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Understanding the drivers of energy and material flows of cities is
important for addressing global environmental challenges. Accessing,
sharing, and managing energy and material resources is particularly
critical for megacities, which face enormous social stresses because of
their sheer size and complexity. Here we quantify the energy and
material flows through the world’s 27 megacities with populations
greater than 10 million people as of 2010. Collectively the resource
flows through megacities are largely consistent with scaling laws
established in the emerging science of cities. Correlations are estab-
lished for electricity consumption, heating and industrial fuel use,
ground transportation energy use, water consumption, waste gener-
ation, and steel production in terms of heating-degree-days, urban
form, economic activity, and population growth. The results help
identify megacities exhibiting high and low levels of consumption
and those making efficient use of resources. The correlation between
per capita electricity use and urbanized area per capita is shown to be
a consequence of gross building floor area per capita, which is found
to increase for lower-density cities. Many of the megacities are
growing rapidly in population but are growing even faster in terms
of gross domestic product (GDP) and energy use. In the decade from
2001–2011, electricity use and ground transportation fuel use in
megacities grew at approximately half the rate of GDP growth.
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The remarkable growth of cities on our planet during the past
century has provoked a range of scientific inquires. From

1900–2011, the world’s urban population grew from 220 million
(13% of the world’s population) to 3,530 million (52% of the
world’s population) (1, 2). This phenomenon of urbanization has
prompted the development of a science of cities (3, 4), including
interdisciplinary contributions on scaling laws (5, 6), networks (7),
and the thermodynamics of cities (8, 9). The growth of cities also
has been strongly linked to global challenges of environmental
sustainability, making the study of urban energy and material
flows, e.g., for determining greenhouse gas emissions from cities
and urban resource efficiency (10–19), important.
At the pinnacle of the growth of cities is the formation of

megacities, i.e., metropolitan regions with populations in excess of
10 million people. In 1970, there were only eight megacities on the
planet (SI Appendix, Fig. S1). By 2010, the number had grown to 27,
and a further 10 megacities likely will exist by 2020 (20). In 2010,
460 million people (6.7% of the global population) lived in the 27
megacities. The sheer size and complexity of megacities gives rise to

enormous social and environmental challenges. Megacities often
are perceived to be areas of high global risk (i.e., threatened by
economic, environmental, geopolitical, societal, and technological
risks with potential impacts across entire countries) with extreme
levels of poverty, vulnerability, and social–spatial fragmentation
(21–24). To provide adequate water and wastewater services,
many megacities require massive technical investment and ap-
propriate institutional development (25, 26). Many inhabitants of
megacities also suffer severe health impacts from air pollution
(27). However, these factors present only one side; the megacities
include some of the wealthiest cities in the world (albeit with large
disparities between citizens). Even the poorer megacities are seen
by some as potential centers of innovation, where high levels of
resource efficiency might reduce global environmental burdens
(21, 28, 29). Whether megacities can develop as sustainable cities
depends to a large extent on how they obtain, share, and manage
their energy and material resources.

Significance

Our quantification of energy and material flows for the world’s
27 megacities is a major undertaking, not previously achieved.
The sheer magnitude of these flows (e.g., 9% of global electricity,
10% of gasoline; 13% of solid waste) shows the importance of
megacities in addressing global environmental challenges. In
aggregate the resource flows through megacities are consistent
with scaling laws for cities. Statistical relations are established for
electricity use, heating/industrial fuels, ground transportation,
water consumption, waste generation, and steel production in
terms of heating-degree days, urban form, economic activity, and
population growth. Analysis at the microscale shows that elec-
tricity use is strongly correlated with building floor area,
explaining the macroscale correlation between per capita
electricity use and urbanized area per capita.
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The aims of our study are first to quantify the energy and
material flows for the world’s 27 megacities, based on 2010
population, and second to identify physical and economic char-
acteristics that underlie these resource flows at multiple scales.
This goal entailed developing a common data-collection process
applied to all the megacities. The cities were identified based on
Brinkhoff’s database of metropolitan regions (www.citypopulation.
de/world/Agglomerations.html; SI Appendix, Fig. S2). The mega-
cities are essentially common commuter-sheds of more than 10
million people; most are contiguous urban regions, but a con-
tiguous area is not a requirement; for example, the London
megacity includes a ring of commuter towns outside the Greater
London area. Megacities can spread across political borders.
They include large tracts of suburban regions, which can have
higher per capita resource flows than central areas (30, 31). We
quantify energy flows for the dominant direct forms of con-
sumption in megacities. A wide and complex range of materials
flow through cities; here the focus is on water, concrete, steel, and
waste. We show how values of aggregate resource use of all
megacities generally are consistent with the scaling laws that have
been developed for cities (5, 6). We then analyze factors corre-
lated with energy and material flow at macro- and microscales;
discuss megacities with low, high, and efficient use of resources;
and examine changes over time.

Results
Total Resource Flows. Annual energy consumption in megacities,
for 2011, ranges from ∼78 PJ for Kolkata (population 16.3 mil-
lion) to ∼2,824 PJ for the New York Metropolitan Area (pop-
ulation 22.2 million) (Fig. 1A). Although Tokyo is the largest
megacity, with 34.0 million people, its energy consumption is
surpassed by New York because of New York’s higher con-
sumption of both transportation fuels (47 GJ per capita vs. 18 GJ
per capita in Tokyo; SI Appendix, Fig. S3) and heating/industrial
fuels (56 GJ per capita vs. 29 GJ per capita in Tokyo; SI Appendix,
Fig. S4); per capita electricity use is approximately equal in the two
megacities (SI Appendix, Fig. S5). Nine other megacities—Moscow,
Seoul, Los Angeles, Shanghai, Guangzhou, Osaka, Tehran,
Mexico City, and London—consume in excess of 1,000 PJ/y.
To put these figures in perspective, an oil supertanker can hold
about 12.2 PJ of oil (32); New York consumes the energy
equivalent of one supertanker approximately every 1.5 days.
Total water consumption is notably higher in New York (10.9

million ML), Guangzhou (9.80 million ML), Shanghai (9.75 mil-
lion ML), and Los Angeles (6.62 million ML) than in the other
megacities (Fig. 1B). In New York about 54% of the water is used
in thermoelectric plants. Water consumption in the remaining
megacities ranges from a low of 0.48 million ML in Jakarta to a
high of 4.19 million ML in Tokyo.
New York also exceeds other megacities in solid waste pro-

duction, both in absolute and per capita terms (Fig. 1C and SI
Appendix, Fig. S6). One of the challenges with solid waste data
that we have observed in the past (13) is that the construction
sector often produces large quantities of waste (not always
counted in inventories), and commercial waste production can
be difficult to estimate when handled by the private sector.

Aggregate Resource Use and Scaling Laws. Although there is great
diversity in the energy and material flows through individual
megacities, collectively their resource flows are, with the exception
of gasoline, consistent with scaling laws observed for cities over a
wide range of populations (6). This consistency can be seen by
comparing the total resource flows of the megacities as a per-
centage of the world’s total with the percentage of global pop-
ulation living in megacities (Methods). Clearly megacities are at
the top of the population scale and should exhibit extreme values
for quantities that scale superlinearly or sublinearly. The 27
megacities had a combined population of 460 million in 2010,
equal to 6.7% of global population (Fig. 2). Their combined gross
domestic product (GDP) was much larger in percentage terms, at
14.6% of global GDP. This result is expected for socioeconomic
characteristics, which have been shown to scale superlinearly (6).
The total waste production for the megacities is estimated to

be 12.6% of the global amount. This value suggests that waste
production also may exhibit superlinear behavior, likely because of
its relation with GDP. Essentially the higher amount of economic
activity in larger cities entails importing relatively high quantities of
goods and other materials that, apart from those that become
bound in the building stock, leave cities relatively rapidly as wastes.
The total energy consumption of the 27 megacities is 26,347

PJ, which is ∼6.7% of global energy consumption. This percentage
is about the same as the percentage of global population that lives
in megacities. Bettencourt and colleagues (5, 6) found a mixture of
energy-related scaling relationships: Residential electricity scales
linearly, total electricity scales superlinearly, and gasoline use scales
sublinearly. We found megacities consumed 9.3% of global elec-
tricity and 9.9% of global gasoline; the former is consistent with
superlinear scaling, but the latter is not consistent with sublinear
scaling and requires further exploration (This sublinear scaling
could reflect the use of other transportation fuels in cities, e.g., the
high use of diesel in many European cities).
The observation that megacities consume 6.7% of total global

energy use also should be treated cautiously for the following rea-
sons. (i) The global energy use total includes energy consumed in
global aviation and marine transportation of goods and people;

Fig. 1. Resource flows for megacities in 2011. (A) Energy use. (B) Water use including line losses. (C) Municipal solid waste production. Values shown are for
the megacity populations scaled on a per capita basis from recorded data for the study area population (Methods).

Fig. 2. Megacity resource and waste flows as a percentage of world values.
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much of this transportation is between cities but is not reflected in
their recorded energy use here. (ii) We have reported final energy
consumption by cities, not primary energy use. Electrical energy use
would be higher if expressed in terms of primary energy input.
(iii) The extraction and refining of fossil fuels requires an energy
premium that necessarily occurs to combust fuels in cities. (iv) The
majority of megacities are in warm to hot climates where re-
quirements for heating are relatively low [only Moscow, Beijing,
Seoul, London, New York, Istanbul, and Paris-Isle-de-France recor-
ded more than 2,000 heating-degree-days (HDD) in 2011]. Whether
the distribution of climatic zones for megacities is representative of
that for all global inhabitants has not been established.
The final quantity compared in Fig. 2 is water use. The 78

million ML consumed in megacities (including losses) is about
3.0% of global water use, which is estimated to be roughly 2,600
million ML (33). This percentage seems reasonably consistent with
expectations, because a large amount of the global water supply is
used in agriculture, which is a predominantly rural activity (34).

Macroscale Correlations. Some understanding of the factors that
underlie the energy and material flows through megacities can be
established by first analyzing per capita rates at the macroscale.
There already is a large literature debating the relation between
urban transportation energy use and urban form (35). Essentially,
the literature shows that density (or, alternatively, urbanized area
per capita) displays a significant relation with urban transportation
energy if the dataset analyzed includes a wide spectrum of global
cities with a wide range of densities. When studies include only
cities within the same country or the same continent, for which
differences in density are less wide ranging, or examine microscale
features within cities, then density is found to be less significant
than other variables such as supply of public transit, spikiness, and
other characteristics of urban design (e.g., ref. 36). Previous re-
search also has found that per capita use of heating and industrial
fuels is significantly correlated with HDD (17). This known re-
lationship, as well as that for transportation energy use, also is
found to hold for the megacities, thereby corroborating the
dataset (Table 1). For the megacities, however, we also find a
significant correlation between heating and industrial fuel use per
capita and urbanized area per person.
Little previous research has explored differences in electricity use

between global cities. In our stepwise regression analysis we found
per capita electricity use in megacities to be significantly correlated
with urbanized area per capita (Table 1 and SI Appendix, Fig. S5).
Electricity use is known to be a strong determinant of economic
growth (37), and we also observe significant correlation between
per capita GDP and electricity use in the megacities (SI Appendix,
Fig. S7). Because there is relatively strong correlation between
urbanized area per capita and GDP per capita (SI Appendix, Cor-
rection for Multiple Inferences), the latter drops out of the stepwise
regression analysis, because it has less explanatory power than area
per person. We suspect that lower-density megacities such as Los
Angeles and New York have greater building floor space per capita,
leading to higher electricity consumption for lighting and other
building applications. We explore this possibility further in the
microscale correlation analysis that follows.
The macroscale analysis also revealed a correlation between

water consumption per capita and area per capita. Again, a weak
correlation was found with GDP if area per capita was omitted
from the model, but no relationships with precipitation or
cooling-degree-days (CDDs) were found. A different study for
Chinese and American cities found that urban water use per
capita is inversely related to freshwater availability (38).
Based on observation of national solid waste data, we expected

per capita waste generation by cities to be strongly correlated with
GDP (39, 40); a statistically significant upward trend was observed
(Table 1 and SI Appendix, Fig. S6), although the pattern of re-
siduals suggests other factors may be at play. Policies can matter; it
is interesting to contrast New York’s waste production (1.49 tons
per capita) with that of London (0.32 tons per capita), where the
share of municipal solid waste landfilled in the United Kingdom

has fallen from 80% in 2001 to 49% in 2010, encouraged by a
landfill tax (41). We also found the percentage growth rate in
GDP over 10 y to be correlated significantly with per capita waste
production. (Note, however, that this variable is insignificant when
correcting for multiple statistical inference; see Methods and SI
Appendix, Correction for Multiple Inferences).
Because concrete and steel largely become bound up in the

building stock in cities, we expected that their rates of consumption
would be higher for faster-growing cities. This expectation was
found to be the case for steel consumption (SI Appendix, Fig. S8).
We obtained data on steel consumption for only nine megacities
and found that steel consumption was correlated significantly with
the absolute population growth of megacities over 10 y (Table 1).
Data on cement consumption in 2011 were obtained for 10 cities;
five megacities—Mumbai, Kolkata, Delhi, Dhaka, and Sao Paulo—
were the largest consumers at 7.7–9.2 million tons. No significant
statistical correlations were found between cement and population
growth, GDP, or area per person.

Microscale Correlations. Although urbanized land area per person
correlates strongly with energy use in megacities at the macro-
level, it is a less significant factor in microscale analysis, as we
demonstrate by focusing on electricity use, for which building
floor area is an important underlying factor at the microscale.
We analyzed variables correlating with electricity use in subareas
of London and Buenos Aires.
Analysis of London boroughs demonstrates the significance of

gross floor area in explaining electricity use, with land area per
capita and income having weaker influence. Gross floor area data
for London’s boroughs were available only for industrial and

Table 1. Final regression results for factors correlating with
energy and material flows for megacities in 2011, correlations
with gross building floor area, and changes in energy use,
2001–2011

Variable t-stat (P value); coefficient

Energy and material flows for 2011
Electricity consumption (R2 = 0.88; n = 27; t0,95 = 2.056)

Urbanized area per person 13.55 (2.71 E−13); 21614
Heating and industrial fuel use (R2 = 0.85; n = 27; t0,95 = 2.056)

HDD 5.87 (4.01 E−6); 0.02
Urbanized area per person 2.50 (0.02); 57722

Ground transportation fuels (R2 = 0.83; n = 27; t0,95 = 2.056)
Urbanized area per person 11.40 (1.30 E−11); 92858

Water consumption (R2 = 0.78; n = 27; t0,95 = 2.056)
Urbanized area per person 9.62 (4.75 E−10); 953201

Solid waste production (R2 = 0.87; n = 20; t0,95 = 2.093)
GDP 5.98 (1.19 E−5); 7.41 E−6
10-y GDP growth rate, % 5.17 (6.40 E−5); 0.0002

Steel consumption (R2 = 0.88; n = 9; t0,95 = 2.306)
10-y pop growth, no. of people 7.67 (5.93 E−5); 0.002

Regressions with gross building floor area
Urbanized area per person (R2 = 0.84; n = 13; t0,95 = 2.179)

Total gross floor area 8.09 (3.36 E−6); 4.02 E−6
Urbanized area per person (R2 = 0.87; n = 16; t0,95 = 2.131)

Residential gross floor area 9.84 (6.2 E−8); 7.47 E−6
Electricity consumption (R2 = 0.93; n = 16; t0,95 = 2.131)

Residential gross floor area 14.05 (4.86 E−10); 0.19
Electricity consumption (R2 = 0.95; n = 16; t0,95 = 2.131)

Residential gross floor area 3.66 (0.003); 0.12
Urbanized area per person 2.46 (0.03); 9726

Changes in energy flows, 2001–2011
Electricity, 10-y growth rate, % (R2 = 0.80; n = 16; t0,95= 2.131)

GDP, 10-y growth rate, % 7.80 (1.17 E−6); 0.56
Ground transportation, 10-y growth, % (R2 = 0.67; n = 13; t0,95 =

2.179)
GDP, 10-y growth rate, % 4.89 (0.0004); 0.61
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commercial buildings, and they show a strong correlation with in-
dustrial/commercial electricity use (Fig. 3A). Data on residential
land area per person (i.e., excluding commercial and industrial land
areas) were available for London, but they show a weak correlation
with residential electricity use per capita (Fig. 3B). Median house-
hold income also shows a weak correlation with electricity use per
capita (SI Appendix, Fig. S9). The correlation between income and
land area per capita shown at the macrolevel across megacities (SI
Appendix, Fig. S10 and SI Appendix, Correction for Multiple In-
ferences) does not hold for the boroughs of London (SI Appendix,
Fig. S11), reflecting spatial variation in wealth and perhaps also
classic spatial tradeoffs between living space and disutility of travel.
In Buenos Aires, gross floor area data were not available for

the local municipalities; nonetheless, total electricity use (in resi-
dential, commercial, and industrial sectors combined) correlates
strongly with total building footprint areas for 24 local munici-
palities in the megacity (Fig. 3C). The annual residential electricity
use per person shows no relation to urbanized land area per
person (Fig. 3D).
The overall importance of gross building floor area in explaining

electricity use is seen further by linking it to the macroscale anal-
ysis. We were able to obtain or estimate values of residential gross
floor area and total gross floor area for 16 and 13 of the megacities,
respectively. Both measures show relatively strong correlations (R2 =
0.87 and 0.84; Table 1) with urbanized land area per capita (SI
Appendix, Figs. S12 and S13). So, although cities can grow upwards,
more spread-out cities, with higher urbanized area per person have
more building floor area per person. Further statistical analysis
shows that residential gross floor area per person is highly corre-
lated with per capita electricity consumption in the megacities (R2 =
0.93; Table 1). However, there are some nonbuilding uses of
electricity in cities, such as street lighting and public transit; hence
using both residential gross floor area per person and urbanized
land area per person gives a stronger model (R2 = 0.95; Table 1).

Low Consumption, High Consumption, and Efficient Use of Resources.
In addition to the assembled data on energy and material flows,
data on access to resources show that many of the megacities are
consuming resources at rates below those that support a basic
standard of living for all citizens. Substantial proportions of res-
idents in some megacities, particularly in South Asia, have no
access to basic services such as clean water, sewerage, electricity,
and formal waste disposal (SI Appendix, Table S2). For example,
SI Appendix, Fig. S14 shows that all the megacities with less than
100% access to grid electricity (except Shenzhen) are those with

annual electricity consumption below 2 MW per capita. The de-
velopment challenge for such poorer megacities entails increasing
rates of resource use above current low levels of consumption. The
challenge is complex, because there also are high rates of resource
wastage in some of these cities. For example, nonrevenue water use
is high in many megacities, reaching more than 70% of total water
consumption in Sao Paulo and Buenos Aires. Some of this loss may
be the result of informal/illegal water withdrawals; other losses
result from the poor state of infrastructure.
In contrast to the poorer megacities, some of the wealthier

megacities may have to decrease their levels of energy and ma-
terial consumption to reduce associated environmental impacts.
This situation is not straightforward, however: Not only do the
economies of cities have a bearing on their use of resources;
HDD, urban form, and growth rates also affect resource use, as
shown by our statistical analysis in Table 1. Nonetheless, the per
capita data do suggest opportunities for resource reduction. The
two United States megacities, for example, tend to be particularly
high in many resource categories, especially electricity, water, and
waste. Guangzhou also is a high-resource outlier with respect to
water consumption and heating and industrial fuel use. Water
efficiency is particularly low in Guangzhou, even compared with
the rest of Guangdong province, including Shenzhen. The center
of the city contains several industrial sites with outdated tech-
nology and high levels of water consumption; also, water prices are
very low in Guangzhou (42).
There are also examples among the wealthier cities of prac-

tices that have produced relatively high levels of resource effi-
ciency. For example, most of Moscow is serviced by a large district
heating system, which uses waste heat from electricity generation
to provide heating to most buildings in the city (see Moscow
United Energy Co., www.oaomoek.ru/ru/); Seoul has a wastewater
reuse system that saves on the input of water supplies; and Tokyo
has managed to reduce its water leakage rate to only 3% (43).
Among the wealthier cities overall, Paris is below the average
trend on many of the measures of resource flows.

Growth over Time. Rapid growth makes accessing resources
challenging in many megacities. Over the 10-y period ending in
2011, all the megacity populations in our study areas grew, and
more than half of them grew by more than 10% (SI Appendix,
Fig. S15). The fastest growth rates were in Istanbul, Dhaka, Bei-
jing, Shenzhen, and Shanghai, all of which grew by more than
40%. Most of the slower-growing populations were in high-income

Fig. 3. Microscale analysis of electricity use in London
and Buenos Aires. (A) Commercial electricity use in local
London boroughs is correlated with gross commercial
floor area (t-stat = 18.85; P value = 3.69 E−17; R2 =
0.90). (B) Residential electricity use in London boroughs
is weakly correlated with residential land area per
person (t-stat = 3.34; P value = 0.0023; R2 = 0.28).
(C) Total electricity use in the local municipalities of
Buenos Aires is correlated with building footprint area
(t-stat = 27.9; P value = 3.14E−19; R2 = 0.97). Data are
for 2011, excluding the central area, Ciudad de Buenos
Aires. (D) Annual residential electricity use per person
within the local municipalities of Buenos Aires has no
relation to urbanized land area per capita.
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megacities, such as New York City, Los Angeles, Paris, Tokyo,
and Osaka.
The resource flows for many of the megacities grew faster than

the rates of population growth. This difference is shown in Fig. 4 for
electricity and transportation fuel use in the megacities for which we
were able to determine 10-y growth rates. Six of the megacities had
increases in electricity consumption of 100% over the decade, and
in nine of them electricity use grew at more than three times the
population growth rate. Growth in transportation fuel use also was
three times the population growth in 7 of 15 megacities; growth in
transportation energy use was particularly high in the Chinese cities.
Further regression analysis shows that growth in electricity use

and transportation fuel use are significantly correlated with growth
in GDP (Table 1). Both of these energy flows are growing on av-
erage at about a half the rate of economic growth in megacities.
However, the rates of change in water use (SI Appendix, Fig. S16)
and solid waste production (SI Appendix, Fig. S17) are not corre-
lated significantly with GDP growth (Table 1). Also, one megacity,
London, notably managed to reduce its per capita electricity con-
sumption during the period 2001–2011 while growing its GDP.
Several factors may be responsible: a 66% rise in electricity prices,
improved energy efficiency in buildings and appliances, energy
labeling and increases in public awareness of the environmental
impacts of energy consumption, and a decline in manufacturing.
London is an exception, however. As the economies of megacities
continue to grow, the expectation under current trends is that their
energy use will continue to increase rapidly.

Conclusion
Overall energy and material flows vary considerably among
megacities. Rates between the lowest- and highest-consuming
megacities differ by a factor of 28 for energy per capita, 23 for
water per capita, 19 for waste production per capita, 35 for total
steel consumption, and 6 for total cement. Some megacities may
need to increase such resource flows to provide access to basic
services for all citizens, whereas others may aim to decrease energy
and material flows to reduce associated environmental impacts.
Policies that aim at resource efficiency can be successful, but the
energy and material flows of megacities also are influenced by
HDD, urban form, economic activity, and scale effects.
Our analysis has provided previously unidentified insights into

the relation between electricity consumption and urban form. The
close correlation between per capita electricity use and urbanized
area per capita at the macroscale is a consequence of the micro-
scale relationship between electricity use and building gross floor
area. Cities that have higher urbanized area per person have
more building floor area per person.

Methods
Data Collection and Quality Control. Use of the term “flow” in this study is
consistent with the stock and flows terminology used in national environmental
accounting [see Eurostat (44) or Brunner and Rechberger (45)]. In this study
“flows” refers to annual inputs or outputs of energy or material.

Energy andmaterial flow data were collected for the 27megacities using a
standard data-collection form described in ref. 20. After the data forms had
been returned by the network of researchers in the megacities, several steps

were taken to prepare the data for statistical analysis. First, all data were
entered systematically into a spreadsheet (see SI Appendix and Dataset S1 for
data). Attempts then were made to fill gaps in the reported data, especially
where the gaps were crucial to the analysis of resource and waste flows in
megacities. The number of data gaps was small; assumptions made to address
these gaps are detailed by each megacity in the SI Appendix (Part 3). Areas
deemed most critical were GDP, population density, HDD/CDD, stationary
energy use, transportation energy use, and solid waste disposal (for 2011).

The surveyed GDP data were cross-checked and supplemented with values
from The World Bank (46). All GDP values then were adjusted by a pur-
chasing power parity (PPP) conversion factor, defined as the number of local
currency units required to buy the same amounts of goods and services in
the local market that a US dollar would buy in the United States. PPP-adjusted
GDPs are standardized to an international dollar and therefore are amenable
to intercity comparison.

Population densities for most megacities in the analysis were acquired
from the World Bank (46). The exceptions were cases where the populations
considered in our study areas did not correspond well with those in the
World Bank’s data tables or for which data were missing; these were Cairo,
Dhaka, Lagos, Mexico City, Mumbai, Tehran, and the four Chinese mega-
cities. For these megacities we calculated the population density based on
data collected on our data forms.

HDD and CDD for each megacity were computed with online degree-day
calculators (www.degreedays.net) commonly used by building scientists. For
most megacities, the degree-day calculations were derived from standard air
temperature data observed at international airports. Given the rural or
semirural location of most airport observatories, the temperature data are
not representative of thermal conditions inside the city. In all cities, the
surface energy and radiation balances have been modified from the natural
state, and thus regional airport data are likely to underestimate the true
climatic differences that exist within and among megacities. However, be-
cause it is difficult to obtain air temperature data that are representative of
local climate conditions in megacities, regional airport data were used to
approximate urban-based temperatures.

All 27 climate stations in the megacities meet World Meteorological
Organization (WMO) standards and are qualified for use as synoptic-level
observatories. The online HDD calculator lists the airport and personal
weather stations near a particular city. For each of our 27 megacities, we
selected major international airport locations, because their data generally
are considered superior in quality to data from personal weather stations.
Each of the 27 airport stations has an International Civil Aviation Orga-
nization identifier code given by the International Civil Aviation Organi-
zation and listed by the online calculator. We cross-checked these codes
with the WMO station index numbers listed in the National Oceanic and
Atmospheric Administration climate database. In all 27 cases, our selected
stations had corresponding WMO index numbers. We verified the station
authenticity further for a few select stations in WMO Report No. 9 (“Ob-
serving Stations”) and found the stations are listed there too, with asso-
ciated metadata for station elevation, latitude and longitude coordinates,
observation schedules, and so forth.

Previous research (16) has shown that gasoline consumption in cities can
be estimated with an accuracy of about 5%, which may be a reasonable
estimate of the uncertainty in most of the energy and material flow data
collected. However, to provide a complete dataset for 2011, a few param-
eters (∼5%) were estimated based on national scale data. These exceptions
are detailed in the notes in SI Appendix, Definition and Notes on Megacities.

Total Resource Flows for Megacities. To quantify the total energy andmaterial
flows for megacities (Figs. 1 and 2), we scaled the collected data by an

Fig. 4. Growth rates for electricity consumption (excluding line losses) (A) and ground transportation fuels (B), 2001–2011.
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adjustment factor based on Thomas Brinkhoff’s 2010 megacity populations
(SI Appendix, Fig. S2). Megacities whose study area populations fell below or
above those of Brinkhoff’s were adjusted by factors greater than or less than
unity. The purpose of this global adjustment to the data was to normalize
scale inconsistencies and uncertainties in survey reporting and to standard-
ize all flows to the spatial scale of a “megacity.” This adjustment is especially
pertinent because 77% of the megacities have a formal level of government
for the entire metropolitan area and its constituent cities. In some cases, e.g.,
Seoul and Mexico City, the study area population was smaller than that of
the full megacity but still included nearly 10 million people. In other cases,
e.g., Cairo and Lagos, the study area population was larger than that of the
megacity. For 14 of the 27 cities, the study area population was within 20%
of the megacity population defined by Brinkhoff (SI Appendix, Fig. S2). The
total population of the study areas was 410 million people, compared with
460 million for all megacities.

Note that that there is no single authoritative system for establishingmegacity
boundaries. We used the Brinkhoff database as the basis for identifying the 27
megacities and establishing the approximate urban populations for data col-
lection, but the Brinkhoff populations are indicative numbers rather than au-
thoritative numbers. Themost important consideration for this studywas thatwe
obtained data for largemetropolitan regions that contain substantial amounts of
the suburbs and hence avoided central city bias.

Analysis of Consistency with Scaling Laws. The scaling laws for cities have been
established by Bettencourt and colleagues (5, 6) by plotting large datasets on
log–log axes. We considered the 27 megacities at the top end of the collection
of all cities. Our simpler analysis entails calculating the total resource flows of
all of these megacities as a percentage of the world’s total for comparison

with the percentage of global population living in megacities. Quantities that
scale superlinearly should be consumed at disproportionally high rates by the
megacities, and quantities that scale sublinearly should be consumed at dis-
proportionally low rates. Our method is intended to check for consistency with
the scaling laws but is not a means of fitting parameters to the scaling laws.

The world totals used in the analysis are: populations, 6,892,319,000 (47);
global water consumption (∼2008), 2,600 km3/year (32); global waste dis-
posal, 3.93 million tons/day (48); global energy consumption, 393 exa joules
(www.iea.org/statistics); gasoline, 42,566,284 TJ (www.iea.org/statistics); electric-
ity, 18,396,735 GWh (www.iea.org/statistics); global GDP (2011), $77,200.00 US
billion PPP (49).

Regression Analysis. The statistical analysis of drivers of energy and material
flows (Table 1) was conducted using per capita values for the study areas (or
total consumption in the study area in the case of steel and cement); i.e., the
statistical analysis was conducted on the collected data without scaling. Two
related methods of analysis were undertaken. First, multiple regression was
undertaken using a stepwise process, starting with trial explanatory variables
selected from literature review and knowledge of urban systems and engi-
neering science. The initial models are given in SI Appendix, Table S1. Note that
in some cases the values of coefficients change substantially between the initial
and final models because statistically insignificant constants were eliminated.
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1. Extended Analysis 81 
 82 
Figure S1. The number of megacities at the start of each decade since 1960, with 83 
authors’ projection to 2020. (Figure 1 from ref. 1; data source: 84 
www.citypopulation.de/world/Agglomerations.html) 85 
 86 
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Figure S2.  Surveyed megacity population compared with Brinkhoff 2010 values (2). 90 
 91 

 92 
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Figure S3. Ground transportation energy use in relation to urbanized area per 94 
capita. 95 
 96 

 97 
 98 
Figure S4.  Heating and industrial fuel consumption in relation to heating-degree-99 
days. 100 
 101 
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 104 
Figure S5.  Electricity use (including line losses) in relation to urban area per 105 
person. 106 
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Figure S6.  Waste disposal in relation to megacity GDP. 109 
 110 

 111 
 112 
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Figure S7. Electricity use in relation to PPP adjusted megacity GDP.  114 
 115 
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 118 
Figure S8. Steel consumption in relation to 10-year population growth. 119 
 120 
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 124 
Figure S9. Residential electricity use in the local boroughs of London is weakly 125 
correlated with median household income (t= 3.28; P = 0.00267; R2=0.27). 126 
 127 

 128 
 129 
Figure S10.  City GDP in relation to urban area per person. 130 
 131 

 132 
 133 
 134 
 135 
 136 
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Figure S11. Residential land area per capita has no correlation with median 137 
household income for London boroughs.  138 
 139 

 140 
 141 
Figure S12. Residential gross floor area per capita correlates with urbanized area 142 
per capita. 143 
 144 
 145 

 146 
 147 
  148 
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 149 
Figure S13. Total building gross floor area per capita correlates with urbanized area 150 
per capita. 151 
 152 

 153 
 154 
 155 
Figure S14. Access to the electricity grid in megacities and per capita electricity 156 
consumption (percentage of population without grid access in Lagos is unknown). 157 
 158 

 159 
  160 
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 161 
Figure S15. Population growth rates for megacity study areas, 2001 to 2011. 162 
 163 
 164 

 165 
 166 
 167 
Figure S16. Growth rates for water consumption from 2001 to 2011. 168 
 169 

 170 
 171 
 172 
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Figure S17. Growth rates for waste disposal from 2001 to 2011 173 
 174 

 175 
 176 
 177 
 178 
 179 
 180 

181 
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Table S1. Initial trial regression models. 182 
 183 

Variable t Stat Coefficient 95 % CI 
Electricity consumption (R2 = 0.63; R2 adjusted = 0.58; n = 27) 
Constant 
Heating-degree-days 
Area per person 
GDP 

1.76 
0.85 
3.11 
0.34 

0.91 
0.0002 

14337.96 
9.1 x 10-6 

-0.16 to 2.0 
-0.0004 to 0.0009 

4794.93 to 23880.99 
4.70 x 10-5 to 6.52 x 10-5 

Heating and industrial fuels (R2 = 0.66; R2 adjusted = 0.61; n = 27) 
Constant 
Heating-degree-days 
Area per person 
GDP 

1.14 
5.00 
1.05 
-0.40 

5.97 
0.01 

48586 
-0.0001 

-4.78 to 16.71 
0.009 to 0.02 

-46732 to 143903 
-0.0007 to 0.0005 

Ground transportation fuels (R2 = 0.63; R2 adjusted = 0.58; n = 27) 
Constant 
Heating degree days 
Area per person 
GDP 

0.39 
1.45 
2.44 
0.69 

1.04 
0.002 
57930 

9.69 x 10-5 

-4.51 to 6.58 
-0.001 to 0.005 
8730 to 107130 

-0.0002 to 0.0004 
Water consumption (R2 = 0.58; R2 adjusted = 0.50; n = 27) 
Constant 
GDP 
Precipitation 
CDD 
Area per person 

-0.83 
-0.81 
0.68 
0.57 
4.23 

-56.58 
-0.002 
0.02 
0.04 

1291425.83 

-197.72 to 84.56 
-0.005 to 0.002 
-0.04 to 0.08 
-0.09 to 0.17 

658844.63 to 1924007  
Solid waste production (R2 = 0.60; R2 adjusted = 0.53; n= 20) 
Constant 
GDP 
10-yr GDP growth rate (%) 
10-yr pop growth rate (%) 

2.89 
2.78 
3.91 
-2.45 

0.20 
4.27 x 10-6 

0.001 
-0.006 

0.05 to 0.35 
1.01 x 10-6 to 7.53 x 10-6 

0.0005 to 0.0017 
-0.0113 to -0.0008 

Steel consumption (R2 = 0.80; R2 adjusted = 0.60; n = 9) 
Constant 
10-yr pop growth rate (%) 
10-yr pop growth (# people) 
GDP 
Area per person 

1.51 
0.50 
0.15 
-1.53 
0.76 

2169.21 
113 

0.0003 
-0.09 

8841090.86 

-1824 to 6162 
-508.46 to 734.47 

-0.005 to 0.005 
-0.26 to 0.08 

-2.33 x 10-7 to 4.10 x 10-7 
Cement consumption (R2 = 0.57; R2 adjusted = 0.23; n = 10) 
Constant 
10-yr pop growth rate (%) 
10-yr pop growth (# people) 
GDP 
Area per person 

2.78 
-1.19 
1.08 
0.50 
-1.02 

7748.31 
-282.39 
0.003 
0.09 

-41288482.93 

596.42 to 14900.2 
-894.94 to 330.17 

-0.004 to 0.009 
-0.39 to 0.58 

-1.45 x 108 to 6.27 x 107 
184 
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Table S2.  Access to services in megacities (all values are percentages). 185 
 186 

Megacity Households 
without direct 
access to 
water 

Households 
without direct 
access to 
drinkable 
water 

Water line 
losses as a 
share of total 
water 
consumption 

Households 
without 
sewerage 

Wastewater 
subject to 
treatment 

Households 
without 
public waste 
collection 

Households 
without grid 
electricity 
connection 

Mumbai 21 21 3.7 64 94 48 18 

Delhi 20 22 40 64 56 n.d. 0.9 

Dhaka 7 31 33.1 65 65 10 67 

Kolkata  n.d. 39 22 37 24 n.d. 5 

Karachi 40 60 40 43 22 40 35 

Jakarta 8 24 n.d. 12 n.d. n.d. 0.3 

Cairo 8 19 6.1 23 6 n.d. n.d. 

Tehran 0 0 33.3 55 n.d. 0 0.1 

Rio de Janeiro 1 11 54.2 26 32 9 0 

São Paulo 2 2 71.4 8 43 5 0 

Buenos Aires 11 11 76.1 14 42 5 0 

Mexico City 4 n.d. n.d. 0.5 15 n.d. 5 

Guangzhou 0.3 2 n.d. 15 4 1 15 

Shenzhen 5 6 n.d. 30 20 1 15 

Shanghai 0 0.6 15 10 14 1 0 

Beijing 0 0.3 15.3 5 5 0 0 

Lagos n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

* n.d. = no data 187 
 188 
 189 

  190 
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2. Correction for Multiple Inferences 191 
 192 
As we established six regression models from a single data set we conducted a second 193 
analysis correcting for possible simultaneous statistical inferences. A correlation matrix 194 
was calculated for interactions between all variables, and the associated p-values were 195 
calculated.  The p-values were then corrected for multiple inference using the Benjamini 196 
& Hochberg approach. Results using the final set of variables (as in Table 1) are shown in 197 
the supplementary materials. With the Benjaminin & Hochberg correction, all variables in 198 
the six regression models are found to be valid, except for the GDP growth variable in the 199 
solid waste production model.  The correlation matrix also shows significant variables 200 
that are dropped in the step-wise regression. In particular, GDP and area per person are 201 
significant in most of the models, when the correction is applied.  As these two variables 202 
are highly correlated (ρ=0.8), one of them usually gets eliminated in the step-wise 203 
regression. Overall, the regression models shown in Table 1 stand up well to examination 204 
for simultaneous inference when using the Benjaminin & Hochberg correction. 205 
 206 
 207 

 208 
 209 

 210 
 211 

Correlations
Electricity 

Cons.

Heating & 

Indust. Fuel Transp. fuel Water Cons. Solid Waste Steel Cons.

Heating 

Degree Days Area per pers. GDP

10‐yr GDP 

growth rate

Electricity consumption (MWh) ‐

Heating & industrial fuel (GJ) 0.40 ‐

Transportation fuel (GJ) 0.61 0.70 ‐

Water consumption (kL) 0.51 0.51 0.69 ‐

Solid waste prod (t) 0.44 0.23 0.57 0.45 ‐

Steel consumption (Kt) ‐0.28 0.03 ‐0.07 0.47 ‐0.55 ‐

Heating degree days 0.45 0.59 0.50 0.17 0.27 ‐0.60 ‐

Area (km2) per person 0.78 0.60 0.79 0.72 0.68 ‐0.12 0.42 ‐

GDP ($) 0.68 0.41 0.68 0.46 0.55 ‐0.57 0.58 0.80 ‐

10‐yr GDP growth rate 0.09 ‐0.13 ‐0.18 0.12 0.37 0.43 0.15 ‐0.02 ‐0.21 ‐

10‐yr pop growth (# people) ‐0.08 0.07 ‐0.15 0.05 ‐0.31 0.79 0.06 ‐0.27 ‐0.43 0.52

p‐values (No  correction)
Electricity 

Cons.

Heating & 

Indust. Fuel Transp. fuel Water Cons. Solid Waste Steel Cons.

Heating 

Degree Days Area per pers. GDP

10‐yr GDP 

growth rate

Electricity consumption (MWh) ‐

Heating & industrial fuel (GJ) 0.042 ‐

Transportation fuel (GJ) 0.001 0.000 ‐

Water consumption (kL) 0.006 0.008 0.000 ‐

Solid waste prod (t) 0.025 0.260 0.002 0.020 ‐

Steel consumption (Kt) 0.472 0.941 0.854 0.205 0.125 ‐

Heating degree days 0.018 0.002 0.008 0.401 0.180 0.087 ‐

Area (km2) per person 0.000 0.001 0.000 0.000 0.000 0.755 0.028 ‐

GDP ($) 0.000 0.037 0.000 0.015 0.004 0.106 0.001 0.000 ‐

10‐yr GDP growth rate 0.711 0.572 0.427 0.616 0.097 0.247 0.518 0.928 0.364 ‐

10‐yr pop growth (# people) 0.706 0.767 0.500 0.836 0.148 0.011 0.800 0.207 0.041 0.015
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 212 
 213 

 214 

215 

p‐values (Benjamini & Hochberg Correction)
Electricity 

Cons.

Heating & 

Indust. Fuel Transp. fuel Water Cons. Solid Waste Steel Cons.

Heating 

Degree Days Area per pers. GDP

10‐yr GDP 

growth rate

Electricity consumption (MWh) ‐

Heating & industrial fuel (GJ) 0.083 ‐

Transportation fuel (GJ) 0.004 0.001 ‐

Water consumption (kL) 0.021 0.024 0.001 ‐

Solid waste prod (t) 0.058 0.376 0.010 0.048 ‐

Steel consumption (Kt) 0.619 0.941 0.886 0.316 0.214 ‐

Heating degree days 0.046 0.006 0.024 0.552 0.291 0.165 ‐

Area (km2) per person 0.000 0.006 0.000 0.000 0.001 0.844 0.062 ‐

GDP ($) 0.001 0.078 0.001 0.040 0.013 0.189 0.006 0.000 ‐

10‐yr GDP growth rate 0.814 0.700 0.573 0.737 0.179 0.368 0.647 0.941 0.513 ‐

10‐yr pop growth (# people) 0.814 0.844 0.640 0.885 0.247 0.031 0.862 0.316 0.083 0.040
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3. Definition and Notes on Megacities 216 
 217 

  * Brinkoff’s populations for 2010 are given in parentheses. 218 
  **GDP values are in PPP adjusted US dollars for 2011 219 

 220 
London 221 
 222 

- Study area population: 8,173,941 (Megacity: 12,400,000)  223 
- Per capita GDP:  47,333 224 
- Constituent cities:  Camden, Greenwich, Hackney, Hammersmith and Fulham 225 

Islington, Royal Borough of Kensington and Chelsea, Lambeth, Lewisham, 226 
Southwark, Tower Hamlets, Wandsworth, Westminster, Barking and Dagenham, 227 
Barnet, Bexley, Brent, Bromley, Croydon, Ealing, Enfield, Haringey, Harrow, 228 
Havering, Hillingdon, Hounslow, Kingston upon Thames, Merton, Newham, 229 
Redbridge, Richmond upon Thames, Sutton, Waltham Forest, City of London 230 
 231 

 232 
Paris 233 
 234 

- Study area population:  11,852,851 (Megacity:10,400,000) 235 
- Per capita GDP:  56,943 236 
- Constituent cities:  Paris, Seine-et-Marne, Yvelines, Essonne, Hauts-de-Seine, 237 

Seine-Saint-Denis, Val-de-Marne, Val-d'Oise 238 
- Mobile energy consumption values for 2006 were substituted for 2011. 239 

 240 
Moscow 241 
 242 

- Study area population:  11,503,501 (Megacity: 13,600,000) 243 
- Per capita GDP:  57,758 244 
- Constituent cities:  Central Borough, Northern Borough, North-Eastern Borough, 245 

Eastern Borough, South-Eastern Borough, Southern Borough, South-Western 246 
Borough, Western Borough, North-Western Borough, Zelenograd Borough  247 

- Solid waste generation for 2011 is estimated to be 400 kg per person per year, 13 248 
percent of which is incinerated and the remainder sent to landfill (Future Watch 249 
Report, 2013). 250 

- Heating and industrial fuel consumption data were scaled by population from 251 
national to megacity level (values represent heating component of combined heat 252 
and power system)  253 

 254 
New York City 255 
 256 

- Study area population:  22,214,518 (Megacity: 22,200,000) 257 
- Per capita GDP:  60,751  258 
- Constituent cities:  New York City (Bronx, Brooklyn, Manhattan, Queens and 259 

Staten Island);  West Connecticut (Fairfield, Litchfield and New Haven counties); 260 
North New Jersey (Bergen, Essex, Hudson, Hunterdon, Mercer, Middlesex, 261 
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Monmouth, Morris, Ocean, Passaic, Somerset, Sussex, Union and Warren 262 
counties),  Long Island (Nassau and Suffolk counties); Mid-Hudson region 263 
(Dutchess, Orange, Putnam, Rockland, Sullivan, Ulster and Westchester counties) 264 

- Energy consumption data were scaled by population (from 20,314,077 people to 265 
22,214,518 people) 266 

- New Jersey energy consumption data for 2006 were used in the total energy 267 
consumption calculation for New York Metropolitan region for 2011 268 

 269 
Los Angeles 270 
 271 

- Study area population:  9,889,000 (Megacity: 17,900,000) 272 
- Per capita GDP:  74,045 273 
- Constituent cities:  Los Angeles, Pasadena, Santa Monica, Monrovia, Pomona, 274 

Long Beach, South Pasadena, Compton, Redondo Beach, Whittier, Azusa, 275 
Covina, Alhambra, Arcadia, Vernon, Glendale, Huntington Park, La Verne, 276 
Hermosa Beach, Sierra Madre, Claremont, Inglewood, Burbank, San Fernando, 277 
Glendora, El Monte, Manhattan Beach, San Gabriel, San Marino, Avalon, 278 
Beverly Hills, Monterey Park, El Segundo, Culver City, Montebello, Torrance, 279 
Lynwood, Hawthorne, South Gate, West Covina, Signal Hill, Maywood, Bell, 280 
Gardena, Palos Verdes Estates, Lakewood, Baldwin Park, Cerritos, La Puente, 281 
Downey, Rolling Hills, Paramount, Santa Fe Springs, Industry, Bradbury, 282 
Irwindale, Duarte, Norwalk, Bellflower, Rolling Hills Estates, Pico Rivera, South 283 
El Monte, Walnut, Artesia, Rosemead, Lawndale, Commerce, La Mirada, Temple 284 
City, San Dimas, Cudahy, Bell Gardens, Hidden Hills, Palmdale, Hawaiian 285 
Gardens, Lomita, Carson, Rancho Palos Verdes, La Cañada-Flintridge, Lancaster, 286 
La Habra Heights, Westlake Village, Agoura Hills, West Hollywood, Santa 287 
Clarita, Diamond Bar, Malibu, Calabasas 288 

- Stationary energy consumption data (excluding electricity) were scaled by 289 
population from state (California) to megacity level 290 

- Mobile energy consumption data for diesel and jet fuel were scaled by population 291 
from state (California) to megacity level 292 

 293 
Mexico City 294 
 295 

- Study area population:  8,851,080 (Megacity: 23,400,000) 296 
- Per capita GDP:  34,973 297 
- Constituent cities: Azcapotzalco, Coyoacán, Cuajimalpa de Morelos, Gustavo A. 298 

Madero, Iztacalco, Iztapalapa, La Magdalena Contreras, Milpa Alta, Álvaro 299 
Obregón, Tláhuac, Tlalpan, Xochimilco, Benito Juárez, Cuauhtémoc, Miguel 300 
Hidalgo, Venustiano Carranza, Tizayuca, Acolman, Amecameca, Apaxco, 301 
Atenco, Atizapán de Zaragoza, Atlautla, Axapusco, Ayapango, Coacalco de 302 
Berriozábal, Cocotitlán, Coyotepec, Cuautitlán, Chalco, Chiautla, Chicoloapan, 303 
Chiconcuac, Chimalhuacán, Ecatepec de Morelos, Ecatzingo, Huehuetoca, 304 
Hueypoxtla, Huixquilucan, Isidro Fabela, Ixtapaluca, Jaltenco, Jilotzingo, 305 
Juchitepec, Melchor Ocampo, Naucalpan de Juárez, Nezahualcóyotl, Nextlalpan, 306 
Nicolás Romero, Nopaltepec, Otumba, Ozumba, Papalotla, La Paz, San Martín de 307 
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las Pirámides, Tecámac, Temamatla, Temascalapa, Teotihuacán, Tepetlaoxtoc, 308 
Tepetlixpa, Tepotzotlán, Tequixquiac, Texcoco, Tezoyuca, Tlalmanalco, 309 
Tlalnepantla de Baz, Tultepec, Tultitlán, Villa del Carbón, Zumpango, Cuautitlán 310 
Izcalli, Valle de Chalco, Solidaridad, Tonanitla  311 

- Stationary energy consumption data (excluding electricity) were scaled by 312 
population from national to megacity level 313 

- Jet fuel data were scaled by population from national to megacity level 314 
 315 
Lagos 316 
 317 

- Study area population:  20,546,999 (Megacity: 11,800,000) 318 
- Per capita GDP:  6,834 319 
- Constituent cities:  Agege, Ajeromi-ifelodun, Alimosho, Amuwo Odofin, Apapa 320 

Badagry, Epe, Eti-osa 321 
- Stationary energy (excluding electricity) and mobile energy consumption data 322 

were scaled by population from national to megacity level 323 
 324 
Sao Paulo 325 
 326 

- Study area population:  19,822,559 (Megacity: 20,900,000) 327 
- Per capita GDP:  20,916 328 
- Constituent cities:  Arujá, Barueri, Biritiba Mirim, Caieiras, Cajamar, 329 

Carapicuiba, Cotia, Diadema, Embu das Artes, Embu-Guaçu, Ferraz de 330 
Vasconcelos, Francisco Morato, Franco da Rocha, Guararema, Guarulhos, 331 
Itapevi, Itapecerica da Serra, Itaquaquecetuba, Jandira, Juquitiba, Mairiporã, 332 
Mauá, Mogi das Cruzes, Osasco, Pirapora do Bom Jesus, Poá, Ribeirão Pires, Rio 333 
Grande da Serra, Salesópolis, Santa Isabel, Santana de Parnaíba, Santo André, 334 
São Bernardo do Campo, São Caetano do Sul, São Lourenço da Serra, São Paulo, 335 
Suzano, Taboão da Serra, Vargem Grande Paulista 336 

 337 
Rio de Janeiro 338 
 339 

- Study area population: 11,909,897 (Megacity: 12,600,000)  340 
- Per capita GDP:  13,653 341 
- Constituent cities:  Belford Roxo, Duque de Caxias, Guapimirim, Itaboraí, 342 

Itaguaí, Japeri, Magé, Maricá, Mesquita, Nilópolis, Niterói, Nova Iguaçu, 343 
Paracambi, Queimados, Rio de Janeiro, São Gonçalo, São João de Meriti, 344 
Seropédica e Tanguá 345 

 346 
Buenos Aires 347 
 348 

- Study area population:  12,806,866 (Megacity: 13,300,000) 349 
- Per capita GDP:  8,503 350 
- Constituent cities:  Almirante Brown, Avellaneda, Berazategui, Esteban 351 

Echeverría, Ezeiza, Florencio Varela, General San Martín, Hurlingham, Ituzaingó, 352 
José C. Paz, La Matanza, Lanús, Lomas de Zamora, Malvinas Argentinas, Merlo, 353 
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Moreno, Morón, Quilmes, San Fernando, San Isidro, San Miguel, Tigre, Tres de 354 
Febrero, Vicente López 355 

 356 
Cairo 357 
 358 

- Study area population:  20,495,461 (Megacity: 15,200,000) 359 
- Per capita GDP:  6,440 360 
- Constituent cities:  Cairo Governorate, the urban parts of Giza Governorate, and 361 

Qaliubia Governorate 362 
- Wastewater volumes for 2006 and 2011 include sewerage and industrial waste. 363 
- Electricity consumption data were scaled by number of customers from national 364 

to megacity level 365 
 366 
Tehran 367 
 368 

- Study area population:  12,183,391 (Megacity: 12,800,000) 369 
- Per capita GDP:  11,860 370 
- Constituent cities:  Boomehen, Pardis, Firuzkooh, Varamin, Shahriar, Islamshahr, 371 

Robatkarim, Damavand, Pakdasht, Karaj, Nesa, and Savejbolagh 372 
- Water consumption values are based on an estimated consumption rate of 250 373 

litres per day 374 
- Electricity line losses are estimated to be 15 % of electricity consumption values 375 
- Water line losses are estimated to be 25 % of water consumption values 376 

 377 
Istanbul 378 
 379 

- Study area population:  13,483,052 (Megacity: 12,800,000) 380 
- Per capita GDP:  10,444 381 
- Constituent cities:  Adalar, Arnavutköy, Ataşehir, Avcılar, Bakırköy, Beylikdüzü, 382 

Beykoz, Beşiktaş, Beyoğlu, B.Evler, B.Paşa, Başakşehir, Bağcılar, B.Çekmece, 383 
Çatalca, Çekmeköy, Esenyurt, Eyüp, Esenler, Fatih, G.O.Paşa, Güngören, 384 
Kadıköy, Kartal, K.Çekmece, Kağıthane, Maltepe, Pendik, Sancaktepe, Sarıyer, 385 
Sultangazi, Sultanbeyli, Şişli, Şile, Silivri, Tuzla, Ümraniye, Üsküdar, 386 
Zeytinburnu 387 

 388 
Manila 389 
 390 

- Study area population:  11,855,975 (Megacity: 19,600,000) 391 
- Per capita GDP:  11,788 392 
- Constituent cities:  Caloocan, Malabon, Navotas, Valenzuela, Quezon City, 393 

Marikina, Pasig, Taguig, Makati, Manila, Mandaluyong, San Juan, Pasay, 394 
Parañaque, Las Piñas, Muntinlupa 395 

- Mobile energy consumption data were scaled by population from national to 396 
megacity level 397 

 398 
Jakarta 399 
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 400 
- Study area population:  9,786,372 (Megacity: 15,400,000) 401 
- Per capita GDP:  10,040 402 
- Constituent cities:  Central Jakarta (Jakarta Pusat), North Jakarta (Jakarta Utara), 403 

East Jakarta (Jakarta Timur), South Jakarta (Jakarta Selatan), West Jakarta 404 
(Jakarta Barat), Thousand Islands (Kepulauan Seribu) 405 

- When converting solid waste units from volume to mass, one cubic metre of 406 
waste is assumed to be equivalent to 600 kg 407 

- Fuel oil consumption values for 2006 were substituted for 2011 408 
- Mobile energy consumption values (excluding gasoline and diesel) for 2006 were 409 

substituted for 2011 410 
 411 
Delhi 412 
 413 

- Study area population:  16,753,235 (Megacity: 23,200,000) 414 
- Per capita GDP:  8,443 415 
- Constituent cities:  Municipal Corporation of Delhi, New Delhi Municipal 416 

Corporation, Delhi Cantonment Board 417 
- It is estimated that line losses for water are 40 % of water consumption values 418 

 419 
Mumbai 420 
 421 

- Study area population:  12,478,447 (Megacity: 22,800,000) 422 
- Per capita GDP:  8,971 423 
- Constituent cities:  Greater Mumbai, Navi Mumbai, Thane, Kalyan-Dombivali, 424 

Vasai-Virar, Mira-Bhayandar, Bhiwandi-Nizampur, Ulhasnagar 425 
- Electricity line losses are estimated to be 15 % of electricity consumption values 426 
- Water line losses are estimated to be 20 % of water consumption values (Reddy, 427 

2013) 428 
 429 
Kolkata 430 
 431 

- Study area population:  14,112,536 (Megacity: 16,300,000) 432 
- Per capita GDP:  5,765 433 
- Constituent cities:  Kolkata Municipal Corporation, Howrah Municipal 434 

Corporation, Chandan nagar Municipal Corporation 435 
- GDP values for 2011 were scaled by the national cumulative GDP growth rate 436 

(2000 to 2009) 437 
- Water consumption values include private water tapping (which has no proper 438 

accounting) and are therefore said to be unreliable 439 
 440 
Karachi 441 
 442 

- Study area population:  15,500,000 (Megacity: 16,200,000) 443 
- Per capita GDP:  5,161 444 
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- Constituent cities:  Bin Qaism, Gadap, Malir, Gulberg, Liaquatabad, North 445 
Karachi, North Nazimabad, Jamshed, Lyari, Saddar, Baldia, Kemari, Orangi, Site, 446 
Gulshan, Korangi, Landhi, Shah Faisal 447 

- Stationary energy (excluding electricity) and mobile energy consumption data 448 
were scaled by population from national to megacity level 449 

 450 
Dhaka 451 
 452 

- Study area population:  15,616,562 (Megacity: 13,600,000) 453 
- Per capita GDP:  6,139 454 
- Constituent cities:  Dhaka City Corporation (North), Dhaka City Corporation 455 

(South), Narayangonj, Savar, Gazipur, Tongi 456 
- Stationary energy consumption data (excluding electricity) were scaled by GDP 457 

from national to megacity level 458 
- Mobile energy consumption data were scaled by population from national to 459 

megacity level 460 
- Building materials data were scaled by population from national to megacity level 461 

 462 
Seoul 463 
 464 

- Study area population:  10,528,774 (Megacity: 24,200,000) 465 
- Per capita GDP:  32,261 466 
- Constituent cities:  Dobong, Dongdaemun, Dongjak, Eunpyeong, Gangbuk, 467 

Gangdong, Gangnam, Gangseo, Geumcheon, Guro, Gwanak, Gwangjin, Jongno, 468 
Jung, Jungnang, Mapo, Nowon, Seocho, Seodaemun, Seongbuk, Seongdong, 469 
Songpa, Yangcheon, Yeongdeungpo, Yongsan 470 

 471 
Tokyo 472 
 473 

- Study area population:  35,622,000 (Megacity: 34,000,000) 474 
- Per capita GDP:  33,521 475 
- Constituent cities:  Tokyo, Kanagawa, Chiba and Saitama prefectures 476 
- Water consumption data were scaled by population from metropolitan to megacity 477 

level 478 
- Solid waste data were scaled by population from metropolitan to megacity level 479 

 480 
Osaka 481 
 482 

- Study area population:  17,089,000 (Megacity: 16,800,000) 483 
- Per capita GDP:  30,124 484 
- Constituent cities:  Osaka, Kyoto, and Hyogo prefectures 485 
- Water consumption data were scaled by population from metropolitan to megacity 486 

level 487 
- Solid waste data were scaled by population from metropolitan to megacity level 488 
- Solid waste disposal on land includes residue from incineration. 489 

 490 
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Shenzhen 491 
 492 

- Study are population:  10,467,400 (Megacity: 10,400,000) 493 
- Per capita GDP:  26,171 494 
- Constituent cities:  Futian, Luohu, Nanshan, Yantian, Baoan, and Longgang 495 

districts 496 
- Heating and industrial fuels,  and ground transportation fuels use scaled from 497 

provincial values.Mobile energy data for jet fuel include marine fuel 498 
 499 
Guangzhou 500 
 501 

- Study area population:  12,751,400 (Megacity: 16,500,000) 502 
- Per capita GDP:  23,197 503 
- Constituent cities:  Yuexiu Area, Haizhu Area, Liwan Area, Tianhe Area, Baiyun 504 

Area, Huangpu Area, Huadu Area, Panyu Area, Luogang Area, Nansha Area, 505 
Conghua City, Zengcheng City 506 

- All diesel oil is assumed to be used for transportation, although it is possible that 507 
some diesel is used for stationary energy 508 

 509 
Shanghai 510 
 511 

- Study area population:   23,474,600 (Megacity 18,400,000) 512 
- Per capita GDP:  19,470 513 
- Constituent cities:  Pudong New District, Xuhui District, Changning District, 514 

Putuo District, Zhabei District, Hongkou District, Yangpu District, Huangpu 515 
District, Luwan District, Jingan District, Baoshan District, Minhang District, 516 
Jiading District, Jinshan District, Songjiang District, Qingpu District, Nanhui 517 
District, Fengxian District, Chongming County  518 

- All diesel oil is assumed to be used for transportation, although it is possible that 519 
some diesel is used for stationary energy 520 

- Mobile energy data for gasoline and diesel include jet and marine fuel 521 
 522 
Beijing 523 
 524 

- Study area population:  20,186,000 (Megacity: 13,600,000)   525 
- Per capita GDP:  19,169 526 
- Constituent cities:  Dongcheng District, Xicheng District, Chaoyang District, 527 

Haidian District, Fengtai District, Shijingshan District, Mentougou District, 528 
Fangshan District, Daxing District, Tongzhou District, Shunyi District, 529 
Changping District, Pinggu District, Huairou District, Miyun County, Yanqing 530 
County 531 

- All diesel oil is assumed to be used for transportation, although it is possible that 532 
some diesel is used for stationary energy 533 

- Mobile energy data for gasoline and diesel include jet fuel 534 
  535 
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