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Goals of this lecture

= Get an understanding of the method of Material Flow Analysis
(MFA)

=  Get to know some examples in sustainability areas where it has
been applied
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Origin of material flow analysis

Every industrial chemical process is
designed to produce economically a desired
product from a variety of starting materials
through a succession of treatment steps ..

T" Prysical = | Chemical Physical L
—_—  %| treatment treatment trealment | Pepducts
_materials | gteps  |——" steps steps >
Recycle
Fipure 1.1 Tvpical chemical process, _
B L F = A. Lavoisier (1743 — 1794)

Law of mass conservation
= O. Levenspiel (1926 - 2017)
Chemical production processes
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Changes in the resource use
(kg/cap*year)

Hunters and gatherers
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Changes in the resource use

(kg/cap*year)

Hunters and gatherers

Industrialised societies

Binder, 2006; after Fischer-Kowalski et al., 1997



=fL Urban Metabolism of Vienna in 1990is

(tons/caplyear)

Export goods

Solid wastes

Municipal
solid wastes

" Ei'i’,?{‘:":‘: Brunner & Rechberger (2004), Kennedy (2007)
Relations in
Urban Systems



=PFL  Hierarchy of MF A - related tools

Overall architecture of MFA and related tools

Economy-wide MF Analysis x
(EW-MFA)
All materials, Material groups,
Particular materials

Input-Output Analysis (I0A) Material System Analysis

Decomposition Analysis (MSA)
Environmental Input-Output
Analysis (elOA) Particular materials,

Particular natural resources

By economic activity

Local Systems Analysis (LSA)
City, river basin, ecosystem

Business level MF Analysis

Establishment, enterprise
Substance Flow Analysis (SFA)
Particular substances

Life Cycle Assessment (LCA)
Particular products
Specification according to natural

Wy Specification according to economic
concepis (activities, products) science concepts (material, territory)

B Laboratory on
Human-
Environment
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OECD, 2008



https://www.oecd-ilibrary.org/docserver/9789264190504-en.pdf?expires=1726590887&id=id&accname=guest&checksum=A18F785E1C6DC3DD147E2C290967F2DA

=PFL  Definition: Material flow analysis (MFA)

MFA is a systematic assessment of the flows and stocks of
materials / elements within a system defined in space and time.

It connects sources, pathways, and intermediate and final sinks.

= Overview of a system and the relevant system stocks and flows
= Quantifying substance and/or energy flows
= a specific city / region / nation (space)
= a specific period of time
= Origin (sources) / transformation processes
= Principle of mass and energy conservation

HHHHHH
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Key termsin MFA

Key terms

Definition Graphical

representation

Mathematical interpretation

MFA system

System boundary

Process
(stock)

Element

Open system composed of
processes and goods, through
which material and energy
flow

Delimits the MFA system

Transport, transformation or
depositing of elements and
goods

Chemical elements or —>
compounds

A specifically defined spatial and
temporal unit in which the material and
energy flows are measured

Defines the MFA system geographically
and within time

Balance volume (a spatial unit which is
balanced for a specific time period and
for which mass conservation applies)

Elements (i.e., components of materials)

Binder, 2012, after Baccini and Bader 1996
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MF A definitions: stocks and flows

 Stock: material or substance reservoir
inside the system at hand (unit of mass).

* Flow: material or substance flowing from
one process to another: flows (mass/time)
and fluxes (mass/time and section).

— Flow into the system: input
— Flow out of the system: output

oooooooooooo
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MF A definitions: processes

1 —— 4
Main process
"black box"
2 m—p
83— 2
Disintegration 1 I Integration
1 | Sub- 6 | Sub- _
Plprocess Plprocess > 4
7
8
P Sub- .
] hab tory o LAprocess » 5
Environment
Relations in
Urban System



"™ MFA definitions: the mass balance

If there is no stock:
Input mass = Output mass

1 4
. m;,*+m,+m;;=m,,+m,
Main process
"black box"
2
5
3
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MF A definitions: stocks

Process

m
Minput storage
m

stock

§ ,Injnput = § rmr::urput + mst{}rage

kp ko

B Laboratory on
Human-
Environment Brunner & Rechberger 2004
Relations in
Urban Systems



"™ MFA definitions: Geogenic vs

anthropogenic stocks

Examples of geogenic and
anthropogenic stocks ?

oooooooooooo
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=PFL
MF A definitions: Geogenic vs anthropogenic stocks

Geogenic stocks Anthropogenic stocks
Surface and ground water Concrete and steel in buildings
Quarries Copper wires in buildings and
Metal ores durable goods

Coal seams Urban mines (e.g. landfills)

Oil & gas fields Etc.

Etc.

Human- [Source: Okologische Systemanalyse- Teil 1: SFA, Stefan Rubli]
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MF A definitions: stocks

Stock: A quantity of material in a process

Variation of stock:
Difference between the Inputs and the Outputs of a process between two
time steps

Increase in stock Decrease in stock

10 tEa - = 5t/Ea 5t/Ea o 1UiEa

Other representation

5t/Ea 5t/Ea 10¢/Ea
10 t'Ea
— [rowvsve

Environment
Relations in
Urban Systems




. MF A definitions: representation

Export
process 1

Process 1
target process

for flow 1
SOUrce process

for flows 384

Export
process 2

process 2 \

System Boundary
Brunner & Rechberger 2004
W Laboratory Export
H -
Environment process 3
Relations
Urban System



o MFA definitions: the time parameter

« Steady state: constant flows and stocks
dMstock/dt =0 and Mstock (O) = Mstock (t)

* Quasi stationary: constant flows and linear (de)growth of
stocks: dM, . /dt = c and M. (0) # Mg (1)

 Dynamic: System state at t is a function of the state a t-1.

oooooooooooo
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=PFL  MF A Definitions: Transfer coefficients () i

= Definition: Transfer coefficient k
* Describes the division of substances/goods leaving any given process

* Denotes the relative proportion of the total input to process i that flows
into process j.

A
k'.J o —J A3,I ...... An,i
- - s |
An,i A, : : Aij >
n 1 I> i 1 j
! I
1 N\ 1
* In the steady state case: LA, U | A,
| .
A1'2 !\ 2 ! N |
k. — 1 ;/ 1 rd
im | 1
m e e e e ————— I
B Laboratory on k- - + k- - 1
HHHHHH ij il



MF A definitions: methodology

1. Define the system unknowns

2. Setup the system of equations: conservation of
mass

3. Complete the system of equations with specific
relationship, e.g. system parameters

4. Solve the system of equations
5. Analyze the results and check for errors

oooooooooooo
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Problem definition

m
v
=i
r

MFA
Selection of substances meth0d0|0gy

Determination Determination/
P of system Adjustment selection of -
boundaries processes

System definition

Balancing of goods

o0
Determination/selection g
of goods S
O
| | c E
Determination of £ 3
flows and stocks Determination of 0 @ % e
= mass flows c 3 3 =3
= T = (ni g
7] o o : =
> . a e @
3 T E 3
@ o
=
<

Determination of
concentrations

2. Refine mass flows

1. Refine
concentrations

Balancing
of substances
B Laboratory on
Human- .
Environment lllustration and
D s interpretation




B Laboratory on
Human-
Environment
Relations in
Urban Systems

Copper flows at
the global level
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MFA at world level

s ract Manu- Con- Waste ma-
Xtraction . sumption| nagement
Production facturing Stock |
ry Y |
Reserves Environment

Inspired by Graedel et al., 2004

System boundary: The world

25



=PFL  Global copper flows (Tg/year; rounded values)

Extraction
Production

~ eseryes Environment
470 mio t

1 System boundary: The world

After Graedel et al., 2004

B Laboratory on
Human-
Environment
Relations in
Urban Systems
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Copper flows North-South

Copper
High Income
W Low/Medium Income
8
_
=
g 6
S
e
o
- 4
@
o
.
[}
g 2
o
) 7% |
0
N > @ S S D &
2 © N d & & &
S N C & &
\(‘3’ *\0 ch S Ny N
< & & S
B Laboratory on 6‘\\'\
Human- b
Envirpnmgnt &v
Do yetams ®

Source: Binder et al., 2006



=PFL  Global copper flows (Tg/year; rounded values)

e -
I
: Extraction Waste ma-
: Production nagement
|
: 420 mio t |
|
! 0.7
1.4 1.8
; 6
|
|
|| Reserves Environment
'|_470 mio t
1
|

After Graedel et al., 2004

B Laboratory on
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="t Explanatory variables

Variable group Explanatory variables
Wealth GDP per capita (PPP)
Urbanisation & Urban population (% (%)
Infrastructure Telephone lines (per 1,000 people)
Machinery and transport equipment
Industry (% of value added in manufacturing)
Private Cars*; TV*; Computer*
consumption high correlation with GDP

* per 1000 people

Binder, Graedel, Reck, 2006

uuuuu



		Variable group

		Explanatory variables



		Wealth

		GDP per capita (PPP)



		Urbanisation & Infrastructure

		Urban population (% (%)
Telephone lines (per 1,000 people) 



		Industry

		Machinery and transport equipment 
(% of value added in manufacturing)



		Private consumption

		Cars*; TV*; Computer*
high correlation with GDP

                                           * per 1000 people
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Copper demand and GDP (1994)

(@) »  Africa Hona K
u Asia ong. o9
= - ¢ cIs Singapore
530 v Europe i
= o Latin America and Caribbean
S | *  Midde East
< " North America
2 A Oceania
3 r’=0.59
(@) 20 -
£
8
c
(N1] r .
© Austria
g
O 10 Malaysia _ South Korea lsrael ¢ Japan ®USA
5 4
= Kazakhstan b "
) > v v
% Uzbekistan France Norway
) . - W A
O v New Zealand
0 ™ Argentina
\ \ \ \ \ \ \
0 5000 10000 15000 20000 25000 3000

GDP (ppp) per capita
Binder, Graedel, Reck, 2006
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Multiple regression for copper demand
(1994)

Significant variables
 GDP (PPP)
* % of value added in manufacturing (MAN)
* % urban population (URB)

In[de Cu]=-2+9*%10" *GDP +0.04*MAN +0.016* URB

r2=20.788, adjusted r2 =0.772

Binder, Graedel, Reck, 2006
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Urban copper reserves in Cape Town .
(2000)

ANy Tte Eplected sample areas: Lrl
- i T i 0 Sunglech
e ' Tygertera | /Y, 2000 .a: J:.h?;-lallli':i-al-ﬂ.; t
e L—I
;.1 o ] . L) & beark
o T ‘I__ G S Ceras Bay
e, _"I.ﬂf 4 ey H“‘x_ru.h_ i) ZonstaTia
iz M - S Th =asrden Sllara
f"- A ik #) Epeng Indusma
_ e

Tedal stock of in-use copoar
fkgfsqkm

1 - SN g F g ki

50001 - 100 000 kg S sq.km
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Lo 00 - 00 000 kg f 50k

2 HMLTO0 g 50 km

) Sauham Feninzua |
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\ Iy Formar Municipal Louns s
[— =
-"‘1--\\\:;:& -\,J'“' -__ _\__.-"': -I\_'\-\. Il_

Source: Graedel at al., 2005



33

Urban copper

=PrL

reserves and their

development

LU S Lo et

Source: Graedel at al., 2005
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EPEL - Summary )

Anthropogenic stock of copper is in the same order of magnitude
than the geogenic stock — urban stock mining !

Worldwide copper stock is still growing driven by urbanization and
related infrastructure needs, industry and private consumption.

Losses to the environment are still high, recycling rates, thus, rather
low

MFA allows for quantifying the stock and flows and identifying the
areas of intervention

HHHHHH



Using MFA to
identify innovation
potential

Phosphorus management
Y in Switzerland




EPFL Motivation: Phosphorous

- Essential non-substitutable nutrient for humans and animals
- P-reserves of increasingly bad quality (Uranium, Cadmium)
- Potential geopolitical shortage

= Increasing need for a sustainable P-management

> How can Switzerland manage its P-flows more sustainably?

B Laboratory on
Human-

Environment
Relations in

Urban Systems Zapata und Roy 2004
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="t Methods: Material flow analysis [1]

= Spatial boundary: Switzerland
= Temporal boundary: years 2006 / 2011 / 2015
= System

— 6 processes (subsystems):
Agriculture animals / husbandry
Agriculture plants / cultivation
Chemical industry
Household and industry
Waste management
Water bodies

— 5 stocks

m Laboratoryon - 84 flows

uuuuu
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=PFL Methods: Material flow analysis [2]

Data sources

= Literature / expert interviews
= Uncertainty ranges

Calculations & software
= Error propagation for flows
= STAN

oooooooooooo
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=rFL. Processes and indicators

=

ultivation

2

Households &
Business (H&B)

)L

e

P-Losses rate in waste
management

Source : Binder & Mehr, 2017
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ePFL - P-flows in CH 2015

i Mineral fertilizer Fodder Net Imp.: 6.2 Diffuse inputs
: Imp.: 4.2 non-AC: 2.1

. plant-based food ,

: Imp.: 2.1

plant-based food: 3.8 Wastewater H&B: 6.5
Municipal solid waste: 2.8
Green waste: 1.1
Househeolds &
Business (H&B)

9.7

ste
management

Cultivation animal food: 4.9

l S
—

Animal husbandry Waterbodies

Farmyard manure: 23.4

Exports (ABP, SS, Fly ash): 2.7 Outflow: 1.8

Import ~ 14’000 t P/year (90% agriculture) — «Losses in deposit» ~10°000 t P/year
= Laboratoryon Export ~ 4’500 t P/year (93% in landfills and cement industry)

Human-
Environment
Relations in
Urban Systems

Source : Mehr et al, 2018




ePFL - P-flows in agriculture .

50.000 100
*
*
. P inputs
* P outputs _
37.500 7> &  Environmental issues:
S eutrophication and soil
- 3 overfertilization
§ 25000 I I I 0 € 1993: Ordinance of direct payments
s 2 i
£ 1999: Proof of ecological
= performance (OLN)
12.500 25 2
0 0
1989 2002 2006 2011 2015
Farmyard manure B Mineral fertilizer
m Sewage sludge m Digestate fertilizer
m Plant-based fodder ® Plant-based food
B Labor: M Soil erosion # P efficiency plant production

Humar

Enviro
Relations in
Urban Systems

Based on own research; Binder et al. 2009; Binder & Jedelhauser 2014; Lamprecht et al. 2011




ePFL - P-flows in waste management "

20 = 100
«1'000 P :nputs * n < .
P losses * § Health issue: BSE
. . u u
- s B Soil contamination
= £ 1990: BSE: Ban meat and
S E  bone meal as animal feed
e ]
= 10 50 £ 2006: Ban of sewage
_§ E sludge fertilization
— Q
- § Environmental issue:
5 5 o P- scarcity and loss of
§ resource
% 2007: Abrupt rise of P-price
0
1989 2002 2006 2011 2015 2016: VVEA Ordinance on
Animal by-products Plant-based waste - Wastewater industry Avoidance and Disposal of
B Wastewater H&B % Municipal solid waste B Green waste Waste
m Laboratory on Landfill type D Landfill type C Cement plants
Human- # Exports B WWTP effluents # P losses waste mgmt (PLW)

Relations in
Urban Systems

Source : Mehr et al, 2018
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Using MFA to assess ex-ante the impact
of innovations and interventions

43
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Transitions occur at different levels

Boundary conditions norms, prices climate change
(Social-ecological
technical landscape)

/
/
I/
i

I' markets

Dominant rr\\ ecology
I

social-ecological

urban regime technolog'y

A\ A J

>

| culture

New social-ecological

|
1
\ \ .
\ urban regime
\ \ /
/

-

\ A
\\ oy S
U VY,
2 =7
LT
P'?“eers 7> adapted from Geels 2002;
(niches) Geels and Schot, 2007
Time

44
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9
o/
<

Lifestyle

E)

Institutions

S

Technology

m Laboratory on
Human-Environ
ment Relations
in Urban
Systems

Scenarios

Scenario Context Assumptions

Balanced and Goyernmep? initiative: Food recommendations according to
.. | Swiss Nutrition Strategy

healthy human diet 9017-2024 FSVO

Implementation of
VVEA

Legislative intervention:
VVEA

Full implementation of VVEA, i.e. P
recovery from wastewater, sewage
sludge or sewage sludge ashes and
utilization of P in meat and bone meal

Urine separation

Research & pilot projects

Separate collection and recycling of
20% of total urine on the household &
businesses level

FSVO: Federal Food Safety and Veterinary Office

VVEA: Ordinance on Avoidance and Disposal of Waste

45



ePFL Balanced and healthy diets (landscape) *

Recommended food consumption compared to
consumption in 2014/15 according to FSVO

——— %

-68.5
Eggs 0000000 19.5
+50.0
+25.0
+76.5
Frats 00000 +5.3
34.0
Animalfats 00000 -74.4
+100.0
Sugar 75.0

B Laboratory on

Urban Systems



EPFL - Scenario |: Balanced and healthy diets “’

.................................................. ereessereesssessssssesssasess s e s s sas s R s s saenesssenessassessases e ssnasssasssanseseng

: Fodder net imports :
- 3072t Plyear: - 49%
I
digestate & compost gardens: 246 [+48;+24%]
Chemical
Mineral fertilizer imports
+881t Plyear: + 21%
; - as |
: Households N +33%
i Plant-based food: + 25% business (H&EB)
H cement piant: 1938
: [-808;-29%]
: & ) | ABP: 1613
e Animal-based | [2038-56%] e
Cultivation food' } 12% management
plant-based fodder: ! L- s
: 21203 [-3984;-16%)] |  diffuse inputs agricultural:
: N 939 [-197;-17%]
Animal husbandry Natarboiig
farmyard manure: ABP exp.: 1214
15899 [-4454;-19%] [-1 2);)4;-50%] digestate & compost:
AN 1535 [+298;+24%)
AN |

N S— — —————

Human-
Environment

Drban Systoms — Increase in dependency of imports of mineral fertilizers
Source : Jedelhauser et al., 2018
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Scenario ll: VVEA implementation

ABP to cement:
0[-1174;-100%] |

Triage ABP (ABP)

SS to CP: 817
[-754;-48%)

P recovery
animal by-products

ABP residu

e: 116 [+116)

cement plant.
817 [-1929;-70%]

Cement plant (CP)

MSWislag;: 2858 [-443;-13%]
MSWI fy ash acid wash: 265 [-42;-14%)]

$S to MSWI: 560

P recovery [-518;-48%) = )
Wastewater sewage sludge Municipal solid
treatment plant (SS) waste incineration

(MSWI)

P recovery
§Sash

Sewage sludge

$S ash residue:
288[-2594;-90%]

MSWI fly ash
| solidified:
101 [-16;-14%]

\\,

greenwaste: 1151

compost: 689

Triage bio-
genic waste

Composting

landifill type D:
3527 [-2963,;-46%]

Landfill
type D

landfili type C:
438 [-16;-4%]

mono-incineration
(SS-MI)

SS-Mi fly ash: 337

SS-Ash: 2594

|y as
116[-

h exp.
3%]

ABP: 1058

Landfill
type C

48

Sales and distri-
bution compost
& digestate

digestate

)

Source : Jedelhauser et al., 2018
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Institutional intervention triggers technological innovation 4

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

* assuming 100% domestic recycling of recovered P from waste management

Implementation of VVEA would lead to a cycling of ca. 9700 tP/a.
Cover more than the national fertilizer demand (4’200 tP/a).

Total import dependency P efficiency plant production P losses waste management

m Reference year M Scenariol ™ Scenario 2* = Scenario 3

Scenario I: Balanced and healthy diets
Scenario ll: VVEA implementation

Scenario lll: Urine separation
Source : Jedelhauser et al., 2018
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Using MFA to
enable a circular

economy

Minerals in the energy transition
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Swiss Energy Strategy 2050

= |ncrease energy efficiency in buildings, mobility,
industry

= Develop renewable energies (promotion, ease
the legal framework)

= Phase outnuclear energy (no more construction
of nuclear powerplants, security reasons)

To achieve targets:

= Replace 70% ofactual energy consumption by
renewables

= Increase national energy production

53
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Critical raw materials

e Critical Raw Materials for the EU H
1| H (reported by the European Commission) ;
2 13 14 15 16 17
) [ Listed as CRMs in 2011
2| Li | B [ Listed as CRMs in 2014 B|C|IN|O|F|Ne
BN |isted as CRMs in 2017 4
3| Na s 4 s 6 7 8 8 10 1 1|A|S S| c|Ar
4/ K | Ca Cr (Mn| Fe | Cogl Ni | Cu | Zn | Gayl Geyl As | Se | Br | Kr
5| Rb | Sr Tc | Rug Rhyl Pdal Ag | Cd | Ingl Sn | Sby Te | | | Xe
6| Cs | Ba Re | Osy | Au | Hg | Ti | Pb Po | At | Rn
7| Fr | Ra Bh|Hs [Mt|Ds |Rg|Cn|Nh| Fl |[Mc|Lv | Ts |Og
Pry Ndy Pmy Smy Euy Gdy Tby Dyd| H Erg Tmy Yby L
Ac|Th|[Pa| U [Np|Pu|Am|Cm|Bk | Cf|Es |Fm|Md|No| Lr
Fluors| g.gtuml Ba 8 Cokiv Natur: Phospl Maghesite
Rizzo, A Goel. S.: Grilli, ML Iglesias. R.; Jaworska. L: Lapkovskis, V.. Novak, P.; Postoinyi. B.O.; Valerini, D. The Critical utting Tooks for Review. 13. 1377. hitps:/idoi.org/" 377
B Laboratory on
Human- i . , .
Emronment Bobba, S., Carrara, S., Huisman, J., Mathieux, F. et al., Crifical raw materials for strategic technologies and

Urban Systems sectors in the EU — A foresight study, Publications Office, 2020, https://data.curopa.cu/doi/10.2873/5808 1


https://data.europa.eu/doi/10.2873/58081

=PFL _ s6
Approach: Dynamic MFA

Focus on solar panels, wind turbines and electric vehicles

2023 CRM material Currentinstalled
intensities capacities

intensities

2050 CRM material I I ‘ 2050 installed capacities

SURE scenarios

Global production of critical and strategic

“' World gradually implements green strategies
raw materials (CRM/SRM)

energy market
_ Sacial behavior and lifestyles supporting sustainability actions

Team Sprint
cus on Sustainability M

" World gravitatestoward a multi-polar order
- Regional conflicts increase energy security concerns
Social behaviour and lifestyles willing to “pay for more security”

¢ Regi policies at
4 Moderate regional and energy market integration
| Social behaviourand lifestyles supporting local markets

{ World follows a path not markedly different from today
5 )
ezl | Geopoliticalsituation as of today

RSULERIEIEEENENEIEED | social behaviour and lifestylesin favor of proven optionsand norms

GRiEmssEassNn

Current CRM stocksin the 2050 CRM needs for the
Swiss renewable energies energy transition according x LCA impacts
system to different scenarios

B Laboratory on
Human-
Environment
Relations in
Urban Systems

Léa Bitard (2024) and Corentin Mottet (2024)



EPFL 7
Material stock and flows (PV)
Photovoltaic panel stock accumulation Photovoltaic panel metal demand and waste by year
16,000 Material
120,000 - .
e Aluminium
o M Cadmium
100,000 { | CI][IFIET
12,000 i
Gallium
0,000 ] o0 e Garmanium
7 Z e Indium
:5 £ 8,000 e Selenium
£ s0.0004 g .
< m Silicon
6,000 mm Ellurium
40,000 -
4,000
20,000 A
2,000 I .
g(;uu 2022 Inflows 2022 {)Iutﬂuws 2030 Inflows 2030 {)Iutﬂaws 2040 Inflows 2040 Qutflows 2050 Inflows 2050 Outflows

B Laboratory on
Human-
Environment
Relations in
Urban Systems

Year and Type

Singhvi, Mottet, Bitard and Binder (2024)



Stock (tons)

EPFL s
Material stock and flows (EV)

2000 - 2050

Electric vehicle stock accumulation Electric vehicle metal demand and waste by year

Material
Aluminium
Cobalt
Copper
Dysprosium
Graphite
Lanthanum
Lithium
Magnesium
Manganese
Meadymium
Mickel
Mizbium
Palladium
Silicon

1,000,000 100,000

800,000 80,000

€00,000 60,000

Amount (tons)

400,000 40,000

) I
o —

2022 Inflows 2022 Dlutﬂnws 2030 Inflows 2030 Outflows 2040 Inflows 2040 Outflows 2050 Inflows 2050 Qutflows
Year and Type

200,000

o T
2000 2010

B Laboratory on
Human-
Environment
Relations in

rban Systems Singhvi, Mottet, Bitard and Binder (2024)



i Trade-offs between energy transition and 60

material extraction

= A energy transition towards renewables is necessary for
meeting decarbonisation targets

= However it comes with increased extraction and
dependency on critical raw materials, with important
environmental impacts

= As technologies reach the end of'their lifespan in the
next ten years, the question stands:

= To what extent can we close material loops?

HHHHHH
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Metals

RO Refuse

Switzerland, per scenario, per technology, per year

L
s
1
1
1
1
1
1
1
1
1
1
1
1
s
@
20
Lifestyle

R1 Rethink | R2 Reduce

Installation of PV, EV and WT .
(GW/year) In-use capacity

(tons)

Repair (tons/year)

Recycled materials (tons/year)

Institutions

De-installation of PV, EV and
WT (GW/year)

Circular economy scenarios

R4 Repair | RS Refurbish  R6 Remanufacture
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Circular economy scenarios

Metal demand across scenarios

Aluminium Copper Graphite Lithium Silicon
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Circular economy scenarios

Metal demand across scenarios Repair, reuse:

Aluminium Copper Graphite Lithium Silicon . .
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Summary (l)

= Material flow analysis (MFA) is a systemic method based on
mass balance

= |t quantifies (the dynamics of) stock and flows over time

= |t supports
- Prioritization of measures and areas of innovation
- Strategic decisions at national level
« Circularity decisions in energy transition
- Early detection of problematic developments
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Summary () *

- Reduction of environmental impact relies on changes in lifestyle,
institutional innovation, and technical innovation

- It requires (several iterations of)
* Scientific evidence
* Public awareness
* Policy
* Technological innovation
- MFA can be a tool for:
* Providing scientific evidence

* Creating awareness
* Monitoring
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Glass recyclmg situation in Switzerland
> -

vetroswiss

.. pour un recyclage efficace du verre ...

Taux de recyclage du verre en Suisse 2011

Verre usage collecté en Suisse 2011 <
en % du verre utilisé

en tonnes par année

350'000 349'858 100%
300000 90% 94.2%
80%
250'000 =
200'000 60%
50%
150'000
40%
100'000 30%
20%
50000
10%
g 0%
A ‘\‘B'\'S (A 2 NS 0 A S NS S B NS DA B NS
FELEEFEFE LS EEFFE I L EEFLEFEFLEFEE S FFE S
B Laboratory on Evolution du verre usagé collecte dans toute la Suisse (Source . Evolution du taux de recyclage du verre en Suisse (Source :
Human- www.vetrarecycling.ch) www.vetrorecycling.ch)
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Glass recycling: the system

Distribution
Process 1 Process 2

A4

> Production Use

A

Recycling

System boundary: region

How many unknowns for the general case?
How many in steady state?

v
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Glass recycling: solution

Distribution

Process 1 Process 2
Import - > Export
> | dm,/dt M1z | dm/dit _ >
1 < m e
Recycling

System boundaries: region

8 in general
6 in steady state

uuuuu
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Glass recycling: solution

dm, -_
ot my; + My - My,
dm, _
_dtg = Myy - My - My

Another 6 equations needed for a finite
number of solutions
=> System parameter equations
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Glass recycling: solution

P1=m, (0) Initial value of the stock
P2 =m, (0) Initial value of the stock
P3 =1 Input flow
P4 =k, Transfer coefficient
P5 =k, Transfer coefficient
P6 = k,, Transfer coefficient
g
! Distribution |
i Process 1 K42 Process 2 !
'Import > Export |
:—> : >
=l ) T
| Kz :
: =m, (0) =m, (0) !
! Recycling |
W Lsbomtoyon o TTTTTTTTTTTTITTTTmmmTmmmmmTmTmTTTIImmmmmm
Human-
Environment
Relations in

Urban Systems
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Glass recycling: solution

Solution in steady state:

. dm,/dt=0

. dm,/dt=0

* m;y = |

. Kip = Myo/(Mi+m,,) Linear system
_ — of 4 equations

) Koy = Myy/my, and 4

. Koe = Myo/My, unknowns

y m, = m,(0)

m Laboratoryon . m, = m,(0)

uuuuu
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Glass recycling: solution

Solution in steady state:

. dm,/dt=0
. dm,/dt =0
‘ Kip = Myp/(Mi+myq)|  Myp = Kypl/(1-Kq5Ko4)
—
) Koy = myy/my, My = KoqKyol/(1-
’ Koe = Mae/My; izkzn)
— M, = Ky okool/(1-

° m. = m.(0 2e 12™2e

1 (0) K12K21)

B Laboratory on ° m2 = m2(0)

uuuuu
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Glass recycling: solution

Numerical example in steady state:

. dm,/dt=0
. dm,/dt=0
. m,, = 19 [kg/cap.year] m;; = |
* Kipg =1 My, = Kyol/(1-KqoKoq)
—
° k2e — 013 k12k21)
— m,, = kK, l/(1-

, m. = m.(0 2e 12™2e

! 1(0) K12Ko1)

B Laboratory on ° m2 = m2(0)

uuuuu

ations in
Urban Systems 77
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Glass recycling: solution

= 146 kg/cap.year

Process 1 Process 2
Import i > Export
= 19 kg/cap.year = 19 kg/cap.year
s Recycling |
=127 kg/cap.year
Kipg=1
k,; = 0,87
Ky, = 0,13
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Glass recycling: validation

How to check your results?

1)Compare with statistical data and time
series

2)Compare with literature references

3)Get feedback from an expert in the field
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Glass recycling: validation

Glass recycling: what if k,, increases by
10%

= 146 kg/cap.an

; Distribution !
Process 1 Process 2
Import > Export
P g < =2 ”
=9
Recycling

HHHHHH
Environment
Relations in
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Glass recycling: validation
Glass recycling: what if k,, increases hy 10%

= 146 kg/cap.an

Distribution
Process 1 Process 2

3
©
L O _____
=
v

v

A

v

Recycling

=139,7 kg/cap.an

Kig=1
k,, = 0,957
K,e = 0,043
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More complicated example: gravel

i
Limestone Limestone Concrete | Buildings |Crushed con. :

I Quarries | ] Recycling I

i Gravel [Construction concrete |Waste :

i 1 Recycled concrete I

i |

I Gravel Building Landfill I

: Gravel surroundings| Waste I :

i distribution | | | Recycling [Waste I

E < gravels :
Gravel Gravel Recycled gravel i
T Gravel pits »| Streets 1 :
Gravel : I

i

i

i

Region, 1 year
t/cap/year; t/cap

Michael Redle, Kies- und Energiehaushalt urbaner Regionen in Abhangigkeit der Siedlungsentwicklung, DISS. ETH
Nr. 13108.
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Example: model definition

10 Aia A s PS Ass
i P1 [ ™|
i Azg P4 ~ P8 Asio |
: [T, | N Ass
i
i Aze | PG
|
! P3 A
! 69
! I MSI Asip N
I - P9
|
H 02 A23 A5‘3
«—1 7
P2 > P7
Aszz I M I

Region, 1 year
t/cap/year; t/cap

P10

Miﬂ
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Solution: matrix form

26 variables
10 equations

16 parameters (p, to p4e):
Exports are known: 2 equations, p, and p,
Stocks are known: 6 equations, p; to pg

Transfer coefficients are known for construction (py), recycling
concrete (p4,), recycling gravel (p44)-

Etc...
=> MFA in matrix form
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Solving MF As in matrix form (1)

Mathematical — physical description of a system
Matrix form — input output analysis

=>  Choice of the method depends on the type of system
and the type of problem.

oooooooooooo
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Solving MF As in matrix form (2)

Key question:

|/f/hat is the impact of a change in the inputs on 1he outputs ?

Example:

Imagine the cement manufacturing process. What effects has
the substitution of primary fuels with alternative fuels on the
quality of cement ?

HHHHHH
Environment
Relations in
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Solving MF As in matrix form (3)

| / S—2>
2 : 1 10
1
I 1 X4 :
—|> Process 1 —>E - Process 2 —|€>
I Xy I A
1 |
I X111 X3 X3 || X2 I
| 3 1 2
5 | I'o
0 > Process 3 >
/
N S e e mmm eem mem e o mmm mmm mem mem o mmm -

Simplified system and notation!

HHHHHH
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Reading matrix formulation

Process |Process |Process |Output Total
1T A 2 3
—ﬁ- :
Process | X3 X12 X13 O, X,
1
Process | X5, X5 Xo3 O, X’
2
Process | Xs; X3 X33 O, X5
3
Input |4 |, |5
Total X4 X, X5

uuuuu
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Reading matrix formulation

Process |Process |Process |Output Total
T _o |2 3

Process | X4 X2 =0 |X43 O, X,

1 —

Process %53 %5 ,\23—| O, X’

2

Process | Xs; X3 X33 O, X3

3 x; & Flow from procesp i to process

Input |5 Ihputin processi | |» |3

Total 0 =Xu1tput from proc as)ﬁz X3

X; = Sum of flows into process i

X', = Sum of flows out of process i
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Solving MF As in matrix form (4)

1. Set up the matrix and the balance equations for the flows

2. Set up the matrix and the balance equations for the transfer
coefficients

3. Write the balance equations in matrix form
4. Solve the equation by matrix inversion

Basic-assumpt-ian:_stgady-sjate




o Matrix form and balance equations (1)

Process |Process |Process |Output Total
1T _a |2 3
Process | X4, X2 =0 |X43 oF X,
1 ~ 0
Process | X5, X590 Xo3 O, X5
2
Process | Xj, X35 X33 O, X5
3
1. \AHiéh line lequals whith column|ih steady-state ?
Total X X, X5
2. Write the balance equation for process 1

uuuuu



o Matrix form and balance equations (2)

Process | Process |Process |Output Total

(. 0 2 3
Process | X4 X2 =0 |X43 O, X,
1 — 0
Process | X5, X590 Xo3 O, X5

2

4
Process | Xs, X35 X33 «0 X5 ‘
3 \

Steadyt state| assumptiont,what gogdjn must come out

Total X4 X, X3
Balance equation:

Xpgt Xort Xgqt [y =Xy = Xqqt Xpot Xq3+ Oq = X,

uuuuu
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Transfer coefficients equations

With:

Xy Xoqt Xgqt |y = X

We know:  TC; = k; = x;/X

We get:
Xy " Kyt Xy Koy + X3 " kg + 1 = X,

HHHHHH
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Balance equations and matrix form (1)

Xy "Kyg + X Koy + Xy "Kgy +o 0 X Ky = X
Xy " Kip X Koy + X3 " Kgp +.. 4 X TRt 1= X,

X1 " k1n+X2* k2n+Xn*k3n t..+ Xn *knn+ In=Xn

Matrix form:
K'X+1=X

HHHHHH
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Balance equations and matrix form (2)

K*X +1= X

| =X - K*X

| = A*X = K*X = (A - K)*X
X = (A= K)™

Note A =diag (1,1,...,1)

oooooooooooo
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Matrix of transfer coefficients

Process |Process |Process |Output |Tota|

2 3
Process [kq; Kqo Kis Kio 1
1
Process [®5; o R Ko [
2 2\
Process | Kkj; Kss KTKas Kso 1
3

K= i1 k21\

kn1
k12 k22 kn2
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Glass example in matrix form

= 146 kg/pers.year

Distribution
Process 1 Process 2

\ 4

Import Export

A\ 4

A

=19 kg/pers.year

=19 kg/pers.year

Recycling

= 127 kg/pers.year

Kip=1
k,, = 0,87
Kye = 0,13

HHHHHH
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Glass example in matrix form

Production Use Export Total
Production 0 146 0 146
Use 127 0 19 146
Import 19 0
Total 146 146
Matrix of transfer coefficients

Production Use Export Total
Production 0 1 0 1
Use 0.87 0 0.13 1
Import 0.13 0

Total
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