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8:15 - 9:00 and 9:15 - 10:00 13:15 - 14:00

Introduction to the course and general concepts

EW – MFA and EW – MFA in different countries

EW – MFA in the Swiss context, Urban Metabolism

EW – MFA in the Swiss context: Cantons and Circular Economy 

The Service-Stock-Flows Nexus

Dynamic MFA

Autumn break

Spatial MFA

Input-Output Analysis and Material Flow Cost Accounting

MFA and Uncertainty

Case studies: Waste management in Indonesia / Critical Raw 
Materials in the Swiss context
Social Metabolism

Agent-based model 

W1 - Sep 12

W2 - Sep 19

W3 – Sep 26

W4 - Oct 03

W5 - Oct 10

W6 - Oct 17

Oct  24

W7 - Oct 31

W8 - Nov 07

W9 - Nov 14

W10 - Nov 21

W11 - Nov 28

W12 - Dec 05

All

FMC

External Guest –
Florian Kohler

FMC

CRB

FMC

External Guest –
Vincent Moreau
External guest –
Stefan Pauliuk

GF & FMC

CRB

CRB, FMC, MAH, 
SLC

Exercise

Exercise

Exercise

Exercise

Exercise

Exercise

Exercise

Exercise

Exercise

Exercise

Exercise

Past exam

External Guest –
Stefan Pauliuk

Group Project Presentation W13 - Dec 12 CRB, FMC, MAH Project

Group Project Presentation W14 - Dec 19 CRB, FMC, MAH Project

Project

Project

Project

Project

Project

Project

Project

Project

Project

Project

Project

Project

Project

Project

14:15 - 15:00

Block I: 
EW-MFA 
global / 
national

Block II: 
MFA 

regional / 
urban

Block III: 
Social 

sciences
and 

public
policy

Course outline
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▪ Understand the relevance of resources and resource depletion
▪ Situate material flow analysis (MFA) within a set of tools for 

resource management
▪ Get an overview of the course

Goals of today’s
lecture

3
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▪ Historical overview of resource use in time and space
▪ Key issues in resource management
▪ Industrial Ecology as key research area of 

resource management
▪ Overview of approaches for resource management 

Content of
lecture

4
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Searched first in 2008. MFA term has been searched the most in China and in some African
countries during the past 5 -15 years
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▪ Climate Change
▪ Scientific body: Intergovernmental Panel on Climate Change (IPCC)

▪ Nature 
▪ Scientific body: Intergovernmental Panel on Biodiversity and 

Ecosystem Services (IPBES)
▪ Pollution

▪ Global Environment Outlook (GEO) (also addresses climate change 
and nature) through its coverage of air/atmosphere, oceans, 
biodiversity, land, freshwater

▪ Resources
▪ Scientific body: International Resource Panel (IRP)

The UNEP triple crises of climate 
change, biodiversity loss and pollution: 
Scientific bodies

7
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▪ Depletion: lack of availability of required/desired resources
▪ Renewable: Sustainable stock; Extraction less than or equal to renewal
▪ Non-renewable: Minimum reserve life (Production/Reserves)

▪ Environmental damage
▪ Scale of resource use
▪ Production and consumption processes and practices
▪ Waste management

▪ Policies
▪ Depletion: resource efficiency, substitution, circular economy, reduce 

resource use (sufficiency)
▪ Environmental damage: reduce resource use; change production/ 

consumption/ waste management processes and practices; 
implications for prices

What are the key sustainability 
issues in relation to resources?

8
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A resource [rɛˈsʊrsə] (frz. la ressource [ʀəˈsuʀs], means, source‘ 
from lat. resurgere ,rise‘) is a means to an action or a process. 

Economy: Resources as a production factor - labor, capital, land - new 
environment
Sociology: Cultural resources
Psychology: Inner potential of the human being 
Computer sciences: Network resources
Natural sciences: The largest available stock. Corresponds to the concentration 
of an ore or another mineral or fossil fraction of the earth crust. 

Resource: 
Definition

10

http://de.wikipedia.org/wiki/Franz%C3%B6sische_Sprache
http://de.wikipedia.org/wiki/Latein
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300‘000 until ca. 30‘000 BC

Chronological table
Hunters and gatherers

Biological 
evolution

Binder, 2006

11

The first humans
▪ Preservation of the species
▪ Equilibrium: use and regeneration of resources
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Big bang: 1. January 0:00

World: 15. September

Flora: 24. September

Fauna: 18. December

Humans: 31. December 22:43

Jesus Christ: 4.6 seconds before midnight

Binder, 2006; adapted from Lindl and Klötzer, 2006
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Agricultural & industrial age

13Cultural evolution

Humans in the 20th/21st century
▪ Changing needs
▪ Increasing per capita consumption
▪ Increase of human impact on resource use



• Laboratory on 
Human-
Environment 
Relations in 
Urban Systems

Bi
nd

er
, F

eli
x M

ar
tin

 d
el 

Ca
mp

o, 
He

ch
er

, C
am

pfe
nsChanges in the the material / 

energy use
14



• Laboratory on 
Human-
Environment 
Relations in 
Urban Systems

Bi
nd

er
, F

eli
x M

ar
tin

 d
el 

Ca
mp

o, 
He

ch
er

, C
am

pfe
nsScenarios of global material extraction 15

DE: Domestic Extraction

Krausmann et al. 2018

20
15
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Krausmann et al. 2018
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▪ Resources: the “concentration of naturally occurring solid, liquid, or 
gaseous material in or on the Earth’s crust in such form and amount 
that economic extraction of a commodity from the concentration is 
currently or potentially feasible”

▪ Reserves: “that part of an identified resource that meets specified 
minimum physical and chemical criteria related to current mining 
and production practices, including those for grade, quality, 
thickness, and depth

Resources vs Reserves 18
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Materials: 
Everything 
extracted from 
the Earth

Resources: 
Materials +Air, 
Land, Oceans 
and Freshwater

Biomass: crops for food, energy and bio-based materials, 
wood for energy and industrial uses

Fossil fuels: covering coal, gas and oil

Metals: such as iron, aluminum, copper, energy 
transition minerals

Air, Land

Oceans, Freshwater

Non-metallic minerals: sand, gravel, limestone and 
minerals used for industrial applications

Includes 
biodiversity

Global Resources Outlook 2024, International Resource Panel, UNEP, 2024

https://www.unep.org/resources/Global-Resource-Outlook-2024
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J. Hunt & S. Matharu, 2015 
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Heckens, 2021 with US Geological Survey, 2015, 2018, 2019
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intel circuit board
22

+45 Elements
(Potential)

McManus, Intel Corp., 2006

Before 1980
Today
Future
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our technologies
23

Green technologies increase the demand for scarce resources
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Gordon et al. 2007
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Dynamic concept

Gordon et al. 2007
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27

Price decrease

Larger reserves
Higher life indices
Shortage (scarcity) ends

Higher recycling rates
Increased substitution
Miniaturisation

New ore deposits /  types
Lower grade deposits   
become economic
New sources of natural   
resources

Supply and Demand
Increased demand

Price rise

Human creativity:
New technical solutions
Increased research activities

Human creativity:
Increased exploration activities
Taking higher exploration risks

As the prices increase, the available stock increases
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29

Baccini and Brunner, 2012

https://watermark.silverchair.com/9780262301329_caa.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAzkwggM1BgkqhkiG9w0BBwagggMmMIIDIgIBADCCAxsGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMPQBz3xDxhkMMDTEBAgEQgIIC7FOPeDtCSlAbwEgQGFqQkLRkl-gKoJt4gV1DnjTE0J55vY4DcYBcDCxmX9VWkfuG2NuO4DB_CMQ5JNtV2xU7Kb174dLcvVotFAJheRM112yf923bmBfbwvRlWWnf-bIHRbvYRUZCwkmGQl1RHCM3OPhNVHGGh-2yUylp2CpFnaRf1bchD22UFVhVq7tQujtrNEswLlS1kmdoo1-c7DF_JResOJrd0lTEljMNMoWqNAxlRdQx8BaOZYpRVrQJheGtz4-vjVQozq1zC4CGYZVqFw5mFkedp4grVeSrpH_hd1xNdun8klB6Dd-I0pVJRmcEBAnYwVmQTdwjlpO0Z93UOdASeVmYPSBlj6BVHbYzGra3nttGYCjL1csNPKUZ-yRvKswnnNEsnSvYhlEj-7jzjUSQRaPokPVo1nfl-mQshkoYggAHAqNoTX35q8SLUIbyuYTRstrPzcONxjrefeP9199iiWJi093j_kTrOf0RdlMLPauYwQXoyz6dQyVc-Y5YeDhqMfaQ3AZpAwoXWvv2Rqz8uihriqKwJJ7tP0OKlGxtL7GrR2pex2V0pg9abPRkX71gzyIEorpGVmPwvTWKofcyTasYMk76h48beCYzRFZ7sGCF_jbCNz-bmGqGM2VDMmIWaBhl3EasWyz7AZ5EqViv6o8aR7LX5Z8iYwSdt1bHufQ0W2BqfvD2d2_ggy7IcwDRjgeDNgwkrwhwZseYvfJTgnkpDOToOlIihEP4oVrahQiUY2U5DCjkV566-nSvAYhqGFFVFzC7xkphO7WO0Q-nwLT2ZSXxVQEaoql7xQif394av-DrIr4yBP_kt6bL1iUdY7wKg24XitrejjxxupPIh2f_jkzD7gaY3NNtdhGZZgU1MIlnHZlK_tayWt_6Z04dz6JK0xRM6re_i1YwybzBwnqx7XBOz8SaUntk-bvLhN8um7trJ9B0sFcZS_e93lzJ1q_qSqziFGGCR6XI-BhCFwbMcNEqh1GqH1E
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Baccini and Brunner, 2012

https://watermark.silverchair.com/9780262301329_caa.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAzkwggM1BgkqhkiG9w0BBwagggMmMIIDIgIBADCCAxsGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMPQBz3xDxhkMMDTEBAgEQgIIC7FOPeDtCSlAbwEgQGFqQkLRkl-gKoJt4gV1DnjTE0J55vY4DcYBcDCxmX9VWkfuG2NuO4DB_CMQ5JNtV2xU7Kb174dLcvVotFAJheRM112yf923bmBfbwvRlWWnf-bIHRbvYRUZCwkmGQl1RHCM3OPhNVHGGh-2yUylp2CpFnaRf1bchD22UFVhVq7tQujtrNEswLlS1kmdoo1-c7DF_JResOJrd0lTEljMNMoWqNAxlRdQx8BaOZYpRVrQJheGtz4-vjVQozq1zC4CGYZVqFw5mFkedp4grVeSrpH_hd1xNdun8klB6Dd-I0pVJRmcEBAnYwVmQTdwjlpO0Z93UOdASeVmYPSBlj6BVHbYzGra3nttGYCjL1csNPKUZ-yRvKswnnNEsnSvYhlEj-7jzjUSQRaPokPVo1nfl-mQshkoYggAHAqNoTX35q8SLUIbyuYTRstrPzcONxjrefeP9199iiWJi093j_kTrOf0RdlMLPauYwQXoyz6dQyVc-Y5YeDhqMfaQ3AZpAwoXWvv2Rqz8uihriqKwJJ7tP0OKlGxtL7GrR2pex2V0pg9abPRkX71gzyIEorpGVmPwvTWKofcyTasYMk76h48beCYzRFZ7sGCF_jbCNz-bmGqGM2VDMmIWaBhl3EasWyz7AZ5EqViv6o8aR7LX5Z8iYwSdt1bHufQ0W2BqfvD2d2_ggy7IcwDRjgeDNgwkrwhwZseYvfJTgnkpDOToOlIihEP4oVrahQiUY2U5DCjkV566-nSvAYhqGFFVFzC7xkphO7WO0Q-nwLT2ZSXxVQEaoql7xQif394av-DrIr4yBP_kt6bL1iUdY7wKg24XitrejjxxupPIh2f_jkzD7gaY3NNtdhGZZgU1MIlnHZlK_tayWt_6Z04dz6JK0xRM6re_i1YwybzBwnqx7XBOz8SaUntk-bvLhN8um7trJ9B0sFcZS_e93lzJ1q_qSqziFGGCR6XI-BhCFwbMcNEqh1GqH1E
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Ore
Ore and steel
Scrap metal

Source: NIES
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Ore
Ore and steel
Scrap metal

Source: NIES
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Ore
Ore and steel
Scrap metal

Source: NIES
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Ore
Ore and steel
Scrap metal

Source: NIES
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35



Global Material Use has increased for 
more than a factor of 3 since 1970 due 
to urbanisation and industrialisation 
(and population growth) - 2.3% per year 

Global material extraction, four main material 
categories, 1970 – 2024, million tones.

Global material extraction, four main material 
categories, 1970-2020, shares

Trends: Global Material Use and Share in 1970-2023

… which is increasing also the share 
of Non-Metallic Minerals in Global 
Material Use 



Trends: Drivers of Material Footprint 2000-2022, 
% by world regions Tons per 

capita - 2020

5

13

17

18

12

30

13

13

EECCA: Eastern Europe, Caucasus 
and Central Asia region 



Drivers: The material needs for provisioning systems (built 
environment, mobility, energy and food) by country income groups (2020) 

Built environment and mobility: (construction, 
transport & infrastructure): 59 billion tonnes

Food: 23.6 billion tonnes

Energy: (electricity, power, heat): 6.1 billion 
tonnes
Together = 90% of total global material demand, 
but differ in importance by income group
Source: Global Material Flows Database (UNEP 2023a)

Energy includes household energy consumption
All other provisioning systems include their embodied energy



Trends: High-income countries use six times more materials 
per capita and are responsible for ten times more climate 

impacts per capita than low-income countries.

Since 2000 …

• High-income: Highest material footprint of all 
groups, relatively constant. Climate impact per 
capita = 10 x low-income group.

• Middle-income: material footprint more than 
doubled, approaching high-income levels. 
Climate impact per capita = roughly 50% of 
high-income group; 6 x low-income group.

• Low-income: Remain comparatively low, and 
mostly unchanged.

Material footprint (total and per capita) by income group



Climate change Pollution Biodiversity loss

Impacts: Extraction and Processing of Natural Resources 
Drives all Aspects of the Triple Planetary Crisis 

Economic Impacts

60% of global climate change impacts 
including land use change

40% of air pollution health impacts

More than 90% of water stress and 
global land and water 
eutrophication related biodiversity 
loss

Environmental impacts of 
materials in the value chain in 
extraction and processing phase 

Climate
impacts

PM Health
impacts

Water
stress

Biodiversity
loss

(land)

Biodiversity
loss

(freshwat. 
eutroph.)

Value
added

Workforce
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The transition to the industrial age involved changes in 
human-environment relations 

▪ Higher material flows
▪ Disequilibrium between use and regeneration of resources and the 

production and the decomposition of wastes
▪ Changes in the impact of human action in time and space 

Summary 42
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To address the coupled climate, energy, biodiversity crises there is 
a necessity to manage the human-environment (resource) relations 
(more) sustainably

▪ Understanding the key material and energy flows and their 
development over time

▪ Understanding the link between economic flows and material
and energy flows

▪ Understanding policy needs and regulatory mechanism of the 
human-resource relations 

43Summary
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The research field for sustainable 
resource management

44
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▪ Ecology: Science of ecosystems
▪ Industrial: All economic activities taking place within the industrial 

system

▪ Industrial Ecosystem: “An industrial system in which the use of 
energies and materials is optimized, wastes and pollution are 
minimized, and there is an economically viable role for every 
product of a manufacturing process”

IE: Definition 45
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▪ … the study of the technological organisms*, their use of 
resources, their potential environmental impact and the way in which 
their interactions with the natural world could be restructured to 
enable global sustainability (Graedel & Allenby 2010).

▪ … the study of the flows of materials and energy in industrial and 
consumer activities, of the effects of these flows on the environment, 
and of the influences of economic, political, regulatory, and social 
factors on the flow, use, and transformation of resources (White, 
1994).

IE: Definition 46

* Technological organism is an overarching name for manmade systems such as cities, industrial 
production systems, agricultural production systems, transport systems.
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Documents containing the 
keyword "Industrial Ecology" 
published over time, built with 

constellate.org dataset

The term "industrial ecology" 
first gained significant search 
interest on Google in 2004, 
reaching its peak popularity 
around 2005-2006. 

Since then, its global usage has 
gradually declined, making way 
for other emerging concepts 
like circular economy to take 
center stage.
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1996 2002 2023
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▪ Biological analogy
▪ Use of systems perspective
▪ Role of technological change
▪ Dematerialization and eco-efficiency
▪ Forward-looking research and practice

Lifeset and Graedel in Ayres and Ayres, 2001 

Core elements of IE 49
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“ to sustain the processes of life, a typical cell carries out thousands of 
biochemical reactions each second. The sum of all biological reaction 
constitutes metabolism. What is the purpose of these reactions – of 
metabolism? Metabolic reaction convert raw material, obtained from the 
environment, into the building blocks of proteins and other compounds 
unique to organisms. Living things must maintain themselves, replacing 
lost material with new ones; they also grow and reproduce, two main 
activities requiring the continued formation of macromolecules”.

The biological analogy: 
Metabolism

51

Fischer-Kowalski in Ayres and Ayres, 2001 
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districts, cities, regions
52

Source: Université de Lausanne

Agriculture

$

Services

Industry Hydrosphere

BIOSPHERE
(natural 

ecosystems)

LithosphereAtmosphere

Industrial 
system

Energy & 
resources

Emissions
(air, water, soil)
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Graedel, 2020

Quasi-cyclic materials 
flows in Type II 

biological ecology. 

Cyclic materials flows in 
Type III biological ecology.

Linear materials 
flows in Type I 

biological ecology. 
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Source: http://www.symbiosis.dk/

1972. World's first industrial 
symbiosis with a circular 
approach to production.
▪ Residual flow in one 

company becomes a 
resource in another, 

▪ The symbiosis creates 
growth in the local 
community and supports 
the green transition.
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▪ Goal: Avoid narrow, partial analyses that can overlook important 
variables and lead to unintended consequences.

▪ Holistic thinking: Solving problems must involve understanding the 
connections that exist between sub-systems, multiple factors cannot be 
analyzed in isolation.

▪ Example: A city can be divided into commercial areas, residential 
areas, offices, services, infrastructures, …. all sub-systems of the bigger 
picture. Problems can emerge in one sub-system, but the solution has 
to be global. 

▪ Life cycle thinking: All environmental impacts caused by a product, 
system, or project during its life cycle are taken into account. From raw 
material extraction, material processing, manufacture, use, 
maintenance, disposal

The systems
perspective

56
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Technical Environment / Anthroposphere

Biotic & Abiotic 
Resources Emissions

Future

Natural Environment (Atmosphere, Hydrosphere, Lithosphere, Biosphere)
Enviromental System

-Mineral Ores
-Fossil Resources
-Rainforests
-Water, Soil, etc

Natural 
Resources

-Food Chain
-Sea sediments
-Soil
-etc.
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Bai et al., 2016
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59

Matos et al., 2022
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Technological innovation as a central means to solve environmental 
problems

Technological change 60
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cycle impacts and costs
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Braganca et al. 2014
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▪ Dematerialization: absolute or relative reduction in the quantity of 
materials used and/or the quantity of waste generated in the 
production of a unit of economic output’ (Cleveland and Ruth 1998, 
p. 16

▪ Eco-efficiency: conceptualization and development of materials or 
structures to reduce the consumption of virgin materials and provide 
a utility.

Dematerialization
and eco-efficiency

63
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and eco-efficiency
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Market Businness News
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Dematerialization (world, nation level)
▪ Reduction in quantity of materials used to accomplish a task
▪ Offer the possibility to decouple resource use and environmental 

impact (CO2 emissions, i.e. decarbonization) from economic growth

Eco-efficiency (firm level)
▪ How can companies produce the same level of output (or service) 

with reduced use of environmental resources?
▪ Indicator: output / environmental resources
▪ Problem of rebound effect

Link to technological change, industrial symbiosis, eco-design etc. 

Dematerialization 
and eco-efficiency

65
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66

Hannesson, 2021

Decouple resource use 
from economic growth
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More efficient 
vehicles

ECEE et al. 2018
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research and 
practice

68

Source: Ellen Macarthur Foundation
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Graedel & Eckelmann, 2023

A prediction assesses the 
present, sketches the 
transitions, and presents its 
presumption of the future

A scenario looks at the present 
from different perspectives, 
imagining several possible 
transitions to a future state

https://www.worldscientific.com/doi/epdf/10.1142/13447
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Impacts: Outlook of Material Extraction under two scenarios

Historical Trends Sustainability Transition

Ekins, 2024
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OECD, 2008

Hierarchy of MFA tools
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Source: Moreau and Massard, 2017

Scale of the system 
f.e. regions, industrial plants, private households, whole economy, specific parts of 
economy…

Materials
f.e. substances, materials, products…

Data sources 
f.e. national or international econometric statistics, physical substance flows…
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Source: Moreau and Massard, 2017
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Overview LCA, SFA, 
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Source: Kytzia and Nathani, 2004

Process-
based MFA

Material Flows with
market values

---------------------

without market
values
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tools

76

Material Flow Analysis (MFA)
Substance Flow analisis (SFA)
Life-cycle assessment (LCA)
Material Flow Cost accounting

(MFCA)
Input-Output Analysis (IOA)
Economy-wide MFA (EW-MFA)
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▪ Material Flow Analysis (MFA) is the study of physical flows of 
natural resources and materials into, through and out of a given 
system (usually the economy). 

▪ It is based on accounts in physical units, and uses the principle of 
mass balancing to analyze the relationships between material 
flows (including energy), human activities (including economic and 
trade developments) and environmental changes.

Definition: Material 
Flow Analysis (MFA)

77

Source: OECD, 2008
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▪ Urban planning
▪ Energy planning
▪ Economic and environmental performance
▪ Development of industrial symbiosis and eco-industrial parks
▪ Closing material loops and circular economy
▪ Pollution control
▪ Material and energy supply security

MFA in practice supports 
policy and decision 
making in…

78

“You can’t manage what you can’t measure.”
Brunner, 2012
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▪ System definition
▪ Data acquisition
▪ Calculation
▪ Representation

and interpretation

4 Steps of MFA 79

Source: Brunner & Rechberger, 2004
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▪ MFA for specific 
substance (f.e. 
phosphorus, iron, zinc, 
copper…)

▪ Provide information on 
resource management 
and environmental 
impacts for specific 
(limited) substance

Substance Flow Analysis (SFA) 80

Phosphorus stocks and flows in CH

Source: Jedelhauser & Binder 2015
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▪ Addresses environmental 
impacts throughout a 
product’s life cycle starting from 
raw material acquisition through 
production, use, end-of-life 
treatment, recycling and final 
disposal (i.e. cradle-to-grave)

▪ Environmental impacts f.e. 
climate change, human health, 
ecosystem quality, resource 
depletion

▪ Comprehensive approach which 
identifies impact shifting from 
one phase of the product life cycle 
to another

Life Cycle Assessment (LCA) 81

Source: https://www.nist.gov/systems-integration-division/lifecycle-graphic
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▪ Assessing materials 
flows in physical and 
monetary terms along 
the value chain / 
production processes, 
from purchase to disposal

▪ Companies understand 
better the environmental 
and financial 
consequences of their 
material and energy use 
for improvements

Material Flow Cost 
Accounting (MFCA)

82

Source: https://www.ifu.com/de/materialflusskostenrechnung/
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▪ MFCA links monetary and material flows at the activity level

▪ Costs: Monetary value of resources used to perform 
activities

▪ Cost allocation: Indirect attribution of a cost between 
different objects, such as a product or process, by using an 
appropriate share basis

▪ Cost assignment: Direct attribution of a cost to a specific 
object, such as a product or process

Material Flow Cost 
Accounting (MFCA)

83
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▪ Details the supply and use of 
products sector by sector, 
including imports and exports 
and final consumption 
categories (f.e. households)

▪ Understand the interactions 
between economic sectors

▪ Environmental extended IOA 
(EE-IOA) typically includes 
energy intensity and carbon 
emissions by sector

Input-Output 
Analysis (IOA)

84
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(EW-MFA)
85

▪ Quantification of material flows (biomass, fossil fuels, metals, mineral ores) 
into and out of a whole economy

▪ Material flows are extracted domestically or imported directly and indirectly 
through finished and semi-finished goods

▪ Describes interaction of 
domestic economy with
the natural environment
and the rest of the world
economy
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Thank you for 
your attention!

86
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▪ World in Transition A Social Contract for Sustainability, WBGU, 
2011, article

▪ ELEMENTAL CYCLES: A Status Report on Human or Natural 
Dominance, Klee & Graedel, 2004, article

▪ Industrial Ecology and Sustainability, Graedel & Eckelmann 2023
▪ Metabolism of the Anthroposphere: Analysis, Evaluation, Design, 

Baccinni & Brunner, 2012, article
▪ On the sustainability of metal supplies: A response to Tilton and 

Lagos, Gordon & al, 2007, article
▪ Governance of the World's Mineral Resources. Beyond the 

Foreseeable Future, Henckens & al, 2021, article

Some references 87

https://www.wbgu.de/fileadmin/user_upload/wbgu/publikationen/hauptgutachten/hg2011/pdf/wbgu_jg2011_en.pdf
https://www.annualreviews.org/content/journals/10.1146/annurev.energy.29.042203.104034
https://ieeexplore.ieee.org/book/6267542
https://www.sciencedirect.com/science/article/pii/S0301420707000219?casa_token=LwJnIVeqvjcAAAAA:_Rz0f3xc2Z00WaSAj596LEYjakjDVpDTvyZgZ81YQg3b7EIXFRvVV0PoRWplGVd06Yo1uXUswB3v
https://www.sciencedirect.com/science/article/pii/S092134492100118X#bib0028
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▪ Innovation and climate change: A review and introduction to the 
special issue, Matos et Viardot, 2022

▪ Influence of design decisions on life cycle impacts and cost, 
Braganca et al., 2014, Early Stage Design Decisions: The Way to 
Achieve Sustainable Buildings at Lower Costs, The Scientific World 
Journal

▪ Energy sufficiency and rebound effects, European Council for an 
Energy Efficient Economy ECEEE, 2018

▪ Resource Flows: Material Flow Accounting (MFA), Life Cycle 
Analysis (LCA), Input Output Networks and other methods,
Chaturvedi, 2018

▪ Towards achieving eco-efficiency in top 10 polluted countries: The 
role of green technology and natural resource rents, Chen et 
Ahmad, 2022

Some references 88

https://www.researchgate.net/publication/362613925_Innovation_and_climate_change_A_review_and_introduction_to_the_special_issue/figures
https://www.energysufficiency.org/static/media/uploads/site-8/library/papers/sufficiency-rebound-final_formatted_181118.pdf
https://chaturvedimayank.wordpress.com/tag/industrial-dynamics/
https://www.sciencedirect.com/science/article/abs/pii/S1342937X22001861
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