Eq. (1) can be rewritten as:

= a + bi + cj (2)

As Jiang et al. (2004) claimed, the symmetry structure infor-
ation includes the symmetry of identity (a) and contrary (c) in

ertainty, and the symmetry of certainty (b = 1 − a − c) and uncer-
ainty (i∈[−1,1], in terms of various circumstances) in uncertainty
bi), which insures that the analysis via the connection degree is rel-
tively non-partial and is favorable to overcome the partial property
n the process of evaluation. In this study, the uncertainty informa-
ion is not incorporated, and the attention is put on the symmetry
relativity) of identity (a) and contrary (c) in the certainty aspect of
he urban ecosystem health assessment.

.2.2. SPA for the urban ecosystem health assessment based on
he UEHIem

.2.2.1. Procedure. Grounding on the assessment for urban ecosys-
em health based on the UEHIem, the problem space Q based on SPA
an be defined as (Su et al., 2009):

=
{

S, M, H
}

(3)

=
{

sk

}
(k = 1, 2, ..., p) (4)

= {mr} (r = 1, 2, ..., n) (5)

= (hkr)p×n (6)

here s is the assessed interval set composed of several selecting
ities, Sk denotes the kth city, M is the indices set dervied from the

EHIem, mr represents the rth index. The positive index that express
etter situation with larger index value is marked as M1, while the
egative one M2. H represents the decision-making matrix about
roblem Q base on SPA, and hkr is the attribute value of index mr in
he interval SK.
ng 220 (2009) 2341–2348

By collecting the best one of each index of the UEHIem, the opti-
mal evaluation set is generated, marked as u={u1,u2,. . .,un}, while
the worst one is marked as v = {v1, v2, . . . , vn}. ur and vr respectively
represent the best and worst values of the index mr.

For mr ∈ M1, the comparative interval is [vr , ur]. In the domain
Xr = {hkr, ur, vr} (k=1,2,. . .,p), the identity and contrary degree of
the Set Pair {hkr,ur} can be defined in Eqs. (7) and (8):

akr = hkr

ur + vr
(7)

ckr = urvr

(ur + vr)hkr
(8)

where akr is termed as identity degree that denotes the approximate
degree between hkr and ur, while ckr is the contrary degree that
means the approximate degree between hkr and vr .

Similarly, for mr ∈ M2, akr and ckr can also be defined in the com-
parative interval [ur, vr], just by exchanging the equations of akr
and ckr for mr ∈ M1.

Considering the weight of each index, the average identity
degree and contrary degree can be counted by Eqs. (9) and (10),
in the comparative interval of sk, i.e., [U,V], as below:

ak =
n∑

r=1

wrakr (9)

ck =
n∑

r=1

wrckr (10)

where ak is the average identity degree expressing the close extent
between sk and U, while ck describes the average contrary degree
representing the close extent between sk and V. Then, the approx-
imate degree between sk and U, marked as rk can be expressed as
Eq. (11):

rk = ak

ak + ck
(11)

with larger value of rk, the urban ecosystem health situation of the
kth city is better.

According to the above procedure, a relative approximate degree
of urban ecosystem health to the optimal evaluation set can be
derived by combining multiple indices of the UEHIem, to reflect the
relative health levels of various urban ecosystems. Since the optimal
assessment set is derived from the concerned urban ecosystems,
and updated over time, the subjectivity of the health assessment
standard can be avoided to some extent.

2.2.2.2. Weight of indicators based on information entropy. As shown
in Eqs. (9) and (10), the weight of each index should be confirmed
when identifying the average identity degree and contrary degree.
The main intention of using SPA to urban ecosystem health assess-
ment is to understand the relative health states of different urban
ecosystems by integrating the relative situations of each index.
Therefore, those indices that change greatly with different assess-
ing objectives have more notable influences on the final assessment
results, and should possess larger weights, based on which informa-
tion entropy weight that determined by each index’s differentiation
ability for different assessing schemes (Yelshin, 1996) is adopted to
confirm the weights of each index of the UEHIem.

As for the UEHIem, the weight of each index based on information
entropy can be presented as follows (Zhang et al., 2006):
Wr =
(

1 + 1
ln p

∑p
k=1

qkr
qr

ln qkr
qr

)
(

n + 1
ln p

∑n
r=1

∑p
k=1

qkr
qr

ln qkr
qr

)
(

n∑
r=1

Wr = 1, 0 ≤ Wr ≤ 1

)
(12)
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Fig. 2. Location of tw

r =
p∑

k=1

qkr (13)

kr =

⎧⎪⎨
⎪⎩

hkr

h∗
r

(h∗
r = max(hkr), mr ∈ M1)

h∗
r

hkr
(h∗

r = min(hkr), mr ∈ M2)
(14)

here Wr is the weight of the index mr, qr denotes the integrated
alue of the indicator mr for interval set s, and qkr is the standardized
alue calculated from the raw data of indicator mr for interval sk.

. Case study

.1. Study sites

Since the urbanization process is concentrated into larger and
omplex urban and economic entities, city-centered regional devel-
pment mode is popular in China. The differences of the geography
nd social-economic development amongst the Chinese cities are

ubstantial. Therefore, scattered in the eastern coastal region, cen-
ral region and western region, twenty typical Chinese cities (see
ig. 2) in 2005, including Beijing, Shanghai, Wuhan, Guangzhou,
i’an, Qingdao, etc., which act as the core driving both national and

egional growth, contribute 28% of the total GDP with 12% pop-

able 3
elative health states of 20 typical Chinese cities based on UEHIem.

alue Harbin Urumchi Yinchuan Fushun Beijing

k 0.0492 0.0950 0.0938 0.1411 0.1105
k 0.2510 0.3733 0.4082 0.5207 0.4612
k 0.1638 0.2028 0.1869 0.2132 0.1933

alue Nanjing Hangzhou Chongqing Xiamen Haikou

k 0.1022 0.1176 0.1360 0.6227 0.2662
k 0.1983 0.0917 0.1433 0.0767 0.1542
k 0.3401 0.5620 0.4869 0.8904 0.6333
ypical Chinese cities.

ulation of the nation, and represent the typical geographic and
social-economic characteristics, are thereby chosen as the study
sites in view of emergy synthesis to solve the fundamental urban
development issues, e.g., the worsening urban ecosystem health
states, faced with the Chinese government.

3.2. Results

After collecting data and drawing emergy system diagram,
emergy accounting is conducted to calculate the concerned
emergy-based indicators, and then the weight of each indicator can
be obtained according to Eqs. (8–12) based on information entropy.
Choosing Beijing 2005 as an example, the indicators’ values and
weights are listed in Table 2. Finally, SPA is used with the emergy-
based indicators to quantify the health states of the concerned
urban ecosystems.

The final results of the ecosystem health assessment based on
the UEHIem for twenty typical cities are presented in Table 3 and
Fig. 3(a), in which the urban ecosystem health levels based on the
UEHIem of Xiamen, Qingdao, Shenzhen and Shanghai city are pretty
well, while those of Wuhan, Harbin, Yinchuan, and Urumchi city
are relative weak. As can be seen in Figs. 2 and 3, the cities with

higher health levels are along the eastern coast of China, while those
in the central and western parts of the country are in the much
lower health states, indicating an east–west divide mode, which
is different from the traditional north–south divide due to climatic
and geographical changes. Also, since the reform and open activities

Tangshan Qingdao Xi’an Shanghai Wuhan

0.1716 0.3560 0.0624 0.2140 0.0662
0.2489 0.0914 0.2286 0.0999 0.4007
0.4081 0.7957 0.2144 0.6817 0.1418

Chengdu Kunming Guangzhou Nanning Shenzhen

0.0672 0.1255 0.1159 0.0800 0.3651
0.1963 0.1210 0.1313 0.2305 0.0855
0.2550 0.5092 0.4688 0.2577 0.8102



2346 M.R. Su et al. / Ecological Modelling 220 (2009) 2341–2348

al Ch

o
s
r
r
c
e
r
a

o
u
a
r
m
i

Fig. 3. Relative health levels of twenty typic

f China initiated in 1978 that adopted the ‘gradient development
trategy’ favoring the eastern costal areas, redeployment of scarce
esources, e.g., fossil fuel, iron and steel, has been launched, with the
esult that more and more energy, materials, and capital flow to the
oastal cities, which further amplifies the spatial disparity of urban
cosystem health distribution. By contrast, the cities in the lagging
egions, like Wuhan, Yinchuan, and Urumchi, obtain less resources
nd investments, and thereby have lower ecosystem health levels.

In order to describe and analyze the influence of partial index
n the global one as UEHIem and present a convenient reg-

lation method for the urban ecosystem management, SPA is
lso conducted for the five factors including vigor, structure,
esilience, ecosystem service function maintenance and environ-
ental impact. The relative health state expressed by each partial

ndex for twenty typical cities are presented in Fig. 3(b–f).
inese cities for UEHIem and its components.

Regarding vigor as function of the urban ecosystem, the health
levels of Shenzhen, Shanghai, Xiamen, Guangzhou and Nanjing
city are high due to large emergy density and low emdollar ratio,
while those of Harbin, Chongqing, Nanning, Kunming and Yinchuan
city are relatively low, which is consistent with the results of the
global index. With regards to the structure as organization of the
urban ecosystem, the health levels of Fushun, Urumchi, Yinchuan,
Chengdu and Tangshan are well due to high emergy self-sufficiency
and emergy diversity, which results from heavy dependence on
the local resources and comprehensive industrial structure, while

the situations of Qingdao, Xiamen, Haikou, Nanning and Kunming,
which are suitable for tourism, are on the contrary owing to much
less local resources and lower industrialization levels. With larger
carrying capacity based on renewable emergy, little waste discharge
and small environmental loading ratio, the health states in view of



odelli

r
w
c
v
S
l
X
t
t
m
l
l

U
e
m
s
o
u
o
e
r
d

4

t
r
g
v
l
l
t
d
b
o
a
p
u
i
s
a
r
d
t
l
b
t

e
t
s
t
t
t
o
a
i
t
e
r
r
w

c

M.R. Su et al. / Ecological M

esilience of Xiamen, Qingdao, Shenzhen and Haikou city are better,
hile the states of Fushun, Urumchi, Beijing, Yinchuan and Harbin

ity are relatively poor. Considering the factor of ecosystem ser-
ice function maintenance, the health levels of Shenzhen, Fushun,
hanghai, Nanjing and Guangzhou city are relatively well due to
arger per capita emergy used, while the states of Haikou, Nanning,
iamen, Chongqing and Chengdu city are relatively low. Attributing

o relatively small emergy investment ratio and large ratio of export
o import, the health levels based on environmental impact of Xia-

en, Qingdao, Tangshan, Chongqing and Haikou are well, while the
evels of Wuhan, Beijing, Xi’an, Fushun and Nanjing are relatively
ow.

Meanwhile, according to the relative health state based on the
EHIem and each partial index, the limiting factors of the urban
cosystem health can be identified and corresponding regulation
ethod can be performed to improve the urban ecosystem health

tate in practice. For example, to figure out a healthier scenario
f Qingdao, the decision-makers should implement concrete reg-
lation measures focusing on the adjustment of the structure
f urban ecosystem, i.e., promoting emergy self-sufficiency and
mergy diversity, while for Harbin, effective measures should be
esorted to improve the vigor and resilience, i.e., controlling waste
ischarge and decreasing environmental loading ratio.

. Discussion and conclusions

The urbanization procedure in China has been accelerated by
he increasing supplies of imported materials and external energy
esources. However, accompanied by the fruit of rapid economic
rowth and improving living standard, the challenge of the declined
iability of the urban ecosystem itself, increasing pressure on the
arger surrounding ecosystems, and finally, impacts on the residents
iving within the urban areas, cannot be ignored when enhancing
he urban environmental management and regional sustainable
evelopment. Method and indicators of ecosystem health must
e developed and applied to typical urban ecosystems distributed
ver China to ameliorate the existing urban ecosystem health haz-
rds associated with larger scale environmental problems. This
aper may help formulate a biophysical framework to assess the
rban ecosystem health with energy indicators and present a mean-

ngful comparison for the typical Chinese cities to guarantee the
ustainable regional development. Also, by exploring the energy
nd materials metabolism covering renewable and non-renewable
esources, imported goods and services, and waste emission, a
etailed baseline can be established with the aim to evaluate
he other features, demands, and conditions of urban ecosystems,
ike integrity, complexity, diversity, and hierarchy, and integrate a
roader range of ecological information, like composition, struc-
ure, and function, and so forth.

Ecosystem health is also oriented toward the preservation of the
cosystem function and smooth interactions between the ecosys-
em and its surrounding environment. There are still very few
tudies using energy indicators, e.g., emergy-based ones, to assess
he health state of large-scale complex system, like urban ecosys-
em. In this paper, emergy is used as a convenient platform for
he urban ecosystem health assessment due to its incorporation
f energy and materials metabolism within the urban network
s basic ecological process and environmental resource account-
ng as support for the hinterland of urban ecosystem. Ground in
he emergy combined with the essential components of the urban
cosystem, UEHIem is proposed from aspects of vigor, structure,

esilience, ecosystem service function maintenance, and envi-
onmental impact to evaluate the health state in a biophysical
ay.

For the conventional studies on urban ecosystem health, the
riteria for health assessment has direct and significant influence
ng 220 (2009) 2341–2348 2347

on the final results, which is decided at root by the relativity of
health assessment itself, i.e., how far their states diverge from a
‘preferred’ state modified by human activities. SPA, introduced in
this paper, however, with the optimal assessment set derived from
the concerned urban ecosystems and updated over time, can dimin-
ish part of the subjectivity of the assessment criteria selection
and be in accordance with the connotation of ecosystem health.
Therefore, the effectiveness and objectivity of the urban ecosys-
tem health assessment results can be promoted with the SPA as
a suitable relative metric when combining with emergy-based
indicators.

In this paper, SPA was conducted on the spatial dimension, i.e.,
the relative health levels based on the UEHIem of different cities,
when counting the approximate degree of each city to the opti-
mal city evaluation set during a certain period. For the further
study, it can also be employed on the temporal dimension where
the change of a city’s relative health state based on the UEHIem

during different periods can be evaluated by counting the approxi-
mate degree of each period to the optimal period evaluation set.
With necessary data, the relative health states of different sub-
systems or sub-regions in the same city can be compared as well
to provide valuable support for optimization and regulation of
the urban ecosystem associated with spatial structures. Besides,
deeper analysis can be performed from aspect of advancing the
SPA methodology, by setting up more concrete and detailed con-
nection degree of the set pair, e.g., dividing the discrepancy degree
into multiple dimensions.
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