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Urban metabolism analysis has become an important tool for the study of urban ecosystems. The
metabolism of a city can be seen as the processes by which the city transforms the materials and energy
it requires to sustain its socioeconomic activity. In the present study, we analyzed the anabolic and
catabolic flows that occur during Macao's urbanization processes. Macao is a tourist city with a dense
population, but is short on natural resources; thus, most of its life-support services depend on resource
imports from outside its system. We used mass, energy, and emergy analysis to quantify the metabolic
processes that occurred in Macao in 2013. Macao's anabolic and catabolic density both increased to high
levels due to a tremendous influx of visitors in 2013. By employing systems ecology based on mass,
energy, and emergy metrics, we were able to quantitatively describe the city's resource metabolism. We
found that by relying on a large amount of inflows to support anabolism compared with catabolic flows,
Macao was able to absorb large amounts of negative-entropy materials, and that these flows of resources
supported both its survival and its booming development. We also found tremendously high heat
dissipation, and that after accounting for catabolism, the city retained less than 10% of the total input for
anabolism.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Urban metabolism researchers have compared cities to biolog-
ical organisms (e.g., Pincetl et al., 2012). WhenWolman (1965) first
introduced the concept of an “urban metabolism”, he regarded
cities as analogous to ecosystems, and described howmaterials and
energy flowed into the system, in the same way that organisms in
an ecosystem consumed resources such as sunlight and food to
support their metabolism. As a consequence of this resource use,
products are created and wastes are generated by the system. Un-
derstanding the relationship between resource consumption and
the production of products, byproducts, and wastes is the key to
understanding how urban ecosystems persist. When a system
cannot obtain the resources it needs to survive internally (i.e., via
primary production, like that of the plants in a natural ecosystem),
it must obtain those resources from the environment that supports
the system. Similarly, if the system cannot absorb the byproducts
and wastes generated by its metabolic activities, the byproducts
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and wastes must be reutilized, detoxified, or eliminated. For an
urban ecosystem to function as well as a natural ecosystem, the
wastes generated by resource consumption must be reused
somehow to prevent them from accumulating and harming the
internal and external environments that sustain the system (Zhang,
2013).

Compared with mature ecosystems, cities are relatively imma-
ture due to their rapid growth and inefficient use of resources. In
addition, cities rely more strongly on ecosystems beyond the city
limits than is the case for more self-contained natural ecosystems.
As cities draw more and more resources from distant areas, they
also accumulate large amounts of materials (Huang and Hsu, 2003),
and discharge large quantities of wastes into the surrounding sys-
tems. Odum (1989, 1994) has observed that cities are among the
most heterotrophic ecosystems in the biosphere. From the
perspective of systems ecology, cities are self-regulating systems
that resemble super-organisms created for the benefit of human
beings and for sustaining their livelihoods (Odum, 1989). Prigogine
pointed out that systems that are far from equilibrium (i.e., dissi-
pative structures) can exist only as long as the system is sustained
by a continual flow of energy or matter (i.e., negative entropy) from
outside the system (Odum, 1994). Cities cannot be self-regulating
analysis of the metabolism of Macao, Journal of Cleaner Production
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without maintaining stable links with the external areas from
which they draw energy, food, and materials and into which they
release their wastes (Huang and Hsu, 2003).

Biological metabolism can be divided into two categories. In
catabolism, the organism breaks down organic matter and harvests
energy by means of cellular respiration (i.e., a dissipative process);
in anabolism, the organism uses energy to construct its compo-
nents (i.e., a constructive process). In Wolman's (1965) pioneering
article, “The Metabolism of Cities”, he developed a model of a hy-
pothetical large American city and used that model to calculate the
inputs of materials and outputs of wastes. Nearly half a century
later, Kennedy et al. (2007) defined the urban metabolism as “the
sum total of the technical and socio-economic process that occurs
in cities, resulting in growth, production of energy and elimination
of waste.” In humans, food and materials are consumed, energy is
utilized or stored, and wastes and heat are released to the air, land,
and water. In cities, metabolic flows arise from material use, food
consumption, and urban development; materials are stored as
infrastructure; and materials and wastes are moved through
manmade circulatory systems, with pollutants released to the air,
land, and water (Warren-Rhodes and Koenig, 2001).

During urbanization, an increasing number of people come to
live in an urban area. This results in physical growth of the urban
area, both horizontally and vertically. By 2014, 54% of the world's
population lived in urban areas, and this proportion is expected to
increase to 66% by 2050 (United Nations, 2014). Like all ecosystems,
cities require inputs of energy and materials, and therefore repre-
sent a dynamic and complex system. The city's social, economic,
and cultural systems cannot escape the rules that govern abiotic
and biotic flows in nature, so metabolic theory can be used to
quantitatively examine these flows.

The physical and biological processes that are used to convert
resources into useful products, byproducts, and wastes resemble
the human body's metabolic processes or the sum of these pro-
cesses for all organisms in an ecosystem. These processes are
governed by the laws of thermodynamics and conservation of
mass; that is, energy is conserved for the system as a whole, and
anything that enters the system and that is not converted into a
permanent structure will leave the system as wastes; since no
process is 100% efficient, the amount of wastes is therefore pro-
portional to the amount of resources consumed. By looking at the
city as a whole and by analyzing the pathways along which energy
and materials (both resources and wastes) flow, it is possible to
identify problems and design management systems and technol-
ogies that can mitigate or solve the problems, thereby allowing
reintegration of natural processes, increasing the efficiency of
resource use, recycling wastes as valuable materials, and
conserving or even producing energy (Newman, 1999).

On both macro and micro levels, the systems that make up an
urban metabolism require sufficient flows of energy and matter
from the external environment to create and maintain order and
self-organization (Pulselli et al., 2009). Over time, a city processes
these resource inputs, and metabolizes them into the components
of the urban system, its products, and its wastes. From a human
perspective, the desired primary result of these processes will be
the creation of new order or the maintenance of an existing order.
During those processes, entropy will inevitably be produced as a
by-product of the energy flows (Higham, 2013).

The low-entropy inputs that sustain an urban metabolism must
be provided from another open system because urban systems, at
least in their present form, cannot generate sufficient quantities of
matter and energy internally to meet their metabolic needs. When
the required resources come from another system, this represents a
loss of that system's own resources. For example, when wood en-
ters an urban system as a source of materials for use in creating or
Please cite this article in press as: Lei, K., et al., Mass, energy, and emergy
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maintaining a building, the wood was removed from the forest of
another system, and the exported energy and matter contained in
that wood is completely lost to that source system (Higham, 2013).
In turn, the forest system may also receive energy (e.g., heat) and
materials (e.g., CO2, treated sewage) from the urban system. How-
ever, the city depends more on the external environment than that
environment depends on the city.

Since the concept of “embodied energy” (emergy) was first
introduced in the 1980 by Odum and Odum (1980, 1982, 1984), and
Scienceman (1987), emergy has attracted increasing interest from
researchers. Embodied energy is the sum of all the energy required
to produce any good or service, considered as if that energy was
incorporated (“embodied”) in the product itself from the original
solar energy. Emergy analysis considers all systems to be networks
of energy flows and determines the emergy value of all flows
through a system by means of a synthetic (“accounting”) approach.
Synthesis of emergy flows provides an energy basis for quantifying
and valuing the goods and services embodied in an ecosystem,
particularly when the units of measurement differ among those
flows. Since the early 1980s, the emergy framework has been
widely used to analyze systems as diverse as ecosystems, in-
dustries, and economies (Lei et al., 2014). The relevant indices and
ratios that describe the flows of emergy can be used to evaluate the
behavior of both ecological and economic systems, as well as hybrid
ecologicaleeconomic systems (Brown and Ulgiati, 1997). The use-
fulness of Odum's emergy accounting methodology for urban
ecosystems has been demonstrated in numerous studies, including
Huang and Odum (1991), Lan and Odum (1994), Huang (1998),
Odum and Odum (2001), Lan et al. (2002), Huang and Hsu
(2003), Huang et al. (2006), Lei et al. (2006, 2014), Lei and Wang
(2008a, 2008b), Huang and Chen (2009), Liu et al. (2011), Song
et al. (2012), Yang et al. (2012, 2014), and Zucaro et al. (2014).

Urban metabolism provides a model that facilitates the
description and analysis of the flows of materials and energywithin
a city. Huang and Hsu (2003) demonstrated the use of resource and
material flow analysis to investigate changes in an urban area's
sustainability that result from construction of a city. Huang et al.
(2006) incorporated emergy synthesis to summarize the socio-
economic metabolism of Taiwan from 1981 to 2001. Yang et al.
(2012) employed the emergy synthesis approach to deal with
household metabolism and cross-boundary environmental effects
between the urban core of Xiamen, China, and its “urban footprint
region”. There has also been research that focused specifically on
catabolism. For example, Lei and Wang (2008a) and Song et al.
(2013) researched the treatment of wastes in Macao. Song et al.
(2012) analyzed the treatment of electronic wastes in China in
2010 using life-cycle analysis and emergy synthesis.

In the present study, we applied the urban metabolism concept
to quantity the flows of resources (inputs of energy and materials)
and of wastes (solid, liquid, and gaseous) through an urban
ecosystem, using China's Macao Special Administrative Region as a
case study. Using this approach, we classified the inflows of re-
sources to sustain anabolism and the outflows of wastes created by
catabolism into relevant components according to their functions
and states. By comparing these results with those from previous
analyses of two other large cities, Taipei and Rome, we provide
insights into the anabolic and catabolic process within the meta-
bolic systems of the three cities.

2. Methodology

2.1. The urban metabolism concept

The current application of material-flow analysis uses masses
to represent the inflows to and outflows from an urban
analysis of the metabolism of Macao, Journal of Cleaner Production
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metabolism (Huang et al., 2006). However, not all flows can be
weighed, and some of these flows can be too important to ignore.
Haberl (2001) proposed that both energies and materials must be
accounted for to broaden the scope of the metabolic approach and
fully exploit its potential to support sustainable development.
Haberl (2001) also argued that the analysis of energy flows is
essential to achieving a complete understanding of a socioeco-
nomic metabolism because such a metabolism is only possible
when a continuous inflow of energy provides the driving force to
power the flows. In practice, understanding an urban metabolism
requires quantification of the inputs, outputs, and storage of both
energy and materials (water, nutrients, other materials, and
wastes). During urbanization, the city's metabolic rate increases,
leading to accelerated consumption of natural resources, losses of
farmland and forest, decreases of species diversity, and increased
traffic and pollution.

By analogy with biological metabolic processes (Fig. 1a), we can
track inflow materials to learn the different functions they perform
in urban metabolic processes. For example, materials such as food
and water directly sustain human life; other materials, such as fuel
and electricity, support transportation, drive mechanical processes,
and provide goods and services for citizens, and others, such as
sand and stone, are stored in the city's infrastructure and support
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its expansion (Fig. 1b). To support our case study of the urban
system of Macau, we classified the functions of the imported
anabolic resources as life-support resources (food and domestic
water), self-organization resources (electricity and fossil fuels),
living resources (materials, goods, services), and development re-
sources (minerals, sand, and stone). Here, self-organization refers
to the manner in which patterns or order of system components
and relationships based on interactions among the components of
the system (Odum, 1988). We classified the catabolic flows as dis-
charged wastes, including sewage, solid wastes, and emitted gases
and dissipated heat. Table 1 summarizes the specific flows that we
quantified in the present study.

Several metrics can be used to quantify metabolic activities and
their relationships. These include the anabolism to catabolism ratio,
the per capita anabolism, and the anabolism per unit area. In
addition, heat dissipation should be quantified because metabolic
processes are never perfectly efficient, and some of the energy they
consume is lost to the system due to the second law of thermo-
dynamics (i.e., entropy; Odum, 1995). The total entropy of a system
always increases. Like biological systems, cities experience energy
losses to entropy, but because cities are less efficient than living
systems, these losses tend to be larger both in absolute terms and as
a function of total energy flows.
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Table 1
Descriptions of the anabolic and catabolic components of urban metabolism that were measured in the present study.

Component Materials Description Abbreviation
(R, resources; W, wastes)

Anabolism Life-support resources Food, water Provide materials and energy to support the animal and
human populations.

Life R

Order maintenance resources Electricity, fossil fuels Energy required to move materials and people from one place
to another, and to power mechanical and electronic equipment.

Order R

Living resources Materials, goods, raw and
processed materials

Materials that citizens consume for activities other than life
support, or to repair infrastructure and equipment.

Living R

Development resources Minerals, sand, stone Construction materials for expanding the city and repairing
its infrastructure.

Develop. R

Catabolism Liquid wastes Sewage Liquids with low economic value after water has been used
by humans or industry.

Liquid W

Solid wastes Garbage, manufacturing
waste products

Solid materials with low economic value that are discarded
after use; most of these wastes are incinerated in Macao.

Solid W

Gaseous wastes Gases emitted by human
and industrial processes

Gases emitted by catabolic processes, including CO2, CO,
nitrogen oxides, and SO2.

Gas W
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Fig. 2. Illustration of the inputs and outputs for three different types of system: (a) a
system in which a single input flow is split into multiple additional flows; (b) a pro-
duction system with products and byproducts; and (c) a consumption system with
waste generation as its outputs. Redrawn based on Fig. 7b in Brown and Herendeen
(1996).
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2.2. The emergy synthesis (accounting) method

Emergy synthesis was proposed by Odum (1988) for ecosys-
tems, and it has since been adapted to quantify the flows of ma-
terials, energy, and currency through complex
ecologicalesocioeconomic systems (e.g., Yang et al., 2014). Emergy
represents the amount of energy required to produce a good or
service, and accounts for the conservation and loss of energy during
all steps involved in the production of the good or service as a result
of the laws of thermodynamics (Lei et al., 2014). To provide a
consistent basis for accounting, emergy is measured in solar
emjoules (sej), which requires a conversion from the original units
(e.g., mass, currency) into sej. The conversion is performed using a
conversion factor called the transformity; when values are
compared based on sej, it is called the solar transformity. This value
represents the quantity of solar emergy (sej) that would be required
to provide 1 J of a good or service (Odum, 1996; Brown and Ulgiati,
2004). Solar transformity is thereforemeasured in sej J�1. In the rest
of this paper, wewill use En to represent energy and Em to represent
emergy. Transformity (Tr) is calculated as follows:

Tr ¼ Em=En (1)

where Em is the product's solar emergy (sej) and En is the available
energy (J). Since the goal of emergy accounting is to calculate
emergy, this can be reformulated as follows:

Em ¼ Tr En (2)

This method is grounded in thermodynamics and general sys-
tems theory (Bakshi, 2002). Since all driving processes that support
the biosphere (the sun, Earth's deep heat, tidal energy, and the
energy of wind and rain) are incorporated in this framework,
emergy evaluation accounts for all of the processes and resources
required to support a system (Herendeen, 2004).

In previous analyses of limited systems, the system has been
analyzed for single or multiple outputs, such as products and by-
products (e.g., gaseous wastes), and its emergy equaled the sum
of the inputs into the system (Brown and Ulgiati, 1997). Brown and
Herendeen (1996) proposed a more complex analysis in which one
of the outputs was divided into two or more branches of the
pathways that flow through a system, with the emergy assigned
proportionally to each branch based on its proportion of the total
available energy or mass flow before the split. In the present study,
we adapted this approach to account for the generation of three
kinds of wastes.
Please cite this article in press as: Lei, K., et al., Mass, energy, and emergy analysis of the metabolism of Macao, Journal of Cleaner Production
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Fig. 2a illustrates a system in which a flow is split into two or
more subordinate flows (here, A and B), of which one (A) splits into
two additional subordinate flows (A1 and A2). Fig. 2b illustrates a
production system that generates both products and byproducts as
its outputs; again, the emergy flow of every output equals the total
inputs. Finally, Fig. 2c shows a typical consumption system such as a
city that produces wastes as a result of its consumption activities.
For a city such as Macao that has only a small manufacturing sector,
the production (output) of physical products is near zero, and all of
the output comes in the form of discharged wastes and dissipated
heat. The difference between the anabolic and catabolic flows of
energy represents the dissipated heat. The emergy balance equa-
tion for each of these three systems can be described as follows:
X

EmInput ¼
X

EmOutput (3a)

This assumes that all input and output flows have been
accounted for and that emergy is therefore conserved. For the
specific system in Fig. 2c, this can be presented in more detailed
form:
X

EmInput ¼ EmSolid waste þ EmLiquid waste þ EmGas waste (3b)

2.3. The heat dissipation energy of an urban metabolism

A system's heat balance represents the difference between flows
of heat into the city (e.g., as solar radiation or as waste heat
generated by the consumption of energy) and the loss of heat by
radiation (e.g., infrared radiation lost to space) and by mass-
transfer processes (e.g., convection, flows of water). This balance
depends on many factors; for example, the absorption of incident
solar radiation varies in response to changes in atmospheric and
surface factors such as cloud cover, atmospheric aerosols, and
vegetation and land use patterns, whereas the outgoing radiation is
also affected by these factors and by the surface emissivity. These
factors all vary over time and space. For a city in equilibrium, the
inflow of thermal energymust equal the loss of heat; if the inflow is
greater than the outflow, the city warms up, whereas if the outflow
is greater than the inflow, the city cools. The balance fluctuates both
annually (between cooling in winter and warming in summer) and
diurnally (between warming during the day and cooling at night).

According to the law of conservation of energy, the total energy
of a closed systemmust remain constant because there is no gain or
loss of energy from the system. However, since a city is an open
dissipative system, some heat will enter or leave the system, and if
the outflow is greater, the city emits rather than absorbs heat. This
balance can be defined as follows:

EnHeat dissipation ¼
X

EnAnabolism �
X

EnCatabolism

¼
X

EnInflow �
X

EnOutflow (4)

2.4. The energy and emergy of gas emissions from a city

Flows of solid and liquid wastes are relatively easy to quantify,
and good statistical data is available on these flows in Macao.
However, gases aremore difficult to quantify, and are not tracked in
official statistics. To solve this problem, a number of analytical
methods that fit the conditions in Macao were adopted in the
evaluation of atmospheric emissions (Environmental Protection
Bureau, 2013). Gaseous emissions have traditionally not been
included in emergy accounting because of a lack of statistical data.
Given the high magnitude of these emissions from agricultural and
Please cite this article in press as: Lei, K., et al., Mass, energy, and emergy
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urban systems, these emissions should not be neglected. In the
present study, we developed an innovative approach to account for
gas emissions and provide a more complete picture of Macao's
metabolism. In Macao, the dominant greenhouse gases that are
emitted are CO2, CH4, and N2O. Other emitted gases and airborne
pollutants include CO, SOx, NOx, NH3, non-methane volatile organic
compounds, total suspended particulates, and respirable sus-
pended particulates. Because total suspended particulates and
respirable suspended particulates have no significant potential
energy content (see below), we have not included them in our
analysis. Some of the emitted gases (the ones that are incompletely
oxidized) also have chemical potential energy based on the energy
that would be released when they are oxidized. Chemical potential
energy is energy that is stored in atoms and the bonds between
atoms and can be released by various chemical reactions.

We can express the potential chemical energy of a gas using the
following equation:

En ¼ MgasHpotential (5)

where Mgas represents the mass of the emitted gas, and Hpotential
represents the heat emitted per unit mass when the gas is oxidized.
This can be converted into emergy terms using the following
equation:

EmGas waste ¼ EmAnabolism subtotal � EmSolid waste � EmLiquid waste

(6)
3. Results and discussion

Macao, which has been the focus of interactions between the
Westernworld and China for more than 400 years, is located on the
western coast of the Pearl River estuary in southeastern China. The
city lies between 111�3103300E and 111�3504300E, and between
22�0603900 N and 22�1300600N. The city consists of the Macao
Peninsula, Taipa Island, Coloane Island, and some reclaimed land. In
2013, it had a population of 607 500 and covered an area of
31.3 km2 (Statistics and Census Service, 2014). Pursuant to an
agreement between China and Portugal on 13 April 1987, Macao
became China's Macao Special Administrative Region on 20
December 1999. Because of Macao's architectural and cultural
heritage, the city was named a UNESCO World Cultural Heritage
site in 2005.

Macao depends upon imports for the daily necessities of life
(water, food, fuel, raw materials, and goods). Its economy has
maintained robust growth and sustained prosperity based on the
gambling and tourism industry. In 2013, Macao's GDP reachedMOP
413.47 � 109, which was equivalent to US$51.76 � 109 in 2013; of
this total, the booming gambling industry attracted 29.3 � 106

tourists and contributed taxes amounting to US$16.82 � 109

(Statistics and Census Service, 2014). By liberalizing the gambling
industry, the government also set in motion a large-scale process of
tourism development.

Urban ecosystems consist of a large number of people living in
close proximity. They serve as centers for both residential and
commercial activities. The survival of such ecosystems and main-
tenance of their internal structures depend on inflows and outflows
of goods and services (Huang and Chen, 2005). From the perspec-
tive of the living species within the ecosystem, the ecosystem is not
ecologically self-contained or self-sufficient; that is, it is sustained
primarily by biophysical processes that occur outside the city to
supply resources as inputs for the city's metabolism. Highly
populated cities such as Macao could not exist without the support
of a large surrounding ecosystem (Huang and Odum, 1996). These
resources are concentrated in rural areas, where solar energy is
analysis of the metabolism of Macao, Journal of Cleaner Production
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stored in biological materials, accumulated, used to support
moderately urbanized regions, and finally, transferred to the high-
density city, which exchanges emergy with the surrounding
ecosystem through inflows of these resources and outflows of
products, byproducts, services, and wastes (Huang and Odum,
1996). However, the overall flow of materials and energy is in-
wards from the surrounding ecosystem, resulting in concentration
of the energy in the city. In our case study, Macao receives most of
its life support energy and materials from the surrounding areas of
Mainland China.

Wastes represent an important component of the materials and
energy that are produced by an urban system, and most have at
least some usable energy that can be recycled. However, the cost of
this reuse can be very high, particularly if the wastes must be
treated before they can be reused. InMacao, the energy and emergy
of gas emissions are important components of the urban
metabolism.

3.1. Input and output flows for Macao

To make these abstract concepts more concrete, we will present
an analysis for the Chinese city of Macao. Except where otherwise
noted, the data used in this study were provided by the Statistics
and Census Service of Macao (Statistics and Census Service, 2014)
and the Environmental Protection Bureau of Macao (2014). The
electricity imported from China totaled 4058.6 GWh in 2013
(Statistics and Census Service, 2014), which accounted for about
91.5% of the total electricity consumption. Table 2 summarizes the
anabolic and catabolic flows for Macao in 2013, the most recent
year for which comprehensive data is available. The raw data for
key categories of inflows and outflows are provided in
Supplemental Tables S1 (foods), S2 (minerals), S3 (raw and pro-
cessed materials), and S4 (goods). The most recent gas data that
were available were from 2012.

Fig. 3 summarizes the input and output flows for Macao's
catabolism and anabolism, and Table 3 summarizes the gas emis-
sions fromMacao and the associated energy values associated with
these flows. Because no gas emission data were available for 2013,
we assumed that the emissions in that year equaled the values in
2012.

Table 4 summarizes the anabolic and catabolic components of
Macao's metabolism in 2013. The last row of the table equals the
difference between the totals for anabolism and catabolism. Fig. 4
summarizes the mass, energy, and emergy balances based on this
data.
Table 2
Anabolic and catabolic emergy flows for Macao in 2013.

Metabolic flows Material
imports (kg)

Material
exports (kg)

Net mass
inflow (kg)

Net en
inflow

1. Food 5.01Eþ08 0.10Eþ08 4.91Eþ08 5.36E
2. Water 8.66Eþ10 e 8.66Eþ10 4.28E
3. Electricitya e e e 1.46E
4. Fuel 5.09Eþ08 8.49Eþ03 5.09Eþ08 2.11E
5. Raw materials 6.77Eþ08 0.507Eþ08 6.26Eþ08 1.44E
6. Goods 8.65Eþ08 1.12Eþ08 7.53Eþ08 5.85E
7. Minerals 3.26Eþ09 0.0496Eþ09 3.21Eþ09 3.26E

Waste outflowsc Outflow
mass (kg)

Heat value
(kcal/kg)

Heat value
(J/kg)

Energ

8. Solid waste 3.70Eþ08 1.45Eþ03 6.07Eþ06 2.24E
9. Liquid waste 7.84Eþ10 e 4.91Eþ03 3.85E

a The electricity purchased from China totaled 4058.6 GW-h in 2013, for an equivalen
b Details are provided in Supplemental tables S1 (foods), S2 (minerals), S3 (raw and pro

and the emergy was calculated using Equation (2).
c Details of gas emissions are provided in Table 3.
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Table 4 shows that the ratio of anabolism to catabolism for
mass was 1.09, with a mass balance (anabolism minus catabolism)
of only 7.73 � 109 kg, or 8.38% of the anabolic resources. The
anabolic resources are mostly converted into catabolic resources,
but the surplus will remain in the urban system in the form of
infrastructure and buildings created during expansion of the city.
The ratio of anabolism to catabolism for energy was 13.1, and
represents a large imbalance in terms of high anabolism. Most of
the anabolic energy was used to provide foods, goods and services,
housing, and transportation for the residents. At the same time,
these processes dissipated tremendous amounts of heat energy;
the energy balance (anabolism minus catabolism) was
3.93 � 1016 J, which equaled 92.3% of the anabolic energy. In urban
systems, anabolic resources are mostly used to support human
activities, and energy is dissipated as heat when it changes be-
tween forms, according to the second law of thermodynamics
(Odum, 1996). Urban systems can therefore be treated as dissipa-
tive systems; these are thermodynamically open systems that
operate out of thermodynamic equilibrium (and often far from this
equilibrium) in an environment with which they exchange energy
and matter (Odum, 1994). The ratio of anabolism to catabolism for
emergy was 1, which suggests that when all flows are accounted
for, including exchanges with the external environment, there is
no net flow of emergy, which agrees with the emergy concept and
its principle that total inputs balance total outputs (Brown and
Ulgiati, 1997).

3.2. Metabolic components for Macao

Fig. 5 summarizes the mass, energy, and emergy values for the
anabolic components (positive values) and catabolic components
(negative values) of Macao's metabolism. Fig. 5a shows that Life R
was the main anabolic component, accounting for 94.5% of the total
anabolism in mass terms. For catabolism, Liquid W was the main
item, and accounted for 98.0% of the total catabolism inmass terms.
Inputs of liquids and food were core anabolic resources that were
essential for Macao's survival and development, and had corre-
spondingly high waste discharges.

Fig. 5b shows that Order Rwas the main anabolic component on
an energy basis, accounting for 83.9% of the total anabolic energy.
Life R was the second largest anabolic component, accounting for
14.4% of the total anabolic energy. For energy catabolism, Solid W
and GasWwere the twomain components, accounting for 68.9 and
18.6% of the total catabolic energy. After the completion of meta-
bolic activities, only 7.7% of the energy remained in the catabolic
ergy
(J)

Transformity
(sej/J)

Note or source of transformity Net emergy
(1021 sej)

þ15 Summary of foodb 6.49
þ14 6.60Eþ05 Lan et al. (2002) 0.28
þ16 1.60Eþ05 Odum (1996) 2.34
þ16 5.40Eþ04 Odum (1996) 1.13
þ15 Summary of raw materialsb 2.88
þ11 Summary of goodsb 5.47
þ12 Summary of mineralsb 2.32

y (J) Transformity
(sej/J)

þ15 1.80Eþ06 Huang and Odum (1996) 4.04
þ14 6.66Eþ05 Huang and Odum (1996) 0.25

t energy of 1.46 � 1016 J.
cessed materials), and S4 (goods). Net inflowwas classified into different categories,
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Fig. 3. The components of Macao's emergy metabolism in 2013 (values are �1021 sej).
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wastes, whichmeans that energy dissipation accounted for 92.3% of
the total imported energy. Energy is the main driving force in a
dissipative urban system. The two main anabolic resources are
imported fossil fuels and electricity, which provide the energy for
processes such as transportation, domestic life, cooking, and air
conditioning; they are therefore essential for maintaining order
and a suitable habitat for residents. Since urban systems are
separated from natural energy sources such as light and wind,
tremendous inputs of nonrenewable resources are required.
Table 3
Gas emissions and the associated potential energy in 2012 (substances that cannot b

Gas or substance Mass (t)

CO 18,158
SOX 3537
NOX 12,214
NH3 1641
NMVOCc 9946
CO2 1,240,000
CH4 2163
N2O 222
Total 1,288,945

a Because no gas emission data were available for 2013, we assumed that the emi
b Heating value cited from Graham and John (2011) and Domalski (1972).
c NMVOC, non-methane volatile organic compounds.

Source: Environmental Protection Bureau (2014).

Table 4
Summary of Macao's anabolic and catabolic metabolism in 2013.

Metabolism Component Explanation

Anabolic Life R Net food and water imports
Order R Net electricity and fuel imports
Living R Net raw, processed materials, and goods imp
Develop. R Net mineral imports
Subtotal of anabolism

Catabolic Liquid W Remove sewage
Solid W Remove rubbish
Gas W Gas emissionsa

Subtotal of catabolism
Balance: anabolism minus catabolism

a Gas waste emergy results come from Equation (6).
b Net mass imports are stored in the city because they are used to expand the city thr
c The energy balance mainly represents heat dissipation, and the action of the system
d If all flows of energy and materials are adequately accounted for, the emergy balanc

Please cite this article in press as: Lei, K., et al., Mass, energy, and emergy
(2015), http://dx.doi.org/10.1016/j.jclepro.2015.05.099
Fig. 5c shows that Living R and Life Rwere the twomain anabolic
emergy components, accounting for 39.8 and 32.2% of the total
anabolic emergy, respectively. These resources have inherently low
levels of entropywhen they enter the urban system. For the catabolic
components, Gas W and Solid W were the two main catabolic com-
ponents, accounting for 79.1 and 19.6% of the total catabolic emergy.

Metabolic density (the emergy per capita or per unit area) is a
good indicator to express the scale of a city's metabolism and the
magnitude of the pressure it imposes on an urban ecosystem.
e combusted have a heat value of zero).a

Heat valueb (�106 J/kg) Potential energy (�1014 J)

10.11 1.84
0 0
0 0
18.65 0.31
28.55 2.84
0 0
50.23 1.09
0 0

6.07

ssions in that year equaled the values in 2012.

Mass (�109 kg) Energy (�1015 J) Emergy (�1021 sej)

87.11 6.11 6.64
0.51 35.70 3.47

orts 1.38 0.726 8.22
3.21 0.0032 2.32

92.21 42.50 20.65
82.82 0.407 0.27
0.37 2.24 4.04
1.29 0.607 16.34a

84.48 3.26 20.65
7.73b 39.28c 0.00d

ough construction, infrastructure development, etc.
's biotic components.
e should be zero (based on the concept of conservation of energy).
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Table 5 summarizes Macao's metabolic density. The per capita mass
anabolic density was 1.52� 105 kg per capita, and the value per unit
area was 2.95 � 103 kg/m2. Both values are very high because
Macao lacks sufficient natural resources, so even water is imported
from Mainland China.

The per capita energy anabolic density was 7.00 � 1010 J, versus
an area density of 1.36 � 109 J/m2. The per capita emergy anabolic
density was 3.40 � 1016 sej, versus an area density of
6.60 � 1014 sej/m2. This is very high due to Macao's high level of
socioeconomic activity, which leads to an equally large urban
metabolism. We found the total emergy use, which included
renewable resources, material inflows, and service inflows, reached
3.71 � 1022 sej in Macao, amounting to total densities of
6.10 � 1016 sej per person and 1.18 � 1015 sej/m2.

3.3. Comparison of Macao's material and energy consumption with
those of Taipei and Rome

Comparing mass, energy, and emergy balances between regions
and years provides important insights into the metabolic pressures
faced by a city as a result of its development trends, and insights
into whether it uses matter and energy efficiently or inefficiently
compared with other regions. The higher the metabolic density is,
the higher the pressure on the environment imposed by a city or
region.

To provide a basis for examining the magnitudes and efficiency
of Macao's flows of materials and energy, we chose two different
cities for which data comparable to that in the present study was
available: Taipei (Huang and Chen, 2007) and Rome (Ascione et al.,
2009). Taipei is located in the northern part of Taiwan, and is the
island's key urban center. The city has an area of about 2325 km2,
and its total population is approximately 6.2 million, having
increased by about 25% during the past decade. On average,
approximately 2 � 106 m2 of building floor area per annum were
constructed between 1981 and 2002, mainly in response to the
rapid urbanization. During recent decades, Taiwan has experienced
rapid economic growth, with associated expansion of urban areas
and high rates of per capita consumption. Its GNP reached
211.21 � 109 US$ in 2002, and its successful economy was called
one of the “four little dragons” in Asia. Most of its resources were
imported from outside the city and other countries due to a lack of
natural resources (Huang and Hsu, 2003).

Rome, one of Europe's largest cities and the capital of Italy, is
characterized by a high landscape complexity. The city covers
1300 km2 (Ascione et al., 2009). It is also the country's largest and
most populous city. In 2002, its populationwas 2.54million. Rome's
economy is characterized by an absence of heavy industry; instead,
Please cite this article in press as: Lei, K., et al., Mass, energy, and emergy
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it is dominated by services, high-technology companies, research,
construction, and commercial activities (especially banking), but
tourism is also extremely important to its economy (Ascione et al.,
2007).

Table 6 presents the results of our comparison of the three cities.
Because of a lack of internal resources for production of food and
water, all three cities imported most of their life resources. The
percentages of mass anabolism accounted for by Life R ranged from
92.4% (Rome) to 97.8% (Taipei), indicating that the survival of all
three cities depended heavily on outside inputs from nearby re-
gions. Development R was the second most important resource,
accounting for 1.2% (Taipei) to 5.5% (Rome) of total anabolism on a
mass basis. Of the components of catabolism, Liquid W was the
dominant component, accounting for 98.4% of the total for Macao;
we could not find comparable data that would allow this calcula-
tion for Rome. The per capita Solid W was 609 kg for Macao, much
high than 283 kg for (Taipei), since the recycling ratio for solid
waste was very high in Taipei.

The per capita Order R was very high in Macao (Table 6); it
accounted for 83.9% of the total anabolic metabolism on an energy
basis. Per capita Order R was 5.88 � 1010 J for Macao, 5.93 � 1010 J
for Taipei, and 8.68 � 1010 J for Rome. Thus, this component plays
an important role to maintain order for the cities. The total per
capita anabolism energy was also high, at 7.00 � 1010 J for Macao,
7.44 � 1010 J for Taipei, and 15.87 � 1010 J for Rome.

The total per capita anabolism emergy was high, at 3.40 � 1016 J
for Macao, 1.94 � 1016 J for Taipei, and 4.18 � 1016 J for Rome. Rome
inputs the most Development R to sustain its urban development.
Although the three cities show different patterns among the
various components of emergy as a result of differences in their
physical and socioeconomic environments, as well as differences in
the input data used for our comparison, they all nonetheless
showed high flows of materials and emergy. In addition, the Gas W
emergy was tremendously high for the cities because of their
dependence on fossil fuels for energy, and cannot be neglected in
future research.

4. Conclusions

Our results demonstrated that because Macao relies on a highly
profitable gambling industry and unbalanced exchanges of re-
sources with its external environment (i.e., much greater inputs
than outputs), anabolic processes accounted for a high proportion of
Macao's metabolism. Macao relied heavily on external support
systems to support its survival and absorb its wastes. We reached
the followingmain conclusions based on the results of our analyses:

1. The city's mass metabolism was mostly balanced, as was its
emergy metabolism, but the energy loss through heat dissipa-
tion was very high, accounting for most of the energy and
resulting in a much higher energy anabolism than energy
catabolism. Macao's large population and scarce resources
create a requirement for large energy inflows to support the
city's metabolism.

2. On a mass basis, Life R was the largest anabolic component of
the city's metabolism. Among the anabolic resources, water was
the most important material, since the city lacks sufficient re-
sources to meet its own water needs. On the other hand, Liquid
W was the main catabolic component. This suggests that
Macao's environmental managers should seek ways to reduce
inflows of water, perhaps by implementing stricter water con-
servation measures and greatly increasing treatment and reuse
of waste water.

3. On an energy basis, Order R played the dominant role since
transportation and electricity consumption accounted for large
analysis of the metabolism of Macao, Journal of Cleaner Production



Table 5
Macao's metabolic density in 2013 in mass, energy, and emergy units.

Explanation Mass (kg/unit) Energy (J/unit) Emergy (sej/unit)

Per capita
Anabolism 1.52Eþ05 7.00Eþ10 3.40Eþ16
Catabolism 1.39Eþ05 5.32Eþ09 3.40Eþ16
Per unit area (m2)
Anabolism 2.95Eþ03 1.36Eþ09 6.60Eþ14
Catabolism 2.70Eþ03 1.03Eþ08 6.60Eþ14

(a) Metabolism  (mass basis, ×1010 kg)
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Fig. 5. Summary of the anabolic (positive) and catabolic (negative) components of Macao's metabolism (a) on a mass basis, (b) on an energy basis, and (c) on an emergy basis.
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proportions of the inputs, which is typical of such an artificial
system. On the other hand, Solid W was the main catabolic
component, and because Macao relies on incineration for
disposal of these wastes, this component has a high heat value
and contributes greatly to the generation of waste heat and heat
dissipation. This suggests that Macao's environmental managers
should look for ways to capturemore of this waste heat, possibly
to generate more electricity.

4. On an emergy basis, Living R was the largest anabolic compo-
nent, since the production of goods and services was important
analysis of the metabolism of Macao, Journal of Cleaner Production



Table 6
Summary of the per capita consumption of materials and energy in the metabolisms of Macao (present study), Taipeia (Huang and Chen, 2007), and Romeb (Ascione et al.,
2009).

Metabolism component Per capita consumption

Macao (2013) Taipei (2002) Rome (2002)

Mass (kg) Energy (J) Emergy (sej) Massc (kg) Energyc (J) Emergy (sej) Massc (kg) Energyc (J) Emergy (sej)

1. Life R 1.43Eþ05 1.01Eþ10 1.09Eþ16 1.10Eþ05 8.42Eþ09 8.63Eþ15 1.29Eþ05 3.21Eþ09 7.50Eþ15
2. Order R 8.38Eþ02 5.88Eþ10 5.71Eþ15 1.10Eþ03 5.93Eþ10 5.72Eþ15 1.73Eþ03 8.68Eþ10 1.14Eþ16
3. Living R 2.27Eþ03 1.20Eþ09 1.35Eþ16 2.40Eþ15 1.64Eþ03 5.55Eþ10 1.08Eþ16
4. Develop. R 5.28Eþ03 5.28Eþ06 3.81Eþ15 1.35Eþ03 6.74Eþ09 2.64Eþ15 7.22Eþ03 1.32Eþ10 1.21Eþ16
1 þ 2þ3 þ 4 1.52Eþ05 7.00Eþ10 3.40Eþ16 2.00Eþ05 7.44Eþ10 1.94Eþ16 1.40Eþ05 15.87Eþ10 4.18Eþ16

5. Liquid W 1.36Eþ05 6.70Eþ08 4.45Eþ14 1.28Eþ05 6.25Eþ08 4.16Eþ14
6. Solid W 6.09Eþ02 3.69Eþ09 6.65Eþ15 2.83Eþ02 1.71Eþ09 3.08Eþ15 6.51Eþ02
7. Gas W 2.12Eþ03 1.79Eþ09 2.69Eþ16 1.59Eþ16
5 þ 6þ7 1.39Eþ05 6.15Eþ09 3.40Eþ16 1.94Eþ16 4.18Eþ16

a The data for Taipei were obtained from Table 2 of Huang and Chen (2007), “Summary of emergy synthesis of material and energy flows of Taipei's urban area: 1982e2002”,
thenwere divided by the population of 5million. Data for water and foodwere assigned to “Life R”. Data for coal, petroleum derivatives, and electricity were assigned to “Order
R”, goods to “Living R”, and sand, gravel, asphalt, and cement to “Develop. R”.

b The data for Rome were obtained from Table 2 of Ascione et al. (2009) “Matter, energy and emergy flows supporting the urban system of Rome”, then were divided by the
population of 2.54 million. Data for water and food were assigned to “Life R”. Data for coal, petroleum derivatives, and electricity were assigned to “Order R”, goods to “Living
R”, and sand, gravel, asphalt, and cement to “Develop. R”. We obtained supplemental mass data from their Appendix A.

c Wherewe lacked data onmass or energy, we used the “energy intensity” to convert the data in these columns. Energy intensity values were obtained from Luo et al. (1987)
and are summarized below:

Category Energy intensity (J/g)

Fish 4,186
Meat 24,279
Fruits and vegetables 4,270
Milk, cheese, and derivatives 7,116
Cereals and derivatives 15,488
Wine and alcohol 5,442
Olive and seed oils 23,023
Gasoline 43,124
Diesel fuel 43,124
LPG 50,200
Heavy oil 50,200
Natural gas 42,705
Steel and iron 30,000
Copper 60,000
Aluminum 60,000
Glass 40,000
Plastics 50,000
Asphalt 37,512
Chemicals 40,000
Wood 14,651
Textiles 20,000
Paper and derivatives 35,000
Fertilizers 40,000
Cement 4,800
Sand and gravel 1,500
Rocks 1,500
Cement 4,800
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for Macao's economy, and had a high emergy transformity. In
contrast, Gas W was the largest catabolic component, since gas
emission occurs at the end of processes and had a high trans-
formity. This suggests that Macao's environmental managers
should consider alternatives to incineration of wastes, such as
recovery and recycling of valuable resources and a reduction of
consumption (or more efficient consumption) at the source,
where wastes are generated.

There is a perception that cities are inherently disordered
comparedwith natural systems, but in fact, both are highly ordered.
For both natural and urban systems, inflows of energy and mate-
rials must be sustained for the system to be able to maintain its
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order; if these inflows are insufficient, the system's storage com-
ponents (e.g., trees in a forest, buildings in a city) will begin to
degrade, thereby requiring increasing allocation of resources to
maintenance. By understanding the metabolic components that
exist within the city and the relationships among them, policy-
makers can gain a greater understanding of how the city's meta-
bolism interacts with the exchanges of resources, and can take
measures to make these exchanges more efficient, such as by
minimizing the reliance on low-entropy inputs.

From the perspective of urban development, our results show
the importance of gas emissions for cities such as Macao. These
emissions have important environmental impacts through mecha-
nisms such as their influence on global climate change, but they are
analysis of the metabolism of Macao, Journal of Cleaner Production
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also a symptom of inefficient energy use. Because more than half of
the world's people now live in cities, energy conservation and
changes in the pattern and efficiency of resource consumption will
be required to reduce these gas emissions. We also found evidence
of tremendous heat dissipation within Macao's urban system, with
catabolism accounting for less than 10% of the total anabolism.

At this stage in our research, we classified the input anabolism
resources into life, order, living, and development resources ac-
cording to their functions in the urban system, but we have not yet
developed a reliable method to quantify the energy and emergy
flows related to self-organization processes. We hope to investigate
these processes more carefully in our future research.
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