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Summary:  
Urban metabolism is widely defined as the sum total of the technical and socioeconomic processes that 

occur in cities, resulting in resource consumption, growth, production of energy, and elimination of waste.  

With the growing importance of tackling the global and local resource impacts of cities, collection of 

urban metabolism data should become a mainstream activity for all medium to large cities. The Urban 

Development and Local Government Unit of the World Bank has conducted abbreviated urban 

metabolism studies for 7 client cities (Amman, Beijing, Buenos Aires, Cape Town, Metro Manila, Rio de 

Janeiro, and Sao Paulo) using data from national and local statistical agencies and departments.  These 

studies are presented in this paper, the data gathering challenges outlined, and recommendations made as 

to how local governments can institutionalize the collection of metabolism information and use it to 

inform local sustainability programs, and projects.  
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MAINSTREAMING URBAN METABOLISM: ADVANCES AND 

CHALLENGES IN CITY PARTICIPATION 

I. INTRODUCTION 

‘Urban sustainability’ is based on an equitable delivery of a sufficient quality of life to which 

people aspire, while not exceeding the carrying capacity of proximate hinterlands or regional and 

global ecosystem services.  Historically, quality of life, particularly in the more affluent 

developed world has been achieved by means of increased resource throughput. As society 

approaches ecosystem limits (such as soil availability, nitrogen loading, atmospheric pollutants, 

and loss of biodiversity), material throughput becomes and even more important yardstick 

against which development is measured.  Thus, urban metabolism is likely the single most 

important comprehensive metric for urban sustainability. 

Urban metabolism (terminology that implies that cities are sustained by processes analogous to 

those of living organisms) is widely defined as the sum total of the technical and socioeconomic 

processes that occur in cities, resulting in resource consumption, growth, production of energy, 

and elimination of waste (Kennedy et al, 2007).  Because urban metabolism analyses involve 

measuring and understanding cities’ resource and energy inputs, outputs and storage, they 

provide the evidence base to address not only concerns over greenhouse gas emissions, but also 

other global resource flows (e.g., oil, water, solid waste).  Urban metabolism directly responds to 

the concept of sustainable development as “development without increases in the throughput of 

materials and energy beyond the biosphere’s capacity for regeneration and waste assimilation” 

(Goodland and Daly, 1996).  

Urban metabolism literature has been reviewed extensively (Kennedy et al, 2007 and Kennedy et 

al, 2011), with approximately 20 comprehensive urban metabolism studies published for specific 

cities.  Other papers have analyzed the flows of particular materials or substances.  To date, 

however there is no standardized set of requirements around which local governments can design 

their data collection.   The development of the EUROSTAT Economy-wide Material Flow 

Analysis (MFA) methodology (EUROSTAT, 2001) gave researchers a framework on which to 

base their data-gathering (see, for example, Niza et al, 2009).  However, the EUROSTAT 

methodology was developed for use at the national level, and hence is not directly transferable to 

the urban context.  In order to effectively use urban metabolism as an evidence base for decision-

making in cities, a basic but comprehensive urban metabolism framework needs to be adopted, 

proposing which standardized parameters should ideally be included in city-level reporting. 

Modern society is faced with both resource scarcity and accumulating local and global 

pollutants. One of the most pressing global challenges is climate change, to which ecosystems 

(including cities) need to adapt. The related resource scarcity challenge involves rising demand 

(associated with rapid urbanization and growing affluence), under a constrained supply.  With 

just over half of the world’s population now living in cities, developing countries – where the 

next wave of urbanization is taking place over the next 30 – 50 years (United Nations, 2008) -- 

will experience the greatest constraints on resource availability and over-taxed ecosystem 



Mainstreaming Urban Metabolism:  

Advances and challenges in city participation      Sixth Urban Research and Knowledge Symposium 2012 

 

 3 

services. These challenges exacerbate an already acute shortage of basic services, an 

unprecedented demand for urban infrastructure and housing, and growing emissions and waste 

outputs.  

In this paper we examine the energy and resource consumption of 7 World Bank (WB) client 

cities using an Abbreviated Urban Metabolism (a standardized listing of urban metabolism 

measures that should ideally be included in basic level reporting).  The goal is for cities around 

the world to collect this data on a regular basis to inform policy design, specifically targeting 

resource efficiency concerns.  Development objectives such as providing water supply, sanitation 

and waste management, upgrading slum neighborhoods, and providing transport and energy 

infrastructure are best supported by the evidence-base of urban metabolism (UM). Cities are well 

placed to gather and use this information: economic power, political decision-making, and 

implementation are all concentrated in urban areas.  The challenge is for cities to become 

increasingly more proficient at data collection and management.  This paper will highlight the 

process and difficulties encountered in conducting the 7 Abbreviated Urban Metabolisms.  Other 

potential applications of the UM framework (e.g., real-time monitoring of materials flows in 

cities) are also discussed. 

This work is motivated by the fact that cities are under-studied in terms of clear and consistent 

indicators.  A survey of eight city governments in North and South America (World Bank, 2007) 

found that each regularly tracked dozens to hundreds of indicators, but only two of these 1100 

metrics were common to all eight cities1.  Most studies of material and energy use are conducted 

at the country level.  Fiji (with fewer than 900,000 citizens) has better statistical data than cities 

like Shanghai and Lagos, each with more than 10 million residents (e.g., see World Development 

Indicators2). Improvements are underway through programs like the Global City Indicators 

Facility (Global City Indicators Facility, 2007).  However, these efforts still do not compile a 

significant breadth of metabolism data, as shown in Table 1.  The global development 

community is not fully tapping into the capacity of cities to take action with regard to the 

resource efficiency of businesses, industries, and the populations that are concentrated in urban 

agglomerations. 

Furthermore, if standardized consumption and output data are collected by local governments on 

a regular basis, the change in metabolic profiles over time could provide insight into the 

transitions of different cities toward or away from resource efficiency as they proceed along the 

trajectory of economic growth (see Section II). Historical developments or the effects of policy 

changes could even be traced and associated with metabolic trends.  The abbreviated urban 

metabolism could serve as a base-line analysis for local governments, planners and the public to 

identify potential means of optimizing resource consumption, measuring progress toward 

sustainability and comparing trends and scenarios for the future. 

Quality UM reviews for cities can be likened to regular health monitoring for people.  Doctors 

monitor changes in weight, blood pressure, cholesterol, sleep patterns to provide early warnings 

and help steer us toward better health. So too must urban advisors and managers; with good UM 

information cities can be built better, operated more efficiently, and quality of life enhanced in as 

cost-effective and comprehensive a manner possible. Also, as with humans, if cities are 

                                                 
1 The cities were: Belo Horizonte, Bogota, Cali, Montreal, Porto Alegre, Sao Paulo, Toronto, and Vancouver. 
2 http://data.worldbank.org/ 
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monitored through a common suite of diagnostic indicators, i.e. UM, comparisons and learning 

across countries become more valuable.  

The structure of this paper is as follows: in Section II, we highlight the analytical and practical 

value of updating urban metabolism studies (the case of Hong Kong), in Sections III and IV we 

present the abbreviated urban metabolism studies that have been carried out by the World Bank’s 

Urban Development Unit, Section V discusses practical applications of urban metabolism 

analysis that can be implemented by cities, and Section VI presents recommendations for 

institutionalizing urban metabolism analysis at the local government level. 

II. UPDATING URBAN METABOLISM STUDIES: HONG KONG (1971-1997) 

We highlight the example of the world’s first large-scale urban metabolism study that was 

carried out for Hong Kong in 1971 (Newcombe et al, 1978), and then updated in 1997 (Warren-

Rhodes and Koenig, 2001).  There is immense practical value in such updating of metabolism 

studies for the same city – in this case allowing for the analysis of trends in Hong Kong’s 

material consumption and waste discharges, and the relationship with economic growth.  

Hong Kong’s economic base transitioned in the 1960s from being a major trading post, to light 

industry, and finally to service and financial industries in the 1990s. Rapid economic growth 

(GDP per capita rose from 6,397 to 25,050 constant 2000 US$)3 and population growth (from 

4.05 million to 6.49 million)4 during these decades resulted in high pollution levels and resource 

intensity.  

The results of the Hong Kong study showed that per capita food consumption grew 20% from 

1971 to 1997, water consumption increased by 40% during the same time period, and 

construction materials increased 280%. On the output side, the 10% annual increase in per capita 

GDP was accompanied by 23% decrease in per capita air pollutants over the update period.  

However, there was a 174% increase in municipal solid waste, and 40% increase in sewage 

discharge. These show that Hong Kong’s water and land were actually under greater stress as 

pollution sinks, in contrast to local air pollution.   

Growth in per capita consumption of food (68% increase in meat), construction materials, and 

solid waste generation suggest a significant increase in private consumption.  The transition to a 

meat-based diet, larger living space per person, and greater consumption of final products and 

packaging are all associated with growing affluence.  This points to consumer behavior as an 

important lever to de-materialize Hong Kong’s continuing development.  The 100% growth in 

fossil fuel consumption and 119% growth in per capita CO2 emissions, despite the structural 

transformation to a service economy, support the idea that behavioral change and cleaner energy 

sources were still necessary.  Regardless of these increases Warren-Rhodes and Koenig point out 

that, in comparison to other developed economies, Hong Kong has lower per capita 

infrastructure stock, and lower energy and materials use – all of which are, to a certain extent, 

attributable to the city’s extreme compactness and highly developed public transport system.  

The hope is that more of these types of analyses can be conducted as cities perform abbreviated 

UM studies, update them regularly, and share them with other cities and development partners.  

                                                 
3 http://data.worldbank.org/indicator/NY.GDP.PCAP.KD 
4 http://data.worldbank.org/indicator/SP.POP.TOTL 
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Changes in the metabolism over time will be extremely relevant for public policy decision-

making. 

III. THE WORLD BANK’S URBAN METABOLISM PROGRAM 

The Urban Development and Local Government Unit (Urban Anchor) of the World Bank has 

conducted 7 abbreviated urban metabolism studies to date (since 2010), as part of its ongoing 

Cities and Climate Change Initiative.  Adopting UM under the umbrella of Cities and Climate 

Change highlights the Bank’s recognition that its client cities need to understand their resource 

efficiency and consumption patterns in order to manage their outputs and emissions.    

At the Urban Metabolism Workshop organized by the Building Technology Program at the 

Massachusetts Institute of Technology in January 2010, researchers from the industrial ecology 

and urban ecology communities developed a framework (Figure 1) that captures all bio-physical 

stocks and flows within an urban metabolism. The framework is based on the Eurostat Economy-

wide Material Flow Analysis methodology, but considers special characteristics of urban areas, 

e.g., that minimal material extraction and agricultural activity occur within the boundaries and, 

consequently, import and export can constitute a significant portion of the city’s material flows.  

This represents the first attempt to standardize a framework specific to urban metabolism.  World 

Bank staff participated in the MIT workshop, and ensured that data requirements could likely be 

met by Bank-client cities: the methodology proposed was then field tested by the authors of this 

paper.  The World Bank also advocated for the methodology be developed as an ‘open source’ 

approach, and that the International Society of Industrial Ecology support the methodology 

through wide-spread academic vetting. 

  

 

Figure 1: Urban metabolism framework showing inflows (I), outflows (O), internal flows (Q), 

storage (S) and production (P) of biomass (B), minerals (M), water (W), and energy (E) 
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The system boundary used by the authors corresponded to the political boundary of each city, or 

the metropolitan area in the case of Metro Manila.  The choice to use an administrative boundary 

was made because of practical data-gathering considerations.  Local government units are 

typically in charge of collecting data within their jurisdiction, and even national statistical 

agencies typically disaggregate data to administrative levels (regions, provinces, cities). 

Table 1 shows the parameters comprising an abbreviated urban metabolism. The list attempts to 

address the most pressing resource-related issues faced by cities, balanced with the practical 

recognition of data availability (or lack thereof). It is useful to note that only 3 of the UM 

parameters (Table 1) are actually reported to the Global City Indicators Facility5. The table also 

shows the overlap between metabolism parameters and data that is required for city-scale 

greenhouse gas inventories, and includes measures that address other issues, such local air 

pollution, waste management, sustainable water use, and management of nutrients. 

 

 
Table 1: Abbreviated urban metabolism data table 

 
Source: Sustainable Urban Systems workshop at the 6th Conference of the International Society of Industrial Ecology (2011) 

                                                 
5 http://cityindicators.org/Deliverables/List%20indicators_final_5-11-2012-1050950.pdf 
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IV. CLIENT CITY CASE STUDIES 

The format used for the material flow diagrams associated with abbreviated urban metabolism 

studies has not yet been standardized, but results from the World Bank’s 7 client cities are 

presented below.  All data is from national and sub-national statistical agencies and local 

government units, and annual values are shown.  Data was collected and analyzed by the authors 

of this paper. 

The choice of these 7 cities illustrates the current ad hoc nature of urban metabolism practice.  

The cities were selected through several overlapping considerations: (i) Urban Development Unit 

staff could visit the city without incurring separate travel costs; (ii) the city requested the 

support; (iii) the city was sufficiently large and significant to the Bank’s overall work program; 

and (iv) a regional mix was desired where possible. All data collection was overseen by the 

authors and managed by the Urban Anchor (in close cooperation with regional colleagues). The 

World Bank’s approach was to complete sufficient reviews (about 5 to 10 cities were thought to 

be needed as ‘proof-of-concept’) within existing staffing and budget envelopes. The analysis was 

often shared with other key UM researchers within the International Society of Industrial 

Ecology.  This somewhat “opportunistic” approach needs to be systematized so that a larger 

sample of cities will have comparable metabolism data. 

Despite the small sample, this effort highlights the baselines and challenges of city-level data 

collection.   The case studies all made use of the Abbreviated UM table (Table 1), showing that 

this data is available (to varying degrees), but that it is very fragmented and not regularly 

collected.  These studies very much adopted a “best available data” approach: the data is not 

new, primary-generated data, but is a compilation of what is being collected and published by 

cities, agencies and higher levels of government.  In some cases, quantities were derived based 

on known relationships (e.g., typical quantities of materials per kilometer of road allowed for the 

estimation of concrete stocks based on the road inventory of Metro Manila).  The eventual goal 

in mainstreaming urban metabolism would be for cities to use primary, regularly-collected data 

(reported, for example, to GCIF) to generate their own analyses. 

There are severe limitations to the ‘best available data’ approach. The diagrams and flows shown 

below are indicative, and it would be misleading to directly compare values across cities.  

Furthermore, the data is not from the same year for all cities (the most recent available data was 

used for each parameter).  The focus of this paper lies more in the process, in illustrating what 

data is available, and providing the impetus for improving data collection at the city level, and 

uptake of the abbreviated urban metabolism framework by cities themselves.  Given that the 

science of urban metabolism is, at this point, fairly well established, the goal is to advance the 

practice at the local government level. 

The main finding of the 7-city review is that ‘quick and easy’ reviews are possible and could be 

carried out by cities themselves if they so chose. The methodology followed is sufficiently 

simple for all cities in the world to conduct UM studies, thereby increasing the overall value of 

the data for all participants. 

The Material Flow diagrams shown below are an example of one type of visualization that can 

be developed, giving a snapshot of resource and energy consumption at a certain point in time.  

With regular updating, these diagrams can be compared, and trends in urban metabolism can be 

highlighted and further analyzed.  The ‘gold standard’ would be real-time data collection for 

parameters like water and energy use. 
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1. Buenos Aires, Argentina 

Buenos Aires is making significant strides in the environment and climate change arena. The 

Municipal Government established a dedicated Department for Climate Change within the 

Environmental Protection Agency (EPA). Buenos Aires developed its first GHG Inventory in 

2003 (data until 2000) using the HEAT software provided by ICLEI.  In 2009 the city developed 

its Climate Change Action Plan, together with an updating of its GHG Inventory for the period 

2000-2008. The update was carried out by Buenos Aires EPA, which also served as the WB 

urban metabolism team’s key counterpart for data compilation. 

The main sources of information for the abbreviated urban metabolism (Figure 2) were the 

Buenos Aires 2030 Action Plan and the Buenos Aires towards Climate Change publication, 

although these provided little data on material, food and water flows. The Buenos Aires EPA 

was able to provide the metabolism parameters that were gathered as a part of the GHG 

emissions inventory. The Buenos Aires Action Plan provided some information on energy and 

water consumption, solid waste generation, and land use change.   

The City Government, on its webpage6, dedicates a chapter to environmental issues and provides 

information on energy efficiency, waste, green spaces, and climate change initiatives.  The 

information is intended for the general public, and is more conceptual than technical. The City 

has also a well-developed Environment Atlas7 online, containing information on the 

environment, energy, transport, waste, urbanization, among others.   

The WB team’s main recommendation is that the Environmental Atlas be updated regularly, and 

expanded to incorporate the abbreviated UM data. It was extremely challenging for the team to 

obtain information in Buenos Aires, as data is highly fragmented and often not in digital format. 

Data from national statistical agencies is similarly difficult to obtain.  

 

                                                 
6 http://www.buenosaires.gov.ar/areas/med_ambiente/apra/educ_com/informacion/informacion_publica.php 

7http://www.atlasdebuenosaires.gov.ar/aaba/index.php?Itemid=72&id=193&lang=es&option=com_content&task=view 
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Figure 2: Abbreviated Urban Metabolism diagram for Buenos Aires, Argentina 

 
Note: The results of the Buenos Aires GHG inventory for 2011 are preliminary and unpublished. Final data will be made public 

by the City of Buenos Aires when available. 

 

2. Metro Manila, Philippines 

The case of Metro Manila (Figure 3) was unique due to the fact that the metropolitan area 

(composed of 16 cities and 1 municipality) is simultaneously constituted into a special 

development region (the National Capital Region), subject to direct supervision of the President.  

In the Philippines, regions are administrative divisions that serve primarily to organize the 

provinces of the country for administrative convenience, although Metro Manila is made up of 

cities rather than provinces. Most offices of the national government’s line agencies are also 

established by region, although the regions themselves do not possess a separate local 

government.  The Metropolitan Manila Development Authority, however, performs planning, 

monitoring and coordinating functions, and exercises regulatory and supervisory authority over 

the delivery of metro-wide services (Metropolitan Manila Development Authority, 2010).  

In particular, the status of Metro Manila as an administrative region resulted in very extensive 

data availability.  National government agencies, which collect data on a multitude of sectors at 

the regional level, were able to supply the WB team with publications that contained direct 

information that is usually not gathered for cities.  However, in many cases the information had 
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not been updated in many years, and very few of the sources were available online.  The WB 

team had to send representatives to various agencies to obtain publications in book and CD-

ROM format. 

Data that was collected and aggregated at the regional level by national government agencies 

included: 

 Food Consumption and Nutrition (Bureau  of Agricultural Statistics) 

 Compendium of Philippine Environmental Statistics (National Statistical Coordination 

Board) 

 Commodity Flows between regions (National Statistics Office), which supplied extensive 

data on final products 

 Household Energy Consumption Survey (Department of Energy) 

 Regional profile for the National Capital Region (National Statistics Office) 

 Recycling Study (National Solid Waste Management Commission and the Japan 

International Cooperation Agency) 

 Construction Statistics from Approved Building Permits (National Statistics Office) 

 Department of Public Works and Highways Atlas 

In many cases this exceeded the data requirements of the Abbreviated Urban Metabolism. 

Despite this extensive level of data availability (an artifact of Metro Manila’s administrative 

status), the team was unable to find information on inflows of construction materials, nutrients 

such as phosphorus, wastewater, and certain air pollutants (methane, ozone and black carbon). 

Finally, there is the issue of granularity of data.  Metro Manila has a population of 11.6 million, 

but the least populous municipality has only 64,000 residents, while the most populous has 2.8 

million.  Population density ranges from a low of 10,000/sq.km. to a high of 43,000/sq.km.  Per 

capita GDP ranges from US$3,000 to US$30,000 between the poorest and the richest 

municipality.  It is only to be expected that, within this vast conurbation, resource consumption 

profiles would differ greatly.  Disaggregation down to the city level would increase the level of 

resolution of the information, and be more useful for local city planning decisions. 

On the other hand, for most of the truly significant municipal accomplishments in urban 

transportation, energy conservation, and solid waste disposal, metropolitan or regional 

approaches are necessary. Therefore as cities themselves improve data reporting through direct 

programs like GCIF, metropolitan level data will remain extremely important. 
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Figure 3: Abbreviated Urban Metabolism diagram for Metro Manila, Philippines 

 

3. Rio de Janeiro, Brazil 

The City of Rio de Janeiro has developed several key documents related to Climate Change and 

Sustainability: 

 Urban Development Plan (2009) 

 Sustainable Development Plan (2011) 

 Climate Change Action Plan (2011) 

 Greenhouse Gas Emissions Inventory  

 Vulnerability map (2011)  

These documents pertaining to planning and environmental strategy greatly eased the process of 

gathering data for the abbreviated urban metabolism study of Rio de Janeiro (Figure 4).  In 

particular, information came from the Climate Change Coordinator of Rio de Janeiro and from 

the Centro Clima (Center for Integrated Studies on Environment and Climate Change) of the 

COPPE (Engineering Graduate Programs Coordinator) of the Rio de Janeiro Federal University, 

and the Rio de Janeiro State Secretary for Environment. 
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Figure 4: Abbreviated Urban Metabolism diagram for Rio de Janeiro, Brazil 

 

Interviews conducted with City officials showed that the concepts of urban metabolism and 

material flow were mostly unfamiliar. The Climate Change Coordinator was provided all 

necessary contacts facilitated interviews for the WB team, but the agency did not have all 

necessary data compiled.  Institutionally, the City does not have a regular budget allocation to 

gather data. The University of Rio de Janeiro was contracted to conduct the GHG Inventory and 

develop the Climate Change Action Plan, and these motivated the collection of information. 

GHG inventories are very valuable tools to obtain an integrated, cross-sectoral overview of 

energy and water consumption, changes in land use and emissions arising from solid waste. As 

such, they can be a very important source of information for UM analyses. However, there are no 

data overlaps for other material categories such as food and construction materials. Data on 

water consumption and wastewater are updated on a yearly basis by the Ministry of Cities. A 

systematic approach to data collection needs to be embedded in the efforts of, for example, the 

Environment Ministry and/or the Ministry of Cities to enable better metabolism analyses going 

forward.  

The main recommendation is to continue the dialogue with the City of Rio de Janeiro and 

encourage the inclusion of the UM data in the Armazem de Dados Database of the Instituto 

Pereira Pasos, as they already have an existing platform to share City statistics focused on urban 

environment.  
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4. Sao Paulo, Brazil 

The City of Sao Paulo has developed several key documents related to Climate Change and 

Sustainability: 

 Local Agenda 21 (1997) 

 Signed Urban Environmental Accord (2005) 

 Environmental Impact Assessment Report (2004) 

 Climate Change Action Plan (2011) 

 Greenhouse Gas Emissions Inventory (2005) 

 Vulnerability Map (2010)  

 Study on Disaster Risk Management, Climate Change and Urban Poor (2011) 

 Sao Paulo and Climate Change (2011) 

 

As in the case of Rio de Janeiro, the existence of these documents facilitated data collection for 

the abbreviated urban metabolism study of Sao Paulo (Figure 5). 

 

Figure 5: Abbreviated Urban Metabolism diagram for Sao Paulo, Brazil 

 

The city of Sao Paulo produces a vast amount of information, readily available online, but there 

is no single coordinating entity that compiles information from different sources.  The WB team 
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drew information mainly from the Centro Clima of the COPPE within the Rio de Janeiro Federal 

University, and the Sao Paulo Municipal Secretary of the Environment. The Coordinator of 

Information for the Sao Paulo Ministry of Housing provided data from urban studies of Sao 

Paulo. In partnership with the Green and Environment Municipal secretary, the Study on 

Disaster Risk Management, Climate Change and the Urban Poor was published in 2011. As was 

the case in Rio, the GHG Inventory and Environmental Plans facilitated the compilation of 

energy and waste information. Nevertheless, there was no information on other types of flows 

(e.g., food).  

There is currently a Catalog Systems and Database survey being carried out in the state of São 

Paulo to determine compliance with the Federal Access to Information Act of 2011. The survey 

will map the databases of agencies and entities of state government, to ensure that every citizen 

has full access to documents, data and information produced and owned by the state government. 

This survey was not available when the WB team carried out the abbreviated UM, but it would 

be the best method of determining what information is available.  

 

5. Taking a city’s greenhouse gas emissions inventory to the next level: the cases of 

Amman, Beijing, and Cape Town 

The visibility and relevance of climate change has resonated with city governments in recent 

years. With the difficulties and time delays in reaching a global agreement, cities have become 

champions of local climate change action. While the focus in many cities is on conducting a 

GHG emissions inventory, urban metabolism provides a more holistic approach to sustainability 

planning in cities. Most importantly, as demonstrated in these case studies, it is relatively easy to 

use a GHG inventory as a basis to produce a highly informative urban metabolism analysis. 

 A city-wide GHG inventory and an urban metabolism study are similar in terms of data 

requirements and calculations. Many of the material and energy flows into the city result in GHG 

emissions as a waste product. However, the final presentation of the results, as well as how those 

results are used, can vary greatly between a GHG inventory and an urban metabolism study. An 

emissions inventory highlights the quantity of GHGs produced by each urban sector, with the 

intention of targeting action for climate change mitigation in the most intensive sectors. An 

urban metabolism study takes a GHG inventory to the next level because it quantifies and 

displays both the in-flows and out-flows in a holistic manner. A detailed urban metabolism study 

not only indicates the highest emitting sectors: it can visually display the contribution of various 

inputs to waste production and illustrate how to maximize opportunities for resource efficiency. 

For Amman, Beijing, and Cape Town, research on city-wide GHG emissions opened the door to 

more in-depth urban metabolism studies. The data collected for the GHG inventories was 

combined with some additional data, reanalyzed, and displayed visually in the form of an urban 

metabolism diagram. This general approach can be easily replicated in other cities as a first step 

towards more comprehensive urban metabolism analyses.  Descriptions of the data collection 

process for each city are provided below, as well as urban metabolism diagrams (Figures 6, 7, 8). 
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1.1. Amman 

The GHG inventory of Amman was conducted through a partnership with the Greater Amman 

Municipality, the World Bank, and the University of Toronto. Data for the GHG inventory was 

provided directly by the Greater Amman Municipality. City officials were able to collect the list 

of required data within a week. The energy and waste activity data were used in the urban 

metabolism analysis: energy activity data provided for the GHG inventory included energy by 

fuel type and consumption by sector, and waste data was disaggregated by waste type.  The 

inventory also provided the amount of GHG emissions produced by each sector. Additional data 

from other sources were collected for water consumption and waste water from the GTZ 

National Water Master Plan for Jordan, and solar radiation from a study by Hamdan (Hamdan, 

1994). The city’s participation and rapid data turn-around for the GHG inventory was important 

for the urban metabolism analysis in this case.  

 
Figure 6: Abbreviated Urban Metabolism diagram for Amman, Jordan 
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1.2. Beijing 

Beijing is a high-level municipality with provincial-level status in China, along with Shanghai, 

Tianjin, and Chongqing. National-level statistics are collected at the provincial level in China, 

which makes city-level data in Beijing readily available. Beijing’s GHG inventory was 

conducted using energy, waste, and industrial production data reported in national Chinese 

statistics. Activity data used to calculate GHG emissions were used in the urban metabolism 

study: energy by fuel type and consumption by sector, waste by treatment method, and in-flows 

to industrial processes that cause indirect emissions (i.e. cement and steel production). The final 

GHG emissions information was incorporated into the urban metabolism study, as well as 

additional information on water imports and wastewater from national Chinese statistics.  Data 

collection and analysis were not challenging in this case: the data was readily available and 

collected on an annual basis. 

Greenhouse Gas Emissions

Carbon Dioxide 162,452 ktCO2e

Methane 6,184 ktCO2e

Nitrous Oxide 1,005 ktCO2e

Precipitation 410.7 mm

Solar Radiation 7.19 10
19

J

Surface Water 7 10
9

cu.m

Groundwater 24.9 10
9

cu.m

Other Water 2.6 10
9

cu.m

Recycled Water 25,981 10
4

cu.m

Sewage Disposed 701.58 10
4

sq. m

Incinerated Waste 98 kt

Landfill Waste 4,879 kt
Steel Produced 8,276 kt

Cement Produced 11,838 kt

Steam Production 121.816 10
12

kJ

Electricity

Imported 41.014 10
9

kWh

Produced 20.965 10
9

kWh

Exported 0.081 10
9

kWh

Net Flow of Energy Products

Coal Products 27.6891 109 kg

Coke Products 0.652 109 kg

Crude Oil 8.0879 109 kg

Gasoline 1.1871 109 kg

Kerosene 1.9834 109 kg

Diesel Oil -0.0688 109 kg

Fuel Oil -0.2086 109 kg

LPG 0.018 109 kg

Natural Gas 4.057 109 cu.m

Other Petrol. Products 0.8622 109 kg

Beijing, China
2006

 

Figure 7: Abbreviated Urban Metabolism diagram for Beijing, China 

 
Source: Data is for the year 2006 from the Chinese Statistical Yearbook and (Sugar et al, 2012) 

 

1.3. Cape Town 

Data from two existing studies were used to generate the urban metabolism analysis for Cape 

Town: an ecological footprint study (Gasson, 2002), and a GHG emissions inventory as part of a 

study of ten global cities (Kennedy et al., 2009 and 2010). The ecological footprint study 

provided many of the in-flow and out-flow data requirements for the urban metabolism analysis. 

The GHG inventory provided many overlapping details for a different year, as well as 

information on fossil fuel in-flows. The biggest challenge for the Cape Town urban metabolism 

analysis was the use of data from different years: the analysis is something of a layered hybrid of 

two years and does not give ‘snapshot’ of any one particularly year. The regular collection of 
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data, even if initially confined to basic data, will help alleviate this problem in subsequent 

analyses. 

 

Figure 8: Abbreviated Urban Metabolism diagram for Cape Town, South Africa 

 
Source: Fossil fuel and electricity data are from (Kennedy et al, 2010). All other data is from (Gasson, 2002).  

Note: An erratum was published for Kennedy et al. (2010) after the development of the UM figure. Revised values are as follows: 

gasoil 252 TJ; heavy furnace fuel 4,238 TJ; illumin. paraffin 2,693 TJ; diesel 55,944 TJ; gasoline 118,680 TJ; coal 2,816 TJ; 

power paraffin negligible; LPG 3,449 TJ; biomass unknown. 
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V. ENABLING PRACTICAL APPLICATIONS OF URBAN METABOLISM WITH 

INFORMATION AND COMMUNICATION TECHNOLOGIES 

Recent advances in information and communication technologies provide important new ways to 

collect and share highly disaggregated data on a city’s metabolism to enable smarter decision-

making by governments and citizens. In particular, “smart city” technologies have added 

extensive instrumentation and connectivity on top of traditional urban infrastructure to enable 

tracking of a city’s performance in real time by monitoring everything from traffic congestion to 

water management. These newly “intelligent systems,” powered by ubiquitous digital sensors, 

offer promising new opportunities for rapidly collecting, sharing, and using urban metabolism 

data. 

For a sign of things to come, one can look to the sustainability efforts of the Microsoft 

Corporation, which has committed to becoming carbon neutral across all its 600 offices, data 

centers, and labs in over 100 countries. Reaching this ambitious target by 2013 requires intensive 

information flows on the performance of its global real-estate portfolio. To gain access to this 

data, Microsoft has installed 35,000 pieces of equipment that collectively generate 500 million 

data points per day on the company’s environmental performance. These sensors are woven 

together in a unified network to enable comprehensive, real-time visibility into the company’s 

environmental performance and resource-efficiency—a sort of “corporate” metabolism—and 

thereby help identify waste and optimize efficiencies (the resulting gains let the added 

infrastructure pay for itself in as little as two years). Just as importantly, the company’s new 

access to highly disaggregated data on its environmental performance also enables creative new 

policy options, such as holding individual business units accountable for their carbon footprint 

using an internal carbon pricing system (Accenture, 2011). 

While more complicated, replicating this intelligent infrastructure at the scale of a city would 

present equally compelling options, such as decomposing the urban metabolism profile down to 

the actions of individual businesses, buildings, and households. These new insights can empower 

the city and its residents to incentivize resource conservation. While much work remains before 

cities can achieve this vision, it is closer to reality than it may seem. Rio de Janeiro, for instance, 

has worked with IBM’s Smarter City team to implement a comprehensive Intelligent Operations 

Center that integrates data from 30 government agencies to deliver unprecedented situational 

awareness on all aspects of the city’s performance (Singer, 2012). These large datasets further 

feed into cutting-edge predictive algorithms to help forecast urban metabolism flows ahead of 

time with surprising accuracy. Rio’s Operations Center, for instance, can predict detailed 

weather patterns some 100 hours in advance, allowing the city to anticipate environmental risks 

like drought with ample time to take action and notify citizens at risk (Schwartz, 2011).  

Some critics, however, argue that a “smart city” requires more than a “top-down” focus on 

hardware, and that it is more impactful to adopt a bottom-up approach that empowers citizens to 

become the agents of change (Ratti & Townsend, 2011).   In fact, mobile-phone equipped 

citizens may well provide the smartest sensors of all. This is particularly important in the 

developing world where budgetary constraints inherently limit the government’s ability to invest 

in smart hardware. In Manila, for instance, citizens can report smoke-belching vehicles by 

SMSing the car’s license plate number to the authorities, whereby 5 unique SMS reports of the 

same license plate forces a summons to a testing facility (Lallana, 2004). Similarly, social media 

and mobile-based citizen reports on environmental violations have proven to be vital tools for 

sparking government and community action in China (Oster, 2007).  
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This more decentralized approach to data collection also holds much promise to gather extensive 

urban metabolism information by tapping into the citizens’ “collective intelligence.” The MIT 

Senseable City Lab’s Copenhagen Wheel8, for instance, collects a broad range of environmental 

indicators (from air quality to pot holes) not through large-scale infrastructure investments but 

via low-cost sensors on individual bicycles that collect data as their riders travel through the city. 

This data not only provides valuable information to the rider herself (such as by tracking 

personal health benefits), but can also be aggregated wirelessly to provide local governments 

with integrated, real-time insight on everything from road conditions to air quality.  

Advances in ICT can also help deliver information and recommendations tailored specifically to 

individual citizens and businesses to help them become more aware of their own impact on the 

city’s metabolism and to help drive smarter choices in the way residents live, work, and play. 

Dubuque, Iowa, for instance, has worked with IBM Research to implement a pilot web-based 

portal that provides residents with real-time information on their household’s water and energy 

metabolism to help identify waste and equip citizens to make more informed decisions. Informed 

households were shown to reduce water consumption by an average of 6.6% and electricity 

usage by 11% (IBM Corporation, 2011). Amsterdam’s Smart City program has demonstrated 

similar results. The city has implemented energy feedback displays connected to smart meters to 

help households achieve energy saving objectives, and it has promoted a “race to the top” by 

having employees of local companies compete on who can achieve the lowest carbon footprint 

(resulting on average in a 14% reduction in energy usage) (Amsterdam Smart City, 2011). 

To provide citizens with even more actionable information, cities like Singapore and New York 

are also increasingly trying to complement their own open data with data from the private sector, 

such as from cell phone operators and utility companies for additional insights (see, for instance, 

the “mashups” generated by MIT’s LIVE Singapore project at senseable.mit.edu/livesingapore/). 

This move towards public-private open data sharing holds particular potential for improving 

urban metabolism data collection and reporting. New York, for instance, publishes and 

benchmarks the energy usage of 3,000 government buildings and will soon require all large 

private buildings to do the same in order to build a far more complete picture of the city’s energy 

consumption (The Climate Group, 2011). Similarly, Houston has launched the Green Office 

Challenge9 in which building operators and businesses commit to environmental sustainability 

goals in the areas of energy, waste, water, and tenant engagement by openly sharing performance 

data and holding themselves accountable via an online scorecard. 

VI. MOVING THE URBAN METABOLISM INITIATIVE FORWARD AT THE LOCAL 

GOVERNMENT LEVEL 

In general, the 7 client cities for which the World Bank has conducted abbreviated urban 

metabolism studies have neither yearly budget allocations, a single statistical coordination office 

with permanently assigned staff, nor systems for continuous data collection and management. 

Within the local government, gathering and processing data tends to be ad hoc and highly 

fragmented.  In the Philippines, for example, the breakdown of responsibility among city offices 

is as follows (Republic of the Philippines, 1991): 

                                                 
8 http://senseable.mit.edu/copenhagenwheel/ 

9 http://www.houstongoc.org 
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 Office of the Assessor – responsible for tax mapping and assessment of property, gathers 

data on structures and buildings, conducts physical surveys of real property; 

 Office of the Engineer – responsible for design, feasibility studies, construction and 

maintenance supervision for infrastructure and public works, granting of building and 

occupancy permits; 

 Office of the Civil Registrar – coordinates with the National Statistics Office to gather 

demographic and population data; 

 Social Welfare and Development Office – monitors citizen access to basic services; 

 Environment and Natural Resources Office – monitors land, air and water pollution; 

responsible for protection and conservation of natural resources; 

 Planning and Development Office – integrates and coordinates all sectoral development 

plans. 

 

A potential approach to consolidating the information that is collected by offices like these (but 

likely not analyzed or shared with other branches of local government) is for cities to establish a 

‘Public Information Office’ to manage all data, in support of local government programs and 

projects.  Such a department could provide a two-way flow of information between the 

government and citizens in order to influence both planning and private consumer behavior.  

In the case of urban metabolism in particular, coordination of data collection and management 

was not the only obstacle.  City staff that were interviewed by the authors tended not to be 

familiar with the concept of material flow analysis, and had limited understanding of how UM 

could be used by the city to inform a planning decision or scenario.  However, as more studies 

continue to be carried out and shared, urban metabolism is expected to gain traction as an 

integral part of the evidence-base for urban development. 

New approaches to institutionalize urban metabolism within local governments could involve 

partnerships with other bodies that collect city-level data (e.g., NGOs that conduct surveys, 

businesses that conduct market research, utilities, cellular and internet service providers).  In 

some cases, national, regional, or provincial agencies may already collect household-scale micro-

data that has simply never been aggregated to the city or metropolitan level.  If the agencies can 

grant open access to micro-data, cities may find that some metabolism information is already 

being gathered by another body, and redundancy can be reduced. 

VII.  CONCLUSIONS 

Urban metabolism enables measurement of not only environmental impacts, but also the 

economic and social dimensions of sustainable cities. When metabolism information is spatially 

disaggregated the distribution of consumption and production, access to resources, and delivery 

of urban services can be determined.  Urban metabolism is much more than an accounting 

exercise since urban metabolism can also influence sustainable urban design and inform policy 

analysis (Kennedy et al, 2011).  A city’s metabolism is highly influenced by the spatial design of 

an urban area, and is also highly influenced by energy provision in the urban area.  Quality UM 

reviews will, over time, influence the energy mix and modal shifts that minimize energy and 

resource requirements. 

Conducting even basic, abbreviated urban metabolism studies will require national agencies and 

local governments to develop new surveys, as well as new tools and innovative methods for 
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gathering and sharing data.    However, improved urban metabolism studies are now possible as 

many cities are undertaking detailed GHG emissions inventories. Credible methodologies exist 

(e.g. C40/ICLEI/WRI Protocol for Community-scale Greenhouse Gas Emissions10) and the 

number of cities with peer-reviewed inventories is growing (World Bank, 2011). These GHG 

inventories form the basis of the more comprehensive UM reviews, with the addition of data on 

material flows such as waste, water, food, and energy (which many cities find easier to collect 

than GHG information). Also, open-source and simplified data collection software is becoming 

increasingly accessible to cities, together with joint data repositories. 

By making citizens and companies more aware of their own impact on their city’s metabolism, 

advances in ICT and open data can help promote society-wide collaboration, smarter public 

decision-making, and a “race to the top” to improve a city’s resource efficiency and 

sustainability.  
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