Chapter 2
Ecological Energy Accounting for Macao’s
Socioeconomic and Ecological Systems

2.1 Social and Economic Characteristics of Macao

China’s Macao special administrative region is located on the western coast of the
Pearl River estuary (Fig. 2.1). It lies between 111°31'33”E and 111°35'43”E, and
between 22°06'39”N and 22°13’06”N. The city is located near the southern edge of
the northern hemisphere’s tropics and therefore lies near the southern hemisphere’s
tropics. As a result, Macao’s average annual temperature is 22.3 °C, and the wind
comes from opposite directions in winter and summer. The temperate climate is
warm and wet in summer, with frequent tropical typhoons during both the summer
and the autumn. Winter comes in January and February each year, and temperatures
may drop below 4 °C, with a low amount of rainfall.

Macao is a unique Asian city, and has been the site of more than 400 years of cul-
tural exchange between the western world and Chinese civilization (Maritime Ad-
ministration 2005). In 2010, Macao’s population was 544 600 (DSEC 1984-2011,
2011 data). The annual number of tourist arrivals averages 26 times the local pop-
ulation (DSEC 1984-2011, 2005 data). Macao has been expanding for many years
since 1990 by means of progressive land reclamation along the coast to meet the
needs of socioeconomic development. In 2010, the area reached 29.7 km?, and com-
prised the Macao Peninsula (9.3 km?), Taipa (6.8 km?), Coloane (7.6 km?), and
the Cotai Reclaimed Land (6.0 km?). The population density of Macao was about
18337 persons per km? in 2010. The Macao Peninsula and Taipa are linked by
three bridges, whereas Taipa and Coloane are connected by reclaimed land. Macao
is therefore a small region, with a high population density and a large number of
tourist visits annually.

Because Macao is characterized by a cultural mixture between the Western world
and China that has developed over the past 400 years, “The Historic Centre of
Macao”’, which has more than 20 monuments, was added to UNESCO’s list of World
Cultural Heritage sites in July 2005 (ICGRAEM 2006).

The currency is the Macao pataca (MOP), which is generally held at a constant
ratio with the Hong Kong dollar of 1.032 to 1, so its value is also controlled by
fluctuations in the U.S. dollar. (In the rest of the book, all economic values are
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Fig. 2.1 Macao comprises
the Macao Peninsula, Taipa,
Cotai, and Coloane. (The map
is based on the 2008

boundaries) Macao

Peninsula £

expressed in U.S. dollars unless otherwise noted.) The major products exported from
Macao are ready-made garments, which account for about 70 % of total exports, and
textile products. The main export markets are the United States, the EU, Hong Kong,
and mainland China. The imported goods are mainly raw materials and partially
finished products as well as consumer goods. Imported goods mainly originate from
mainland China, Hong Kong, the EU, Japan, and the United States.

Since 1990, Macao has increasingly become a consumer society, following the
abandonment of agriculture and the decline of the local fishing industry. Although
most of the daily necessities of life, such as fresh water, food, fuel, raw materials,
and goods, are imported, Macao’s economy has maintained a robust growth rate
with sustained prosperity as a result of the gaming and tourism industries.

Macao’s government has implemented an economic development strategy that
designated the tourism and gaming industries as the leading engines for economic
growth (Wikipedia 2012). These industries are supported by a service sector, with
parallel development of other sectors designed to develop a more diversified econ-
omy. By capitalizing on its particular geographic and socioeconomic advantages,
Macao is making every effort to become a hub for regional trade, and particularly
to support economic cooperation between mainland China and Portuguese-speaking
countries and cooperation with expatriate Chinese entrepreneurs.

Despite these plans for diversification, the gaming and tourism industries con-
tribute the largest single portion of the region’s overall economic development.
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Fig. 2.2 Illustration of the flows of material and money for Macao’s ecosystem. Dark arrows
represent flows of goods, materials, and services; light arrows represent monetary flows

Gaming tax revenues alone account for 40 % of the government’s total tax revenues,
and about one-third of the total workforce is employed in this industry.

Macao’s government opened the gaming industry to the private sector in 2002 by
issuing three gaming concessions, which attracted many investors both at home and
from North America and Hong Kong. With this liberalization of the gaming indus-
try, the government expected to bolster other related industries, but also expected to
benefit Macao’s overall economic development.

Macao’s economy has maintained robust growth and sustainable prosperity based
on the gaming and tourism industries, which we will refer to as the “tourism”
industry in the rest of this chapter. In 2004, real GDP reached $9.97 x 10°
(DSEC 19842011, 2005 data). Tourism, manufacturing, finance and insurance, and
construction and real estate have been the four pillars of Macao’s economy since
1980. Tourism has been the main driver of development since the mid-1990s. The
booming tourism industry contributed gaming tax receipts of $1.9 x 10° in 2004
(DSEC 1984-2011, 2005 data). The Mainland and Macao Closer Economic Part-
nership Arrangement (CEPA), which was implemented in 2004, has benefited many
sectors of Macao’s economy, but especially the tourism sector; the “free individ-
ual traveler” provision alone was responsible for tremendous growth of the number
of tourists from mainland China (DSEC 1984-2011, 2005 data). Gambling is legal
in Macao, but not in China, and previously, Chinese citizens were strictly limited
from entering Macao. Under this provision, residents of most Chinese cities can
now legally travel to Macao for gambling.

Figure 2.2 illustrates the exchanges between the three essential natural and so-
cioeconomic components of Macao’s ecosystem. The life-support system is repre-
sented by the block on the left side of the diagram. Almost all raw materials, foods,
and water flow into Macao, whereas most money (currency) flows in the opposite
direction as it leaves Macao to pay for the imported materials. The tourist system is
represented by the block on the right side of the diagram. Tourists come to Macao to
consume and to gamble, representing an import of money, whereas Macao’s tourism
sector supplies them with goods and services, which are mostly considered to be ex-
ports (as we discussed in Chap. 1). The external market is represented by the block
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Fig. 2.3 Illustration of the materials, energy, and information transfer processes for Macao

at the top of the diagram. Macao exports its products to this market, and at the same

time imports fuel, goods, and equipment that Macao does not produce internally.
Note: Because of the large number of parameters defined in this book, we have

provided a summary of all parameters and their definitions in Appendix C.

2.2 Emergy Synthesis for Macao’s Eco-economic System in 2004

Urban ecosystems consist of a large number of people living in close proximity.
They serve as centers for both residential and commercial activities. The existence
of a city or town and the maintenance of its internal structures depend on the inflow
and outflow of the goods and services required to sustain these activities (Huang
and Chen 2005). Despite their largely artificial nature, urban ecosystems exhibit the
same basic kinds of interactions exhibited by other ecosystems. Most importantly,
from the perspective of the living species contained by the urban ecosystem, none of
these ecosystems are ecologically self-contained or self-sufficient; that is, all cities
are sustained by life-support processes that occur mainly outside the city’s bound-
aries.

Densely populated cities such as Macao could not exist without the support of a
larger surrounding ecosystem (Huang and Odum 1996). We performed an emergy
analysis for Macao to ensure that the importance of these external inputs was recog-
nized in our analysis, and created a diagram (Fig. 2.3) that depicts the environmental
resources provided by the natural area surrounding Macao. These resources are con-
centrated in rural areas, where solar energy is captured by plants and other organ-
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Fig. 2.4 A concise emergy flow diagram for Macao’s ecosystem in 2004 (all values are x 10?0 sej)

isms, accumulated (stored), and used to support the city of Macao, which exchanges
emergy with the surrounding ecosystem (Huang and Odum 1996). In the case of our
study area, Macao’s life-support energy and materials are mostly provided by the
surrounding areas of Mainland China. Figure 2.4 is a concise emergy-flow diagram
for Macao’s internal and external environment and economy.

Most of the data used in the remainder of this chapter were provided by DSEC
(1984-2011, 2005 data), the Cartography and Cadastre Bureau of Macao (2012),
the Meteorological and Geophysical Bureau of Macao (2006), and the Environment
Council of Macao (ECM 2000, 2004, 2005).

Table 2.1 summarizes the flows of materials (imports and exports) for Macao in
2004. Imports totaled about 588 x 108 kg of fresh water annually, versus 29.3 x 108
kg of other goods and raw materials. This contrasts with exports of 551 x 10 kg of
sewage discharged and 3.8 x 103 kg of products exported to regions outside Macao.
We found that the total exports equaled only 0.6 % of the total imported materials
(on a weight basis). Fresh water was the main imported material, and amounted
to 95.3 % of the total weight of imported material. Raw and processed materials
were the main exports, and accounted for 72.3 % of the total exports. About 98.2 %
of the imported materials came from China, whereas only 48.0 % of the products
were exported to China. The electricity imported from China totaled 151.3 GW -h
in 2004.

In 2004, the total emergy used in Macao was 245.2 x 10% sej, the imported
emergy was 241.3 x 10 sej, and the exported emergy was 136.3 x 10?0 sej (Lei
and Wang 2008b). Table 2.2 summarizes the renewable (R) and indigenous non-
renewable resources (N) that contributed to these totals. They accounted for 0.1 %
of the total emergy use (U) in 2004. The indigenous non-renewable environmental
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Table 2.1 Material flows for Macao in 2004. Totals may not add up precisely due to rounding
errors

Item Imports % of total ~ Exports % of total Sewage Solid wastes
(x10% kg)  imports (x10%kg)  exports (x10%kg)  (x10° kg)

Water 588.49 95.3 0 0

Food 3.36 0.5 7.2 1.9

Fuels 7.47 1.2 276 0.01

Minerals 8.99 1.5 12.4 3.25

Raw and 5.41 0.9 275.6 72.3

processed

materials

Goods 4.03 0.7 86.0 22.6

Total 618.26 100.0 381.2 100.0 55.1 0.3

resources (N) of Macao comprised mined marble (3.60 x 1020 sej) and the loss

of topsoil (1.19 x 10'* sej), which together accounted for about 1.5 % of Macao’s
emergy use in 2004. By using Eq. 1.11, we can calculate that Macao’s net emergy
was 63.6 x 102 sej (Lei and Wang 2008b).

Table 2.3 summarizes the emergy trade exchange (imports versus exports), and
Table 2.4 summarizes the emergy flows for Macao in 2004. Figure 2.4 shows im-
ports of 23.8 x 1020 sej (Iabor and services), of 241.3 x 10?° sej of purchased emergy
(F), and of 134.6 x 10?7 sej of tourist payments for their consumption flowing into
Macao to support the system’s metabolism. The imported water and food accounted
for 14.8 % of the emergy used, whereas the imported fuel, minerals, and electric-
ity accounted for 12.3 % of the emergy used in 2004. The imports of purchased
goods and raw materials (G, including water and food) accounted for 76.5 % of
the emergy used, whereas the imported services accounted for 9.7 % of the emergy
used. In 2004, the imported emergy (F) accounted for 98.4 % of the total emergy
used. Inexpensive raw materials usually carry plentiful emergy, thus the Ey,/$ for
China was 4.94 x 10'2 sej $~! in 2004 (Zhao 2002), versus only 2.38 x 10'% sej $~!
for Macao. Thus, when Macao exchanges goods with China that have the same total
monetary value, more of the emergy assets flow into Macao. Analysis of other de-
velopment projects (Ulgiati et al. 1995) suggests that one of the main driving forces
behind international trade is the fact that developed countries benefit greatly from
an unequal emergy exchange with developing countries when they exchange goods
with the developing region. Unequal emergy exchange related to the primary ma-
terials provided by different regions will lead to an emergy surplus when spending
the same amount of money (H. T. Odum 1996).

The consumer emergy of tourists:

M;= R x U =0.17 x 2.45 x 10% sej = 4.17 x 10?! sej

Wastes were not included in the renewable resources category, since wastes are
not exchanged. Figure 2.5 summarizes Macao’s emergy flows. In 2004, Macao ex-
ported about 73.8 % of its total emergy used (U, including tourism consumption),
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Fig. 2.5 Summary of Macao’s emergy flows in 2004. Values with no units of measurement are
x 10?0 sejyear~! (Lei and Wang 2008b)

and the production component (P) accounted for about 56.5 % of the imported
emergy (F'). Exported products that supported the human labor expended in the pro-
duction activities as well as in providing other services totaled 136.29 x 10?0 se;j.
Textiles were the main exported products, and accounted for 96.5 % of the total
exported emergy (Lei and Wang 2008b).

Macao has a high wastes emergy (W = 30.8 x 10 sej) based on combining the
embodied emergy in wastes (29.8 x 102 sej) with the treatment inputs and services
(1.0 x 10?0 sej) for the sewage and solid wastes that the city produces. Reducing
Macao’s environmental impact despite its limited area has become an important
goal to ensure long-term sustainable development. We will discuss this further in
Chap. 6.

“Unfair” emergy exchanges, in which one partner in the exchange benefits more
than the other, bring plentiful net emergy benefits into the boundaries of Macao’s
system. In 2004, Macao’s gross net emergy surplus was 146.78 x 10%° sej. This
resulted from the following four exchange processes (Table 2.4, Fig. 2.6):

1. The tourism income was $8.10 x 10%; the equivalent emergy was 134.56 x
10?0 sej, whereas Macao only provided 41.74 x 10?0 sej of goods and services
for the tourists. This resulted in an emergy surplus of 92.82 x 10? se;j.

2. The imported labor and services cost $1.43 x 10°. Macao paid for 34.04 x
10?0 sej of this emergy, and gained only 23.77 x 10?0 sej of emergy in return.
The net emergy loss was therefore 10.27 x 100 sej in this exchange process.
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Fig. 2.6 Summary of the emergy exchange between Macao and the external systems that interact

with the city in 2004 (all values are x 1020 sej. Macao’s net emergy totaled 146.78 x 102 sej in
2004)

3. The embodied emergy of imported goods and raw materials was 217.58 x
1020 sej, with only $4.09 x 10° (converted to 97.29 x 10 sej) paid for this ex-
change. Thus, these imports generated a net emergy surplus of 120.29 x 10%° sej
in import process.

4. The exports of products to the international market equaled 136.29 x 10 sej,
which earned Macao $3.32 x 10? (for an equivalent emergy of 55.19 x 10 sej).
Thus, a net emergy loss of 81.10 x 10?° sej occurred as a result of these exports.

The exchanges between Macao’s tourism industry and the large number of
tourists produced a large excess of emergy. Since this point is so important, we
will discuss it further in Chap. 4.

2.3 Comparison of the Emergy-Based Indices of Five Cities

The preceding examination of Macao’s emergy flows shows the insights into a city’s
ecosystem that can be obtained from emergy accounting. This approach provides
additional insights when it is used to compare two or more cities. To provide an
example of these insights, we compared the following four cities with Macao using
data from previous studies (Lei et al. 2008):

Taipei (Huang and Hsu 2003)
Zhongshan (Zhao 2002)
Miami-Dade County (Woithe 1995)
San Juan (Doherty 1995)

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 km?, and its total population is approx-
imately 6.3 million, having increased by about 25 % during the past decade. On



2.3 Comparison of the Emergy-Based Indices of Five Cities 39

average, approximately 2 x 10° m? of building floor space per annum were con-
structed between 1981 and 1998, mainly in response to rapid urbanization. During
recent decades, Taiwan has experienced rapid economic growth, with associated ex-
pansion of urban areas and high rates of per capita consumption. Its GDP reached
$211.21 x 10” 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
from other countries due to a lack of indigenous natural resources (Huang and Hsu
2003).

Zhongshan is located in China’s southern Guangdong province, and is also a
newly developing city. The city covers an area of about 1800 km?, and the total
population in 2000 was approximately 1.34 million, of whom about 60 % live in
the city, compared with 18.3 % in 1978. During the past 20 years, Zhongshan has
experienced rapid growth in the manufacturing and electronics industries and in
various types of services, accompanied by rapid expansion of its urban area. Its
GDP reached $3.78 x 10° in 2000. Although the region around Zhongshan has
an efficient agricultural support system, most of its resources and raw materials
were imported from other areas of mainland China and from other countries (Zhao
2002).

Miami-Dade County is located in the southeastern part of the U.S. state of
Florida. With a population of 1.94 million in 1990, it was the most populous county
in the state. The county seat was Miami, which is located on the southeastern
seacoast of Florida, in the northeastern part of the county. Miami-Dade County
covers a total area of 5060 km?. During the 1960s, Miami became a major cen-
ter of finance and trade with Latin America. The energy maintaining the county’s
structure was largely of external origin, and was purchased using income obtained
from tourism, transfer payments from the U.S. federal government, investment ac-
tivities, and retirement benefits from the large population of retired citizens who
live in this region (Woithe 1995). We could not find GDP data for 1990, but its
GDP had reached $7.15 x 10° in 2003 (Washington Economics Group, Inc. 2004).
Miami-Dade County has a large area of wetlands, including Everglades National
Park, and has developed extensive agricultural resources and the exploitation of
rich supplies of minerals. As a highly developed city, Miami-Dade County im-
ported most of its life-support materials, and exported mainly services and tech-
nology.

San Juan is the capital of Puerto Rico, and is the nation’s largest city. As of
the 1992 census, it had a population of 1.71 million living in an area of 537 km?.
The dense city serves as a location for many historical buildings and other tourism
resources. Today, San Juan serves as one of Puerto Rico’s most important seaports,
and is the island’s manufacturing, financial, cultural, and tourist center. We could
not find GDP data for the city alone, but in 1992, the GDP of Puerto Rico was
$39.8 x 10° (Doherty 1995).

Table 2.5 compares the main emergy indicators for Macao with those of the
four other cities. The comparison of the trade emergy and net emergy are shown in
Fig. 2.7. We found that all five cities had a positive net emergy (i.e., they imported
more emergy than they exported), and were therefore expanding. Taipei imported
the most emergy and also had the highest net emergy.
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Fig. 2.7 A comparison of the import and export of emergy (and the resulting net emergy) of the
five cities
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Fig. 2.8 Comparison of the renewable (R), non-renewable (N), and purchased emergy flows (F)
for the five cities. Note: The three parameters use different units on the y-axis. R (x 1020 sej),
N (x10" sej), F (x10%! sej)

2.3.1 Comparison of the Emergy Components

Figure 2.8 visually compares the emergy components shown in Table 2.5. Because
of a lack of local resources, all five cities imported most (more than 95 %) of the
emergy they used (U). The proportion of U accounted for by purchased emergy
ranged from 96.5 % (Miami-Dade County) to 99.9 % (San Juan), indicating that all
five cities imported most of their used emergy.

2.3.2 Emergy Density, Emergy Use, and Fuel Use per Person

Figure 2.9 compares the emergy density, emergy use, and fuel use per person of the
five cities. Macao’s emergy use per person in 2004 (5.28 x 10'° sej; Table 2.5) was
the highest of the five cities by a considerable margin (Fig. 2.9). Macao has one
of the highest population densities in the world (Maritime Administration 2005),
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Fig. 2.9 Comparison of the emergy density and the per capita emergy and fuel use for
the five cities. Note: The three parameters use different units on the y-axis. Emergy density
(x10™ sej/m?), emergy use per person (x 10'° sej/person), fuel per person (x10'3 sej/person)

therefore its emergy density (89.4 x 10'3 sejm~2) was much higher than that of
the other four cities. It was 17.5 times that of Taipei (5.1 x 10'3 sejm~2), 68.8
times that of Miami-Dade County (1.3 x 10'3 sejm~2), 59.6 times that of Zhong-
shan (1.5 x 1013 sej m~2), and 12.8 times that of San Juan (7.0 x 10'3 sej m~2).
Because of its small area, Macao had the highest emergy density, but San Juan had
the highest average per capita fuel emergy use (7.75 x 1013 sejperson—!) of the
five cities. Macao also had the highest emergy use per person. The large number
of tourists consume many materials and services, thereby increasing the imported
emergy. However, in contrast with the approach described in Chap. 1, this consump-
tion was calculated by adding the average emergy consumption by local residents
in order to use the same approach as in the other four studies and make the results
comparable.

2.3.3 En/$ Ratio and Emergy Investment Rate (EIR)

The Ey,/$ ratio represents the relationship between the emergy used and GDP, and
it can thus indicate the levels of development and industrialization of a city (Ta-
ble 2.5). A higher ratio implies that more resources would be consumed to pro-
duce the same GDP. Macao’s E,/$ ratio in 2004 was 2.39 x 1012 sej $~1, which
was lower than that of Zhongshan (7.25 x 10'2 sej$~') but higher than that of
Miami-Dade County (1.60 x 10! sej$~!), San Juan (1.64 x 10'? sej$~!), and
Taipei (0.56 x 10'% sej $~1). In 2000, Zhongshan had experienced rapid industrial
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Fig. 2.10 Comparison of the emergy investment ratio (EIR), emergy yield ratio (EYR), and envi-
ronmental loading ratio (ELR) of the five cities. Note: The three parameters use different units on
the y-axis. ELR and EIR (x 102), EYR (x107 1)

development accompanied by intense use of a rich supply of natural resources, so
its E,/$ ratio was the highest of the five cities. The high Ey,/$ ratio depressed the
competitiveness of Macao’s manufacturing industry, and higher prices forced many
enterprises to move to South China in search of lower resource costs and lower
salaries.

EIR equals the flows of imported emergy (F) from the economy divided by the
indigenous emergy inputs (R 4+ N). This index thus measures the intensity of eco-
nomic development and the resulting load on the environment; it is useful for eval-
uating the relative contribution of free environmental inputs. A high ratio means
that the environment is supporting a higher economic input than other regions with
lower ratios. The EIR values for the five cities were all high, ranging from 2.75
(Miami-Dade County) to 96.41 (San Juan).

The emergy yield ratio (EYR) represents the ratio of output emergy (Y) to input
emergy (F'), so a lower ratio means more net emergy transferred into a city. Macao’s
EYR in 2004 was 0.74, which was higher than that of any of the other cities. This
value means that an input of 1 sej will result in only 0.74 sej of output to the market
outside the system. Miami-Dade County had the lowest ratio (0.08) of the five cities
(Fig. 2.10).

2.3.4 Emergy Exchange Ratio (EER)

Emergy is an appropriate measure for evaluating the benefits to a nation from all
types of international exchange (H. T. Odum 1996). By definition, an EER value
greater than 1 means that the emergy received by the system exceeds the emergy
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the system provides to external systems. As a result, the system stores emergy,
which will be advantageous for its survival and development. Table 2.5 shows that
Macao had the smallest EER (1.35), followed by Zhongshan (1.43), San Juan (2.63),
Taipei (4.02), and Miami-Dade County (121.9). The detailed values for San Juan and
Miami-Dade County were not directly available in the published literature. Thus, to
estimate the emergy yield (') for San Juan, we inferred the values for imported ser-
vices, loans, and tourism from the data provided by Doherty (1995, p. 125, Table 1).
Similarly, it was not possible to find published exported emergy values for Miami-
Dade County, so the value was inferred from the data provided by Woithe (1995,
p.- 111, Table 3), and the resulting value may have been underestimated.

2.3.5 Renewable Resources Proportion (%Ren), Emergy
Sustainability Index (ESI), and Net Emergy Ratio (NER)

The indicators and ratios developed by means of emergy analysis can account for
both ecological and economic contributions, and permit international comparisons
(Ulgiati and Brown 1998). %Ren is the proportion (%) of the total energy driving
a process that is derived from renewable sources (i.e., %Ren = (R/U) x 100 %).
In the long run, only processes with high %Ren are sustainable (Brown and Ulgiati
1997). %Ren can be used as a measure of the sustainability of a system: the higher
the value, the higher the ability of the system to make use of the local available
renewable resources (H. T. Odum 1996). Table 2.5 and Fig. 2.11 show that %Ren
ranged from 0.1 % (San Juan) to 3.5 % (Miami-Dade County). Because these values
are so small, comparing the cities based exclusively on %Ren would be ineffective
because it would neglect the enormous emergy input that plays such an important
role in these cities.

The ESI values of all five cites were well below 1, ranging from 0.3 x 10~3 for
Miami-Dade County to 6.5 x 10~ for Zhongshan. In a dense city such as Macao,
ELR is usually very high because renewable resources inside the system are in-
sufficient, which would produce a very small ESI (Table 2.5, Fig. 2.11). The NER
values for Macao (0.25) and Zhongshan (0.30) were moderate, and suggest that
both cities have attained a suitable ratio of regional development, whereas those of
Taipei (0.75) and San Juan (0.62) were too high for sustainability. However, the
biggest NER value was for Miami-Dade (0.99), and this value is so high that clearly
too much weight has been placed on the foundation that underlies sustainability as
a result of overexploitation of the surrounding regions that sustain the city.

2.4 Time Series for Macao’s Emergy and Emergy-Based Indices

Emergy accounting can also be used to examine how a system’s use of resources
changes over time. Table 2.6 summarizes the changes in Macao’s key emergy com-
ponents and indicators from 1983 to 2004. In the remainder of this section, we will
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Fig.2.11 Comparison of the proportion of renewable emergy (%Ren), the net emergy ratio (NER),
and the emergy sustainability index (ESI) of the five cities. Note: The three parameters use different
units on the y-axis, NER (x10~1), ESI (x1073)

discuss the trends for individual emergy components and indicators during this pe-
riod.

2.4.1 The Components of Emergy Use

Figure 2.12 presents the variations of the components of Macao’s total emergy use
(U) from 1983 to 2004. The emergy of raw materials was the largest imported item
for Macao, and it increased as Macao’s economy grew. The emergy of minerals was
the second-largest imported item from 1985 to 1993, when food became the second-
largest import. Table 2.6 summarizes the emergy components and indicators used
for the years under study.

Figure 2.13 presents the variations in emergy flows in Macao’s renewable and
non-renewable resources and in water, electricity, and fuel consumption from 1983
to 2004. The non-renewable resources declined from 7.2 x 10% sej in 1983 to
5.4 x 10%° sej in 1988, then decreased to 3.60 x 102 sej in 1990 due to de-
creasing excavation of marble, and then remained at roughly the same level until
2004. The water and electricity consumption increased slowly throughout this pe-
riod as the population increased. Fossil fuel consumption increased every year, from
4.98 x 10?0 sej in 1983 to 16.70 x 10?0 sej in 2004.

Figure 2.14 presents the variations in Macao’s imports of minerals, raw materials,
goods, food, and services from 1983 to 2004. The imports of food and services
rose slowly during this period as the population increased. The emergy of goods
fluctuated within a narrow range, but increased from 21.70 x 10% sej in 1983 to
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Fig. 2.12 Changes in the components of Macao’s emergy use from 1983 to 2004
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Fig. 2.14 Trends in Macao’s imported emergy components from 1983 to 2004
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Fig. 2.15 Trends in Macao’s GDP, population, imported emergy (F), and exported emergy (Y)
from 1983 to 2004. Note: The four parameters use different units on the y-axis. GDP (x 10° $),
Population (x 10* persons), the other two parameters (x 102! sej)

25.66 x 1070 sej in 2004, whereas the emergy of imported food rose from 20.00 x
10?0 sej to 39.15 x 1070 se;.

The emergy of raw materials increased from 38.20 x 10%° sej in 1983 to a peak of
137.00 x 10%° sej in 1995, then decreased to 120.77 x 10?0 sej in 2004. The emergy
of minerals fluctuated during the study period, especially from 1985 to 1993, which
was a period when infrastructure development and land reclamation were booming.
The peak of Macao’s development occurred in 1993, when mineral imports reached
50.93 x 10'2 g, which was 5.28 times the 1992 value (9.65 x 10'? g) and 37.2 times
the 1994 value (1.37 x 10'% g). In terms of the emergy value of these minerals, the
value in 1993 (67.80 x 10?0 sej) was 1.6 times the 1990 value (43.80 x 10?0 sej),
and 5.0 times the 1995 value (13.50 x 10%° sej). At that time, the high quantity of
mineral imports raised the imported emergy (F'), so the amount of emergy used (U)
and the imported emergy (F') were also the highest in that year (Fig. 2.15).
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Fig. 2.16 Changes in Macao’s per capita electricity and fuel consumption and its emergy den-
sity (U /area) from 1983 to 2004. Note: Per capita electricity and fuel emergy use the same units
(x10'5 sej/person); emergy density uses different units (x 10'5 m=2)

From 1983 to 1993, the population and GDP increased. During the same period,
U, F and Y increased steadily (Fig. 2.15), while emergy density and average emergy
also increased. After 1993, U, F, Y and emergy density began to decrease slowly
until 2000, and then increased again (Fig. 2.16).

F increased from 92.98 x 1020 sej in 1983 to its peak of 243.15 x 10%° sej in
1993, decreased until 1999, and finally rose to 241.34 x 10?0 sej in 2004. Simul-
taneously, Y increased from 71.44 x 102 sej in 1983 to a peak of 132.94 x 10?0
sej in 1993, decreased until 1999, and finally rose to 178.03 x 10%° sej in 2004.
F increased more rapidly than Y, followed by GDP and population.

2.4.2 Per Capita Electricity Emergy, Fuel Emergy, and Emergy
Density (U [area)

Macao’s per capita electricity emergy increased from 8.23 x 10'* sej in 1983 to
31.17 x 10'* sej in 2004 (Fig. 2.16). During the same period, per capita fuel emergy
increased from 17.60 x 10'# sej in 1983 to 35.88 x 10'* sej in 2004.

Macao’s emergy density (U /area) increased from 6.47 x 10'* sej in 1983 to
12.80 x 10" sej in 1993, declined to 7.39 x 10'* sej in 2000, and finally increased
to 8.92 x 10'* sej in 2004. During this period, the population density decreased
from 18230 km~2 in 1983 to 16961 km~2 in 2004 as a result of land reclamation.

2.4.3 9%Ren and Emergy Self-sufficiency Ratio (ESR)

%Ren can be considered a measure of the sustainability of a system: the higher
the value, the higher the ability of the system to make use of the local available
renewable resources. For Macao, %Ren decreased steadily from 0.3 % in 1983 to
0.1 % in 2004 (Fig. 2.17). The city’s ecosystem has a very low ability to provide
sufficient emergy from inside its boundaries. R equaled only 2.71 x 10'° sej in
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Fig. 2.17 Trends in Macao’s proportion of renewable emergy (%Ren) and the emergy self-suffi-
ciency ratio (ESR) from 1983 to 2004

2004. Thus, Macao’s ESR, which equals [(R + Ng)/ U] x 100 %, was about 7.4 %
in 1983, and decreased to 1.6 % in 2004.

2.4.4 Emergy Exchange Ratio (EER) and Emergy Yield Ratio
(EYR)

EER can express the benefits of exchanges of emergy between Macao and its ex-
ternal environment. The larger the ratio, the more emergy Macao receives for every
unit of emergy that it exports. EER varied greatly during the study period, increas-
ing from 1.46 in 1983 to 2.42 in 1998, decreasing to 1.74 in 2001, and increasing
to 2.11 in 2004 (Fig. 2.18). Simultaneously, EYR showed relatively little variation,
decreasing from 0.77 in 1983 to 0.53 in 1998, then increasing to 0.74 in 2004.

2.4.5 Total Emergy Used (U), Emergy Money Ratio (Ey, /$),
Proportion of Waste Emergy (W), and Per Capita Emergy
Use

U increased from 1.00 x 10?? sej in 1983 to a peak of 2.47 x 107 sej in 1993,
decreased to 1.88 x 1072 sej in 2000, then increased to 2.45 x 10?? sej in 2004
(Fig. 2.19). The per capita emergy use increased from 3.55 x 10'® sej in 1983 to
6.43 x 10'© sej in 1993, declined to 4.29 x 10'® sej in 2000, and then increased to
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Fig. 2.18 Trends in Macao’s emergy exchange ratio (EER) and emergy yield ratio (EYR) from
1983 to 2004
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Fig. 2.19 Changes in Macao’s total emergy used (U), the ratio of waste emergy to total emergy
(W/U), the emergy money ratio (Ey,/$), and per capita U from 1983 to 2004. Note: The four

parameters use different units on the y-axis. U (x10?? sej), per capita U (x10'¢ sejperson™!),
Em/$ (x10'% sej/$ 1)

5.27 x 10'° sej in 2004. E,,,/$ represents the relationship between the total emergy
used and GDP. This ratio decreased steadily from 8.76 x 10'? sej$~! in 1983 to
2.38 x 10! sej $~! in 2004, which was lower than the corresponding ratio for China
in 2001 (4.94 x 10'% sej$~!; Zhao 2002) and higher than the ratio for the United
States in 2000 (0.78 x 10'2 sej $~'; Tilley 2005).

The gradual increase in waste emergy as a proportion of U during the study pe-
riod (Fig. 2.19) indicated worsening environmental pressure. W/ U increased from
0.16 in 1983 to 0.20 in 2004.
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Fig. 2.20 Changes in Macao’s emergy investment ratio (EIR), emergy loading ratio (ELR), and
emergy sustainability index (ESI) from 1983 to 2004. Note: The three parameters use different
units on the y-axis. EIR (x 10), ELR (x 102), ESI (x 10*3)

2.4.6 Emergy Investment Ratio (EIR), Environmental Loading
Ratio (ELR), and Emergy Sustainability Index (ESI)

ELR is an indicator of the pressure on the local ecosystem and can be considered
a measure of the level of ecosystem stress due to production activities (Ulgiati and
Brown 1998). U and ELR fluctuated similarly in Macao during the study period.
In the mid-1990s, GDP increased with increasing EIR and increasing ELR. Ep,/$
decreased from 8.76 x 10'% sej$~! in 1983 to 2.38 x 10'% sej$~! in 2004, which
indicates that during this period, GDP increased faster than U, a phenomenon that
also occurred in most other countries (Brown and Ulgiati 1997). Macao’s per capita
emergy used was 3.55 x 10'° sej in 1983, reached a maximum of 6.43 x 10'6 sej in
1993, decreased to 4.29 x 1016 sej in 2000, and increased to 5.27 x 10'© sej in 2004.
Macao’s ESI was very small throughout the study period (less than 0.0021) and de-
creased from 1983 to 1993. In 1993, EYR remained stable while ELR reached its
peak (915), thus ESI decreased to its lowest value (0.0006); thereafter, ESI increased
until 2000 (0.0011) and then decreased until 2004 (0.0008; Fig. 2.20, Table 2.6). ESI
was only 0.001 in 2004, versus values of 0.036 for Italy (Cialani et al. 2005) and
0.120 for Sweden (Hagstrom and Nilsson 2005). This comparison clearly indicates
that Macao has a highly developed consumer system compared with the other coun-
tries. ESI decreased as the economy grew (i.e., as GDP increased) during the study
period (Fig. 2.15).

Emergy-based indices are very different in cities than they are in large natural
areas, where free renewable resources can be used to support the ecological system
(Lan et al. 2002). This can be seen by comparing the value of an index such as
ELR for Macao (904 in 2004) with that for the U.S. (5.85 in 2000; Professor Mark
Brown, University of Florida, 2005, personal communication). Although the indices
for small, dense areas such as Hong Kong, Singapore, and Macao differ from those
of countries with vast territories, such as the United States, and are therefore not
directly comparable, the magnitude of the difference in these values can still provide
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Fig. 2.21 Changes in Macao’s net emergy (NE) and net emergy ratio (NER) from 1983 to 2004.
The two parameters use different units on the y-axis. NE (x 102! sej), NER (x10~1)

insights into the relative ecological characteristics of two areas and can guide the
development of suitable policies to improve sustainability.

2.4.7 Net Emergy (NE) and the Net Emergy Ratio (NER)

The NER values shown in Table 2.6 are a measure of the overall emergy ex-
change conditions for a study area. A high NER indicates a system that imports
more emergy than it exports, accompanied by increased NE and improved wel-
fare. NE increased from 2.18 x 10%! sej in 1983 to a peak value of 11.05 x 10?!
sej in 1993, then decreased to 4.45 x 10%! sej in 2001, and increased again to
6.36 x 10?! sej in 2004 (Fig. 2.21, Table 2.6). These changes represent the benefits
due to expansion of tourism and increased emergy imports. During the same time
period, NER increased from 0.22 in 1983 to 0.45 in 1993 (Fig. 2.21, Table 2.6),
which indicated that Macao earned a large part of its net emergy through inter-
national trade. Finally, NER decreased to 0.26 in 2004. In Macao, NER is there-
fore more an index of locally sustainable production than it is an emergy yield ra-
tio.

Money is not real wealth, since real wealth includes food, minerals, fertile land,
housing, information, arts, and other important factors (Ulgiati et al. 2004). Balanc-
ing the exchange of emergy between exports and imports may lead to more sus-
tainable development for Macao in the long run (Brown and Ulgiati 2001) and may
increase the real wealth of its citizens. The survival of a system depends on having
a net emergy surplus (Ulgiati et al. 1995; Lei et al. 2006).
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2.5 Time Series for Emergy Flows of Italy, Sweden, and Macao
of China

Emergy synthesis can also be employed to evaluate macroeconomic conditions and
the environment of regions ranging from cities that cover a large area to entire coun-
tries. In this section, we demonstrate this approach by comparing Macao with two
other regions, with particular attention on how the emergy indicators changed over
time in response to growth of a region’s economy. In this comparison, we used re-
search results for Italy (Cialani et al. 2005), Sweden (Hagstrom and Nelsson 2005),
and Macao (our research). Table 2.7 summarizes the data used in this analysis. NE
for all three regions remained positive throughout the study period (Figs. 2.22 to
2.27), which means that all three regions obtained more emergy than they exported.
The positive NE will be advantageous for a region’s development in the long term.

Macao is located on the western coast of China’s Pearl River estuary. Although it
is currently a special administrative region of China, Macao reflects more than 400
years of cultural exchanges between the western world and China. In 2004, Macao
had a population of 465333 and covered an area of 27.5 km? (DSEC 1984-2011,
2005 data). Tourism, manufacturing, the financial and insurance sector, and the con-
struction and real estate sector were the four pillars of Macao’s economy. Macao’s
economy has maintained a robust growth rate for the past three decades, largely due
to sustained prosperity from the tourism sector.

Italy covers an area of 301230 km?2, and had a population of 58 103 033 in 2002.
It has a highly diversified modern industrial economy. Because of Italy’s small size
and high population, most of the raw materials needed by its industries and more
than 75 % of its energy requirements are imported.

Sweden is one of the largest countries in Europe, with an area of 447 760 km?.
In 2002, its population was 9001 774. Throughout the 20th century, Sweden has
achieved one of the highest standards of living in the world as a result of its mixture
of high technology and extensive natural resources. In particular, the combination of
large size and small population make Sweden less dependent on imported emergy
than many other countries of comparable size.

The three regions in this case study clearly represent different types of system:
Macao is a high-density, high-consumption city, Italy is a developed country with
insufficient internal natural resources to support its economy, and Sweden is rich
in natural resources and has a small population. Table 2.7 summarizes the emergy
indicators of all three countries or region since 1983 (Macao), 1984 (Italy), and 1956
(Sweden).

2.5.1 YRen

Renewable resources are an important component of any system’s sustainability
because they will be replaced by natural processes after the passage of sufficient
time. However, renewable resources are endangered by socioeconomic develop-
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Fig. 2.22 Time series for the proportion of total emergy use in Macao of China, Italy, and Sweden
accounted for by renewable emergy (%Ren) (Lei et al. 2012)
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ment when the rate of development is greater than the rate of replenishment. These
resources must therefore be carefully managed to avoid exceeding the natural envi-
ronment’s capacity to replenish them.

Unlike non-renewable resources such as fossil fuels, which cannot be replenished
on human time scales, renewable resources have a sustainable yield if they are used
wisely (Lei et al. 2012).

The value of %Ren differed greatly between the three regions (Table 2.7). Swe-
den is rich in natural resources, so its %Ren has been consistently higher than that
of Italy (by more than 200 %), and was two orders of magnitude higher than that
of Macao, which has few internal natural resources. These differences persisted
throughout the study period (Fig. 2.22). However, %Ren has decreased over time
for all three regions, since non-renewable fossil fuels have been the main energy
source for modern society.

2.5.2 Emergy Use Per Capita

Figure 2.23 suggests that of the three regions, only Macao has shown a significant
decrease in per capita emergy consumption during the study period, largely because
of a shift to a non-industrial structure that is focused on the tourism sector. Macao
nonetheless consumed more emergy per capita than Italy or Sweden throughout
most of the study period.

2.5.3 Emergy Money Ratio (En,/$)

We found that Ey,/$ decreased throughout the study period (Fig. 2.24). Macao has
had the highest E},,/$ since about 1983, due to high NE as a result of inflows from
tourism (Lei and Wang 2008a).
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Fig. 2.23 Time series for the per capita emergy use for Macao of China, Italy, and Sweden
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Fig. 2.24 Time series for the Ey,/$ for Macao of China, Italy, and Sweden

2.5.4 Integrated Emergy Index: The Environmental Sustainability
Index (ESI)

The ESI of all three regions was considerably less than 1 throughout the study pe-
riod (Table 2.7, Fig. 2.25), indicating that they are all highly developed consumer-
oriented economies according to the criteria of Brown and Ulgiati (1997). In addi-
tion, EST has declined throughout the study period for all three regions, as each econ-
omy depended on increasing flows of non-renewable emergy from outside the sys-
tem, supported by increased imports of purchased energy and materials. Nonethe-
less, because ESI focuses mainly on the ecological aspects of a system, it has been
criticized by economists as providing a weaker assessment of socioeconomic devel-
opment than E,/$ (Hau and Bakshi 2004). Economists point out two shortcomings
of ESI: First, ESI has declined rapidly in recent decades as economies have be-
come increasingly dependent on flows of non-renewable emergy and on imports of
purchased emergy and materials, thereby making the meaning of ESI unclear and
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Fig. 2.25 Time series for the environmental sustainability index (ESI) for Macao of China, Italy,
and Sweden (Lei et al. 2012)

implicit. Second, differences in scale between regions make it difficult to compare
emergy flows between regions.

Figure 2.25 and Table 2.7 show that Macao’s ESI is tiny compared with those
of Italy and Sweden, and has declined starting in about 1983. This decline occurred
because EYR remained steady while ELR increased (Lei et al. 2012). The ESI for
Italy declined from 0.26 in 1984 to 0.08 in 2002. The ESI for Sweden’s economy
declined from 0.77 in 1956 to 0.17 in 2002.

At least two aspects of an analysis based on ESI must be improved to permit an
adequate evaluation of a system’s sustainable development: First, although all of a
system’s outputs are valuable from an ecological perspective in emergy accounting,
we do not yet know how to make full use of these outputs. Thus, not all the system’s
outputs can be adequately valued in our analysis. Some are currently harmful and
have negative impacts, such as waste and pollution, but this may change when im-
proved technology lets us recover and reutilize these outputs. Because of limitations
on current technology, not all systems with a high EYR are beneficial or promote
sustainable development. Second, market prices of purchased inputs are influenced
by many factors, such as market forces, cultural differences, ethical considerations,
and the location of a system. Therefore, the same EYR value can have different
consequences for a system because of differences in market factors (Lu et al. 2005).
Third, the meaning of a specific ESI value is not clear; although a value closer to
1.0 is clearly more sustainable than a value closer to 0, the number alone does not
tell us whether the system is sustainable in an absolute sense.

For these reasons, simplistic comparisons of ESI between systems can produce
misleading results. At a national scale, ELR would be small when mostly renewable
resources are used, but at a city scale, ELR is usually high due to large imports of re-
newable resources from outside the urban system, leading to a small ESI. However,
for a region such as Sweden that is rich in natural resources, the imports of renew-
able emergy from outside a given city may be sustainable. Macao is a highly devel-
oped consumer-oriented economy with tremendous consumption of non-renewable
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Fig. 2.26 Time series for the net emergy (NE) of Macao of China, Italy, and Sweden (Lei et al.
2012)

resources. These results show that ESI is an unsuitable index because of its limi-
tations for describing the complexity of a system: it conceals too many differences
between regions and between scales.

2.5.5 Storage Indices: NE and NER

The net emergy (NE) increased for all three regions during the study period
(Fig. 2.26, Table 2.7). The NE was proportional to the population of each region
(Table 2.7), so Macao’s NE was much lower than those of Sweden and Italy. We
found NE > 0 for all three regions throughout the study period, which means that
their emergy capital was sustainable based solely on a consideration of the results
within each region’s boundaries. This is a clearer result than the uncertain results of
the ESI analysis.

NER appears to be the most reasonable measure of a system’s sustainability in
the long term. NER declined from 0.44 in 1982 to 0.28 in 2002 for Italy (Fig. 2.27,
Table 2.7). For Macao, NER was 0.31 in 1983, increased to a peak of 0.47 in 1997,
then oscillated until it returned to its original level (0.31) in 2003. The NER of
Italy and Sweden has decreased in recent decades, though Italy’s ELR has remained
higher than Sweden’s throughout the study period. Decreasing NER means that the
accumulation of real emergy wealth is slowing. These results demonstrate that both
ESI and NER have followed the same declining trend at a national scale, but that
they sometimes followed a different pattern at different scales. The greater NER
oscillation of Macao is to be expected, since small systems such as cities tend to
oscillate more than large systems such as nations (H. T. Odum 1996).
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Fig. 2.27 Time series for the net emergy ratio (NER) of Macao of China, Italy, and Sweden (Lei
etal. 2012)

2.6 Statistical Analyses of Emergy-Based Indicators of Macao

Table 2.8 shows the results of our correlation analysis between the various emergy
statistics that we calculated. In summary:

Significant positive correlations: These combinations represented indicators that
both increased over time. The following indicators were positively correlated with
development processes: imported emergy, emergy used (U), exported emergy,
emergy investment ratio (EIR), environmental loading ratio (ELR), per capita
emergy used, per capita electricity emergy used, per capita fossil fuel used, and
the ratio of electricity to U.

No significant correlation: The following indicators were not correlated with de-
velopment processes: the ratio of renewable resources to emergy used, and the ratio
of wastes to emergy used.

Significant negative correlations: These indicators represent indices that tend to
decrease as development progresses. The following indicators were negatively cor-
related with development: the Ep,/$ ratio, the emergy yield ratio (EYR), ESI, and
net emergy (NE).

2.7 Conclusions

Compared with mature ecosystems, limited urban ecosystems 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, including wastes discharged
into the surrounding systems. Odum has observed that cities are among the most het-
erotrophic ecosystems in the biosphere, and this also appears to be true in all of the
cities we studied (Macao, Zhongshan, Taipei, Miami-Dade County, and San Juan).



63

2.7 Conclusions

(3591 pa[IeI-0M]) A[9A1DAdSAI ‘GO)"() > J PUB [(°(Q > d J© SuUone[a110d aanisod

JuedyIUSIS ‘+ pue +-+ "UONR[ALI0D JUBOYIUSIS OU ‘() *(359) Pa[Ie1-om)) A[9A1}0adSaI ‘60" > J PUB [(°Q > d 18 SUOIR[1I00 9AleSau JuedyIuSIs ‘— pue —— 210N
- 0o - 0 0 0 0 0 0 0 0 0 0 0 AN Sl
0 0o ++ - - == O — — 0 - —— = 1S4 14!
0O —-—— ++ ++ 0o ++ 0 -0 + 0 0 11 01 A31owa AJIOINO9[0 Jo oney €1
0 0 0 0 0 0 0 0 0 0 0 dAd Cl
- - 0 o — — 0 - —— —= onex /"7 Il
++ 0 0 ++ ++ 0 ++ ++ ++ A31owa [ony eided 10g 01
0 + + 4+ 0 A+ ++ A310wo (01130919 BIded 19d 6
— ++ ++ 0 + ++ ++ posn A31ow eyided 104 8
0 0 0 0 0 0 101 (A1) sdisem Jo oney L
++ o ++ ++ ++ d1d 9
o ++ ++ ++ RIE! S
0 0 0 /2101 (¥) S92IN0SAI A[qBMAUAI JO OnRY b
++ ++ (X) A31owo poyrodxyg ¢
++ () posn ASowyg ¢
(/) A310we poyrodury 1
I A 2 A ) 4| 1T 0l 6 8 L 9 S ¥ € (¢ I SI101BIpUI paseq-A31owy 0N
(2800C

3uepp pue 197) oeORJA J0J s10jedrpurl pue sjuouodwod A31owe Arewrid oy} J0J (JUAIOLJO0D UOTJB[AIIOD S, UOSIEY]) SISA[EUR UONB[AIIOD JO S)[NSAI Y], §°T dqBL



64 2 Ecological Energy Accounting for Overall Macao

From the point of view of systems ecology, cities are self-regulating systems and
may be seen as super-organisms that were created for the benefit of human beings
and for sustaining their livelihood.

Our research demonstrated that by relying on an imbalance between imports and
exports, Macao has absorbed large amounts of emergy through inflows of negative
entropy to support not only its survival, but also its booming development. EER has
proven to be a useful indicator for studying emergy exchanges; an EER value of
more than 1 means that the exchange brings an emergy surplus to the system, and
this surplus can also be used in Macao’s tourism industry. The imported emergy (F),
emergy density, fuel and electricity emergy, and ELR of cities are much higher than
those of natural systems. Dense cities usually have a very high ELR due to their lack
of internal natural resources available for use. For a micro-ecosystem such as that
of a small city, oscillations in emergy can always be found (H. T. Odum 1996); this
variability reflects the instability and fragility of the system. Macao is now getting
richer in emergy, but further studies will probably show that this has had a high
environmental cost: local environmental resources have decreased greatly, and the
need to import large quantities of emergy from surrounding regions may have had
serious negative impacts on these regions.

We investigated the evolution of Macao’s system from 1983 to 2004 by means of
ecological energy accounting. Time-series analyses helped to reveal the dynamics
of Macao’s ecological economy. This approach can be applied to any country or
region, provided that reliable data is available, and this highlights the importance
of updating national analyses yearly to ensure the detection of long-term trends.
An agreed-upon, standardized, and homogeneous procedure for emergy analysis is
necessary to allow a reliable evaluation of a region’s performance over time, as well
as comparisons among different regions (e.g., using relevant emergy indicators such
as ESI, NE, NER, ELR, and E,/$). The comparison between Macao, Italy, and
Sweden showed that emergy accounting significantly improves our understanding
of the performance of a regional economy over time, and it reveals differences in
the patterns for a given region.

We also employed correlation analysis to reveal that some of the emergy-based
indicators that we used in the present study were positively and negatively corre-
lated, whereas others showed no significant correlation.
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