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Abstract

The interrelationships between energy and civilization was proposed in the late 19th century [see Martinez-Alier, J., 1987.
Ecological Economics. Blackwell, Oxford]. Gedd€adddes, P., 191%ity in Evolution. Williams and Norgate Ltd., London]
also proposed the concept of linking energy flow with urban development in the early 20th century. Many recent studies of the
relationship between urban development and energy have been limited to the use of fossil fuels; energy theories have seldom
been used to study the evolution of urban systems. The purpose of this paper is to help develop theories of urban energetics and
contribute to the understanding of the mechanisms of urban development. We use the concepts from systems ecology [Odum,
H.T., 1983. Systems Ecology. Wiley, New York] and emergy theory [Odum, H.T., 1996. Environmental Accounting: Emergy and
Environmental Decision Making. Wiley, New York] to relate the driving energies of urban systems to their structure, economy and
organization. Hypotheses of urban energetics including changes in the diversity of emergy sources, changes in urban metabolism,
energy hierarchy, and relation between emergy and money flows are proposed and tested based on past research results on Taiwe
cities Huang, S.-L., Odum, H.T., Chang, S.-L., 19%&ological energetic evolution of urban system, A Report to the Chiang
Ching-Kuo International Scholar Exchange Foundation (RG008-D-'92). Graduate Institute of Urban Planning, National Chung-
Hsing University, Taipei, Taiwan (in Chinese); Huang, S.-L., 1998a. Urban ecosystems, energetic hierarchies, and ecological
economics of Taipei metropolis. J. Environ. Manage. 52, 39-51; Huang, S.-L., Lai, H.-Y., Lee, C.-L., 2001. Energy hierarchy
and urban landscape system. Landscape Urban Plan. 53, 145-161]. Thereafter a system model of urban ecosystem is develope
to investigate the relationships between energy flows and urban development. The preliminary findings of this research indicate
that intensive and diversified emergy sources build up the structure and enhance metabolism in urban areas. Four mechanisms
of urban energetics are also addressed as a result of simulations: energy convergence; urban-subsidized environmental flows
external-dependency system; maximum power system.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Ecological economics; Emergy; Simulation; Urban energetics

1. Introduction

"+ Corresponding author. Tel.: +886 2 25009713; De've'lopment of urban areas has been shown to fol-
fax: +886 2 25054954, low similar pattern all around the world>fdum and
E-mail address: shuli@mail.ntpu.edu.tw (S.-L. Huang). Odum, 1981, 2001; Odum, 19B3The early human

0304-3800/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ecolmodel.2005.03.004



50 S.-L. Huang, C.-W. Chen / Ecological Modelling 189 (2005) 49-71

settlements were small villages surrounded by agricul- spatial and temporal organization of urban systems
tural lands. As population and resource use increased,and the dependence of the urbanization process on
the urban areas expanded and surrounding agriculturalquantity and quality of driving energies. In the next
lands were then converted to urban uses. The existencesection we provide brief definitions of words and
and maintenance of an urban region, and of its internal concept. Some concepts from ecological energetics
structure depend on the flows of goods and services in,are discussed in Sectiod to establish hypotheses
out and throughout the city. While urbanizationiswell of urban emergy theory. Emergy synthesis of the
established as a focus of study in the social sciences,Taipei area is performed in Sectighto provide a
it has been used less frequently as a focus in the dis-basis of testing hypotheses of urban energetics. In
ciplines related to ecologyléakson, 1977A systems Section 5, the stated hypotheses are further elabo-
approach can be used to conceptualize urban regionsrated and tested using data of Taiwan cities. A sys-
as an entities with interacting natural environments and tem model using Odum'’s energy circuit language is
urban economy. Using energy as a common numeratorthen developed in SectioB to represent Taipei's
to evaluate the work of nature, either with or without ecological economic system. Sectidrdiscusses the
including humans, is an attractive choice in the analysis simulation results and the mechanisms of interrela-
of interacting ecological and economic systems. tionships between energy flows and urban develop-
Haines (1986)eviewed research on the investiga- ment.
tions of the relationship between efficiency of fossil
fuel consumption and spatial configuration of the urban
form. However, the importance of an energy theory 2. Definitions
and of research activities on the relationship between
energy flow and urban development has been ignored.  Transformity andemergy were introduced b@dum
Urbanization here is viewed from the point of eco- (1996)to take into account the quality of energy inher-
logical energetics. The study of urban energetics has ent in the hierarchy of system components. Further
developed from the work of Geddes (1854-1932), who discussion and definitions can also be foun&iown
was one of the first authors to correlate periods of and Ulgiati (2004)
human history with energy use. Geddes’ proposal for  Energy. Sometimes referred to as the ability to do
studying the evolution of cities on the basis of tracing work. Energy is a property of all things which can be
energy flows nearer to a true human ecology than that turned into heat and is measured in heat units (BTUs,
of the misnamed human ecology of the Chicago urban calories, or joules).
ecology school, ca. 1920/4artinez-Alier, 1987. Emergy. An expression of all the energy used
Odum and Peterson (1972¢lated the complex-  directly and indirectly in the work processes that gen-
ity of cities to ecological principles and energy flows. erate a product or service in units of one type of energy.
In order to evaluate nature’s service to human soci- Solar emergy of a product is the emergy of the product
ety, the ecological energetic analysis was proposed asexpressed in equivalent solar energy required to gener-
a complement to economic accountir@dum, 1971, ate it.
1988, 199%. Energy requirements by human beings Transformity. The ratio obtained by dividing the
and energy characteristics of cities based on fossil total emergy that was used in a process by the energy
fuels were further addressed ydum and Odum yielded by the process. Transformities have the dimen-
(1981) The relationship between spatial organization sions of emergy/energy (sej/J). A transformity for a
and energy hierarchy of city-regions, and its impli- product is calculated by summing all of the emergy
cation to urban planning has also been addressed byinflows to the process and dividing by the energy of the
Huang (1998a,hHuang et al. (2001andOdum and product. Transformities are used to convert energies of
Odum (2001) However, an integrated theory of the differentformsto emergy of the same form. Sometimes
interdependence of urban development and energeticother units are also used (sej/g; sej/h) depending on the
flow remains to be established. context.
In this paper we use concepts and principles from  Emjoule. The unit of measure of emergy, “emergy
systems ecology and theories of emergy to addressJoule”. It is expressed in the units of energy previ-
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ously used to generate the product; for instance the  Emergy yield ratio (EYR). The ratio of the total
solar emergy of wood is expressed as joules of solar emergy driving the process to the emergy investment
energy that were required to produce the wood. The from outside. The ratio is a measure of a process abil-

abbreviation for solar emjoules is sej. ity to exploit the resources by means of an outside
Empower. Emergy flow per unit time (sej day). investment, thus providing an additional, potential con-
Empower density. Empower per unit area (sej tribution to the economy.

day 1m2). Environmental loading ratio (ELR). The ratio of

Non-renewable emergy. The emergy of energy and nonrenewable and imported emergy use to renewable
material storages like fossil fuels, mineral ores, and emergy use. It is an indicator of the pressure of a
soils that are consumed at rates that far exceed thetransformation process on the environment and can be
rates at which they are produced by environmental pro- considered a measure of ecosystem stress due to a pro-
cesses. duction (transformation activity).

Renewable emergy. The emergy of energy flows of Emergy investment ratio (EIR). The ratio of emergy
the biosphere that are more or less constant and reocfed back from outside a system to the indigenous
curring, and that ultimately drive the biological and emergy inputs (both renewable and non-renewable).
chemical processes of the earth and contribute to geo-It evaluates if a process is a good user of the

logical processes. emergy that is invested, in comparison with alter-
Self-sufficiency. The percent of total emergy use that natives. It is linked to the EYR by the relation
is from local sources. EYR=1+(1/EIR).

In addition to the terms given above, several ratios, = Emergy/money ratio (EMR). The ratio of total
or indices defined next are used to evaluate the global emergy flow in the economy of a region or nation to
performance of a process as follovisd. 1). the GDP of the region or nation. The EMR is a relative
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Fig. 1. Emergy-based indices and ratios to evaluate sustainability, monitoring and technology toward environmental sound innovation.
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measure of purchasing power when the ratio of two or
more nations or regions are compared.

Emdollar (or EM$). A measure of the money that
circulates in an economy as the result of the invest-
ment of a given amount of money. In order to obtain
the emdollar value of an emergy flow or storage, the
emergy is divided by the emergy to money ratio for the
investigated national economy.

3. Emergy and urban system

From viewpoint of ecological energetics, ecological
and social systems are analogoQslgm, 1971, 1983
we could apply the laws describing growth, depreci-
ation, and interaction of ecological systems to social

S.-L. Huang, C.-W. Chen / Ecological Modelling 189 (2005) 49-71

design caniillustrate how the maximum power principle
operates.

Urban systems like biological systems, are far from
thermodynamic equilibrium. All living systems self-
organize into characteristic designs with hierarchical
energy transfer, recycling of material, feedback control,
and autocatalysis. These characteristics and the inflows
of energy and materials and outflows for exchanging
goods and services are equally important in a biophys-
ical view of urbanization. Using these properties, we
suggest that the processes of urbanization are far more
than just the birth and growth of cities. Once a city or
region is viewed as a system, it is possible to incorpo-
rate “emergy” into its conceptualization and to thread
together urban and natural systems. In this way, we
can utilize a well-developed body of concepts, prin-

systems. Development of physical systemsis character-ciples, and techniques of evaluation to gain a better

ized by local increase of organization on the local scale

understanding of the combined system of humanity and

atthe expense ofincrease of disorder onthe larger scale hature, in general, and urban systems in particular.

while living systems evolve toward greater functional
complexity. Complex system theorydn Bertalanffy,

In urban ecosystems, as in all self-organizing
systems, the path of energy transformation and dissi-

1968 is about understanding the creative power of self- pation and the paths of material flows are determined
organizing systems, and it lays the theoretical founda- by production and consumption. At each step of
tion for understanding the processes by which matter, energy transformation, most of the available energy is
organisms and ecosystems organize themselves intodegraded and dispersed as a necessary consequence of
complex far from equilibrium structure®figogine et the second law of thermodynamics in order to generate
al., 1977. The theory of dissipative structures suggests a smaller amount of energy of another type for the next
that self-organization is due to dissipation; synergestics step in the hierarchy. An urban ecological structure
suggests that this is due to cooperation between partsand its organization can be thought of as resulting from
of the systemPRortugali, 199Y. photosynthesis by plants and life-support services
Odum introduced a general systems energy cir- provided by the natural environment combined with
cuit language @dum, 1971, 1988which combines non-renewable resource consumption and further
open system thermodynamics with system kinetics generation of urban services. This structural orga-
and represents system hierarchy by positioning com- nization culminates in the geographical distribution

ponents from left to right on diagrams. Ecosystems
self-organize and develop hierarchical patterns with
symbiotic closed feedback loops for structural rein-
forcement and a division of labor. Odum proposed
that the maximum empower principle is the mech-
anism of self-organization, which can be stated as:

of different land use activities and the accumulation

of assets within those land uses. Money circulates
within urban systems as a means of purchasing
nonrenewable energies and exchanging goods and
services with exterior economic systems. Furthermore,
urban ecosystems develop hierarchical spatial patterns

during self-organization, system designs develop and to organize the urban economy and its surrounding
prevail that maximize empower, energy transforma- environment geographically to increase productivity.
tion, and those uses that reinforce production and

efficiency Odum, 1995; Odum and Odum, 2001

The basic idea is that systems which can draw 4. Emergy synthesis of the Taipei area

more resources and use them properly to maintain

structure will out-compete systems that have fewer In order to explain how emergy synthesis of an
resources to drive their activities. The autocatalytic urban system can be performed, this section uses the
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Taipei area as a case study, and the results are alsandustrialized urban systems. The renewable energies
used as a basis for testing the hypotheses of urbanof the sun, wind and rain power the two producer
energetics (Sectiob). Using Odum'’s energy diagram, systems’ life support functions, which in turn are
the conceptual urban ecological economic system of transmitted to urban consumers. The Tansui River, the
the Taipei area can be represented d&5@n2 The cir- major river in Taipei, receives stream inflows from
cular symbols outside the boundary of the Taipei area its two main upstream tributaries of the Tahan Creek
are causal influences from outside sources. Energeticand Keelung River. The dams and reservoirs in the
flows interconnect renewable sources, the forest and upstream areas of the Tansui River were constructed to
human-subsidized agricultural system, utilities, and ensure areliable water supply for the urban metropolis.
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Fig. 2. Energy diagram of Taipei’s ecological economic system.
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In addition, the dams also generate hydroelectricity. important to the productivity of its urban economy.
Due to the levee and dikes constructed along the The urban system has to purchase fuels, materials and
down-stream portion of the Tansui River to protect the services that are not available in the Taipei area. Wher-
urban area from floods exceeding return periods of everthere is energy and resource consumption, there is
200 years, Taipei's urban metropolis is separated from an accompanying production of waste. Stress caused
the Tansui River by levees without direct interaction by the inadequate treatment and accumulation of waste
with the river. Fuels, electricity and goods and services affects the life-support ecosystems in a negative way.
imported from elsewhere are the major driving forces  Based on a preliminary understanding of the eco-
behind the economic growth in the urban area. Exports logical economic system of the Taipei area, a category
of goods and services produced in the city are very of items of energy flows such as renewable, locally

Table 1
Emergy synthesis table of resource and economic flows of Taipei area in 1998
Iltem Raw data Solar transformity (sej/unit) Solar emergy (sej) Emdollar values (1998 US$)
Renewable sources
1. Sunlight (J) 9.8k 10'8 1 9.81x 108 4.05x 10°
2. Wind, kinetic (J) 3.30« 10'8 623 2.06x 104 8.49x 10°
3. Rain, geopotential (J) 2.5310%3 8888 2.25¢ 1017 9.29x 10
4. Rain, chemical (J) 3.96 106 15444 6.11x 107 2.53x 108
5. Tide (J) 1.63 1018 23564 3.84¢ 10V 1.59x 10°
6. Wave (J) 5.8k 1016 25889 1.51x 10?1 6.22x 108
7. Geological uplift (J) 1.5& 100 29000 4.5% 101 1.89x 107
8. Wood consumption (J) 1.6610% 34900 5.77% 106 2.38x 10*
9. Typhoon (J) 9.45 102 41000 3.87% 10Y 1.60x 10°
10. Upstream inflow (J) 5.20 10° 41068 2.14¢ 10%° 8.82x 107
11. Stream flow (J) 3.52 10'6 41068 1.44¢ 1071 5.97x 10°
12. Stream sedimentation (g) 1.450%8 1.71x 10° 1.96x 10722 8.09x 10°
13. Stream organic matter (J) 5.480%2 19000 9.84¢ 106 4.06x 104
14. Hydroelectricity (J) 2.74 10 159000 4.35¢ 107 1.80x 108
Non-renewable sources from within Taipei
15. Coal (J) 2.96« 10%° 39800 1.16¢ 102 4.77x 107
16. Net top soil loss (J) 2.12 1013 62500 1.3 1018 5.44x 10°
17. Soil erosion (T) 558 10° 1.71x 1015 9.54x% 107 3.94x 10°
Imports and outside sources
18. Goods (US$) 3.5% 1010 1.98x 1012 7.02x 1072 2.90x 1010
19. Services (US$) 6.4510° 1.98x 1012 1.28x 10?2 5.28x 10°
20. Coal (J) 2.8% 107 39800 1.12¢ 1072 4.61x 10°
21. Petroleum product (J) 4.9910"7 66000 3.29¢ 1072 1.36x 1010
Exports
22. Goods (US$) 3.75 10 2.42x 10%? 9.07x 1072 3.75x 10%
23. Services (US$) 5.98 10° 2.42x 1012 1.45% 10?22 5.98x 10°
Resource consumed
24, Coal (J) 2.76¢ 10 39800 1.10< 107 4.55% 107
25. Petroleum product (J) 4.9910' 66000 3.2% 10?2 1.36x 1010
26. Electricity (J) 1.06¢ 107 159000 1.6% 1022 6.9x 10°
Waste produced
27. Solid waste (J) 1.18 1016 1800000 2.04 10?2 8.43x 10°
28. Waste water (J) 2.2310'° 665714 1.48 107 6.12x 10°
Dollar flow

29. GDP (US$) 7.3k 100 2.42x 102 1.77x 1078 7.31x 1010
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nonrenewable, imported sources, exports, etc, were Inorderto have a perspective of the evolving pattern
listed for the study of Taipei's status in terms of its of emergy use in Taipei, data from 1936, 1951, 1966,
ecological economic interface and the consequences1981 and 1991, representing different stages of Taipei’s
of urban development. As shownTable 1 each item political status, were also used for emergy synthesis.
of the annual flows that are important for studying Based on the evaluation of principal emergy flows
Taipei’s ecological economic system was evaluated, (e.g.R, N, F, G, P2I3, U, etc.), Table 2summarizes
using data for 1998, in raw units (e.g. energy, mass, or the evolving ecological economic system of the Taipei
US$) which are typical for that class of input. The solar area. Currently, Taipei's ecological economic status
emergies of each of the flows were obtained from the is characterized by: (1) heavy reliance on imported
product of the raw data and the solar transformities. fuels, and goods and services; (2) high empower den-
Emdollar values of each of the flows were then sity and high environmental loading. Specifically, the
calculated in units of US$ for that particular year. Taipei area operated its activity on 1.4% renewable
Comparison of the emergy values among listed items sources in 1998, and its emergy self-sufficiency ratio
can reveal the relative contribution of each input and was 0.024 (items 1 and 3 ®&ble 3. The empower den-
output to Taipei’s urban economy. Due to the highly sity had increased from 3.3610'8sejknT? in 1936
urbanized characteristics of the Taipei area, the emergyto 75.90x 10'®sejknT2in 1998 (item 6 ofTable 9. A
flows from renewable sources and local nonrenewable high emergy/money ratio was found in the less devel-
sources to the Taipei area are relatively small as oped regions, in which more emergy to support the
compared to imported fuels and goods and services. economy comes directly from the natural environment
However, the ability to attract outside high emergy without payment of money. As the economic activity
in fuels, goods and services depends on being able toin Taipei is driven mainly by imported emergy of fuels,
match these inputs with environmental interactions.  goods and services, its emergy/money ratio was rel-

Table 2
Emergy indices overview of the evolving ecological economic system of Taipei area

Emergy index Expression Quantity

1936 1951 1966 1981 1991 1998

Emergy source

1. Fraction used, locally renewable RIU 0.35 035 016 008 002 0014
2. Fraction of use that is free R NO)IU 0.45 046 022 011 003 0020
3. Emergy self-sufficiency R+NO+N1)IU 0.67 072 062 019 003 0024
4. Fraction of purchased emergy used  F+(G + P2I3)/U 0.33 028 039 081 097 0980
5. Fraction of imported service emergy P2I3/U 0.13 000 001 006 012 0102
Emergy intensity
6. Empower density (18 sej/knt) Ularea 25 320 683 1418 5320 7590
7. Ratio of concentrated to rural use FA G+ P2I3+N1)/(R+NO) 121 116 354 807 3712 5010
8. Per capita emergy used ¢£gej) UlIP 6.25 580 571 535 1616 2080
9. Per capita fuel emergy used {¥@ej)  FIP 1.35 151 278 356 503 652
10. Ratio of electricity emergy used Eleggt/ 0.00 002 005 016 011 013
Ecological economic interface
11. Ratio of export to import N2 +B+ PL1E3)I(F + G + P2I3) 166 100 166 026 071 083
12. Ratio of waste to renewable emergy W/R 0.42 047 138 576 1135 4172
13. Ratio of waste to total emergy used W/U 0.15 017 023 047 021 058
14. Emergy/money ratio (18sej/US$)  U/GDP 4447 3619 2419 207 184 173
15. Emergy investment ratio F@ G+ P2I3+N0O+N1)/IR 1.89 185 508 1131 5302 7084

B: exported products; Elect: electricity usédjmported fuelsG: imported goods; GDP: gross domestic produt3sdollars paid for imported
service;N: indigenous non-renewable flow&'@+N1); NO: dispersal rural (e.g. soil loss)1: concentrated use (e.g. hydroelectricityp:
exported of raw material$1: emergy/money ratid?2: world emergy/money ratid?: population;R: renewable emergy flowy: total emergy
used R+NO+N1+F+G+P2I3); W: waste.
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atively small in 1998 — 1.7% 10*2sej/$ (item 14 of Hypothesis IV. As urbanization increases, the circu-
Table 2 — compared to the world average approxi- lation of money also increases, faster than the increase

mately of 2.00x 102 sej/$. in emergy flows, decreasing the buying power of cur-

The emergy investment ratio (item 15 Gdible 9 rency.
is the ratio fed back from the economy to the emergy
from free, locally renewable resources. A highly devel- Hypothesis V. The organization of emergy flows in
oped region has a higher investment ratio. As shown by urban systems is arranged in a spatial hierarchy with
Table 2 the emergy investment ratio of the Taipei area the highest emergy use close to the urban center.
in 1998, 70.84, is significantly greater than that of Tai-
wan as awhole (9.04). The reason for this high emergy Hypothesis IV. The fragmentation of landscapes on
investment ratio in the Taipei area is the necessity of the urban periphery that results from urbanization will
importing the emergy of fuels, goods and services to affect the distribution of emergy flows.
maintain its economic viability. From the viewpoint
of emergy synthesis, the economy in the Taipei area Hypotheses |I-I\are related to the principle of urban
has evolved from a rural society in the 1930s to a €cological economic system and they will be further
highly urbanized society with extremely low emergy €laborated and tested in this section.

self-sufficient status.
5.1. Emergy sources

5. Hypotheses of urban energetics The energy required to maintain the observed struc-
ture of a city comes from two principal sources, the
In this section, a series of specific non-alternative life supporting services of its surrounding natural envi-
hypotheses are derived from the emergy perspective offonment and the import of fossil fuels and goods and

urban ecological economic system development. They Services from other economic entities. Over the last two
are as follows: centuries, urbanization has been closely tied to the use

of fossil fuels. Coal gave rise to industrial society and
HypothesisI. The self-sufficiency of urban areaswith —oil made massive urbanization possible. Whereas rural
respect to their source of emergy decreases with the communities rely primarily on local supplies for food,
urbanization process. During the urbanization process, water and, to a lesser degree, fuel, cities must import
the diversity of emergy sources driving urban systems these commodities from areas over long distances.
increases atfirst, then decrease due to the heavyreliance The quantity of energy needed to drive an urban
on fossil fuel. system is closely related to the city’s urban and social

structure and economic activitlyig. 3shows the total
Hypothesis II. During the process of urban growth, driving energy sources of the Taipei area during the
urban productivity is greater than the energy consumed past 60 years, expressed as emergy. During the ear-
in emergy terms, and information flows of the product lier stages of Taipei’'s urban development, renewable
of urban structure and the input to support the urban life emergy sources contributed a significant percentage of
continue to increase. Due to the increase in the accumu-emergy use in urban area; the self-sufficiency of emergy
lation of urban structure, the efficiency of production use was higher than 60% before 1960s. Over the years,
decreases. fossil fuel use at first tended to increase the diversity of

emergy sources. However, the present heavy reliance
HypothesisIII. Cities have the highestempowerden- on fossil fuels has lowered the diversity of the city’s
sity in the hierarchy of ecosystems. During the process emergy sources (see for exampiég. 4). Fig. 5is a
of urban development, empower density and trans- graph of diversity of emergy sources versus population
formity of land uses increase. Owing to the reliance density for Taiwan’s 39 city-regions. The graph shows
on imported goods and services, the emergy invest- the relationship between emergy diversity and intensity
ment ratio of urban areas increases and emergy self-of yrbanization indicating that natural areas have the
sufficiency decreases with increases in density. lowest emergy diversity index and rural regions with
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Fig. 3. Emergy budget and self-sufficiency of Taipei area.

medium population density have the highest diversity demand for energy, food and other resources, and by
index of emergy sources. As the intensity of urbaniza- outputs of goods and services and wastes: a concept
tion increases, the diversity index decreases and startdfirst suggested byVolman (1965) The city’s pro-

to level off due to the similar pattern of heavy reliance cess is based on the laws of thermodynamics and as

on fossil fuels in urban areas (sewg. 5).

5.2. Urban metabolism

Like human metabolism, the physical and biologi- !
cal processes of a city are characterized by extensivePouglas, 1983; Girardet, 1996

Emergy Diversity of Taipei Area
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Fig. 4. Emergy diversity of Taipei area.

a result a balance sheet of inputs and outputs can
be constructed. The approach of quantifying urban
metabolism has been proposed in many urban studies
since 1960 to assess the consequential environmental
effects of urbanization (see for instalelman, 1965;
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Fig. 5. Emergy diversity and urbanization of Taiwan cities.



58 S.-L. Huang, C.-W. Chen / Ecological Modelling 189 (2005) 49-71

Goods

Fuel Materials & Services|
Food
/ People
/
$
/
Information
Natural 2 7
Info
Ecosystems rous. )
Commerce gtructure GOV't $— -
Renewable & Industry People
Sources . 7
Agriculture AT € ot —
Green P
Space
Waste
Cit

Support Region

Fig. 6. Energy system diagram of city and its support region.

The existence of a city or town, and the mainte- (R) (Fig. 8). Taipei'sP/R ratio has varied widely in the
nance of its internal structures depend on the inflow past but appears to be stabilizing around 2.5 recently.
and outflow of goods and services and populations. As  The emergy value of waste flows in Taipei increased
depicted in the city diagram iRig. 6, energy, materi-  sharply during its stage of rapid economic growth
als for construction, foods and goods, information, and (Fig. 9). This phenomenon indicates that our present
people flow into the urban system. Flowing out are fin- urban-industrial civilization is vastly accelerating the
ished products, services, wastes, and information. The process of entropy with unpromising resolution for the
essential driving force that maintains the urban assetsfuture of life on earth.
and its structure is that of the economic exchange with
the outside world. Similar to the increase of biomass _
during ecosystem succession, urban structsyaléo FiS (aei'ke)
increase during its process of development. The pro- jg:g:; ==
ductivity (P) of an urban system can be regarded as 4ro|E+1-% | §: Urban Structure
the increase of urban assets or as the magnitude of ;. .|
economic activity. Due to the accumulation of urban ;5L
structure §), the ratio of P/S decreases as the urban ;sig3f
system reaches its urbanized state (Sge 7), which 201E+13 |
has similar characteristics of ecosystem’s decreasing 1.51E+13 |-
P/IB. The consumption of energy and resources in a !.01E+13
city can be regarded as its respiratiat) &imilar to + IR \
an ecosystem’s respiration. After converting Taipei 0 T T T T T eo1 1995 1998
area’s economic activity and resource consumption into year
equivalent emergy units, Taipei's productivit®)(is
recognized to be greater than its resource consumption Fig. 7. PIS ratio of Taipei area.
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Fig. 8. Urban production and resource consumption of Taipei area.

5.3. Energy hierarchy

Since the definition of an ecosystem is a com-
munity of organisms and their physical environment
interacting as an ecological unit, viewing the urban

59

Entropy (sej/yr)
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Fig. 9. Entropy of Taipei area.

the top predator group by one very important activity,
i.e. they engage in trade, exchange energy and mate-
rials across the boundary within which they reside,
thereby creating a new and larger organization. An
example of such an organization is the hierarchi-
cal landscape system of villages, towns, and cities

system as an ecosystem raises the important ques{Christaller, 1933 Large population centers have a

tion of where humans fit into such a structure. Are

much greater range of functions and goods and services

humans simply the top predators in ecosystems, or than the smaller centers. Cities consume resources
do urban systems represent an entirely new level of that are mainly produced by smaller villages and

energy flow and organization? Humans differ from

Renewable
Energy

towns.

Fuels
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Electricity

Natural
Area

Agricultural
Area

=N

Residential
Area

Decreasing Energy

Increasing Transformity

Increasing Territorial
Influence
Increasing Turnover
time

Fig. 10. Energy hierarchy of urban system.
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Hierarchy theory allows for the creation of a new 1.20E+08
level of organization out of the interaction of a number 5
. 2+ 1.00E+08 | .
of different parts. The study of ecosystems suggests : /
principles by which energy flows generate hierarchies 3 s.00e+07 g
in all systems. Energy hierarchy, represented by £ . H R =0.8427
. . 0 B 6.00E+07
energy transformation chains, develop a special kind =
of division of labor to reinforce the system’s power 2 4008407}
and efficiency Qdum, 1988, 1996 From a viewpoint E o
of ecological energetics, urban systems represent the= = |
highest level of the ecosystem hierarchy. The energy  1.00E+04
Chaln In Flg. 10 ShOWS the Way the energy decreases 450E+12 S05E+14 1.00E+15 1.50E+15 2.00E+15 2350E+15 3.00E+15 3.50E+15%
through successive levels, while the transformities of Empower Density (sej/km’)

the products, territorial influence, and turnover time
increase.

Urbanization results in an increased demand for
energy to satisfy the needs of the growing urban
metabolism. Ad-ig. 11 shows, the empower density
in Taipei area has increased sharply during the past 60
years exhibiting a leveling trend in recent years, and
the transformity, the index of energy hierarchy, of each -4 Emergy and money flows
administrative district in Taipei area is highly corre- N .
lated to the empower densitFif). 12). The areas with The development of early cities was closely associ-
higher empower densities have higher energy transfor- ated with the emergence of civilization itself. Over the
mity. Furthermore, not only does urbanization increase 1ast two centuries, urban growth has enabled countries
demand for energy, it also increases the demand for {0 capitalize on the economies of scale through trans-
land. As urban emergy budgets have increased, citiesformation and convergence of energy, whichis inherent
have expanded their boundaries, pushing back thein industrial processes. The flow and transformation of
countryside and expanding the city’s emergy footprint. €nergy through the environment and within the urban
The areas with higher energy hierarchy in Taipei areas SyStem makes possible the circulation of money.
have higher emergy footprint, which is expressed asthe ~ 1he emergy/money ratio is an index of the aver-
amount of land required to sustain its emergy inflows @9€ buying power of the currency in an economy.
(Fig. 13. As a result of increasing the import of fos- N less developed rural areas, since many environ-
sil fuels, goods and services from outside the system,

Fig. 12. Empower density and land use transformity of each admin-
istrative district in Taipei area.

the emergy investment ratio in Taipei area has also
increased rapidly over the past decades [5geld).

12000
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Fig. 11. Empower density of Taipei area.

Fig.

3.00E+05  2.03E+07 4.03E+07 6.03E+07  8.03E+07
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13. Emergy footprint and land use transformity of Taipei area.
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1.20E+11 - employ ideas of General System Theory (GST) and
2 o techniques of energetic analysis for the simulation of
B LI urban ecological economics. In this section, a macro
£ s00E+10f model of an urban ecological economic system will
E be presented for describing system components and
§ 6.00E+10} interactions of flows and storages for investigating
s the mechanism of energy flows on urban development
%ﬂ 4.00E+10} (Flg l@
B 2 00E410 2 _An ecosystemis characterl_zed bystorag_e ofblomass

‘"‘/ with inflows and outflows of imports, feeding, main-
0.00E+00 v — ‘ : tenance, exports, etc. In an urban system, similarly,

1950 1955 960 1965 1970 1975F 1980 1985 1990: 995 storages of structure, population, land, etc., and flows of

energy, goods and services, can be identified. Energy
can be considered as a common denominator for all
processes in the ecosystem, including human economic
system. The model developed in this paper comprises

year

Fig. 14. Emergy investment ratio of Taipei area.

Emergy Money subsystems of natural area and urban area. In all,
G there are eight state variables in the modeled system:
LOIE+TT [ biomass B), environmental storage (ES), natural area
| 41E+11 (Ln), urban area (Lu), urban assety,(money supply
L 21E+11 1 (M), population P), and waste W); they are inter-
1.01E+11 connected by energy flows marked with coefficients
g10E+10| ° (k100,. . ., k215). All symbols used in the model dia-
6.10E+10 | . gram were designed by Odum in the development of
4.10E+10 | = . his energy language, which has been used for analysis,
2.10E+10} ey el T synthesis and simulation of ecological systems since
1.00E+09 : 1960s. Odum’s energy symbols have rigorous energetic

1950 1960 1970 1980 1990 year and kinetic definitions so that they can also represent
open-system thermodynamics and the equations for its
simulation. The completed diagram of the urban eco-
logical economic system is a rigorous representation
mental resources can be used without purchasing, theof the differential equations and they may be written
emergy/money ratio is highest. The more urbanized by translating the energy symbols into mathematical
an economy the more it relies on purchased emergy relations (se€ig. 16. A description, explanation, and
and the lower its emergy/money ratio. In other words, mathematical representation of these symbols can be
money has higher emergy purchasing power in rural found inOdum (1971, 1983, 1996)
areas, meaning that it can buy more real wedlig. 15 The production of biomass$]J relies mainly on the
indicates that the emergy/money ratio in Taipei area has flow-limited renewable energies). The finite flow
decreased during its urbanization process. In an urbanof renewable sources is represented by an equation
center like Taipei, nearly all human necessities have to of Michaelis—Menten typeR =S x Ln/(1+k100x B),
be purchased and brought in from farther areas, moneywhich imposes a limit to growth. The accumulated
buys less because payment is required. storage in biomas® feedbacks to increase biomass
production £101x B) and converges to support a stor-
age at a higher hierarchy levéll03 x B). In addition,
6. System model of urban energetics the accumulated storage of biomasaffects the con-
version of urban land into natural aré&02x B x Lu).
In order to further investigate the mechanisms of Changes in the area of natural system affects the
energy flows on urban development, one needs to amount of renewable energ§ « Ln) captured by the

Fig. 15. Emergy/money ratio of Taipei area.
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B : Biomass A : Urban Assets
dB/dt =k101*B*R — k102*B — k103*B dA/dt =k103*B+ k201*PRU + k212*M/P3 —
k202*A*R*B - k203*A*P —
k204*W — k205*A

R : Environmental remainder M : Money supply
R = S*Ln —k100*R*B dM/dt = k211*PRU*P1 + A*IV —k212*M —
R =S*Ln/(1+k100*B) Elec*P4 — Fuel*PS5
ES : Environmental storage P : Population
dES/dt = k104*R*B*A — k105*PRU — dP/dt = k207*A*P — k208*P — k209*PRU —
k106*ES*W —k107*ES k210*P*P + k211*PRU*IPop
PRU : Urban production Lu : Urban area
PRU = ES*Lu*A*P*Fuel*Elec dLu/dt =k301*A*Ln — k302*Lu*B
Elec = A*El Ln : Natural area
Fuel = A*FI
W : Waste Ln=L-Lu
dW/dt = k213*PRU — k214*W —
k215*W*ES

Fig. 16. Energy diagram and system equations of urban ecological economic system.

natural system itself. In addition to biomass, the model as ¢104x R x B x A). The amount of environmental
also includes an environmental storage (ES), which storage provided to support urban area is function of
functions as life-support sources for urban system. urban productivity (PRU), which is represented as a
The production of environmental storage (ES) is func- multiplier of environmental storage (ES), urban area
tion of renewable energy flowRrj, biomass B), and (LU), urban assetsA(, population ), and inflows of
feedback from urban asset)(and can be represented fuel (Fuel) and electricity (Elec).
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The production of urban asset$)(is generated by  dynamics, which accompanied all real transformation
an autocatalytic interaction (PRU). The addition of processes and depreciation of storage (for example,
urban assets via inflow of goods and services is pur- k205x A).
chased from external economic system, the amount of Using Odum’s energy circuit language, we
which is proportional to the storage of money supply described the overview aspect of an urban ecologi-
(k212x MIP3).P3isthe price of goods and services. In cal economic system within the framework of GST
addition to the feedback of urban assets to reinforce the by using equations expressing the interactions of sys-
production of environmental storage ES, and its depre- tem components. The system equations express the
ciation k205x A), the urban asset also contribute tothe interdependence of components within system, and
treatment of urban wastég04 x W). The accumulated  these nonlinearities result in the self-organization of
urban assets will affect the amount of land converted the urban ecological economic system. The evolution-

from natural areato urban aré®01x A x Ln), inflow
offuel (A x FI)and electricity 4 x El), and investment
from outside 4 x IV).

Population P) is also a storage by an autocatalytic

production pattern. The death rate is calculated as a

proportion of population208 x P). Migration of pop-
ulation also occurs as a crowding effé@10x P x P).
Another inflow to urban areas which has profound
effects is the immigration of people, resulting from the
attraction of urban activities. The higher the urban pro-
ductivity, the greater the amount of people attracted
from outside k211 x PRUx IPop). The accumulation
of money supply ) in urban systems is mainly
due to the exchange of urban product with exter-
nal economic systemk211x P1 x PRU); P1 is the
price of general goods. The purchasing of fuel and
electricity to power urban production depend on the
demand of fuel and electricity and their respective
prices (Elecx P4, Fuelx P5). The generation of waste

ary changes of an urban system depend strongly on
the exogenous energetic inputs and the internally self-
organized behavior.

7. Simulation results

7.1. A macro-view of the development of urban
ecological economic system

In this section, the evolution of urban ecological
economic system is described through simulation runs;
Taipei metropolitan region is used as a case study to
provide numerical data to run this simulation model.
After preliminary collection and estimation of data, the
coefficients for each pathway in the model diagram (see
Fig. 16 can be estimatediables 3 and 4ummarize
the values of storages and values of assumed flows of
the urban ecological economic model. The data of year

W is associated with urban production; the untreated 2000 were used as basis for estimation and the assumed
waste is likely to deteriorate the environmental stor- flows are consistent with known turnover times when
age (106x ESx W). The heat sink at the bottom of inflows and outflows are equal and storage is maximum.
Fig. 16 represents the dispersion of potential energy Coefficients of equations of the system model can be
into heat, as described by the second law of thermo- calibrated from the assumed flows.

Table 3
Storage values for calibrating coefficients

Storage Name and values Basis

L Total area 1.9& 10° kn?

Ln Natural area 1.26 10° km?

Lu Urban area 0.7& 10% km?

B Biomass of natural area 8.5310'2g (forest area 0.858 10° km? x 1 x 10'19gkm~2)

ES Environmental storage 20.5110° m? (total volume of reservoirs)

A Urban assets 1.056 10° km? (floor area of urban structure = 150% of urban area)
M Money supply 8.8« 10'? TW$ (total saving)

P Population 5.50¢ 10° people (maximum population)

w Waste 2.0% 10°t (1 kg person! day! x population)
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Table 4

Flow values of Taipei's urban ecological economic system

Flow name Mathematical expression Value and basis

Env input s 3x 1P mikm—2yr1
(rain=3000mmyr! x 103 mmm?! x 10 m? km=2)

Fuel inflow FI 1.14x 105 J km2 (fuel consumption density of
urban floor area)

Electricity inflow El 2.54x 107 KWH km~2 (electricity consumption
density of urban floor area)

Population immigration IPop 37:8310° people 102 TWS$ (ratio of immigration
and urban GDP)

Investment \ 6.54< 10 TW$ km1 (ratio of investment and urban
floor area)

Exchange price of urban output Pl 0.294 TW$ TW$? (assumed ratio of urban
productivity)

Price of goods and services P3 0.126x 1012 TW$ km 1

Price of electricity PA 3TWSKWH1

Price of fuel P5 1.12x 1077 TW$/J

Env use by national area k100x B x R 25.2x 168 m3yr—1 (70% of Env

Env remainder

Biomass production
Biomass depreciation

Biomass use by urban system
Production of Env storage

Use of Env storage for urban production
Outflow of Env storage

Production of urban assets

R=SxLn—%k100x B x R

k101x B x R
k102x B

k103x B

k104x BXx Rx A
k105x PRU
k106x ES
k201x A

Urban assets contributed to produce Env storage k202x A x R x B

Urban assets consumed by people
Urban assets used for waste treatment
Depreciation of urban assets

Growth of population
Death of population
Labor contribution to urban production

Population immigration
Urban production
Expenditure for purchasing goods and services

Generation of waste

Waste treatment

Untreated waste

Change of natural area to urban area
Change of urban area to natural area

k203x A x P

k204x W

k205x A

k207x A x P
k208x P
k209x PRU

k210x P x P
k211x PRU
k212x M

k213x PRU
k214x W
k215x W
k301x Lh x A
k302x Lh x B

input=0.7x 3 x 10° m3>km~2 x 12 x 10?2 km?)

10.8x 10° m3yr—1 (30% of Env

input=0.3x 3 x 10° m3km? x 12 x 1012km?)

1.71x 101 gyr—1 (based on a growth rate of 0.02)
0.427x 10 gyr-1 (based on a turnover period of 200
yr)

1.28x 10 gyr—1 (assumed to be 1.5% of biomass)
2.3x 10° m3yr~1 (annual stream inflow to reservoir)
900x 10° m3yr—1 (annual water consumption)

1.22x 10°® m®yr—1 (annual stream outflow)

0.21x 107 km? yr~1 (assumed growth rate of 2%)
5.25x 102km?yr—1 (assumed to be 0.5% of urban
assets)

0.149x 10? km? yr—1 (assumed to be 15% of urban
assets)

3.15x 102km?yr—1 (assumed to be 0.3% of urban
assets)

0.21x 10? km?yr—1 (based on a turnover period of 50
yrs)

0.22x 1P popyr! (based on a 4% growth rate)
0.0825x 10° pop yr ! (based on 1.5% death rate)
0.303x 1P pop yr! (assumed to be 5.5% of
population)

0.11x 10° pop yr! (assumed to be 2% of population)
7.37x 1 TW$yr~! (GDP)

2.64x 1012 TW$ yr-1 (assumed 30% of Money
supply)

2.087x 10°tyr—1 (1.04 kg per capita per day)

1.88x 10°tyr~1 (90% treatment rate)

0.209x 1P tyr—1 (10% of waste)

0.14x 107 km? (assumed to be 2% of urban area)
0.14x 10? km? (assumed to be 2% of urban area)

PRU=Esx Lu x A x P x Fuelx Elec.
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Fig. 17gives the simulation results of the evolution the urban system of Taipei. As urban assdisaccu-
of Taipei’s urban ecological economic system. The nat- mulated, the populatio”j and money supply¥) also
ural area (Ln), which has been converted to developed increasedKig. 17B). The increase of urban assets lev-
land (Lu) decreased gradually over time. With the accu- els off eventually due to the carrying capacity of the
mulation of biomassK) and the feedback from urban  natural system.
asset ), the storage of environmental resource (ES) In order to further explore the effects of change of a
increase rapidly in the early stage and levels off due to specific flow rate on the system as a whole, sensitivity
the flow-limited characteristics of renewable sources. analysis is performed to simulate the change of coef-
The supply of environmental resources, together with ficients ) on system variablesTéble 5. As a result,
the inflows of fuels and goods and services from out- the increased conversion of natural land into developed
side the system, enhance the growth and prosperity ofland ¢103x Ln x A) tends to decrease the storage of

1: Biomass (10'2g)  2: Environmental storage (10°m?)  3: Urban area (10'2%km2)  4: Natural area (10'2km?)
5000 s« vsvsserisisusnsies s L S AN R R
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1850.00 1917.50 1985.00 2052.50 2120.00

(A) Year
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Fig. 17. Simulation results of the evolution of Taipei’s ecological economic system.
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Table 5
Effects of change of flow rates on storages of urban ecological economic system

Flow Storage

Biomass Environmental Urban  Urban  Money Population

storage area assets  supply
Increase inflow of fuel, FI 0 0 0 + —I+ 0
Increase inflow of electricity, El 0 0 0 + —/+ 0
Decrease price of goods and servide3, — + + ++ ++ +
Increase population immigration, IPop 0 - 0 + ++ ++
Increase inflow of investment, IV — + + ++ ++ +
Increase production of environmental storagk4 0 ++ + ++ ++ 0
Increase conversion from national area to urban &&@il —— —_ ++ — — —

+: increase; ++: significantly increase; decrease——: significantly decrease;-/+: decrease first then increase—t/increase first then
decrease; 0: no significant effect.

biomass B). In addition, the inflows of investment the systemKig. 194). The P/R ratio increases rapidly
(IV) and the decrease in the exchange prie8)(for in the early stage of urban development, but is antici-
more inflows of goods and services (GS) also decreasepated to level off as the urban system reaches its steady
the biomass storag®). On the contrary, the increase state. Although the urban structure increases, repre-
in the flows of IV and GS translates into an increase sented by the accumulation or urban assets, the ratio
of the accumulation of environmental resources (ES). of P/S also increases due to the accelerated growth of
The increase of population inflow (IPop) consumes and urban productivity. As for the indices of energy hier-
eventually decreases environmental resource. The stor-

ages of urban assetd)(and money supplyM) are %,
enhanced by the increase of all other inflows (fuel,
electricity, goods and services, population, investment,
etc.) to the urban system. The increase in the inflows
of fuels (FI) and electricity (EI) first decreases the stor-
age of money supply, then increases it again due to the
higher urban productivity. The increase of population
is primarily due to the increase of inflows of investment
(IV) and goods and services (GS).

Yield

Energy
Source

| RENEMGY

Energy Available: R =J - Ko*R*Q
R=J/(1 +Kog*Q)
(A) Quantity Stored Q:  DQ = K1*R*Q - K2*Q - K3*Q
7.2. Energetic characteristics and mechanisms of
urban system

Emergy:

For the purpose of exploring the change of urban
energetics during its evolutionary process, emergy and e
emergy indices are incorporated into the urban eco- ~ 'nflow Emergy: Ej = Tj*Ko'R*Q

s

1 . —_ —_ *R*(
logical economic model for simulation as indicated in Production Emergy:  Ep = £ Trp = EV/K'R'Q
Fig. 18 Th fi f imulati fl t Transformity of Q:  Tyq = Eg/Q

ig. e equations for simulating emergy flows to Yield Emergy: By = Trg*K3*Q
study the characteristics of urban energetics are sum- Storad When DQ > 0:  DEq = Ep-E
marized inTable 6 The results of simulation indicate i Q= =P~ FY

o Emergy Eq: < WhenDQ=0: DEp=0
that the emergy self-sufficiency of the urban system a When DQ < O: DE8=TrQ*DQ

decreased during the process of urban development

and the diversity of emergy sources increased as arig. 18. Energy system diagram and equations for simulating trans-
result of increasing inflows of emergy from outside formity and emergy (redraw aft@dum and Odum, 2000
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Table 6

Equations for simulating emergy flows to represent urban energetics

Urban energetics

Equation

Emergy sources
Diversity (H)

Self-sufficiency § x U)

Urban metabolism
Urban structurey)
Ratio of production and structur@/s)
Ratio of production and consumptioR/R)
Entropy

Energy hierarchy
Total emergy used()

Empower density (UD)

Emergy footprint (EF)

Emergy investment ratio (EIR)
Emergy and money flow

Emergy/money ratio (EMR)

(=1) x [(Tr S x k100x S x Ln) x loge (Tr S x k100x S x Ln/U) + (Tr Fuelx Fuel)x
l0ge (Tr Fuelx FuellU) + (Tr Elecx Elec) x loge (Tr Elecx EleclU) + (EMR x k212 x
M) x 10ge (EMR x k212x M/U) + (EMR x IV x A) x loge (EMR x IV x A/U)

TrS x k100x S x Ln/U

EmA

(k211 x PRUx EMR)/EmA

(k211x PRUx EMR)/[(k202x A x B x R+k203x A x P+k204x W) x Tr A]
k213x PRU

TrS x k100x S x Ln+Tr Fuelx Fuel + Tr Elecx Elec + EMRx k212x M + EMR x
IV xA
UlL
UITrS x k100x S x Ln
(Tr ElecElec + Tr Fuelx Fuel)/TrS x k100x S x Ln

UI(A x IV + k211x PRUx P1+k212x M + P4 x Elec +P5 x Fuel)

archy, the emergy investment ratio (EIR) increases as (2)
a result of urban system’s increasing dependence on
emergy flows from economic sectofsi. 19B). The
increase of empower density (UD) and emergy foot-
print (EF) represents the intense energy flows in the
urban ecological economic system over time. Due to
the ever decreasing emergy/money ratio, which results
from the heavy reliance on imports of external emergy (3)
flows, the purchasing power of money in urban system
also decreases. Therefore, the emergy value of inflow-
ing goods and services and investment also decrease,
which results in the decreasing empower density after
year 2000.

According to the simulation results of the urban eco-
logical economic system described in this section, the
mechanisms of urban energetics during its evolutionary
process can be summarized as follows:

4
(1) Energy convergence. Renewable energy is @
absorbed and transformed into biomass, which
enhances the generation of environmental storage.
The convergence of energy from the life support
natural system toward the urban consumer center
provides the primary driving force for urban
development at the early stage, which is also

vitally important for a developed urban system.

Urban-subsidized environmental flows. The con-
version of natural land into urban land decreases
the production and accumulation of environmental
storage. In order to increase inflows from natural
system, the urban system has to feedback energy
from urban assets to reinforce environmental
flows.

External-dependency development. In addition to
renewable emergy, the urban system has to rely
on fuel, goods and services, and even invest-
ment from the external economic system. The
increase in the inflows of emergy from exter-
nal economic system will decrease its emergy
self-sufficiency. The economic-environment ratio,
represented as emergy investment ratio in this
paper, tends to increase and results into a decrease
of the purchasing power of money in the urban
system.

Maximum power system. In order to prosper,
the urban system has to increase its inflows of
emergy for urban production and for the accumu-
lation of urban assets. The inflow of emergy from
external economic system is maximized through
the autocatalytic feedback of emergy from urban
assets. Therefore, the increase of urban structure,
empower density, and diversity of emergy sources
characterize a maximizing power urban system.



68 S.-L. Huang, C.-W. Chen / Ecological Modelling 189 (2005) 49-71

1: Diversity of emergy source 2 Emergy sclf-sufficiency  3: Ratio of production and tion; P/R (10" 4: Ratio of production and structure; P/S (10"

125

0.70 _
I 44

7.00¢-003 7

B

0357
3.5¢.003

Bwr—

0.50
0.00

2;
000 Sl i

0.00x

Doars—

1850.00 1917.50 1985.00 2052.50 2120.00
(A) Year

1: Emergy investment ratio 2: Emergy footprint 3: Empower density (10'%km’) 4: Emergy/money ratio

600000.00
200:00
5000.00

FrrEI—y

65000.00 ~

BO000000 1665500t bovegd Hcsnsscs i ssassisiinstosss vt st oamiisis s v ar s e s AT
100.00 L
2500.00 ¥ Moy

1:
2
3
4
1

15000.00
& 0.00
S 0.00
4 0.00

1850.00 1917.50 1985.00 2052.50 2120.00
(B) Year
Fig. 19. Simulation results of Taipei's urban energetics.
8. Concluding remarks use of resources. As they mature, urban systems gen-

erate more structure; higher empower density, greater

The evolution of urban systems exhibits a self- entropy production and larger information flows. Past
organization dynamics which planners must take into research on urban system has studied urban change in
account. When compared to ecosystems, analogies cammany parts of the world, but most of the emphasis to
be made between the stages of urban development andlate has been on the socio-economic aspects such as
the development stages of ecosystems. In the earlydemography or land use change; only recently have
stages of development, urban systems exhibit early suc-energetic aspects also been consideredl(seente et
cessional characteristics of rapid growth and inefficient al., 1983. This paper presents a mixture of quantitative
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Table 7
Summary of temporal changes in characteristics of urban development from early development to later stages of development
Characteristics Trend in urban development
Emergy sources (early stageurbanized)
Diversity Increases at first, then decreases
Self-sufficiency Decreases
Urban metabolism (early stage urbanized)
Urban structurey) Increases
Ratio of production and structur@/s) Decreases
Ratio of production and consumptioBA/R) Increases stabilized
Entropy Increases
Information Increases

Energy hierarchy (early stage urbanized)

Empower density Increases
Transformity Increases
Emergy footprint Increases
Emergy investment ratio Increases

Emergy and money flows (early stageurbanized)
Emergy/money ratio Decreases

and theoretical results for understanding the energeticssources are primarily non-renewable. A greater per-
of the development of urban ecological economic sys- centage of total emergy is from renewable sources
tem. A summary of changes of the characteristics of in rural areas where money has greater overall buy-
energy flows in urban system that are to be expecteding power. The empower density of urban systems
during the process of urban development is given in varies from 4.50< 102 sej/yr/kn? in the rural fringes
Tables 7 and 8Trends from early stages of develop- to about 3.50< 10'° sej/yr/kn?. The result of simula-
ment to more mature stages are giveiable 7 while tion not only describes the evolving urban system in
spatial trends along the gradient from the urban cen- Taipei, but also reveals the change of urban energetics
ter to the rural fringes are given ifable 8 The data over time.

presented in the series of graphs show the increasing The system simulation approach adopted in this
concentration of energy and material resources and thepaper advocates models capable of taking complex
circulation of money in the central city where energy growth into account, while retaining extreme simplic-

Table 8
Summary of spatial changes in characteristics of developed lands from the Central city to the rural fringe
Characteristics Spatial trend from fringes inward
Spatial hierarchy (urban center rural)
Fuel use Decreases
Environmental input Increases
Diversity of emergy sources Decreases
Empower density Decreases
Transformity Decreases
Emergy investment ratio Decreases
Emergy/money ratio Increases
Entropy Decreases
Urban fragmentation (urban centerrural)
Fractal dimension Decreases
Measures of energy hierarchy (transformity, source diversity, empower density, Decreases

entropy, emergy investment ratio
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ity in the model structure. This is the key feature of the the global setting of the planetary economy. Although
general system theory of dynamic model. Although the system modelling approach continues to domi-
energetics approaches are powerful in studying macro nate the simulation of energy and material flows in
patterns and mechanisms in ecological systems, alter-various ecosystems, spatial modelling seems to have
native approaches to modelling ecological systems alsotaken over the central place of ecological modelling
exist. For example, individual-based models (IBMs) since the 1990s/u and Marceau, 2002There have
emphasize individual (or agent) behavior and inter- been many efforts to extend ecosystem models to spa-
actions, and were developed at the end of the 1980s.tial simulations, for example, the Patuxent Landscape
These were followed by multi-agent simulations Model (Costanza et al., 1990; Binder et al., 2D03
(MASs) (Bousquet and Le Page, 200&hile these LANDIS (Scheller and Mladenoff, 2004nd Ecospace
different modelling approaches provide useful insights (Christensen and Walters, 200t order to explore the
for different aspects of ecological complexity, systems hypothesis of spatial energetic hierarchy of urban sys-
modelling still remains a powerful tool to understand tem, the next logical progression is the application of
the “whole” of an ecosystenWu and Marceau, 2002 a GIS-based simulation model for the representation
Although the items listed iflable 7was tested using  of spatial development of urban ecological economic
datafor Taiwan cities, they still must be considered pro- system in the context of energy flows. It is hoped that
visional or hypothetical; they should be further verified this paper and the concepts in it may further our under-
with more cases and with longer spans of data. While standing of the urban ecological economic system and
most of the trends outlined ifables 7 and 8hould be stimulate further ideas and research need for exploring
further explored and elaborated, the “how” and “why” the mechanisms of energetic flows in the urban system.
remain as matter of debate about different approaches
to self-organization of cities as iRortugali (1997)
One hypothesis of self-organization of cities relies
on the concept of dissipative structure as the inher- Acknowledgements
ent capacity of moving far-from-equilibriunOdum ) .
(1988)contended that during self-organization, system | would especially like to thank Mark Brown for
designs develop and prevail with strategies of maxi- his thorough review and comments on the manuscript.
mizing power intake, energy transformation and those Financial support for this research was provided by
uses that reinforce production and efficiency. Many the National Science Council, Executive Yuan of Tai-
urban scientists, even ecologists, might not accept this Wan (Grantnos. NSC90-2415-H- 305-005 and NSC91-
hypothesis. Much depends on the outcome of the cur- 2411-H-305-003).
rent debate about mechanisms of evolutionary change.
This paper is not concerned with debating the actual
mechanisms of the evolutionary process in urban eco-
logical systems, but rather the way in which system
level responses can be explained by the interactions andBinder’ C., Boumans, R.M., Costanza, R., 2003. Applying the patux-

feedback of components in an eVO'_Ution_ary dynamic. ent landscape unit model to human dominated ecosystems: the
The system model developed in this paper uses case of agriculture. Ecol. Model. 159, 161-177.

Taipei as an example of urban development for dis- Bousquet,F., Le Page, C., 2004. Multi-agent simulations and ecosys-

cussion of urban energetics. It is somewhat restricted €M management: a review. Ecol. Model. 176, 313-332.

to th rban tting itself. The model of urban Brown, M.T., Ulgiati, S., 2004. Emergy and environmental account-

0 . € urba se_ g itseit. € model of urban eco ing. In: Cleveland, C. (Ed.), Encyclopedia of Energy, vol. 2.

Iog_u:al economic _systen_1 could be further expanded Elsevier, pp. 329-353.

to include interactions with external system under the Christensen, V., Walters, C.J., 2004. Ecopath with ecosim: methods,

impact of globalization. For example, the city not only t_:apabilities and limitations. EcoI..ModeI. 172, 109-139. .

attracts investment from outside, but socio-economic Christaller, W., 2004. Central Places in Sguthern Germany. Prentice-

have also been attracted by the external me Hall, New Jersey (translated by Baskin, C.W., 1966).
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