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Why a framework?

by Eawag, Bader and Scheidegger

Since the first steps of regional material flow analysis (MFA) in the late 80's of the last century the field of
MFA has developed considerably concerning theoretical concepts as well as concerning applications.
Especially the introduction of modeling concepts to the classical material flow analysis in the early
1990's, resulting in the mathematical material flow analysis MMFA was a big step forward. This
development is reflected in the large number of MMFA related publications, reports, case studies,
doctoral as well as diploma thesis, student reports etc which have been published since 1990. Especially
for "newcomers" in the field  who would like to apply the method of MMFA to their own problems it is not
easy to get a quick overview of the whole concept and the many applications in the field of MMFA.

This framework should fill this gap by giving an up to date overview (2017) over the different concepts and
extensions of  the original method as well as the many applications and case studies that are available.
Clearly this framework is not complete since we focused on the most important developments since 1990
rather than trying to refer to all published work. However, many of the publications not referenced here are
referenced in the books, publications, reports etc found in this framework.

Part of the referenced literature is accessible directly as pdf-files , for a second part only the abstract and
for the  third part only the title are available in this framework.

© 2011, 2017 Eawag, Bader and Scheidegger
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MFA/MMFA historical development: important steps

1936  Economic Input-Output Tables W. Leontief, Composite Commodities and

the Problem of Index Numbers,

Econometrica, Vol. 4, No. 1 (Jan., 1936), pp.

39-59 

1960's -

1970's

Development and application of MFA, SFA to

chemical processes

Levenspiel O. (1952) Chemical Reaction

Engineering,

McCabe W.L. and Smith C.J. (1967), Unit

Operating of Chemical Engineering

1988 First study on regional scale Project RESUB: (RESUB: der regionale

Stoffhaushalt im unteren Bünztal. Dübendorf:

Eidg. Anstalt für Wasserversorgung,

Abwasserreinigung und Gewässerschutz

EAWAG, 1990. III, 59 S. 

Henseler,G., Scheidegger,R., Brunner,P.H.

(1992), Die Bestimmung von Stoffflüssen im

Wasserhaushalt einer Region, Vom Wasser,

78, 91-116

1991 MFA/SFA for region / city Baccini P., Daxbeck H., Glenck E.,

Henseler G. (1993): Metapolis, Güterumsatz

und Stoffwechselprozesse in den Privat-

haushalten einer Stadt, Bericht 34A und B

(Technischer Anhang), NFP "Stadt und

Verkehr", in Zusammenarbeit mit der

Stadtverwaltung der Stadt St. Gallen und

dem Institut für Marktanalysen AG (IHA),

EAWAG, Abt. Abfallwirtschaft, Dübendorf

1991 Comprehensive concept of MFA/SFA Baccini P. and Brunner P.H. (1991) The

metabolism of the anthroposphere.

1991- Development of SIMBOX a tailor made

computer program to model anthropogenic

substance flows

Homepage

Many of the studies in Section 4.2 have used

SIMBOX.

1992 Concept of dynamic MMFA for

Anthroposphere

Bader H.-P. and Baccini P. (1993)

Monitoring and Control of Regional Material

Fluxes in Soil Monitoring

1992 Best estimates for flows and stock change

rates for stationary systems based on

gathered dataset. Method of last squares

(Ausgleichsrechung) 

Baccini P. and Bader (1996), Regionaler

Stoffhaushalt

1992- Modeling stationary systems including first

order uncertainty analysis and sensitivity

analysis

Baccini P. and Bader (1996), Regionaler

Stoffhaushalt

and Section 4.2

1996 Comprehensive concept of MMFA:

mathematical MFA/SFA

Baccini P. and Bader (1996), Regionaler

Stoffhaushalt

http://www.eawag.ch/forschung/siam/software/simbox/index_EN


MMFA (Mathematical Material Flow Analysis) Framework

6

© 2011, 2017 Eawag, Bader and Scheidegger

1995- Modeling dynamical systems including first

order uncertainty analysis and sensitivity

analysis. A special focus is to understand the

effect of long living (durable) goods.

Application to (selection):

 Renewable energy systems

 Renewable resources: use of wood

 Non renewable resources: use of copper
and other metals

 Resource potentials in agriculture

 Managing durable goods

 Food consumption and nutrient flows

 Wastewater and nutrient flows

 Model stocks and flows in the
anthroposphere and the environment

 Electronic waste

 Other fields

Baccini P. and Bader (1996), Regionaler

Stoffhaushalt

and Section 4.2

Real M. (1998)

Real M. et al. 2001

Real M. et al. 2001

Müller (1998)

Müller et al. (2005)

Binder et al. (2001)

Johnstone (2001a, 2001b)

Bader et al. (2011)

Zeltner et al. (1999)

1997 Comprehensive studies on stocks and flows

of metals in the anthroposphere

Lohm et al. (1997)

2002 SIMBOX:

Implementation of the concept of distributed

parameters for stationary models.

Kwonpongsagoon et al. (2007)

Huang et al. (2007)

Schaffner et al. (2009), etc.

2002 SIMBOX:

Implementation of the concept of parameter

uncertainty ranking for stationary systems.

Theory see: Brun et al, 2001

Case studies: 

Kwonpongsagoon et al. (2007)

Schaffner et al. (2009), etc

2002 Modeling concept of dynamic financial flows

(including capital, interest, pay back,

operational costs) in dynamic MFA systems.

Real et al, 2003

Bader et al. 2006, 

http://www.satw.ch/publikationen/schriften/3
9_roadmap_d.pdf

2004 SIMBOX:

Implementation of assessment based on

fuzzy parameters/ variables (Unscharfes

Wissen)

Holtmann et al. (2005)

2006 Frequentistic and Baysian parameter

estimation for stationary MFA systems

Bader et al. 2007

2006 Integration of substance flow analysis,

transport and fate of materials in the

environment and environmental risk

assessment for providing information for

regional environmental management

Kwonpongsagoon (2007)

Kwonpongsagoon et al. (2007)

2007- Dynamic modeling of long living goods and

substances including their emissions to the

anthroposphere. Example: brominated flame

retardants.

Buser et al. 2007

Morf et al. 2007

Morf et al. 2008

2007- Modeling substance flows to identify and

compare point and non point sources in

Schaffner et al. (2009), (2011), 

Chèvre et al. 2010

http://www.satw.ch/publikationen/schriften/39_roadmap_d.pdf
http://www.satw.ch/publikationen/schriften/39_roadmap_d.pdf
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catchment areas as a complementary

approach to standard monitoring programs.

2008 SIMBOX:

Implementation of the concept of parameter

uncertainty ranking for dynamic systems.

Applied in many studies, i.e. Bader et al.

(2011)

2009 Combining MMFA modeling with chemical

analysis of samples from wastewater and

lakes in order to identify and quantify

substance flows through the anthroposphere. 

Neset et al. (2010), Understanding

consumption related sucralose emissions

2009 Development of an uptake model for

substances in food and beverages.

Malde et al. (2010), Substance Flow

Analysis – a case study for fluoride exposure

through food and beverages

2009 SIMBOX:

Implementation of the concept of distributed

parameters for dynamic systems. (Monte

Carlo simulations)

Wittmer: 2011

Bader et al. (2011)

2009-2016 Applying the concept of dynamical substance

flow analysis to model substance flows from

urban and agricultural sources to the

receiving waters.

Wittmer (2010)

Wittmer et al. (2016)

2010- Mathematical substance flow analysis as a

tool for urban water management

Chèvre et al. (2011)

Chèvre et al. (2013)

Waltersdorf et al. (2014)

Huang et al. (2007)

Erni (2007)

Erni et al. (2010a, 2010b)

2010-2012 How to use MMFA to separate and quantify

the behavioural and technical influence on

material and energy flows in private

households 

Kenway et al. (2013)

Kenway et al. (2014)

2012-2014 How to geographically reference the MMFA Kupkanchanakul et al. (2015)

2012-2016 A general dynamic model to simulate long

living goods in households, including

emissions to air, water and soil

Wongsoonthornchai (2017)

2015-2017 Development of a dynamical model to

simulate water and energy flows in private

households

Kenway et al. in preparation
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1 Motivation for MFA
 

1.1 Problem

The daily (human) activities cause large amounts of material-, energy and substance flows

These flows increased in the last decades considerably due to 2 reasons:

§ Growth of consumption per capita (by factor ~100)

§ Growth of world population

This development is illustrated by the figure above, showing the consumption for some substances in

tons per person during a lifetime of roughly 70 years.

Resulting problems:

These large anthropogenic flows cause well known problems concerning the aspects of resources,

environment and health

Resource problems

The use of non-renewable resources causes a shortage of resources 

(Examples: oil, copper, phosphorous, …)

Environmental problems 
The anthropogenic Substance flows induce stress to environmental compartments (pollution of water,air,

soil)

The results are:

· Decrease of biodiversity

· Decease of soil fertility

· Climatic change, floods,…… )

Health aspects 
The various substances in food, water, air,... cause health problems, ranging form illness to death

(sneaking effects): 
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Examples for Switzerland:

· ~3000 death per year due to fine particulate matter which costs about 4 billion Fr. or 500Fr. per person

and year.

In general, there is a high correlation between use of chemicals, radiation exposure and severe illnesses.

Strategy to “solve” the problems:

The aim is to design the human activities as environmentally and health compatible as

possible.

What is the meaning and how can "Environmentally and health compatible" be measured?

This is not uniquely defined, but covers the whole spectra from legal compliance to Sustainable

development. 

There exist 2 important reference values for environmentally and health compatible:

a) Ecotoxical threshold

Principle : Concentration of substances in water, air, food,etc should be below the limit of toxicity for

organisms or humans

b) Geogenic reference:

Principle: Concentrations or flows should not be higher than the geogenic reference value. The geogenic

reference is the concentration or flow which occurs naturally. The idea is that Human and living

organisms are adapted to the geogenic “background” as a result of the evolution 

Example :

Geogenic reference No effect Threshold value (CH)

Solar radiation <1000 W/m2 ~100 W/m2

Radiation for wireless

communication (mobile

phones, DECT, ..)

<10-7 W/m2 ~10-7 W/m2

according to the

community of building

biologists

9×10-2 W/m2

Comment: If the radiation from wireless communication would be within the geogenic reference range

there would be no health effect. However it is about 106 times higher. In comparison a 106 times higher

radiation than our sun’s radiation is fatal.
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1.2 Problem illlustration and traditional "solution"

The problem is illustrated in the following 2 figures:

The first Figure shows the pathways of goods from mining to production, use and disposal. During the

last decades and even centuries the non-renewable resources decreased, the stock of goods in the

households increased and the emission and disposal to the environment increased also.

Monitoring Programs in the Environmental compartments:

Usually the concentrations in the environmental compartments are measured and monitored, since the

organisms are affected by too high concentrations. If the concentrations exceed a certain value,

measures should be taken like substance bans. However since the residence time of goods can be

large, there can be a large time delay until the concentrations in the environment decreases. This is

illustrated in the Figure below.

To reduce this time delay a procedure is necessary which is able to early recognize possible problems.
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1.3 Goal of MFA

Describe quantitatively the whole pathway of Material- and Substance flows, including stocks 

Main issues

- Overall account for substance flows 

Analyse whole life path of goods and substances contained in the goods from mining,

manufacturing, daily use up to deposition

- Early recognition of possible undesired flows

Instead of only monitoring the environmental compartments, MFA provides an overview over all flows

which are linked to the activities in the anthroposphere including households, industries and waste

treatment. Especially this is important for goods characterized by long residence times in the

anthroposphere which means a delay of years between input and output flows. Such an insight into

the anthropogenic flows is necessary in order to early recognize possible undesired flows and to

control such flows.

For a detailed description of the whole procedure including many applications see Baccini, Brunner

(1991) and Baccini, Bader (1996).
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2 MFA classic

Material / Substance Flow Analysis (MFA)

Material flow analysis (MFA) was originally developed more than 50 years ago to optimise the material

and energy use of chemical production processes (Levenspiel (1962), McCabe (1956)). In the 1980’ies it

has been applied by Baccini and Brunner (1991) to regions in order to describe the material and energy

flows caused by human daily activities. MFA is a method to account, describe and discuss material and

substance flows. For a system with defined system borders in space and time, the material-, substance-

and energy flows are quantified. The procedure consists of 4 steps:

1. System analysis: 

Definition of the problem to be solved. Identification of the relevant balance volumes and flows in

between and with the environment. Definition of the substances to be considered.

2. Data collection:

Finding data for the mass-flows and substance concentrations. Data sources are measurements,

publications, literature reports and interviews with experts.

3. Calculation of the substance flows and calculation of specific flows e.g. flows per person, flows per

hectare etc.

4. Interpretation:

graphical presentation of the flows. Plausibility considerations: comparison with other results.

Identification of relevant sources and sinks and possible measures to reduce undesirable flows.

The procedure is iterative. Usually it is necessary to refine the system and improve the data base until

the results are “confidentially”.

The whole procedure is explained in detail in Baccini, Brunner (1991)

2.1 Textbook MFA

Baccini P. and Brunner P.H. (1991), Metabolism of the anthroposphere

This book gives a detailed description of the concepts of MFA applied to regions.

Baccini P.and Brunner P.H (2012), Metabolism of the Anthroposphere: Analysis, Evaluation, Design.

Second edition, MIT Press

The new chapter about mathematical MFA is an incomplete translation of chapter 3 of the book

"Regionaler Stoffhaushalt".

The chapter about software is incomplete since it ignores the many software studies in the past 20 years

(see chapter 5 of this MMFA framework). Moreover the description of some software is out of date. The

dynamic case study about copper (Metabolic scenarios for a Regional copper management) is largely

copy paste of part of the publication Bader et al. 2011. The statement that "successive stationary

calculations are also suitable for dynamic modelling" is wrong. This has nothing to do with dynamic

modelling, this is a simple trend extrapolation. The danger of trend extrapolation has been discussed by

Krämer (1998) and Hug et al. (2004).
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3 Mathematical Material Flow Analysis (MMFA)

By combining MFA with modern modelling concepts, this method has been extended to the

mathematical material flow analysis (MMFA) in the 1990’ies. A first short description has been given by 

Bader and Baccini (1993). The whole concept of MMFA was first described in detail in Baccini and Bader

(1996), chapters 3 and 5.

MMFA is a method to describe and simulate anthropogenic flows with mathematical models in order to

understand the system and investigate possible measures to design anthropogenic material flows as

environmentally and health compatible as possible. Special emphasis is on the understanding of the

whole “life path” of the materials from mining / production to use and final deposition or emission to the

environmental compartments. This is necessary for early recognition of possible undesirable material

flows to the environment. MMFA means developing mathematical models for (anthropogenic) material or

substance flow systems combining the current system knowledge with available data. In this aspect,

MMFA is complementary to measurement and monitoring programs in the environmental compartments,

which use huge datasets to describe the system. They are important but not sufficient.

MMFA consists of 4 main steps. 

1. System analysis:

all balance volumes and flows are defined, which are relevant for the problem to be addressed. 

2. Model formulation:

based on the current system knowledge, a mathematical model is formulated. The variables

describing the system are the stocks and the flows. The equations of the model relate these stock

and flows based on the current system knowledge (see chapter 3.2).

3. Calibration of the model:

with data from measurements, literatures and system knowledge of experts, the model is

calibrated. 

4. Simulations and assessment:

The calibrated model is then used to simulate the current state, including its uncertainty. With the

help of sensitivity analysis, possible measures to reduce undesired flows to the environment can be

discussed.

The focus of the whole procedure is to get an understanding of the system rather than simulate

each flow to the fourth digit.

In the past 15 years, MMFA has been applied successfully in many different fields like mass, substance

and energy flows related to: (selection)

· Construction and operation of buildings

· Renewable energy systems

· Agriculture and food production / food consumption

· Durable and consumable goods in households and infrastructure, including emissions

· Water and waste water in catchment areas

· Electronic waste

· Recently MMFA has been applied also to catchment areas to simulate water and pesticide / biocide

flows from agriculture and urban areas.

· Water and related energy flows in households

The main goals were:

1. Overview of the different sources sinks, stocks and flows.

2. Understanding the dynamic of the flows and stocks and their driving forces.
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3. Simulation of possible measures to reduce undesired flows.



MMFA (Mathematical Material Flow Analysis) Framework

© 2011, 2017 Eawag, Bader and Scheidegger

15

3.1 Theoretical background of MMFA

(Physically based) mathematical description of anthropogenic substance flow systems

This is a compendium of the theoretical description in Chapter 3 and 5 of Baccini, Bader (1996) written

by H.-P. Bader and of lectures he gave at ETH Zurich between 1998 and 2010.

3.1.1 Topics

· Complete (quantitative) mathematical description of mass,- energy- and substance flows of

anthropogenic systems. Anthropogenic systems are selected subsystems like households and / or

industries of the anthroposphere.

3.1.2 Requirements

The main requirements for mathematical descriptions are:

1. It should be complete, general enough and as simple as possible in order to be applicable to any

anthropogenic system.

2. It should be extendable and linkable to natural and environmental systems since anthropogenic

systems are often coupled with such systems.

3.2 Mathematical description

Mathematical description (double click for a detailed description).

3.3 MMFA Procedure

The modelling concepts consists of the following four steps:

1. System analysis

2. Model approach

3. Calibration

4. Simulation and assessment

4.1: Simulation of the current state

4 .2: Uncertainty analysis

4.3: Sensitivity analysis, parameter variation and parameter uncertainty ranking

4.4: Designing of measuring and monitoring programs

4.5: Scenarios, possible measures and assessment

For a detailed description of the whole procedure including many applications see Baccini, Bader (1996)

and the cited literature.
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3.2. Mathematical description 
The description of the mass-, energy- and substance household are completely 
similar (see Baccini, Bader (1996)). Therefore in the following we restrict to the 
substance household. The crucial question is: which quantities have to be known in 
order to describe the substance household completely? From physics it is known that 
the substance household is completely described if for each time t  and each space 
point x  the substance density ),( xt ρ  and the substance flow density ),( xtm   are 
known.  
The density ),( xt ρ  describes the current state of the system (i.e. the current spatial 
distribution of the substance) and the flow density ),( xtm  , together with the source 
density ),( xtr   describes the current change of the system. 
For the density ),( xt ρ , the flow density ),( xtm   and the source density )x,t(r   the 
balance equation holds: 


),(),(),( xtrxtmdiv
t


xt 



=+
∂


∂ρ  (1) 


),( xt ρ : substance density 







3m
kg  


),( xtm  : substance flow density (flux) 







sm
kg


2  


),( xtr  : Source density 







sm
kg


3  


dt
∂ : partial derivative with respect to time 


div : divergence operator 
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The source density describes the “production” or decay of the substance, for instance 
due to chemical reactions. In conclusion ),( xt ρ  and ),( xtm   form a complete set of 
system variables for the substances considered. 
Note that for 0),( ≡xtr   , i.e. if no sources are present, the balance equation (1) is a 
conservation equation. 
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3.2.1 Simplification for anthropogenic substance flow systems. 
 
For anthropogenic systems it is usually not necessary nor possible to know the 
density ),( xt ρ  at each space point x . 
It is rather sufficient to quantify the substances for selected spatial units, the so-called 
balance volumes. Examples of balance volumes are “one single household”, “all 
households within a region”, “a waste water treatment plant”, “ a solid waste 
treatment plant” etc. 
It is obvious that the selection of the balance volumes reflects the level of 
approximations: the more detailed the balance volumes, the better the approximation. 
Instead of quantifying the density ),( xt ρ  at each space point x , only the amount of 
substance in each balance volume is determined: 


τρ dxttM
iV


i ),()( 
∫=  


)(tMi : stock of substance in balance volume iV  (= amount of substance in 
balance volume iV ) 


 
For the stocks )(tMi  in the balance volumes iV  the following equation holds: 


∑∑ +−=
s


isi
r


ir
i tRtAtA


dt
tdM )()()()(  (2) 


dt
d : derivative with respect to time 


)(tA ir : flow from balance volume rV  to balance volume iV  


)(tRi : production / decay rate in iV . 
 
The two sums extend over all internal balance volumes as well as the external 
balance volumes defined in the environment. The first sum describes therefore the 
input flows to balance volume iV  from the other balance volumes within the system 
and the input from outside the system. The second sum the outputs from iV  to the 
other balance volumes within the system and outside the system.  
Equation (2) is nothing else than the integral form of equation (1), integrated over iV , 
with the exception that in equation (2) the gross flows are considered instead of the 
net flows as in equation (1). The reason is that not only the total net flow namely 


∑∑ −
s


si
r


ir tAtA ))()(  is of interest, but also the different contribution from the internal 


and external balance volumes. Similar as discussed above for the density )x,t( ρ , 
instead of quantifying the flow density ),( xtm   at each space point x , only the gross 
flows between the balance volumes and with the environment” are determined. 
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In conclusion for anthropogenic substance flow systems: 


)(tMi : stock in balance volume iV  


)(),( tAtA siir : flows into and out of balance volume iV . 


form a complete set of variables. 
 
For the stocks the balance equations hold: 


N....i)t(R)t(A)t(A
dt


)t(dM
s


isi
r


ir
i 1=+−= ∑∑  
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3.2.2 Model approach general form 
 


In order to describe the N stock variables )(tMi  and the FlowN  flow variables )(tArs  
mathematically, Flowtot NNN +=  equations are necessary. Therefore besides the N 
balance equations in addition FlowN  so called “model equations” are required. These 
“model equations” describe the phenomenology of the system representing the 
current state of the system knowledge. It has to be pointed out that the balance 
equations apply to all systems whereas the model equations are specific for each 
system reflecting the specific system properties.  
In principle these model equations are always time dependent. However, often in a 
first approximation the average flows and stocks over a certain period (like a year) 
are of primary interest. These averaged variables can be described by a quasi-
stationary system of equations. 


3.2.2.1 Quasi-stationary approach 


The variables for the quasi-stationary case are: 
)0()0()( iii MtMtM +=  


)0()( rsrs AtA =  
Thus the variables )(),( tAtM rsi  are described by the unknowns )0(),0( ii MM   and 


)0(rsA . )0(iM  is the stock at time 0  and )0(iM  the stock change rate at time 0 . The 
“dot” ˑ denotes the derivative with respect to time. 
This means that the stocks are linear functions in time and the flows are time 
independent. 
The general equations for the quasi-stationary case are: (see Baccini, Bader 1996, 
chapter 3) 
 


0)),0(),0(),0(( =krsii pAMMF 
α  NNtot += ...,,1α  (3) 


kp  Mk ...,,1=  Parameters 


 
The M  parameters kp  describe quantitatively the specific properties of the system.  
The functions αF  are (arbitrary non-linear) algebraic functions of the quantities 


)0(),0( ii MM   and )0(rsA including the balance equations. 
Therefore mathematically the equations (3) form  a system of (arbitrary nonlinear) 
algebraic equations for the unknowns )0(),0( ii MM   and )0(rsA . 
Thus for each set of parameters kp  the unknowns have to be calculated solving the 
system of equations (3). 
Note that because the N stocks )(tMi  are described in the quasi-stationary case by 


N⋅2  unknowns )0(iM  and )0(iM  the number of equations (3) is NNtot +  rather 
than totN . It is important to emphasize that non-linearity in equation (3) is only 
referred to the unknowns but not to the parameters. 
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So, if equations (3) are linear with respect to the unknowns but nonlinear with 
respect to the parameters, the equations (3) are still linear. Sometimes in literature, 
reports and lecture notes equations, which are linear in the unknowns but non-linear 
in the parameters, are wrongly declared as non-linear. 


Flow equilibrium 
The stationary case is defined as the case where all stocks and flows are time-
independent i.e. NiMi ...,,10 == . This case is also referred as the state of flow 
equilibrium. 
Note that there is not one unique state of flow equilibrium but any set of parameter 
values defines such a state. 


Methods for solving equations (3) (Baccini, Bader (1996), p100) 
In general equations (3) are only numerically solvable. There are different 
mathematical procedures to solve systems of (non-linear) algebraic equations. 
A famous one is the Newton- Raphson procedure: 
 


)()( )(1)()1( n
x


nn XFDXX ⋅−= −+  (4) 


where: 
)(nX : n-th iteration of X 


))0(),0(),0(( rsji AMMX = : Vector of the unknowns 
FDx : Jacobi Matrix 


3.2.2.2 Examples: Quasi-stationary approach 


In this section some important model approaches are described. They are illustrated 
for example in section 3.2.4. 
a) Classical input output model (Baccini, Bader (1996), p122) 
Model approach: 
All external inputs are given and for each balance volume the total input is distributed 
to the outputs according to transfer coefficients. 
Mathematical formulation: 


• All external inputs are given (as parameters) 


• For all outputs of the balance volumes holds: 


∑⋅=
r


riisis AkA  Ni ...,,1=  


isk : Transfer coefficient in balance volume iV  to output isA  
 
The application of input-output models is very limited to systems which are input 
driven and have no restrictions to flows. This may be appropriate to describe material 
flows in production companies or to describe small subsystems like consumable 
goods such as food, cosmetics etc. in households. Consumers use a certain amount 
of consumable per unit of time, i.e. they provide a certain input. However, as soon as 
the household system is extended to include also the production of the goods, input-
output models are no longer qualified to describe the system adequately. 
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The input-output approach is also absolutely not appropriate to simulate durable 
goods with a long lifespan (years) (Bader et al 2011a) 
 
 
 
b) Modified input-output model 
Such models have a much wider application than the classical input-output model 
since they can also take into account restrictions to the flows. An example is the 
waste water and nutrient flows households, industries and storm water in a city 
(Huang et al. (2006)). 
 
c) Consumption driven approach (Baccini, Bader (1996) p.105) 
In the simplest case, instead of the input, the consumption flows are known, i.e. the 
flows entering the private households. In more complicated cases also more 
complicated relations than simple input-output relations describe the outputs to the 
balance volumes. 
See for example the model for water discharge and nutrient flows in the catchment of 
the Tha Chin river, Thailand: Schaffner et al (2009, 2010, 2011) 
 
d) Classical LCA approach 
In this model a certain output (the product) is given. All other flows are related via 
simple linear relationships to this product output or to other flows in the system. 
These relationships are the “recipes” for the product. 
 
e) Output-input approach (Baccini, Bader (1996) p.125) 
This model is similar to the input-output model. The difference is that all external 
outputs are given and the inputs into the balance volumes are related via transfer 
coefficients to the total outputs of the balance volumes. 


3.2.2.3 Dynamical approach 


As mentioned in section 3.2.1 above the variables are: 
))(),(()( tAtMtX rsi=  


)(tX  is a vector containing all stocks and flows respectively. 
The general form of the equations is (see Baccini, Bader 1996, chapter 5): 


System equations: 
00 =≤≤ )t''t,'tt)''t(P);'t(X),t(X;t(F ksrα  (9) 


Initial equations: 
0))(),(,( 000 =tPtXtG krα  (10) 


where: 
0t : initial time 


MktPk ...,,1),''( = : parameter functions 


These equations relate the variable )t(X r  to all variables )'(tX s  and parameter 
functions )''(tPk  at all previous times 't  and ''t , i.e. )(tX r  can depend on the 
whole past. 
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Similar, as above in the quasi-stationary case the parameter functions )''(tPk  
describe quantitatively the specific properties of the system in function of time. 
The functions αF  and αG  are (arbitrary non-linear) functions of the variables )'(tX r  
for all times tt ≤' . The initial equations (10) determine the initial values for the 
variables )( 0tX r . In general they form a system of (arbitrary non-linear) algebraic 
equation for )( 0tX r . 


Mathematically, equations (9) and (10) include many different types of equations. 
Two important types are:  
• Ordinary differential equations 
• Integro-differential equations 


The problem to solve is for each set of parameter functions )''(tPk  to calculate the 
system variables )(tX r . 
In general, equations (9) and (10) have to be solved numerically. First they have to 
be discretized in time and then solved iteratively for each time step. The procedure is 
described in detail in Baccini, Bader (1996), p. 227 and following 


3.2.2.4 Examples: Dynamical approach (Baccini and Bader (1996) p243 and 
following) 


In this section important examples of simple models are presented. They often serve 
as components in more complicated systems. The examples are growth models and 
(time) delayed input output approaches suitable for stock driven as well as input 
driven approaches. 
 
a) Simple exponential growth: 
Variable: )(1 tM    
Equation: )()( 11 tMptM ⋅=  (linear, ordinary differential equation) (11) 
Parameter: p  growth constant  
Solution: tpeMtM ⋅⋅= )0()( 11  exponential growth (12) 
 
b) Population growth: (Baccini and Bader p.243 and following) 
Variable: )(1 tM    
Equation: 2


12111 ))(()()( tMptMptM +⋅−=  (non-linear ordinary differential 
equation) 


(13) 


Parameters: 1p  mortality constant  
 2p  Growth constant  
Solution: 


tpe)(
)(M)t(M ⋅⋅−−
⋅=


11
1011 ee


  (14) 


 


1


12 )0(
p
Mp ⋅


=e  1>e : Hyperbolic growth 
1<e : exponential decay 
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c) Logistic growth: (Seifritz (1987), Baccini and Bader (1996) p.249 and 
following) 
Variable: )t(M1    
Equation: 2


131211 ))t(M(p)t(Mpp)t(M −⋅+=   (15) 
Parameters: 1p  (linear) growth constant  
 2p  (exponential) growth 


constant 
 


 3p  (negative) feedback 
constant 


 


Solution: 










−


+
⋅


−+
= −⋅− 1


1
122)( )(


11


0
1 τκκ


κ
κ tepp


ptM  
Logistic or s-shape 
behaviour 


(16) 


where 
 












+−
−+


⋅⋅=


+=


)0(2
)0(2ln1


)(4


121


121


2
120


Mpp
Mpp


ppp


κ
κ


κ
τ


κ
 


  


 
d) Disturbed population growth Baccini and Bader (1996) p.256 and following, 
Martens (1984) 
Variable: )t(M1  Normalized 


population 
 


Equation: 
νν


ν


))t(M(p
))t(M(p))t(M()t(M)t(M
12


1
1111 1


+
−−⋅=  


In normalized form 
see Baccini and 
Bader (1996) p260 


(17) 


Parameters: 1p  Maximum 
disturbing rate 


 


 2p  Population value 
with 50% of 
maximum 
disturbing rate 


 


 ν  Parameter for 
“steepness” of 
disturbance 


 


Solution: Only numerically possible (see Baccini 
and Bader (1996) p. 261 and following 


  


 
The behaviour varies between a stabilizing population )crit(pp 11 <  to a population 
which breaks down depending on the value of the parameter 1p . The critical 
parameter 1p  for breakdown is 2601 .p )crit( =  
The first term in equation (17) on the right side is a (normalized) logistic growth term 
and the second term (disturbance) a Michaelis Menten law. 
 
 
e) Dynamic residence time distribution approach (Baccini and Bader (1996) 
p.278 and following) 
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In the anthroposphere installations and durable goods like buildings, building 
installations, infrastructure and mobiles are characterised by a long residence time of 
years. For a survey of such goods see Binder et al (2001), Bader et al (2011a). 
Important groups of such durables are: house installations (Pipes, wires, cables, 
gutters …), infrastructure equipment (cables, wires, ….) and in mobiles (furniture, 
clothes, electric and electronic equipments, cars, busses, locomotive engines,…). 
If has been shown that the input-output relation of such durables can be described by 
the following “delayed input-output” relation: (see Bader  (1993), Baccini and Bader 
(1996) p.278, Zeltner et al (1999), Binder et al (2001), Real (1998), Real et al (2003) 
Bader et al (2006), Hug et al (2004), Müller et al (2005), Streicher et al (2005), Morf et 
al (2007), Bader et al (2011a). 


Ip


t


)t(t
IpipOpOp dt)t(I)t,t(k)t(O


op


IpR


∫=  (18) 


)t(I Ip : input into balance volume at input time Ipt  
)t(O Op : output of balance volume at output time Opt  


)t,t(k IpOp : residence time distribution 
)t(t IpR : is the age of the oldest good or substance which is at time Opt still in the 


balance volume (i.e. which has not been removed due to renewing or dismantling). 
Example for )t,t(k IpOp : 


Residence time distribution 
The 2 parameter Gauss distribution has proven to be very appropriate to describe life 
time distribution (see literature above). 


2


2


2


0


1 ))t(
))t(tt(


pI
ipop


pI


pIpIpO


e
)t(N


)t,t(k σ


τ−−
−


⋅=  (19) 


)t(N Ip0 : normalization factor 
)t( pIτ maximum of lifetime distribution 
)t( Ipσ width of lifetime distribution 


Note that )t( Ipτ  and )t( Ipσ  are very good approximations for the average lifetime 
and its standard deviation respectively if the distribution is not too wide. 
 


 


krs(tOp, tIp)


τ0(tIp)


σ0(tIp)


tOp-tIp 


σ0(tIp)
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Interpretation: 


IpIpOp dtttk ),(  describes the relative amount of the durable entering the balance 


volume in the interval [ ]IpIpIp dttt +,  which leaves the balance volume at time Opt . 


The output flow )( optO  at time Opt  in equation (18) is dependent of the whole history 
of the durable input. Conversely an input )( IptI  at time Ipt  contributes to the output 


)( OptO  at all future times IpOp tt ≥ . 
Mathematically equation (18) is an integral equation. 
Note that equation (18) is not an input-output model but just an input output relation 
as will be explained below. 
 
Example: stock driven approach 
 
Variable: )(1 tM : 


)(tI : 
)(tO : 


Stock 
Input 
Output 
 


 


Equation: )()()(1 tOtItM −=  


dttIttktO
t


)'()',()(
0


⋅= ∫  


)()( tPtM =  


Balance equation 
Time delayed input 
output relation 
Stock driven approach 


(20a) 
(20b) 


(20c) 


Parameters: )(tP  parameter function 
describing stock in 
function of time t 


 


Solution: Only numerically possible (see Baccini 
and Bader (1996) p. 261 and following 


  


 
 
Example: Input driven approach 
 
Variable: )(1 tM : 


)(tI : 
)(tO : 


Stock 
Input 
Output 
 


 


Equation: )()()(1 tOtItM −=  


dttIttktO
t


)'()',()(
0


⋅= ∫  


)()( tPtI =  


Balance equation 
Time delayed input 
output relation 
Input driven 


(21a) 
(21b) 


(21c) 


Parameters: )(tP  Parameter function 
describing input  in 
function of time t 


 


Solution: Only numerically possible (see Baccini 
and Bader (1996) p. 261 and following 


  


 
Interpretation 
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Eq. (20) are a “stock-driven” model approach. It is the most appropriate description 
for the durables (lifespan of years. The reason is as follows: the function of durables 
is to provide utility or access to people without being consumed. A certain amount of 
durables (the stock) is needed to guarantee the desired utility The input, representing 
stock increase and replacement, then follows according to the lifespan of the 
durables. 
The contrast to a “stock-driven” approach is an “input-driven” approach Eq. (21). This 
is appropriate to describe consumables such as food, cosmetics etc. which are 
characterised by a short lifespan (days, weeks). Consumers use a certain amount 
of such expendable goods per unit of time, i.e. a certain input. The goods are 
consumed while providing the “service”. 
 
These 2 examples show that the input-output relation (18), (20b) and (21b) alone is 
not an input-output model. Only together with the input-driven approach (21c) it forms 
a input-output model. 
Mathematically equations (20) form a system of integro-differential equations and 
equation (21) an integral equation and a differential equation. It is important to 
emphasise that systems with dynamic input output relations with time delay cannot 
be described by ordinary differential equations, which can be solved by many simple 
computer programs. In contrast integral equations or integro differential equations 
require much more computational time than ordinary differential equations. 
In conclusion an adequate description of durables requires dynamic input-output 
relations with time delay. 
Since about 1995 many of such studies were successfully done and are published 
(see literature mentioned above and also in literature list). The described durables 
range from consumer goods such as electric and electronic equipment, textiles, 
furniture to cars, houses and infrastructure. The substance flows considered are 
concrete, wood, metals, biocides, flame retardants etc. 
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3.2.3 Uncertainty 
 
Uncertainties in the parameters or parameter functions propagate via the system 
equation to uncertainties of the variables. 
There are different methods to calculate the uncertainties of the variables. 
Uncertainty propagation of first order: (see Baccini and Bader (1996), p106 et 
seq) 
For the parameter kp  with mean values kp  and standard deviation 


kpσ  the standard 
deviation of first order of the variables are in the case of uncorrelated parameters: 
 


( )2
1


2
2


ki p


M


k k


i
X p


X)( σσ ∑
=


⋅









∂
∂


=  (22) 


In second order: 
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Formula (22) is nothing else than the famous Gaussian error propagation formula. 
Note that formula (22) holds in first order for any probability distribution of the 
parameter and is not restricted to normal distributions.  
In the case of correlated parameters formula (22) can be generalized to: 
 


nki ppnk


N


n,k n


i


k


i
X c


p
X


p
X)( σσσ ⋅⋅⋅


∂
∂
⋅


∂
∂


= ∑
=1


2  (24) 


 
where nkc  are correlation coefficients between parameter kp  and np . 
 
Comment: 


Formula (22) is a good approximation as long as the relative standard deviation 
k


p


p
k


σ
 


are not larger than about 30%. 
The advantage of formula (22) is it’s relatively small computational effort.  
 
Calculation of the probability distribution of the variable iX  
For the parameter kp not only their mean values kp  and their standard deviation 


kpσ  
are known but their probability distributions )p(W nk . 
Important examples are the three standard distributions: 
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a) normal distribution: (normalized) 
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)(2
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=  (25) 


Mean value: kp  
Standard deviation: 


kpσ  
W


pk 


σpk


 
 
b) lognormal distribution (normalized) 
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W


pk 


σpk


 
 
c) uniform distribution (normalized) 
 












 ≤≤
∆


=
elsewhere


ppp


pW
kkk


kk


0


1


)(


(max)(min)


 


 
where (min)(max)


kk pp −=∆  
 
Mean value [ ](max)(min)5.0 kkk ppp +=  


 
23


1 ∆
⋅=


kpσ  


 
W


pk pk (min) pk (max)pk  
 
SIMBOX offer the possibility to define arbitrary probability distribution for the 
parameters. 
 
Calculation of )( ii XW  
The probability distribution of the variable iX  can approximately be calculated using 
a Monte Carlo procedure. According to a random sampling procedure sizeN  sets of 
parameters are determined where sizeN  is the size of the sampling.  
For each of these set of parameters the corresponding set of variables are 
calculated, solving the set of equations. The histogram of these variables is an 
approximation of the distribution of the variables. 
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3.2.4 Illustration for the examples of equations given above 
 
The equations for the examples given above are illustrated for a simple “production - 
household - recycling” system. The system is the following: 
 


System analysis 


 
Variables: 


)1(M  : Stock in production 
)2(M  : Stock in household 
)3(M  : Stock in waste / recycling 


I  : External input 


12A  : Consumption 


23A  : Waste from household 


31A  : Recycling / reuse 
O  : External waste 
 
System describtion 
In the production goods are produced using new material ( 1I ) and recycled /reused 
material ( 31A ). The products are consumed ( 12A ) in the households. After a certain 
lifetime in the households the goods are disposed ( 23A ). In waste / recycling part of 
the disposed goods are recycled ( 31A ) and the rest is finally disposed ( 1O ). 


For simplicity production waste has been neglected. 
 
Therefore in this system 3 balannce volumes and 5 flows are taken into account. 


Production


Production


Household


Consumption


Waste/
Recycling


Waste


I OA12 A23


A31


M(1) M(2) M(3)
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It is important to note that for each system many different models are possible, 
describing different properties of one system. This is illustrated in the next section. 


Model approach 
As discussed in section 3.2.2, the model or system equations consist of balance 
equations and “specific model” equations, reflecting the specific system properties. 
Balance equations 
The balance equations are the same, independent of the model approach, namely: 
 


1231
)1( AAIM −+=  


2312
)2( AAM −=  


OAAM −−= 3123
)3(  


 
a) Stationary classical Input-Output-model 
Model equations: 


1pI =  : known input 
0)1( =M  : no stock in production 


1223 AkA HH ⋅=  : input-output for household 


2331 AkA R ⋅=  : household-output to recycling relation 
0)3( =M  : no stock in waste/recycling 


Parameters: 
1p  : Input into production 


HHk  : Transfer coefficient of household 


Rk  : Transfer coefficient of recycling 
 
 
b) Stationary modified Input-Output-model 
Model equations: 


1pI =  : Known input 
0)1( =M  : No stock in production 


1223 AkA HH ⋅=  : Input-output for household 
),( 22331 pAkMINA R ⋅=  : Household-output to recycling relation 


0)3( =M  : No stock in waste/recycling 
Parameters: 


1p  : Input into production 


HHk  : Transfer coefficient of household 


Rk  : Transfer coefficient of recycling 


2p  : Maximum possible recycling 
 
c) Consumption driven approach 
Model equations: 


112 pA =  : Know consumption 
0)1( =M  : No stock in production 
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1223 AkA HH ⋅=  : Input-output for household 


2331 AkA R ⋅=  : Household-output to recycling relation 
0)3( =M  : No stock in waste/recycling 


Parameters: 
1p  : Consumption 


HHk  : Transfer coefficient of household 


Rk  : Transfer coefficient of recycling 
 
d) Classical LCA approach 
 
The product output is 12A  


Model equations: 
112 pA =  : Known product output 


All the other flows are referred to this flow: 
122 ApI ⋅=  : Needed input 


12331 ApA ⋅=  : Needed recycling 


12423 ApA ⋅=  : Household output 


125 ApO ⋅=  : Waste flow 
Parameters: 


1p  : Known production output 


2p  : Fraction of production output from input 


3p  : Fraction of production output from recycling 


4p  : Fraction of production output in household output 


5p  : Fraction of production output in waste 
 
e) Dynamic consumption model 
 
Model equations: 


)t(PA 112 =  : Known consumption 


dt)'t(A)'t,t(k)t(A
t


12
0


23 ∫=  : Delayed input-output relation for household 


)()()( 2331 tAtktA R ⋅=  : Household-output to recycling relation 
0)1( =M  : No stock in production 
0)3( =M  : No stock in waste/recycling 


Parameter functions: 
)(1 tP  : Known consumption in function of time 


)',( ttk  : Residence time distribution in household 
)(tkR  : Transfer coefficient of recycling in function of time. 


 
In contrast to the stationary approaches, the flow )t(A23  is not only dependent on the 
input flow )t(A12  into the household at the same time t  but depends on the whole 
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history t't),'t(A ≤12  . This is much more accurate for the household consumption 
model. 
 
These examples should demonstrate that there is not one unique model describing 
any arbitrary material- substance flow system. Instead for each problem the 
adequate system and the adequate equations according to the current system 
knowledge have to be found. 
This is sometimes stated wrongly in publications, which announce that their model is 
universally suitable to any problem of substance flows in the anthroposphere or from 
the anthroposphere to the environment.  
Note that the usage of model with distributed parameters is a procedure long time 
ago developed in mathematics and applied to anthropogenic systems and not a 
recently developed method. Sometimes such models are called stochastic models, 
which is wrong. Not the model is stochastic, only the parameters are probabilistically 
distributed. In this sense a “probabilistic stochastic new MFA approach” is nothing 
else than a deterministic MFA model with distributed parameters. 
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3.2.5 Illustration of the MMFA procedure 
The whole MMFA procedure (chapter 3.3) will be illustrated for the simple system of 
section 3.2.4. The system and model equations are shown in section 3.2.4. However 
by reasons of completeness of this section they will be repeated here. 
 
 


1. System analysis 


 
Variables: 


)1(M  : Stock in production 
)2(M  : Stock in household 
)3(M  : Stock in waste / recycling 


I  : External input 


12A  : Consumption 


23A  : Waste from household 


31A  : Recycling / reuse 
O  : External waste 
 
System description 
In the production goods are produced using new material ( 1I ) and recycled /reused 
material ( 31A ). The products are consumed ( 12A ) in the households. After a certain 
lifetime in the households the goods are disposed ( 23A ). In waste / recycling part of 
the disposed goods are recycled ( 31A ) and the rest is finally disposed ( 1O ). 


For simplicity production waste has been neglected. 
 


Production


Production


Household


Consumption


Waste/
Recycling


Waste


I OA12 A23


A31


M(1) M(2) M(3)
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Therefore in this system 3 balance volumes and 5 flows are taken into account. 
It is important to note that for each system many different models are possible, 
describing different properties of one system. This is illustrated in the next section. 


2. Model approach 
We consider here only the stationary consumption driven approach. 
As discussed in section 3.2.2, the model or system equations consist of balance 
equations and “specific model” equations, reflecting the specific system properties. 
Balance equations 
The balance equations are the same, independent of the model approach, namely: 
 


1231
)1( AAIM −+=  


2312
)2( AAM −=  


OAAM −−= 3123
)3(  


 
 
Consumption driven approach 
Model equations: 


112 pA =  : Known consumption 
0)1( =M  : No stock in production 


1223 AkA HH ⋅=  : Input-output for household 


2331 AkA R ⋅=  : Household-output to recycling relation 
0)3( =M  : No stock in waste/recycling 


Parameters: 
1p  : Consumption 


HHk  : Transfer coefficient of household 


Rk  : Transfer coefficient of recycling 
 
 
 


3. Calibration 
The purpose of this section is to illustrate and explain the procedure of calibration for 
a simple case. The reason is, that people often have difficulties to understand the 
difference between frequentistic and Bayesian parameter estimation for example, 
and just apply computer routines without a deeper understanding. 
 
Available data: 
We assume that data are available for the normally distributed flows of consumption, 
output at household and recycling. 
 
Frequentistic parameter estimation: 
Data: 


1212 ,σA  : Average and standard deviation of flows 
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2323,σA  


3131,σA  
These data are fed into a computer program that allows to calculate parameter 
estimations (like SIMBOX). Here, in order to give the reader an understanding of the 
procedure behind, we show the whole mathematical procedure. 
 
Likelihood function: 
First the likelihood function has to be chosen. In the case of normally distributed 
values it is: 
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For the best parameter estimates, L has to be at the maximum. 
This is equivalent to the requirement that the exponent in L is at its minimum. 
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In order to find the best parameter estimates, the computer program maximizes FreqL  
or minimizes Φ  in function of the parameters. 
In our case Φ  reaches its minimum if the partial derivation with respect to the 
parameter of Φ  is 0. 
Introducing the equation in Φ  follows: 
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And for the partial derivatives: 
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The solution of these 3 equations is very simple: 
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Bayesian parameter estimation: 
Data: 


1212 ,σA  : Average and standard deviation of flows 


2323,σA  


3131,σA  
For the case of normally distributed parameters: 


1
,1 pp σ  : Average and standard deviation of flows of parameters: prior 


knowledge 


HHkHHk σ,  


RkRk σ,  
In addition for Bayesian parameter estimation not only data for some flows are knwn, 
but also data for parameters. This is called prior knowledge of parameters. 
Likelihood function: 
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The difference to the likelihood function in the frequentistic case is that here the 
function is the product of the likelihood function for the flows and for the parameters. 
This means that the prior knowledge of the parameters enters the likelihood function. 
Similar the exponent has to be minimal if BayesL  is maximal. 
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Similar as above, introducing the system equations in BayesΦ  and building the 3 partial 
derivatives, the estimation for the best parameter estimates can be derived. 
We want to point out that usually the computer programs use not the partial 
derivatives to find the best estimates. However, the procedure here is a good 
illustration of one possible algorithm. 
 
Results 
 
Frequentistic 
Data: 


1012 =A  312 =σ  
823 =A  323 =σ  
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631 =A  331 =σ  


Best estimates: 


101 =p  3
1
=pσ  


8.0=HHk  3842.0=
HHkσ  


75.0=Rk  46875.0=
Rkσ  


 
Bayes 
Data: 


1012 =A  312 =σ  
823 =A  323 =σ  
631 =A  331 =σ  


Prior knowledge: 


81 =p  3
1
=pσ  


7.0=HHk  3.0=
HHkσ  


5.0=Rk  3.0=
Rkσ  


 
Best estimates: 


91 =p  12.2
1
=pσ  


78453.0=HHk  23425.0=
HHkσ  


61686.0=Rk  24841.0=
Rkσ  


 
Discussion: 
The Bayesian results show that the uncertainty of the estimated parameters is 
smaller than the uncertainty of the prior knowledge. 
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The procedure is illustrated in the following graphic:

3.3.1 System analysis

The goal of the system analysis is to define the level of approximation i.e. to define what is taken into

account and what is omitted, namely:

a) To define the boundary of the system considered

b) To define the balance volumes and the flows between the balance volumes and with the

environment taken into account.

Clearly the system definition is adjusted to the problems to be studied.

The result of the system analysis can be represented by a scheme of boxes and arrows. The variables

describing the "boxes" and "arrows" are the stocks and flows.

For a simple example see chapter 3 "mathematical description".
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Bader et al. (2011) Copper flows in buildings, infrastructure and mobiles: a dynamic model and
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Binder et al. (2001) Dynamic models for managing durables using a stratified approach: the
case of Tunja, Columbia.

Huang et al. (2007) Confronting limitations: New solutions required for urban water management
in Kunming

Kwonpongsagoon et al.
(2007)

Modelling cadmium flows in Australia on the basis of a substance flow
analysis.

Müller et al. (2005) Physical characterization of regional timber management for a long-term
scale.

Pfister et al. (2005) Dynamic modelling of resource management for farming systems.

Schaffner et al. (2009) Modelling the contribution of point sources and non-point sources to
Thachin River water pollution.

Zeltner et al. (1999) Sustainable metal management exemplified by copper in the USA. 

3.3.2 Model approach

The system equations consist of the balance equation and the so called “model equations”.

a) Balance equations:

The balance equations describe for each balance volume the balance of the mass or substance

flows.

b) "Model equations”:

They are nothing else than the mathematical formulation of the present knowledge of the

phenomenological behaviour of the system. The key characteristics of the system are described

by parameters (or parameter functions in the dynamical case).

Aim: to understand the system.

The result of this step is a mathematical model describing the system considered on the basis of the

current state of knowledge.

For an example see chapter 3 "mathematical description".

Literature:

Book:

Baccini and Bader (1996) Regionaler Stoffhaushalt

Papers:

Bader et al. (2003) Large scale implementation of Solar Home Systems in remote, rural areas

Bader et al. (2006) Global renewable energies: a dynamic study of implementation time,
greenhouse gas emissions and financial needs.

Bader et al. (2011) Copper flows in buildings, infrastructure and mobiles: a dynamic model and
its application to Switzerland.

Binder et al. (2001) Dynamic models for managing durables using a stratified approach: the
case of Tunja, Columbia.
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Huang et al. (2007) Confronting limitations: New solutions required for urban water management
in Kunming

Kwonpongsagoon et al.
(2007)

Modelling cadmium flows in Australia on the basis of a substance flow
analysis.

Müller et al. (2005) Physical characterization of regional timber management for a long-term
scale.

Pfister et al. (2005) Dynamic modelling of resource management for farming systems.

Schaffner et al. (2009) Modelling the contribution of point sources and non-point sources to Thachin
River water pollution.

Zeltner et al. (1999) Sustainable metal management exemplified by copper in the USA. 

3.3.3 Calibration

Calibration means finding the best fit or the best estimates for the parameters (and parameter

functions) to describe the available data. Important steps are:

· Data acquisition for the model parameters (available data). Find "all" data which are available for

the parameters and the variables (current system knowledge).

· Discussion of the data quality, including uncertainty

· Identifying data gaps

· Calculation of resulting flows and stock change rates and comparison with known data sets

(including uncertainty)

· Parameter identification: which parameters are identifiable based on the available data (Brun et al.

(2001)).

· Parameter estimation: Calculate the set of parameters, which fit best to the available data set.

The procedures used are frequentistic and Bayesian parameter estimations. Eykhoff (1974).

The result of this step is the calibrated model.

Literature:

Book:

Baccini and Bader (1996) Regionaler Stoffhaushalt

Papers:

Bader et al. (2003) Large scale implementation of Solar Home Systems in remote, rural areas

Bader et al. (2006) Global renewable energies: a dynamic study of implementation time,
greenhouse gas emissions and financial needs.

Bader et al. (2007) Modellierungsunterstützte Suche nach neuen Lösungen für das
Abwassermanagement in Kunming (China)

Bader et al. (2011) Copper flows in buildings, infrastructure and mobiles: a dynamic model and
its application to Switzerland.

Brun et al. (2001) Practical identifiability analysis of large environmental simulation models




 


Parameter Estimation 
The standard Method’s, namely Frequentistic parameter estimation and and Bayesian 
inference can be applied. 
This is illustrated for the stationary case. 
 
1. Model for stationary case: (see chapter 3) 
Variables: 


),.......,( 1 NXXX =  
Parameters: 


),.......,( 1 MppP =  
Equations: 


),........,( 1 NFFF =  
where:  


0),.....,,,.......( 11 == MNii ppXXFF   i=1,….,N 
are a system, of (nonlinear) equations for the variables Xj in function of the parameters 
pi 


 
For the variables Xj measurements or estimations are known. The problem is now to find the 
best estimates for the parameters pi 
 
Solution: 
Selection of parameter estimation methods depending on the available data sets: 
Data  Method 
Only one measured data set for the variables 
is known 


Standard frequentistic parameter estimation, 
similar to nonlinear regression. 
For the data set available for the variables the 
parameter values minimizing the likelihood 
function are calculated. 


A series of measurements or estimated or 
measured distribution of the variables are 
known 


For each data set or for each sample set a 
standard frequentistic parameter estimation, 
similar to nonlinear regression is 
done.(minimizing the likelihood function), 
The resulting sets of parameters form a 
sample for the estimated parameter 
distribution. 


A series of measurements or an estimated or 
measured distribution of the variables are 
known. 
A prior distribution for the parameters is 
known 


Bayesian inference results in the posterior 
distribution of the parameters. 


Example, see:  
Bader, H.-P., R. Scheidegger, W. Gujer, D. Huang: Modellierungsunterstützte Suche nach 
neuen Lösungen für das Abwassermanagement in Kunming (China). In J. Wittmann and V. 
Wohlgemuth, Simulation in Umwelt- und Geowissenschaften, Workshop Berlin, Shaker 
Verlag Aachen, 61-70 (2007) 
 







 


2. “Incomplete“ Model for stationary case:  
Variables: 


),.......,( 1 NXXX =  
Parameters: 


),.......,( 1 MppP =  
Equations: 


),........,( 1 KFFF =  
where: 


0),.....,,,.......( 11 == MNii ppXXFF   i=1,……..,K<N 
The only difference to case 1 above is that the number of variables N is larger than the 
number of equations K. 
 
Example:  
The most prominent example is a system where measured or estimated values or distributions 
for all flows are known, but no model has been developed.  
Mathematically this can be described as follows: 
Variables: 


),.......,( 1 NXXX = : Flows and stock rate changes 
Equations: 


),........,( 1 KFFF = , balance equations, where K<N is the number of balance volumes 
of the system. 
with: 


0),.......( 1 == Nii XXFF   i=1,……,K 
 
Remark: 
A simple approach to solve this problem is the least square fit for the variables with the 
balance equations as constraints. However as shown below this problem can also be solved 
using the methods of parameter estimations. 
 
Solution of parameter estimation for cases 2: 
By a simple trick such systems can be led back to case 1. above, namely. 


1. Interprete the variables as (additional) parameters. 
2. To each equation a variable is assigned as follows: 0== jj FY  , j=1,…..,K 


Note that all new variables are equal to 0! 
 
The transformed problem is as follows: 
Variables: 


),.......,( 1 KYYY =  
Parameters: 


),........,,,.......,( 11 NMMM ppppP ++=  
where  


11 XpM =+  
…. 


NNM Xp =+  
Equations: 


),........,( 1 KFFF =  
where: 







 


0),.....,( .1 === + iNMii YppFF   i=1,……..,K<N 
 
This problem has now the structure of Cases 1. The only difference is that all Variables Yj 
have a uniform (or normal distribution) with average 0 and standard deviation 0 
 
Procedure for the prominent example above: 
Variables: 


),.......,( 1 KYYY = , new variables (meaning see below) 
Parameters: 


),.......,( 1 NXXP =  
Equations: 


),........,( 1 KFFF =  
where: 


0),.....,( 1 === iNii YppFF   i=1,……..,K<N 
 
Thus the flows and stock change rates are interpreted as parameters. These parameters are 
estimated such that the balance equations (new variables Yi) hold. 
As already remarked above another solution would be to maximize the likelihood function for 
the parameters (flows and stock change rates) under the constraints of the balance equations. 
The method used is the method of Lagrange multipliers. 





MMFA_Parameter_Estimation.pdf
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Eykhoff (1974) System Identification - Parameter and State Estimation

3.3.4 Simulation and Assessment
 

 Simulation of the current state3.3.4.1

Simulation of the current state

Using the parameter-set resulting from step 3.3.3 (calibration) calculate the flows and stocks

 Uncertainty analysis3.3.4.2

1. First order calculations: The uncertainties in first order are described by Gaussian error

propagation. (See Baccini and Bader (1996)) or chapter "mathematical description".

2. Calculations of the probability distribution of the variables (histograms) based on the probability

distribution (histograms) of the parameters using Monte Carlo simulations.

Procedure for Monte Carlo Calculations (see chapter "mathematical description"):

a) Use first estimates for distribution of parameters, according to current system knowledge (from

step 3: calibration).

b) Calculate the distributions of the variables.

c) Discuss the results for the key variables e.g. stocks and flows.

d) The crucial questions are :

1) Is the mean value realistic ? (comparison with other data)

2) Is the shape of the distribution realistic and acceptable concerning the conclusions? If not then

perform a sensitivity analysis and uncertainty ranking (see step 4.3 (5.2.4.3)) to show, which

parameter-distributions should be improved. Check if they can be improved, according to the

system knowledge.

The result of this step is the calibrated model including the uncertainty.
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 Sensitivity analysis, parameter variation and uncertainty ranking3.3.4.3

a) Sensitivity analysis

Identify sensitive and non sensitive parameters

The sensitivity analysis calculates in first order the changes in variables (stocks, stock change rates,

flows) due to changes in parameters. The 2 following questions can be answered:

1) What is the quantitative change of the variables (stocks, stock change rates, flows) if a certain

parameter is changed (first order).

2) Which are sensitive parameters.
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b) Parameter variation:

Here the behaviour of the variables (stocks, stock change rates, flows) is calculated if the parameters

are varied in a certain range (or interval).

The difference between sensitivity analysis and parameter variation is shown in the figure below.

c) Parameter uncertainty ranking

Based on the sensitivity analysis, it is possible to calculate the contribution of the uncertainty of each

parameter to the uncertainty of each stock and flow. This analysis shows which parameter knowledge

should be improved in order to reduce the uncertainty of the flows and stocks (Brun et al. (2001)).
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 Design of measuring and monitoring program3.3.4.4

a) Measuring program:

The question “How accurate has a certain parameter to be measured” in order to achieve a certain
accuracy for the flows and stocks can be answered with uncertainty analysis.

b) Monitoring program:

The following two questions can be answered using sensitivity analysis and parameter variation:

i. How large have system changes (natural or human made) to be in order to be distinguished from
ordinary fluctuations.

ii. Which system variable (stocks, stock change rates, flows) shows such changes first?

These questions can be answered in firsts order using a sensitivity analysis.

In SIMBOX an option to answer theses questions is implemented.

 Scenarios, possible measures and assessment3.3.4.5

a) “Scenario calculation”:

Each scenario is represented by a certain set of parameters. Thus choose the parameter

corresponding to the scenario. For this set of parameters the stocks and flows are calculated. In this

way the system behavior for different conditions (parameter sets) can be studied.

b) Measures:

The evaluation of possible measures to reduce or increase some stocks or flows can be done applying

parameter variations.
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See procedure of sensitivity analysis in Schaffner et al. (2009):

i. Select the variables to be increased or reduced.

ii. According to the sensitivity analysis select the parameters which are sensitive.

iii. For the sensitive parameters select *realistic" and "potential" values.

iv. Calculate the effect of changing the sensitive parameters to the "potential" and "realistic" values.

v. Discuss the results

In SIMBOX a "scenario tool" is implemented automatising these calculations.

c) Assessment (see Holtmann et al. (2005))

First the assessment criteria have to be defined. Second the assessment for the different scenarios

can be done. In SIMBOX an assessment tool based on fuzzy techniques is implemented.
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3.4 Textbook MMFA

Baccini P. and Bader H.-P. (1996), Regionaler Stoffhaushalt, Spektrum Verlag

This book gives the first comprehensive theoretical framework for mathematical modelling of MFA

systems. All concepts and the mathematics are described in full detail and applied to simple examples.

Eawag News 62, (2007), Tracking Material Flows in Foreign Lands, 

http://www.eawag.ch/medien/publ/eanews/archiv/news_62/en62e.pdf

http://library.eawag.ch/eawag-publications/EAWAGnews/62E(2007).pdf
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4 MFA/MMFA: applications
 

4.1 MFA accounting in firms (selection)

*further case studies see Section 4.3: student work)

1) Material-, energy- and substance accounting in companies

1. Paper factory Horgen (CH) 1995 accounting of water-, sulphur- and carbon flows

Development of an input- output output- input model with automatic system generator and interface

automatic data input from process control system

Henseler G, Bader H-P, Oehler D, Scheidegger R, Baccini P: Methode und Anwendung der betrieblichen

Stoffbuchhaltung, Zürich (vdf) 1995 )

2. NZZ

NZZ-Stoffbuchhaltung Stoffbuchhaltung der Druckerei Schlieren

Im Rahmen der 14001 Zertifizierung wurde in der NZZ die betriebliche Stoffbuchhaltung eingeführt. 

Hauptfrage: Welche Energie- und Stoffflüsse verursacht die Zeitungsherstellung NZZ_Beschreibung

3. Holcim

Um die Stoffkreisläufe in der Bauwirtschaft ökologisch optimieren zu können, müssen die Stoffflüsse

sorgfältig analysiert und bilanziert werden. Dies gilt insbesondere beim Einsatz von

Alternativbrennstoffen, "Zusatzstoffen" und alternativen Rohstoffen, deren Schwermetallgehalt über dem

Gehalt der ursprünglichen Materialien liegt. Der vielseitige Einsatz von Primär- und Sekundärressourcen

bei der Zementherstellung bedingt eine genaue Erfassung der Massenströme und des entsprechenden

Stofftransfers vom Einsatzort bis zum Endprodukt. 

Talk given by B. de Quervain during PEAK course (1997)

Umweltmanagement HCB 

4. Geopartner AG

BAFU Eidgenössische Forstdirektion:

Speicherung von CO2 in Holzlagern im Zivilisationskreislauf und Emissionseffekte der Substitution bei

gesteigerter Holzverwendung

4.2 MMFA Studies and Models

This section presents a selection of models, developed in the past 20 Years. This list contains a short
description of the model, the reference and the software used.

Quasi stationary
Time dependent (dynamic)

Topic / Description of model Reference Software

Renewable energy systems

A methodology for evaluating the metabolism in the large scale

introduction of renewable energy systems.

Real (1998) SIMBOX

RE_1.PDG
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Model: Model for the implementation, operation and
dismantling of all solar systems in Switzerland.

Taken into account are:

Material flows: Quarz, Si, Al, Cu, glass, concrete

Energy flows: for implementation, operation and dismantling,
produced energy.

Number of equations: 78

Type of equations: integro-differential

Grossmassstäbliche Einführung von Solarzellen: Dynamische

Modellierung von Energie und Stoffflüssen

Model: Model for the implementation, operation and
dismantling of all solar systems in Switzerland.

Taken into account are:

Material flows: Quarz, Si, Al, Cu, glass, concrete

Energy flows for implementation, operation and dismantling,
produced energy.

Number of equations: 78

Type of equations: integro-differential

Bader et al. (2001) SIMBOX

RE_1.PDG

Ressourcenhaushalt alpiner Regionen und deren physiologische

Interaktionen mit den Tiefländern im Kontext einer nachhaltigen

Entwicklung

A dynamic model to illustrate the development of an interregional

energy household to a sustainable status

Model: Model for the implementation, operation and
dismantling of photovoltaic, solar collectors,
hydropower, combustion of wood, waste incineration,
environmental heat, deep geothermal heat, nuclear
power and co-generation for the Swiss low and
highland.

Taken into account are:

Number of installed, newly installed and dismantled 

Energy flows for implementation, operation and dismantling,
produced energy.

Number of equations: 234

Type of equations: integro-differential

Hug (2002)

Hug et al. (2004)

SIMBOX

HU_1.PDG

Minimizing the environmental impact of large-scale rural PV

Large scale implementation of Solar Home Systems in remote,

rural areas

Model: 1-Box-model for the simulation of the number and
power of installed photovoltaic modules in remote rural
areas.

Taken into account are:

Number of installed, newly installed and dismantled modules
as well as installed electric power.

Number of equations: 8

Type of equations: integro-differential

Real et al. (2001)

Bader et al. (2003)

SIMBOX

RE_2.PDG

RE_3.PDG

RE_4.PDG
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Model:

5-Box-model for the simulation of lead-flows induced by
photovoltaic module operation in Brazil.

Taken into account are:

Lead flows for batteries for photovoltaic and car batteries from
mining to production and dismantling.

Number of equations: 20

Type of equations: integro-differential

A dynamic model to illustrate the development of an interregional

energy household to a sustainable status including costs and

CO2 emissions

Model: Model for the implementation, operation and
dismantling of photovoltaic, solar collectors,
hydropower, combustion of wood, waste incineration,
environmental heat, deep geothermal heat, nuclear
power and co-generation for the Swiss low and
highland.

Taken into account are:

Number of installed, newly installed and dismantled 

Energy flows for implementation, operation and dismantling,
produced energy.

Cost for implementation, operation and dismantling, capital,
interest, capital repayment

CO2 emissions caused by new installation and operation

Number of equations: 438

Type of equations: integro-differential

SIMBOX

HU_2.PDG

Dynamische Modellierung der Aufbauzeit eingesparter

Treibhausgas Emissionen und finanzieller Aspekte

Global renewable energies: a dynamic study of implementation

time,greenhouse gas emissions and financial needs up to 2100

Model: Model for the implementation of global renewable
energy systems such as: photovoltaic, solar
collectors, wind, hydropower, geothermal and biomass
systems.

Taken into account are:

Number of installed, newly installed and dismantled systems.

Energy flows for implementation, operation and dismantling
and produced energy.

Cost for implementation, operation and dismantling, capital,
interest, capital repayment

CO2 emissions caused by new installation and operation

Number of equations: 224

Type of equations: integro-differential

Real et al. (2003)

Bader et al. (2006)

Bader et al. (2007)

SIMBOX

RE_5.PDG

Road Map. Erneuerbare Energien Schweiz. Eine Analyse zur

Erschliessung der Potenziale bis 2050.

Model: Model for the implementation of renewable energy
systems such as: photovoltaic, solar collectors, wind,

SATW (2006) SIMBOX

RE_5.PDG
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hydropower, geothermal electric, geothermal heat,
biomass electric, biomass heat, heat pump, biogas
and biofuel.

Taken into account are:

Number of installed, newly installed and dismantled systems.

Energy flows for implementation, operation and dismantling
and produced energy.

Cost for implementation, operation and dismantling, capital,
interest, capital repayment

CO2 emissions caused by new installation and operation

Number of equations: 299

Type of equations: integro-differential

Renewable resources: use of wood

Modellierung, Simulation und Bewertung des regionalen

Holzhaushaltes

Long-term coordination of timber production and consumption

using a dynamic material and energy flow analysis

Model: Model for wood and energy flows to simulate regional
wood management.

Taken into account are:

Growth model for forest.

"Demand" models for timber industry, timber trade and use of
paper.

Stock driven time delayed input-output models for use of wood
in buildings and other products 

Number of equations: 220

Type of equations: integro-differential

Müller (1998)

Müller et al. (2005

SIMBOX

SIMBOX

DM_1.pdg

DM_2.pdg

DM_5.pdg

DM_6.pdg

CO2-Effekte der Schweizer Wald- und Holzwirtschaft

Wald, Holz und CO2 im Fürstentum Liechtenstein Optimierung

von Waldwachstum,

Holznutzung und Holzverwendung bezüglich CO2-Senken- und

CO2-Substitutionswirkung

Forest and carbon - Greenhouse gas dynamics of different forest

management and wood use scenarios in Sweden

Model: Model for the simulation of wood and energy flows in
regions.

Taken into account are:

Wood industry, energy generation from wood, use of wood in
buildings and the paper industry, waste wood industry

Stock driven time-delayed input-output models for use of wood
in buildings

Demand driven time-delayed input.-output models for wood
industry, energy generation, paper industry and waste wood
industry

Taverna et al. (2007)

Geopartner (2006)

Werner et al. (2010)

Geopartner (2015)

Lundmark et al. (2014)

SIMBOX

SIMBOX

SIMBOX

SIMBOX

SIMBOX

Geo1.pdg

Geo2.pdg

Geo3.pdg
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Number of equations: 87-99

Type of equations: integro-differential

Non renewable resources: use of copper and other metals

Sustainable metal management exemplified by copper in the USA

Model: Model to simulate the copper flows for the USA.

Taken into account are:

Mining, crushing, smelting, refining, production of goods, short
and long term use and waste processing.

Demand driven or stock driven time delayed input-output
model for copper use.

Data series for:

Ratio of short term use to long term use
Fraction of waste flow in crushing, smelting, refining,
production and recycling 

Number of equations: 35

Type of equations: integro-differential

Zeltner et al. (1999) SIMBOX

Cu_1.pdg

Cu_2.pdg

Cu_3.pdg

Cu_4.pdg

Kupfer im regionalen Ressourcenhaushalt

Copper flows in buildings, infrastructure and mobiles: a dynamic

model and its application to Switzerland

Model: Model to simulate the copper household in
Switzerland.

Taken into account are:

Copper trade and domestic production.

Copper use in buildings, infrastructure, cars and mobiles and
copper recycling and dismantling.

Stock driven time delayed input-output models for use in
buildings, infrastructure, cars and mobiles.

Data series for:

Fraction of export flows, recycling flows and residual flows to
the environment.

Number of equations: 104

Type of equations: integro-differential

Wittmer (2006)

Bader et al. (2006)

Bader et al. (2011)

SIMBOX

SIMBOX

AR_1.pdg

AR_2.pdg

Energy and mass flows of housing: a model and example;

estimating mortality

Johnstone (2001a,

2001b)

Flow

model

Numerous studies on metals in the antroposphere in Sweden Water, Air & Soil

Pollution (2001)

Databasen Stockhome : Flöden och ackumulation av metaller i

Stockholms teknosfär
Lohm et al. (1997)

URBAN METAL FLOWS – A CASE STUDY OF STOCKHOLM

Review and Conclusions

STOCKHOME: A SPREADSHEET MODEL OF URBAN

HEAVYMETAL METABOLISM

GOODS IN THE ANTHROPOSPHERE AS A METAL EMISSION

Bergbäck et al. (2001)

Hedbrandt (2001)

Sörme et al. (2001)

Stockhom

e

Spreadshe

et Model
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SOURCE A Case Study of Stockholm, Sweden

Material stocks and flows accounting for copper and copper-based

alloys in Japan

Daigo et al. (2010)

Twentieth century copper stocks and flows in North America: A

dynamic analysis

Spatari et al. (2005)

Stock dynamics for forecasting material flows—Case study for

housing in The Netherlands

Müller (2006) MATLAB

Resource potentials in agriculture

Resource potentials and limitations of a Nicaraguan agricultural

region

Dynamische Modellierung eines agrokulturellen Systems in

Nicaragua

Dynamic modelling of resource management for farming systems

Model: Dynamic model for the simulation of the resource
household in a farming system.

Taken into account are:

Maize, beans, coffee, wood, grassland, chicken, cows, horses
and the household in function of time.

Growth, stocks and use of all the resources in function of
time.

Working hours in function of time for all the resources.

Number of equations: 154

Type of equations: Ordinary differential equations with
boundary conditions.

Pfister (2003)

Pfister et al. (2004)

Pfister et al. (2005)

SIMBOX

SIMBOX

SIMBOX

FP_1.pdg

MMFA model for Sustainable Land Management in an Agricultural

System, Tajikistan

Model: Dynamic model to simulate the resource management
for an agricultural system in Tajikistan.

Taken into account are:

Forest / wood, pasture, arable land, fruits, house-gardens and
livestock.

Logistic growth and stock, for all resources.

Use in function of priorities, target consumption and available
stock.

Number of equations: typical >100

Type of equations: Non-linear ordinary differential equations
with boundary conditions. 

Ruppen et al. (2016) SIMBOX

Tadschi.pd

g

Managing durable goods

Dynamic models for managing durables using a stratified

approach: the case of Tunja, Colombia

Binder et al. (2001a)

Binder et al. (2001b)

SIMBOX

SIMBOX

CB_1.pdg
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Interiors' Material Fluxes: Key parameters and dynamic modelling:

examples from a developing country.

Model: Dynamic model to simulate durable goods in
developing countries.

Taken into account are:

The consumption and recycling of durable goods by 4 different
types of households, representing different social strata in
Tunja, Colombia are considered.

The stock of the different strata are calculated based on a
survey about age distribution of durables in the households.

Number of equations: 44 

Type of equations: Integro-differential. 

Potentials for Mineral Construction Wastes as Secondary

Resources in Switzerland – Case Study on Concrete Wastes

Model: Dynamic model to simulate the build up and
renovation of the Swiss building park.

Taken into account are:

Concrete and substances therein.

Build up of building park.

Renewing of building park including recycling.

Long time delay between build up and renewing.

Number of equations: 54

Type of equations: Integro-differential. 

Seyler et al. (2007) SIMBOX

BET1.dg

Food consumption and nutrient flows

Food consumption and nutrient flows - Nitrogen in Sweden since

the 1870s

The flow of phosphorus in food production and consumption -

Linköping, Sweden, 1870-2000

Environmental Imprint of Human Food Consumption Linköping,

Sweden 1870-2000

Model: Dynamic model to simulate the flows of nitrogen and
phosphorous for food production and consumption in
Sweden for the time period 1870 to 2000.

Taken into account are:

Animal and plant production.

Household processing and consumption.

Industrial processing

Waste handling.

Number of equations: 81

Type of equations: Ordinary differential equations coupled with
algebraic equations.

Data processing: Due to the sparse data basis for the period
1870 - 2000 linear as well as quadratic and cubic spline
interpolation have been used. 

Neset et al. (2006)

Neset et al. (2008)

Neset (2005)

SIMBOX

SIMBOX

SIMBOX

TS_1.pdg
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Recycling of phosphorus in urban Sweden: a historical overview to

guide a strategy for the future

Model: Dynamic model to simulate the flows of nitrogen and
phosphorous in food consumption, faeces and urine
collection and treatment including the emissions to
the environment for the time period of 1870 to 2000.

Taken into account are:

Human consumption.

Faeces and urine collection and treatment.

Sludge handling

Emission to soil, landfill and hydrosphere.

Number of equations: 54

Type of equations: Ordinary differential equations coupled with
algebraic equations.

Data processing: Due to the sparse data basis for the period
1870 - 2000 linear as well as quadratic and cubic spline
interpolation have been used. 

Neset et al. (2010) SIMBOX

TS_2.pdg

Modeling the Water and Nutrient Flows of Freshwater Aquaculture

in Thailand

Modellierung Nährstoffflüsse von Aquaculturen in Thailand

Model: Stationary model to simulate the water and nutrient
flows in freshwater aquaculture in Thailand.

Taken into account are:

Fish growth.

Fish feed (pellet and live feed).

Fish excreta

Biodegradation

Sedimentation

Number of equations: 80

Type of equations: Non-linear algebraic equations.

Wittmer (2005)

Wittmer et al. (2006)

SIMBOX

SIMBOX

FISH.psg

Wastewater and nutrient flows

Confronting limitations: New solutions required for urban water

management in Kunming City

Modellierungsunterstützte Suche nach neuen Lösungen für das

Abwassermanagement in Kunming (China)

Was man in China immer schon wusste.

Model: Stationary model to simulate water and nutrient flows
from private households and industries to urban
drainage.

Taken into account are:

Private households (bath, kitchen, laundry, urine faeces)

Industries.

Run-off

Combined and storm sewer

Huang et al. (2007)

Bader et al. (2007)

Larsen et al. (2001)

SIMBOX

SIMBOX

Kunming.P

SG
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WWTP, CSO sludge

Infiltration and exfiltration

Number of equations: 90

Type of equations: Coupled non-linear algebraic equations.

Modelling urban water flows: An insight into current and future

water availability and pollution of a fast growing city. Case study of

Kumasi, Ghana.

Model: Stationary model to simulate water and nutrient flows
in Kumasi, Ghana.

Taken into account are:

Water use (piped domestic and non-domestic water uses)

Soil and aquifers

Kitchen, bath and laundry in private households

Sanitation

Sewage treatment plant

Faecal treatment plant

Landfill

Number of equations: 162

Type of equations: System of algebraic equations.

Erni (2007)

Erni et al. (2010)

Erni et al. (2011)

SIMBOX

ERNI.psg

Small scale water reuse for urban agriculture in Namibia:

Modelling water flows and productivity.

Model:

Stationary model to simulate water, nutrient and salt flows and
reuse in Namibia.

Taken into account are:

Water supply

Households (grouped into individual, cluster and communal
water users)

Sanitation

Wastewater treatment

Nutrient rich water reuse for irrigation

Number of equations: 408

Type of equations: System of algebraic equations.

Woltersdorf et al. (2014)

Woltersdorf (2016)

Woltersdorf et al. (2016)

SIMBOX

SIMBOX

LAWO1.ps

g

Model:

Dynamic model to simulate the water balance of a pond, filled
with treated waste water, rain and river water, used for
irrigation in agriculture in Namibia.

Taken into account are:

Storage of water in pond

Treated waste water to pond

Rain and river water to pond

Evapotranspiration

Water demand in agriculture

Water from pond to agriculture

Number of equations: 16

AGRI.pdg
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Type of equations: System of coupled ordinary differential
equations with non-linear boundary
conditions

Model stocks and flows in the anthroposphere and the

environment

Integration of substance flow analysis, transport and fate of

materials in the environment, and environmental risk assessment

for provision of information for regional environmental management:

cadmium as a case study in Australia.

Modelling cadmium flows in Australia on the basis of a substance

flow analysis

Model: Stationary model to simulate the cadmium flows in
Australia.

Taken into account are:

Mining (iron, zinc, lead, copper, coal, gypsum, lime,
phosphate)

Private households and commercial use

Construction

Agriculture

Number of equations: up to 159

Type of equations: System of algebraic equations.

Kwonpongsagoon (2007)

Kwonpongsagoon et al.

(2007a, 2007b)

Kwonpongsagoon et al.

(2008)

SIMBOX

EXCEL

SIMBOX

Ying_all.ps

n

Ying_psg.

psn

Ying2.psg

Substance flow analysis as a tool for urban water management:

the case of copper in Lausanne, Switzerland

Model: Stationary model to simulate the copper flows from
urban water management.

Taken into account are:

Drinking and storm water

Copper from trains

Surface water

CSO and WWTP

Sludge

Number of equations: 43

Type of equations: System of algebraic equations.

Chèvre et al. (2011) SIMBOX

CHE1.psg

CHE2.psg

Substance flow analysis as a tool for mitigating the impact of

pharmaceuticals on the aquatic systems

Model: Stationary model to simulate the pharmaceutical flows
from households and hospitals to waste-water.

Taken into account are:

Use of pharmaceuticals in households and hospitals and their
excretion rate

Communal waste water

CSO and WWTP

Discharge to lake Geneva

Number of equations: 92

Chèvre et al. (2013) SIMBOX

CHE4.psg
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Type of equations: System of algebraic equations.

Dynamic Substance Flow Analysis as a Valuable Risk Evaluation

Tool – A Case Study for Brominated Flame Retardants as an

Example of Potential Endocrine Disrupters

Model: Dynamic model to simulate flame retardants in
production and use, waste management and
environment

Taken into account are:

Production and trade of flame retardants

Long term use in households

Waste management (recycling, incineration, landfill)

Emissions to the environment (atmosphere, soil, hydrosphere)

Number of equations: 151

Type of equations: Complicated integro-differential equations
describing the long term use and the
emissions during this long term use

Morf et al. (2007)

Morf et al. (2008)

Bader et al. (2009)

Buser et al. (2007)

SIMBOX

FLA1.pdg

Understanding consumption-related sucralose emissions — A

conceptual approach combining substance-flow analysis with

sampling analysis

Model: Stationary model to simulate the sucralose flows in
Swedish households and their waste water

Taken into account are:

Households and specific inputs like soft drinks, yoghurts etc.

Industries

Combined sewer

WWTP

Flows to surface water

Number of equations: 20

Type of equations: System of algebraic equations.

Neset et al. (2010) SIMBOX

TS_1.psg

Applying a Material Flow Analysis Model to Assess River Water

Pollution. A Case-Study in the Thachin River Basin, Central

Thailand

Modeling the contribution of point sources and non-point sources

to Thachin River water pollution

Modeling the contribution of pig farming to pollution of the Thachin

River

Modeling non-point source pollution from rice farming in the

Thachin River Basin

Model: Stationary model to simulate water and nutrient flows
in the catchment area of the Tha Chin river

Taken into account are:

Households and sewer system

Pig farms

Poultry farms

Aquaculture

Schaffner (2007)

Schaffner et al. (2009)

Schaffner et al. (2010)

Schaffner et al. (2011)

SIMBOX

THA.psg

THA1.psg
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Rice paddies

Field crops

Fruit and vegetables

Water plants

Industries

Number of equations: up to 974

Type of equations: System of coupled non-linear algebraic
equations.

Influence of agricultural pesticide and urban biocide use on load

dynamics in surface waters

Loss rates of urban biocides can exceed those of agricultural

pesticide

Modelling biocide leaching from façades

Model: To simulate water and pesticide / biocide flows from
agriculture, households and urban uses

Taken into account are:

Agriculture:

Rain and interception

evapotranspiration

Micro and Macro flows

Surface and sub-surface flows

drainage flows

Base flow

Urban areas:

Runoff from façades, streets, flat and pitched roofs

Households

Urban greens

Combined and separate sewer

CSO and WWTP

Number of equations: depending on the number of agricultural
fields, urban areas and substances: 51,...1000, ...2000

Type of equations: System of coupled non-linear ordinary
differential equations

Solver: Very efficient solving routine of equations

Wittmer (2010)

Wittmer et al. (2011a)

Wittmer et al. (2011b)

Wittmer et al.(2016)

SIMBOX

SIMBOX

SIMBOX

FASS.pdg

FAS3.pdg

FAS4.pdg

REXP.pdg

Modeling Mercury flows in Thailand,including intentional and

unintentional use

Model: Stationary model to simulate the mercury flows
through Thailand

Taken into account are:

Unintentional use:

Coal, oil, gold mining

iron, zinc smelting

cement,lightweight aggregate, Pulp+paper production

Intentional use:

Wongsoonthornchai et al.

(2016)

SIMBOX

Mercury_1

.psg
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Thermometers and blood pressure devices, medical use,

Amalgam, 

TV, Fridge, Aircon, Fluorescent lamp, Batteries, 

Camera+video, audio, flatsceen

Cosmetics,

Waste flows:

Waste collection

Treatment: cremation, hazardous waste, waste-water, solid
waste

Treatment: recycling

Sums:

To water, air, land, other

Emissions flows:

total per subsystem, total emissions, emission factors

Number of equations: 370

Type of equations: System of algebraic equations.

Analysis of Time-dependent Mercury Flows through the use of

Thermometers and Sphygmomanometer in Thailand

Model: Dynamic model to simulate the number of thermometers

ad blood pressure devices in hospitals in Thailandmercury flows

through Thailand

Taken into account are:

Thermometers and blood pressure devices in hospitals and in
waste from hospitals

Mercury flows connected to the use of thermometers and
blood pressure devices

Number of equations: 157

Type of equations: Coupled integro-differential equations
describing long term use and emissions during use and
hazardous waste. Similar as for flows retardants see Morf et al.
(2008)

Wongsoonthornchai et al.

(2017)
SIMBOX

Quek.PDG

Electronic waste

Key drivers of the e-waste recycling system: Assessing and

modelling e-waste processing in the informal sector in Delhi

Material flow and economic analysis as a suitable tool for system

analysis under the constraints of poor data availability and quality

in emerging economies

Modelling of existing e-waste collecting systems in China A case

study based on household surveys in the Taizhou prefecture

Model: Stationary and dynamic model to simulate electronic
waste flows in India (and China)

Taken into account are:

Consumption: cascade of household types

Streicher et al. 2005

Streicher et al. 2007

Geering (2007)

Streicher et al. (2013)

SIMBOX

SIMBOX

SIMBOX

IND1.pdg

CHI_Ewast

e.pdg

CHI_EWA

STE_HH.p

dg
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Trader

Formal and informal recycling

Mass, copper and gold flows

Number of equations: depending on the number of cascades

Type of equations: System of coupled integro-differential
equations

CHI_EWA

STE_LAG.

pdg

Other fields

Substance Flow Analysis: A Case Study of Fluoride Exposure

through Food and Beverages in Young Children Living in Ethiopia

Model: Stationary model to simulate fluoride input via food and
beverages

Taken into account are:

Kitchen: preparation of food considering the recipes for the
dishes

Different meals consumed

Fluoride content in ingredients like maize, teff, vegetables,...

Food and beverage consumption per day

Number of equations: >60

Type of equations: System of coupled algebraic equations.

Malde et al. (2011) SIMBOX

MM_0.PS

G

MM_1.PS

G

MM_2.PS

G

Water-related energy in households: A model designed to

understand the current state and simulate possible measures

Model: Stationary model to simulate water related energy
consumption in private households in Australia

Taken into account are:

Shower, bath, washing machine, tap water, dish washer,
toilet, kettle, outdoor use

Cold and hot water use

Energy use

Costs

CO
2
 emissions

Number of equations: 642

Type of equations: System of coupled algebraic equations.

Kenway et al. (2013) SIMBOX

WAEN.ps

g

Water related energy in household: a dynamic model exemplified

for the case of showers

Model: Dynamic model to simulate water-related energy
consumption in private households in Australia 

Taken into account are:

Shower, bath, washing machine, tap water, dish washer,
toilet, kettle

Cold and hot water use

Energy use

Number of equations: >500

Kenway et al. (2017) SIMBOX

WAEN.PD

G
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Type of equations: System of coupled ordinary differential
equations for water use and partial
differential equations (for temperature of
boiler and water pipes)

Solver: Very efficient implicit backward difference equations
scheme and solver.

Spatial land use analysis combined with mathematical material

flow analysis for nutrient pollution in Bang Pakong Basin, Thailand

Model: An MMFA model adapted from Schaffner et al. (2009)
was combined with land use data to simulate spatially
distributed nutrient flows in the catchment of the Bang
Pakong river, Thailand

Taken into account are:

Similar as Schaffner et al. (2009)

New features:

Besides the classical flow diagrams also maps, showing the
nutrient flows geographically are presented.

Number of equations: 642

Type of equations: System of coupled algebraic equations.

Kupkanchanakul et al.

(2015)

SIMBOX

GIS

4.3 Student works

Remark:

Most of the work in section 6.3 can be found in the Swiss library system (http://www.lib4ri.ch) and are

available upon request.

4.3.1 Diploma Thesis

Diplomarbeiten Software

Modeling urban water flows. An insight into current and future

water availability and pollution of a fast growing city. Case

study of Kumasi, Ghana

2007 Erni M. SIMBOX

Modeling of existing e-waste collecting systems in China, A

case study based on household surveys in the Taizhou

prefecture

2007 Geering A. SIMBOX

Modeling the water and nutrient flows of freshwater

aquaculture in Thailand

2005 Wittmer, I. SIMBOX

Lösungsansätze zur Verknüpfung von Flächendaten zur

Biomassebewirtschaftung in GIS mit der Methodik der

2001 Najar C. SIMBOX

http://www.lib4ri.ch/
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Stoffflussanalyse für den regionalen Ressourcenhaushalt -

dargestellt an Waldparzellen der Stadt Zürich

Stoffliche und energetische Beurteilung eines innovativen

Lichtbogenofens zur Elektrostahlherstellung

2000 Eggenberger

A., Gmür M.

Stoffflussanalyse der ATZ-Pilotanlage und Abschätzung des

Ressourceneinsatzes

1999 Hartmann C.,

Gähwiler S.

SIMBOX

Co-Kompostierung Ghana 1999 Leitzinger C.

Betriebliche Stoffbuchhaltung, HISALBA (Spanien) 1998 Moscoso A.

Evaluation Technische Verfahren im zeitungsdruck 1998 Knöpfli A.,

Schmid A.

Die Methode der Stoffflussanalyse am Beispiel Flughafen

Zürich

1998 Nussbaumer F.

Methode der betrieblichen Stoffbuchhaltung am Beispiel der

ALUSUISSE Schweizerische Aluminium AG, Sierre

1997 Cohen D.,

Henauer T

Betonrecycling: Stoffliche Auswirkung von

Alternativbrennstoffen in der Zement- und Betonproduktion auf

die Zusammensetzung eines mehrfach rückgebauten Betons

1997 Graf P.

Schleiniger R

SIMBOX

Stoff - und Energieflussanalyse für die Chamanna da Tschierva

SAC

1997 Hug F.

Anwendung der betrieblichen Stoffbuchhaltung bei der H.

Weidmann AG

1997 Regazzoni G.,

Schläpfer N.

Entsorgungssystem der Stadt Zug 1997 Arnet M., Furter

S.

Das Stoffhaushaltssystem Eawag. Stoff- und

Energiebuchhaltung eines Forschungsbetriebes. Status Quo

und Perspektiven

1996 Freuler N. SIMBOX

Stofflicher Beitrag von Siedlungsabwässern in die Dünnern; am

Beispiel der ARA Falkenstein, Oensigen

1996 Plüess P.

betriebliche Stoffbuchhaltung bei der Geberit in Jona 1996 Högger R.

Erfassung, Bewertung und Buchhaltung von Stoff- und

Energieflüssen, bei AKCROS Chemicals

1996 Allemann L.

Stoffhaushaltsmodell für die regionale Papierbewirtschaftung 1996 Faist M SIMBOX

Wasserhaushalt einer Kehrichtschlackendeponie 1995 Lanz C.

Wärmehaushalt einer Kehrichtschlackendeponie 1995 Habrik R.
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Die Bewirtschaftung der Kunststoffabfälle in der

Genossenschaft Miigros Zürich

1994 Camenzind T

4.3.2 Case Studies

VTB Arbeiten

Kupfer in Mobilien: Ressourcenwirtschaftliche Bedeutung des

Elektroschrottes

2003 Suter L., Phueng That,

Tinner B.

Der Einfluss der Arbeitsorte in Dienstleistungsunternehmen

auf den regionalen Energiehaushalt

2000 Schmieder B., Tschirky

M., Taormina N.

Stoffliche / energetische Bedeutung der schweizerischen

Stahlproduktion

1999 Herz O. Keller M.,

Wethmüller R., Wyrsch

F.

Stoffliche / enegetische Betrachtung des Eisenhaushaltees

der Schweiz

1999 Conter D., Hernandez P.,

Leitzinger C:, Suter J.

Stoffliche / energetische Bedeutung der schweizerischen

Stahlproduktion

1999 Eggenberger A., Gmür

M., Schilter C.

Abfälle als Energieträger und als mineralische Rohstoffe im

Zementwerk Siggenthal, „HCB

1997 Arnet M., Dredge M.,

Furter S., Zulauf C:

Abfälle als Energieträger und als mineralische Rohstoffe in

der Zementindustrie

1997 Büchi D., Enggist C.,

Puskas A.

Bedeutung der Verwendung von alternativen Energieträgern

und mineralischen Ersatzstoffen im Stoff- und

Energiehaushalt des Zementwerks „HCB Siggenthal

1997 Brundiers W., Nay D.,

Wyrsch B. Zimmermann

S.

Der Einsatz von Abfällen als Energieträger und als

mineralische Rohstoffe

1997 Jauslin M., Knoll E.,

Schildknecht L.

Stoff- und Energiehaushalt der Papier Perlen AG 1997 Blunschi M., Manser R.,

Sommer D.

Stoffflussanalyse als Planungsinstrument, am Beispiel der

Perlen Papier AG

1997 Köpfli A., Schmid A.,

Stebler T.

Betriebliches Umweltmanagement, Stoffflussanalyse in der

Perlen Papier AG

1997 Merkt C:, Moscoso A.,

Tschurr M.

Betriebliches Umweltmanagement, Stoffflussanalyse als

Planungsinstrument, am Beispiel der Perlen Papier AG,

Perlen LU

1997 Brodbeck S., Keller M.,

Zürcher R.

Betriebliches Umweltmanagement, Stoffflussanalyse in der

Perlen Papier AG

1997 Montangero A., Bonnet

C., Gemini A.
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Stoffbuchhaltung für eine Bodenwaschanlage am Beispiel der

Eberhard Recycling AG

1996 Regazzoni G., Rutz J.,

Schläpfer N., Seufert P.

Betriebliche Stoffbuchaltung in der Firma Jura

Elektroapparate AG

1994 Beer E., Bühlmann E.,

Lacher G., Roti M.,

Tunesi M.

Portlandzementwerk Olten: Stoffflussanalyse 1994 Ambrosini L., Riedi M.

Das Ressourcenpotential im Automobil; Stoff- und

Energiebilanz der Bereitstellung von Rapsmethylester

1993 Röck C., Sulser M.

Regionale Bewirtschaftung biogener Abfälle: Teilprojekt Holz 1992 Bühler R., Oehler D.,

Purtschert I.

Regionale Bewirtschaftung von biogenen Abfällen im

METALAND: Teilprojekt Papierholz

1992 Bond C., Seitz S.

Energie aus Biomasse, Schlussbericht Gruppe Pflanzenbau 1992 Camenzind T., Wüest M.

System Tierhaltung 1992 Heierle T., Motalla F.,

Zimmermann P.

Regionale Bewirtschaftung von biogenen Abfällen im

METALAND: Bau- und Altholz

1992 Köhler H., Tschudin T

4.3.3 Semester-/Praktikumsarbeiten

Semesterarbeiten

Waschen – Gestern, Heute, „Morgen“, Eine Stoffflussanalyse

des Textilwaschens in der Schweiz

Juli 1991 Burkart D, Füeg B,

Müller S, Oestreich A

Praktikumsarbeiten

Stoffflussanalyse mittels SIMBOX in den Zementwerken der

HOLCIM (Schweiz) AG. 

1995 Fuchs A

Schwermetallbilanz des Kantons Solothurn 1994 Sutter M

Schwein gehabt? Die Ermittlung der Stoffflüsse von

Kohnenstoff, Stickstoff und Phosphor im System

Fleischverarbeitung in METALAND

April 1992 Pfitzner R.
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5 Software for MFA and MMFA
In the past 30-40 years many different simulation programs in different fields were developed. On one

side are the "small" tailor made "all-in-one" programs designed for a specific field including all tools

necessary such as data input-output, modelling, data handling and graphical tools. On the other side are

the huge software tool boxes like Matlab or R. Both types of software have their advantages and

disadvantages. The tailor made software are very effective in their specific field. Effective in terms of man

power to tackle the problems. The huge tool boxes on the other hand offer many possibilities to tackle

different problems in different fields. However often for specific problems the specific tools are not

available and have to be coded separately. This costs a lot of manpower. Moreover huge software

packages are often not effective in terms of computer time. For instance in tailor made software all

modelling possibilities such as simulation, different kind of uncertainty calculation sensitivity, scenario

analysis, parameter-variation, -identification and simulations or ranking are available. For tool boxes

sometimes routines have to be written or the data / results have to be transferred to and processed in

different software. 

Independent of the field there are some general criteria that simulation programs should fulfil, which are

commonly accepted such as:

i. Simple data input and output

ii. Simple data exchange via ASCII-files since ASCII (text) files are the only "universal" file format

iii. Correct and efficient calculation routines

iv. Powerful user interface in fields where different types of equations have to be solved.

Starting in the mid 1980's many computer programs were developed for applications in material,

substance and energy flow systems. The application field can roughly be divided into two subfields,

namely:

1) Material, substance and energy flows in natural systems.

2) Material, substance and energy flows in anthropogenic systems.

For natural systems many excellent simulation programs were developed for soil, water and air systems.

In the following we focus on computer programs for the "anthropogenic" subfield above.

The first simulation programs for anthropogenic systems were focussed on simulation and optimization of

production processes in the industry (for instance see Noche 1990)

Later many sophisticated computer programs were developed, which are tailor made for accounting

material, substance, energy and financial flows or eco balances in industrial production or companies.

Many users who would like to find the appropriate compute program for their purpose feel often lost. Their

problem is to get an overview about available software.

Since about 1995 many survey-studies about software in the field of "anthroposphere and environment"

were done. Some of them were based on questionnaires, which were sent to the software developers.

The completed "filled in" questionnaires were then published.

Examples are:

LCA Software Survey: 

IVL Rapport: Swedish Industrial Research Institutes' Initiativ (2000) 
www.ivl.se/download/18.343dc99d14e8bb0f58b73b4/1445515449787/B1390.pdf

LCA Software Guide:

Öbu Schriftenreihe SR25 (2005)
(update of the popular software guide of 1997)
http://www.oebu.ch/de/die-oebu/medien/medienmitteilungen/mitteilungen-2005/neuer-lca-software-guide/

http://www.ivl.se/download/18.343dc99d14e8bb0f58b73b4/1445515449787/B1390.pdf
https://www.oebu.ch/de/news/aktuelle-news/oekologische-knappheit-n-die-oekobilanz-methode-von-bafu-und-oebu_0-1716.html
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Besides these surveys based on questionnaires, there are many compilations of available software
mainly in the LCA sector. 
Examples are:

Wikipedia: 

http://en.wikipedia.org/wiki/Life-cycle_assessment

Virtuelle Schule für Umweltmanagement:

http://www.visumsurf.ch/va/links/show.php3?such=Software+AND+Oekobilanz

US Environment Protection Agency:

http://www.epa.gov/nrmrl/lcaccess/resources.html

Additionally to such surveys and compilations is the important ISIS-software-report. ISIS-software-report

is a report about software for many different fields of applications. Each program developer can publish a

short description of his software paying a certain fee.

http://www.software-marktplatz.de/

This software- catalogue is very helpful, especially since it is updated every year.

To support not so experienced users we added a list containing the name and internet address of

software used in this field. If the reader needs more information about a software he must contact the

developer / distributor or one of the software-surveys mentioned above.

http://www.software-marktplatz.de (Search criteria: Umweltschutz, Arbeitsschutz)

Only few programs exist, which are tailor made for mathematical modeling of anthropogenic material,

substance and energy flows.

The table below gives a survey about software tools, which can be applied to MMFA problems. MMFA

problems require a user interface, which enables to define a set of arbitrary stationary or dynamical

equations for the system to be considered.Additionally the modelling tools as described in section 5.2

must be available. It should be pointed out, that only the first three softwares of the category MMFA have

these features. Matlab offers toolboxes to build or program modelling features such as uncertainty or

sensitivity analysis. For Powersim, Vensim and Stella this is not the case. Moreover these computer

programs are limited to ordinary differential equations.

For completeness we included also a selection of software applicable to traditional MFA problems. 

Application field Software Remark

MMFA SIMBOX Tailor made for MMFA

LiWatool Software developed for resource flux modelling with an interface to

GoogleEarth for georeferenced representation of results. In an

application for the metropolitan water system of Lima/Peru (cf.

www.lima-water.de), LiWatool is used for modelling of water and

wastewater streams, including related pollutant fluxes. Also

financial and energy-related aspects are being considered. The

software allows flexible definition of linear and non-linear

relationships.

Matlab Toolbox

Powersim Traditional software for ordinary differential equations.

Vensim

http://en.wikipedia.org/wiki/Life-cycle_assessment
http://www.visumsurf.ch/va/links/show.php3?such=Software+AND+Oekobilanz
https://hero.epa.gov/hero/index.cfm/reference/download/reference_id/749231
http://www.software-marktplatz.de/
http://www.software-marktplatz.de/search.php?BEGRIFF=Umweltschutz%3B+Arbeitsschutz&Submit=Los%21&AUSWAHL=Software&AUSWAHL1=AND
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Stella

MFA SIMBOX Also tailor made for MFA

Umberto Traditional LCA / ecoinvent software

GaBi

...

STAN Supports traditional MFA as developed in late 80's early 90's of last

century

Sankey
diagrams

ifak Sankey:

sankey.ifak.eu

The ifak Sankey software allows to draw flow diagrams where the

width of lines are utilized to visualize the size of a mass, volume,

energy or whatever flow. Process block can be defined by the The

Sankey diagram can display one selected or several quantities in

one drawing.

Intake Software Fluorian Tailor--made software to simulate fluoride intake via food and

beverages

Clearly the list above is incomplete.

Publications

Aastrup M. and Thunholm B. (2001) Heavy Metals in Stockholm Groundwater - Concentrations

and Fluxes, Water, Air, & Soil Pollution: Focus Volume 1, Numbers 3, 25-41

Alriksson A. (2001a) Regional Variability of Cd, Hg, Pb and C Concentrations in Different

Horizons of Swedish Forest Soils, Water, Air, & Soil Pollution: Focus Volume 1, Numbers 3,

357-370

 

Alriksson A. and Eriksson H. M. (2001) Distribution of Cd, Ck, Pb and Zn in Soil and Vegetation

Compartments in Stands of Five Boreal Tree Species in N.E. Sweden, Water, Air, & Soil

Pollution: Focus Volume 1, Numbers 3, 461-475

 

Baccini P. and Brunner P.H. (1991) The metabolism of the anthroposphere. Springer Verlag

Baccini P.and Brunner P.H (2012) Metabolism of the Anthroposphere: Analysis, Evaluation,

Design, second edition, MIT Press 

Baccini P., Daxbeck H., Glenck E., Henseler G. (1993) Metapolis, Güterumsatz und

Stoffwechselprozesse in den Privathaushalten einer Stadt, Bericht 34A und B (Technischer

Anhang) NFP "Stadt und Verkehr", in Zusammenarbeit mit der Stadtverwaltung der Stadt St.

Gallen und dem Institut für Marktanalysen AG (IHA), EAWAG, Abt. Abfallwirtschaft, Dübendorf

Baccini P. and Bader H.-P. (1996) Regionaler Stoffhaushalt. Spektrum Akademischer Verlag. SIMBOX

Baccini P., Lichtensteiger T., Bader H.-P. (2006) Konsequenzen für die regionale

Ressourcenbewirtschaftung mit Bauwerken (Kapitel 4) in Bauwerke als Ressourcennutzer

und Ressourcenspender in der langfristigen Exploration urbaner Lagerstätten. Herausgeber

T. Lichtensteiger, Vdf. 

 

Bader H.-P. and Baccini P. (1993) Monitoring and Control of Regional Material Fluxes. Soil

Monitoring,Monte Verità, Birkhäuser, 25-34. 

 

http://sankey.ifak.eu/
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Bader H.-P., Baccini P. (1996) System-Modelle und Simulations-Programme im

Umweltmanagement-Eine kritische Analyse zum Stand der Technik. GAIA 5 No 6, 263-275. 

 

Bader H.-P., Baccini P. (1997) Computersimulationen im Umweltmanagement: Eine kritische

Analyse zum Stand der Technik.Proccedings 11. Internationales Symposium der Gesellschaft

für Informatik Metropolis-Verlag, Marburg, 658-667, Strassburg.

 

Bader H.-P., Scheidegger R. (1998) Ressource im Bau. Kap. 6.6 Kupfer im Bau 87-93 und Kap

7. Fallstudie Ziegelsteine 103-127. in Verlag der Fachvereine 

 

Bader H.-P., Scheidegger R. (1999) Systemmodelle und Simulationsprogramme im

Umweltmanagement. EAWAG News 46 D 3-5.

SIMBOX

Bader H.-P., M. Real, Scheidegger R., Baccini P. (2001) Grossmasstäbliche Einführung von

Solarzellen: Dynamische Modellierung von Energie und Soffflüssen. Proccedings 15.

Internationales Symposium Informatics for Environmental Protection Zürich,Metropolis-Verlag,

797-802, 

SIMBOX

Bader H.-P., Real M., Scheidegger R. (2003) Large scale implementation of Solar Home

Systems in remote, rural areas. Clean Technologies and Environmental Policy 6, 18-25.

SIMBOX

Bader H.-P., Scheidegger R., Witmer D., Lichtensteiger T. (2006) A dynamic (MMFA) model to

describe the copper household in Switzerland. Kapitel 3 in Bauwerke als Ressourcennutzer

und Ressourcenspender in der langfristigen Exploration urbaner Lagerstätten. Herausgeber

T. Lichtensteiger, Vdf 

SIMBOX

Bader H.-P., Scheidegger R. (2006) Dynamisches Stoffstrommanagement und mögliche

Konsequenzen für die Logistik. in U. Clausen: Baulogistik Konzepte für eine bessereVer- und

Entsorgung im Bauwesen. Verlag Praxiswesen, 127-135. 

SIMBOX

Bader H.-P., Real M., Scheidegger R. (2006) Global renewable energies: a dynamic study of

implementation time, greenhouse gas emissions and financial needs. Clean Technology

and Environmental Policy 8, 159-173.

SIMBOX

Bader H.-P., Mosler H.-J. (2007) Leitartikel Stoffflüsse: Von der Analyse zum Management

Eawag News 62d,62e,62f, 4-8..

 

Bader H.-P. Scheidegger R., Gujer W., . Huang D (2007) Modellierungsunterstützte Suche nach

neuen Lösungen für das Abwassermanagement in Kunming (China) in J. Wittmann and V.

Wohlgemuth, Simulation in Umwelt- und Geowissenschaften, Workshop Berlin Shaker Verlag

Aachen, 61-70. 

SIMBOX

Bader H.-P., Scheidegger R., Real M. (2007) Photovoltaic Energy on a Global Scale: Dynamic

Modelling of Implementation and Costs. in Proccedings of Renewables in a changing climate

Innovation in the built environment CISBAT, EPFL Lausanne, Switzerland, 541-546. 

SIMBOX

Bader H.-P., Scheidegger R., Morf L., Taverna R., Buser A. (2009) Modellierung von

Flammschutzmitteln - Konsequenzen für das Umweltmonitoring. in J. Wittmann, M. Flechsig,

Simulation in Umwelt- und Geowissenschaften, Workshop Potsdam Shaker Verlag Aachen,

193-204.

SIMBOX

Bader H.-P., Scheidegger R., Wittmer D., Lichtensteiger T. (2011) Copper flows in buildings,

infrastructure and mobiles: a dynamic model and its application to Switzerland Clean Techn

Environ Policy, 13, 1, 87-101, Springer

SIMBOX

Bergbäck B., Johansson K., Mohlander U. (2001) Urban Metal Flows - A Case Study of

Stockholm. Review and Conclusions, Water, Air, & Soil Pollution: Focus Volume 1, Numbers

3-4 / p, 3-24
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Bergkvist B. (2001) Changing of Lead and Cadmium Pools of Swedish Forest Soils, Water, Air,

& Soil Pollution: Focus Volume 1, Numbers 3, 395-408

 

Binder C., Schertenleib R., Diaz J., Bader H.-P., Baccini P. (1997) Regional Water Balance as a

Tool for Water Management in Developping Countries. Water Resources Development

13,1,5-20.

SIMBOX

Binder C., Bader H.-P., Scheidegger R., Baccini P. (2001a) Dynamic models for managing

durables using a stratified approach: the case of Tunja, Columbia. Ecological Economics 38,

191-207. 

SIMBOX

Binder C., Bader H.-P., Scheidegger R., Baccini P. (2001b) Interiors Material Fluxes: Key

parameters and dynamic modeling: examples from a developing country. Proceedings of the

Conaccount Workshop Stockholm. 

SIMBOX

Bindler R., Olofsson C., Renberg I., Frech W. (2001) Temporal Trends in Mercury Accumulation

in Lake Sediments in Sweden, Water, Air, & Soil Pollution: Focus Volume 1, Numbers 3, 371-

383

 

Brännvall M.-L., Bindler R., Emteryd O., Renberg I. (2001) Vertical Distribution of Atmospheric

Pollution Lead in Swedish Boreal Forest Soils, Water, Air, & Soil Pollution: Focus Volume 1,

Numbers 3, 385-393

 

Bringmark L. and Bringmark E. (2001) Lowest Effect Levels of Lead and Mercury on

Decomposition of Mor Layer Samples in a Long-Term Experiment, Water, Air, & Soil Pollution:

Focus Volume 1, Numbers 3, 449-460

 

Bringmark L. and Bringmark E. (2001) Soil Respiration in Relation to Small-Scale Patterns of

Lead and Mercury in Mor Layers of Southern Swedish Forest Sites, Water, Air, & Soil Pollution:

Focus Volume 1, Numbers 3, 425-437

 

Brun R., Reichert P., Künsch H.R. (2001) Practical identifiability analysis of large environmental

simulation models Water Resour. Res., 37, 4, 1015-1030

 

Buser A., Morf L., Taverna R., Bader H.-P., Scheidegger R. (2007) Temporal Behaviour of the

Anthropogenic Metabolism of Selected Brominated Flame Retardants: Emissions to the

Environment. In Proceedings of the fourth International Workshop on Brominated Flame

Retardants Amsterdam. 

SIMBOX

Chèvre N., Guignard C., Rossi L., Pfeifer HR., Bader H.-P., Scheidegger R. (2011) Substance

flow analysis as a tool for urban water management: the case of copper in Lausanne,

Switzerland. Water Science and Technology 63: 1341-1348.

SIMBOX

Chèvre N., Coutu S., Margot J., Wynn H.K., Bader H.-P., Scheidegger R., Rossi L. (2013)

Substance flow analysis as a tool for mitigating the impact of pharmaceuticals on the aquatic

system. Water Research 47, pp. 2995-3005.

Daigo I., Hashimoto S., Matsuno Y., Adachi Y. (2009) Material stocks and flows accounting for

copper and copper-based alloys in Japan. Resour Conserv Recycl 53(4): 208–217

 

De Quervain B. (1997) Neupositionierung von Baustoffen im Umfeld der Abfallwirtschaft.

Eawag PEAK Kurs 

SIMBOX

Ekstrand S., Östlund P., Hansen C. (2001) Digital Air Photo Processing for Mapping of Copper

Roof Distribution and Estimation of Related Copper Pollution, Water, Air, & Soil Pollution:

Focus Volume 1, Numbers 3, 267-278

 

Erni, M. (2007) Modelling urban water flows. an insight into current and future water availability

and pollution of a fast growing city case study of Kumasi, Ghana e-

SIMBOX

http://e-collection.library.ethz.ch/view/eth:29522?lang=de
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collection.library.ethz.ch/view/eth:29522?lang=de 

Erni M., Drechsel P., Bader H.-P., Scheidegger R., Zurbruegg C., Kipfer R. (2010) Bad for the

environment, good for the farmer? Urban sanitation and nutrient flows. Irrig. Drain. Syst., 24, 1-
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Abstract 


Considerable emissions to the environment and the level of resource use can be correlated with the dynamics of durable 
goods in private households, of which electrical and electronic equipment are important examples.  
This paper investigates the use of such equipment in a Chinese urban area as a case study for durables in order to under-
stand the stock development and the generation of e-waste. A simple dynamic saturated stock growth model was shown 
to adequately fit the household stock data collected during a field survey. This calibrated model allows the determina-
tion of the stock development and the calculation of the waste volumes over time. Its key parameters are the saturation 
levels of consumer goods used in an average household, the highest growth rate, the turning point of the stock growth 
curve and the lifetime of the goods. Such models are useful for planners since they show the needed production and re-
cycling capacities. 
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1. Introduction  


The increasing use of electrical and electronic appliances in developing countries is strongly tied to the economic power 
of the individual users. There is no doubt that the number of households in developing countries using larger numbers 
of such appliances will rise dramatically in the future. The amount of waste from electrical and electronic equipment 
(WEEE) will obviously increase as a consequence.  


Several studies have investigated the generation and stocks of e-waste in China. The majority have focused on the five 
main types of EEE (television sets, refrigerators, washing machines, air conditioners and computers). This is most likely 
due to the fact that all regulatory approaches in China focus on these appliances (Li et al. 2006, Liu et al. 2006a, Liu et 
al. 2006b, Streicher-Porte and Yang 2007b). No research could be found in the literature covering more than these ap-
pliances in Chinese households. The examined studies have generally applied an input-driven approach, i.e. the sales 
numbers of a certain year are considered to determine the number of appliances becoming obsolete in a later year. The 
disadvantage of such models is that they do not take into account the whole “dynamic of private households”. By this 
we mean the equipment stock level, and its lifetime and disposal pattern in households. It is obvious that households are 
a key factor in the “turnover” of appliances. Nevertheless, no studies actually look at the present stock of appliances and 
determine its development over time by means of models.   


To understand and improve e-waste management systems in developing countries, it is essential to better understand the 
present behaviour patterns of households in disposing of EEE as well as their motivation to do so.  


The high costs of appropriate recycling and disposal in developed countries, the existence of informal e-waste markets 
and an increasing global demand for resources create a tremendous pull for importing e-waste from the developed to the 
developing world. These international waste flows are of great concern, as poorer countries are becoming the waste 
dump for affluent societies (Puckett et al. 2002, Brigden et al. 2005, Puckett et al. 2005, Allsopp et al. 2006, Huo et al. 
2007). However, the waste loads of developing countries and emerging economies are due not only to the international 
waste flows, but also to the national waste generation of each individual country. Not surprisingly, the waste volumes 
increase in direct proportion to the speed of economic development (Widmer et al. 2005).  


To address this issue, many countries have begun to develop national strategies for implementing a formalised recycling 
system and industry for e-waste. Several rapidly developing countries have issued specific e-waste legislation, including 
China (Streicher-Porte et al. 2010). Furthermore, several national pilot programmes were started to determine a suitable 
model for a Chinese WEEE management system (Hicks et al. 2005, He et al. 2006). However, both the implementation 
of the legislation and the pilot projects have met with limited success. This is because all the pilot programmes and cor-
porate initiatives encounter the same difficulties: e-waste collection and processing are actually monopolised by the 
powerful informal e-waste sector (Chi et al. 2011). 


2. Methods 


In order to better understand how electrical and electronic appliances are disposed of as WEEE and to develop more ap-
propriate strategies for managing this waste flow, a survey was conducted of households in the city of Thaizou in the 
province of Zhejiang, China. It investigates the stocks of 24 appliances in higher income households in Taizhou and the 
corresponding generation of e-waste. The results of the survey were published by Geering (2007), and Streicher-Porte 
and Geering (2010). This study presents a simple dynamic material flow model for the stock dynamics of electrical and 
electronic equipment in private households, including their waste disposal flows. Data from the previous study were 
used. The following questions are addressed:  


1) What is the development of the EEE stock in households as a function of time? 


2) What are the lifetimes of EEE in households? 


3) What happens to the EEE at the end of its life?  
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2.1. Study area  


Taizhou is the main city of the greater Jiaojiang urban area lying within the province of Zhejiang, approximately 300 
kilometres south of Shanghai. Taizhou’s history as a centre for global e-waste recycling goes back to the late 1970s. It 
is now one of the major clusters where mainly imported e-waste is processed (Tong and Wang 2004).  


The data collection was conducted in Jiaojiang city over a six-week period, from the end of March to the beginning of 
May, 2007. The key objectives of the survey were to find out which types of appliance were present in households of 
this region and what disposal facilities were available. A structured questionnaire was used to assess the disposal behav-
iour of students and teachers of a local high school. Of the 600 questionnaires distributed to 450 students and 150 teach-
ers, about 350 were returned and 225 could be used for data analysis after elimination of those invalidated by incomple-
tion, errors etc.  


To speed up the data analysis, the questionnaire almost exclusively comprised multiple-choice questions and tables, and 
was structured in three parts: 


1. Assessment of ownership and time period of acquisition of 24 appliances.  


2. Assessment of appliance obsolescence rates.  


3. Assessment of socio-cultural and economic data as well as questions about the household’s opinion about dis-
posal options. 


The entire questionnaires in English and Chinese are shown in the appendix. For more details of the questionnaires and 
the results of the survey analysis, see Streicher-Porte and Geering (2010). 


2.2. System analysis 


Taizhou was defined as the geographical system border for the study. The study examined only the stocks of newly pur-
chased EEE and the fate of such appliances after they become obsolete. The households interviewed in the study be-
long, therefore, to the high-income group, as only they buy new appliances. Second-hand appliances were almost absent 
in the investigated households and are therefore not part of this study.  


Households have several options to dispose of obsolete appliances. The following disposal channels were investigated: 


• Owners keep appliances in storage for use or disposal at a later stage (storage), 


• Owners give away or sell appliances to second-hand dealers for reuse (second use), 


• Owners discard or sell appliances to informal collectors for recycling (informal collection), 


• Owners return appliances to the store (formal collection), and  


• Appliances disappear via other channels, such as theft, loss, dismantling etc. (others). 


Consequently the only flow into the system comes from new EEE, the consumption outflows being these five channels 
as shown in Fig.1. 
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Fig. 1: System analysis for electric and electronic equipment in households  


The chosen system was kept simple, as this study focuses on the methodology of dynamic modelling. The application of 
the dynamic saturation model to EEE should demonstrate how future stocks and waste volumes of durable goods can be 
calculated with a few assumptions and key parameters.  


In the master thesis of Geering (2007), a more detailed system was considered: the five output flows were split up into 
three age classes. Virtual processes are then used to differentiate between reused and non-reused e-waste in order to es-
timate the volume qualified for recycling. Thus the first age group contains the youngest appliances, which are disposed 
of before reaching their end-of-use date for purposes of reuse. In contrast, the oldest appliances (third age group) had 
reached or even passed their end-of-use date, and it is assumed that they cannot be reused. In between is the second age 
group, which is assumed to be partly reusable. For the detailed results, see Streicher-Porte and Geering (2010). 


2.3. Dynamic MFA 


The dynamic material flow analysis (MFA) (Baccini and Bader 1996) was applied to analyse both the EEE stocks and 
the generation of obsolete EEE in high-income households over time. This method has been used in several studies 
dealing with durable goods (Zeltner et al. 1999, Binder et al. 2001, Bader et al. 2003, Hug et al. 2004, Bader et al. 2006, 
Streicher-Porte et al. 2007a).  


2.4. Mathematical model 


The consumption is described by the three variables, namely Input )t(I , Output )t(O  and stock )t(M .  


The model is stock-driven, which means that the input (purchase of new appliances over time) and the output (yield of 
obsolete appliances over time) were calculated from the stock over time and the residence time of the appliances in the 
households according to the following equations: 


The mathematical formulation of this stock-driven approach is as follows: 


Stock for appliances: 


)()( tPtM =  (1) 


Balance equation: 


)()()( tOtItM −=  (2) 


Replacement of appliances (lifetime distribution approach): 


∫=
t


dttIttktO
0


')'()',()(  (3) 


Where )(tP  is the stock (number of appliances in households) at time t. 


)',( ttk  is the transfer function or life-span distribution of the appliances installed at time t’ and replaced at time t. 


Consumption


System border: High income households in Taizhou
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Outputs to the various disposal channels: 


)t(O)t(k)t(O ii ⋅=  (4) 


Where )t(Oi  is the output to the disposal channel i  and ik  the corresponding transfer coefficient. 


The stock-driven approach has proved to be adequate for durable goods i.e. goods with lifetimes of several years. For 
durables such as furniture or electronics, the service they provide is important. This service is proportional to the stock. 
Therefore the amount of stock is the crucial quantity. In contrast, an “input-driven” approach is more appropriate for 
consumable goods, i.e. those characterised by shorter lifetimes (days, weeks), such as food, cosmetics, detergents etc. 
(Streicher-Porte et al. (2007a), Bader et al. (2011)). For consumables the input is the crucial quantity, since they are 
used during consumption. 


The model was implemented in the SIMBOX simulation program. 


 


3. Data acquisition and calibration 


In order to calibrate the model, data is needed for the stock function )t(P  and the lifetime distribution )'t,t(k . 


Since no data was available for these parameter functions, the data from the surveys were used in the following. 


3.1. Input and output flows, lifespan of equipment: 


Data for the accumulated input and output flows for the time intervals I [<1985], I [1985-1989], I [1990-1994], I [1995-
1999], I [2000-2004] and I [2005-2007] followed directly from the questionnaire, as did the lifespan of the equipment. 
Here I [<1985], means the amount  of goods and appliances which were purchased before 1985, I [1985-1989] the 
amount purchased in the years 1985-1989, etc. 


3.2. Stocks 


The only directly available information concerned the stocks for the year 2007. 


For the upper end of the time periods above, the stock could be calculated from the input / output data according to the 
balance equation: 


totf I)t(M = [1980- ft ]- totO [1980- ft ] (5) 


Where ft =1984, 1989, 1994, 1999, 2004, 2007 and totI  [1980- ft ], totO [1980- ft ] are the total input / output for the 


time intervals considered. 


This analysis led to average values (averaged over the households) for the stocks )t(M f  and the inputs and outputs 


for the six time intervals. For the lifetimes, the questionnaire yielded a coarse histogram (4-6 classes). 


3.3. Calibration of stocks 


The stocks as a function of time of equipment with long residence times (~years) typically show a logistic growth be-
haviour as first described by Verhulst (1838). The logistic growth curve can be described as follows (Bader et al. 2006, 
2011) 


)(1
)(


turntt
initsat


init e
pp


ptP −−+
−


+= a  (6) 


initp : Initial value, i.e. the value of the stock at time −∞=initt  
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satp : Saturation value 


a : Proportional to maximum growth rate 


turnt : Turning point 


 


Logistic growth curves were fitted to the stock data of all 24 items of equipment studied. The results for the parameters 
are listed in Table 1. This table shows the calibrated parameter values for the stocks (Equation 6) and for the various 


items of equipment. The saturation value satp  could not be fitted for equipment still in the first growth phase in 2007 


(before the turning point turnt ) or showing “slow” growth (small a ). A reasonable value had to be estimated instead. 


The value a  characterises the growth rate: the higher its value, the faster the growth. Typical values for industrial 
goods are a =0.15 / year. Some equipment in Table 1 shows much faster growth: a =0.54 [1/years], 0.55 [1/years]. 
One reason for these higha values could be the sample of high-income households. The average value for all house-
holds would probably be smaller. 


 


Figure 2 shows the fitted calibration curve for refrigerators per household. 


 


Fig. 2: Stock data and fitted logistic growth curve for refrigerators 
 


3.4. Calibration of lifetime distribution 


A two-parameter Gaussian distribution proved to be adequate for the lifetime distribution in many studies: (Bader et al. 
(2006), (2011)) 


2


2


2


0


1 ))'t((
))'t('tt(


e
)'t(N


)'t,t(k σ
t−−


−


=  (7) 


Where )'t(N0  : Normalization factor 


 )'t(t  : Time for maximum lifetime distribution (approximately average lifetime) 


 )'t(σ : Width of the lifetime distribution 
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The lifetime distribution (Equation 7) was fitted to the lifetime data for the 24 items of equipment. Table 1 shows the 
fitted parameter values. 


Figure 3 shows the fitted calibration curve for refrigerators.  


Fig. 3: Residence time distribution k(t, t’) for refrigerators 
 


Small household ap-
pliances initp  satp  satp  es-


timated 


Alpha 
[1/years] turnt  Tau 


[years] 
Sigma 
[years] 


Weight 
[kg] 


Weight es-
timated 
[kg] 


Rice cooker -0.12  2 0.13 2004 4.4 2.4  1 
Electric kettle 0.01  2 0.22 2008 2.5 2.0 1  
Electric iron -0.10 1.2  0.16 1999 4.7 2.1 1  
Hair dryer -0.03 1.3  0.23 2002 2.9 1.6 0.4  
Vacuum cleaner 0.01 0.3  0.38 2002 5 4.5 3  
Sewing machine -0.33 0.7  0.22 1987 8.4 3.5  3 
Large household ap-
pliances 


         


Refrigerator 0.001 0.98  0.28 2001 8.8 3.4 35  
Microwave 0.00 0.7  0.61 2002 3.9 1.9 23  
Washing machine -0.04 1.3  0.20 2001 6.5 2.7 70  
Electric boiler 0.00 1.0  0.32 2002 4.5 1.8  35 
Air conditioner -0.006 1.8  0.48 2003 7.2 4.3  35 
Electric fan 0.03 2.6  0.31 2002 3.4 1.6  3 
IT and telecommu-
nications equipment 


         


Laptop -0.01  1 0.31 2010 4 2 3.4  
PC -0.004 0.82  0.47 2003 5.8 1.5 19  
Printer 0.00 0.3  0.54 2003 4 2 11  
Mobile phone 0.01 3.3  0.44 2004 3 1.3  0.2 
Telephone 0.01 1.9  0.55 2000 3.7 1.4 1  
Consumer equip-
ment 


         


TV -0.03  3 0.19 2002 9 4.9 25  
DVD/video player -0.01 1.1  0.46 2000 3 1.5 5  
Radio -0.11 1.0  0.14 2000 4.9 4.2 1  
Stereo -0.01 0.9  0.37 2002 3.4 2.1 15  
Portable MP3/MP4 
player 


-0.01  2 0.40 2008 2.2 1.6  0.2 


Digital camera 0.00  1 0.44 2008 4.8 3.9 0.2  
Other          
Electric scooter -0.01  1 0.33 2007 3.4 2.3 66  


Table 1: Parameters for the logistic growth curve and the residence time distribution and weight for the appliances considered 
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3.5. Calibration of disposal coefficients 


The transfer coefficients for the various disposal channels were calculated from the collected data. Only very little in-
formation about the mode of disposal was available for some appliances, which made several assumptions necessary 
(for details, see Geering (2007)). The results for the 24 appliances and 5 waste categories are shown in Table 2. 


 
Small household appliances Storage Second 


use 
Informal 
collection 


Formal 
collection 


Other 


Rice cooker 0.27 0.02 0.65 0.05 0.02 
Electric kettle 0.30 0.00 0.67 0.00 0.03 
Electric iron 0.25 0.02 0.68 0.04 0.02 
Hair dryer 0.25 0.03 0.72 0.00 0.00 
Vacuum cleaner 0.25 0.00 0.75 0.00 0.00 
Sewing machine 0.47 0.30 0.21 0.02 0.00 
Large household appliances      
Refrigerator 0.18 0.15 0.52 0.10 0.05 
Microwave 0.43 0.14 0.29 0.00 0.14 
Washing machine 0.27 0.19 0.46 0.02 0.06 
Electric boiler 0.12 0.19 0.54 0.04 0.12 
Air conditioner 0.13 0.43 0.30 0.00 0.13 
Electric fan 0.33 0.04 0.55 0.01 0.07 
IT and telecommunications      
Laptop 0.17 0.00 0.83 0.00 0.00 
PC 0.48 0.24 0.19 0.05 0.05 
Printer 0.33 0.00 0.67 0.00 0.00 
Mobile phone 0.40 0.19 0.27 0.12 0.02 
Telephone 0.33 0.05 0.54 0.06 0.02 
Consumer equipment      
TV 0.31 0.11 0.43 0.11 0.03 
DVD/video player 0.47 0.06 0.41 0.03 0.03 
Radio 0.47 0.07 0.44 0.00 0.02 
Stereo 0.44 0.11 0.44 0.00 0.00 
Portable MP3/MP4 player 0.50 0.21 0.14 0.14 0.00 
Digital camera 0.33 0.33 0.17 0.00 0.17 
Other      
Electric scooter 0.23 0.27 0.23 0.05 0.23 


Table 2: Transfer coefficients for the appliances to the five waste categories 


 


3.6. Uncertainties: 


The fit procedure clearly also results in values for the parameter uncertainties. These uncertainties relate only to the fit-
ted curve: they exclude the uncertainties of the data collection. According to the small numbers of inputs and outputs in 
the considered time intervals, the relative standard deviation of the stocks and residence time distribution were estimat-
ed to be 10% and 30-50% respectively. 


 


4. Results and Discussion 


The calibrated model was used to calculate the input and output flows for the various items of equipment. 


The probability distribution of the variables )t(I),t(M  and )t(O  was calculated using (dynamic) Monte Carlo 


methods for a sample size of 5000 for the parameter functions. The probability distribution for the stock ))t(P  and the 
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lifetime distribution parameters t  and σ  are assumed to be lognormal with the standard deviation discussed in the 
section above. 


Figure 4 shows the results for refrigerators. 


 


Fig.4: Stock, net growth rate, input and output flows for refrigerators. The solid line represents the average and the dot-
ted lines the 5% - 95% confidence interval. 


 


Figure 4 shows that the simulated input and output flows and the data from the interviews correspond quite well, taking 
into account the large uncertainty at data collection. Figure 4 shows how the stock of refrigerators has increased within 
about 20 years starting in 1980 from about zero to the saturation value of about one refrigerator per household in 2010. 
This “growth time” can easily be calculated as described below. 


A “characteristic growth time” can be defined as the time for growth to occur from 5% to 95% of the saturation value: 


%t 955−∆ . It can be shown that for logistic growth curves: 


a
95


955
.t % =∆ −  (7) 


For the case of refrigerators from Table 1, it follows that: 


%t 955−∆ =21 years. 


The output is delayed with respect to the input by about the average lifetime. This delay explains why the maximum of 
the net growth change is always smaller than the input maximum. The difference is greater for shorter lifetimes and 
smaller for longer lifetimes. 
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Both the input and output flows are important for planning: the input multiplied by the number of households shows the 
needed production capacities as a function of time. The output multiplied by the same factor shows the needed capaci-
ties for recycling as a function of time. The simulation results of Fig.4 can immediately be transferred to all the diverse 
materials contained in the electric and electronic equipment. The “transfer factor” is the content of a certain material in 
the appliance: only the axes in Fig.4 then have to be scaled according to the content. Similar simulations to those shown 
here for refrigerators were performed for all the other 23 appliances. Table 1 lists key characteristics of the relevant 


household dynamics, such as satp , a  and turnt . 


satp  shows the numbers of appliances in households. The time for a particular level to be reached can be estimated for 
each appliance according to: 


a
9442


2
1


955
95 .tttt turn%turn


%
sat +=∆+= −  (8) 


Where %
satt 95  is the time taken to reach 95% at the saturation level. 


The volumes of WEEE generated from all 24 appliances represents an interesting quantity. Figure 5 shows the result 
split up into the five waste-collection channels. 


 


Fig. 5: Simulated waste flows for the five collection channels and the total amount. The flows are in kg per household 
and year 


Figure 5 clearly shows that the formal disposal channel is much smaller than the other sectors, representing less than a 
tenth of the volume of the informal channels. 


Figure 5 also shows that there is quite a large “waste flow” to storage, namely about 18 kg/HH and year, corresponding 
to about 25% of the total waste flows. This means that a large secondary stock of non-renewable resources accumulates 
in private households over the years. Within the context of efficient use of resources, the use of this secondary stock 
represents an important option. 
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4.1. Sensitivity analysis 


The sensitive parameters for such simple models are obvious. The total output is equally sensitive to the level of stock 
(P(t)) and the average lifetime t . The outputs to the different waste sectors are of course sensitive to the corresponding 
transfer coefficients. This is confirmed by a sensitivity analysis. 


The waste flow deceases in proportion to either a reduction of stocks or a prolongation of lifetimes. The data currently 
indicate that these stocks are realistic and the calculated WEEE volumes are consequently plausible. However, if second 
use occurs more frequently, the effective lifetime would increase and the generation of WEEE volumes would be fur-
ther delayed. 


5. Conclusion 


The dynamics of private households with respect to the turnover of electric and electronic equipment are very im-
portant. Not only is it important to know how demand will develop in the near future (producers need such information 
in order to plan their marketing), but the planners of return and recycling facilities also need to take into account when a 
particular waste stream will occur. This is particularly the case when larger scale infrastructures such as mechanical 
treatment facilities for WEEE need to be built.  


A household survey allows specific consumption and disposal patterns to be collected. If this is combined with a simple 
saturated growth model, the waste volumes and their generation times can be quantified. 


The method can also be applied to any durable household goods, not only electric and electronic appliances. In a similar 
way to that discussed above for electric and electronic appliances, the data for other durables can be assessed and used 
to fit the model parameters. The model then yields information for planning both waste collection and treatment facili-
ties for these goods.  
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APPENDIX: 


Questionnaire Year Month Day 
This questionnaire is part of a Swiss master thesis running under a project entitled ‘Knowledge partnership in e-waste 
recycling’ of the Swiss Federal Laboratories for Materials Testing and Research and the Swiss State Secretariat for 
Economic Affairs (seco). The goal of the thesis is to analyse the streams of electronic waste in a Chinese city by look-
ing at the example of Taizhou. This study will contribute to understanding and evaluating the actual recycling system 
and enhancing the planning reliability of emerging pilot projects. This questionnaire is anonymous, so your data and 
name will not be linked in any publication. Please complete it as fully and exactly as possible. Thank you for helping 
me. If you have any questions or if are interested in the results of this study, you can contact me at: geer-
ing_china@hotmail.com. 
 
List of questions 
Please complete these tables as well as the table and questions on the reverse of the sheet. If you have any large electric 
or electronic appliances (except for lighting) that are not on the list, please add them to the list. 
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