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Summary

The analysis of socioeconomic metabolism has largely been
dominated by quantification of material flows on a mass
basis. This neglects the energetic dimensions of the urban
metabolism and makes analysis that integrates material and
energy flows difficult. The present research applies Odum’s
emergy concept to integrate energy and material flows for
the study of the socioeconomic metabolism of the Taipei
area. We also take into consideration the urban sprawl in
the Taipei area to study its relationship to the change of so-
cioeconomic metabolism. We interpret SPOT satellite images
from 1992 and 2002 to provide a deeper understanding of
the whole urban system; results show that Taipei’s urban ar-
eas increased in size during the past decades. Emergy-based
indicators show decreasing empower densities (total emergy
use per area) of undeveloped and agricultural areas, whereas
the empower density of urban areas has increased, which sig-
nals a convergence of resource flows toward urban areas.
Such an increase of empower density is mainly due to fossil
fuel use and translates into increased environmental loading
and decreased sustainability. An analysis of the relationship be-
tween urbanization and socioeconomic metabolism indicates
that changes in land use affect the characteristics of socio-
economic metabolism in Taipei. The effects of urban sprawl
on Taipei’s urban sustainability are also discussed.
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Introduction

Urban and economic systems cannot be
fully understood in isolation from their resource
base—the ecological system within which they
develop. Urban areas are characterized by the
complex interaction of socioeconomic activities
with the landscape; the spatial urban land use
pattern and the form of the built environment
are the physical manifestations of the interac-
tion of those processes. Traditional perspectives
on urban environmental management fail to fully
reflect the importance of cities, in terms of both
the worth of free environmental services from the
surrounding environment to urban economies
and the relationship of urban activities to larger
scale systems. Cities require a concentration of
energy, water, food, and materials that are not
always easily available. From an ecosystem point
of view, cities are inherently unsustainable be-
cause of their dependence on imports of mate-
rials and energy and exports of waste (Camagni
et al. 1998). Cities have to rely on ecosystems
beyond their limits; consequently, their sustain-
ability depends on the ability of the surrounding
environment to provide the required resources
and environmental services.

The materials, energy, and food supplies
brought into cities; the transformation of these
inputs within the cities; and the products and
wastes sent out from the cities are often re-
ferred to as urban metabolism, a concept first
suggested by Wolman (1965). The use of an ur-
ban metabolism framework has been proposed
by many academics over the past 30 years. Boy-
den and colleagues (1981) used Hong Kong as
a case study and applied an urban metabolism
approach to study its urban ecology and rela-
tionships with Hong Kong’s social characteris-
tics. Girardet (1996) calculated London to have
an ecological footprint of about 125 times its ac-
tual surface area, equivalent to the entire pro-
ductive land of the United Kingdom. Broadening
the concept of urban metabolism beyond the re-
duction of the city’s use of natural resources and
production of wastes, Newmann (1999) included
aspects of livability for demonstrating the practi-
cal meaning of sustainability. Kennedy and col-
leagues (2007) reviewed eight urban metabolism
studies, conducted in various years since 1965,

and identified metabolic processes that threaten
the sustainability of cities. Previous studies on
socioeconomic metabolism emphasize use of ma-
terials rather than use of energy flows. Mate-
rial flow accounting as currently practiced uses
mass units (e.g., tons) to measure material inflows
and outflows of socioeconomic metabolism. This
measure does not, however, allow for comparison
of the qualitative usefulness of different materials
to socioeconomic systems (Huang et al. 2006).

It has also been noted that there are close
relations between land use change and socio-
economic metabolism. Krausmann and col-
leagues (2003) analyzed relations between
changes in land use and land cover, on the one
hand, and socioeconomic metabolism, on the
other, in Austria. Their intent was to determine
the extent to which changes in socioeconomic
metabolism trigger changes in land use or changes
in land use lead to transformations of socioeco-
nomic metabolism. The analysis of the relations
between land use and socioeconomic metabolism
in Taiwan indicates that changes in land use have
affected socioeconomic metabolism in Taiwan
(Huang et al. 2006). In his study of changes in
spatial land use patterns in the Taipei metropoli-
tan region, Huang (1998a) developed a system
model to simulate evolutionary changes in ur-
ban spatial patterns in response to energy inflows.
The results of that study indicate that each zone
within the urban system of the Taipei metropoli-
tan region has evolved as a result of convergence
of energy flows from undeveloped and agricultural
zones toward urban and industrial zones. Studies
of socioeconomic metabolism have not, however,
considered the full extent of the interactions be-
tween urban areas and biophysical processes and
between different zones within an urban system.
Much less attention has been devoted to the study
of the impacts of urban sprawl on socioeconomic
metabolism.

In this article, we apply an emergy synthesis to
investigate the socioeconomic metabolism of the
Taipei area by combining different energy and
material flows in the same framework and calcu-
lating the emergy values of material and energy
flows from resource-productive areas to urban
areas. The primary goal of this research is to ex-
amine the relationships between land use and ur-
ban metabolism. We begin by reviewing concepts
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of urbanization and socioeconomic metabolism
from an energetic point of view and describ-
ing the methodology—emergy synthesis—used
for analyzing energy flows and material flows of
the socioeconomic metabolism. Our analysis of
Taipei’s socioeconomic metabolism stems from
two basic questions. First, can emergy synthesis
be used to analyze socioeconomic metabolism and
assess the sustainability of a metropolitan region
via emergy indexes, such as the emergy yield ra-
tio or environmental loading ratio? Second, what
are the differences in socioeconomic metabolism
between different subsystems of a metropolitan
region, and how are these differences related to
urban land use change? The next section presents
our analysis of SPOT satellite images and dis-
cusses land use changes and urban sprawl in the
Taipei area over the past several decades. Fol-
lowing this analysis, we present the results of
the emergy synthesis of Taipei. The final section
uses emergy indicators to discuss the relations
between Taipei’s urbanization and its socioeco-
nomic metabolism, the roles of material and en-
ergy flows in the investigated areas, and the re-
lationships between socioeconomic metabolism
and sustainability.

Cities and Their Environment

The resources required to maintain the ob-
served structure of a city come from two prin-
cipal sources, the life-supporting services of its
surrounding natural environment and the import
of fossil fuels and goods and services from other
economic entities. The urban economic and eco-
logical systems are physically connected by the
throughput of energy and matter from the pro-
ducer environments, which sustain economic ac-
tivity. Over the last 2 centuries, urbanization has
been closely tied to the use of fossil fuels. The
existence and maintenance of a city and its in-
ternal structure depend on the flow of goods and
services into, out of, and throughout that city. In
this regard, cities are by definition open systems,
relying intensively on other areas for support of
resource inflows, which causes impacts to their
surrounding areas, and feeding back goods and
services to their life-supporting environments to
reinforce their ecosystem services.1 From a sys-
tem point of view, a city is a self-organizing sys-

tem, analogous to an organism. To sustain the
processes of life, an organism obtains raw ma-
terials from the environment for its metabolic
reactions, converting these materials into the
building blocks of proteins and other compounds
necessary for life. In biology, metabolism is a
concept referring to the physiological processes
within a living organism. If one extends this
concept to the social sciences, one can see
metabolism as a main feature in the analysis of hu-
man interactions with the natural environment.
In addition to maintaining the throughput of en-
ergy and matter for survival, however, cities pur-
posefully organize the resource throughput of so-
cioeconomic metabolism by altering the structure
and dynamics of the surrounding environment to
gain better access to a supply of natural resources
(Schandl and Schultz 2002). These characteris-
tics of the inflows of energy and materials and
outflows for exchanging goods and services are
equally important in a biophysical view of the
socioeconomic changes associated with urban-
ization. Using these properties, we suggest that
processes of urbanization are far more than just
the birth and growth of cities.

The material relationship between humans
and their environment cannot simply be viewed
in terms of input−output processes—that is, the
extracting and processing of materials (Fisher-
Kowalski and Haberl 1997). Aggregating mate-
rial flows according to their mass neglects the
relative contribution associated with the values
of materials with different qualitative contents
(Huang et al. 2006). Most of the current re-
search on socioeconomic metabolism ignores en-
ergy flows because of the difficulty of comparing
materials and energy in the same units. The ac-
counting system for socioeconomic metabolism
needs to consider flows of energy that drive the
processing and use of materials. Haberl (2001) ar-
gued that the analysis of energy flows is essential
in achieving a complete understanding of socio-
economic metabolism, because the maintenance
of a continuous flow of materials is possible only
when a continuous inflow of energy is also avail-
able as a driving force to power the transport
and transformation of material throughput of a
society.

From a systems ecology2 point of view, all flows
of materials can be regarded as indirect energy
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Figure 1 Energy systems symbols. Source: Odum (1996).

flows, and energy can be considered as a common
denominator for all processes in the ecosystem
(Odum 1983). White (1994) suggested that en-
ergy analysis can be incorporated in the study of
a city’s metabolism. The inclusion of energy flow
accounting to investigate a city’s socioeconomic
metabolism should go beyond a mere inventory-
ing step and instead incorporate energetic princi-
ples capable of assessing the relative contribution
of such material and energy flows (Huang et al.
2006). A new accounting system that can en-
sure the contribution of nonmarketed ecosystem
services to the economic system is required. En-
ergy analysis, when applied to the larger frame
of interactions between a system and its environ-
ment, can provide a comprehensive framework to
analyze urban ecological−economic systems that
accounts for nonmarket information.

The dynamics of energy flows through a system
are one of the most important unifying concepts
in ecosystem development (Odum 1988). They
are also the common biophysical measure that
connects ecosystems and economic systems (Hall
et al. 1986). Consequently, an understanding of
the role of energy flows through an economic sys-
tem is critical, because it complements and illu-
minates the study of socioeconomic metabolism

as well as provides a common value basis to its
evaluation.

Odum (1983, 1996) designed a set of energy
systems symbols (see figure 1) for describing the
interactions of ecosystem components via ener-
getic flows. Emergy synthesis combines princi-
ples from general systems theory, thermodynam-
ics, and systems ecology to account for the total
environmental resources contributed for the gen-
eration of a product or a service (Odum 1988).
Emergy is defined as all the available energy that is
used, directly and indirectly, in making a product,
expressed in units of one type of energy; transfor-
mity is the emergy of one type required to make
a unit of energy of another type (Odum 1996).
If a product is expressed in mass units, the term
specific emergy is also used. Higher transformity
of a material flow represents a higher quality of
energy content. For example, because four units
of coal energy (coal equivalent joules [cej]) are
required to generate one joule of electricity,3 the
coal transformity of electricity is 4 cej/J. The en-
ergy quality of electricity is therefore higher than
that of coal. Most often, solar energy units are
used (solar equivalent joules [sej]), so that the
terms solar emergy and solar transformity (sej/J)
can be defined. Solar transformities have been
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Figure 2 Emergy indexes. N = nonrenewable energy flows; F = imported emergy flows; R = locally
available renewable emergy flows; U = total emergy used by a process. Source: Based on Brown and Ulgiati
(2001).

calculated for a wide variety of renewable and
nonrenewable energies, physical resources, and
commodities (e.g., Odum 1996, 2000; Odum
et al. 2000; Brown and Bardi 2001; Brandt-
Williams 2002; Kangas 2002; Campbell et al.
2005; Cohen et al. 2006; Tilley and Brown 2006).
For the purpose of taking into account the varied
qualities of energy content inherent in the mate-
rial and energy flows, one can multiply the energy
content or mass of a flow by its solar transformity
to convert energy and matter flows into com-
mon solar emergy units. These values can then
substitute for the units of mass in the material
flow analysis to ease direct numerical compari-
son. Several emergy-based indexes and ratios as
defined in the literature to evaluate process per-
formance, including socioeconomic metabolism
of cities and nations, are as follows (Odum 1996;
Brown and Ulgiati 2004a; see figure 2):

1. Emergy yield ratio (EYR): the ratio of the
total emergy used (U) by a process to the
emergy investment (F) from outside. This
ratio is a measure of a process’s ability to ex-
ploit local resources by means of an outside

investment, thus providing an additional,
potential contribution to the economy.

2. Environmental loading ratio (ELR): the ra-
tio of nonrenewable (N) and imported (F)
emergy flows to locally available renewable
(R) emergy flows. It is an indicator of the
pressure of a transformation process on the
local environment and can be considered
a measure of the ecological and thermody-
namic distance of the investigated process
from a reference process only driven by lo-
cal resources.

3. Emergy investment ratio (EIR): the ratio of
emergy fed back from outside a system to
the indigenous emergy inputs (both re-
newable and nonrenewable). System alter-
natives with lower EIR receive more free
emergy from the environment. An alter-
native with a lower EIR should be more
competitive.

4. Emergy/money ratio (EMR): the ratio of to-
tal emergy flow through the economy of
a region or nation to the gross domestic
product (GDP) generated by the region or
nation in the same time frame. It expresses
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the emergy investment needed to generate
one unit of GDP within the investigated
system. The EMR is a relative measure of
purchasing power when the ratios of two
or more nations or regions are compared.

5. Emergy sustainability index (ESI): the ra-
tio of the EYR to the ELR. It measures
the contribution of a resource or process
to the economy per unit of environmen-
tal loading generated. Higher values of
ESI represent an increase in a system’s
ability to obtain local resources for its
economy without excessively burdening its
environment.

A brief history of the development of emergy
theory, including its origins in systems ecology,
concepts of energy quality, donor-based envi-
ronmental valuation, and applications in envi-
ronmental systems, is provided by Brown and
Ulgiati (2004b). Theoretical developments in
emergy methodologies, as well as the applications
of emergy evaluation for a variety of economic
uses of resources, can be found in a series of books
produced from the biennial emergy conferences
(see Brown et al. 2000, 2003, 2005, 2007).

Huang and Odum (1991) introduced emergy
synthesis to Taiwan by examining the evolv-
ing pattern of Taiwan’s rapid economic develop-
ment and its ecological−economic status during
1960–1990. An urban metropolitan region can be
seen as an ecological−economic system because
it consists of an urban economic center with sur-
rounding natural and agricultural environments.
Using the results of emergy synthesis and multi-
variate analysis, Huang (1998b) classified Taiwan
into four categories of urban systems: agricultural
settlements, suburban industries, urban metropo-
lis, and resource production regions. Extending
the concept of urban metabolism, Huang and Hsu
(2003) evaluated the value that material flows
contribute to an urban system by using emergy
synthesis in investigations of the Taipei area’s ur-
ban sustainability. The results of their analysis
indicated that although the volume of the sand
and gravel used for construction in Taipei was
10 times higher than that of cement, due to the
higher transformity of cement, the emergy value
of cement used dominated the total emergy flows
of materials used for urban construction. Huang

and colleagues (2006) combined material flows
and energy flows by incorporating emergy synthe-
sis to provide an overview of the socioeconomic
metabolism of Taiwan from 1981 to 2001. The
differences between the results obtained from ma-
terial flow analysis and from emergy synthesis
were discussed. The fact that the transformities of
various material and energy flows were found to
be different implies that the statuses of different
material and energy flows and the roles that they
play in a system are also different. This strongly
suggests that qualitative characteristics of mate-
rials and energy flows cannot be neglected.

Land Use Change and
Urbanization in Taipei

One of the less desirable dimensions of ur-
ban growth in the last half-century has been the
sprawl of cities (Brown 2001). The rapid eco-
nomic growth of Taiwan during the past decades
has resulted in the expansion of urban areas and
high rates of per capita resource consumption.
Today, nearly 80% of the population of Taiwan
lives in urban areas. The urban population grew
by 5 million from 1980 to 2000, with the ur-
banized area increasing 45% during that same
period of time. Located in the northern region of
the island, Taipei is the largest urban center of
Taiwan. Due to urban expansion, the Taipei
area is affected by the environmental impacts of
sprawl. This section discusses the spatial pattern
of land use change and urbanization in the Taipei
area and the main characteristics in the region.

The study region is about 2,326 square kilo-
meters (km2) in size4 and consists of Taipei city
and the outlying areas of Taipei County (see
figure 3a). The Tansui River, the major river in
Taipei, receives stream inflows from its main up-
stream tributaries, Tahan Creek and the Keelung
River. The dams and reservoirs in the upstream
areas of the Tansui River were constructed to
ensure a reliable water supply for the entire
metropolitan area. In addition, the dams are
used for the generation of hydroelectricity. As
of 2007, the total population in the study re-
gion was approximately 6.3 million. On aver-
age, approximately 2 × 106 square meters (m2)
of building floor area5 per annum were con-
structed from 1980 to 2000 in Taipei, mainly
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Figure 3 Land use and land use change in the Taipei area.

in response to rapid urbanization. The land use
and land coverage of Taiwan were analyzed by
Taiwan’s Council of Agriculture in 1981. To
identify past land use changes, the council in-
terpreted SPOT satellite images from 1992 and
2002. Land cover was classified into undevel-
oped forested areas, agricultural areas, and ur-
ban areas (see figures 3a, 3b, and 3c). The
urban areas of Taipei are located in the cen-
tral portion of the Taipei Basin. The surround-
ing landscape of the Taipei Basin is characterized
by hills and forests, which have been protected,
mainly for water resource conservation and the
prevention of slope failure.

Figure 3d further identifies land use changes
from 1981 to 2002. The downtown urban core
of the Taipei metropolis was once supported
mainly by the rich environmental resources of
the surrounding landscape. Over the last 30 years,
however, Taipei has become an international
city. From 1981 to 1992, the Taipei area under-
went severe urbanization due to rapid economic
growth. A significant amount of agricultural land
in Taipei City and its neighboring towns was con-
verted to urban areas. Furthermore, the slopes of
some hilly areas surrounding the Taipei Basin
were also urbanized. During the period of 1992–
2002, urban areas continued to expand into
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Table 1 Land use of Taipei area: 1981–2002

Land use 1981 1992 2002

Urban area, km2 296.4 409.2 510.5
(%) (12.7%) (17.6%) (22.0%)

Agricultural
area, km2 331.0 223.3 230.5

(%) (14.2%) (9.6%) (9.9%)
Undeveloped

forested
area, km2 1,618.3 1,601.3 1,502.3

(%) (69.6%) (68.8%) (64.6%)
River, km2 80.4 92.4 82.8

(%) (3.5%) (4.0%) (3.6%)
Total, km2 2326.1 2326.2 2326.1

Taipei County. Most of the remaining agricul-
tural areas in towns along Tahan Creek were
converted to urban areas. The urban areas in
Taipei County were developed largely after the
construction of roads. These land use changes
have ignored local land use plans, which has led
to increased sprawl as the dominant form of urban
development in rural areas. Currently, the urban
areas account for 22% of the land in the Taipei
region. This amounts to an increase of more than
200 km2 from 1981 to 2002. Agricultural areas
and undeveloped forested areas both decreased
by approximately 100 km2 during the same pe-
riod of time (see table 1). Currently, undeveloped
forested areas account for approximately 65% of
the total area and play important life-supporting
functions for the Taipei system.

Emergy Synthesis of Taipei’s
Socioeconomic Metabolism:
1981–2002

Different environments coexist in a
metropolitan region: undeveloped areas,
agricultural lands, and built environments. Each
of these plays a different role in terms of the
services it generates for and receives from the
city. These three subsystems are linked through
materials and energy flows. To make urbanization
sustainable, city planners must understand the re-
lationships between a city and its life-supporting
natural and agricultural environments in the
context of resource supply and consumption.
From the systems point of view, the biophysical

structure of an urban system can be regarded
as storage components drawing materials and
energy from other supporting environments,
building up internal stocks and urban assets, and
providing outputs to support compartments at
higher hierarchical levels or across boundaries
into the environment. Using Odum’s energy
diagram (see figure 1), the conceptual urban
system can be represented as three interacting
zones of undeveloped, agricultural, and urban
areas (see figure 4). Energy flows connect locally
available renewable energy sources (e.g., solar,
wind, rain), the natural ecosystem (e.g., forest),
human-subsidized ecological systems (e.g.,
agriculture), and the industrialized urban system.
Renewable energy can power the life-supporting
functions of undeveloped areas and agricultural
sectors, which, in turn, support the urban sub-
system. Food and other required life-supporting
resources, such as water, must be produced in or
from agricultural and undeveloped forested areas.
Urban subsystems must also feed back through
human services (e.g., labor, management) and
products (e.g., machinery, fertilizer) to un-
developed and agricultural areas to stimulate the
production of food and other necessities.

Changes in socioeconomic metabolism need
not be gradual but rather can take place as major
shifts from one regime to another. To investi-
gate the change in socioeconomic metabolism
of Taipei due to urbanization, in this study we
look at Taipei over a period of rapid urban eco-
nomic growth. This section describes the results
from the emergy synthesis of the socioeco-
nomic metabolism of undeveloped forests, agri-
cultural areas, and urban areas in Taipei during
1981–2002. We collected and interpreted geo-
graphic, economic, and statistical data from vari-
ous sources for the Taipei area to understand the
socioeconomic metabolism of this region and to
calculate energy to and from the study area. The
values and sources for solar transformities and
specific emergies used in this article are listed in
table S-1 in the Appendix, available as Supple-
mentary Material on the Web.

Undeveloped Forested Areas

The empirical study of socioeconomic
metabolism begins with an analysis of inflows
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Figure 4 Energy system overview of the Taipei area. Agr. = agricultural area.

and outflows of materials and energy. A con-
ceptual system diagram of Taipei’s undeveloped
forested areas is shown in figure S-1 in the
Supplementary Material on the Web. The land
cover of the undeveloped areas in Taipei is dom-
inated by mountainous forests, which play an im-
portant role in water conservation. The Feitsui
Reservoir was constructed to ensure a reliable
water supply for the city of Taipei. Another ac-
tive compartment is the coastal areas in Taipei
County. Both active compartments in Taipei’s
undeveloped areas are driven by renewable en-
ergy, represented in figure S-1 by the circular
symbols outside the system boundary. There are
four major resource utilization activities within
Taipei’s undeveloped areas: mining, hydroelec-
tricity generation, water supply, and timber har-
vesting. Goods and services have to be imported
from urban areas for extraction and transforma-
tion of these indigenous resources.

We used the flows of energy sources, outflows,
and major processes shown in figure S-1 to cal-
culate their emergy values over the period from
1981 to 2002. The emergy synthesis of Taipei’s
undeveloped area for 2002 is shown in table S-2
in the Supplementary Material on the Web. As
shown in figure S-2, the chemical energy of rain
(327.12 × 1018 sej) has the highest emergy value
among all the inflow sources of renewable energy;

it is regarded as the major source of renewable
emergy for the system. A portion of the chemical
emergy of rain is absorbed by plants and tran-
spired (129.59 × 1018 sej) via photosynthesis.
Provision of drinking water supply (1,535.68 ×
1018 sej) was the major contributed emergy out-
flow in 2002. Hydroelectricity generation also
played an important role in emergy contribution
to urban areas. Starting in 2002, timber harvest-
ing and mining were prohibited, and no flows
were recorded.

To get an overview of a socioeconomic system,
one must aggregate material and energy flows into
major resource flows. Emergy evaluation of ma-
terial and energy flows can eliminate the failure
to recognize qualitative characteristics of materi-
als during the process of aggregation. The trend
of major emergy resource flows in Taipei’s un-
developed area during 1982–2002 is shown in
table S-3 in the Supplementary Material on the
Web. The total emergy use (U) decreased from
480.50 × 1018 sej in 1982 to 150.20 × 1018 sej in
2002. The reason for this decrease was the slow-
down of mining and timber harvesting in the
area, which also resulted in a decrease of inflows
of goods and services from urban areas. The low
value of renewable energy flow (Rr) in 2002 was
the result of drought. Despite a decrease in the
exploitation of natural resources, emergy inflows
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via goods and services, and total emergy use, the
emergy outflows (P1E) from undeveloped areas
still increased, due to the increased demand for
drinking water and electricity by urban areas.

Agricultural Areas

The major products of Taipei’s agricultural
systems include rice, vegetables, fruits, livestock,
and fishery products. The agricultural sector has
to feed back energy and materials (e.g., fertil-
izer, labor, irrigation) to match the renewable
energy (e.g., solar, wind, rain) and local non-
renewable energy used for enhancing crop pro-
duction. The emergy synthesis for agricultural
areas in Taipei from 1982 to 2002 is shown in
table S-4 in the Supplementary Material on the
Web. Given emergy as a common unit, the chem-
ical energy of rain had the highest emergy value
among the inflow sources of renewable energy;
it is regarded as the major source of renewable
emergy for agricultural systems in Taipei. Irri-
gated water also contributed a relatively high
emergy value (more than 50 × 1018 sej/yr) to agri-
cultural systems, however, due to its higher trans-
formity. Rice production decreased significantly,
from 152.11 × 1018 sej in 1982 to 22.71 × 1018

sej in 2002. Fishery and livestock became the two
major agricultural production outflows in Taipei’s
agricultural areas. The emergy value of rice pro-
duction was the lowest of the major crops. Emergy
flows in agricultural areas declined as a result of
a decrease in the amount of agricultural land.
Renewable energy (Ra) captured by agricultural
areas decreased from 31.96 × 1018 sej/yr in 1982
to 19.99 × 1018 sej/yr in 2002. Fertilizer (G) and
imported goods and services (P2I) also decreased.
As a result, the total emergy use (U) in agricul-
tural areas decreased from 740.16 × 1018 sej/yr
in 1982 to 180.83 × 1018 sej/yr in 2002, which
indicates that the role of agricultural areas in the
Taipei metropolis decreased as well.

Urban Areas

The existence of a city like Taipei and the
maintenance of its internal structures depend on
the inflow and outflow of goods, services, and peo-
ple. As depicted in figure 5, flowing into Taipei’s
urban areas are renewable energy, water, fuels,

electricity, food, materials for construction, goods
and services, and people. Flowing out are fin-
ished products, services, wastes, and information.
Despite expansion of the financial and commer-
cial sectors in Taipei, more investment in urban
infrastructure is needed for flood control, sani-
tation, and improvement in transportation. Im-
ported fuels, electricity, and goods and services
are the major driving forces behind economic
growth in the urban areas. The essential factor
that maintains urban assets and structure is eco-
nomic exchange with the outside world. Exports
of goods and services produced in the city are very
important to the vitality of the urban economy.
The flow and transformation of energy through
the environment and within the city make pos-
sible the circulation of money and economic
activities.

On the basis of the calculated emergy val-
ues, the major renewable energy flows in Taipei’s
urban areas in 2002 were wind (108.43 × 1018

sej/yr), chemical energy in rain (111.15 × 1018

sej/yr), and geopotential energy in upstream in-
flows (70.38 × 1018 sej/yr). The energy and mate-
rial flows in Taipei’s urban areas were dominated
by imported goods and services. Imported goods
(301.18 × 1020 sej/yr) and services (284.21 ×
1020 sej/yr) had the highest emergy values in
2002. The inflows of construction materials
reached their highest emergy value in 1992 (e.g.,
sand and gravel: 390.86 × 1020 sej/yr; cement:
1,139.47 × 1020 sej/yr), then started to decrease
due to the completion of a number of major public
infrastructure construction projects, such as the
mass rapid transit (MRT) system and the flood
prevention levee. The outflow of finished goods
(38.19 × 1020 sej/yr) also had a very high emergy
value in 2002, and the outflow of services in-
creased significantly, from 34.46 × 1018 sej/yr in
1982 to 620.24 × 1018 sej/yr in 2002, which sig-
nals that Taipei’s urban areas are transforming to
be more service oriented. Table 2 shows the major
resource flows of Taipei’s urban area. Renewable
energy flows (Ra) are composed of the chemical
energy of rain absorbed by plant producers (biota)
and upstream inflows. Imported fuels (F) have
increased since 1982. The total emergy use (U)
decreased from 1992 to 2002, however, because
imported materials (G) and imported goods and
services (P2I) decreased significantly. Although
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Figure 5 Energy system diagram of Taipei’s urban areas. Elec. = electricity; Construc. = construction;
Gov. = government; Bldg = building; Info = information; Pop = population; O.M. = organic matter.

the GDP and the emergy value of exports of goods
and services (P1E) all decreased from 1992 to
2002, fuels and electricity consumption (F) still
continued to increase.

Table 2 Summary of major emergy flows of Taipei’s urban area: 1982–2002

Code Item 1982 1992 2002

U Total emergy used (1020 sej/yr) 899.56 2,104.26 774.27
R Renewable sources

Ra: Renewable sources—absorbed (1020 sej/yr) 6.79 6.04 1.14
Rr: Renewable sources—received (1020 sej/yr) 1.26 1.76 1.11

F Imported fuels (1020 sej/yr) 23.30 181.13 282.32
G Imported goods (1020 sej/yr) 804.44 1,622.62 309.88
P2I Emergy of imported goods and services (1020 sej/yr) 65.03 294.47 180.94
P1E Emergy of exported goods and services (1020 sej/yr) 139.08 374.35 189.99
Elec. Electricity used (1020 sej/yr) 1.63 123.13 201.17
Y GDP of urban area (1023 US$) 1.04 2.29 1.28
P1 Emergy/money ratio (Taipei’s urban area; 1012 sej/US$) 1.70 1.16 0.37
P2 Emergy/money ratio (Taipei; 1012 sej/US$) 1.97 1.27 0.61

Note: U = Ra + N0 + N1 + F + P2I + G. sej = solar equivalent joules; Ra = rain (chemical absorbed) + upstream
flow (geopotential); Rr = rain (chemical); G = food + construction material; F = petroleum gas + petroleum product
+ electricity;
electricity = hydroelectricity + thermal electricity; P1E = P1 × exported goods and services;
I = dollars paid for imported goods and services.

The Taipei Area as a Whole
We can assess an integrated perspective on

emergy flows in the whole Taipei area by sum-
ming the results of the emergy syntheses of
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Figure 6 Major emergy flows in the Taipei area. sej = solar equivalent joules.

undeveloped, agricultural, and urban areas. As
indicated by figure 6, the inflows of fuels (F) and
goods and services (P2I) increased during the past
decades. But the decrease of total emergy use (U)
resulted mainly from imported goods (G). The
emergy flow pattern of the imported materials
was dominated primarily by the heavy consump-
tion of cement in the 1990s. The inflow and use
of fertilizer have also decreased since 1982 due to
the shrinkage of the agricultural sector in Taipei.
Imports of food from other regions continued to
increase from 1982, however. The emergy flow
pattern of Taipei as a whole is similar to the
emergy flow pattern of Taipei’s urban areas due
to the vast amount of imported fuel, goods, and
services and the very small emergy flows support-
ing undeveloped and agriculture areas. The total
emergy use (U) increased from 1982 to 1992, then
decreased from 1992 to 2002.

Discussion

Viewing an urban system as a set of envi-
ronmental and economic storages with energetic
flows exchanged with the surrounding region and

interconnecting system components provides a
conceptual and workable link between urban ar-
eas and their surrounding environment. As de-
scribed in the previous sections, materials and en-
ergy were either extracted from surrounding areas
or imported, processed and transformed within
Taipei’s socioeconomic system, accumulated as
urban structure or economic assets, and finally
partially released into the environment as wastes
or traded to allow the import of goods and services
not available in Taipei. Most of the prior research
on urban metabolism has emphasized per capita
consumption of resource flows due to urbaniza-
tion. A much larger and richer set of indicators
emerges from our emergy synthesis. These include
more comprehensive categories, such as emergy
sources, empower density, emergy inflow/outflow
ratio, EMR, ELR, EYR, and ESI.

Urbanization and Emergy Flow Patterns

Urbanization can be regarded as a process cha-
racterized by increasing diversity and intensity
of emergy inflows (Huang and Chen 2005). The
total emergy use (U) in undeveloped areas and
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agricultural areas in Taipei has been decreasing
since 1982. The total emergy use (U) in urban
areas increased from 899.56 × 1020 sej/yr in 1982
to 2,104.26 × 1020 sej/yr in 1992 but decreased
to 774.27 × 1020 sej/yr in 2002 (see table 3). The
accumulation of wealth and increased economic
activity in urban areas indicates that cities have
to rely on resources well beyond their own bound-
aries. Although the ratio of imported emergy to
total emergy use of undeveloped and agricultural
areas decreased significantly from 1982 to 2002,
the fraction of imported emergy of the Taipei area
as a whole reached 0.883 in 2002. Similar to the
pattern of total emergy use, the empower density
in urban areas was higher than in undeveloped
and agricultural areas. The high empower densi-
ties in urban areas are largely the result of high
population density and higher levels of resource
consumption generating high demands for mate-
rials, goods, and ecological services. The index of
per capita emergy use can be seen as a measure of
the living standard of an area; higher values of the
index mean that each person makes use of more
emergy flows and therefore has a higher standard
of living. During the period from 1982 to 1992,
the per capita emergy use in Taipei increased by
a factor of more than 1.5. The per capita fuel
emergy use continued to increase from 1992 to
2002, which represents urban residents’ increased
dependency on fossil fuels. But, due to a decrease
in total emergy use in 2002, the 2002 per capita
emergy use decreased.

As noted previously, the ratio of emergy inflow
to emergy outflow can measure whether the area
is receiving benefits from exchanged emergy with
other regions. As shown in table 3, the ratios of
emergy inflow to emergy outflows of undeveloped
and agricultural areas were all less than 1 and ap-
pear to be decreasing. Conversely, the ratio of
emergy inflow to emergy outflow in urban areas
has remained greater than 1. This suggests that a
convergence of energy flows from zones of unde-
veloped areas and agricultural areas to urban ar-
eas is taking place. As urban emergy budgets have
increased, cities have expanded their boundaries,
pushing back the countryside and enlarging the
city’s emergy footprint.

Because urban areas are capable of attracting a
significant amount of material and energy to sup-
port their activities, these systems become more

dependent on external inputs of material and en-
ergy. In other words, most of the energy and ma-
terials flows used within the urban system are
purchased. The EMR in the Taipei area has con-
tinued to decrease, which indicates a faster in-
crease of money circulation than of emergy use.
This has been historically viewed as a character-
istic of the evolution of economic systems to a
more “developed” state, but it also has negative
effects on the purchasing power of a local econ-
omy. Less emergy from the natural environment
is being used to support the economy. These re-
sources were free. Now, economic activity is be-
ing driven by the imported emergy of fuels, goods,
and services that need to be paid for.

Transition in Agricultural Areas

Taipei’s agricultural areas decreased from 331
km2 in 1982 to 230.5 km2 in 2002 due to urban-
ization. In the Taipei region, the area devoted
to rice paddies decreased the most, from 248.2
km2 in 1982 to 10.4 km2 by 2002. Despite the
higher transformity of rice, its emergy value of
production decreased significantly. In 2002, the
biomass of rice production became lower than
that of fruits and vegetables due to the govern-
ment policy of agricultural land recession. Al-
though both the area and the total yield of the
agricultural subsystem decreased, the productiv-
ity of crop areas tended to increase. For example,
the productivity of rice was 6.13 × 1017 sej km−2

yr−1 in 1982 and increased to 21.8 × 1017 sej
km−2 yr−1 in 2002. Given the change in lands
devoted to each crop, the trend is one of shifting
from rice to vegetable crops, which have a higher
EYR (Huang et al. 2001).

Urban Sprawl and Resource Consumption

In addition to natural factors, such as climate,
slope, hydrology, and soils, land use patterns in
metropolitan regions are determined by socioe-
conomic forces. To sustain their metabolism,
human societies deliberately transform mate-
rial from natural systems in ways that tend to
maximize their usefulness for human purposes.
The results of our analysis indicate that the inflow
of fuels, fuel consumption, the empower density
of imported fuels and minerals, and the empower
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Table 4 Emergy flows of construction materials in Taipei: 1982–2002

Item 1982 1992 2002

Urban area (km2) 296.40 409.15 510.48
Sand and gravel consumption (g) 1.31 × 1013 2.93 × 1013 5.44 × 1012

Asphalt consumption (g) 2.70 × 1010 6.27 × 1010 4.14 × 1010

Portland cement consumption (g) 1.72 × 1012 3.45 × 1012 3.99 × 1011

Emergy of sand and gravel consumption (sej) 1.75 × 1022 3.91 × 1022 7.27 × 1021

Emergy of asphalt consumption (sej) 9.39 × 1015 2.17 × 1016 1.44 × 1016

Emergy of Portland cement consumption (sej) 5.69 × 1022 1.14 × 1023 1.32 × 1022

Note: km2 = square kilometers; sej = solar equivalent joules. One gram (g) = 10−3 kilograms (kg, SI) ≈ 0.035 ounces
(oz).

density of fuel consumption are positively corre-
lated with increased urban area. Urbanization in
Taipei has resulted in an increased demand for
energy to satisfy the needs of the growing urban
metabolism.

The consideration of the relationship between
urban development and the natural environment
has to take into account the growing material de-
mands for urban construction. During the 1990s,
rapid economic growth and construction of ma-
jor urban infrastructure in Taipei resulted in a
significant increase in the consumption of con-
struction materials (see table 4). Due to the high
transformity of cement, the emergy values of ce-
ment consumed in Taipei during the past decades
significantly affected the pattern of emergy inflow
and total emergy use in Taipei.

The change in emergy inflows from undevel-
oped and agricultural areas to urban areas (I) is
summarized in figure S-2 in the Supplementary
Material on the Web. The decrease of I from
1.69 × 1022 sej in 1982 to 1.56 × 1022 sej in

Figure 7 Relations between
urbanization and empower density.
sej = solar equivalent joules.

2002 was mainly due to decreased agricultural
yields and the prohibition of timber harvesting
and coal mining. The ratio of emergy provided
from surrounding environments to total emergy
use (I/U) in Taipei’s urban area was 0.2 in 2002,
which can be seen as an indicator of the relative
contribution of undeveloped and agricultural ar-
eas to the economy in the urban area. Apparently,
the increased demand for drinking water and hy-
droelectricity from undeveloped areas has raised
the importance of protecting undeveloped areas
as life-supporting regions. Without emergy eval-
uation, it would not be possible to convert dif-
ferent energy and material flows into a common
unit and aggregate them into simple indexes that
can be used to compare the changes in resource
contribution from undeveloped and agricultural
areas to urban areas. Urbanization in Taipei has
not only increased the demand for and consump-
tion of energy and other resources; the trend
in the empower density in urban areas has also
been affected by urban sprawl (see figure 7). The
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increase in urban area tends to attract more
emergy inflows of nonrenewable sources (e.g.,
fuels, electricity), but a sprawling urban area is
likely to diffuse emergy flows spatially and de-
crease the empower density.

Urbanization and Emergy Sustainability

The environmental sustainability of a city may
be related not only to its metabolism but also to
land use changes. In a metropolitan setting, land
use is the most important socioeconomic driver
of ecosystem change. Although societies mod-
ify land cover to enhance various types of pro-
duction, this also accelerates the consumption of
energy and materials. The ELR, the ratio of non-
renewable and imported emergy use to renew-
able emergy use, in Taipei increased from 90.14
in 1982 to 224.33 in 2002 (see table 5). The
transformation of surrounding land due to urban
expansion has increased the demand for energy,
food, and other resources in Taipei. This, in turn,
affects the ability of natural ecosystems to provide
basic services to the urban system. The EIR is the
ratio of emergy obtained from outside a system to
the indigenous emergy inputs in urban areas. The
EIR of the Taipei area as a whole (e.g., 222.58 in
2002) is relatively high as compared to the EIR
of Taiwan (e.g., 13.89 in 2000).

The EYR, a ratio of the total emergy used
by a process to the emergy investment from
the outside, of undeveloped areas not only was
higher than that of the Taipei area as a whole
but also has increased significantly. The major
functional roles of undeveloped forest areas in
Taipei include providing water supply, electric-
ity, and other ecosystem services to urban areas.
The higher EYR in undeveloped areas suggests
that the services these regions provide are vi-
tally important to the economy of Taipei. The
ESI, a ratio of the EYR to the ELR, can mea-
sure the contribution of a resource or process to
the economy per unit of environmental loading.
Although the ESI for undeveloped areas and agri-
cultural areas is increasing, the ESI in Taipei is ex-
tremely low. Most manufacturing industries have
moved out of Taipei since the late 1990s, and
Taipei is now becoming a service-oriented city.
In addition, construction of major infrastructure
projects in Taipei peaked during the 1990s. The Ta
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changes in the functional character and develop-
ment stage of the city mean that there will be a
decrease in raw materials imports for manufactur-
ing and construction. This, in turn, should reduce
the loading on the environment in the future. For
further reduction of environmental loadings and
enhanced emergy sustainability, the prohibition
against converting undeveloped and agricultural
areas into built-up areas should be the most ur-
gent policy considered by the spatial planning
agencies of Taipei City and Taipei County.

Conclusion

Socioeconomic metabolism provides a frame-
work to examine human societies and their re-
lationships to the natural environment through
the analysis of physical processes of materials and
energy flow. But there are limitations. Relying ex-
clusively on weights or volumes and ignoring the
variation in the quality of the contents of each
material and resource flow can mean that one sig-
nificantly underestimates the relevant amounts of
resource throughput in a region. An analysis of
energetic socioeconomic metabolism should also
consider energy flows. These energy flows are not
accounted for in material flow analysis. Emergy
synthesis not only includes renewable sources but
also allows one to trace the quality of energy and
material flows through a society in considerable
detail.

To make urbanization sustainable, we must
first understand the relationships between cities
and their surrounding environment in the con-
text of resource consumption. Instead of using
material flow accounting, in this article we have
presented an urban energetic system, which ex-
tends material flow analysis by accounting for di-
rect and indirect energy flows and incorporating
emergy synthesis. This accounts for both mate-
rial and energy flows using a common solar en-
ergy unit. To examine the interaction between
periurban areas and urban areas, we have divided
Taipei into zones of undeveloped areas, agricul-
tural areas, and urban areas. The emergy synthe-
sis approach identifies multiple linkages and ex-
change pathways between the urban metabolism
and surrounding ecosystems and highlights nat-
ural and productive systems’ role in providing
life-support services to urban areas.

The case study of Taipei is an attempt to in-
vestigate urban sustainability through a socio-
economic metabolic lens. The results of our
analysis indicate that changes in land use and
socioeconomic metabolism not only are related
but provide an interesting basis for understand-
ing the energetic metabolism of an urban system.
Our analysis indicates that urbanization in Taipei
is causing unsustainable development through-
out the region. From a socioeconomic metabolic
viewpoint, a balanced coevolution among three
zones of undeveloped areas, agricultural areas,
and urban areas would enhance the sustainabil-
ity of the Taipei area. We envisage future use of
emergy synthesis for studying the socioeconomic
metabolism of an urban system through inves-
tigation of the driving forces of socioeconomic
metabolism on land use change. Moreover, re-
searchers can conduct emergy synthesis of the
subsystems within urban areas to investigate the
quality of infrastructure and built environments
where sprawl developed.
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Notes

1. Editor’s note: For analyses of the nonlocal environ-
mental impact of cities, see the special issue of this
journal, “Industrial Ecology and the Global Impact
of Cities” (volume 11, number 2, Spring 2007,
www3.interscience.wiley.com/journal/120127292/
issue) and the essay by Bai (2007).

2. Systems ecology takes a holistic approach to the
study of ecological systems. This interdisciplinary
field of ecology focuses on interactions between
components within ecological systems and is con-
cerned with the influences of human interventions.

3. One joule (J, SI) = 2.39 × 10−4 kilocalories (kcal)
= 9.48 × 10−4 British Thermal Units (BTU).

4. One square kilometer (km2, SI) = 100 hectares
(ha) ≈ 0.386 square miles ≈ 247 acres.

5. One square meter (m2, SI) ≈ 10.76 square feet (ft2).
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