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As the world urbanizes, the role of cities in determining sustainability outcomes grows in importance.
Cities are the dominant form of human habitat, and most of the world’s resources are either directly or
indirectly consumed in cities. Sustainable city analysis and management requires understanding the
demands a city places on a wider geographical area and its ecological resource base. We present a
detailed, integrated urban metabolism of residential consumption and ecological footprint analysis of the
Vancouver metropolitan region for the year 2006. Our overall goal is to demonstrate the application of a
bottom-up ecological footprint analysis using an urban metabolism framework at a metropolitan,
regional scale. Our specific objectives are: a) to quantify energy and material consumption using locally
generated data and b) to relate these data to global ecological carrying capacity. Although water is the
largest material flow through Metro Vancouver (424,860,000 m3), it has the smallest ecological footprint
(23,100 gha). Food (2,636,850 tonnes) contributes the largest component to the ecological footprint
(4,514,400 gha) which includes crop and grazing land as well as carbon sinks required to sequester
emissions from food production and distribution. Transportation fuels (3,339,000 m3) associated with
motor vehicle operation and passenger air travel comprises the second largest material flow through the
region and the largest source of carbon dioxide emissions (7,577,000 tonnes). Transportation also ac-
counts for the second largest component of the EF (2,323,200 gha). Buildings account for the largest
electricity flow (17,515,150 MWh) and constitute the third largest component of the EF (1,779,240 gha).
Consumables (2,400,000 tonnes) comprise the fourth largest component of the EF (1,414,440 gha). Metro
Vancouver’s total Ecological Footprint in 2006 was 10,071,670 gha, an area approximately 36 times larger
than the region itself. The EFA reveals that cropland and carbon sinks (forested land required to sequester
carbon dioxide emissions) account for 90% of Metro Vancouver’s overall demand for biocapacity. The per
capita ecological footprint is 4.76 gha, nearly three times the per capita global supply of biocapacity. Note
that this value excludes national government services that operate outside the region and could account
for up to an additional 2 gha/ca.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

More than 50% of the world’s population live in urban regions
(UNPD, 2009), and in affluent countries urbanization levels exceed
75%. Such is the case for Canada where 80% of the population lives
in urban centres (Statistics Canada, 2006a). Cities and towns are
perceived as the source of most states’ economic wealth and the
core of social and cultural activities (Jacobs,1984). At the same time,
from a biophysical perspective, cities are dissipative structures that
consume vast quantities of energy and material resources (Rees,
2012, 2003). However, urban metabolism studies reveal that
Moore).

All rights reserved.
cities’ demand for nature’s goods and services is increasing over
time (Browne et al., 2011; Kennedy et al., 2007; Sahely et al., 2003;
Hoyer and Holden, 2003; Warren-Rhodes and Koenig, 2001;
Newman and Kenworthy, 1999). This is significant because
humanity’s aggregate ecological footprint (Wackernagel and Rees,
1996) already exceeds the global supply of biocapacity (WWF,
2010). Humanity’s ecological deficit is therefore increasing simul-
taneously with worldwide urbanization (Rees, 2011) even as
appreciation grows that for a sustainable future, our species’ de-
mand for biocapacity must be reduced.

Urbanization has both positive and negative environmental
implications. On the one hand, cities are nodes of consumption that
depend utterly on a constant flow of materials and energy from
around the world in order to function (Rees, 1992, 2003, 2012;
Girardet, 1999; Downton, 2009). On the other hand, the economies
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of agglomeration (lower costs due to proximity of related activ-
ities)1 and the economies of scale (lower costs due to higher vol-
umes) associated with the city’s high population density and
concentration of economic activity contribute to a significant “ur-
ban sustainability multiplier” (Rees, 1997, 2009). Furthermore, the
sheer wastefulness of many cities implies major opportunities for
energy and material conservation. It follows that in the 21st cen-
tury, cities are an appropriate focus for research into ecologically
necessary, socially acceptable and politically feasible ways of
reducing the overall human load on the world’s ecosystems
(Newman, 2006; Newman et al., 2009; Rees, 2012).

Two approaches developed in recent decades that help quantify
and assess urban environmental loads are ‘urban metabolism
analysis’ (UMA) (e.g., Wolman, 1965; Baccini, 1997; Kennedy et al.,
2007) and ‘ecological footprint analysis’ (EFA) (Rees, 1992;
Wackernagel and Rees, 1996; Chambers et al., 2000). Both use
material flow analysis, predicated on the thermodynamic law of
conservation of energy and the law of mass balance. Metabolism
studies attempt to quantify the amounts of materials and energy
that flow through a city. Analysing the material and energy meta-
bolism of specific sectors and activities within the city allows
identification of major loads and potential points of intervention for
reducing urban impacts (e.g., Kennedy et al., 2010; Lenzen et al.,
2003; Hendriks et al., 2000). EFA, when combined with UMA,
takes the additional step of estimating the area of productive
terrestrial and aquatic ecosystems required for urbanmetabolism to
happen. This means that EFA estimates the biocapacity required to
produce the energy andmaterial resources the city consumes and to
assimilate the resultant wastes (Rees, 1992; Wackernagel et al.,
2006; Ewing et al., 2009). EFA also uniquely enables comparisons
of demand with supply, i.e., between current urban metabolic load
and available biophysical carrying capacity, both regional and global
(Wackernagel and Rees, 1996; Chambers et al., 2000). For example,
while world average biocapacity demand is 2.7 gha2 per capita and
global supply is only 1.8 gha per capita (WWF, 2010), the averageper
capita biocapacity demand in high-income cities is often much
higher.

While several authors acknowledge both approaches (e.g.,
Hendriks et al., 2000; Sahely et al., 2003; Kennedy et al., 2007;
Browne et al., 2008), most studies use only one method. Curry et al.
(2011), Kennedy et al. (2010), Jones (2006), Barrett et al. (2002),
Hendriks et al. (2000), Rotmans and van Asselt (2000) and Ravetz
(2000) recognize UMA’s usefulness in urban sustainability policy
development while Collins and Flynn (2006), Mcmanus and
Haughton (2006), Barrett et al. (2005), Nijkamp et al. (2004) and
Holden (2004) emphasize EFA’s contribution to urban policy and
communication. The latter method is seen as particularly effective
when local government staff is engaged in its development (Collins
and Flynn, 2006; Aall and Norland, 2005).

Indeed, recently both the City of Vancouver (Vancouver, 2011)
and to a lesser degree the Metro Vancouver Region (Metro
Vancouver, 2007a) have indicated interest in working with EFA. It
is in response to this interest, addressing local government use of
EFA within a North American context, that we focus attention.

Combining UMA and EFA can build upon the strengths of each
method (Curry et al., 2011). An EFA based on a UMA framework
adds an additional level of insight to an already robust local-level
analysis of energy and materials flows within the city. Such an
1 Lower costs include reduced demand for energy and materials to service the
built environment, e.g. reduced demand for transportation translates to fuel savings
and less road repair and maintenance.

2 A global hectare (gha) represents the world average biological productivity of
land.
approach can help local officials interpret in general terms the
demands on biocapacity resulting from their city’s activities and
consumption by its residents. The integration of a bottom-up
analysis of energy and material flows, including lifecycle assess-
ment, to compile components of an urban metabolism and
ecological footprint study can assist local governments to under-
stand how a region’s urban metabolism affects demand for
ecological services.

Our objectives in this paper, therefore, are: i) to use an urban
metabolism framework to quantify the energy and materials
consumed by the resident population of Metro Vancouver to sup-
port their urban lifestyle patterns; and ii) to compare the ecological
footprint associated with that consumption to available per capita
biophysical carrying capacity globally. The study uses locally-
generated, disaggregated data sources for several urban compo-
nents such as: buildings, transportation, water, food, material and
waste. It provides what we believe is the first integrated UMA and
component based EFA study of a North American urban region. It
introduces a robust data set from which to pursue further analysis
pertaining to the reduction of biocapacity demand and could
facilitate the integration of resource management with urban
planning (Kennedy et al., 2010; Agudelo-Vera et al., 2011).

2. Evolution of ecological footprint analysis to better serve
cities

To date two main approaches have been developed to calculate
ecological footprints at the sub-national scale: i) an adapted com-
pound method and ii) a component method. The compound
method uses national per capita ecological footprint data that is
scaled to reflect the city as much as possible (Wackernagel, 1998;
Chambers et al., 2000; Ewing et al., 2010). In the crudest estimates,
per capita EFs based on national data are multiplied by the popu-
lation of the city in question. A more refined approach may weight
certain of the national data on energy and material flows based on
household consumer surveys that distinguish regional consump-
tion preferences. Nevertheless, because it relies predominantly on
national statistics, even this represents a top-down approach (e.g.,
Wilson and Anielski, 2005; Folke et al., 1997; Wackernagel, 1998;
Onisto et al., 1998). The advantage to the compound method is that
total national production, import and export data for key sectors
are readily available and easier to locate than city-specific data.
However, this method has limited ability to reflect the impacts of
local policy and action (Levett,1998; Chambers et al., 2000; Aall and
Norland, 2005; Wilson and Grant, 2009; Xu and San Martin, 2010).

The component method starts with local data that reflect the
study population’s consumption activities (Wiedmann et al., 2006;
Barrett et al., 2002; Chambers et al., 2000). There are two sub-
approaches: a) involves (monetary) inputeoutput analysis and; b)
requires direct estimates of energy and material throughput using
local data. The former prevails, particularly in Europe, because of its
ability to account for the embodied energy of multiple supply chain
steps (Lenzen, 2001), the ease of comparing results (Bicknell et al.,
1998), and the relative expediency of data collection and calcula-
tion (Barrett et al., 2002; Xu and San Martin, 2010). We refer to this
approach as the ‘sub-national inputeoutput approach’ (SNIO). SNIO
is based on monetary inputeoutput economic tables whose values
are secondarily converted to actual energy and material flows. It
typically also connects local expenditures to carbon emissions in a
further extension of conventional inputeoutput analysis. These
surrogate data are then used for ecological footprint assessment.
However, money-based, economy wide inputeoutput data do not
enable: a) tracking how resources flow within the region, and b)
distinguishing between and prioritizing different types of resource
flows (Wiedmann et al., 2006). Although UMA studies can
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overcome these challenges, their full integration with EFA analysis
remains impeded by what Wiedmann et al. (2006) refer to as a
“black box” phenomenon associated with the inputeoutput
approach. The fact that the SNIO approach does not allow identi-
fication of major sub-flows probably contributes to the perception
that EFA is constrained as a policy tool (Wiedmann and Barrett,
2010). It limits potential for local government planners and policy
analysts to see how the energy and materials flows within the re-
gion that are captured by the UMA method map to the ecological
footprint. Because SNIO still relies on national economic inpute
output tables that describe economy-wide material flows, criti-
cisms persist that the method does not adequately reflect local
situations. It also challenges local analytic capacitydregional and
municipal policy and planning staff are generally unfamiliar with
the method and must rely on technical experts both to do the
assessment and to translate/communicate the results so they are
useful for local planning and policy development purposes (Curry
et al., 2011; Wiedmann et al., 2006; Aall and Norland, 2005).
Moreover, Wilson and Grant (2009) observe that, in Canada, data
accessibility remains an issue. Household consumer expenditure
surveys are not available below the census metropolitan level,
limiting cities’ use of SNIO analysis.

The alternative direct approach to component EFA uses local
data to capture actual energy and material flows within the city/
metropolitan region. Analysts collect local data on specific sectors,
for example: transportation, buildings, food, consumables and
waste. They then compute the ecological footprint of each such
component and sum these to produce an overall urban ecological
footprint (Simmons and Chambers, 1998; Chambers et al., 2000;
Barrett, 2001). The direct method is time-consuming (Xu and San
Martin, 2010) and because studies tend to differ in terms of
sector definition, data availability, etc., inter-city comparison is
compromised. However, because the method aims to rely as much
as possible on local data, the impact of local policy initiatives or
actions can be measured over time with successive ecological
footprint analyses (provided that the latter are structurally
consistent). Cities often have access to or collect their own data on
transportation (e.g., mode-split and average vehicle kilometres
travelled by urban residents), buildings (e.g., total built area by type
and energy use), utility services (e.g., water and sewer flows, solid
waste, and related infrastructure management) all of which are
required for the component analysis.

We apply a direct component approach using an urban meta-
bolism framework that relies on access to quantitative data
collected by local authorities on energy andmaterials consumption,
e.g., data from utility meter readings for electricity and analyses of
solid waste volume and composition for consumer goods.3 This
means expenditure data are not used as a proxy for energy and
material throughput. This method can provide local officials with a
sensitive portrayal of and valuable insights into locally unique
consumption patterns. Because it uses data sets on local materials
and energy flows with which local authorities are familiar, they are
more readily able to understand the relationships among con-
sumption, the resultant ecological footprint, and biocapacity sup-
ply. The method also uses lifecycle assessment to capture the
hidden energy and materials flows associated with the manufac-
ture of various products, thereby accounting for some of the indi-
rect energy and materials embodied in trade. In short, by: i) using
readily accessible and reliable data that reflect municipal energy
and materials flows; ii) linking these to environmental concerns
3 Some studies refer to this as “genuine local data” (Aall and Norland, 2005). The
approach can also be characterized as following a Substance Flow Analysis as a
distinct method within material flow analysis (Wiedmann et al., 2006).
through the eco-footprint, and iii) hybridizing several methods
(e.g., UMA complemented by lifecycle assessment and EFA), the
direct component approach meets several important criteria
identified by Wiedmann et al. (2006) for robustness and policy
relevance.
3. Case study

Metro Vancouver is home to approximately 2.1 million people
and spans an area of 283,183 ha (Metro Vancouver, 2006a). It
comprises 22 municipalities, including the City of Vancouver.4 The
metropolitan region contains some of Canada’s most fertile agri-
cultural land; the delta of one of Canada’s largest rivers, the Fraser;
forested mountains; and coastal shores with crab, salmon, and
other fin-fish fisheries. The region’s main economic activities
include: business services, tourism, agriculture, and manufacturing
(BC Stats, 2010). The economy is predominantly service-based with
professional, technical and other services such as public adminis-
tration, retail trade and construction comprising the majority of
business employment (BC Stats, 2010).

Although recognized in the literature for its commitment to
advancing sustainability through regional plans and initiatives
(Newman and Jennings, 2008; Wheeler and Beatley, 2009), Metro
Vancouver remains characteristic of a high-consuming, first-world,
urban region (Berelowitz, 2005; Rees, 2009). The majority of
households, 65%, own their own home despite high unit costs
averaging $C 520,397 in 2006. The majority (57%) of the region’s
population are between the ages of 25 and 64 years with a labour
force participation rate of 67%. Sixty-five percent of this age group
have some type of post-secondary education credential (BC Stats,
2010).

Approximately 60% of the region’s land area is protected in the
“Green Zone” comprising: agricultural land, watersheds, natural
and recreational areas. Residential development occupies almost
15% and nine percent is devoted to industrial, commercial and
institutional uses. Eight percent is dedicated to roads and utility
right-of ways, and another nine percent is vacant, meaning it is
zoned for development but has not been developed to date (Metro
Vancouver, 2006a).

Metro Vancouver’s electrical energy supply is 85% hydro-
electricity with the remainder generated by natural gas and a
small amount from other sources including incineration of
municipal waste. Although the region has a relatively high per-
centage of electrical baseboard heating compared to the rest of
Canada, space heating is predominantly through combustion of
natural gas. The Province of British Columbia, inwhich the region is
located, does not support nuclear energy and requires all public
institutions including local governments to operate on a climate-
neutral basis. Greenhouse gas emissions must be offset through
investments in sequestration at a rate of $25 per tonne of carbon
dioxide equivalent (British Columbia, 2011).

Regional utility services include three coastal mountain water-
sheds fromwhich the region derives its drinking water supply; five
wastewater treatment facilities; twomunicipal solid waste landfills
(one of which is located 500 km outside the region); an incinerator
that serves as a waste-to-energy facility supplying some electricity
back to BC Hydro, the provincial electrical utility, and steam to
nearby industries. Five waste transfer stations collect and sort
recyclable materials and organize municipal waste to be
4 In the 2006 study year the region comprised only 21 municipalities. On April 3,
2009, the Tsawwassen First Nation, located within Metro Vancouver, ratified the
first urban treaty in British Columbia. The treaty provides “municipal-like juris-
diction over a land base of 724 ha” (Piombini, 2011).
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transferred either to landfill or the waste-to-energy facility.
Regional transportation services include six subsidiary companies
providing: i) in-city bus and SeaBus service, ii) a regional elevated
light-rapid rail system known as SkyTrain, iii) an inter-regional
commuter rail service, iv) a local car ferry, and v) AirCare vehicle
emissions testing facilities (GVTA, 2002).

4. Methods

This study is limited to estimating: a) energy and material
consumption and waste generation by Metro Vancouver residents
and the various local commercial, institutional and utility
agencies serving them and; b) the ecosystem area dedicated to
producing these energy and materials flows, i.e., Metro Vancou-
ver’s ecological footprint. The study excludes industrial produc-
tion in the region in order to avoid double counting that portion
of industrial production that is consumed locally (and already
captured in the method) and to avoid counting that portion
which serves the needs of consumers elsewhere. The analysis
follows the original structure of EFA and what is defined by the
European community as the residential principle (Eurostat,
2001)5 or responsibility principle (Chambers et al., 2002). This
means that whatever is consumed by a city’s residents is counted
along with the up-stream sources of energy and materials
required to produce it, wherever in the world the production
process occurs. This is distinct from a territorial or geographic
approach that examines energy and material flows passing
through a study area’s territorial boundaries but a) does not ac-
count for embodied energy6 or up-stream material inputs, and b)
does not distinguish between production for trade and con-
sumption by local residents.

The year 2006 is chosen as the base year for the study as the
most recent year for which Canadian census data were available.
For detailed information on specific data and their sources, calcu-
lation procedures, and assumptions, see the Supplementary
materials file.

4.1. Assessing Metro Vancouver’s metabolism and ecological
footprint

4.1.1. Urban metabolism
We classified the materials and energy passing through the re-

gion by consumption category or associated activity and then
divided the data into sub-classes to enable more refined analysis
(see Fig. 1). The sub-classes are structured to capture both the
weight and type of materials, embodied energy associated with
producing and transporting the materials,7 and direct operating
energy. Where relevant, we further disaggregated sub-classes,
attributing material flows to either the residential or ‘industrial,
commercial and institutional’ (ICI) sectors. Both the category and
sub-class taxonomy matches that used by Metro Vancouver in-
ventories and reports (e.g., Metro Vancouver, 2008a, 2006b). While
the study excluded the industrial metabolism of products manu-
factured in Metro Vancouver for export, light industry activities are
5 We do not strictly adhere to the details outlined by the Eurostat Guidelines that
call for an economy-wide material flow analysis to be consistent with national
accounts. Because our focus is on the use of local data to generate a bottom-up
urban metabolism, we give priority to locally generated data that records actual
energy and materials flows versus the dollars spent on these items.

6 Embodied energy means energy used in the manufacturing of goods consumed
by Metro Vancouver residents.

7 Embodied water, meaning water used in the manufacturing of goods consumed
by Metro Vancouver residents, is outside the scope of this study. The chemicals
used in the treatment of drinking water were also not considered.
counted, e.g. buildings and vehicle operations associated with retail
warehousing that serve a predominantly commercial function.
Therefore, the (I) representing industrial metabolism is bracketed
in Fig. 1 to indicate this partial inclusion.

Most of the data used to compile Metro Vancouver’s urban
metabolism come from local and provincial government and
provincially-owned corporations and include: i) Metro Vancouver
reports on: common air contaminants and greenhouse gas emis-
sions inventories, solid waste management and recycling, waste
composition surveys, water management, wastewater manage-
ment, and land use fact sheets; ii) Greater Vancouver Trans-
portation Authority reports on: travel surveys that reveal vehicle
kilometres travelled by vehicle type; iii) Province of British
Columbia reports on: greenhouse gas emissions that include
source characterization data for solid waste, motor vehicles, and
building types; iv) BC Hydro reports on: electricity consumption
and related greenhouse gas emission coefficients. We also ob-
tained data from BC’s largest natural gas company, Fortis BC, on
natural gas consumption for residential, commercial and institu-
tional buildings. These data are supplemented with lifecycle
assessment data derived from the Athena Impact Estimator for
Buildings8 software and from the literature on various infrastruc-
ture, household and corporate consumer items including: primary
building materials, e.g., wood and concrete; road construction, e.g.,
asphalt; personal consumables such as electronic equipment, pa-
per and cardboard, plastics, and fibres used in clothing and up-
holstery. Local food consumption statistics are not collected by
Metro Vancouver. Therefore, data (including relevant inpute
output tables) for the food component are obtained primarily from
Statistics Canada and the national census. We estimate per capita
food consumption in Canada from these national data then
multiply by the total Metro Vancouver population of 2,116,585
people (Statistics Canada, 2006b) to provide an estimate of
regional consumption.

4.1.2. Ecological footprint
Metro Vancouver’s ecological footprint comprises the area, in

global average hectares (gha), of biologically productive land and
water ecosystems required to produce the goods, and services,
consumed by the region’s residents and to assimilate the carbon
dioxide emissions associated with the manufacture, transport,
distribution and disposal of those goods. First we estimated the
ecosystem area required for each consumption category assuming
global average yields provided by the United Nations Food and
Agriculture Association (FAO, 2010) and equivalence factors9

generated by the Global Footprint Network for the 2006 study
year (Ewing et al., 2009). Then, for the energy land (i.e., carbon sink)
estimate, we assumed a global average annual carbon sequestration
value for forested land of one tonne per hectare (Kitzes and
Wermer, 2006; Ewing et al., 2009; IPCC, 2001)10 and an equiva-
lence factor of 1.24 (Ewing et al., 2009).

To reiterate, Metro Vancouver’s ecological footprint estimates,
in global average hectares, the ecosystem area required on a
continuous basis by the region’s population to produce the food,
fibre and other renewable resources it consumes and to sequester
the carbon emissions it produces (i.e., emissions associated with
8 The Athena Institute is an internationally recognized Canadian not for profit
organization that has developed a lifecycle impact assessment tool for buildings
(http://www.athenasmi.org/tools/impactEstimator/).

9 An equivalence factor is the ratio of average productivity in a given ecosystem
category (e.g., cropland) to global average productivity. For example, if average
cropland is approximately twice as productive as average productive land, a hectare
of average cropland is equivalent to two gha.
10 This accounts for carbon sequestration in the oceans as well.

http://www.athenasmi.org/tools/impactEstimator/
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the production and consumption process) (see Fig. 2). Because of
globalization and trade, this productive ecosystem area is scattered
all over the planet. Representing the regional EF in global hectares
facilitates comparison of regional demand for biocapacity to that of
globally available per capita biocapacity (also measured in global
hectares).
4.2. Data management

Studies of urban metabolism and the associated ecological
footprint can be useful to local government planning and policy-
analysts and decision-makers who seek to manage consumption
and wastes. However, analysts should anticipate certain issues
pertaining to data sources and data management. We describe
below how we approached these challenges in the present study:

4.2.1. Accuracy
There are frequent discrepancies among data sources

(Chambers et al., 2000). For example, in lifecycle analysis the same
product produced by multiple countries might have varying
embodied energy profiles depending on what method and energy
source was used to manufacture and transport it. In this analysis,
we used multiple lifecycle studies as data sources and searched for
convergence among the data. We averaged the embodied energy
values generated by various lifecycle assessment studies for a single
product, excluding outliers.

4.2.2. Subsidiarity
When possible, we used the same data that local authorities

already use to formulate their policies and management practices
Tonnes and Litres of 

materials 

Giga joules/kilowatt hours of 

energy 

Kilometres, hectares of land 

Tonnes of solid
waste 

Greenhouse g
emissions 

Carbon dioxide

Metabolism 

Ecological 

Fig. 2. Data input and output for integrated urban m
rather than data that has been interpolated or extrapolated from
national data sets. Local authorities are more likely to trust data
sources with which they are familiar and that describe actual local
resource flows. Local data may also reveal important consumption-
related nuances associated with the particular community being
profiled.

4.2.3. Availability
Data gaps can be expected. For example, data on strictly local

food consumption patterns are virtually non-existent. We therefore
used national data to estimate the volumes of food and beverages
consumed (both domestic and imported) and the associated de-
mand for domestic transportation. The food miles (a.k.a. food kil-
ometres) sub-component is probably significantly underestimated
in this study.

4.2.4. Conservatism
In cases where two or more data sources meet general accuracy

and subsidiarity criteria, we used the source that produced the
most conservative material flows and eco-footprint estimates.
When in doubt, it is better to err on the side of caution and thus
avoid overstating consumption impacts (Wackernagel, 2009).
4.3. Limitations

Glass curtain walls are used extensively in Metro Vancouver
high-rise architecture resulting in problems of thermal gain
(summer south exposures) and loss in the City’s temperate climate.
The Athena Impact Estimator for Buildings software has the ca-
pacity to assess the embodied energy of glass in high-rise buildings
Global hectares 

 and liquid 

as 

 emissions 

Footprint 

etabolism and ecological footprint assessment.



12 See the Supplementary data file for additional details, including methods and
references.
13 The oldest municipalities in the region: New Westminster, Vancouver and
Burnaby have combined sanitary sewers which are being phased out.
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but we suspect that the software underestimated the total quantity
of glass in Vancouver structures (and we did not undertake more
sophisticated thermal modelling). Likewise, the embodied energy
of concrete in the buildings, especially high-rise structures, also
warrants further research given the significance of glass curtain
walls. The embodied energy and operating energy requirements of
buildings change over time. A more refined analysis that captures
the age of the building stock could help improve future urban
metabolism and ecological footprint assessments for the region
(Cole, 2011).

The total lifecycle demands of products consumed by residents
in Metro Vancouver vary with product origindi.e., the methods
and materials used, nature of energy inputs, etc. Although we
reviewed the general literature on the process energy andmaterials
embodied in a variety of consumer products, there were few life-
cycle data on products made in specific countries that export to
Canada. The refinement of lifecycle data could further sharpen the
analysis.

We did not assess the total weight of materials discarded on an
annual basis from the transportation sector, e.g. waste oil and
scrap-materials from discarded car bodies. These data would
contribute to the UMA. However, we did estimate the embodied
energy of private motor vehicles and roads for purposes of
completing the EFA and found it to be small relative to the impacts
of fuel consumption.

Finally, the role of water in urban sustainability is probably
under-represented by our method. Only the energy associated with
the operation of water treatment facilities and distribution systems
is counted, not the energy embodied in the physical plant. Nor did
we account for the chemicals used to treat drinking water (rela-
tively low quantities in Metro Vancouver). We did estimate the
energy embodied in the region’s water distribution and sewer
collection systems, but had tomake certain assumptions about pipe
diameters and lifespans where data were lacking. Only the largest
of the Region’s six dams was included in the analysis. However,
because the impact of this dam on the ecological footprint was
marginal (due to the structure’s 100-year amortization period) we
believe that including the remaining dams would not significantly
alter our findings.

Our analysis excluded contributions from national and provin-
cial services that benefit all Canadians, but that are exercised
outside the Metro regionde.g., the operation of parliament and
provincial legislatures, the operations of the treasury and supreme
courts, the military, etc. These extra-regional flows are beyond the
scope of a regional metabolism study yet should be included in the
population’s ecological footprint estimate. As data improve, future
studies might account for these activities for inclusion in eco-
footprint estimates. Comparing our component-based findings for
Metro Vancouver to an EF estimate based on the top-down com-
pound method would provide a crude estimate of the government
services contribution.

5. Results

Fig. 3 summarizes the urban metabolism and ecological foot-
print of Metro Vancouver for 2006. Water represents the largest
material flow throughMetro Vancouver followed by transportation
fuel (3,338,721,000 L or 2,373,831 tonnes).11 Buildings account for
the largest energy flow and food comprises the largest ecological
footprint. Carbon dioxide output from all components is 23 million
tonnes, approximately 10 tonnes per capita.
11 We use a conversion factor for gasoline (the dominant fuel in the region) of 0.
711 kg/l.
Out of a total 2,636,85012 tonnes of food that is produced,
processed, distributed and purchased for final consumption by
Metro Vancouverites, approximately one-third ends up lost or
wasted due to spoilage and/or plate-waste (Statistics Canada,
2007). While we used the total tonnage of consumption to
calculate the ecological footprint of the food component, figure
three represents net food consumed in the region, 1,753,000
tonnes (Statistics Canada, 2007). Regional food waste data, i.e.
plate waste, was estimated to be 372,700 tonnes (TRI, 2008) and
bio-solids were estimated at 19,770 dry tonnes (Metro Vancouver,
2012). Together these data represent a total regional material flow
for food of 2,145,470 tonnes. This falls short of the gross estimate
presented above. We assume the difference (491,380 tonnes) is
partly attributed to discarded materials through food processing
(e.g., carcass, oil seed) and partly attributed to sewage (i.e., the
liquid component separated out from bio-solids which were
measured in dry tonnes). Again, to avoid double counting, that
portion of the regional waste stream that comprises food waste
(372,715 tonnes) is not included in the EFA of the consumables
and waste component.

Approximately 60% of the water consumed (424,860,000 m3) is
for residential purposes. More wastewater (462,053,500 m3) is
treated than the total amount of drinking water distributed from
the region’s three watersheds. This is due to stormwater inflow and
infiltration and to a lesser degree: combined sanitary sewers and
non-watershed drinking water sources, e.g. independently owned
and operated municipal reservoirs and well water.13

Because of the large volume of fossil fuel consumed, trans-
portation contributes the largest share to Metro Vancouver’s
greenhouse gas emissions. Most of the almost 3.3 billion L of fuel
consumed is for ground transportation (2.6 billion L) of which
1,178,978 privately owned vehicles account for 75% (1.9 billion L)
and 28,788 commercial vehicles account for 23% (591) million L.
The public transit bus fleet, comprising 3358 vehicles, consumed
approximately 56million L of fuel and 30million kWh of electricity.
The West Coast Express commuter rail service and SeaBus pas-
senger ferry service each accounted for approximately 1million L of
fuel, and the SkyTrain elevated rail service accounted for 117
million kWh of electricity. In addition to ground oriented trans-
portation, Metro Vancouver residents also consumed a total of 788
million L of fuel for air travel.

Buildings comprise the largest energy flow in the urban
metabolism (17,515,150 MWh) for electricity consumption
and 81,932,260 GJ for space and water heating. An additional
13,550,600 GJ comprises the embodied energy within the
building stock. Residential buildings account for 42% of electricity
demand, 60% of space conditioning and water heating demand.
Total carbon dioxide emissions from building operating energy is
4,610,600 tonnes, 58% associated with residential building oper-
ations. When we add carbon dioxide emissions associated with
the embodied energy of the building stock, amortized over the
life of the buildings,14 the total carbon dioxide emissions asso-
ciated with the buildings component increases to 6,440,660
tonnes per year.

The residential and commercial/institutional sectors each ac-
count for approximately half of the total material goods
14 We assume a 60 year lifespan for residential buildings and 75 years for com-
mercial and institutional buildings. These values fall within the Canadian Standards
Association Guideline on Durability in Buildings referenced by Metro Vancouver’s
Build Smart program (GVRD, 2001).
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consumed. Although Metro Vancouver residents consumed
approximately 2.4 million tonnes of products (more than one
tonne per capita per year), they also recycled approximately 50%
of their wastes. Organic wastes including: food, yard wastes, wood
and paper comprise the largest portions of materials in the
municipal solid waste stream.

Fig. 4 summarizes the total ecological footprint for Metro
Vancouver by categories of consumption. ‘Food’ is the largest
Fig. 4. Summary of Metro Vancouver’s ecological footprint by component.
component of the ecological footprint because of the large area
required to grow crops and fodder, and because of the energy
intensity of food production, processing and distribution. Fig. 5
shows relative contributions of materials, embodied energy,
operating energy and built area to each component in the
ecological footprint.

The second largest component in Metro Vancouver’s ecological
footprint is transportation. Operating energy for private, commer-
cial and public transit fleets accounts for 6.1 million tCO2, signifi-
cantly more than the 2 million tCO2 from the embodied energy in
the vehicle fleet. Air travel by Metro Vancouver residents accounts
for an additional 1.1 million tCO2. (The regional share of the
embodied energy of air craft was not estimated.) Metro Vancou-
verites drove a total of 1,211,124 motor vehicles (97% private
vehicle, 2% commercial vehicles and 1% public transit vehicles)
almost 13 billion km on approximately 6,200 km road-lanes. Pri-
vate vehicles travelled an average of 10,355 km per vehicle per year,
commercial vehicles an average of 16,593 km, and public transit
vehicles 33,943 km (MOE, 2010).15
15 Readers who are interested in other air emissions are referred to the region’s
Corporate Greenhouse Gas Emission Inventory (Metro Vancouver, 2008a) and
Lower Fraser Valley Air Emissions Inventory Forecast and Backcast (Metro
Vancouver, 2007b).
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The third largest component of Metro Vancouver’s ecological
footprint is buildings. Building operating energy, for both residen-
tial and commercial/institutional uses, accounts for approximately
5.6 million tCO2. This is significantly greater than the annual
amortized amount of embodied energy contained within the
building stock accounting for only 793,900 tCO2 (see Fig. 5).
Approximately 7.4 billion kWh and 49 million GJ were used in
residential buildings and 10 billion kWh and 32.3 million GJ were
used in the institutional and commercial sector (MOE, 2010). We
estimate that there are approximately 8.9 billion tonnes ofmaterials
in the regions building stock. Demolition and land clearing waste
comprised 325,604 tonnes of material (Metro Vancouver, 2006b).

The fourth largest component is consumables and waste.
Consumable products include such things as furniture, textiles,
paper, plastic, glass, etc. The embodied energy of the products
consumed accounts for the largest share of this component’s
footprint (69%) and approximately 3,221,957 tCO2 (see Fig. 5).
Indeed, indirect energy and material flows (i.e., embodied energy
and embodied materials, meaning the up-stream material inputs
used to manufacture consumable products) account for 92% of this
component’s ecological footprint. The remaining 8% is attributed to
solid and liquid wastemanagement, representing the consumables’
end of life phase. Approximately 468,470 tCO2 is attributed to
treatment of municipal solid wastes that were either incinerated or
sent to landfill. Of this amount, the majority (approximately
320,000 tCO2) are attributed to the incineration of waste to produce
heat and power at the Waste-to-Energy facility. The operating en-
ergy associated with both the management of solid and liquid
wastes account for 15,000 tCO2 and 67,133 tCO2 respectively.

Finally, although water represents the largest material flow
within the region, it has the smallest ecological footprint of all the
components and represents less than 1% of Metro Vancouver’s
ecological footprint. This is due, in part, to the efficient design of
Metro Vancouver’s water distribution system that relies primarily
on gravity to distribute water to the region, taking advantage of the
watersheds relatively high elevation in the Coast Mountains. While
only 3229 tCO2 was generated from energy used in the treatment
and supply of drinking water, the embodied energy associated with
the 8000 km of pipes comprising the water distribution system
account for 15,177 tCO2 annually, assuming 305 mm cast iron pipes
amortized over a lifespan of 50 years (Metro Vancouver, 2008b, also
see Supplementarymaterials for details about method). This means
that the embodied energy of the water supply system accounts for
three quarters of the greenhouse gas emissions associated with the
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delivery of drinking water in the region on an annual basis. The
estimated embodied energy of the pipes in the sewer system as-
sumes a 50 year lifespan for concrete pipes with an average
diameter of 100 mm for private, 300 mm for municipal and
1000 mm for regional pipes. The total embodied energy per year in
the system accounts for 2000 tCO2. This means that the embodied
energy of the sewer system, when amortized over its lifespan, is
very low. Finally, although the watershed lands surrounding the
drinking water supply reservoirs are protected as ecological re-
serves, and therefore not counted in the ecological footprint esti-
mate, we did include the service roads that traverse these lands.
They alone account for 29,875 gha, equivalent to 87% of the water
EF estimate.

The total ecological footprint estimated for Metro Vancouver
was 10,054,400 gha. Recall, however, that the region spans an area
of only 283,183 ha. This means that in 2006, the residents of Metro
Vancouver relied on a productive land, aquatic and sea area that is
approximately 36 times the size of the region itself. The ecological
footprint for an average resident of Metro Vancouver is 4.75 gha
(see Fig. 2). The components comprising the footprint include:
food: 2.13 gha/ca, transportation 1.10 gha/ca, buildings 0.84 gha/ca,
consumables and waste 0.68 gha/ca, and water 0.002 gha/ca. Again,
services provided by senior governments are not included.

Fig. 6 represents Metro Vancouver’s 2006 ecological footprint in
terms of ecosystem type. The largest component of biocapacity
demand, 59%, is for energy land (carbon sink ecosystems) and the
second largest demand is for cropland. Together, energy and
cropland comprise 90% of Metro’s eco-footprint.
6. Discussion and conclusions

As the world urbanizes, cities must assume an ever-greater role
in determining sustainability outcomes. This study introduces a
detailed, bottom-up urban metabolism and ecological footprint
analysis for a North American metropolitan region. We have
explained why and how the methodological approach for sub-
national ecological footprint analysis based on economy-wide
inputeoutput calculations that are de rigour in Europe presents
several challenges to local governments in the North American, and
specifically the Canadian, context. We demonstrate the use of an
alternative method, direct component approach, which we argue
can work more effectively to address local government concerns
and interests within the North American context.

Cities are the dominant form of human habitat, and most of the
world’s resources are either directly or indirectly consumed in
cities. Within cities, income is highly correlated to consumption,
but urban morphology and management policies also play a role. A
dual approach to urban sustainability that focuses on: i) attempts to
Fig. 6. Summary of Metro Vancouver ecological footprint by land type.
reduce overall energy and materials consumption by changes in
urban morphology and management practices coupled with ii) the
ethical and moral responsibility by high income consumers to
reduce their personal consumption, is emerging in the urban sus-
tainability literature (e.g., Newman and Jennings, 2008; Holden,
2004; McGranahan and Satterthwaite, 2003; Karr, 2000; von
Weizsäcker et al., 1997; Haughton and Hunter, 1994). However, as
representatives of some of the wealthiest economies in the world,
North American cities have been slow to adopt metrics that
reconcile urban consumption with available global biocapacity.

Urban sustainability analysis requires understanding the city’s
ecological resource base and the demands the city makes on an
increasingly global hinterland. In North America, local government
policy directed at urban sustainability is increasingly focussing on
efficiency improvements coupled with demand side management
strategies aimed at reducing energy and materials throughput
(Roseland, 2012; Portney, 2003; Beatley, 2000). However, there are
few, if any, examples in North America of cities that have policies
aimed at reducing consumption to the level that science indicates
would be within global ecological carrying capacity. This implies an
average EF of 1.8 gha/capita (WWF, 2010). Exceptions could include
Sonoma Mountain Village in the USA and the City of Vancouver
(part of Metro Vancouver) that have identified one-planet living as
a goal but are still in the early phases of implementation. To actually
achieve this goal could require up to an 80% reduction in some
consumption categories (von Weizsäcker et al., 2009). These ex-
ceptions aside, assessments of sustainability performance in North
American cities seldom use metrics that situate the city in a global
context, apart from attempts to raise awareness about climate
change (EPA, 2010; Karlenzig et al., 2007; Portney, 2003). Inspired
by the City of Vancouver’s preference to use the direct approach
articulated in this paper to assess their ecological footprint
(Vancouver, 2011), we believe that developing a methodological
approach appropriate to the North American context can help
stimulate greater interest in both urban metabolism and ecological
footprint analysis by North American cities.

Our objectives in this paper were to demonstrate the use of an
urban metabolism framework to quantify the energy and materials
consumed by the resident population of Metro Vancouver, and to
compare the ecological footprint associated with that consumption
to available per capita biophysical carrying capacity at the global
scale. Building on Folke et al. (1997), Warren-Rhodes and Koenig
(2001), Barrett et al. (2002), Aall and Norland (2005), Collins and
Flynn (2006), and Dakhia and Berezowska-Azzag (2010), we have
demonstrated how integrating urban metabolism analysis and
ecological footprint analysis provides valuable information to local
government planners and policy analysts on urban energy and
material flows and on cities’ appropriations of theworld’s shrinking
biocapacity. As far as we are aware, this study is the most
comprehensive assessment of Metro Vancouver’s urban meta-
bolism and ecological footprint to date and the first component-
based ecological footprint analysis of a North American metropol-
itan region using the direct approach.

Metro Vancouver’s ecological footprint in 2006 is equivalent to
10,054,400 gha. This represents an area that is 36 times the actual
size of the region. Metro Vancouver residents have an average
ecological footprint of 4.75 gha/ca. This is nearly double the world
average biocapacity demand, estimated at 2.7 gha/ca, and almost
three times the global per capita biocapacity supply, estimated at
1.8 gha/ca (WWF, 2010). In other words, if everyone consumed at a
level commensurate with that of an average Metro Vancouver
resident, wewould need at least three additional Earth-like planets
to supply the resources and assimilate the carbon dioxide emis-
sions to support such a lifestyle. If the impacts of senior govern-
ment services were also counted, the need would be greater still.
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Our use of direct component ecological footprint analysis limits
comparison with national level compound EF studies and compo-
nent EF studies that use a sub-national inputeoutput approach.
That said, our findings are generally consistent with the results of
studies elsewhere using other ecological footprint assessment
methods (Scotti et al., 2009; Kissinger and Haim, 2008; Collins and
Flynn, 2005; Barrett et al., 2002). Of course, our urban metabolism
data can be compared freely to urban consumption data collected
by similar means in other parts of the world.
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