
Economic drama and the environmental stage: formal
derivation of algorithmic tools for environmental analysis
and decision-support from a unified epistemological
principle
Heijungs, R.

Citation
Heijungs, R. (1997). Economic drama and the environmental stage: formal
derivation of algorithmic tools for environmental analysis and decision-
support from a unified epistemological principle. Centrum voor
Milieukunde, Leiden. Retrieved from https://hdl.handle.net/1887/8056
 
Version: Not Applicable (or Unknown)

License:
Licence agreement concerning inclusion of doctoral
thesis in the Institutional Repository of the
University of Leiden

Downloaded from: https://hdl.handle.net/1887/8056
 
Note: To cite this publication please use the final published version (if
applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/8056


ECONOMIC DRAMA
and the

ENVIRONMENTAL STAGE

Formal derivation of algorithmic tools
for environmental analysis and decision-support

from a unified epistemological principle

Proefschrift

ter verkrijging van de graad van Doctor
aan de Rijksuniversiteit te Leiden,

op gezag van Rector Magnificus Dr. W.A. Wagenaar,
hoogleraar in de faculteit der Sociale Wetenschappen,

volgens besluit van het College van Dekanen
te verdedigen op woensdag 3 september 1997

te klokke 16.15 uur

door

Reinout Heijungs
geboren te Deventer in 1963



Promotiecommissie

P R O M O T O R E N

prof.dr. H.A. Udo de Haes
prof.dr. L. Hordijk (Landbouwuniversiteit Wageningen)

REFERENT

prof.dr. P. Nijkamp (Vrije Universiteit Amsterdam)

OVERIGE LEDEN

dr. J.-P. Hettelingh (Rijksinstituut voor Volksgezondheid en Milieuhygiëne)
dr. G. Huppes
prof.dr. R. Louw



Whoever finds enough tragedy and comedy in himself,
probably does best when he stays away from the theater.

Or if he makes an exception, the whole process,
including the theater, the audience, and the poet,

will strike him as the really tragic or comic spectacle,
while the play that is performed will mean very little to him by comparison.

Friedrich Nietzsche, The Gay Science, 2:86, Transi. W. Kaufmann



Eerste druk, juni 1997

ISBN 90-9010784-3

Druk- en bindwerk: Quick Service, Deventer

® Reinout Heijungs, 1997

Centrum voor Milieukunde, Rijksuniversiteit Leiden
Postbus 9518
NL-2300 RA Leiden
Telefoon: (+31)-(0)71-5277432 / 7477
Fax: (+31X0)71-5277434 / 5587
E-mail: heijungs@rulcml.leidenuniv.nl

Het Centrum voor Milieukunde participeert in de KNAW-erkende onderzoekschool Netherlands
Research School for the Socio-Economie and Natural Sciences of the Environment (SENSE).



Contents

SYNOPSIS xi

PREFACE xin

CONVENTIONS, DEFINITIONS, AND SYMBOLS xv

Part 1 — Introduction

THE QUESTIONS 3
1.1 Question 1: the attribution problem 3

1.1.1 Environmental problems: originator versus instigator 3
1.1.2 Formulation of the attribution problem 4
1.1.3 Some historical notes to the attribution problem 4

1.2 Question 2: the position problem 5
1.2.1 Tools for environmental analysis and decision-support: a small anthology
1.2.2 Formulation of the position problem 6
1.2.3 Some historical notes to the position problem 7

1.3 The two-fold answer: unification 8
1.3.1 Towards a unification of tools 8
1.3.2 A unified framework 9
1.3.3 A unified methodology 10

1.4 The central question 11

THE SCIENTIFIC CONTEXT 13
2.1 The epistemological foundation 13

2.1.1 Failure of the experimental method 13
2.1.2 Towards an alternative epistemology 14
2.1.3 Excursus: the epistemology of interpolations 18
2.1.4 The question of truth 20

2.2 Interdisciplinarity 22
2.2.1 Environmental science, systems analysis, and thermodynamics 22
2.2.2 The role of economics 24
2.2.3 The role of ecology 28
2.2.4 The role of mathematics 28
2.2.5 A theoretical physicist's apology 29

OUTLOOK 31
3.1 Economic drama ... 31
3.2 ... and the environmental stage 31
3.3 The plays 31
3.4 The programme 32



vin ECONOMIC D R A M A AND THE E N V I R O N M E N T A L STAGE

Part 2 — Economic drama

INTRODUCTION 37
4.1 Some shortcomings of traditional economic theory 37
4.2 Structure of Part 2 38

ECONOMIC PROCESSES 41
5.1 Representation of an economic process: the production function 41

5.1.1 What is an economic process? 41
5.1.2 Reformulation of the production function: economic and environmental commodities 43
5.1.3 Processes and commodities: a note on terminology 47
5.1.4 The materials and energy balance 48
5.1.5 The labelling of processes and commodities 49

5.2 The assumption of linearity of economic processes 50
5.2.1 Trie duration of a process 50
5.2.2 Cotransformation of undesired flows 52
5.2.3 The nature of the process data 53
5.2.4 The assumption of fixed technical coefficients 54

5.3 Clusters of economic processes 55
5.3.1 Representation of a process cluster 55
5.3.2 The crossroad: commodity-flow accounting and activity-level analysis 56
5.3.3 System boundaries: which processes to include? 58

5.4 The attribution of environmental interventions to a given external demand 59
5.4.1 The first fundamental equation 59
5.4.2 A simple numerical example 61

ON SOLVING THE FIRST F U N D A M E N T A L EQUATION 63
6.1 Does the first fundamental equation necessarily have solutions? 63

6.1.1 The assumption of squareness of the technology matrix 63
6.1.2 Process accounts and commodity accounts 64
6.1.3 Excursus: the relation with economic input-output analysis 67
6.1.4 Excursus: the relation with economic make/use analysis 69
6.1.5 Excursus: the relation with economic equilibrium analysis 72
6.1.6 Is the technology matrix square and is the first fundamental equation solvable? 73

6.2 Solution of the first fundamental equation 80
6.2.1 Making a square technology matrix: the allocation procedure 80
6.2.2 The allocation procedure in detail 83

TOWARDS CONCRETE TOOLS FOR E N V I R O N M E N T A L ANALYSIS AND
DECISION-SUPPORT: INVENTORY ANALYSIS 87

7.1 General considerations 87
7.2 Derivation of life-cycle assessment 90
7.3 Derivation of substance-flow analysis 96
7.4 The relation with environmental impact assessment 107
7.5 The relation with risk assessment 110



CONTENTS ix

Part 3 — The environmental stage

8 INTRODUCTION 113
8.1 From environmental commodities to the environmental problem 113
8.2 Structure of Part 3 114

9 E N V I R O N M E N T A L PROCESSES 115
9.1 Representation of an environmental process 115

9.1.1 What is an environmental process? 115
9.1.2 Analytical description of environmental processes 118
9.1.3 The nature of the process data 123

9.2 Clusters of environmental processes 123
9.2.1 The time-integrated presence or absence of environmental commodities: transient stressors 123
9.2.2 Using the fate matrix to calculate the time-integrated presence or absence 127
9.2.3 The permanent presence or absence of commodities: permanent stressors 128
9.2.4 Using the fate matrix to calculate the permanent presence or absence 131
9.2.5 Combined consideration of the fate of environmental commodities: stressors 131
9.2.6 The second fundamental equation 133
9.2.7 The assumption of linearity of environmental processes and the connection with the epistemological

basis 134
9.2.8 Is the fate matrix square? 135

10 ENVIRONMENTAL IMPACTS 137
10.1 Representation of an environmental impact 137

10.1.1 What is an environmental impact? 137
10.1.2 A measure for environmental impacts 140
10.1.3 The third fundamental equation 144
10.1.4 The nature of the impact factors 145

11 THE ENVIRONMENTAL PROBLEM 149
11.1 Representation of the environmental problem 149

11.1.1 What is the environmental problem? 149
11.1.2 A measure for environmental problems 150
11.1.3 The fourth fundamental equation 151
11.1.4 The nature of the problem factors 151

12 TOWARDS CONCRETE TOOLS FOR ENVIRONMENTAL ANALYSIS AND
DECISION-SUPPORT: IMPACT ANALYSIS 153

12.1 General considerations 153
12.2 Derivation of life-cycle assessment 155
12.3 Derivation of substance-flow analysis 158
12.4 The relation with environmental impact assessment and risk assessment 159



x ECONOMIC D R A M A AND THE E N V I R O N M E N T A L STAGE

Part 4 — Conclusion

13 THE ANSWERS 163
13.1 Answer 1: the attribution problem 163

13.1.1 Introduction 163
13.1.2 A product from the cradle to the grave: life-cycle assessment 165
13.1.3 A substance in a region: substance-flow analysis 167
13.1.4 A factory: environmental impact assessment 167
13.1.5 Releases of a chemical: risk assessment 168
13.1.6 Discussion 168

13.2 Answer 2: the position problem 169

14 FURTHER REFLECTIONS 173
14.1 The limits of attribution 173

14.1.1 Attribution versus planning analysis 173
14.1.2 Attribution versus scenario analysis 174
14.1.3 Attribution versus improvement analysis 175
14.1.4 Attribution versus origins analysis 176
14.1.5 The meaning of attribution for environmental analysis and decision-support 177

14.2 Final remarks 178
14.2.1 Process and the state of the environment 178
14.2.2 Is there no truth in environmental science? 180
14.2.3 A role within environmental philosophy 181

15 SUMMARY OF FINDINGS 183

REFERENCES 185

SUBJECT INDEX 193

SAMENVATTING 197

CURRICULUM VITAE EN BIBLIOGRAFIE 201



Synopsis

In environmental policy, one is often confronted •with the question which environmental problems
are associated with which economic activity. The answer to this question is often unclear. On the
one hand there is of course a limited knowledge of certain environmental issues. More fundamental,
however, is the question who is "responsible", in a well-defined sense, for what. For instance,
electric power plants emit carbon dioxide, but they do it because other industries and households
exert a demand for electricity. Another example is the case that some countries are cutting down
their rain forests to satisfy the import demands of other countries. A question is now: who is
polluting or depleting where and for whom?

To answer this question, a number of tools for environmental decision-support have been
developed, including life-cycle assessment, substance-flow analysis, environmental impact assessment,
and risk assessment. Many of these tools have different economic entities (a product, a regional
substance-flow, a factory, a use and emission pattern of a substance, etc.) as their object. It has
proven to be difficult to reconcile all these different points of view on environmental problems and
put them into a single perspective.

This study addresses two main questions:
• The attribution problem: which environmental problems are to be attributed to which

economic activity?
• The position problem: what is the position of a number of the various tools for environ-

mental decision-support?
It does so by building a selected number of tools for environmental analysis and decision-support
from unified principles. The principles are the elements that are first discussed: the epistemological
basis of all further scientific analysis and synthesis is one of linear attribution. It is stated that
current environmental problems are caused by current economic activities, and that certain formal
requirements (such as 100%-additivity) lead directly to this linear attribution rule. It is important
to realize that the attribution problem cannot be solved by experimental methods, and that the
answers given by no means pretend to explain anything in terms of either natural science or social
science. It is merely a mathematical structure that to some extent is based on a number of postulated
properties.

Part 2 develops from the principle of linear attribution the concept of economic processes as
activities that convert economic and environmental commodities into other economic and
environmental commodities. The operating time of the economic process is a central element in this
discussion: it determines how much "utility" is produced and how much environmental intervention
is generated in doing so.

Another important step is the clustering of several economic processes into a larger economic
process or system. In the end, two modes of analysis are developed from this consideration:

• commodity-flow accounting, in which the operating times of all the economic processes
within a certain region are set to a fixed and equal time period, e.g., one year;

• activity-level analysis, in which the operating times of the processes within the cluster are
determined by a specified external demand.

This crossroad of analytical thoughts leads to the derivation of the inventory analysis of the tools
of life-cycle assessment and substance-flow analysis. Moreover, the relationships with a number of
other tools, in particular environmental impact assessment and risk assessment, can be elucidated.

This brings us to a description of the exchange of matter between economy and environment,
but not further. For a subsequent analysis of environmental consequences, the concept of
environmental processes must be introduced. In one respect these are similar to economic processes:
they also convert economic and environmental commodities into economic and environmental
commodities. In another respect, however, they are quite different: the operating times are rigid.
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While we can say that we need, say, 5 seconds of a steel factory to produce a certain product, we
cannot do anything similar for environmental processes. We therefore must take these processes into
account for an infinitely long time-period, meanwhile ensuring that we do not underestimate the
transient environmental problems. To this end, Part 3 proposes to use the time-integrated presence
or absence of environmental commodities as a starting point. Consideration of such quantities
brings in environmental processes like degradation, intermedia transport, and formation, or, in
short, the fate of environmental commodities. It is argued that degradable chemicals and renewable
resources can indeed be adequately treated using time-integration, but that persistent chemicals and
non-renewable resources fall outside this treatment. This leads to a distinction between transient
stressors (degradable or renewable environmental commodities for which the integral over infinite
time converges) and permanent stressors (persistent or non-renewable environmental commodities
for which the asymptotical presence or absence is used as a measure). The stressors are those entities
that exert the impacts on the environment: it is not the release of a certain chemical to a certain
compartment which is problematic, but the fact that this results in the (temporary) presence of a
certain chemical in a certain compartment, while the chemical may have been transformed into a
different one, and the compartment in which it is found may have changed following a transport
process.

The starting point for the attribution of impacts to stressors is the design of a standard list of
impact categories. Although it is difficult to establish a definite list, the current ideas within life-
cycle impact assessment are followed as a best state-of-the-art. The quantitative measures for
indicating the contribution to these impact categories are critically reviewed, however. It appears
that, while much of the inventory work resembles the results for established LCA-work, the impact
analysis deviates in many respects. In the first place, it is the consequent inclusion of fate which
make a difference. In the second place, the average attribution rule proposed from the
epistemological principles designed to answer the attribution problem, do not appear to be in line
with the majority of present approaches to life-cycle impact assessment. Neither are they in line
with the established methods for substance-flow analysis, partly because these established approaches
have not been designed for answering the attribution problem. A quite new attribution system of
environmental impacts is therefore proposed. Unfortunately, this proposal requires information that
lies beyond the knowledge that can be accessed, because the chosen epistemological principles are
not sufficient to construct a complete procedure. The last element of Part 3 is the normative
interpretation of environmental impacts in terms of the environmental problem that is perceived
by individuals or by society. Once more, the aggregation rule follows from the epistemological
principles but needs information that might be difficult to obtain.

Part 4 gives answers to the two main questions of this thesis. The attribution problem is solved
by summarizing the formal unified structure of a number of tools for environmental analysis and
decision-support. The position problem is answered by a comparative analysis of the different tools.

The study ends with a number of further questions and some more philosophical reflections.
The specific question addressed in this study was the attribution problem, which was introduced
as the question of which environmental problems are to be attributed to which economic activities.
It is shown that the question of attribution is only one of the questions that can be posed in
connection with environmental analysis and decision-support, and that other questions, in particular
with respect to planning and scenario analysis, require distinctive epistemological principles, thereby
leading to different implementations of the same tools of life-cycle assessment, substance-flow
analysis, et cetera. Moreover, the chosen epistemology is indeed a chosen one, and certainly not the
only one. We therefore end up with a rather confusing situation: the question of the environmental
friendliness of a certain economic activity cannot be unambiguously answered, as there are many
competing truths. All of these truths correspond to a certain interpretation of the question. Should
the activity be seen in a life-cycle perspective, in a substance-flow perspective, or as an independent
entity? Are we considering an additional activity, or an average existing one? Despite these open
questions, the study can be seen as developing a foundation for a number of tools for environmental
analysis and decision-support, a foundation which leaves minimum scope for ambiguities,
inconsistencies, and arbitrariness.



Preface

This 7%..D.-work is the result of research carried out while I was employed by the Centre of
Environmental Science (CML) of Leiden University, with the Substances & Products Section. The
manuscript was completed on 6 November 1996, although some additions and modifications were
made up to the final closure of the manuscript on 27 June 1997.

From January 1991 to April 1994, I had been able to do contract research (so-called derde-
geldstroomonderzoek) quite consistently in the direction of the development of methodology for
environmental life-cycle assessment of products. The duties related to the preparation of reports for
commissioners did not prevent me from (co-)producing a number of scientific papers (inter alia in
the Journal of Cleaner Production, in Chemosphere, and in Ecological Economics), but interfered
in compiling this work to a coherent Ph.D.-thesis. Therefore, the Substances & Products Section
gave me the opportunity to work from May 1994 to December 1996 with few external obligations.
I am very grateful that they did so.

Given this possibility to elaborate a number of ideas, the topic of the Ph.D.-research broadened
from only life-cycle assessment (which is the central topic of the Products group) to include
substance-flow analysis (which is the central topic of the Substances group). The final topic may be
described as the unification of a number of tools for environmental analysis and decision-support
(notably life-cycle assessment and substance-flow analysis) into one meta-tool. The concrete tools
are derived as special cases from that meta-tool. These tools had emerged from practical exercises,
had been refined during case studies, and had been adjusted in line with international developments
and agreements. What was lacking was a consistent scientific basis, and more specifically,
epistemological principles on how to establish knowledge in the field of economy-environment
interactions.

The idea of deriving life-cycle assessment and substance-flow analysis from one unified principle
was made in the Ph.D.-thesis of November 1993 of Gjalt Huppes, who is now head of the
Substances & Products Section. He did not elaborate this idea, however. Two further Ph.D. -theses
were produced in this section, by Jeroen Guinée in March 1995 on the methodology of life-cycle
assessment, and by Ester van der Voet in May 1996 on the methodology of substance-flow analysis.
These three treatises of course have some connections, but do not really build on each other,
probably because they were conceived too much in parallel. I decided to work out in detail the idea
of deriving analytical tools for environmental decision-support, and was thereby more or less forced
to develop once more the methodological principles of life-cycle assessment and substance-flow
analysis. This by no means implies that the previous two theses were superfluous; on the contrary,
without the existing theories I would never have been able to reinvent them.

So, I reinvented life-cycle assessment and substance-flow analysis, but now using one explicitly
formulated set of assumptions. The principles of life-cycle inventory analysis have changed only to
a small extent; my recommendations for the design and methodology of substance-flow analysis and
life-cycle impact analysis go further. In doing this work, I hope to have contributed to a more
scientific foundation of a number of tools that have been and are being applied in practice. This
may have some consequences for the validity of previously obtained results; I did not investigate
that aspect. But, in some sense more importantly I think, it may also have consequences for the
scientific status of these tools. The current situation is that some people believe in a tool and others
do not. Other people believe that their specific tool is so "encompassing" or "holistic" that it
replaces all other tools. A scientific foundation, a derivation of tools instead of a creation of tools,
is necessary to bring believers and non-believers together. A derivation from unified principles, from
the meta-tool, makes one realize that every concrete tool takes a "cross-section" out of the actual
world, so that none of the tools is sufficiently complete to replace any other tool. Both of these two
aspects are essential in defining the position and potential role of life-cycle assessment, substance-
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flow analysis, or any other tool for environmental decision-support.
An important remark is that I have often taken one point of view in defining or elaborating a

concept or a tool. For instance, I chose the attribution problem as the starting point of this exercise
towards a unified approach. The attribution problem poses the question which environmental
problems are to be attributed to which economic activity. There may be good reasons to focus on
another question, e.g., what might be called the incremental problem: which environmental
problems are created by adding an economic activity to the present situation. With that other
question in mind, the analysis and the derivation of tools for environmental decision-support would
be different. This is not a matter of one approach being better or worse; it is a small shift of topic
with probably large numerical consequences. I hope that the structure of this thesis might be reused
to a large extent to deal with such different questions.

The present text has not been published before. Some of the ideas have appeared in journals or
proceedings. Important papers with respect to this thesis are Heijungs (1994a, 1994£>, 1995a, 1996,
1997* and 1997&), Heijungs Sc Van Engelenburg (1997), and Heijungs & Frischknecht (1997).
Journals on interdisciplinary concepts and tools are starting to appear (inter alia in the Journal of
Cleaner Production in 1993, Environmental Science 6- Pollution Research in 1994, the International
Journal of Life Cycle Assessment in 1996, and the Journal of Industrial Ecology in 1997), but a
scientific platform for the relationship between various tools for environmental analysis and
decision-support is only now starting to emerge.

Let me conclude with an encrypted acknowledgment. Although I alone authored most of the
papers which form the basis of this thesis, I received a lot of support, mentally and physically, from
a substantial number of people, at CML, at other institutes in The Netherlands and abroad, and in
the private circle.



Conventions, definitions, and symbols

Boxes indicate throughout summaries of arguments orconlusions. They have been conceived as self-
containing as possible, so that the impatient reader may skip main text. Boxes in small print contain
important technical summaries.

Quotations have in the main text been put in small print, brackets always indicate modifica-
tions, either ellipses or additions, and italics have been deleted in the case of emphasized text and
inserted in the case of foreign words or mathematical symbols. Obvious typing errors in quotations
have been corrected without notification. Quotations in footnotes have been put within quotation
marks.

Mathematical expressions have been set in conformity with normal practice: scalar variables are
denoted by italics (e.g., x or X), vectors by lower case bold print (e.g., x), and matrices by upper case
bold print (e.g., X). The table summarizes a number of conventions with respect to matrix algebra.

Symbol

0

Meaning

null matrix: 0 =
'o o ...'
o o ...

XT

Kronecker-delta:: ô* - \0 othotherwise

unit matrix: I
1 0
0 1

column vector containing x =

matrix containg X =

vll *12

C21 X22

c, xi2 ... x..

inverse of a matrix X: X"'-X = I
pseudo-inverse of a matrix X: || X^-X - 1 1| = minimal
transpose of a matrix X: (x7)- = x;l

x-y, X-y, symbol to denote multiplication of vectors and matrices with implicit summation:
X-Y x.y . £Xyit (x-Y); . £x;y„, (Xy), - £^;, or (X-Y),, = J^

i ; ; /'
x O y , symbol to denote multiplication of vectors and matrices without implicit summa-
XOy tion: (xOy),. = xyt or (XOy)^. = xi-yj _



XVI ECONOMIC D R A M A AND THE E N V I R O N M E N T A L STAGE

Below are a number of frequently recurring terms with their meaning and section of
introduction. The terms are often self-referring: it has not been attempted to construct a list of pure
definitions, but merely to provide a list for quick reference.

Term Meaning Introduced

activity-level analysis (ALA)

allocation

attribution problem

commodity

commodity-flow accounting

damage matrix

economic commodity

environmental commodity

economic activity

economic (unit) process

environmental process

external demand

fate matrix

1st fundamental equation

2nd fundamental equation

3rd fundamental equation

the mode of analysis that gives an answer to the 5.3.2
question of flows in satisfying a specified external
demand

splitting of an economic process into two or more 6.1.6
hypothetical processes in order to increase the num- 6.2
ber of processes, so that the first fundamental equa-
tion may be solved

the question which environmental problems are to be 1.1.2
attributed to which economic activity
any "object" that is able to flow from one process to 5.1.2
another process, goods (materials, products, services,
energy, labour), wastes ("bads" and "disservices"),
natural resources, and emissions

the mode of analysis that gives an answer to the 5.3.2
question of flows in relation to a specified time span
of economic activity, e.g., one year

the matrix of coefficients that relates environmental 9.1.2
processes to economic commodities

commodity that flows from an economic to an econ- 9.1.1
omic process
commodity that flows from an economic process to 9.1.1
an environmental process, from an environmental
process to an economic process, or from an environ-
mental process to an environmental process
set of economic processes that can be subject to attri- 1.1.1
bution analysis
process which converts commodities into commod- 9.1.1
ities and of which the operating time (the active
period) can be regulated by human intervention
process which converts commodities into commod- 9.1.1
ities and of which the operating time (the active
period) can not be regulated

the quantified set of economic commodities that is 5.4.1
supposed to be produced by a certain cluster of econ-
omic processes
the matrix of coefficients that relate environmental 9.1.2
processes to the change that environmental commod-
ities cause for environmental commodities

the relation between the externally demanded econ- 5.4.1
omic commodities and the environmental interven-
tions
the relation between the environmental interventions 9.2.6
and the transient and permanent stressors
the relation between the transient and permanent 10.1.3
stressors and the environmental impacts
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Term Meaning Introduced

4th fundamental equation

goal definition

(environmental) impact

impact analysis

impact category

impact matrix

(environmental) intervention

intervention matrix

inventory analysis

operating time

permanent stressor

position problem

process

(environmental) problem

(environmental) stressor

technical coefficient

the relation between the environmental impacts and 11.1.3
the one-dimensional environmental problem

the analytical phase in which the question to be 1.3.2
investigated is formulated, including the economic
activity that is the subject of the analysis, and in
which a strategy for solution is designed, including
the choice for a particular tool

the quantified score on each of a number of well- 10.1.1
chosen impact categories
the analytical phase in which the environmental 1.3.2
problem that is the result of the inputs and outputs
that have been identified during the inventroy analy-
sis is investigated and evaluated
member of the set that is accessed during the second 10.1.1
step of the impact analysis, and which is assumed to
represent a scientifically acknowledged impact type
the matrix of coefficients that map the set of stressors 10.1.3
onto the set of impact categories
one element of the set of flows of environmental 5.3.1
commodities from an economic process to the envi-
ronment or vice versa; the term is most often applied
for a cluster of economic processes
the matrix of coefficients of environmental commod- 5.4.1
ities from an economic process to the environment or
vice versa for all economic processes
the analytical phase in which the chosen economic 1.3.2
activity is defined in terms of its inputs from and
outputs to the environment and from and to other
economic processes
the time period during which an economic process is 5.2.1
(analytically) active
the quantified asymptotical presence or absence of a 9.2.3
persistent or non-renewable environmental or econ-
omic commodity
the question concerning the position of a number of 1.2.2
the various tools for environmental decision-support
locus where commodities are converted into commod- 1.3.3
ities; see economic process and environmental process
the one-dimensional measure for the normative per- 11.1.1
ception of "problematicness" of any of the impact
categories
the quantified transient or permanent presence or 9.2.1
absence of environmental or economic commodities
due to the interplay of environmental intervention
and environmental processes
size of a flow of a commodity to or from an econ- 5.2.4
omic or environmental process per unit of time
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Term Meaning Introduced

technology matrix the matrix of coefficients of economic commodities 5.4.1
from an economic process to another economic pro-
cess for all economic processes

transient stressor the quantified time-integrated presence or absence of a 9.2.1
persistent or non-renewable environmental or econ-
omic commodity

The next table gives a summary of symbol, meaning, and section of introduction of quantities
that are used with some minimum frequency.

Symbol Meaning Introduced

Hy element indicating the flow of economic commodity i to (when nega- 5.4.1
live) or from (when positive) economic process j

a, element indicating the flow of economic commodity i to (when nega- 5.1.2
tive) or from (when positive) an economic process
element indicating the external demand of economic commodity i 5.4.1

A technology matrix containing the technical coefficients <«_ 5.4.1

«.. technical coefficient belonging to <z,;: a. = at/t 5.4.1

a vector of inflows and outflows of economic commodities into and out 5.1.2
of an economic process
vector of external demand of economic commodities 5.3.2

(a); vector of inflows and outflows of economic commodities into and out 5.3.1
of economic process j

a vector of technical coefficients belonging to a: a = a/f 5.2.1

bc element indicating the flow of environmental commodity i to (when 5.4.1
negative) or from (when positive) process j

bi element indicating the flow of environmental commodity i to (when 5.1.2
negative) or from (when positive) an economic process
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Part 1

INTRODUCTION

This part introduces the two problems that are the subject of this study. These are:
• The attribution problem: which environmental problems are to be attributed to which

economic activities?
• The position problem: what is the relative position of a number of the various tools for

environmental decision-support?
Both the attribution problem and the position problem can be resolved by constructing a
unified approach for a number of tools for environmental decision-support. This unified
approach consists of a general framework and specific methodological steps within that
framework. The main focus in this study will be on the methodology.

The unified methodology is based on the notion of economic unit processes, and on the
combination of these processes into meaningful clusters of aggregated processes. Here two
questions are of interest: which processes are to be clustered, and in what proportion?

The second chapter discusses the scientific position of the work reported here. As the
experimental method is not appropriate for answering the attribution problem, a discussion of
the epistemological foundation of the work is required. Another section is devoted to a
discussion of the interdisciplinary character of the study.
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Chapter 1

THE QUESTIONS

1.1 Question 1: the attribution problem

l . l . l E N V I R O N M E N T A L PROBLEMS: ORIGINATOR VERSUS INSTIGATOR

On 3 April 1995, seven members of Greenpeace climbed the 185-metre chimney of an electric
power station in Amsterdam and painted the text

on the chimney. A national newspaper gave as an argument for this action:
The environmental group wants to encourage the climate conference in Berlin [...] to control the release of
carbon dioxide.1

Why do certain electric power stations emit carbon dioxide? Obviously, these plants do not emit
carbon dioxide because the management likes to do so. The plants do so because it is inherently
coupled to their method of energy conversion. The answer is therefore that they emit carbon
dioxide because they produce electricity by burning fossil fuels.

If this line of reasoning is followed, a next question could be why that plant produces
electricity. It does so, not because it likes to produce electricity, but because there is a demand for
electricity by industry, by agriculture, by households, et cetera.

Still one further question is why, say, the aluminium industry exerts a demand for electricity.
The obvious answer is that producing aluminium requires power, and that electricity is a good
power source in this example.

We might continue posing questions (why do aluminium producers produce aluminium), and
we will again obtain an answer (because other industries demand aluminium), an answer which
raises new questions (why, say, the automobile industry demands aluminium).

The reason for doing these types of exercises is to examine a question of charge, responsibility,
accountability, or, even, blame. True, the electric power station that was the locus of Greenpeace's
activity is emitting carbon dioxide; it is the originator. But to what extent is it responsible for it?
Who is the instigator? Would it not have been better for Greenpeace to go to an aluminium

Front page of De Volkskrant of 4 April 1995 (Originally in Dutch: "De milieuorganisatie wil met de actie de
klimaatconferentie in Berlijn [...] aansporen de uitstoot van kooldioxide aan banden te leggen.").
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producer and paint the text "Stop aluminium"? Or even: "Stop electricity"? And to whom should
they go with which text?

Obviously, these questions can be asked by any non-governmental organization and can be
posed with respect to any economic activity that directly causes or contributes to environmental
problems. The question where to exert pressure can only be answered if we know an answer to a
broader, more analytical, question: which environmental problems are to be attributed to which
economic activities?

1.1.2 FORMULATION OF THE A T T R I B U T I O N PROBLEM

The arguments discussed above may lead to a redistribution of "responsibilities"2: the power
station's emission of carbon dioxide is partly attributable to the aluminium producer, or to the
automobile industry, or perhaps to the consumers that buy or use cars.

In allowing for this type of shifting of responsibilities, there is a danger of nobody actually
taking the responsibility. The owners of the electric power station may claim that they emit carbon
dioxide for the benefit of the aluminium producers, whereas the aluminium producers may claim
that the electricity producers did emit carbon dioxide themselves; after all, they demanded
electricity, not carbon dioxide. We see that a proper accounting of responsibilities needs clear rules
on deciding which environmental problems to attribute to which economic activities. The design
of such rules is a central question in this study. Now we come to the formulation of the attribution
problem:

The attribution problem is the question which environmental problems are to be attributed to
which economic activities.

This study gives a procedure for dealing with the attribution problem.

1.1.3 SOME HISTORICAL NOTES TO THE ATTRIBUTION PROBLEM

The attribution problem was raised long ago, and a number of answers have been formulated. A
quotation from an earlier author gives a clear motivation, and at the same time introduces the title
of this study:4

The Western intellectual tradition has it that one gains knowledge of the universe by focusing attention on some
aspects of it. [...] It is the purpose of this book to draw attention to the relations between a society's economic
activity, as traditionally defined, and the physical world which provides the stage for a larger drama.5

To my knowledge, the term attribution as a procedure to assign environmental problems to
economic activities has not often been employed before. In the context of energy analysis Ayres
uses the word allocation along with the word attribution:

It is clear that the total energy consumption of the economy can be allocated among the final goods and services
produced, if the energy consumed by each sector is appropriately attributed to those sectors that buy from it,

Responsibility must be understood in a primarily causal sense, without necessarily having any moral connotation
(cf. Heijungs (1994*)).
Some readers may wonder why the definition of the attribution problem is not stated in terms of a causal
relationship like: The attribution problem is the question which environmental problems are caused by which
economic activities. The reason will become clear in Section 2.1, where it is argued that there is no unambiguous
causal relationship, and that the answer to the attribution problem can never be proven, but rather involves a
normative assignment, comparable to the question which number is to be assigned to 5 3 (see in particular Section
2.1.3).
Another source of inspiration for the title is Lotka's classic book Elements of mathematical biology of 1924, of 'which
Chapter XV bears the title The nage of the life drama, the stage being formed by the environmental compartments
like the atmosphere, the aquatic compartment, and the soil.
Victor (1972a, p. 17).
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and so on to the last step in the sequence (final consumption).6

I introduced the word allocation for it in the following way:
The complex of economic activities is what I shall call "responsible" [...] for the complex of environmental
problems. In the environmental sciences, one studies this responsibility. One of the key questions here is the
following: Which economic activity is responsible for which environmental problem? One can rephrase this as
an allocation problem: Which environmental problems are to be allocated to which economic activity?

The term allocation, however, is also used for other purposes, especially with respect to the
allocation of scarce resources. The usage of the word in the last quotation was inspired by a very
specific meaning, namely the allocation procedure in environmental life-cycle assessment, one tool
for environmental analysis and decision-support (see Section 1.2.1).8 The allocation problem in life-
cycle assessment is a sub-problem within the general attribution problem which is the topic of the
study of economy-environment interactions. The term attribution is preferred in this text for two
reasons: it is more neutral than allocation since allocation might suggest some equal distribution,
and secondly, to reserve the word allocation for the sub-problem encountered in Chapter 6.

Figure 1.1 gives a graphical illustration of the attribution problem.9 The procedure to isolate

Economy

attribution

FIGURE 1.1. The attribution problem: which environmental problems are to be attributed to
certain economic activities?

economic activities from the total economic system is described in Part 2. The connection with
environmental problems is made in Part 3. The attribution problem is finally resolved in Part 4.
See Chapter 3 for a more comprehensive overview of the structure of this study.

1.2 Question 2: the position problem

1.2.1 TOOLS FOR E N V I R O N M E N T A L ANALYSIS AND DECISION-SUPPORT: A
SMALL ANTHOLOGY

Policy officials dealing with environmental regulation and plant managers dealing with the
environmental performance of their facilities face the question of prioritization: some measures for
abatement of environmental problems are more relevant than others. Choices are necessary,

Ayres (1978, p. 103).

Heijungs (1994*, p. 8).
See, e.g., Huppes & Schneider (1994), where allocation denotes the act of attributing environmental burdens to the
various products that are produced by a multi-product process; see also Section 6.2. Unfortunately the meaning of
the term allocation has become broadened in the recent discussions in the International Organization for
Standardization (ISO), so that one option for allocating is avoiding to do so.
Similar figures may be found in Pearce & Turner (1990, p. 30) and in Heijungs (1994a, p. 8).
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especially when there is only a limited budget available for environmental investments. Outside the
context of investment decisions, similar questions arise, for instance with respect to preferences
among alternatives and balanced policy design. For this purpose, tools for environmental analysis
and decision-support tools have been developed.

Modern industrial society, with its thousands of inter-related products and services, is extremely complex. As
a result, business management in this society is also complex and requires a clearly defined management
framework to gather and process the information necessary for sound decisions. [...] [T]he company must make-
effective daily decisions using appropriate environmental management tools.10

Today's environmental decision-maker has a large number of decision-support tools at hand.
Below are just a few examples of terms11 that may be found in the context of environmental
decision-making (cf. Beck & Bosshart (1995)):

• clean production (Misra (1996));
• eco-balance (Boustead (1992));
• ecolabelling (Clift (1993));
• ecological balance (Pecker (1992));
• environmental impact assessment (Erickson (1994));
• environmental input-output analysis (Schroder (1995<z));
• environmental priority setting (Steen & Ryding (1993));
• industrial ecology (Graedel & Allenby (1995));
• industrial input-output analysis (Duchin (1992));
• industrial metabolism (Ayres & Simonis (1994));
• integrated life cycle management (Quakernaat & Weenk (1993));
• integrated waste management (White et al. (199 5fc));
• life-cycle assessment (Consoli et al. (1993));
• management of substance chains (Enquête Commission (1994)):
• materials-balance (Kneese et al. (1970));
• materials-process product model (Saxton & Ayres (1975));
• materials-product chains (Kandelaars & Van den Bergh (1996));
• resource and environmental profile analysis (Sauer et al. (1994));
• risk assessment (Van Leeuwen & Hermens (1995));
• substance-flow analysis (Van der Voet (1996));
• sustainable product development (Hansen (1994)).

It is not always clearly defined which of these terms corresponds to a tool, which to a concept,
which to an application, etc. (cf. De Smet et al. (1997)). Furthermore, some of the terms in the list
are synonyms, at least according to some authors. Many of the tools/concepts are ambiguously
defined, or are even undefined. Some are developed to quite some extent, and are the exclusive
domain of a certain scientific community, probably with their own journal. Some of these terms
are no more than powerful metaphors. Some tools/concepts restrict themselves to environmental
aspects, while others include more.

1.2.2 FORMULATION OF THE POSITION PROBLEM

Given the large number of tools, concepts, and metaphors, and given the attribution problem, at
least three questions can be formulated:

• Which precisely are the tools that are relevant with respect to the attribution problem?
• Which of these tools are appropriate for which types of analysis and decision?
• Is it possible that two equally appropriate tools for a certain type of decision yield

conflicting answers?
Remarkably, it is very difficult to answer these questions. It proves to be very difficult to judge the

White et al. (1995a, p. 171-172).
I have restricted the references to those sources that have these terms in their title.
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relative merits of the different environmental tools for environmental analysis and decision-support.
One may wonder in what sense they do support the process of decision-making: although we try
to use the principle of rationality in decision-making, we replace it by some form of revelation: the
oracle that is called a tool for decision-support. A highly relevant question is therefore the position
problem, which we are now ready to formulate.

The position problem is the question concerning the position of a number of the various tools
for environmental decision-support.

As will be shown, the method that is developed in this study to answer the attribution problem
allows us to answer this question of relative position as well.

1.2.3 SOME HISTORICAL NOTES TO THE POSITION PROBLEM

Beck & Bosshart (1995) devote an entire report to the comparison of a huge number of tools for
environmental decision-support. They claim, for instance, that

[...] it has become difficult to find the right tool for a problem [...]
Reasons for this include:

• Some of these tools are not described in sufficient detail.
• Some of these tools are defined or described differently by different people.
• Even if the tools are unambiguously defined, the framework and the methodology differ so

much between the tools that it is difficult to consider their relative positioning.
Beck & Bosshart phrase it thus:

[...] a genuine comparison [...] was for reasons of heterogeneity hardly possible.

Furthermore, they state that
[...] the conclusions of different tools contradict each other.

This may also be due to an overlap:
A certain amount of overlap can be identified among the various instruments [...].

Another reason may be the enormous number of competing tools:
Even environmental scientists lose the overview over the existing methods and practitioners have increasing
problems to identify the one instrument that is appropriate for the solution of their problems.

On a smaller scale, we may mention Udo de Haes & Huppes (1994), Van der Voet & Heijungs
(1994), Tukker & Heijungs (1995), Hofstetter (1996<z), Anonymous (1996a, p. 37 ff.), and in
particular Anonymous (1995) as instances of comparative research on the position of tools for
environmental decision-support. White etal. (1995a) discuss the incorporation of some of these tools
into a joint framework for decision-support. De Smet et al. (1997) discuss the relationship between
the different concepts and tools ("conceptually related programmes") within the context of environ-
mental management.

All these reports follow an object-oriented approach: they define the object of the tool (product,
substance, factory), and try to clarify the consequences of this choice of object with respect to
scope, usage, and usefulness of the tool. As far as I know, it has never been attempted to follow a
"constructive" approach: make a number of choices on methodology, assumptions, and system
boundaries, and describe the object that can be analyzed with the resulting tool. This study will
employ this latter "bottom-up" approach: first a general set-up will be designed; the connection with
concrete tools will be made by making specific choices at some points. It turns out that the tools

Beck & Bosshart (1995, p. 1) (originally in German: "[...] ausserdem ist es auch schwierig geworden, fur ein Problem das
nchtige Instrument zu finden [...ƒ").
Op. cit. (p. 106) ("[...} einwirklichesMitemander-Vergteichenf...] war wegen der heterogenenMaterie fast mchtmogltch").

Op. cit. (p. 1) ("[...]widersprechendieAnalysenergebnisseverschiedenerInstrumenteeinander").

Anonymous (1995, p. 16).
Hofstetter (1996fc, p. 127).
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that are constructed under this rigid derivation differ in a number of aspects from the currently
existing ones; see Section 13.1.7 for an overview of these differences.

1.3 The two-fold answer: unification

1.3.1 TOWARDS A UNIFICATION OF TOOLS

Above we have seen that there are a large number of tools for environmental analysis and decision-
support. All these tools give some form of answer to the attribution problem: of the environmental
problems related to a factory, to a substance, to a product, and so on. We have also seen that the
position of many of these tools is unclear. Some are identical or slightly different variants, while
others are in fact applications of some other tool, et cetera.

A harmonization of these tools is highly desirable. Harmonization means that the framework,
principles, and/or methods of the tools are adjusted to each other in some way. The most basic
level in this respect is a harmonization of terms, so that, for instance, environmental impact has the
same meaning within all environmental contexts. A step further in harmonization is that the
frameworks - a kind of protocol according which the tools are defined - are reduced to the same
denominator at some level.17 Probably the highest level of harmonization is that of unification.
This means that there is one uniform principle, some meta-tool, from which all concrete tools are
derived.18 In this study, it will be attempted to construct a unified set-up for describing economy-
environment interactions, and to derive some of the tools for environmental analysis and decision-
support from this meta-tool.

The reason for this is twofold (Heijungs (1995<z)):
• By conforming to one single principle, the relative position of the different tools can be

clarified to a much larger extent. As long as the methods are not harmonized, the difference
between outcomes will stem from both a difference in object (product, substance, industrial
plant, etc.) and a difference in method. If the methods are harmonized, the consequences of
the choice of object can be isolated.

• The quality of the tools themselves may be improved by adopting concepts from other
tools, whether or not in some modified form.

This study will be concerned with the unification of several tools for environmental analysis and
decision-support as an answer to question 2: the position problem.

What about question 1: the attribution problem? Many of the different tools for environmental
analysis and decision-support listed above give an answer to the attribution problem. For instance:
environmental impact assessment gives its own answer to the question which environmental impacts
may be expected by building a certain factory somewhere. Providing a unified set-up of these tools
turns out to answer the attribution problem as well.

Thus we can now formulate the answer to the two questions:

Harmonization of terms and frameworks is commonly referred to as standardization. Part of the work of Technical
Committee 207 of ISO is devoted to standardization of the terms and framework of environmental management tools.
Theoretical physicists are trying to achieve a "grand unification" of the description of the elementary forces of nature
into one unified framework (see, e.g., Aitchison & Hey (1982, p. 287-292)). Unification is regarded as a great step
forward in gaining an understanding of nature: the most famous examples are the unification of electricity,
magnetism, and light by Maxwell, the unification of electromagnetism and the weak force in quantum
chromodynamics, and the unification of the electric, weak, and strong forces in the standard model of Glashow,
Salam, and Weinberg.
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Both the attribution problem and the position problem will be resolved by constructing a
unified approach for a number of tools for environmental analysis and decision-support. The
construction of such a unified approach, and the derivation of a number of tools for
environmental analysis and decision-support (with special attention to life-cycle assessment and
substance-flow analysis) is the main topic of this study.

Within the process of unification, we must distinguish two main elements for unification: that
of the framework and that of the methodology. The framework can be seen as an overview of the
different aspects and procedural steps involved in a certain tool, whereas the methodology is a very
specific expression of the operational details within those steps. The two elements will be discussed
below.

1.3.2 A UNIFIED FRAMEWORK

Let me start by quoting the following long excerpt on a comparison of the frameworks of life-cycle
assessment (LCA) and risk assessment (RA):

The structure of the life-cycle assessment technique [...] consists of four components:
1) goal definition and scoping, in which the subject of analysis is defined, the amount of product function

produced is fixed in the form of the so-called functional unit, and the scope and some general lines of the
study are specified;

2) inventory analysis, in which the inputs from the environment (extractions of natural resources, land use,
...) and the outputs to the environment (emissions to air, water and soil, noise, radiation, ...) are compiled
for the entire system;

3) impact assessment, in which these inputs and outputs are interpreted in terms of their contributions (either
positive or negative) to a limited number of environmental problems (global warming, acidification, resource
depletion, ...);

4) improvement assessment, in which the opportunities for decreasing the product's contribution to these
environmental problems are identified and/or prioritized.

The structure of risk assessment follows another procedure [...]: exposure assessment, hazard identification, risk
characterization, and risk management. There is a strong similarity with the LCA-procedure, nevertheless.
Exposure assessment is concerned with emissions as •well as with fate, and corresponds thereby to the inventory
analysis of LCA and to a part of the impact assessment. Risk characterization deals with toxic parameters; in LCA
this takes place in the second part of the impact assessment. Risk characterization combines exposure aspects
and hazard aspects; in LCA this is the last part of the impact assessment. Risk management can be seen as an
improvement assessment. Goal definition and scoping is implicit. This somewhat concise comparison of the
procedures for LCA and RA could be elaborated in more detail to show that design of an encompassing
procedural framework is possible. It is tempting to try to cast the several types of environmental analysis into
a framework that is similar to the one developed for LCA. In all techniques for environmental decision-support
the goal and the scope need to be defined. Probably all of them contain some type of inventory-related stage,
in which factual or expected emissions, land use, etc., are compiled. Furthermore, some do proceed with an
assessment stage in which impacts are assessed. The improvement assessment is not always part of the decision-
support itself, but it is clear that improvement of the environmental performance of plants, products, substance

chains, etc., may well be achieved through a prior analysis of the facts.19

One may add to this the framework for substance-flow analysis proposed by Van der Voet et al.
(1995a): definition of the system, quantification of the overview of stocks and flows, and
interpretation of the results.20 This framework assumes an implicit goal definition, since

[a]ll three steps involve a variety of choices and specifications, each of which depends on the specific goal of the
study to be conducted [...].

Furthermore, the second step of the framework might be considered as a quantitative elaboration
of the qualitative first step. As the focus of these steps is not really different, it appears more natural
to merge these steps into one. Another, still similar, type of structure has been proposed for

Heijungs (1995a, p. 217).
20 That this framework is in development is shown by a recent contribution (Udo de Haes et at. (1997)).
21 Van der Voet et aL (1995a, p. 91).
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substance-flow analysis by Tukker étal. (1995, p. 1): inventory analysis, a qualitative classification
plus the quantification, and finally a normalization and a valuation. Altogether, these considerations
create a framework consisting of three steps: goal definition, definition and quantification of the
system, and interpretation of the results.

Built on the arguments presented for risk assessment, life-cycle assessment, and substance-flow
analysis, the following framework for solving the attribution problem arises22:

• Goal definition: the phase in which the problem to be investigated is formulated, including
the economic activity that is the object of the analysis, and in which a strategy for
answering the question is designed, including the choice of a particular tool.

• Inventory analysis: the phase in which the chosen economic activity is defined in terms of
its inputs from and outputs to the environment and from and to other economic processes,
in accordance with the principles of the chosen tool.

• Impact analysis: the phase in which the environmental problems that are the result of these
inputs and outputs are investigated and evaluated.

This study concentrates on the inventory analysis of economic activities (Part 2) and the impact
analysis into environmental problems (Part 3). Part 4 summarizes how the unified approach can be
translated into concrete tools for environmental analysis and decision-support; as such it can be seen
in connection to a goal definition. See also Figure 3.1.

1.3.3 A UNIFIED METHODOLOGY

In order to establish a unified methodology for accounting interactions on the interface of economy
and environment, a systematic accounting procedure for economic activities is required. The line
of reasoning here is that economic activities (centred around a product, a substance, a firm, a
country, etc.) consist of economic unit processes. By making a cluster of the appropriate economic
processes in an appropriate proportion, any desired economic activity can be built. For instance,
the life cycle of a product is an aggregation of the unit processes that are related to its manufacture,
use, disposal, transportation, etc. Similarly, the economic activity of a country is an aggregation of
the economic unit processes that take place in that country.

Effectively the unified methodology consists of two notions:
a) building blocks;
b) combination rules.

These are described below.
Ad a.) The building blocks are economic (unit) processes.23 These exist in many varieties,

obvious examples being production of steel and passenger transportation by train. Somewhat less
obvious examples of economic processes are the consumption of a banana and the incineration of
waste. It is difficult to give an exact definition of economic processes, especially at this early point.
Gradually, and in particular in Section 5.1.1, a definition will appear which will be further refined
in Section 9.1.1. At the moment, it suffices to sketch the general idea: an activity is undertaken by
humans to transform commodities (products, materials, services, energy, waste, etc.) into (other)
commodities. This definition does not contain any notion of want or utility: it is left open whether
the desired production of an output commodity is the driving force to operate a process or whether

It may be observed that this framework is very similar to SETAC's framework for life-cycle assessment (see Consoli
et al. (1993)), and that there are some deviations to later developments in ISO's TC 207. Even SETAC's terms have not
been followed completely here: scoping has been left out, impact assessment has been changed into impact analysis,
and improvement assessment has been left out, the reason for these changes being the focus of this study on the
attribution problem of environmental problems as they occur or are perceived, not on resolving those problems and
neither on application in a business context with limited resources and non-environmental arguments.
ISO uses the term unit process for the smallest economic activity for which data are collected. This implies that a unit
process may be divisible into a number of constituent unit processes, if one is able to collect data on a more detailed
level. It indeed implies that what in a particular situation are the unit processes are by definition the smallest building
blocks that are used.
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it is the desired elimination of an input commodity (in particular: treatment of waste).
The analytical representation of an economic process is part of the subject of Part 2. For now,

it suffices to sketch the general idea in the concise form of Figure 1.2.24 Goods, services, waste

commodities delivered by
another economic process -»

{e.g., producer or consumer)

commodities withdrawn from
the environment

economic

commodities delivered to
-» another economic process

(e.g., producer or consumer)

commodities discharged to
the environment

FIGURE 1.2. Structure of an economic (unit) process: commodities are transformed into other
commodities.

streams, and raw materials enter the process, which is considered as a black box. Some of these
inputs are the output of other economic processes; others are taken directly from the environment.
The process has a number of outputs: again products, materials, services, energy, and waste which
flow to other economic processes. The other output category are flows to the environment, of
which chemicals that are released to air, water, and soil are the most well-known.

Ad b) The second notion of interest is a rule determining how the economic unit processes are
to be clustered into systems of economic activity. Here two questions must be discussed: which
processes must be clustered and in what proportion.

Huppes (1993) devotes a number of pages to the first question, with an emphasis on the
meaningfulness of these clusters:

One process [...] is the most basic unit for the economic object at the society-environment interface. [...] If
several of these basic processes have been defined, these may be grouped into meaningful aggregates, as the
objects of society-environment interface.

He distinguishes 13 of these meaningful possibilities: all processes at a certain location, all processes
related to a certain product, et cetera.2t

He does not discuss the second question: in what proportion should the processes be aggregated.
This important question - consider the question which fraction of an electric power station is to
be attributed to an aluminium producer (Section 1.1) - will be discussed in detail in Chapter 5.

1.4 The central question

Recapitulating the previous sections, the central question of this study can now be formulated.

This study describes a unified methodology from which a number of tools for environmental
analysis and decision-support can be derived. Special attention will be paid to the tools of life-
cycle assessment (LCA, related to products) and substance-flow analysis (SFA, related to
substances), and some attention to environmental impact assessment (EIA, related to factories
and projects) and risk assessment (RA, related to chemicals). Each of these tools gives a
particular mode of answer to the attribution problem: which environmental problems are to be
attributed to which economic activities. The fact that they are derived from uniform principles
enables us to give an answer to the position problem: what is the position of a number of the
various tools for environmental decision-support.

Similar figures are in Victor (1972f>, p. 13) and in a somewhat extended form in Huppes (1993, p. 192).
25 Huppes (1993, p. 47).

See op. cit. (p. 51). There is a similarity with the much more qualitative oriented "systems view of waste prevention"
in Van Weenen (1990, p. 127 ff).
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.

The choice of the tools that will be derived in later chapters can be motivated by:
• my desire to concentrate on tools, not on concepts or metaphors, like industrial ecology;
• the fact that these tools are generally considered to be important and different;
• the lack of clarity in the realm of application of these tools.

v

V



Chapter 2

THE SCIENTIFIC CONTEXT

2.1 The epistemological foundation

2.1.1 FAILURE OF THE E X P E R I M E N T A L METHOD

Any theory which claims to be scientific needs a context of foundation: the knowledge must be
derived from certain principles. Statements are therefore only valid if they are based on an
epistemological foundation. Consequently, it is necessary to discuss the epistemological basis of the
present work.

We can introduce the question of epistemology by analyzing the fairly wide-spread standard for
reporting experimental work by the structure Introduction, Methods, Results, and Discussion. The
section on Methods describes in that case - although often quite implicitly - the scientific basis of
the work. Anyone can redo the experiment and compare the results with those that are reported.

There are at least two reasons' why the experimental approach is not applicable for the work
reported here:

a) One cannot do an experiment in which only one isolated economic activity takes place with
the other economic activities "switched off.2

b) Even if one could do so, one would not obtain results that would be useful for answering
the attribution problem.

Some reflection on these two reasons will not only make the reasons understandable, but will
moreover help to formulate an alternative strategy; see Section 2.1.2.

Ad a) The first point is perfectly explained by Carnap:
The experimental method has been enormously fruitful. The great progress physics has made in the last two
hundred years, especially in the last few decades, would have been impossible without the experimental method.
If this is so, one might ask, why is the experimental method not used in all fields of science? In some fields it
is not as easy to use as in physics. In astronomy, for example, we cannot give a planet a push in some other
direction to see what would happen to it. Astronomical objects are out of reach; we can only observe and
describe them. Sometimes astronomers can create conditions in the laboratory similar to those, say, on the
surface of the sun or moon and then observe what happens in the laboratory under those conditions. But this
is not really an astronomical experiment. It is a physical experiment that has some relevance for astronomical
knowledge. Entirely different reasons prevent social scientists from making experiments "with large groups of
people. Social scientists do make experiments with groups, but usually they are small groups. If we want to learn
how people react when they are unable to obtain water, we can take two or three people, give them a diet
without liquid, and observe their reactions. But this does not tell us much about how a large community "would
react if its water supply were cut off. It would be an interesting experiment to stop the water supply to New

Oreskes et al. (1994) provide a third reason: the intrinsic "open" nature of the system. This makes al what is argued
below all the more true, although from a different argument.

2 This is different from introducing an additional economic activity with all other economic activities kept constant
(cetera paribus). This latter form is - although also not feasible for experimental verification - the relevant question
in the case of incremental analysis; see Section 14.1.
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York, for instance. Would people get frantic or apathetic? Would they try to organize a revolution against the
city government? Of course, no social scientist would suggest making such an experiment because he knows that

the community would not permit it. People will not allow social scientists to play with their essential needs.

Summarizing: we might do part of the analysis by doing laboratory experiments (as is for instance
often done for toxicity tests, which indeed partly give a clue for attributing environmental problems
to economic activities), but we cannot do the full experiment because social structures inhibit us
from doing so.

Ad b) The second reason is more fundamental. A self-quotation hopefully clarifies my point
here:

[...] no environmental problems are created by sufficiently narrowly defined economic activities. The
environmental assessment constructs a sub-world in which only the isolated economic activities exist. Each sub-
world denies the existence of environmental problems.

There are two reasons that an isolated economic activity does not create any environmental
problem: the response is highly non-linear (there are for instance many threshold phenomena), and
there is a large amount of synergistic and antagonistic factors involved (for instance, the
environmental problems associated with emissions of hydrocarbons depend on the presence of
nitrogen oxides). These facts make that it is impossible to incorporate in the development of tools
for environmental analysis and decision-support of isolated economic activities a respectable remark
like

There is no scientific basis that a concentration of 5% of a NOEC is any safer than 10%. There is some validity
to this claim because how can a non-existing dose-response curve be interpreted? The tacit assumption is that
a meaningful dose-response curve exists below the NOEC, i.e. there where no response can be measured? Does
there?5

We are thus led to the conclusion that the attribution problem can not be studied within
empirical science. Because its study neither is a normative science or falls under the humanities, we
could, following De Groot (1992, p. 32-33) infer that it is subject to the rules of formal science:
mathematics, logic, et cetera. Consequently, what is required is the formulation of clear rules to
construct sub-worlds (sub-sets of the total economic activity), such that certain consistency rules are
met.

It is the entirety of activities which creates the problems [...]. This means that it is not correct to predict the
impacts in the constructed sub-world by the normal tools that are available in risk assessment or hazard
assessment. An interpolation is needed such that every emission, however tiny, contributes a small share to the
environmental problems as they occur in the real world. When we require that the sum of the sub-worlds
corresponds to the real world, we effectively require that the sum of the parts is equal to the total. This makes
that the interpolation techniques must be reductionistic, not holistic.

This implies a possible violation of normal intuitively obtained results, for instance because
emissions that remain below toxicological thresholds may nevertheless be taken into consideration
for toxic impacts.

Answers to the attribution problem escape experimental verification. Furthermore, they may
sometimes defy intuition.

2.1.2 TOWARDS AN A L T E R N A T I V E EPISTEMOLOGY

In the last quotation above, it was stated that an interpolation is needed. This can be understood
by a careful statement of the attribution problem in conjunction with an investigation of the
knowledge that is available:

• The question is which environmental problems are to be attributed to a selected economic

Carnap (1966, p. 40-41).
Heijungs (1997*).
De Oude (1993, p. 2).
Heijungs (1997*).
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activity.
• The available knowledge is that the sum of current economic activity creates the sum of

current environmental problems/
There is some more knowledge of interest here. Process technology learns us how the emission

rate (y) of a certain installation may depend on the activity level or production rate (x) of that
installation. Typically, a certain pollutant is already emitted when no production takes place (think
of a car -which emits combustion gases in stationary state). If production increases, the emission rate
increases, most often in a non-linear way (See Figure 2.1). Suppose that the current production rate

.(emission
rate)

(production rate)

FIGURE 2.1. Relationship between the rate of production of a process and the rate of emission
of a chemical.

is known to be xc and the current emission rate is known to be yc. If one is asked what the emission

yrate per unit of production rate is, one usually calculates the quantity —. More generally, if one
Xc

is asked what the emission rate is for an analytical production rate8 x,y one calculates

y, = tr*,- (2.1)

It is important to observe that this equation totally ignores the available knowledge on the
characteristics of the process. Equation (2.1) (which is represented in Figure 2.2) and Figure 2.1
clearly disagree with each other. The only' exception to this - the only datum on which there is
agreement - is the current situation: the point with the coordinates (xc, y^ in Figure 2.1 is the only
point of the curve that is satisfied by Equation (2.1).

A very similar reasoning can be given for the environmental problems that are generated by the
emissions from an installation. Ecotoxicologists have established dose-response curves for the

This statement neglects some complications related to a time-lag in the occurrence of environmental problems, as
well as environmental problems caused by natural phenomena. One justification for this neglect is that - although
there certainly is a time-lag between economic activity and environmental problem and that there is a large variation
in the size of this time-lag between different environmental types of impact - the economy-environment system can
be considered to be in a more or less stationary state: a quasi-stationary state so to say. A similar assumption is very
often made in economic modelling, where equilibrium models are successfully used while growth and innovation
to some extent violate the basic assumptions of suchlike models. See also Braat &C. Van Nierop (1987e). As a kind of
justification for the neglect of natural causes for environmental problems, we may postulate that the perception of
impacts as an environmental problem is only influenced by the deviation from the natural situation, say, before the
industrial era.
The subscript "a" stands for analytical.

Of course there may be more exceptions, like the point (0, 0). In rare cases, like the linear homogeneous case, they
even fully agree with each other.
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(analytical
emission

rate)

(analytical production rate)

FIGURE 2.2. Relationship between the analytical rate of production and the analytical rate of
emission.

t z
(impact

rate)

(emission rate)

FIGURE 2.3. Relationship between the emission rate of a certain chemical and the resulting
environmental impact.

relationship between emission rates10 (y) of pollutants and the subsequent environmental impacts
(z). This relationship is quite often a mirrored version of the relation between production rate and
emission rate (Figure 2.3). In the leftmost part we have a region of no (or negligible) impact. Higher
emission rates will produce an impact, but at very high emission rates the slope will level off
because all sensitive species are already affected (see also Muller-Wenk (1996)). Denoting the current

impact level by zc, we may write for the environmental impact per unit emission rate —, and for

the environmental impact that can be attributed to an analytical emission rate yt

z. = fly, (2.2)

The same remarks as in the previous paragraph apply: even if we know dose-response curves, we
apparently discard their use in attributing the environmental impact per unit of current pollution
(Figure 2.4).

There are some good reasons to prefer the use of Equation (2.1) to the use of Figure 2.1 and
Equation (2.2) to Figure 2.3, at least for the question of attribution of impacts to activities. A very
practical point, of course, is that it is not necessary to know the complete non-linear relationships
between production rate and emission rate, between emission rate and environmental impact, etc.;

More precisely, they have established relationships between concentrations and impacts. It will be assumed here that
the emission rate of a pollutant and the concentration in the environment are proportional. To facilitate a connection
between this paragraph and the previous one, this paragraph will not discuss concentrations but emission rates.
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(analytical
impact

rate)
zc

yc
(analytical emission rate)

FIGURE 2.4. Relationship between the analytical emission rate and the analytical environmental
impact.

instead it suffices to know the current position on those curves. The second reason is much deeper
and deserves additional discussion in this section on the epistemological foundation. The linear
attribution principle satisfies three requirements that could have been postulated a priori.^ These
are:

• The result of the analysis should be insensitive for the order in which economic activities
are analyzed.

• The results of the analysis should be insensitive for the amount of economic activity that
is analyzed.

• The results of a separate analysis of all economic activities should add up to the result of an
analysis of the total economic activity.

These points can be illustrated with the analysis of the environmental impacts of a cup and saucer,
assuming the non-linear form of the production-impact relationship z = x2 and taking xcup = 3 and
^smccr = 2 (in unspecified units). We could state that zcup = 9 and that ZBUCH. = 4, but also find that
zcup.and-auc„ = 25, thereby violating the third principle. If we in contrast state that z^m = 16, because
it is an additional contribution to the problem, we would violate the first principle, since an
analysis of the saucer prior to the cup would yield zauccr = 4 and zmf =21. The second principle is
violated with both types of implementations, as we find results of the kind z^p..,,,̂ ,̂. = 25 and Z2.
cups-and-smcers = ^0, which is obviously more than 2 times 25.

There is some trace of realism in these results. For instance, there could be more critical
thresholds exceeded when we produce two times as much. In that sense, two products may be more
than two times as polluting as one product. But we must keep in mind what the question was: we
want to attribute environmental problems to economic activities. If we attribute all current
environmental problems to all current activities according to some rule of proportionality, we get
results that are more apt for the purpose of analysis.

The order in which burdens are produced becomes immaterial when we do not speak of
consequence but of guilt; Steen & Ryding (1993) introduce the example of 11 one-litre cans filling
a 10 litre bucket: the last one makes the consequence of 1 litre spoilt, but all 11 are "guilty"12 for
I/ llth part of that consequence. Also the marginality of an individual contribution does not make
that it can be neglected:

See Heijungs (1997a) for an elaboration of this a priori epistemology on the basis of definitions, axioms, and
theorems. In that paper, I gave a number of classic examples of axiomatic approaches: Euclid's Elements, Spinoza's
Ethics, and Pinini's Astodhyayi, an ancient Sanskrit grammar. This list may easily be extended with modern
achievements, like Debreu (1959) and Fishburn (1988), to name )ust a few. I furthermore refer to Koopmans' second
Essay (1959) in favour of axiomatization and Kornai's Anti-equilibrium (1971) expressing an opposing view.
Again, guilt does not imply a moral idea here, after all, how can a litre be guilty of something? What is meant here
is the beforementioned "responsible for" in the sense that some consequence may be attributed to it.
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No one will die from the emissions of one shaving. But all tiny contributions of all activities together make the

environmental problem.'

Exactly this is the point where the question of holism versus reductionism and between average and
marginal contribution comes into the theoretical consideration. Most authors in the field of life-
cycle assessment postulate a marginal approach, both for the attribution problem:

[...] this means that the effects of emissions due to the functional unit are assumed to be additional to normal
background concentrations.14

and for the allocation procedure:
[...] we therefore propose that burdens should be allocated between different outputs according to the marginal

changes resulting from marginal changes in each output.
Mathematically this means that

This form is a linear one, so that the order and the amount of marginal increments is irrelevant.
Still, it is not in accordance with the general principles outlined in this study because the previously
stated requirement that the sum of the sub-worlds corresponds to the real world is not compatible
with this marginal approach.16 The average attribution rule (Equations (2.1) and (2.2)) is the only
one which at the same time satisfies the requirements of order-independency, amount-independency,
and 100%-additivity. This does not imply that the marginal approach or any other basic principle
is incorrect; see also the next section. Section 14.1 discusses the relevance of a number of alternative
epistemological principles in the context of other questions than the attribution problem.

The epistemology of answers to the attribution problem will be based on a fully linear
attribution, in order to satisfy the requirements of order-independency, amount-independency,
and 100%-additivity. This starting point is different from the idea that is sometimes expressed
in some tools for environmental analysis and decision support, where an analysis of marginal
changes is central.

The next section argues that the proposed epistemological basis may be regarded as an
interpolation and that it thereby escapes validation so that more than one answer to the attribution
problem may exist and that this answer may appear counterintuitive. The section is, however, not
essential for an understanding of the treatment itself.

2.1.3 EXCURSUS: THE EPISTEMOLOGY OF INTERPOLATIONS

In the previous section, it was argued that the attribution problem can be understood as an exercise
in interpolation: no economic activities create no environmental problems, all economic activities
create all environmental problems, and attribution of environmental problems to part of the
economic activities is an interpolation.

In mathematics, the problem of interpolation is an old one. It exists under different names, for
instance as analytic continuation. Strikingly, the literature on the foundations of mathematics
appears to ignore the epistemological problems that are associated with it.17 A classic example, the

13 Heijungs & Guinée (1993, p. 4).
14 Heijungs et ai (1992è, p. 12). Muller-Wenk (1996) starts from similar principles.

" Azapagic & Clift (1994, p. 56).
16 It may be argued that, since answers to the attribution problem will be applied, for instance, to rank product

alternatives on the basis of the environmental problems that are associated with them and to use this for purchase
decisions, the epistemological basis should reflect a marginal principle rather than an average approach. The
attribution must in that case be differently formulated: Which additional environmental problems will result from a
certain additional economic activity? This question is partly beyond the question of this study. See, however, Section
14.1 for a number of remarks.
That is to say, I was not able to find it. It is missing in books on the philosophy of mathematics like that of Körner
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power function x" will be investigated in this section as an example of how interpolations influence
the scientific status of a theory.

An easy and intuitive definition of the power function is y = x" is to multiply n times the
number x:

y = x" = xxxx xx

n times
This definition clearly restricts the domain of n to the integers 1, 2, 3, ... To be able to assign a
value to y if n is fractional, negative, or zero requires an extension to or a modification of the
original definition. The accepted approach is to adopt an alternative definition on the basis of a
property of the original definition. The property that serves this purpose is the observation that

xm.n = xmxx^ (2.5)

which is of course only valid for positive integer m and n, as long as the domain of x" is restricted
to positive integers. An interesting situation occurs if one applies this theorem with a positive
parameter, say m = 3, and an unallowed negative parameter, say n = -2, in which case one finds
the illegal expression x3'2 = ̂ xx"2. Comparison with the neatly defined x' = xYx2 suggests that
it is suitable to identify x~2 = l/x2. More general, one can make the identification

x-" = -1 (2.6)
x "

for all positive integer values of n.
Thus a value of x~" is constructed, not by applying the definition, but by applying a

consequence of that definition and extending it to non-defined values of the parameter n. The
constructed value of, say, x'2, can not be verified or validated18 in the sense that we would
multiply -2 x-values with each other according to Equation (2.4). Still, we attach a meaning to these
concepts that do not exist under the official definition. I will call the extensions to the original
domain interpolations.19 Defined in this way, the truth of interpolations can by definition not be
verified or validated by experiments.

It is conceivable that someone would assign an alternative value to x'2, i.e. -x2 instead of l/x2.
It is important to recognize that this alternative definition does not violate the original definition
any more than l/x2 does. True, we would perhaps have to be more careful in applying the rules
of addition of powers (Equation (2.5)). The point is that one normally chooses an interpolation,
such that a maximum of meaning can be assigned with a minimum of violation of original
properties. A normative element is therefore involved in choosing a particular mode of
interpolation. Others may arrive at another value for x~2, a value that has an equal truth, or rather
untruth. In fact, the problem of interpolation or extrapolation beyond what can be experienced
could even be considered to be a metaphysical problem:

There was thus a point at the end of the eighteenth century when philosophers by and large agreed that
metaphysics was dead. Kant, who dominated all of Western philosophy for a century, had purportedly shown
up this enterprise as inherently and essentially mistaken. It involved after all the extrapolation of our concepts,
familiar from daily application in experience, to applications outside the reach of experience - and there cannot
be for us even the glimmer of a hope of the possibility of a warrant for such extrapolation. We can spin and
weave our words into a rich and colourful tapestry to depict ourselves weaving a likeness of ourselves in the
world. But the result must inevitably depict us as hopelessly ignorant of even the conditions under which the
woven picture would be true. In science, theorizing can always be harshly brought to a stop, through
confrontations arranged within our experience; but purported applications of our concepts outside experience
can never be put to the question within experience.
In the above, we spoke of "a minimum of violation of original properties", because

(1960), in books on non-empirical epistemology in general like that of Popper (1959), and neither is it discussed in
standard books on mathematical analysis.
See Oreskes et ni. (1994) on the difference between verification, validation, and confirmation.
These thus include interpolations proper as well as extrapolations.

20 Van Fraassen (1989, p. 8).
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interpolations will often challenge common sense to some extent. This does not make them wrong
as long as it is clearly stated what has happened and what the assumptions are.21 Consider for
instance x°: common sense suggests that its value is 0, because a multiplication of 0 x-values does
not yield any positive or negative number. The interpolated meaning of x°, however, is different:
x2*0 = ^xx0, which implies that x° = 1 by extension. Again, we see a statement that escapes
empirical validation, but now even worse: it defies intuition. De Groot (1992) says that formal
science aims to the construction of formal correctness

[...] without reference to real-world facts or values.
In this study, I will not go that far. On the contrary, I require that certain real-world facts are part
of the theory, but that, where the problem of interpolation comes into play, there can -
unfortunately - be no reference to facts. A priori values are anyhow outside the present treatment:
the answer to the attribution problem is by no means intended to promote recycling or to
discourage pesticide use.

The interpolation-like character of an answer to the attribution problem has consequences for
the scientific status of that answer: it can not be validated, alternative contradicting answers
may exist and may be equally "true", and the answer may lead to counterintuitive statements.

2.1.4 THE QUESTION OF TRUTH

In this study a number of tools for environmental analysis and decision-support will be developed.
Quite naturally, the question of their truth will be posed. In particular in life-cycle assessment, the
question of truth invokes many discussions. Consider for instance the problem of allocation of
multiple processes. While one author emphasizes the subjective nature of a choice for any method:

The example illustrates a case where two reasonable inventories can be established. The first question that arises
is then if any of the inventories is objective? In my opinion, the answer is no. Both inventories are "true" and
the choice between them is accordingly subjective or maybe political. A second question that arises from the
example is: Should the LCA society agree on a standard allocation rule for a similar problem? When discussing
this problem, it should be noted that mechanistic rules does not always lead to the right solution. [...] When
reporting, all options must be mentioned and the choice of allocation model argued. If this is not done, the
results should be considered as purely subjective and may compromise the LCA practitioner.23

yet another author claims the discussion should be closed:
Despite this, there remains a small but vociferous group of proponents of this procedure [...]. [It] cannot be
regarded as a serious contender in ecoprofile calculations.24

An even stronger statement of this latter desire for absolute clarity is that
LCA ought to be like mathematics, where people all over the planet can do the same work and get the same
answer.25

Especially in the area of attributing environmental impacts to isolated economic activities, there is
very often the desire to somehow make a link with the real impacts:

The impacts to be included in LCA/IA should be environmentally relevant and be measurable.26

It may be even a motivation to reject papers:
A scientific paper should, in principle, use the scientific method, i.e. there is an hypothesis that can be
experimentally tested.27

21 One might add to this: and why one chooses a certain option. From an analytical point of view this is of course not
compulsory, but it certainly helps in communicating the fruits of research.

22 De Groot (1992, p. 12).
23 Schmidt (1994, p. 141-142).
24 Boustead (1994, p. 3-4).

Anonymous (1993, p. 16), quoting J.S. Hirschorn.
26 De Smet et al. (1994, p. 69).
27 Quoted from an anonymous referee report in which the rejection of a paper, which 'was afterwards rewritten and

published as Guinée & Heijungs (1993), is motivated.
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Kornai strongly opposes empirical science and formal science:
In the logical-mathematical sciences, "truth" is a logical criterion. [...] In the real (natural and social) sciences,

on the other hand, the only criterion of "truth" is experience, the comparison of assertions with reality.28

Popper summarizes the general situation for a science that is not empirical and not purely
tautological:

[Positivists] are constantly trying to prove that metaphysics by its very nature is nothing but nonsensical twaddle
- 'sophistry and illusion', as Hume says, which we should 'commit to the flames'. [...] The positivist dislikes
the idea that there should be meaningful problems outside the field of 'positive' empirical science - problems
to be dealt with by a genuine philosophical theory.
In contrast, also arguments can be forwarded concerning the impossibility of a genuine

validation of the principles underlying certain tools for environmental analysis and decision-support
(cf. Oreskes (1994)), and in particular life-cycle assessment. For instance, in the context of the
assessment of resource extractions in terms of a depletion score, Guinée & Heijungs (1995) wrote:

There is no empirically correct method for aggregating extractions of resources to one overall depletion score
that can be verified experimentally. In this case, it is necessary to design methods on the basis of logical
theoretical reasoning. It is often possible to test methods by detecting logical contradictions, but one cannot
truly validate a nonempirical method.30

Furthermore, from a paper dealing with the validity of LCA:
Although it is recognized that no methodology for LCA can thus be "valid" in some empirical sense, we must
somehow strive for a methodology that is at least not in contradiction to empirical results, that is internally
consistent, and that is to some extent plausible.

In the latter paper, an axiomatic scheme was proposed, which served to proof theorems on the
methods for LCA and the nature of the results. Other instances of papers where a set of
requirements was used for selection of methods and elements are De Smet étal. (1994) and Heijungs
(1995&). Another source is Hofstetter (1996&):

The search for "truth" within LCA is an illusion. But we can build models following rules which are derived
from axioms. The definition of these axioms asks for "normative" steps.32

Here the emphasis is on the intrinsic normative character of life-cycle assessment, which I extend
here to tools for environmental analysis and decision-support in general. Subjective choices are
necessary in the weighting between different environmental impacts, but normatively decided
principles pervade throughout the whole procedure.

The consequence of the epistemological basis is a possible conflict with intuition and
established principles. This is, however, in many cases an inevitable result of an approach that
is in accordance with facts, that is internally consistent, and that is to some extent plausible.
Full plausibility is thus not always possible.

2i Kornai (1971, p. 8). He admits (Loc. cit.) that "empiricism and observation have played an important part in the
development of logical-mathematical sciences.". Furthermore, he states (Op. cit. (p. 9)) that these sciences "could not
build their theories on axiomatical foundations which are in contradiction to reality.". With the previous section on
interpolations in mind, I think that Kornai is not right in this latter respect. His sharp distinction of real sciences
from logical-mathematical sciences, on the other hand, is quite useful, and stresses the hypothetical character of the
tools for environmental analysis and decision-support to be developed in this study.

29 Popper (1959, p. 35-51).
30 Guinée & Heijungs (1995, p. 922).
31 Heijungs (1997«).
32 Hofstetter (1996e, p. 130n).
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2.2 Interdisciplinarity

2.2.1 E N V I R O N M E N T A L SCIENCE, SYSTEMS ANALYSIS, AND
THERMODYNAMICS

This study must be seen as an attempt to contribute to the field of environmental science. To be
able to appreciate its value, it is necessary to discuss what I understand by environmental science,
in particular in relation to some other disciplines: economics, ecology, and mathematics. This
section describes some ideas on the content of environmental science. The next sections discuss the
role of the other contributing branches of science.

One of the core attributes of environmental science is often claimed to be interdisciplinary:
A key term for environmental science is interdisciplinarity: the integration of contributions from different
branches of science.

The title of this study already suggests that two branches of science are involved: economics and
environmental science. But there is a contradiction: environmental science is not a science of the
environment, but

[...] the interdisciplinary science that is concerned with the relation between society and its environment [...]34

The inconsistency arises from the fact that, whereas economics studies the economy, and social
science studies society, environmental science studies more than the environment. One might try
to resolve this by using the term ecology for the discipline that studies the environment.35 In that
way, environmental science could claim to encompass social science and ecology. This solution,
however, suffers from the fact that what is meant in the current context is much better covered by
the term environment than by the term ecology. After all, ecology suggests too strong an emphasis
on impacts on biota and their habitat and the like, whereas a much broader meaning is intended
here: from impacts related to resource extraction to human toxic releases.

After this clarification of the position of environmental science, it is appropriate to reflect on
the position of the environment itself m this type of analytical exercises. A major source of
confusion is due to the existence of following terms:

• "the" environment and "its" environment;
• the "natural" environment and the "thermodynamic" environment.

The etymology of the word environment makes one think of surroundings, and the definition
[...] the physical, abiotic and biotic, surroundings of society with which it is in mutual relation [...]. 6

indeed employs that word. It must be stressed, however, that the word surroundings has a relative
meaning: the surroundings of a certain something. In environmental science, it is often convenient
to distinguish a system (e.g., a factory or a national economy) and an environment:

[...] a system is considered to consist of a set of related components or elements, each having certain
characteristics or attributes with numerical or logical values. [...] The set of external systems is called the systems
environment. The systems environment generates inputs that are transformed by the system to become outputs.
The transformation of inputs is generated by the process operating the system.

The interactions between the system and the environment can be thought of as emissions of
pollutants and extractions of resources. It is important to clearly distinguish "the" environment from
"its" environment: the latter term corresponds to the relative surroundings-related concept ("a

Udo de Haes (1991, p. 33) (originally in Dutch: "Voor de milieukunde is een sleutelbegrip de interdisciplinariteit, ofwel
de integratie van bijdragen uit verschillende wetenschappen.").
Op. at. (p. 29) ("Milieukunde is de interdisciplinaire wetenschap die zich bezighoudt met de relatie tussen de maatschappij
en haar milieu [...ƒ).

35 Some authors do so, see for instance Victor (1972*); Pillet & Odum (1987), Idenburg (1993).
36 Udo de Haes (1991, p. 21) (originally in Dutch: "[...] de fysieke, niet-levende en levende, omgeving van de maatschappij

waarmee deze in een wederkerige relatie staat [...].").
37 Hettelingh (1989, p. 5-6).
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process and its environment"), while the former term has an absolute meaning ("a process and the
environment").

Thermodynamics is often argued to be of prime importance in environmental science. There
are a number of reasons for this:

• Thermodynamics describes the interactions between a system and its environment (see e.g.,
Ruth (1993), Amir (1994), Azapagic & Clift (1994)).

• The "first law of thermodynamics"38 - the law of conversation of mass/energy - implies
that energy cannot be created from nothing and that -waste cannot be annihilated (see e.g.,
Kneese et al. (1970), Ruth (1993), Amir (1994));

• The second law of thermodynamics - that entropy never decreases - postulates certain limits
to the performance of the system (see e.g., Kiimmel (1989), Ruth (1993), Amir (1994)).

Despite these superficial similarities, and despite the fact that some thermodynamic concepts can
indeed be applied in environmental science, the analogy between the thermodynamic environment
and the natural environment fails. The most striking evidence for this is that the existence of
environmental problems - which is one of the prime reasons of undertaking environmental analyses
at all - is denied by thermodynamics. The thermodynamic environment is assumed to be so huge
in comparison to the system that it can exchange heat and matter without limits and without being
affected itself. The thermodynamic environment can fulfil its function as a sink and a source
without environmental limits. If the exchange between the system and the thermodynamic
environment is not optimal, it is due to limits of the system's structure, not of the thermodynamic
environment. In short, in thermodynamics there are no environmental problems.

This disqualifies a straightforward application of thermodynamic theory for environmental
analysis. It all has to do with the definition of the environment, and with the object of the theory.
In thermodynamics, the object is a certain system, and the environment is everything which is not
part of the system and therefore not the object. In environmental science the object is the relation
between (parts of) society and (parts of) the environment. The object is not a system but an
interaction. As the object is not a system, it also does not have an environment (in the thermody-
namic sense). This difference of object has remarkable consequences. The natural environment can
be limited in its carrying capacity. The performance of the economic system is limited by its own
structure, by the structure of the environmental system, and by the nature of the interactions.

This reasoning does not imply a complete rejection of systems analysis and thermodynamics.
On the contrary, one of the standard problems in thermodynamics is that of two systems in
interaction, which are isolated from their shared environment. One of these systems could represent
the economic system, the other the environmental system. This amounts to an upgrading of the
natural environment from that which is outside the analysis to that which is of equal merit in the
analysis. Another very useful concept is the "first law" on which all materials-balances are based.
Thirdly, the second law of thermodynamics has been shown to have relevance for environmental
science. In general, there is much to admire in the pioneering work of some authors who write on
the implications of thermodynamics for economic systems and for environmental repercussions (for
instance Georgescu-Roegen (1971) and Ayres (1978)).

Equal merit does not mean a complete analogy in focus and treatment. The systems studied here
are the economic system and the environmental system. A healthy environment may be achieved
by an absence of production and consumption. A sound economy needs in contrast a healthy
environment. There is hence no full similarity. The prime starting point addressed here is the
economic system. Sustainable production and consumption must be seen in the context of
sustainable environmental quality. The position of the environment is thus ambiguous:

• The environment has system aspects because it is affected by interactions with another
system (i.c. the economic system).

• The environment has environmental aspects because it is an essential condition for a system
(i.c. the economic system).

The system-environment duality of the natural environment is a crucial fact for understanding the

The first law of thermodynamics is one of mere energy conservation.
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philosophy of environmental science.

Environmental science, as interpreted in this study, is concerned with more than the natural
environment proper. Rather, it is concerned with the interaction between society, and in
particular the economic activities therein, and the natural environment.

The scope of this study is thus economic and environmental, hence the branches of science that
are involved are economics and ecology in the broader sense, the discipline for which -we have no
word. Furthermore, the approach that will be followed will to a large extent be based on

mathematics.
The next sections describe the role of the three disciplines involved. In particular, it should be

emphasized that this study uses only selected aspects from economics, ecology, and mathematics,
and can thus not be described as economic, ecologie, or mathematical work. Furthermore, some
concepts innate to those disciplines will have a different or very specific meaning in the present
work. Awareness of this should avoid the reader from judging the work from a traditional point
of view, according to which it will definitely contain serious flaws and deficiencies; see also Section
2.2.5.

2.2 .2 THE ROLE OF ECONOMICS

It is often argued that clean air is a scarce resource, and must therefore be taken into account when
doing economic analysis. The field of ecological economics, which has emerged the last few years,
intends to deal with the inclusion of environmental externalities in economic theory.

Ecological economics is a new transdisciplinary field of study that addresses the relationships between ecosystems
and economic systems in the broadest sense.39

It turns out that the traditional economic way of thinking may complicate extension of traditional
concepts and methods to the study of the causes of environmental problems. Two examples follow.
Economists consider resources to be:

[...] the free gifts of nature, such as land, forests, and minerals; human resources, both mental and physical; and
all sorts of manufactured aids to further production, such as tools, machinery, and buildings.4

In the context of environmental economics, the distinction between natural resources, human
resources and the remaining economic resources must not be neglected, so that it is somewhat
strange to list them in one breath.41 The other example is on commodities:

Commodities may be divided into goods and services. Goods are tangible (e.g., cars or shoes), and services are
intangible (e.g., haircuts or education). Notice the implication of positive value contained in the terms goods and
services.

Although economists apparently see it this way, goods and services need not be associated with
positive value. Broken cars, e.g., must be discarded by authorized companies who ask a certain
amount of money. This would make that a broken car, and any waste product in general, would
not satisfy the definition of a commodity. We could decide to call positively valued tangibles goods,
negatively valued tangible "bads"43, and together with positively valued services and negatively
valued "disservices"44 call them commodities.45

Costanza et al. (1991, p. 3).
40 Lipsey & Steiner (1978, p. 6).

Moreover, environmentalists dislike the habit to speak of natural resources as being "free gifts". Taking in
consideration that the development of energy analysis was stimulated by the publication of Limits to growth and the
oil crisis, a sentence like „One can consider the world as a vast store of free energy, available as oil, coal [...]"
(Anonymous (1974, p. 20)) is quite remarkable. The only explanation could be that free energy refers here to Gibbs
free energy, but this is unlikely since the rest of the quoted text uses capitalized Free Energy.

42 Lipsey & Steiner (1978, p. 6).
Loc. cit., but see also Möller & Rolf (1995, p. 34), who speak of the German Gut and Obel. Is it a coincidence that
English good, German Gut, Dutch goed, and even French bien all have that double meaning?
If these exist at all. Probably, hooliganism is one of those rare examples.
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Besides these examples of instances where a critical use of the economic vocabulary is demanded,
a deeper conceptual change is required at some places. In Section 1.3.3, for example, we gave less
obvious examples of economic processes: the consumption of a banana and the incineration of
waste. These examples are less obvious because an economic process is often tacitly equalized with
economic production, and production is distinguished from consumption, because it is not
"productive". Consider the following sequence of annotated quotations:

The act of making goods and services is called production and the act of using them to satisfy -wants is called
consumption.

Here, the distinction between production and consumption is made, such that production seems

to produce out of nothing, and that consumption seems to consume without producing waste.
[Industries are productive units which produce nothing but commodities [...]

Also this sentence suggests that industries must be productive, neglecting the fact they are also
"consumptive", and underestimating the role of waste processing industries.

The economic activity [...] must be divisible into a number of [...] producing sectors.
This suggests that consumption is not considered as an economic activity.

We can define a production process as the process of transformation of commodities and primary inputs into

(other) commodities.
This statement is in contradiction with the first two, that production takes place out of nothing;
it is unclear what the position of consumption is.

There are at least two problematic aspects at stake:
a) Is there a difference between production and consumption?
b) What is the position of waste treatment in the production-consumption scheme?

A brief discussion could elucidate the meaning of economic terms in the current context of the
attribution problem.

Ad a) By defining consumption as the act of using certain commodities, it appears to be outruled
to use commodities for production. And, mutatis mutandis, consumption is defined here as an act
which does not produce anything. This problem has been observed a number of times, especially
in the context of environmental economics:

The difference between production and consumption is not as sharp as is often assumed. Particularly in the case
of commodities which require energy for their utilization, such as cars, heating equipment, etc., the difference
between the production of goods and services and the consumption of goods and services becomes small.50

Ayres and Kneese even regard this confusion between production and consumption as a basic reason
for environmental neglect:

Almost all of standard economic theory is in reality concerned with services. Material objects are merely the
vehicles which carry some of these services, and they are exchanged because of consumer preferences for the
services associated with their use or because they can help to add value in the manufacturing process. Yet we
persist in referring to the "final consumption" of goods as though material objects such as fuels, materials and
finished goods somehow disappear in the void - a practice which was comparatively harmless so long as air and
water were almost literally free goods.51

To this, they add a footnote:
We are tempted to suggest that the word consumption be dropped entirely from the economist's vocabulary as
being basically deceptive. It is difficult to think of a suitable substitute, however. At least, the word consumption

In that way we manage to stick to the word commodity. Georgescu-Roegen (1971, p. 218) writes: "Economics cannot
abandon its commodity fetishism any more than physics can renounce its fetishism of elementary panicle or chemistry can
renounce that of molecule.". It is, even among economists, not unusual to extend the meaning of commodity to
negatively priced or unpriced entities: see for instance Debreu (1959, p. 33): "The price [...] of a commodity may be
positive (scarce commodity), null (free commodity), or negative (noxious commodity).".

46 Lipsey & Steiner (1978, p. 6).

Anonymous (1968, p. 9).
48 Miller & Blair (1985, p. 7).
49 Konijn (1994, p. 147).
50 Idenburg (1993, p. 13n).
51 Ayres & Kneese (1969, p. 284).
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should not be used in connection with goods, but only with regard to services or flows of "utility".52

Ad b) The second problem is that the act of treating or neutralizing waste is outside the general
definition of economic production, even if we would include consumption into production. Even
texts which deal with the subject of environmental economics sometimes underestimate the role of
waste management as a process:

[...] the "physical economy" which represents the physical aspects of production, consumption and wastes.53

The present text uses the term economic process to include the categories production, consumption,
and waste management.

In the last quotation, the term "physical economy" appeared. Much of what is being developed
is based on simple physical principles, most notably conservation of matter. The above mentioned
considerations can only be included by making due reference to the physical principles on which
they are based. Abandoning the monetary approach to economic analysis and adopting a description
in physical terms allows one to introduce unpriced externalities without having to assume shadow
prices or other artifacts.54 Actually, the question of whether there is a price or not associated to
a certain commodity, whether the price is an ecologically good one, and even, if the price is positive
or negative, is unimportant for nearly all analytical exercises that will be undertaken in Part 2.55

Similarly, the materials-balance approach rests on the recognition that
[production and consumption are intimately involved with real physical mat-rials and energy.56

A very important implication of this change of paradigm is that economy - to the extent it is
considered in this study - is not a social science:

Economists are used to thinking of their subject as a social science; so it is, insofar as economics concerns itself
with human behavior, as it is expressed in the relationships between buyers and sellers of goods and/or
services.57

This remark is so important because a description of economic activity in physical terms without
a declaration of the departure from the viewpoint of social science may lead to the reproach that
social science is instrumentalized (Leroy (1995)) .5S Let me emphasize that the work reported here
is based on an analysis of observed flows either between economic actors or between economic
actors and the environment, without any attempt of explaining these observed flows in terms of
human behaviour or social utility. Although economy is considered to be a social science, I deprive
the economic system in this study from its social components and reduce it to an interplay of
processes with transactions of physical flows including services.59

So, the economic system will only be described in terms of observed flows, and no explanatory
model for economic behaviour will be assumed or framed. But the same applies to the physical side
of the economic system. The flows of commodities to and from economic processes will be
described on the basis of observations, but no attempt to explain these phenomena will be
undertaken. That is the subject of process technology and related disciplines, where chemical
affinity plays a role that could be compared with social utility for the social-scientific side of the

Op. at. (p. 284n).
53 Idenburg (1993, p. 13).

Pearce & Turner (1990, p. 34) state it like this: "One thing to note is that all our economy boxes [...] were in money
terms - that is, if we actually constructed such a table it would show us, for example, the money value of steel as
an input to £1 or $1 of automobile output. Although major advances have been made in putting money values on
some of the functions of environment [...] it must be recognised that [they] will be in physical terms, i.e. in tonnes
of sulphur oxide, tonnes of coal, etc."
The only exception to this is that it is important to know if the price is positive or negative for the inter-process
allocation procedure (Section 6.1).

56 Ayres (1978, p. 4).
Op. ctt. (p. 5).
Also consider Weinberg (1987, p. 14): "I think a great deal of harm has been done by those from Herben Spencer
on who tried to see the social sciences for example as being based on physics as a model. I think physics is a terrible
model for the social sciences. In fact it's probably a terrible model for everything except physics itself."
Of course it remains a science of phenomena that are happening inside society. However, that does not make it a
social science, in the sense that it is not oriented towards an explanation or prediction of social behaviour.
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economic system. Just as I ignore the social side of social economics, I ignore the physical side of
physical economics. This study can therefore be considered to be neither a social-scientific study
(gamma-oriented, as the Dutch are used to call it), neither a natural-scientific60 study (beta-
oriented). It does not explain or predict, which are two hallmarks of these fields of science. It may
most appropriately be labelled as a formal science (cf. De Groot (1992, p. 12); see also Section 2.1.3),
like mathematics and certain branches of philosophy (logic, ontology; see also Section 14.2.3).

Much of the work that will be referred to in Part 2 is concerned with economic planning. It
is very important to explicitly state that the present work is not about planning but about analysis.

Economic analysis serves to obtain a clear insight into the structure and the interdependency of a part of the
economy. [...] Economic planning (or programming) differs from economic analysis, in that it attempts to
develop an economic plan (or program) "which is derived from certain a priori aims, but respects the functioning
of the economy.61

This confinement of scope has large consequences, especially in relation to the discussion of the
epistemological basis. Non-linearities in the relationship between production and emission are
important for enviro-economic planning. Not so for the attribution problem; see Section 2.1.2.
Similarly, problems arising from the discrete nature of certain economic activities (see Section 5.2.4:
one cannot install half a locomotive) are important in planning, but not in attribution. Nothing is
being optimized in this study: it is not directed towards a minimization of environmental problems
nor to a economically attractive environmental performance. That intriguing subject is left to others
(see, e.g., Baumol (1972), Faber et al. (1987) and Bloemhof-Ruwaard (1996)).

A quite large body of economic theory on interindustry economics appears to be useful in
answering the questions of this study. Three important restrictions must be kept in mind:

• that the description of economic transactions will be based on observed physical flows,
thereby excluding monetary descriptions and any attempt to explain these flows in
terms of behaviour;

• that these descriptions also exclude any attempt to explain these flows in terms of
physics or chemistry;

• that the beforementioned epistemological principles not only enable but even demand a
neglect of the non-linear nature of the actual economic relationships.

It is worthwhile observing that the attribution problem is not characteristic for environmental
science. It has been already raised in normal economic science, although no answers to this problem
have being discussed:

Economists, too, should be aware of the difficulty in deciding whether a truck hired by company A from
company B and riding on some highway loaded with goods for company C is part of the activity of A, of B,
or of C.62

A substantial part of this study is therefore devoted to an analysis of selected topics of the analysis
of economic activities. One of the surprises is that a formalization of the ideas of life-cycle
assessment, a concept on which a lot of methodological development has taken place the last ten
years, is very similar to the economic activity analysis of the early fifties.63 In fact, the knowledge
of economists with respect to the dependency of economic activity and some primary factors of
production (e.g., labour) can easily be extended to the environmental factor of production. Put in
terms of matrices as a quantification of Figure 1.1:

Environmental economics is concerned with both matrices [...]. Moreover it concentrates on the interactions
between the matrices - how the demand for steel affects the demand for water, how changing the size of the
economy ("economic growth") affects the functions of the environment, and so on. [...] we show how we can
use the main body of economic thought to derive important propositions about the linkages between the

60 I will throughout use the term "natural science" instead of the ambiguous Anglo-Saxon "science".
61 Paelinck & Nijkamp (s.a., p. 9).
62 Georgescu-Roegen (1971, p. 212).
63 See the appendix of Heijungs (1996e) and Heijungs 8c Van Engelenburg (1997) for a concise overview.
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economy and the environment.

2.2 .3 THE ROLE OF ECOLOGY

In general, ecology is concerned with organisms in relation to their environment. A much broader
meaning is intended throughout this study, however, since it is concerned with so-called
environmental problems, a notion which includes much more than a distortion of the relation
between organisms and their environment. Rather, it encompasses such diverse aspects as:

• the availability of natural resources for human society;
• the impacts on humans due to the release or presence of toxic substances;
• the impacts on ecosystems due to the release or presence of other contaminants.

As such, the role of ecology in the strict sense will be quite limited.
On the other hand, many of the concepts that play a role in ecology - modelling of the fate of

chemicals in the environment, prediction of the impacts of chemicals in relation to the sensitivity
of ecosystems - can be used in the modelling óf environmental problems, and their attribution to
economic activities. A systems approach - like Odum (1983) describes - could perhaps be envisaged
as a foundation for the full structure of environmental processes, impacts, and problems. This has
not been attempted, but the starting point proposed by Isard (1968) is one step in that direction.

A number of remarks that have been made concerning the application of economy in this study
also applies to the application of ecology, although sometimes a bit different. In the first place, the
linear attribution rules require a neglect of the sophisticated knowledge with respect to cause-effect
networks in ecological systems. In the second place, in the same way as economy will be deprived
of its aspect as a social science, ecology could be said to be deprived of its aspects as a natural
science, in the sense that it will not be attempted to explain or predict ecological phenomena. Only
the available knowledge of relationships between, say, dose of a contaminant and impact, will be
used to develop a formalism for the attribution of environmental impacts to economic activities.

A number of selected elements of ecology will find a place in the theory to be developed, in
particular elements dealing with the fate and impacts of chemicals in the environment.

2.2.4 THE ROLE OF MATHEMATICS

This study will employ mathematics throughout. This has some disadvantages: some people for
whom it might contain relevant information will not read it, others will not fully understand its
message, usage of mathematics often suggests highly precise results, et cetera. This is surely felt to
be a problem. The decision to use mathematics nevertheless can be motivated by a number of
quotations:

My first point is that the enormous usefulness of mathematics in the natural sciences is something bordering on
the mysterious and that there is no rational explanation for it.65

Directed to its application in one branch of science:
The miracle of the appropriateness of the language of mathematics for the formulation of the laws of physics
is a wonderful gift which we neither understand nor deserve. We should be grateful for it [...].66

Or in another branch of science:
Of the chemistry of his day and generation, Kant declared that it was a science but not Science - eine
Wissenschaft, aber nicht Wissenschaft - for that the criterion of true science lay in its relation to mathematics. This
was an old story: for Roger Bacon had called mathematics porta et clavis scientiarum, and Leonarda da Vinci had

Pearce & Turner (1990, p. 30-31).
Wigner (1960, p. 2).
Op. cit. (p. 14).



INTRODUCTION 29

said much the same.

Or in yet another branch:
Though it is perfectly possible to learn economics in a non-mathematical way, one is always then reading a
translation rather than the original and that is usually second best. The reason economics is mathematical is not
that economists want to seem "scientific", and lust after the intellectual respectability of subjects like physics,
but because of its innate nature. It is concerned with quite long chains of reasoning about the interactions among
numerical variables in complex systems, and mathematics is the most powerful and effective language -we have
for doing this.68

Or, even stronger, in general:
This shows that the mathematical language has more to commend it than being the only language which we can

speak; it shows that it is, in a very real sense, the correct language.6

There are even authors who stress the beauty which unrolls when phenomena are described in
mathematical terms:

I would express my own attitude with more prolixity by saying that such a formula as,

gives me a thrill which is indistinguishable from the thrill which I feel when I enter the Sagrestia Nuova of
Capelle Medicee and see before me the austere beauty of "Day," "Night," "Evening," and "Dawn" "which
Michelangelo has set over the tombs of Giuliano de' Medici and Lorenzo de' Medici.70

How true this may be71, mathematics is - in the context of this study - a means, not a
purpose:

Contrary to the belief of many ecologists, systems analysis is not a mathematical technique, nor even a group
of mathematical techniques. It is a broad research strategy that certainly involves the use of mathematical
techniques and concepts, but in a systematic, scientific approach to the solution of complex problems.72

It will be attempted to use mathematics wherever needed, to use words otherwise. A combination
of the two will suffice to cover both clear (unambiguous and explicit) formulations as well as
comprehensible interpretations.

The linear attribution principles chosen in the preceding section on the epistemological
foundation enable a rigid and straightforward mathematical formalization of the theory to be
developed. It will be attempted, nonetheless, to exemplify the findings by clear interpretations.

2.2 .5 A THEORETICAL PHYSICIST'S APOLOGY

I am a theoretical physicist. I am not an economist, nor an ecologist, nor am I a mathematician. I
can not even claim to be an environmental scientist. Yet, I have tried to combine elements from
economics and ecology and I've put them in the language of mathematics. This calls for a word of
apology.731 have only a limited knowledge of the disciplines which I bring together. The literature

Thompson (1917, p. 1).
McKenna & Rees (1992, p. 1).
Wigner (1960, p. 8).
Chandrasekhar (1979, p. 61).
Sometimes it is even proclaimed that correct theories necessarily have an aesthetic value, or that an "ugly" theory
can not be correct.
Jeffers (1978, p. 1).
Compare the British mathematician G.H. Hardy, who wrote towards the end of his life in a humble mood an
apology of his work: "I have never done anything 'useful.' No discovery of mine has made, or is likely to make,
directly or indirectly, for good or ill, the least difference to the amenity of the world. [...] Judged by all practical
standards, the value of my mathematical life is nil, and outside mathematics it is trivial anyhow." (Hardy (1940, p.
2013)). I will not (yet?) go that far, but I am aware that the value of the present work is outside a very small circle
of people in environmental science of fairly limited value. Even the relevance for designing environmental policy may
be small; see Section 14.1 for a discussion of the limitations due to the focus on the attribution problem. Another
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that I came along is a selection, and probably not the best one. The concepts essential to these
books sometimes denote different things. I took the liberty to interpret. That is one reason for
giving many quotations.74 Without their knowledge - often the result of monodisciplinary research
- I would not have achieved the presented results. Probably it is the destiny of a scientist involved
in environmental science - or in any other interdisciplinary field of study - to read, interpret,
transform, and integrate books in different branches of science.

parallel that comes up is that of wasan, the traditional Japanese mathematics, that studied formal problems
independent from application in natural science or applied technology: "Wasanka [...] considered their neglect of
practical problems a sign of sophistication. Scientist, in turn, regarded wasan as a useless amusement." (Ravina (1993,
p. 223)).
The other reason is to emphasize that I - to speak in Newton's words - stood on the shoulders of giants.



Chapter 3

OUTLOOK

3.1 Economic drama ...

In Pan 2, a theoretical model will be developed to attribute environmental flows of natural
resources, pollutants, etc., to arbitrarily chosen economic activities. Metaphorically, we may consider
this as a kind of jukebox-theatre: select a certain economic "play": a certain product, a certain
substance, a certain factory, a certain country, or whatever, play it, and record what is entering and
what is leaving the economic actors.

3.2 ... and the environmental stage

The inputs entering and outputs leaving the economic actors are delivered respectively absorbed by
the environment. It is, so to say, the stage of the theatre which carries the economic actors, and
which provides certain services to them. In Part 3, the theoretical model will be extended with an
analysis of the consequences of the flows leaving and entering the environment. Some of these flows
are more harmful than others, some are more permanent, and some are more essential for sustaining
the stage.

It may be observed that the word stage expresses a quite passive function; indeed it is regarded
as such in this study.' The fact that nature has certain intrinsic qualities, and that an active
experience of nature enriches life is surely recognized, but is not incorporated as such in this study,
which concentrates on the functions that the environment fulfils in enabling economic activity.

3.3 The plays

In Part 4, a number of "plays" will be performed at the "theatre". The part summarizes the
derivation of a number of tools for environmental analysis and decision-support as an answer to the
attribution problem. These concentrate in particular on products from the cradle to the grave (life-
cycle assessment) and on flows of a substance in a region during a time period (substance-flow
analysis), but there is also some attention for national economies, factories, and released chemicals.

Figure 3.1 summarizes the general framework and the general structure of this book in relation
to the central question of this study.

This is also one of the reasons for using the term environmental instead of ecologie.
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(Inventory analysis;
Part 2)

Economy

attribution

,—'— —--(Goal definition;
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(Impact analysis;
Part 3)

Environment

FIGURE 3.1. The attribution problem in relation to the framework developed for it and to the
structure of this study.

3.4 The programme

While Figure 3.1 summarizes the overall structure of this study in relation to the framework of
Section 1.3.2, a somewhat more detailed architecture of the methodology is presented in Figure 3.2.
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FIGURE 3.2. Overview of the structure of this study, with a summary of key symbols.



Part 2

ECONOMIC DRAMA

This part presents a description of a formal method to attribute flows from and to the
environment (environmental interventions) to economic activities, which are understood to
include economic unit processes and clusters thereof. The method is based on a physical
description of economic unit processes along with rules on the clustering of processes, based on
a linear combination of these processes in which the operating time of every process plays a
crucial role.

Two main families of tools for enviro-economic analysis are developed:
• commodity-flow accounting, in which the operating times of all the processes within a

certain region are set to a fixed and equal time period, e.g., one year;
• activity-level analysis, in which the operating times of the processes within the cluster

are determined by a specified external demand.
Even if the first mode of analysis is employed, the question will often be turned into one of
the second type.

For this reason, and because the second type of analysis is more difficult, a large part of
this part is devoted to that form of analysis. The first fundamental equation is derived: an
equation which expresses the relationship between the external demand for commodities, the
technology matrix that contains the technical coefficients of interactions between economic
processes, the intervention matrix of which the elements are technical coefficients of economy-
environment interactions, and the environmental interventions that can be attributed to the
externally imposed demand. The problem of solving the first fundamental equation is
discussed, in particular in the typical case of a rectangular technology matrix. Finally, a
number of traditional types of analysis are partly derived as special cases from commodity-flow
accounting and activity-level analysis: the discussion focuses most notably on life-cycle
assessment and substance-flow analysis, but also touches briefly on environmental impact
assessment and risk assessment.
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Chapter 4

INTRODUCTION

4.1 Some shortcomings of traditional economic theory

Nearly all textbooks on economic theory put a strong emphasis on the analysis of economic
activity. Welfare is created by economic activities. The value of goods and services, in short: of
commodities, is explained by matching supply and demand, the supply being the result of some
economic activities (production), and the demand being the result of other economic activities
(consumption and production). An understanding of the theory of economic activity is therefore
crucial to an understanding of the economy as such.

Traditional textbooks on economics discuss the theory of production: in order to produce a
certain amount of output, factors of production are involved on the input side. Classically, these
factors of production are mainly capital and labour. The quantitative relationship between the
inputs of the various factors of production and the output produced is denoted as the production
function:

Q=AK,L), t4-1)
where K is the amount of capital, L is the amount of labour, Q is the output produced, and ƒ is a
mathematical function which expresses the relationship. All quantities are normally expressed in
monetary terms.

This traditional view of the production function is unable to deal with unpriced inputs.'
Although recognized as an input, natural resources are considered as the free gifts of nature; see
Section 2.2.2. The natural resource inputs are an example of a class of commodities that is called
externalities, although the owner of the land or a mine may ask rent for using the resource. Pigou
(1920) was one of the first to discuss the existence and influence of external effects of economic
activity. Inclusion of the environment as a source of natural resources and thereby as a factor of
production leads to an adaptation of the production function (Daly (1973a), Pillet & Odum (1987)):

where N represents the monitarized amount of environment ("natural capital") involved.
This view of economic production is also of limited value. The point is that there are also

externalities due to outputs of the economic activity. This becomes even more serious when it is
realized that there are often more outputs besides the amount produced Q. Many activities produce
a number of outputs: the main product (included in Q), subsidiary products (sometimes included
in Q), waste that is to be treated by other economic agents, such as incinerators and waste water
treatment plants (rarely included in Q), and emissions of pollutants to the environment (not
included in Q).

To account for undesired outputs (often called "waste", which includes waste residuals for
treatment and waste discharges to the environment), a term W is sometimes included in the
production function as well (Van den Bergh & Nijkamp (1992))2:

More extensive discussions can be found in Barbier (1989) and in two recent Dutch theses: Heijman (1991) and
Noorman (1995).

2 In this way, the production function can be made compatible with the materials balance principle (see Section 5.1.4),
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Q - f(K, L, N, W). (4-3)
It should be observed that waste is thus also regarded here as a factor of production. This
formulation still suffers from problems m representing outputs beside the main good Q and the
waste W: the subsidiary products. Moreover, regarding waste as a factor of production appears to
imply that producing more waste increases the productivity of the process; see attempts to reconcile
this implication with common understanding (Gross & Veendorp (1990, p.80), Van den Bergh &
Nijkamp (1992, p. 9n)).

One reason for the neglect of waste is that traditional economists consider waste-to-be-processed
not as a commodity; see Section 2.2.2. It is chosen here to give a broader meaning to the term
commodities, so that this term can be maintained: it includes tangible goods, tangible "bads",
intangible services, and intangible "disservices".'

A related shortcoming of the traditional view of economics is that it is directed towards
production. Consumption is not treated as a standard economic process, because there is no
identifiable output Q. One bit of evidence of this is the lack of a "consumption function" of a form
similar to Equation (4.1). For similar reasons, waste treatment falls outside this description. In
Section 2.2.2,1 have given a number of quotations which show that we need to reconceptualize the
definition of an economic activity, similar to the redefinition of commodities. Economic activities
then include the classical notion of production, consumption, and waste treatment. They must all
be seen as transformation of a set of input commodities into a set of output commodities, where
again commodity is to be interpreted in the broad sense of goods, services, bads, and disservices.4

The main task of the next few chapters will be to develop a consistent physical representation
of economic activities, which allows for the description of the flows of all commodities
between economic processes and of all flows between economic processes and the environment.
The commodities include positively valued products, negatively valued wastes, and - in the
present economic tradition - non-valued environmental commodities like natural resources and
possible pollutants.

4.2 Structure of Part 2

The topic of this study requires a full accounting of all inputs and outputs of economic activities.
From the discussion above, it is clear that the traditional description of economic activities is not
appropriate and must be revised one way or another. This part starts with the formulation of a -
for our purposes - improved production function. This by necessity is a physical5 technical
(physico-chemical) representation: we need to know how much of which commodity goes into a
process and how much of which commodity leaves that process.6

which states that the mass of 'what enters a process in the long run necessarily equals the mass what leaves the
process. For other formulations, see for instance Smith & Weber (1989) or Gross & Veendorp (1990).
One might introduce waste treatment as a service, but that complicates a consistent representation in the sense that
the "bad" waste should be left out, to prevent any double counting. When priority is given to the service over the
tangible "bad", we are faced with the problem of incomplete mass balance. It is therefore proposed to express every
flow of a tangible commodity as a good or a "bad", and to only introduce (dis)services for commodities that are
intangible, like electricity, light, and music.
Commodities include throughout this study traditional positively-valued marketable commodities, like steel, but also
negatively-valued commodities, like waste-to-be-processed, and non-valued commodities, like surface water and
sulphurdioxide emissions.
I will use the word "physical" here as an opposition to "monetary". It can denote any quantity in physical, chemical,
or technical terms, e.g., kilograms of steel and megajoules of electricity, but also utility-like quantities ("having drunk
one cup of coffee") are included in this term.
Let it be clear at the outset that the technical representation of an economic process is not necessarily better, the
adjective "improved" is only meant to indicate that it is an improved description for the specific problem formulated
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We will see that many standard tools for economic analysis assume that all commodities are
expressed in a single unit: a national currency. This enables the addition of quantities that
correspond to different commodities: $8 steel and $5 electricity make together $13 commodity.
Addition of the corresponding physical quantities is ill-defined: we can not by any means add 8 kg
steel and 5 MJ electricity. The establishment of a physical accounting scheme needs a clear and
consistent foundation, a topic that requires a new set-up and a critical review of the available
methods.

A complex economic activity often involves a series of elementary economic activities. The
theory of production will be directed to a comprehensive analytical description of elementary
economic activities, or, in short: economic processes. Subsequent rules for the combination of
economic processes into clusters that represent complex economic activities follow straightforward
(Section 5.3).

In Section 5.4 an equation that tells which environmental commodities are involved in the
production of an arbitrary external demand, is derived. This equation is one of the core equations
for this study; it is therefore called the first fundamental equation.

Chapter 6 is devoted to solving the first fundamental equation. It turns out that it is very often
impossible to find a simple solution to it. The equation involves the inversion of a matrix, which
is often not square. Proposals for manipulation of this matrix are discussed.

Finally, in Chapter 7 the arbitrariness of the external demand is reduced to a number of special
cases. Here the well-known tools of life-cycle assessment and substance-flow analysis are derived
from the principles that were developed in the previous chapters. Some additional remarks are made
with respect to environmental impact assessment and risk assessment.

in the introductory part. Thus, approaches where the monetary description is, at least in part, preserved (e.g., Ayres
& Kneese (1969), Victor (1971»), Ayres (1978), Perrings (1987), Anderberg et at. (1993), Idenburg (1994)) have an
undeniable value of their own. My reason for deviating from their principles is that these are not apt for answering
the attribution problem as defined in Section 1.1.2.



Chapter 5

ECONOMIC PROCESSES

5.1 Representation of an economic process: the production function

5.1.1 WHAT Is AN ECONOMIC PROCESS?

In examining economy-environment interactions, it is necessary to reflect on issues such as process,
state and change, activity and interaction, stock, flow, and fund. One of the essential concepts of
economics is activity. Consumers buy products and services and transform these - after deflection
of a non-physical property: utility - into waste, producers make products and deliver services out
of other products and services. Non-consuming consumers and non-producing producers, in short,
inactive actors, are not interesting for economics; they are effectively supernumerary actors, and in
fact don't even exist. Economic activity is change.1

But what changes and what is changed? Georgescu-Roegen, in his chapter The analytical
representation of process and the economics of production, offers a large number of good starting
points. First about the meaning of the term process:

[...] process is a particularly baffling concept, for process is change or is nothing at all. [...] the intricate issues
surrounding the idea of Change have divided philosophers into opposing schools of thought, one holding that
there is only Being, the other that there is only Becoming. Science, however, can follow neither of these
teachings. Nor can it follow the dialectical synthesis of the two into Hegel's tenet that "Being is Becoming."
Science can embrace only the so-called vulgar philosophy according to which there is both Being and Becoming,
for by its very nature it must distinguish between object and event.

He proposes the analytical coordinates of a process as

[£,<;); FJ®, CM (5-1)
0 0 0

where E, indicates all elements that are only inputs or only outputs of a certain process, Fa indicates
all elements that are inputs, and Ga those that are outputs.3 The subscripts and superscripts 0 and
T make explicit that a process has a finite duration, and - analytically - does not exist before t <
0 and after t > T.4 The functions £,(r), Fa(t), and Ga(t) are all non-decreasing by definition.

Some difficulties arise as to what change itself is. A steady-state economy doesn't change with respect to itself, but
still requires economic agents. This could be interpreted as that a steady-state economy does change something. This
is in contrast with mechanics, where Newton's first law tells that bodies in uniform motion do not require forces
from external agents. In mechanics, in other words, uniform motion is not change - except for change of location
- but accelerated motion is.
Georgescu-Roegen (1971, p. 211).
Thus, a process in which corn is used as a seed to grow corn, has corn as an input as FQ and as an output as Ga. A
material or a certain type of waste is typically denoted by £,. See below for more examples of the fund categories

f. and G„.
Some remarks concerning the meaning of t and Tand their difference must be made. Georgescu-Roegen (1971, p.
135) himself writes: "[...] there is the confusion between the concepts I have denoted by Tand t, a confusion induced
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As he points out, this representation means that any thought of describing what happens inside
the process has been given up. A process is represented as a list in which the elements that cross
the process' boundary are recorded, both with respect to the their quality (steel, land) and quantity
(in units such as kg and m2). How the process works is beyond this analysis.

In this representation, those elements that are only inputs or only outputs are described under
E,. A sign convention (positive for an output element, negative for an input element) suffices here.5

For those elements that are both input and output, a separation is proposed: they fall under Fa
when input and under Ga when output. Georgescu-Roegen gives examples of categories for this:

• land, which is used (in the Ricardian sense);
• corn, which is input as a seed and output as a crop;
• hammers which are needed to make new hammers;
• workers, which enter the process rested and leave it tired;
• tools, which are new when input and which are used when output.
It immediately appears that different categories of elements are involved. Some elements enter

and leave in the same state and in the same amount, whereas other elements enter and are
transformed upon leaving. Georgescu-Roegen extensively discusses the concepts of stock, flow, fund,
and service. A stock is an amount at a certain instant of time. Flows are stocks spread out over a
time interval. Contrary to what is often thought, flows do not necessarily come out or go into an
actual stock, as can be illustrated with the fact that the flow of melted glass that rolls into rolling
machines does not accumulate into the stock of melted glass.6 A further distinction between flows
and funds may be useful, flows being consumed and funds being used by a process. Paint is an
example of a flow, the ladder of a painter is a fund, because it enters the process and leaves it,
although with some scars. In fact, all capital goods are depreciated7 in using them, and this
depreciation requires an almost fixed amount of time. A machine can be regarded as a fund of
services.

Georgescu-Roegen finally ends up with a production function which is in fact a production
functional &~, viz., a relation from a set of functions to a function:

Q(£) = 2[R(t), I(i), M(t), W(i); L(t), K(t), H\t)], (5-2)
0 0 0 0 0 0 0 0

where R are natural resource inputs, / are material inputs from other processes, M Are maintenance
requirements, Q are product outputs, and Ware waste outputs. Furthermore, L is Ricardian land,
K is capital proper, and H is labour power. The first five categories are flows, the last three are
funds.

by the practice of using the same term, 'time,' for both. In fact, T represents Time conceived as the stream of

consciousness or, if you wish, as a continuous session of 'moments,' but t represents the measure of an interval (T',

T" ) by a mechanical clock. [...] T is an ordinal variable, but f is a cardinal one." Clearly, the variable £ in Equation

(5.1) denotes cardinal time, but it is less clear that 0 and T in this equation represent cardinal time as well. In fact,
it would be more consistent to replace the symbols 0 and 7" by 7"0 and 7"0+T respectively. Even Georgescu-Roegen
(op. cit., p. 215) is somewhat loose in jumping to Equation (5.1). For reasons of convenience, of course, the notation
[0, 7] easily replaces the more meticulous [7*0, 7"0+7] in all further discussions.
This sign convention of Georgescu-Roegen (1971) is also followed by, inter alia, Koopmans (1951<»), Georgescu-
Roegen (1951), Rosenbluth (1968), Heijungs (1994fc), and contributors to Schmidt & Schorb (1995). Other authors,
e.g., Fava et al. (1991) adopt the opposite convention.
It may be worth quoting Pasinetti (1980, p. xiii): "This opposition between stocks and flows, however, has been the
source of many difficulties. Unlike land and labour, 'capital' is not something that can be taken as an external
element but is something that itself derives from the production process. [...] We therefore find ourselves in the
presence of something of a hybrid - a stock which is not entirely a stock and which, even in the part that seems to
look like a stock, is nevertheless something that by the end of the year has changed from what it was at the
beginning."
Georgescu-Roegen (1971, p. 226) speaks of the decumulation as the physical analogue of depreciation of a capital
good.
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A central element in the description and representation of economic processes is the produc-
tion function, a function that summarizes the relationships between the output of a process
and the different inputs. An important element which is often neglected in production
functions is the operating time of the process.

5.1.2 REFORMULATION OF THE PRODUCTION FUNCTION: ECONOMIC
AND ENVIRONMENTAL COMMODITIES

The above representation is very general, and it is intended to be so. Still, it is designed within the
context of fairly traditional economics, not of ecological economics. A number of alterations is
required to safeguard clarity in the environmental context. These concern:

a) What is comprised by waste?
b) Can materials be an output?
c) Are there waste inputs?
d) Are there product inputs and maintenance outputs?
Ad a) The category waste output (W) is of a mixed nature. We must distinguish economic flows

from environmental flows. This means that we must properly define the category waste flows,
thereby distinguishing between waste from one process that is processed (incinerated, dumped,
recycled, cleaned, etc.) by another process, and waste from one process that is released into the
natural environment (as gaseous, aqueous or solid emission). The first type of waste might be called
economic waste or inter-process waste, whereas the second type might be called environmental
waste or extra-process8 waste. I will simply use the term waste for waste that is processed
somewhere, and the term emission for waste that is released into the environment.

Adb) The category /describes material inputs from other processes. This means that there must
be processes which have those materials as an output. These could be understood under the term
product outputs (category Q). It appears to be strange, or at least confusing, however, to employ
different terms for the same commodity, depending on one's point of view. Something which is
called a good for the producer must not be called a material by the recipient. As the difference in
meaning between the words product and material is too vague to allow for a discrimination, and
a distinction in the present context is not needed, the word goods could be proposed as an
encompassing term.

Ad c) What applies to goods also applies to "bads": waste generated by a process is by definition
treated in another process. This implies that waste can also be input to a process.

Ad d) Obviously, what holds for a material also holds for a product: any good, be it a material
or a product, can be exchanged between processes. There is a complicated relation with
decumulation of capital goods, however. A machine that enters a production facility needs
maintenance in the form of service and spare parts. The service is clearly a fund, not a flow. The
machine itself may be replaced gradually in twenty years time, without an actual retired machine
coming out of the process. Only the parts that were replaced came out of the process during a
number of years, maybe even labelled as waste. Accumulated over time, however, a retired machine
did come out, although not recognizable as such. Then, how fundamental is the distinction between
flows and funds? Georgescu-Roegen goes into the difference between use and consumption, between
durable and non-durable, and arrives at a criterion of identity of an associated output element,
although he admits that this

classification is, of course, dialectical because we find no tool in the positivist paraphernalia for recognizing

Extra-process means here that the waste is not flowing to another economic process. It still flows to a process,
namely to an environmental process, like degradation or transport.
Op. cit. (p. 225).
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In the end, he goes into the units of measurement of flows and funds:
The amount of a flow is expressed in units appropriate to substances (in the broad sense) - say pounds, quarts,
feet, etc. The rate of flow, on the other hand, has a mixed dimensionality, (substance)/(time). The situation is
entirely reversed in the case of services. The amount of service has a mixed dimensionality in which time enters
as a factor, (substance) x (time). If a plant uses one hundred workers during a working day (eight hours), the total
of the services employed is eight hundred man x hours. If by analogy with the rate of flow we would like to
determine the rate of service for the same situation, by simple algebra the answer is that this rate is one hundred

j 10men, period.

Although the appearance of a time in an expression like mass/time or mass x time often has a

profound meaning, it can not be regarded as a simple test for flow-ness or fund-ness. An amount
of electricity can be expressed in kWh (kilowatt x hours) or in MJ (megajoule), simply because the
unit of joule "hides" a time aspect. Some professionals charge costs per hour (e.g., a painter) whereas
others charge per unit service (e.g., a barber). This makes that a process could require 5 man hour
painting and others 3 units haircutting. The questions of sameness, dimensions, etc. make the
distinction between funds and flows not less true, but reduce its importance somewhat to a non-
fundamental topic.

Ultimately, the production function turns out to be a hybrid construction, which reflects the
ambiguous meaning of the word production, a meaning which comprises both physical production
and economic value generation. A waste incinerator is an illustrative example of a process which
does not properly fit into the normal framework of a production function: it needs goods (fuel) and
bads (waste streams) as inputs, and it produces goods (heat or electricity) and bads (fly ash) as
outputs, and has furthermore fund requirements (capital, labour) and environmental flow
characteristics (natural resources, emissions). The economic production of this type of process can
not easily be cast into a form Q(f).11

For this reason, it is needed to give equal treatment to non-productive aspects of a process, and
to effectively abandon the idea of a production function.12 Georgescu-Roegen gives, before turning
to the production function(al) ^"in Equation (5.2), a general representation of a process:

[R(t), I(t), M(t), Q(t), W(f); L(t), K(f), H(t)l (5-3)
0 0 0 0 0 0 0 0

With the above considerations in mind, it seems inevitable to refrain from selecting one of these
parameters to be placed in front of this expression, like Q in Equation (5.2). This can be made more
explicit by exploiting the form

0 = <?[R(i), I(t), M(t), Q(t), W(i); L(t), K(t), H(t)l (5-4)
0 0 0 0 0 0 0 0

Summarizing the adaptations proposed for the purpose of describing processes within the
context of economy-environment interactions, the analytical representation of a process assumes the
following form:

0 = <?[G(t), W(t); R(t), ET(t)], (5-5)
0 0 0 0

where the following categories have been discerned:
a) economic13 commodities: goods (G), wastes (W);

Op. cit. (p. 227-228).

Unless one is only interested in generation of economic value, of course.
12 Von Neumann (1945/1946) implicitly disregards the traditional production function. He states (p. 2): "In each process

P, (i - 1, ..., m) quantities a,; (expressed in some units) are used up, and quantities bt/ are produced, of the respective

goods G; (j = 1, ..., n). The process can be symbolised in the following way: P-. ]|Pa, G -» J^ fc(G ." Observe that
;-I ,.1

the process P, is thereby treated as a mathematical function (analogous to ƒ x -» y) which maps a collection of inputs
onto a collection of outputs, viz., the (production) process is the (production) function.

The word economic here only denotes the fact that the commodities flow from economic process to economic
process. There is no principal relation with monetary criteria. The fact that (flows of) environmental commodities
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b) environmental14 commodities: natural resources (R), emissions (£).
Here, funds and flows have together been called commodities, because it is the nature of what is
flowing that defines the name: sometimes it is a lamp, sometimes it is energy, sometimes it is light.

Ada) Goods comprise materials, products, services, energy, et cetera. They also comprise labour:
labour is a flow (or a service) flowing from a man, woman, or animal, to a process. Men, women,
and animals in their turn can be described as economic "facilities" which require inputs (food,
shelter) in order to produce outputs (labour).15 Wastes basically comprise goods with a negative
value, although this will most often be discarded materials and products. It is often convenient to
group goods and wastes into one group, which will be called economic commodities and will be
denoted by A. Thus, A comprises G and IF in Equation (5.5). And, in this context, economic
commodities comprise goods, services, bads and disservices.16

Ad b) Examples of natural resources are mineral ores and fossil fuels, animals and plants, wind
and sunlight, but also land surface, atmospheric oxygen, et cetera. Emissions comprise chemical
pollutants in solid, aqueous or gaseous form, but also radiation, sound and other potential
environmental stressors.17 Environmental flows therefore also comprise funds, such as land and
sound.18 Furthermore, natural resources are normally inputs to a process, and emissions are
outputs, but some exceptions occur. CO2, normally being an output, is an input for the process
forestry. This leaves room for regarding it either as a resource input, or as a "negative emission".
Soil sanitation is a process which clearly has pollutants as an inflow. Dumping cadmium in an old
cadmium mine could be seen as a "negative resource extraction". For may practical purposes,
however, it will be sufficient to have one category of environmental flows, resources flowing to a
process and emissions flowing out of it. It will therefore be convenient to merge R and E into one
category, environmental commodities. These will be denoted by B. This B thus comprises flows of
natural resources as well as flows of pollutants.

may be charged by the government does not make them economic commodities. For similar reasons, a release to the
sewage system is an economic commodity flow because the flow is towards a sewage treatment plant, even if there
is no price per litre effluent.
Victor (1972a) distinguishes the same categories, baptizing the latter ecologie commodities. He is however not clear
about the position of inter-process waste: "[M]aterial inputs, on their first introduction into the economy, will be
called ecologie commodities. However, once the material is being processed for further use or is satisfying the demand
of a final consumer, it will be referred to as an economic commodity. Only when it is discarded by an economic
agent, that is a producer or a consumer, and so leaves the economy, does it become once again, an ecologie
commodity. [...] Factories, machines and consumer goods are all economic commodities. Waste products discharged
into the air, into water courses or onto land are all ecologie commodities." (Op. cit., p. 54) In neglecting inter-process
waste as an economic commodity, he effectively denies the existence of an anti-pollution industry (see Leontief
(1970)). Although I agree with Victor's statement (p. 49) that "Leontief spends no time at all in defining" anti-
pollution, and that a monetary interpretation of it is cumbersome, I think that a physical accounting scheme would
save the materials-balance principle, and that a proper modelling of transactions between industries demands the
postulate of waste as an economic commodity. The point is that as long as the waste does not cross the economy-
environment border, it is no environmental commodity, and can therefore never create environmental problems.
Victor's criticism is mainly caused by Leontief's inappropriate use of the word "pollution" in the term "anti-pollution
industry". This industry does not eliminate pollutants as Leontief put it (p. 266) but prevents a certain economic
commodity (waste-to-be-processed) from becoming an environmental commodity (emission).
Newman (1962, p. 59) describes the situation as that "workers are produced like any other commodity, requiring
definite inputs of wheat and wine, etc. in order to produce the given amount of labor time".
We thus deviate from the normal economic meaning of the term commodity; see Section 2.2.2.

And, of course, non-stressor outputs. In fact, a full accounting of physical flows requires the inclusion of all types
of flow, those that flow to and from other economic processes, and those that flow to and from the environment.
Not all environmental flows are necessarily of environmental interest. For instance, the input of oxygen in
combustion processes is often neglected in environmental analyses, as is the emission of vapour by those processes.
They should, in principle, be recorded, however, if only for reasons of a materials and energy balance (Section 5.1.4).
Sound which is perceived as noise or annoyance may disturb humans, animals, and ecosystems. Production of sound
has a fund characteristic, because it is the combination of noise level (in dB) and duration (in hours) that determines
what will happen. Sound therefore is an example of an output fund. Again, it can in the current context be treated
analogous to flows, provided that the dimensions of all flows is taken care of.
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The combination of goods G and wastes IP'into economic flows A of commodities which flow
from process to process, and the combination of natural resources R and emissions £ into
environmental flows B which flow from process to the environment and vice versa gives a very
concise production functional:

T T
O = &lA(t), B(t)l (5.6)

0 0

Obviously, all elements A and all elements B may consist of several items. To emphasize this,
they will be written as vectors instead of scalars. At the same time, we will adopt the convention
to use lower case symbols to denote vectors, in order to reserve capital letters for matrices; see the
list of conventions at Page xv. Thus a and A are scalar quantities, a is a vector, and A is a matrix.
We thus rewrite the production functional of an economic process as

0 = <?[*(t), b(t)l (5.7)
0 0

The elements of the vectors a and b will in general be of different dimensions, e.g., kg, MJ, piece,
et cetera. The vector b that represents the. flows of commodities entering and leaving the
environment is called the vector of environmental interventions of the unit process. A graphical
illustration of an economic process, as a more detailed form of Figure 1.2, is given in Figure 5.1.
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input
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input

commodities
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-* a£ economic
output

-» a* commodities

-» b-? environmental
output

-» bf commodities

Only when negative, else zero or absent.
Only when positive, else zero or absent.

FIGURE 5.1. An economic process: economic commodities and environmental commodities are
flowing in and out.
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A consistent representation of environmental consequences of economic activities requires a
consistent representation of economic processes. For this, a completely physical representation
is adopted, in which all inputs entering and outputs leaving an economic process are denoted
by elements of a vector. A distinction can be made between flows of economic commodities to
and from other economic processes, and flows of so-called environmental commodities to and
from the environment. These latter flows are called the environmental interventions of the
economic unit process. Inputs are represented by negative numbers, outputs by positive
numbers. The adopted form differs very much from the usual form for a number of reasons:

• the fact that a process in general generates more than one output (be it positively or
negatively priced, or zero-priced) is taken into account;

• negatively-priced inputs can easily be included as an input;
• from a physical standpoint none of the commodities takes a special position, in that it

is put on the other side of equality sign;
• the duration of a process is made explicit.

The definition of economic commodities as those commodities that flow between two
economic processes implies that they are the input of at least one process as well as the output
of at least one process.

5.1.3 PROCESSES AND COMMODITIES: A NOTE ON TERMINOLOGY

In the discussion above, the terms process and commodity have been employed. A process was
defined as an entity that could be characterized by three aspects: the input commodities, the output
commodities, and the duration. The commodities could be divided into economic and environ-
mental commodities, the economic commodities into goods, services, bads, and disservices.

It should be noted that many other terms occur in literature: ecologie commodities (Isard (1968),
Victor (1972<z)), the flow-fund concept (Georgescu-Roegen (1971)), the deposit-fund-flow distinction
(Finnveden (1996)), et cetera. With respect to processes, a number of related terms exist (see
Anonymous (1968, p. 9), Konijn (1994, p. 146^)): industries, activities, establishments. These all
relate to some sort of (cluster of) processes. In the present text, these terms are sometimes used in
conjunction19, but as a general rule, the word process is reserved to denote the most elementary
level of transformation or activity.

Another remark concerns the adjectives economic and environmental. Process is normally used
to indicate certain economic activities. There are environmental processes as well; evaporation and
degradation are only two examples. These will be addressed in Part 3. For now, it will normally
suffice to speak of a process, with occasional specification of its nature: economic or environmental.

Although we have discussed extensively the difference between economic and environmental
commodities, between goods and bads, between waste and emission, and between flows and funds,
it should be kept in mind that the most important conclusion is that a full accounting of inputs and
outputs of a process is most crucial. The neglect of waste and emission as a "byproduct" of
economic processes (cf. the traditional production function of Equation (4.1)) is symptomatic for
the fact that classical economic theory overlooks the environment as an essential collective good.
Although the traditional production function is under the influence of ecological considerations
sometimes extended to incorporate the environment as a factor of production, the homogeneity of
the output remains a problem in dealing with waste management systems, let alone pollution. The
only consistent answer to the challenge of describing environmental consequences of economic
production is a full accounting of inputs and outputs, regardless of their name, nature, role, or
price:

This discussion should make clear the point that often a classification of commodities involves somewhat

19 The reason for this is that this is sometimes necessary in referring to other authors.
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arbitrary decisions. [...] But while arbitrary elements do enter any classification system, for the purposes of our
conceptual framework it makes no difference how we classify commodities, provided there is full accounting

of all inputs and outputs of all commodities relevant for the problem being examined.

Occasionally, some terms that are employed in this study differ from the terms that can be
found in other literature. Most probably, the term "process" will give the largest problems:
possible synonyms are activity, sector, industry, and establishment; moreover the adjective
"economic" in "economic process" will often be omitted.

5.1.4 THE MATERIALS AND ENERGY BALANCE

A well-known fact that goes back to Lavoisier is the law of conservation of mass: matter can not
be created nor can it be destroyed. In fact, this phenomenon may partly be held responsible for the
existence of environmental pollution:

Nature does not permit the destruction of matter except by annihilation with antimatter, and the means of
disposal of unwanted residuals [...] is by discharge to the environment, principally watercourses and the
atmosphere. '

A somewhat more recent (going back to Mayer) but equally fundamental law is the first law of
thermodynamics, which states that energy can not be created nor can it be destroyed. Apparent
violations of these laws may be reconciled by Einstein's equation which expresses the equivalency
of matter and energy: not matter, not energy, but matter-energy is conserved.22 Another
refinement of the balancing principle is that, under exclusion of nuclear reactions, there is a
conservation of matter on the level of the individual atoms: there is hydrogen balance, a helium
balance, a lithium balance, and so forth.2'

If a process is to be described by its ingoing and outgoing flows, mass and energy figures must
balance. The amount of, say, copper, going into a process must leave it if we assume a steady-state
situation. If the process is not in a steady state, accumulation of stocks may occur. By a careful
accounting of stock changes, we can still maintain the mass and energy balance principle. It is
however one of the essentials of economic theory that a state of (near) equilibrium applies, at least
on the long run. In that case, total input necessarily equals total output (Ayres (1993)). In theory,
stock changes can easily be incorporated in the formalism: the increase of the copper stock of the
process is the amount of copper entering the process (through input commodities, i.e., negatively
valued elements of a and b) minus the amount of copper leaving it (through output commodities,
i.e., positively valued elements of a and b). Thus, the stock change from t = 0 to t = T can be
calculated. It should be noted, however, that the premise of representing a process in terms of the
flows that cross the process boundaries implies that the stock that is present inside the process can
not be calculated. Another remark here is the fact that accumulation can only be deduced by
comparing figures relating to input flows and output flows, but not in a direct way: the
accumulated flow can not be observed from outside the process. See also Section 7.3 for a couple
of additional remarks in the context of substance-flow analysis.

It is for many reasons very unfortunate that the materials and energy flows that are recorded
do not balance:

[...] in some cases, process data used in LCAs actually violate the laws of physics. Yet the data are commonly used
such a way that their inconsistency - physical impossibility - is effectively obscured.

Isard (1968, p. 93).
21 Ayres k Kneese (1969, p. 283).
22 See also Heijungs (1997c).
23 Even more precise is to state that there are balances for all isotopes of all elements ('H, 2H, 'H, 'He, 'He, 'He, etc.),

as well as for energy. And even this statement is not exactly true, as the mass of Na and the mass of Cl combine in
a lower mass of NaCl, the excess of mass being released in the form of available energy.

24 Ayres (1994a, p. 208).
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The result is unreliable data, unreliable results, and mistrust from industry or society. The issue of
data quality must at least be raised (see Fava etal. (1994), Weidema (1994), Lee etal. (1995), Lindfors
et al. (1995e)). Moreover, one can often easily use the materials- and energy-balancing principle to
fill data gaps or to adapt apparently wrong figures; see Ayres (1994<z, p. 213 ff.) for a discussion.

On the other hand, it must be acknowledged that the power of the materials and energy balance
principle is limited in practice:

To quantify all these entries is extremely demanding. This is the main problem with the material balance
principle. Moreover, not every item in the material balance is relevant from an environmental point of view.

It therefore seems advisable to use these principle when feasible.

By constructing material balances for the different elements as well as an energy balance, an
idea of the reliability of the process data can be obtained. Moreover, these balancing principles
can be used to fill data gaps or to adapt apparently wrong figures. The possibility to apply this
principle is, however, limited in practice.

5.1.5 THE LABELLING OF PROCESSES AND COMMODITIES

All processes and all commodities may be given a number of attributes to characterize their nature:
a name, a label to represent geographical characteristics, a label to represent temporal characteristics,
et cetera. In the next sections, a matrix representation of processes and flows of commodities will
be constructed. Matrix representations do not require any information with respect to names and
representativeness labels. For matrix operations it suffices to denote processes and commodities by
a unique set of coordinates ("process 216" and "economic commodity 97"). The connection between
the matrix operations and an interpretation requires, however, a translation between coordinates
in an abstract space ("97, 216") and a meaningful description ("polyethylene bag, packing potatoes").
Although this translation is not the topic of this study, some words must be devoted to it in order
to point out the way to application in practice, and to provide solutions for a number of difficulties
that will be met.

In principle, process names may be defined at any level of aggregation: from individual facilities
("steel production by means of equipment x at factory y on day z") to world-averages over a decade
("steel production by means of average world technology during the 1980s"). Construction of
average data may proceed in two ways: either by compiling these data by hand or from statistical
sources, or by constructing a mixing process which has definite amounts of steel from different
specified factories as an input, and which has average steel as an output. From this, it will be clear
that commodity names must be assigned depending on process names. A process that is called
"average French steel production" produces, of course, "average French steel".26 Furthermore, it
may be allowed or even necessary to introduce a spatial and/or temporal differentiation at this
place. This is quite usual, see, e.g., Ginsburgh & Waelbroeck:

We will be assuming that there is a finite number r of commodities differentiated by time and place, as well as
by type. A ton of wheat today in New York is not a ton of wheat available in New York six month from now,

25 Idenburg (1993, p. 27}.
The labelling of commodities has been discussed in the context of regional input-output analysis. See, e.g., Paelinck
& Nijkamp (s.a., p. 254): "In the most general way, a certain flow x (for instance, goods or services) can be provided

with a seven-fold index: (J^c,*,,), which represents a flow of commodity;, produced in a certain production process

i at location k, to production process i ' at location k ', which uses commodity ; as an intermediate product for

commodity ; ', while the index t stands for the time period concerned." This clearly shows that the number of

attributes that may be assigned to a certain flow is quite large.
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or in Rotterdam today.27

For the environmental commodities one further attribute must be mentioned: the environmental
compartment in which it is present. From a descriptive point of view, phenol in air, mercury in
air, and mercury in water can be considered as three distinct environmental commodities. Of course,
phenol in air and mercury in air are more different than mercury in air and mercury in •water. They
are so - from a chemical perspective. In the analysis of processes in the environment (Section 9.1)
this chemical perspective will be ignored. There are environmental processes, like evaporation, that
convert a chemical in one compartment into the same chemical in another compartment, and there
are environmental processes, like degradation, that convert one chemical in a compartment into
another chemical in the same compartment. They will be represented within the same analytical
terms. A fine differentiation of environmental compartments ("phenol in the Everglades") is of
course required when a very rigid connection with environmental impacts is desired. The highly
aggregated nature of what will follow (see the closing remarks of Section 5.4.1) poses, however,
practical and fundamental limitations on the possibilities of suchlike rigid connections. The
attribution of environmental impacts (see Chapter 10) is therefore proposed to be limited to generic
impact information.

In going to a form of analysis that is feasible in practice, transportation processes produce some
complications. In a very strict description, we would have a process "transportation of steel from
Northern France to Italy" which has the commodities "steel in Northern France" and "fuel" as an
input and the commodity "steel in Italy" as an output along with a number of environmental
commodities. As there are for instance also processes that are called "transportation of eggs from
Northern France to Italy" and "transportation of steel from Eastern France to Italy", the number
of processes and the number of commodities will be extremely large. Practical calculations will then
be hindered by formidable memory requirements. Therefore, in practice less pure but more
workable options may be conceived and applied.

One further aspect needs to be discussed at this place, as it will have consequences for the types
of analysis that will be derived later (see also Section 5.3.3). These are the attributes of space and
time that may be given to each process. Regardless of the exact name of the commodities and
processes, a process may be given a label to indicate the place where it is operative and the time
during which it is (or was, or will be) operative. Other attributes may be given to each commodity
as well: function, form, value, et cetera, but these attributes will not be important for the further
discussion in this study.

Giving names to processes and commodities is from a theoretical point of view not of
particular interest, although it is absolutely required for an easy understanding in practice.
Furthermore, some labels may be attached to the processes; two of these - those for the place
where and the time when a process is operative - will be used in later sections.

5.2 The assumption of linearity of economic processes

5.2.1 THE DURATION OF A PROCESS

In the previous section, a general production functional was defined. No specific form of
assumed. Following several authors in different contexts (Von Neumann (1945/1946), Koopmans
(1951a), Georgescu-Roegen (1951), Gale (1960), Georgescu-Roegen (1971), Saxton & Ayres (1975),
Heijungs (1994&)), it may be convenient for certain forms of economic analysis to make the
assumption of linearity28; see however Section 5.2.4. The most explicit statement of the

27 Ginsburgh 8c Waelbroeck (1981, p. 3).
28 Von Neumann (1945/1946, p. 2) makes the assumptions implicitly: "In the actual economy, these processes/",, i =



ECONOMIC D R A M A 51

assumptions is by Koopmans:
The first of these [assumptions] is divisibility: we assume that each activity is capable of continuous proportional
expansion or reduction. [...] The second assumption is idditivity: we assume that any number of activities can
be carried out simultaneously without modification in the technical ratios by which they are defined. [...] The
two assumptions can be fused in the statement that we postulate the existence of a finite set of basic activities,
[...] such that any possible state of production can be represented by a linear combination of basic activities
[...].29

Assuming this linearity, the production function can be written as being proportional with time.
This makes that

a(t) = a>, b(f) = 6t; (O <; t < T), (5-8)
where à and 6 are technical coefficients and t is the time30 at which the process's accumulated

flows are being measured.31 Recall that inputs are denoted with negative elements of a and b, while

outputs are positive, in accordance with other authors (Koopmans (1951*), Rosenbluth (1968),
Heijungs (1994&)). Observe furthermore the units involved: elements of a and b are in general

expressed as amounts, e.g., in kg and MJ, while the technical coefficients, elements of a and 6 are

expressed as rates of flows, e.g., in kg/hr and MJ/hr.
As an example assume a process which creates one commodity "a"32 along with an environ-

mental flow "b". A certain amount of production can be achieved by simply "turning the process

on" for a certain amount of time. The time (t)33 needed to produce an accumulated amount a of
commodity "a" is simply given by

(5.9)

Even if the total active time period (the operating time) of the process is T, a time period t is needed
for the production of an amount a. We could say that a fraction f/Tof the process' total output
a(T) is attributed to the production of an amount a. The linearity of economic production makes
that 31 seconds of electricity generation is equivalent to a fraction of one millionth of one year's
production of that electricity generator.34

29

JO

32

33

1 m, will be used with certain intensities x„ i - l,..., m. That means that for the total production the quantities

[...] must be multiplied by x,. We write symbolically: £ = J^*/1,- x, = Q means that process P, is not used."
W

Koopmans (195la, p. 36).
Most authors do not use the interpretation in terms of a time. Von Neumann (1945/1946) speaks about intensities,
Chenery k Clark (1959) and Saxton k Ayres (1975) about activity levels. In Heijungs (1994fc), I called it the
quantitative occurrence of the process. The only instance where the interpretation of a time is made that I am aware
of is Georgescu-Roegen (1971, p. IWff); see also Heijungs (1997a). A set of these parameters, one for each process
in a certain economic system, is sometimes called a program (Chenery k Clark (1959, p. 85)), hence the term linear
programming for one of the techniques to determine the program.

The relationship , b(f)]
b(f) -

makes the formal connection between Equations (5.7) and (5.8).

The symbol a. denotes the amount of the commodity of the type "a", a is thus a quantity of the quality "a".

Again, one might discuss if £ or 7" is the relevant symbol here. The time at stake is not a historic-chronological stream
of consciousness, but an interval that can in principle be measured with a clock; this makes t the preferred symbol.
On the other hand, recognition of the fact that Tin Equation (5.8) is a time interval as well, and that it defines the
duration of the process would make one prefer the symbol T. For practical reasons, the symbol t will be used in this
text.
This statement deserves some additional discussion as to the exact meaning of t: is it clock time or is it some form
of "effective time"? For instance, most plants run in 1 week time something like 40 hours of production, which is

definitely less than the 168 clock hours in one week. The meaning of the technical coefficients a and b is such, that

they are based on clock time. This means that changes in production volume due to holidays, strikes, seasonal effects,
etc., are included as an average in the technical coefficients. A normal time span during which a reasonable estimate
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Fully in line with the previously stated axiom of linear calculus (Section 2.1.2), the operating
time that is to be attributed to a process for a certain level of production, is calculated using
assumptions on the continuous nature of economic processes.

5.2.2 C O T R A N S F O R M A T I O N OF UNDESIRED FLOWS

It is an unfortunate fact of life that, while producing a certain amount of product or material, all
kinds of "undesired flows" are also "turned on" during this time interval, so that

b - bt. (5-10)
In other words, eliminating the process' operating time t from the expression, the environmental
flow b associated with producing an amount a is given by35

b = *«-«. (5-11)
In general there will be more than one environmental commodity involved, hence the vector

notation b = 6f instead of b = h. A. similar remark applies to the economic commodities. The
productivity a of processes in general and their associated environmental flows b can thus be
described by the process vector p, which assumes the form

P = = pt
(5.12)

where p is the accumulated flow produced by turning on the process characterized by the specific
parameters p for a time interval t. The vector p is embedded in a commodity space (Koopmans
(1957, p. 7); Debreu (1959, p.32)).

In writing a instead of a, we thus emphasized the fact that more than one economic commodity
is involved. Apart from the flow for which we "turned on" the process, other commodities will
flow as well: co-products and by-products, but also "undesired" economic commodities, such as the
input of electricity and the output of waste-to-be-processed.

For similar reasons we wrote b instead of b. The elements b, of the vector b will be referred to
as the environmental interventions.

One last notational remark for future reference: elements of the a and b vectors may be indexed
by a subscript i to denote different economic or environmental commodities:

a = and b =
(5.13)

with similar expressions for the vectors of technical coefficients.

The observation that the operating time of a process causes not only economic commodities to
flow, but causes environmental commodities to flow as well, makes that a predefined economic
production determines the environmental interventions according to the process' technical
coefficients.

of these technical coefficients can be obtained is the calendar year. This is also the time span that is normally used
in statistical declarations. Notice that a (quasi) steady-state situation is assumed here (cf. Section 5.2.3).
The peculiar form employed here can be explained by comparison with the more general form of Equation (5.29).
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5.2.3 THE NATURE OF THE PROCESS DATA

The previous discussion assumes that data on the flows of commodities into and from economic
processes can be represented by simple technical coefficients a and 6. Assuming for the moment
that this is so36, the problem arises of how to find these data.

One obvious •way is to measure the inflows and outflows of all commodities that enter and leave
a process within a certain time span, e.g., one year, and to construct the technical coefficients by
dividing the observed flows (at, b) by this time span (r):

ai r "i If. 1A\a: -_L,*j" _i, Vz. (5-14)

In this measurement procedure it is assumed that the time span is long enough to average out
fluctuations related to daily, weekly, or yearly variations, but small enough to guarantee that the
process is in a quasi-steady state.

An alternative is to construct the data by means of models (see, e.g., Schuier (1995)). This is of
course required when an estimation of future processes is to be made, but it can also be done for
those processes for which measurements are absent, hard to make, incomplete, or unreliable.37

Another aspect which is relevant in the context of the nature of the process data is the level of
aggregation. One may for reasons of convenience deliberately aggregate several unit processes of the
same type to represent a typical technology or a typical branch. For instance, one could add the
flows of the different electric power stations in a certain country in one process "average electricity
production". The operating time that is required to produce a certain amount of electricity is in that
situation smaller than the operating time when only one of the constituting process were used. The
process data represent in that case not a concrete production facility, but a virtual one.

We see that in many cases, the basic data will not be data in the true sense of the word, but will
be the result of certain manipulations to find, to correct, to complement, or to adjust data according
to certain aims.

The technical coefficients at and bt can be obtained by:
• measuring flows at and b{ during a certain time span t and calculating the average rate of

flow;
• predicting the rates of flow by process-technological models;
• correcting and completing measured rates of flow on the basis of models, materials and

energy balances;
• constructing typical rates of flow by aggregation of processes of the same type, e.g., to

construct data for a certain technology of processing.

As the focus of this study is theoretical, the practical - perhaps even unsurmountable! - difficulties
of finding workable data is not discussed.38 It should be stressed that the existence of a theoretical
structure often stimulates the collection of data in practice. In that sense, an unpractical theory may
become feasible in due time.

See however Section 5.2.4.
See the discussion of the materials and energy balance in Section 5.1.4.
See Hamming (1995) for an overview of databases that could be useful. A problematic aspect of most (or all?)
databases that are described in that report is that the process inputs and outputs are not stated as flows per time unit,
but per standard unit of commodity, e.g., per 1000 kg steel. This one missing data element makes that all these
databases can only be used for studies of the activity-level analysis type, not for studies of the commodity-flow
accounting type (see Section 5.3.2). This restricts their use to life-cycle assessment, excluding susbtance-flow analysis,
environmental impact assessment, and risk assessment.
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5.2.4 THE ASSUMPTION OF FIXED TECHNICAL COEFFICIENTS

In the description above, a proportionality of inputs and outputs with time was assumed. This was

translated into the concept of technical coefficients 3t, à2, ..., £,, £2, ..., such that
a: = Sf; bt = if; (0 < t < 7); Vz. (5.15)

Within the context of economic input-output analysis (see also Section 6.1.3), the validity of these
technical coefficients is often discussed. Fixed technical coefficients imply constant returns to scale

and can thereby represented by a linear homogeneous unconstrained production function (Miller
& Blair (1985, p. 11 ff)). It seems obvious to make this assumption:

[...] it is almost tempting to argue that production functions will necessarily exhibit constant returns to scale.
The view is that if, in some sense, all inputs are, say, tripled, what is there to prevent all outputs from being
tripled'39

Fixed technical coefficients, however, imply more: it is necessary to postulate a strict non-
substitutability of production factors. If one of them is reduced with a factor two, production will
drop by a factor two, and a factor two of all other factors of production is idle.40 This is in
contradiction with the most common forms of production functions (see Equation (4.1)), of which
the Cobb-Douglas form41 is the most well-known. There are good reasons to reject simple forms
of substitution:

To conceive of capital as a near-perfect substitute for resources, as is frequently done under the influence of
Cobb-Douglas type production functions, is to believe that one can make the same house with twice as many

saws, but half the lumber.4

The background of these problem lies mainly in the switch to physical coordinates instead of
monetary ones:

Underlying the basic concept of a production function - and absolutely essential to it, is the notion of
substitutability. [...] Economists have given less attention, however, to the physical constraints on the possibility
of free substitution between fundamentally different factors. [...] As an example of complementarity or synergy,
take the relationship between tractors and gasoline in agriculture. They are linked together: Neither is of any
use without the other. Hence there is absolutely no possibility of substitution between them. [...] One is led,
in short, to conclude that neoclassical production functions are basically inappropriate for the materials-
processing sectors of the economy. More specifically, they effectively violate thermodynamic principles, by
implicitly permitting labor or capital to "create" (or "destroy") material or energy inputs.4

Nevertheless, the premise of fixed technical coefficients
[...] is certainly never absolutely true, even in those cases where chemistry and engineering dictate fixed
proportions between some ingredient and output.

Furthermore, the substitution theorem (Samuelson (1951)) states that for a certain class of processes,
fixed technical coefficients represent the most efficient way of production. For probably related
reasons, Gale (1960) distinguishes "linear models of exchange" (p. 260 ff.) from "linear models of
production" (p. 294 ff).

It must be recalled (see Section 2.1.2) that the particular objective of this study is not a classical
operations analysis for planning purposes. It is a theoretical analysis for descriptive purposes: it seeks
to answer which environmental problems are to be attributed to a certain economic activity.
Therefore, the validity of the assumptions of fixed technical coefficients, the limited availability of
some inputs, or the indivisibility of some inputs45 can be ignored, simply because we are

Baumol (1972, p. 281).
40 A more elaborate treatment of production functions within the context of input-output analysis is to be found in

Miller & Blair (1985, p. l l f f ) .

The Cobb-Douglas production function is in its bare form Q = K"L", where a and 0 are coefficients.
42 Daly (1995, p. 154). One solution here is to define unsubstitutable categories (like actors and resources) which contain

substitutable subcategories (like labour and capital within actors and different materials within resources); see Van
den Bergh & Nijkamp (1994).

43 Ayres (1978, p. 39-40).
44 Baumol (1972, p. 505).

Quoting Baumol (1972, p. 281): "We cannot install half a blast furnace or half a locomotive [...]". Furthermore,
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constructing a virtual sub-world, deduced from the full world. This makes that the discussion about
the validity of the assumptions of activity analysis are pointless within the present treatment. The
purpose is to distribute observed facts according to some set of consistent rules among restricted
parts of the world. It is perfectly legitimate to state that one plastic bag requires 10"'° electricity
generator, although fractional plants do not exist. See also Section 14.1 for a discussion of seemingly
similar questions that necessarily employ non-linear rules.
Although the assumption of fixed technical coefficients is not completely justified for purposes
of planning, the particular question of this study and the epistemological basis of its answers
inevitably lead to this linear attribution rule.

5.3 Clusters of economic processes

5.3.1 REPRESENTATION OF A PROCESS CLUSTER

Having described the analytical representation of one single economic process, the next stage is to
analyze the representation and the analytical properties of clusters46 of processes. Two or more
processes can be merged by drawing a boundary around those two, and treating the combination
as one single process, a "meta-process". Clustering, of course, is straightforward. As processes
themselves are described as a black box, without knowledge of what happens inside, one cannot tell
whether some particular analytical coordinates belong to a unit process or to a meta-process.

Whilst making clusters is easy, the question which types of clustering make sense is much more
difficult. One can of course make a cluster of two or three arbitrary processes, but why should one?
In practice, it turns out that some types of clustering are of particular interest.

Before discussing the clusters in detail, it is necessary to adjust the notation so as to allow for
indicating different processes. An additional subscript ; will suffice: aif represents the flow of
economic commodity i to or from process ;, whereas bti represents that of environmental
commodity i to or from process j. Recall that negative values of <z>; and b^ denote flows to process
/ (inputs), while flows from process j (outputs) are indicated by positive values.

The analytical description of a cluster of processes is easy, as it is itself a process. The only
problem is to properly keep track of the different elements within the categories a and b. Clustering
two processes amounts to

(P),* '
w,
(b), (b)2

(5.16)

where (p),42 refers to the cluster of the processes that are characterized by (p)t and (p)2

respectively.47 Extension of this equation to more than two clusters is straightforward.
Equation (5.16) is a crucial step forward in answering the attribution problem. It states that a

certain economic activity, namely the cluster that consists of a number of economic processes,
produces a certain external economic flow (which may be consumed or exported) along with a
certain external environmental flow. In that sense, we may say that the environmental flows b are
to be attributed to the economic flows a. The environmental flows will be referred to as the

Koopmans (1957, p. 150-154) makes in interesting connection between the failure of the hypotheses of fixed technical
coefficients and the existence of indivisible commodities.
Alternatively called process chains (Ayres (1993, p. 18)), aggregates (Huppes (1993, p. 47)), and systems (Baccini &
Bader (1995, p. 54)).
The fact that the process representation of a composition of two processes is denoted by the same symbols as the
representation of its constituent processes emphasizes that there is no fundamental difference between one process
or an aggregate of several processes.
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environmental interventions that can be attributed to the cluster of economic processes and hence
to the external flow of economic commodities.

In making such a cluster of processes two questions arise:
• Which processes will be clustered?
• What is the operating time of every process within the cluster?

Before entering into the question of the boundaries of a cluster, the aspect of operating time will
be discussed.

The analytical representation of a unit process enables an analytical representation of clusters
of several economic processes as well. Two main questions are which processes should be
included for the analysis of meaningful clusters, and how the operating times of the processes
within the cluster should be chosen.

5.3.2 THE CROSSROAD: COMMODITY-FLOW ACCOUNTING AND
ACTIVITY-LEVEL ANALYSIS

A fundamental question about the role of time arises as soon as the specific parameters that build p
are used. The description of the cluster assumes the form

(5.17)

a form which allows for a different choice of f, and t2. A crossroad of main categories of analysis
occurs here:

a) the operating time of the processes can be explicitly externally imposed, e.g., by choosing
a certain time span for all processes;

b) the operating time of the processes can be implicitly imposed by stating boundary
conditions in the form of a certain external demand.

Ad a) The first possibility corresponds to types of analysis in which a certain period, usually one
year, is chosen as the overall operating time of the processes. Substance-flow analysis is an example
of this type of analysis, in which a well-defined set of processes is taken into account for the full
operating time, most often one year.

Ad b) The second possibility corresponds to types of analysis in which a certain externally
delivered function determines the operating time of every individual process. Life-cycle assessment
is an example here: a societal function, say 20 years of painted wall, requires fixed amounts of
associated processes, e.g., 2 seconds of paint production and 10 hours of painting.48

The crossroad which follows from the two principles for choosing the operating times of the
processes within a cluster of processes naturally yields two categories of analysis.

Ad a) The first will be referred to as commodity-flow accounting (CFA). As a definition we
could use the following: Commodity-flow accounting is a method of systematically quantifying the
mutual relationships among the various sectors of a complex economic system and the relationships
of this system with the environment.49

Observe that funds and flows in Georgescu-Roegen's sense arc treated here in an identical manner. If a flow of 12
kg steel is needed, it could be argued that, say, 20 seconds of a certain steel production process is required, even if
the steel is needed in small lumps during many years. On the other hand, if 80 MJ electricity is required, one can
translate this mathematically into, say, 15 seconds of a certain electricity generation process, although practical
considerations can make that in reality a continuous electricity demand of, say, one millionth electricity generation
process takes place. Even this point can in principle be solved by installing a condenser which stores energy. The
point is that there is a difference between flows and funds, but that this difference need- not appear in all types of
theoretical exercises, that the difference is dialectical, and that it is even technology-dependent. The time-
interpretation is elaborated more completely in Heijungs (1997a).
Modified from Leontief (1986, p. 2339): "Input-output analysis is a method of systematically quantifying the mutual
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Ad b) The second will be reffered to as activity-level analysis (ALA). For activity analysis the
following definition is proposed: Activit-level analysis is an analysis in which the quantities of each
of several activities contributing directly to objectives (or "final demand") are specified; from this
it is desired to determine the magnitudes of each of the supporting activities, as well as their total
requirement for commodities from outside the system.50

As an example of both categories of analysis, consider the cluster of two simplified processes:
fuel production and electricity generation. There are two economic commodities: fuel and
electricity, and two environmental commodities: SO2 and waste heat. These commodities can be
seen as objects in an abstract space which is spanned by a unit vectors such as (1, 0, 0, 0) and (0,
1, 0, 0). The meanings of the coordinates are

1 1 fuel

1 MJ electricity
l g S 0 2

1 MJ waste heat

1 1 fuel/hr

1 MJ electricity/hr
l g SO2/hr

1 MJ waste heat/hr

(5.18)

depending on whether p or p respectively is indicated.51 Process 1 represents production of fuel;
process 2 production of electricity. They have as hypothetical coordinates in this space:

0," and (p")2 = (5.19)

So, for example, process 1 uses 3 MJ electricity/hr to produce 3 1 fuel/hr and 2 MJ waste
heat/hr.52

Ad a) The CFA category of analysis corresponds to taking a fixed operating time for both
processes, say, ^ = t2 = 500 hr. This gives:

-l'

10
5

2
which amounts to a net53 economic production of 1000 1 fuel and 3500 MJ electricity, and net
environmental outflows of 2500 g SO2 and 2000 MJ waste heat.

Ad b) The ALA category of analysis corresponds to imposing a fixed outflow of commodities,
say 250 1 fuel and 200 MJ electricity. This results in a commodity balance equation54 for the

P = x500- x500 =

1000

3500
2500
2000

(5.20)

relationships among the various sectors of a complex economic system."
Modified from Wood & Dantzig (1951, p. 16): [...] the quantities of each of several activities contributing directly
to objectives (or 'final demand') are specified [...]; from this it is desired to determine the magnitudes of each of the
supporting activities, their total requirement for commodities from outside the system [...]"
It is remarkable that the possible flow-aspect of the commodity space is almost always overlooked. The only author
of whom I know that he recognizes it is Koopmans (1957, p. 7): "Depending on the application, these amounts may
be interpreted as rates of flow per unit of time, maintained at a constant level for an indefinite period; or each
number [...] may be regarded as a quantity made available during just one specified period out of a number of
successive periods."
It will be clear that these numerical examples are completely fictitious. They merely illustrate the procedure instead
of representing phenomena happening in the real world.
It can be observed that the gross economic production is higher: 1500 1 fuel and 5000 MJ electricity, but that these
amounts are not available for external demand. Furthermore, one can easily read off the interprocess flows, e.g., 1500
MJ electricity from electricity production to fuel production. In economic input-output analysis as well as in
economic activity analysis, obtaining gross and interprocess figures is often the aim of the analysis.
Observe that we thus distinguish the materials and energy balance within a process and the commodity balance
between processes within a cluster. The materials and energy balance is a physical fact, although the observed data
will often show a surplus or a deficit; see Section 5.1.4. The commodity balance is of an entirely different nature:
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economic commodities:

f2501 f 3 f-11 ,5 }a = = x r .+ x£, (J-21)
[200 J [-3 110 J 2

which can be solved and therefore determines two operating times: £, = 100 hr and £2 = 50 hr. The
environmental part of the balance can be completed as

b = x 100 + ' x 50 = . (5-22)
[2J [2J [300j

An external demand of 2501 fuel and 200 MJ electricity thus requires 100 hr of fuel production and
50 hr of electricity production and produces an environmental outflow of 250 g SO2 and 300 MJ
waste heat.55

A major crossroad of types of analysis is related to a different type of question:
• commodity-flow accounting is the mode of analysis that gives an answer to the question

of interprocess flows, net flows, and gross flows in relation to a specified time span of
economic activity, e.g., one year;

• activity-level analysis is the mode of analysis that gives an answer to the question of
interprocess flows, net flows, and gross flows in satisfying a specified external demand.

5.3.3 SYSTEM BOUNDARIES: WHICH PROCESSES TO INCLUDE?

In discussing the time aspect of clusters of processes, the question of cluster boundaries was
postponed in order to discuss first the crossroad which creates the two types of analysis. Obviously,
any choice with respect to the processes to be included can be made.56 Some choices, however, are
more easy to interpret than other choices. Of special interest is the choice for all processes within
a certain region. This can be an administrative region: a facility, a company, a country, or a supra-
national body, such as the OECD. It can also be an ecological region: the Rhine-basin, the arctic, et
cetera. Besides regions, some other possibilities could make sense: processes of a certain industrial
kind (e.g., all refineries), processes dealing with particular substances (e.g., mercury), processes
involved in the life cycle of a certain product (e.g., window frames), etc.; see Huppes (1993, p. 51)
for a range of possibilities. These are related to categories of activities and to categories of
substances. Some of these choices can also be combined, e.g., in a study of European paint industry
with respect to only organic solvents. For the moment, however, the selection of processes in the
analytical cluster will mostly be based on geographical considerations: a region's economic activities.
Furthermore the time during which the process was, is, or will be active may be of interest. If all
processes in 1990 are included, those processes that were active in earlier years and those that were
or will be active in later years must be excluded. There is consequently a need for an appropriate
labelling system of processes; see also Section 5.1.5. The consequences of the choices themselves will
be elaborated in Chapter 7.

The question how to aggregate economic processes into a cluster can be answered by
addressing two main questions: which processes and how much of every process. The first
question consists of three smaller questions: on the region, on the type of process, and on the
substances involved. The second question must be answered by either giving the operating of
all processes, or by stating an external flow and requiring that the cluster produces this flow.

it is imposed by the analyst. It also does not require that the materials and energy balance is satisfied.
Again, gross values of the different flows can be calculated as well, as can the interprocess flows.

56 Saxton & Ayres (1975, p. 195) write in a similar context that "the set of materials and processes included in the
system is relatively arbitrary. In other words, the 'system' may be the whole economy or a small subset of it - say,
a region, an industry, a single firm, or even an individual plant." See also Huppes (1993, p. 47-52).
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5.4 The attribution of environmental interventions to a given external
demand

5.4.1 THE FIRST FUNDAMENTAL EQUATION

If a study of the activity-level analysis type is performed, the operating time of the processes is not
stated, but has to be calculated. If a study of the commodity-flow accounting type is performed,
things are different: the operating times are imposed. However, when a change in external demand
or in technology is assumed57, the problem is likely to turn into a problem of the activity-level
analysis type: a certain external flow is imposed and the problem is to calculate the operating time
of every process such that the external demand is satisfied. The associated environmental flows are
calculated in a next step. Thus, for both types of analysis the problem of finding operating times
often occurs. Moreover, as the calculation procedure of activity-level analysis is more involved than
that of input-output analysis, it will be given more attention throughout the rest of this part.

Let the external demand58 of economic commodity i be given as ar The flows of economic
commodities of process j is also given; the technical coefficients are denoted by at . The set of
equations to be solved is the following:

(523)

or in matrix notation as

«11 «12 - «V -

«21 <*22 - «2; -

*n *a - «i, -

*1

'2

','

«i

<*2

*i

(5.24)

or even more concise as

At - a. (5-25)

The matrix A is usually called the technology matrix (Koopmans (195Lz, p. 37), Chenery & Clark
(1959, p. 84)).

This equation can be solved59 for t by inverting the technology matrix A and postmultiplying
it with the vector of external demand a:

t = A'1*. (5-26)
The environmental part of the processes transforms according to the values in t:

Strictly speaking, studying the influence of a change in external demand or technology is outside the scope of
attribution analysis.
This external demand comprises the consumers' demand, the demand due to export, but may also consist of a
negative term to represent import.

59 The problem that a solution does not always exist is postponed until Section 6.1.
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(5.27)

or compactly

b = fi-t. (5-28)

The matrix 6 will be called the intervention matrix, since its coefficients represent interventions
of the different economic processes in the environment: inputs (mainly extractions of resources) and
outputs (mainly emissions of chemicals). Substituting the calculated value for t gives

b = B-A '*. (5-29)
This is a very fundamental equation: it expresses the relation between a certain level of

consumption and the associated environmental flows, i.e., extractions of natural resources and
emissions of pollutants. Because of its importance in this study it is regarded as a fundamental
equation, and it will be referred to as the first fundamental equation.60 It expresses that there are
three places which enable abatement of environmental degradation:

• one corresponding to the structure of the economic process-environmental commodity
interactions (the intervention matrix Ê);

• one corresponding to the structure of the economic process-economic commodity

interactions (the technology matrix A"1);
• one corresponding to the external demand (the consumers' external demand vector a).

Attempts to reduce environmental problems may accordingly be classified into:
• measures which affect the structure of the economic process-environment commodity

interactions (e.g., emission reduction);
• measures which affect the structure of the economic process-economic commodity

interactions (e.g., energy saving);
• measures which affect the external demand (e.g., ecotax).
Although the equation, when rewritten in words

environmental intervention = (5 30)
intervention matrix-technology matrix '-external demand

suggests some resemblance with the "master equation" (see Graedel & Allenby (1995, p. 5.)):
c i • , • GDP environmental impact is. i i \Environmental impact = populationx x . . L— ly-^1)

person unit per capita GDP
it will be clear that the latter is much more tautological, as the word "environmental impact" enters
the equation at two sides of equality sign. The former equation expresses environmental impact in
terms of the structure of the economy.61

Lastly, observe that the vector p which summarizes the aggregated processes into the external
flows can be written as

P =
a

E-A'1:

(5.32)

an expression which clearly demonstrates the fact that p is an aggregation over several processes,

It should be observed that there are alternative forms to express the same idea. See, for instance, Möller & Rolf (1995)
and Will (1996, p. 16 ff) for a number of elaborations. See also Heijungs (1994fc). Futhermore, the form that is
derived by Kneese et id. (1970, p. 77) will be discussed in Section 6.1.3.
In Moll (1993, p. 26) a related form is presented. Here environmental effects are equal to the product of population
size, consumption per capita, and intensity. Although not further defined, it appears that this intensity is again a
tautological environmental impact per unit of consumption.
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TABLE 5.1. The commodity-process representation of clusters of economic processes, including
the vector of external flows.

economic or economic process
environmental ;
commodity ^ '" external flow

«12

<*T,

"b" bl} bl2 bvj hi

bk ^k\ b/f2 •" P]q "• bjf

See footnote 31 of this chapter for an explanantion of the quotation marks.

but which nevertheless makes clear that the environmental interventions b are determined by the
structure of the economy, expressed by the technology matrix A and by the intervention matrix

Ë. An important consequence of this aggregation is that information with respect to the
distribution in time of the environmental flows is lost. Although the elements of b are constructed
from contributions from different processes at different times and at different places, the value itself
represents some "overall emission" or "overall extraction." This has consequences for the
possibilities of assigning environmental problems to these overall environmental flows; see Part 3.
Furthermore, the aggregation of the columns that build the technology matrix and the intervention
matrix can be illustrated in the diagram of Table 5.1. It may also be abbreviated as

- (Pt p) = fA* H , (5-33>

where an aggregation over the columns of the matrices yields the vectors:

£ (P), = P' Z (A)y = a, and 5^ (B); = b. (5.34)

The environmental consequences of a certain external demand can be found by application of
the first fundamental equation.

This equation is as follows:

b = 8-A 'a
where a is the external demand vector of economic commodities, A is the technology matrix of which the coefficients represent

the interprocess rates of flow, 6 is the intervention matrix of which the coefficients represent the rates of flow of the
interventions of the processes in the environment, and b is the total amount of environmental interventions that can be attributed
to the external demand vector a.

5.4.2 A SIMPLE NUMERICAL EXAMPLE

To illustrate the use of the formalism, the previous example with two processes and two
commodities will be elaborated; see Equation (5.19) for a description of the problem. The
technology matrix is
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(5.35)

the intervention matrix is

fi = [° j! • (536)

and the consumers' external demand is

a = f100°] (5-37)
[3500j '

The inverse of the technology matrix is

A-' - f"7 °-°37l (5-38)[0.11 o.ii
From this, we can compute two intermediate results:

f0.56 0.56]

[0.96 O.l i j an " [500J '
as well as the environmental flow:

b = f2500] (5.40)
[2000J

It is this latter vector of 2500 g SO2 and 2000 MJ waste heat that can be attributed to the external
demand vector of 1000 1 fuel and 3500 MJ electricity.

The same procedure can be applied to clusters of many economic processes in which many
economic and environmental commodities are involved. Two problems may arise:

• as the computation becomes more involved, more sophisticated numerical methods than a
plain matrix inversion may be required (see Frischknecht & Kolm (1995) for some
proposals);

• as the computation is centred around the inverse of the technology matrix, the equation fails
to give an answer if this matrix is not invertible, either because it is not square or because
it is singular.

The next chapter is devoted to this second problem. The first problem is not further discussed.



Chapter 6

ON SOLVING THE FIRST
FUNDAMENTAL EQUATION

6.1 Does the first fundamental equation necessarily have solutions?

6.1.1 THE ASSUMPTION OF SQUARENESS OF THE TECHNOLOGY MATRIX

The first fundamental equation b = 6-A"1-a presupposes that A is invertible or, in other words,

that the economic commodity balance A-t = a can be solved uniquely. This poses severe
restrictions to the formalism. The first of these is that the number of equations and the number of
unknowns be equal, or in other words, that the matrix A must be square. The second one is that
the equations be independent from each other, or in other words, that the determinant of the
matrix det(A) be different from 0 and that the matrix is hence non-singular.

Notice that the requirement of squareness does not necessarily mean that each process produces
one single type of commodity, and that each commodity is produced by one single process. In fact,
there is no reason to associate certain processes to certain commodities: the fact that we speak of
"the process of electricity generation" is in fact a misnomer when this processes coproduces
marketable steam. The situation is even more compelling for "the process of chlorine production",
which produces chlorine as well as caustic soda, the revenues being approximately equivalent.
Nevertheless, within the framework of economic input-output analysis and derivations thereof,
there is a constant tendency to impose a (near) one-to-one correspondence between a process (or
sector, or industry, or establishment) and a commodity. Before turning to the relation with input-
output analysis (Section 6.1.3), some aspects of the discussion on industry accounts versus
commodity accounts are discussed (Section 6.1.2).

Another relevant source of information is the economic make/use analysis, which nowadays
often forms the basis of input-output tables. Make/use analysis is quite similar in its principles to
the formalism which was sketched above. The derivation of input-output tables, and other
manipulations with the make/use matrices also require a discussion of how to deal with rectangular
matrices (Section 6.1.4). A third type of important models are the equilibrium models (Section
6.1.5).

From these discussions, a number of proposals for solving the first fundamental equation in the
case of a non-square technology matrix are given, along with a discussion of the appropriateness of
these solutions in the present context.

Application of the first fundamental equation requires that the technology matrix is invertible.
The problem of whether a solution always exists, or whether some pseudo-solution can be
found, is discussed in connection with two traditional forms of economic analysis: input-output
analysis and activity analysis.
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The next discussion is to a very large extent based on the technology matrix A. It will not come
as a surprise that the environmental aspect is absent in this discussion: it is only introduced in the

intervention matrix 6. Neither will it be surprising that many of the references are from outside
the environmental circle, and are sometimes even much older than the environmental literature.

6.1.2 PROCESS ACCOUNTS AND COMMODITY ACCOUNTS

Input-output analysis (alternatively indicated as interprocess' analysis) has been set-up (Leontief
(1936)) as a process-to-process approach: economic transactions are registered as process-process
interactions. Although the system has been developed mainly for transactions in monetary units,
the approach works for physical flows as well (see, e.g., Leontief (1985)).2 An example of an input-
output table is given in Table 6.1.3

TABLE 6.1. A very simple physical input-output table.

from

process 1

process 2

process 1

0

1500

into

process 2 households

500 1000

0 3500

total unit & nature

1500 1 fuel

5000 MJ electricity

The first input-output study (Leontief (1941)) had to be restricted to a rather coarse classification
of processes into only nine industry categories, such as "agriculture and foods" and "minerals
industry". One important reason for this was the virtual absence of computational devices:

The total number of multiplications involved in the practical solution of our problem exceeds 450,000. This task
alone would mean a two-year job, at 120 multiplications per hour. Fortunately, the recent invention of the
Simultaneous Calculator by Professor Wilbur of the Massachusetts Institute of Technology has made it possible
to perform all the necessary computations in a small fraction of the tune they otherwise would have required.
This apparatus solves nearly automatically a system of nine simultaneous linear equations [...].4

The coarseness of the classification implies that very heterogeneous commodities are lumped. This
observation gives in fact a guideline for the principle of classification: the classification of industries
should be such that each firm is assigned to an industry on the basis of the goods or services it
produces (Konijn (1994, p. 48)).

Even if it is accounted for that some processes produce more than one function, the general
tendency is to keep a correspondence between a process and a commodity in mind. The terms
"coproduct" and "primary sector" are striking reminiscences of this phenomenon, as is the following
quotation:

Most of the commodity outputs will be produced by the primary sectors, but not all. Sectors may also produce
each others' commodities as so called secondary products. [...] Secondary output is smaller than primary output.

In input-output analysis, the emphasis is not so much on elementary economic processes, but on highly aggregated
clusters thereof, usually called sectors or industries. The principles of analysis, however are identical, so that the
present text will use the term process instead of sector or industry.

Some additional remarks as to this point will be made later; see for instance Section 6.1.4, where it is argued that
certain mathematical operations are only meaningful for financial accounting schemes.

This input-output table represents an open model, since the external demand is exogenously determined. A closed
model contains the households (consumers) as one of the processes, absorbing a number of consumer products as
input commodities, and providing labour as an output commodity. In an open model, labour is most often described
as a primary input instead of an interindustry (or: interprocess) flow. Furthermore, input-output tables often have
additional rows and/or columns to denote imports and exports. In the section on regional substance-flow analysis
(Section 7.3), this point will be treated in more detail.
Leontief (1941, p. 74).
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This stylized fact is represented by the assumption that primary output dominates secondary output, for every
commodity.5

It is only seldom that a full independence of processes and commodities is expressed:
It is true that an industry and its primary product will have the same name [...]. However, in an abstract sense,
we shall regard any industry as potentially capable of producing any commodity; and among those commodities
which it does in fact produce, we shall treat the industry's primary product in essentially the same way as any
of its secondary products.

and
In principle, however, there is no reason why the number and definition of commodities should have a one-to-
one relationship with the definition and classification of industrial sectors.7

One observation is that the distinction between process (activity, sector, industry, establishment;
see also Section 5.1.3) and commodity is very often either overlooked or treated without care.8

Nearly all input-output tables contain, like the example table above, rows that indicate process
outputs, but that bear commodity names. This has to do with an assumption that is only seldomly
explicitly stated:

Each commodity (or group of commodities) is supplied by a single industry or sector of production. Corollaries
of this assumption are (a) that only one method is used for producing each group of commodities; and (b) that
each sector has only a single primary output.9

This makes that input-output analysis by itself is essentially incompatible with the fact that almost
every process deals with several output commodities:

Multiple production can be a disturbing factor in input-output modelling and analysis.
Or stronger, that

[...] it is sufficient to point out that it is the practical and theoretical problems due to the lack of correspondence
between commodities and industries that render commodity-by-industry analysis preferable to inter-industry
analysis.

Especially when the coordinates of a process contain negatively valued economic outputs (waste-to-
be-processed) and environmental outputs (emissions), the one-to-one correspondence of processes
and commodities fails.12 This was exactly the reason for the rejection of the traditional concept
of the production function in Section 4.1.

Interestingly, Ghosh (1958) proposed an alternative input-output approach, one in which each
process transforms one commodity into several outputs." This model has been criticized severely
(see e.g., Oosterhaven (1988)). The point I would like to make is that the traditional input-output
model is probably almost equally artificial in its assumptions as the alternative of Ghosh. Ghosh
has tried to escape one problematic assumption but on the expense of the introduction of another
very similar one.

Ten Raa (1995, p. 88). It must be kept in mind that many of these texts relate to analyses in monetary terms. In
physical terms, it is not possible to say "which of two outputs dominates, since the choice of the physical unit is
arbitrary. An airline company for example produces two commodities: passenger transport and cargo transport. It
can well be that the first dominates in volume terms, whereas the latter dominates in mass terms.

6 Edmonston (1952, p. 560).
Chenery Si Clark (1959, p. 160).
Recall that Leontief (1936, p. 69) spoke about the category "agriculture and foods", the former being a sector, the
latter being a commodity.

9 Chenery & Clark (1959, p. 33-34).
10 Konijn (1994, p. 60).
11 Rosenbluth (1968, p. 256).
12 It should be observed that there are environmental extensions to economic input-output analysis, where allowance

is paid to the fact that each process produces besides "its" commodity one or more pollutants by means of emission
coefficients per sector per pollutant. See Victor (1972*, p. 25 ff) and Miller & Blair (1985, p. 236 jf) for an overview,
and Cumberland (1966) and Daly (1968) for two early examples. Energy analysts have also pretty soon observed the
theoretical complications that are associated with input-output analysis; see in particular Boustead & Hancock (1979,
p. 94 ff).
Ayres (1978, p. 100) also discusses output coefficients along with the more familiar input coefficients, and concludes
that the two approaches are incompatible. Schroder (1995a, p. 20) chooses to use output coefficients.
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Input-output analysis has been described sofar as a process-by-process account: the numbers
represent transactions between processes. It must be mentioned that to solve the problems raised
above, commodity-by-commodity accounts have been constructed:

If a firm produces more than one product, to which industry should this firm then be assigned? This problem
leads to the distinction between functional and institutional input-output tables.14

The process-by-process tables are the institutional tables referred to, because they represent
transactions between institutions: how much of process ̂ 's output is needed as input for process /.
This makes the flows to be observable, a fact which is a great advantage in their compilation by
statistical agencies. Commodity-by-commodity tables, or functional tables, contain numbers which
represent how much of commodity i is used to produce commodity k, regardless of the process that

produces this commodity. Functional tables are therefore models: the flows can not be observed but
must be constructed, and there are problems in finding the proper modelling procedure.

A much more radical solution is the introduction of the commodity-by-industry tables:
A more realistic classification scheme that accounts for industrial production by commodity type rather than
industry category eliminates this somewhat clumsy and biased accounting of secondary production.15

However, some claim that an eventual conversion to input-output tables should be made:
However, the input-output method presented numerous difficulties [...], especially concerning the registration
of secondary products [...]. Therefore, a new system was constructed [...] frequently denoted as the "make/use
framework". [...] So, now we have a splendid statistical system which describes in detail the input and outputs
of industries. But, with this new system we cannot perform input-output analysis in the way we used to,
without (re-)constructing an input-output table from the system of make and use matrices."

Others, on the other hand hold that input-output analysis (in the quotation called inter-industry
analysis) should be abolished:

One might have thought that with the development of linear programming and activity analysis, and the
demonstration that the inter-industry analysis can be regarded as a special case of these more flexible models,
inter-industry analysis would be abandoned, or at least substantially modified. Yet nothing of the sort has taken
place. [...] This paper presents a plea for the abolition of inter-industry analysis and its replacement by what we
shall call, for lack of a better name, commodity-by-industry analysis. We shall try to demonstrate that there is
nothing inter-industry analysis can do that cannot be done equally well by commodity-by-industry analysis, and
a good many things that the latter can do better.17

The overall conclusion is that the use of commodity-by-process18 accounts - which already in
the normal economic context were described as superior - are indispensable when extending the
framework to negatively valued economic commodities and to environmental commodities. Nearly
every process produces more outputs than the one which constitutes the raison d'être of the process:
it generates inter-process waste (waste-to-be-treated by another process) and it generates emissions.19

One of the basic assumptions of input-output analysis - that every process produces exactly
one homogeneous output - is not compatible with the fact that many processes produce
products, co-products, by-products, undesirable wastes, and undesirable emissions. Since it is
essential for an attribution of environmental problems to economic activities to keep track of
all commodities that enter and leave a process, input-output analysis is not a good tool for this
purpose.

Notwithstanding the further choice for commodity-by-process accounts, the following section
will briefly discuss the position of input-output analysis with respect to our present approach.20

Konijn (1994, p. 49).
15 Miller & Blair (1985, p. 155).
16 Konijn (1994, p. 6-7).
17 Rosenbluth (1968, p. 255).

That is to say, the above cited commodity-by-industry tables.
One could even say - with Sraffa (1960) - that every process generates capital goods as well.

20 The above-stated neglect of input-output analysis is of course based on theoretical arguments. It can be useful as a
surrogate for the theory proposed in this study if there is insufficient data to do (parts) of the analysis. See inter alia
Woo et ai (1977), Van Engelenburg et al. (1994), Ayres (1994è), Dohnomae et ai (1994), Lave et al. (1995), Wilting
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The section is not essential for an understanding of the principles of the approach to the attribution
problem and may be skipped along with Section 6.1.4 and 6.1.5.

6.1.3 EXCURSUS: THE RELATION WITH ECONOMIC INPUT-OUTPUT
ANALYSIS

Suppose that indeed all processes produce one unique homogeneous valuable output commodity.
In that case, an input-output table as shown in Table 6.2 can be drawn up.21

TABLE 6.2. General structure of the interprocess part and the external demand part of an input-
output table.

into

from process 1 process 2 ... process / ... households total

process 1 zu z12 ... zi; ... Zj d^

process 2 z2J Z22 ... Z2; ... Z2 d2

process; z;1 z2 ... zy, ... z, dj

The parameter z;/ represents the amount of process j's commodity22 that is used up by process
/. Evidently, all parameters zg represent self-inputs, a phenomenon which will most probably occur
if a coarse classification of industries is used, as is the case for, e.g., the process "agriculture", where
agricultural products (e.g., wheat) are used to produce agricultural products (e.g., meat).23 The total
output24 of process ; (denoted by d) is given by the sum of all sectors' inputs of process f s

commodity lj^z\ plus the external demand of process ƒ s commodity (zj), so that
\ /

It is customary to define technical coefficients z, as process /'s input of process ƒ s commodity
per unit output of process /:

• - <«>

(1996), and Heijungs & Van Engelenburg (1997) for a discussion of the (partial) replacement of a process-analytical
approach by an input-output-analytical approach. See Chapman (1974) for a comparison of results obtained with these
methods.
Most input-output tables contain more rows and columns, that contain data on labour, capital, imports and exports,
investments, and so on. The part that is contained in the matrix Z is the matrix of interindustry flows.
It is attempted to speak consistently of "process ƒ s commodity" instead of "commodity f, to explicate that it is not
a commodity-by-process table but a process-by-process table.
Georgescu-Roegen (1971, p. 256 ff) argues that consistency requires that the diagonal elements be zero. See also my
remarks in Section 6.1.4.
Observe that it makes sense to define the total output as an aggregation over the /th row, whereas the total input,
an aggregation over the /th column has no meaning in a physical input-output table. This fact is acknowledeged ("[...]
in practice most input-output tables are constructed in value terms [...]. The last row shows the combined value of
all outputs absorbed by each of the three sectors. Such column totals could not have been shown in [a physical input-
output table] since the physical quantities of different inputs absorbed by each sector cannot be meaningfully added."
(Leomief (1986, p. 2340)), but since input-output theory is founded on monetary tables, some of the equations
somewhere require the existence of these column totals.
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A further postulate is that the technical coefficients are independent of the consumers' external
demand and hence of the production volume of the processes. This postulate explains the fact that
these coefficients z; are named "technical" (see also Section 5.2.4): it is assumed that they are only
affected by a change of technology. The equation for the total output can now be rewritten as

4 = V 2 p V r (6-3)

By rearrangement25 this leads to

where I is the unit matrix of the appropriate dimension. This equation can be solved for d as

d = (I-2)-'-z. (6-5)
The expression (I-2)"1 is generally known as the Leontief inverse.26

We can observe the similarity between the expression z = (I -2)-d and the previous a = At.
The vector d contains the total output of each process, whereas the vector t contains the duration
or activity level of each process, a quite related quantity. The vector a contains the consumers'
external demand for the different commodities, whereas the vector z contains their external demand
for the different processes' outputs.27 If, under the assumptions of one-to-one correspondence of
processes and commodities, a and z coincide, a relationship between the matrix of technical

coefficients 2 and the technology matrix A can be established, provided that the ordering of the
commodities (the rows of A) corresponds to the unique outputs of the processes (the rows of A ,
as well as the rows and the columns of 2)28. It reads

A-t = (I-2)-d. (6'6)

We may expand on this a little more to illustrate some of the conceptual problems of physical
input-output tables of the process-by-process type. Suppose that there are m commodities and n

processes. Clearly, (I-2)-d is (rcxn)x(raxl), and therefore (nxl). At is (wxn)x(wxl) , and
therefore (mxl). In other words, the dimensions of the expressions on the lefthandside and the
righthandside do not necessarily match. Even when they do match, the occurrence of joint
production poses problems in attributing commodities to processes.

We will not be concerned too much with input-output tables, and even less with input-output
tables of the commodity-by-commodity type. Nevertheless it is useful to introduce these latter at
this point, in order to refer to them where appropriate. The input of the zth commodity in
producing the küi commodity will be indicated by a coefficient z,t.

29 The associated technical
relationship is expressed by

25 Evidently, z; = T^ -Z^-K^, which can be rewritten using the Kronecker-delta as z; » T^ (-2,/d/+ 8//;) •

26 It is at this place that it is most appropriate to refer to the analog of the first fundamental equation in Kneese et al.

(1970). Combination of their equations (3) and (4b) on page 77 gives, in our notation: b = B-(I -2) '-z, an equation

which is very close to our first fundamental equation, but that has the disadvantage that it is based upon an input-
output structure instead of a process-by-commodity structure.
The difference is so subtle that I have chosen to magnify it by using different symbols for the external demand for
commodities (d) and the external demand for industries' outputs (a). Even Rosenbluth (1968), although textually
distinguishing the meaning of the two, uses the same symbol.

28 This is a problematic restriction; see below for a discussion.
29 We will keep things simple by not introducing separate symbols for commodity-by-commodity tables and process-by-

process tables. For here, it suffices that the indices are different: z,t denotes an element of a commodity-by-
commodity table, while z^ denote an element of a process-by-process table.
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is the total production of the &th commodity.30where dk 1= zk

By going in some detail into the mathematics of physical input-output analysis, the inadequate-
ness of it becomes apparent: the semantic confusion between a process and "its commodity",
the interpretational difficulties of the self-inputs, the problematic relationship between the
external demand of commodities and the external demand of process outputs, et cetera.

6.1.4 EXCURSUS: THE RELATION WITH ECONOMIC MAKE/USE ANALYSIS

A concept closely related to the input-output structure, as well as to the technology matrix
approach, is the framework of make tables and use tables (see, e.g., Miller & Blair (1985), Konijn
(1994), Ten Raa (1995)).31

The use table is a table which lists of each process the amount of every commodity that is used.
Reserving the columns for the processes and the rows for the commodities, the use table assumes
the form of a matrix U, in which «^ denotes the use of commodity i by process ;'.

Similarly, the make table lists the commodity output of every process. Normally, columns are
here reserved for the commodities instead of processes, while rows represent processes.32 To avoid
any confusion here, we will make use of the transposed make matrix VT instead of the normal make
matrix V. Thus, i>T

j; denotes the make of commodity i by process j (and is therefore equal to v^j.
Once more, the assumption of constancy of technical coefficients can be made. That is, it is

assumed that the activity structure of each process is linear, such that

«„ = «,/, (6-8)
represents the technological input structure. For the technological output structure, different
procedures exist (Miller & Blair (1985), Konijn (1994), Ten Raa (1995)):

• the commodity-based technology assumption: each commodity is produced in its own
specific way, irrespective of the process where it is produced;

• the process-based technology assumption33: each process has its own specific way of
production, irrespective of its output commodity mix.

A badly defined quantity is introduced here: J^ zlt has in a physical accounting scheme a mixed dimension: MJ +

kg + pieces + ... In monetary analyses, this problem is absent (or perhaps hidden).
Other authors (e.g., Ayres (1978), Manara (1980)) introduce these concepts without baptizing them make matrix and
use matrix. Victor (1972a, p. 56) defines an accounting scheme with 17 matrices and vectors, one of which (his A)
might be called use matrix, and another (his D) might be called a make matrix. Van Rijckeghem's (1967) transaction
matrix (lower case x) is a use matrix; his output matrix (upper case X) a make matrix, while his technology matrix
(lower case a) is a commodity-by-commodity matrix. Observe furthermore that Georgescu-Roegen's definition of a
unit process in terms of ((a,; b^j in which an "economic transformation is the possibility of obtaining (h^, h2, ..., b^)
from (a,, alt ..., a„)" (Georgescu-Roegen (1951, p. 99)) corresponds to a use vector and a make vector, a number of
which make up the use matrix and the make matrix.
According to Konijn (1994, p. 72), the reason for this lies in the mixed accounting scheme, which contain
commodities as well as industries to denote columns and rows. In the present notation (cf. Gigantes (1972)):

industries

commodities

total

industries

—
U

commodities

VT

—

dT

external demand

—
a

total

—

d

Recall that there are no industry totals in a physical accounting scheme. Victor (1972a, p. 56), Ayres (1978, p. 96-97),
and Pearce & Turner (1990, p. 34) use a similar accounting scheme, with extensions to environmental commodities.
Also called: industry-based technology assumption.
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Furthermore, some other proposals haven been made, see Ten Raa et al. (1984) for a critique.
It is assumed here that the processes are elementary or pure, i.e., they are not an aggregate of

several processes. Hence, we must assume that there are no subsidiary outputs, and that all outputs
are strictly proportional, i.e., we must follow the process-based technology assumption. This
amounts to34

v\, - «V/ (6'9)

It is clear that the technology matrix A can be easily derived from the use matrix and the make
matrix in the case of the process-based technology assumption. Process j uses an amount ut of
commodity i and makes an amount of UT

 t/ of that commodity; in other words a net production

of -*T - + VT . (a quantity that may well be negative) results. This is exactly what the corresponding
coefficient of the technology matrix ati should represent. We thus find that

A = VT-U. (6-10)
A consequence of the choice for the process-based technology assumption is that

(6-n)

~ *fi
in accordance with the basic premise of Section 5.2.1.

Clearly, the make matrix and use matrix can be used to calculate the technology matrix. The
converse is, however, not true. The technology matrix can not be used to compile the make matrix
and the use matrix, because it provides only information about net outputs, and lacks information
about output flows that are partly used as an input flow. It can be questioned whether this is a
problem: internal flows are from a phenomenological point of view uninteresting as long as we
define a process by its resulting flows, without any attempt of describing what is inside (see also
Section 6.1.3).

As a side remark, the relation between the make/use framework and the input-output
framework is summarized, a topic that is dealt with extensively by Konijn (1994), as well as by
Miller & Blair (1986) and Ten Raa (1995). We will restrict this to the derivation35 of the
commodity-by-commodity table under the commodity-based technology assumption, as this is the
only method that does not violate the basic principles of input-output analysis (Konijn (1994, p.
122)). The coefficient z^ represents the input of the zth commodity for producing one unit of

commodity k. Process) produces an amount •£>T
t of this latter commodity. Multiplying these and

aggregating over all commodities k gives the amount of commodity i needed by process;', a quantity
which is by definition equal to ut . We thus find

or in matrix notation

Ü = 2-VT,
which enables one to calculate the input-output matrix as

As noted before, most •writers do not make an interpretation in terms of operating times t; of the processes. It is,
however, difficult to conceive of an overall process characteristic to be used for constructing technical coefficients
if there is more than one output and if the accounting units are not monetary. For instance, Victor (1972<a, p. 72)

proposes the same equation as the one written down here, but in a form which amounts toi;T = #T„*y^ ^T„

where ^i>T, denotes the total output of process;. In a physical accounting scheme with more than output, this

quantity could bear the non-sensical unit of 5 apples + 3 pears.
The derivation was first presented by Van Rijckeghem (1967).
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2 = Ü-OW (U4)
It is immediately clear that this poses strict requirements to the make matrix VT: in order to

be invertible it should be square (see Konijn (1994, p. 116^). We are back to the problem
introduced in Section 5.4.1. The next section is devoted to the question whether this is the case,
and, if not, how to proceed.

It may finally be interesting to observe that the commodity-based technology assumption leads
to an answer of the first fundamental equation, even if the technology matrix is (or rather: the make
and use matrices are) not square. The validity of the procedure for solution can, however, be
seriously doubted. Although mathematically correct, the procedure lacks a consistent interpretation
because badly defined sums of different commodities are involved.

The procedure (see, e.g., Ayres (1978, p. 102); Konijn (1994, p. 116)) makes use of the following
sums36: the sum of all produced amounts of commodity z:

*;-5>V [4.15] (6.15)
i

and the sum of all commodities that are produced by process j:

y , - -C»V [4.16] (6.16)

It is this latter quantity yt which lacks meaning in a physical accounting scheme. For the first of
these sums, a balance equation holds per commodity:

*. = E"-;+dr [4.17] (6.17)
;

For the second one, a similar balance equation could be proposed (Ayres' [4.18]), but it is not
needed in the further derivation here.

The technical input coefficients are in principle the familiar input coefficients of the use table
(us- = u^t), but an alternative definition is to be used here37:

« = «£y, t4-19! (6-18)

For the technical output coefficients, the commodity-based technology assumption is followed, this

means that not the previous t>T^ = •5T^ is used, nor even VT^ = &"*$p but that the technical
coefficients are defined in terms of the market share of commodity z38:

^T = 0//T x [4.20] (6.19)

The definition of yt and the equation of the technical output coefficients •5"T
> lead to

[4.21] (6.20)

whereas the definition of xt and equation of the technical input coefficients u'tl give

x = £ « ^ + *, [4.22] (6.21)

These two equations give, when substituted in each other

*. = E *•>£ *" V' + ai t4'23] (6-22)
; I

or in matrix form
x = U ' - V " - x + a [4.23-] (6.23)

and

36 Here I chose to elaborate Ayres' derivation; since his notation is different from mine and also internally not
unambiguous (the same symbols denote sometimes commodities and sometimes processes), I have added in brackets
the numbers of his equations in order to facilitate a comparative analysis.

I have used a primed symbol « ' to distinguish this technical coefficient from the one that was used before («).

Here even a double primed symbol had to be used, unfortunately.
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'^+E«"V. (6-24)
or in matrix form

y = V"-0 'y+V"-a. (6-25)
These equations can finally be solved to give the desired expressions for xt and yf

x = (I-0'-V")--a [4.24] (6.26)

and
y = (I-V"-Ü')-'-V"-a, [4.25](6.27)

where I is the unit matrix of the appropriate dimension.39 As the formulation in which we are
interested is not one for x, or yt but one for the operating times tjt we may rewrite the last equation
as

tj = ^flyj = f^((I-V" -OO-'-V" -a);, (6-28)
"•i u'i

ü
where any z can be chosen to find the ratio — Ï.

5
One might wonder if this last equation for t; may be employed with the implicit or explicit

neglect that a badly defined quantity (y^j was used to derive it. One could argue that, as long as the
result does not contain these problematic terms, its use is legitimate.40 On the other hand, one
should be aware of the conceptual difficulties involved in using a theorem of which the proof
contains a badly defined variable. For this latter reason, it is chosen here not to follow the
apparently easy way of making the commodity-based technology assumption to circumvent the
problem of inverting non-square matrices. Perhaps unfortunately, we must face the fact that the
commodity-based technology assumption is in conflict with the assumption that the inflows and
the outflows of a process depend proportionally on the operating time of the process; see Equation
(5.8).

The theory of make/use analysis does not offer a better starting point than the analysis in
terms of the technology matrix does. On the contrary: the procedure is more complicated and
not fully unambiguous.

The availability of data and the fact that the technology matrix can be derived from the use and
make matrices makes that this type of analysis can be useful for practical reasons. There is one
further definite theoretical advantage in studying the relation between the technology matrix, the
input-output matrix, and the make/use matrices: the problem of rectangularity has been discussed
extensively. The following section gives an overview of the different solutions to the problem of
rectangularity.

6.1.5 EXCURSUS: THE RELATION WITH ECONOMIC EQUILIBRIUM
ANALYSIS

Equilibrium analysis in fact comprises a set of diverse types of economic models which have in
common that they study the simultaneous maximization of some objective function (usually: profit).
The fact that this is done for each sector (or process) at the same time guarantees that the
programming of economic activities is consistent. Equilibrium models have two essential parts: a
set of interindustry relationships, and a pricing system along with an objective function.

Observe that the last two equations use the non-transposed matrix V" instead of V'T.
A comparison could be made with the use of complex numbers to do calculations in the field of electric phenomena.
Regardless the interpretational aspects of imaginary currents, one may apply the results if they contain only real
numbers.
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This study is about attribution analysis, so about a consistent attribution of environmental
problems as they occur, without entering the question of equilibrium or disequilibrium and without
the question of profit maximization. As such, equilibrium analysis has little to offer to the problem
of attribution, except for the theory of interindustry transactions. And for this, it appears (cf. Von
Neumann (1945/1946), Debreu (1959), Ginsburgh & Waelbroeck (1981),Parmenter (1982),Bergman
(1990)) that either input-output modelling or - to a much greater extent - activity analysis or
make/use analysis is used. In that sense, the development of equilibrium analysis is of great interest
for the theoretical analysis of this study, but not so much for the equilibrium aspect.

The theory of equilibrium analysis is especially useful in the present study for the ideas that
are developed in relation to input-output analysis, activity analysis, and make/use analysis.

6.1.6 Is THE TECHNOLOGY MATRIX SQUARE AND Is THE FIRST
FUNDAMENTAL EQUATION SOLVABLE?

Is the technology matrix (or, equivalently, the make matrix and the use matrix) square or is it
rectangular? As said above, we can give it any desired size by aggregating processes and aggregating
commodities. Apart from these manipulations, opinions on this differ to a large extent. Some say
that the matrix is square:

We shall now suppose two of the commodities to be jointly produced by a single industry (or rather by a single
process, as it will be more appropriate to call it in the present context). [...] In these circumstances there will
be room for a second, parallel process which will produce the two commodities by a different method and, as
we shall suppose at first, in different proportions. Such a process will not only be possible - it will be necessary
if the number of processes is to be brought to equality with the number of commodities so that the prices may
be determined. We shall therefore go a step further and assume that in such cases a second process or industry
does in fact exist.41

Among those that say it is not, some say that there are more commodities than processes:
If we include joint products in our input-output accounts, then there will be more commodities than industries

[-*«
Others hold that the converse is true:

[The technology matrix] includes the Leontief [...] matrix as a special case in which the number of activities is
equal to the number of commodities. When there is some choice of activity, however, the number of activities
n will be larger than the number of commodities m, and the matrix will no longer be square.

All these statements are based on theoretical reflections. "Empirical" evidence44 suggests that there
are more commodities than processes:

[...] the Dutch make and use matrices of 1987 comprise about 800 commodities and 250 industries.45

It is generally felt that at one stage or another a square matrix must be constructed, and that it is
possible to do so:

A [...] practical difficulty is that there are normally more commodities than industries, so the industry-
commodity input and output matrices are not square, whereas an industry-industry input-output matrix (by
definition) must be square; that is, it must have the same number of rows and columns. This involves
disaggregation of industries to the commodity level and «aggregation of commodities to the industry level.

It is tempting to establish a general theory which works for all three cases (more commodities than
processes, more processes than commodities, or an equal number of them), related to the theory
exposed by Ten Raa (1995; p. 95 ff). In order to keep the discussion below simple, we will assume

Sraffa (I960, p. 43).
Miller & Blair (1986, p. 166-167).
Chenery & Clark (1959, p. 84).
The quotation marks should remind one that this empirical evidence can be traced back to human origin: the tables
are constructed, and are not just found in nature.
Konijn (1994, p. 116).
Ayres (1978, p. 98).
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for the time being that there are more commodities than processes. It should be possible to use the
same ideas that are being developed in the case of more processes than commodities.47 Application
in the case of an equal number of processes and commodities is easy anyhow.

For now, consider an extension of the previous example: there are two processes and three
commodities, steam being a by-product of process 2; the processes are described in Table 6.3.

TABLE 6.3. Example of a cluster of processes with a rectangular technology matrix.

commodity

1 fuel/hr

MJ electricity/hr

kg steam/hr

process 1

3

-3
-1

process 2
-1

10
2

A = (6.29)

The technology matrix is now rectangular;

3 -1
-3 10

-1 2
Suppose furthermore that the external demand is as before, without any consumer demand for
steam:

riooo'
3500

0

(6.30)

Clearly, the matrix A can not be inverted, and the operating times of the two processes t can not
be determined.

Let us first review the types of solutions that have been formulated in different contexts. These
are:

a) reducing the number of commodities by aggregating commodities;
b) expanding the number of processes by splitting processes;
c) treating secondary products as primary products of another sector;
d) treating the external demand as a minimum, and allowing for a surplus;
e) using pseudo-inverses to calculate an approximate solution to the external demand;

These solutions will be considered m more detail below.48

Ad a) The first way of solving the problem of rectangularity is to merge commodities, so as to
merge rows:

We shall assume that the number m of commodities exceeds the number n of industries. [...] If a model is desired
in which total final demand can be specified and is to be produced precisely, the commodity classification must
be aggregated so that there 'will be exactly n commodities. The system will then have exactly n equations to
determine the n industry operating levels [...].49

It is questionable to what extent this situation exists. This can only occur when one commodity is produced by more
than one process. One might suggest that electricity is an example of such a commodity: it may be produced by
several types of installations: coal plants, nuclear facilities, hydro plants, et cetera. In the case that all these processes
would be taken in consideration, there would be many more processes than commodities. It is not unreasonable,
however, to distinguish several types of electricity by their origin, and to introduce another processes "electricity
mixing" which has coal electricity, nuclear electricity, hydro electricity, etc., as input in a certain proportion, and
which has the homogeneous commodity "electricity on the grid" as an output; see also Section 5.1.5.
Another, perhaps more systematic, categorization of suchlike options is introduced by Heijungs & Frischknecht
(1997).
Rosenbluth (1968, p. 257-260). A similar description is in Konijn (1994, p. 117).
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For example, suppose that we choose to aggregate the commodities electricity and steam into the
commodity energy, that energy is measured in MJ, and that 1 MJ electricity is equivalent to 1 MJ
energy while 1 kg steam is equivalent to 2 MJ energy. A modified table will result (Table 6.4). We

TABLE 6.4. Modified square technology matrix obtained by aggregation of commodities.

commodity process 1 process 2

1 fuel/hr

MJ energy/hr
-1
14

thus arrive at a square invertible technology matrix. The operating times of the processes is found
to be

f 3 -11 -' f 10001
[-5 14J '[3500J

473 (6.31)

It will be clear that this is not a very elegant solution: things that are different are lumped and
treated as being similar for computational reasons:

The need to aggregate the commodities is an important drawback of the commodity technology model.50

After all, if process 1 is run during 473 hr and process during 419 hr, we end up with

'1000'
2770
365

(6.32)

so with 365 kg steam instead of 730 MJ electricity. So we have an economic system which produces
commodities in other quantities than desired by consumers, simply because we could not otherwise
calculate what to produce.

Ad b) The second solution is to split a multiple process into a number of virtual single processes:
Reallocation (sometimes referred to as redefinition) of secondary production [...] requires that a firm allocate its
inputs between the production of primary and secondary products; in effect, it is necessary to break the firm
into two independent sub-firms - one a producer of the primary product and the other a producer of the
secondary product.51

For example, we would split process 2 into a process (2a) that produces electricity without steam
and a process (2b) that produces steam without electricity; the input of fuel must be distributed
among these two processes according to some rule; see Table 6.5. The new technology matrix is

TABLE 6.5. Modified square technology matrix obtained by splitting processes.

commodity process 1 process 2a process 2b

1 fuel/hr
MJ electricity/hr
kg steam/hr

-0.7
10
0

-0.3
0
2

again square and invertible. The operating times of the processes are

t =

3 -0.7 -0.3
-3 10 0
- 1 0 2

1000

3500
0

472

491

236

(6.33)

so

si
Konijn (1994, p. 117).

Miller & Blair (1986, p. 154).
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This solution has the disadvantage of the difficulty in finding factors to split processes: a fairly
weak statement of this difficulty is that

[m]ost firms do not record data in a form that permits this accounting easily [...].52

In the example, 70% of the steel consumption of the original process was allocated53 to electricity
and 30% to steam, but any distribution is arguable and debatable. Interestingly, this is exactly the
•way most practitioners of energy analysis and of environmental life-cycle assessment solve the
problem of multiple production (see Anonymous (1974, p. 57-59) for energy analysis and Consoli

et al. (1993, p. 20-21) for life-cycle assessment); debate focuses there on the operationalization of this
procedure (cf. Huppes & Schneider (1994), Boustead (1994)). The allocation procedure is - implicitly
- aimed at the construction of a square technology matrix (see Heijungs (1994, p. 74), Schmidt
(1995, p. 100)). Another serious consequence is that the operating times of process 2a and process
2b are different. As the processes are one in reality, we can not turn on one half of the process for
a longer time than the other half of the process. For analytical purposes - giving an answer to the
attribution problem - we may be satisfied with this description, but for macroeconomic scenario
calculations we must be aware of somehow reconciling process 2a and process 2b.

Ad c) The third solution assumes that there exists a process that produces steam without
producing electricity. This process (number 3) is - as it were - subtracted from the original multiple
process:

[...] each secondary product is transferred from the industry actually producing it to the industry producing it
as a primary product. 4

This procedure is in economic literature referred to as redefinition, although it must be repeated
that procedure b) also is sometimes referred to by this term. In the literature of life-cycle assessment

TABLE 6.6. Modified square technology matrix obtained by subtracting an "avoided" process.

commodity

1 fuel/hr
MJ electricity/hr
kg steam/hr

process 1

3
-3
-1

process 2

-1
10
2

process 3

0
-0.5

1

the terms substitution method and avoided impacts are used in connection with this procedure.
Suppose that there is a process which makes 1 kg steam/hr out of 0.5 MJ electricity/hr. This
generates a new table: see Table 6.6. Again, the new technology matrix is square and invertible. The
operating times are

t =

3 - 1 0

3 10 -0.5
- 1 2 1

-i riooo'
3500

0
=

' 492 '

475
-458

(6.34)

A problematic aspect of this solution is the negative operating time of the third process:
[...] when faced with a set of nonnegative final demands [...] it would be meaningless in an economy to find that

one or more of the necessary gross outputs [...] were negative.

At a micro level, this can be interpreted as avoided, comparable with the delivery of electricity to
the grid by waste incinerators, thereby avoiding combustion of fossil fuels. This method is

52

53

Loc. cit.
In this study, we will use the term allocation for the procedure to split a process in two or more processes in order
to expand the number of columns of the technology matrix to make it square. In economic literature, the terms
reallocation and redefinition are sometimes employed, in the literature of life-cycle assessment the term allocation
is dominant but other terms (partitioning, attribution) occur as well.
Konijn (1994, p. 96).

Miller & Blair (1985, p. 36).
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sometimes employed in the context of life-cycle assessment, especially for recycling processes (see,
e.g., Tillman etal. (1994) and Huppes & Schneider (1994)). Again, we must be careful not to extend
negative operating times to the macro scale.56 In fact, the existence of negative production levels
has been one of the problems in using and interpreting input-output analysis.57 A very serious
disadvantage is of course that the non-existence of avoided activities makes the choice of what is
actually being avoided quite cumbersome. If there are two modes of steam production, which one
is avoided in this example?

The commodity technology assumption seems to be most applicable to cases of subsidiary production [...], since
in those cases the technology of primary and secondary product are independent. However, the commodity
assumption does not exclude cases where two or more commodities are produced in the same way. [...] Only
if one of both commodities is produced elsewhere as well but in a different way, the commodity assumption

is not valid.

Still more intricate is the point that there is not always an alternative process which produces one
single commodity, e.g., there is no process which produces petrol •without co-producing heavy oil.

The most serious argument against this method refers back to the requirement of 100%-
additivity. If we subtract a steam production process when considering pure electricity, and an
electricity production process when we considering pure steam, it is unlikely that the sum of these
two systems yields the original multiple process. Reserving primed quantities for the subtracted
process, we have

* electricity Pmultiple r steam (6.35)

rsleam rmulliple V eieclncny

and thus

p, +p = 2 p , , - p ' -p ' , T* p , (6.36)releclncily rsleam rmultiple f steam r electricity rmultiple

This is in contradiction with the basic postulate of 100%-additivity, which requires the 7* to be
replaced by an equality-sign.

Ad d) The fourth solution allows for an approximate solution of the external demand, in the
sense that a surplus of commodities is produced.

If we permit surpluses, we then have an infinite variety of ways in which any given bill of goods can be
produced and we must choose a way which will in some significant sense minimize the surpluses. For this we
require some economizing principle, and once this is introduced we have a standard linear programming problem
that can be solved by the standard methods.59

For example, this could amount to stating the problem in terms of an objective function

minimize Y^ iff (6-37)

where ir; is the price of running process j during one hour, and in terms of constraints like

3 -1

3 10
-1 2

1000

3500

0
(6.38)

t,, r, > 0.
In the present context, financial optimization appears a bit strange, as the task is to find an answer
to the attribution problem. An alternative formulation could be to merely require that the external
demand is met

Alternatively, an interpretation in terms of a change of economic activity could be allowed for; see, e.g., Miller &
Blair (1985, p. 36n).
Hawkins & Simon (1949) were the first to discuss conditions for nonnegativity.

Konijn (1994, p. 98).

Rosenbluth (1968, p. 261).
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by putting the operating times to

3 -1

3 10

-1 2

1000
3500

0

500
500

(6.39)

(6.40)

and henceforth producing a surplus of 500 kg steam. In the literature of life-cycle assessment, this
method is sometimes encountered in connection to the method referred to as system expansion (see
Tillman et al. (1994)).

An obvious disadvantage is of course the existence of a surplus. The task was to attribute
environmental problems to selected economic activities. It turned out to be impossible to fulfil this
task, and what we have done is in some sense a close approximation to the original task.

Ad e) The last solution discussed here makes use of the concept of pseudo-inverses.60 The

pseudo-inverse of A is
f0.36 0.045 -0.045J (641)

[0.11 0.11 0.0039 J '
This leads to operating times given by

t = f523! (6.42)
[498J

This amount of activity produces an output of
^ 1070]

a = 3412

473

(6.43)

A definite disadvantage of this approach is that the external demand is not satisfied for any of
the commodities. For some there is a surplus, for others there is a shortage. This procedure gives
a solution that satisfies as closest as possible the external demand.61 In some cases, the approxima-
tion may be a precise solution; see Section 6.2.1 for a discussion of this special case.

It appears that the technology matrix is in practice often not square. There are at least five
methods for finding a solution to the first fundamental equation in this case. All these
solutions lead to different results (see Table 6.7) and all have a number of disadvantages (see
Table 6.8).

Any matrix A of dimension (mxn) with m~i.n can be subject to singular value decomposition, Le., it can be
decomposed into a column-orthogonal matrix U of dimension (m x n), a diagonal matrix D of dimension (n x n), and
an orthogonal matrix VT of dimension (nxn): A = U-D-VT. The system of m equations in n unknowns A-x = y
can now be "solved" through x = V-D-UT-y. The word "solved" means here that the solution for x is not an exact
solution of the equation, but represents the closest solution in the sense that | A-x-y|| is minimized. The term
V-D '-UT is known as the pseudo-inverse of A and may be represented as A*. See, e.g., Press et ai (1989, p. 61 ff},
Golub & Van Loan (1989, p. 243), or Stewart & Sun (1990, p. 101 ff) for details.
To be more precise: the output is a least squares approximation to the external demand. It can be doubted whether
this distance can be given any meaningful interpretation: the analysis is in physical, not monetary, terms, which

makes that we are minimizing a quantity with the unit v/(l fuel)2+(MJ electricity)2+(kg steam)2 , a completely non-

sensical entity! It is, however, not only the interpretation that is the problem: the approach is sensitive for the choice

44001

of units. If fuels are measured in m3 instead of in 1, another results is found: t
17001

875 j
and a 3500

0.023
.It is

therefore a form of solution that is sensitive for a choice of units, something which is generally considered as a
criterion for inappropriateness.
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TABLE 6.7. The degree to which the external demand is satisfied in case of a non-square
technology matrix.

method 1 fuel MJ elec- kg steam
tricity

reducing the number of commodities by aggregating commodities 1000 2770 365
(a; Page 74)

expanding the number of processes by splitting processes 1000 3500 0
(b-, Page 75)

treating secondary products as primary products of another sector 1000 3500 0
(c; Page 76)
treating the final demand as a minimum, and allowing for a 1000 3500 500
surplus (d; Page 77)

using pseudo-inverses to calculate an approximate solution to the 1070* 3412* 473*
final demand (e; Page 78)
desired external demand 1000 3500 0

Based on the units 1 fuel, MJ electricity, and kg steam. Other units yield a different result.

Above, we discussed the first fundamental equation along with the fact that it is very often not
possible to solve it because the technology matrix is not square. Five proposals to generate a
solution anyhow were discussed, all of them having some disadvantages (Table 6.8).
TABLE 6.8. Disadvantages of the methods for solving the first fundamental equation in case of
a non-square technology matrix.

method disadvantage

reducing the number of commodities by aggregating commodities deviations from external
(a; Page 74) demand

expanding the number of processes by splitting processes unclear how to split
(b-, Page 75)
treating secondary products as primary products of another sector unclear which process is
(c; Page 76) avoided
treating the external demand as a minimum, and allowing for a deviations from external
surplus (d; Page 77) demand

using pseudo-inverses to calculate an approximate solution to the deviations from external
external demand (e; Page 78) demand

Considering the central question of this study - which environmental problems are to be
attributed to which economic activity? - a choice for a), d) or e) is not very satisfying: in that case
there would be an answer, but it would be an answer to another question.

The problem of using method b) is purely methodological: main lines of thought are here a
socio-economic allocation (e.g., Huppes (1994)) and a physico-chemical allocation (e.g., Boustead
(1994)).

The problem of using method c), finally, is two-fold. First we have the violation of the
epistemological rule of 100%-additivity. Furthermore, this option implies choices with respect to
technological state and historical developments. It must be decided which process is actually being
avoided or substituted. It is impossible to give an answer to this question: one can observe which
processes are there, but one can not figure out which processes are not there because they have been
replaced by other processes. Moreover, there are many commodities which are only produced in
a joint production process: the process cow breeding produces milk, meat, skins, calfs, manure, and
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some more commodities. If we are only interested in milk, we would need information on the
processes meat production, skin production, calf production, etc., in order to subtract them from
the multiple-output process of cow breeding. These processes actually do not exist without each
other: there is only one joint process cow breeding. Similar remarks apply to chlorine/sodium
production: although there are processes which produce sodium from Na2CO, •without making
chlorine (see Kleijn et al. (1994)), it seems a bit strange to say that this process is nowadays avoided
because sodium is normally coproduced along with chlorine. For these reasons, the method of
redefinition appears less pure a solution than method b).b2

The method for finding a solution to the first fundamental equation that is from theoretical
grounds superior is the allocation procedure, in which processes are split to expand the number
of processes so that the technology matrix becomes square.

How this allocation is performed in practice is discussed in the next section.

6.2 Solution of the first fundamental equation

6.2.1 MAKING A SQUARE TECHNOLOGY MATRIX: THE ALLOCATION
PROCEDURE

Having chosen for the allocation method (b), we face three questions:
• When is allocation required?
• Which processes are to be allocated in those cases?
• How do we allocate those processes?

Allocation is meant to expand the number of columns of the technology matrix, so that it becomes
square and - hopefully - invertible. Strictly spoken, allocation is only required when the technology
matrix is rectangular instead of square. This implies that allocation would only take place after
completion of the technology matrix, so after data on the inputs and outputs of economic
commodities into and from every process involved have been compiled. A problem which then
arises is: which process or processes should be split? A very obvious answer appears to be to apply
the procedure to those prqcesses that produce more than one economic output commodity:

[...] it is necessary to break the firm into two independent subfirms - one a producer of the primary product
and the other a producer of the secondary product.6

This answer is, at least in the present context of environmental extensions to the economic analysis,
wrong for two reasons:

• if waste-to-be-processed is also an economic output commodity, allocation appears to be
superfluous (or even wrong);

• if waste-to-be-processed is an economic input commodity, allocation appears to be necessary
in many cases.

The notion of economic value seems to be important here.
An economic process is a transformation of commodities into commodities. But an economic

process is more than that: nearly all flows of economic commodities are associated with monetary
value. An economic process is therefore also a transformation of value into value. Some of the

In a slightly different context - a discussion of drawbacks of the commodity-based technology assumption - the same
arguments can be found. This is so because the commodity-based technology assumption is inspired by the believe
that each commodity is produced in one unique way, a believe which is obviously unjustified: "There are numerous
examples of commodities that are produced in more than one way, for example many petrochemical products. Also,
secondary products are often produced in a different way than when they are produced as primary products." (Konijn
(1994, p. 144)).
Miller & Blair (1985, p. 154).
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commodities are goods and materials, others are bads and disservices. The criterion for categorizing
a commodity as a good or a bad is the value that is assigned to it: goods and services have a positive
value, while bads and disservices have a negative value.

The relative value is not an attribute of a certain commodity, but the position it assumes for
a certain economic process. Goods and services that are the input of a process are costs for that
process; this makes them have a negative relative value for that process. In contrast, bads and
disservices that are the input of a process are benefits for that process, which gives them a positive
relative value. On the output side, the situation is reversed: goods and services are benefits, and have
a positive relative value; "bads" and "disservices" are costs, and have a negative relative value. In
conclusion: the list of economic commodities that flow to and from a process can be split in four
groups:

• input goods and services;
• input bads and disservices;
• output goods and services;
• output bads and disservices.

It can now be stated that input bads and disservices and output goods and services are the
commodity flows that are the raison d'être for the process, and that the other types of commodity
flows (input goods and services, output bads and disservices, as well as all environmental flows)
must be allocated to the former two categories of commodity flows (Figure 6.1; see for instance

economic
input

goods/
services

economic
input

"bads"/
"disservices"

environmental
input

commodities

"ib,,

s

economic
process

-» aogi2 economic
output
goods/

-» a^ services

ob'1 economic
** output

- "bads"/
ob>' "disservices"

-» b-? environmental
output

-» b? commodities

Only when negative, else zero or absent.
Only when positive, else zero or absent.

FIGURE 6.1. The allocation procedure: undesired flows (shaded) are to be allocated to desired
flows.

Heijungs et ai, (1992*), p. 22 ff.; Huppes (1993), p. 192 ff.; Huppes & Schneider (1994)).
From this observation, three elementary types of allocation may be distinguished:
• more than one output good or service (coproduction, multi-output process);
• more than one input bad or disservice (combined waste handling, multi-input process);
• one input bad or disservice and one output good or service (recycling64, input-output

Recycling is also sometimes understood to convert a good into a more valuable good, e.g., positively-priced scrap into
basic iron. According to the strict definition given above, this situation should, however, be considered as, ordinary
production. In the case that a consumer deflects a positively valued service ("utility") from a product and afterwards
discards a positively valued used product, we speak of coproduction (Huppes (1993, p. 214n) and Huppes (1994, p.
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process).
It appears that allocation must be performed on the level of the individual process. This makes

that it can be performed prior to the construction of the technology matrix and independently of
the process cluster in which it is included. So we can strive for a certain degree of universality of
the allocation procedure. We can even consider allocated processes to be more elementary than the
joint process that has been observed.65 This could induce one to compile a database of allocated
processes instead of observed processes.66 It must, however, not be forgotten that the allocation
procedure is a highly speculative procedure, on which a lot of discussion is going on (see, e.g.,
Huppes & Schneider (1994)). This makes that it is from a scientific point of view recommendable
to collect the observed or predicted process data, and to perform a allocation on the processes
therein when needed.

Every economic process that has more than one output good/service or input bad/disservice
must in principle be allocated. It is preferable to accomplish this before processes are put into a
cluster, but only after a proper recording of the observed or predicted process data.

A last not unimportant remark is that it is not always necessary to apply an allocation
procedure to multiple processes. If we have a process that produces iron layers from bare iron, and
a process that produced iron circles and miscellaneous iron out of iron layers, it is normal industrial
practice to feed back the miscellaneous iron to the production process of iron layers. Suppose that
economic commodity 1 is iron layers, economic commodity 2 is iron circles, and economic
commodity 3 is miscellaneous iron; bare iron is for simplicity left out. Process 1 is production of
iron layers, process 2 is production of iron plates. The technology matrix and the external demand
are supposed to be given by

A =
10 -10

0 8 and (6.44)

-2 2 J [ O
It is immediately clear that the operating times of the two processes is simply 2 and 2 (hr). The
formalism described unfortunately has more difficulties in seeing this. The formalism expects a
square technology matrix because the rectangular one can not be inverted. There are two
possibilities: miscellaneous iron has a positive value whence process 2 is multiple because it produce
two valuable outputs, or it has a negative value whence process 1 is multiple because it processes
waste and produces a valuable good. Both options will be briefly considered.

Using the allocation procedure for process 2 gives a square technology matrix:

"10 -100 -10(1-0)'

0 8 0

- 2 0 2
which can be inverted to yield for almost every choice of the allocation parameter 6 the operating
times

(6.45)

t =

1 1
15? 's"

10 i
1 1

15? ~8

1-8
~28~

0

1
I?

0
• 16

0

(6.46)

84n)).
65 In fact, sometimes it is a statistical procedure which makes that a small duster of processes is observed instead of its

constituting parts.
66 Actually, almost all databases of economic processes that include figures on environmental flows consist of allocated

data.
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The other options would apply the allocation procedure to process 1 and start with the square
technology matrix

A =

which also yields the operating times

10 0
00 0(1-0)
0 -2

-10
8
2

(6.47)

(6.48)

as a final result.
We see here a remarkable result: on the hand the operating times are independent of the

allocation parameters, on the other hand the operating times of the "virtual" processes that make
a real processes are equal. This makes that discussions on the exact choice of the allocation
parameter is in these cases pointless: any choice produces the same results.

We could achieve this results also without going into an allocation procedure and calculating
the pseudo-inverse of the rectangular technology matrix; see also option e) of Section 6.1.5. We
easily find

.096 0.125 -0.0191

0 0.125 0
(6.49)

This is in this exceptional case an exact solution; this can be observed by calculating the distance
between external demand the approximated supply:

which is in this case exactly 0.
The physical interpretation of this example is that of closed-loop recycling: all miscellaneous

iron is returned to the producing facility, the amount that is needed in addition is supplied from
the outside. It is a quite generally acknowledged67 fact that closed-loop recycling can do without
an allocation procedure.

It is advisable to determine if the first fundamental equation can be solved exactly in the case
of a rectangular technology matrix by means of pseudo-inversion. If this is not the case, one
must go back to the elementary processes and apply an allocation procedure to all multiple
processes.

6.2.2 THE ALLOCATION PROCEDURE IN DETAIL

Technically, allocation is the converse of clustering. In clustering, however, information on the
individual processes inside is being lost. This makes that "declustering" requires the incorporation
of new information. This is exactly the problematic aspect of allocation, and it is one of the major
sources of disagreement in the field of life-cycle assessment; see Section 2.1.4 for a number of
quotations which illustrate the unresolved nature of the problem.

Suppose that a certain process is represented by the coordinates

Actually, it is quite often heard but not so often written down. Most textbooks discuss in a chapter on allocation
the three main types coproduction, combined waste handling, and open-loop recycling, without discussing closed-loop
recycling. For instance, in Lindfors et aL (1995d, p. 6), it is stated that allocation of open-loop recycling may be
avoided by treating it as a closed-loop recycling. Despite the truth of this statement, the method to actually find a
solution has by my knowledge not been discussed before, and surely not in terms of a pseudo-inverse (see Heijungs
& Frischknecht (1997)).
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P =

ob,l

(6.51)

where a^^ is the first output good or service, 4^2 is the second output good or service, aib t is the
first input bad or disservice, etc. The allocation procedure amounts to:

ib.1

•<*!

0

0',b,2 "1M

'8.1 15 'g.l 25 ig,l 35 ig,l 45 ig.l (6.52)

ob,2

This may be summarized as
p - 9p, (6-53)

where 8 is the matrix of allocation factors. It is subdue to a number of restrictions described below.
In the first place, the principle of "declustering" implies that a "reclustering" of allocated

processes retrieves the original process. In formula:

= Pt, (6.54)

which means that the sum of the allocation factors that belong to the same commodity must be
equal to one:

Vz:£0„ = l. (6.55)
i

A second requirement is that the allocated processes are fully allocated, that is, they will not
again give rise to non-square technology matrices. This can be translated into the requirement that
every allocated process has exactly one output good or service or exactly one input bad or
disservice. In the example above, we see the consequence of this as a diagonal structure for the first

'l 0 0 0'

sixteen elements of the allocation matrix 8:
0 0 1 0

9 ° ° !,
economic commodities will be such that this diagonal is'not easily detectable.

0 1 0 0
. In general, however, the order of the
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These are the only two formal requirements.68 All further proposals for the exact values of the
allocation factors are speculative. In the literature of life-cycle assessment, some further requirement
are sometimes proposed:

• All allocation factors, except those for the output goods/services and the input bads/disservi-
ces, must be the same for the different commodities within one process. This means in the
example above 015 = 016 = ..., 025 = 826 = ..., etc.69

• All allocation factors must have a value between zero and one: 0 < S S 1.jt
• The allocation factors must be based on the ratio of the mass (or any other physical

parameter) or on the ratio of the economic value (or any other economic parameter) of the
output goods/ services and/or the input bads/disservices. This would, for instance for 015,

mean that 015 =
, , ,

None of these rules can be proven with the same rigour as the other manipulations of process data
and technology matrix are dealt with.71 It is an unfortunate fact that the indeterminateness of the
allocation procedure is a barrier for a straightforward application of the formalism put forward in
this study (cf. Ten Raa (1988)).

There is as yet no universal rule for performing the allocation procedure. There are some
requirements which follow from the epistemological principles of the attribution problem
(especially 100%-additivity), and in addition some other requirements are sometimes proposed.
These are, however, not universally acknowledged and are from a scientific point of view
speculative, because they are beyond the realm of the epistemological basis of this study.

68 Among the requirements found in literature that I reject is the one that each of the allocated processes should not
violate the laws of physics (Boustead (1994, p. 2)). Any allocation method will yield from cow breeding a number
of process that violate the laws of physics. If it wouldn't do so, the allocated process could have been found in
reality.
This is a requirement that is very often implicitly applied.
Here the largest difference in opinion can be found, with obvious consequences for the numbers that will be
obtained. Boustead (1994, p. 19) writes: "The choice of partitioning method is clearly important since it can
significantly affect the final result. However, it is equally clear that there is no single, overwhelming scientific reason
for choosing any specific procedure. As a result, the choice is almost arbitrary."
The same argument applies to energy analysis. For instance, Chapman (1974, p.93) states that "[...] there is no
'correct' solution."



Chapter 7

TOWARDS CONCRETE TOOLS FOR
ENVIRONMENTAL ANALYSIS AND
DECISION-SUPPORT: INVENTORY
ANALYSIS

7.1 General considerations

In Section 5.3, two main types of analysis were defined:
• commodity-flow accounting, in which the operating time of every process is externally

imposed, in order to calculate the flows between economic processes and between the
environment and the various economic processes within a certain region;

• activity-level analysis, in which the operating time of every process is determined by an
externally imposed external demand, again in order to calculate the flows between economic
processes and between the environment and the various economic processes within a certain
region.

The next sections, 5.4, 6.1, and 6.2 concentrated on the ALA type of calculation: the first
fundamental equation and the problems encountered in solving it. The discussion assumed the form
of a calculation problem: given an economic structure in the form of a technology matrix A and
the intervention matrix Ë, we can for any external demand vector a compute the vector of
environmental interventions b. We did not yet face the question of selecting an appropriate external
demand for a meaningful ALA. Neither did we discuss the meaning of the CFA type of analysis. This
chapter is devoted to the question of making a meaningful and feasible analysis.

Starting from ALA, we first observe that we may naturally specify any desired external demand
of commodities in the vector a. This may thus be an arbitrarily composed basket of commodities.
However, for the purpose of analysis, it is often required to concentrate on one unit of one
particular commodity (see also Section 1.1.3):

The accounting models [...] are all essentially designed to help find answers to one class of question, which is
always of the form How much material/energy/pollutant "X" is used or generated directly/indirectly in or by
process/commodity/product/sector or final demand category "y?

A very much related concept is the Leontief multiplier (Miller & Blair (1985, p. 100 ff)), of which
the output multiplier is the most interesting here:

An output multiplier for sector ; is defined as the total value of production in all sectors of the economy that
is necessary in order to satisfy a dollar's worth of final demand for sector f s output.

So, a special form of the external demand will be introduced: there is only one economic
commodity for which there is a non-zero external demand. Consequently, the vector a consists of
a large array of zeroes, with only one non-zero element. The type of analysis obtained with this

Ayres (1978, p. 95).
2 Miller & Blair (1985, p. 102).
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restriction is commonly referred to as environmental life-cycle assessment of products.3 See Section
7.2 for a full discussion.

The other main type of analysis is the CFA. Here we may choose a certain period, usually one
year, and calculate all flows of economic and environmental commodities through the economic
system and to and from the environment. However, also here we may wish to concentrate on a
particular commodity or set of commodities, typically a substance or a substance group:

An appropriately chosen combination of possibly few substances allows an efficient and qualified characteriz-

ation of the metabolism.

Here the main approach is to calculate all flows, but to present only the flows of the selected
commodity or commodities. This will typically be a substance or a group of substances, hence the
name substance-flow analysis for this mode of analysis.5 Instead of a substance, the indicator
commodity may also be a material, a product, or energy. Material-flow analysis and energy analysis
are some of the terms that are used for those types of analysis. Here, they are all understood to be
covered by the term substance-flow analysis. Section 7.3 is devoted to an extensive description.

The situation can be summarized as follows; see Figure 7.1. From one analytical principle in

attribution analysis

1
choose
final demand

activity-level analysis

i
choose one
external demand
commodity

life-cycle assessment

choose
operating time &
system boundary

1

commodity-flow accounting

select one
indicator

commodity
;

substance-flow analysis

FIGURE 7.1. The crossroad of types of analysis yields two branches, from which two major
analytical tools can be derived.

approaching the attribution problem - the clustering of economic processes by means of a linear
combination involving operating times - two main modes of analysis are derived: activity-level
analysis and commodity-flow accounting. A further concretization towards existing tools for
environmental analysis and decision-support is provided by concentrating ALA on one commodity
and by presenting CFA on the basis of one substance. The former analysis corresponds to life-cycle
assessment, the latter to substance-flow analysis.

From activity-level analysis, one can derive the tool of life-cycle assessment by making the
restriction that the external demand vector contains only one non-zero element. In similar
vein, one can derive from commodity-flow accounting the tool of substance-flow analysis by
presenting only those fractions of the commodity flows that are associated with a particular
substance (or material or product or energy).

Besides these two concrete tools, other possible elaborations can be envisioned; see also Sections
7.4 and 7.5. We will briefly touch environmental impact assessment and risk assessment.

It should already at this stage be emphasized that not all exercises in literature that are indicated by the term life-cycle
assessment comply with the interpretation given here.
Baccini & Bader (1996, p. 49) (originally in German: "Etne geschickt gewablte Kombination moglichst weniger
Indikatontoffe erlaubt fine effiziente tmd treffende Charakterisierung des Stoffwechsels").
Again, not all types of analysis that can be encountered under this name are covered by the description to be given
below.
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The derivation of life-cycle assessment and substance-flow analysis is illustrated with a simple
example with hypothetical data. It is custom to represent the processes and their interactions in a
flow chart, sometimes called a process tree (Figure 7.2). The process data for the four processes in

commodity "£j":
1 crude oil

commodity ub": process 2:
CO: *- electricity

production

commodity "a":
S electricity N»

commodity "a".
-*• electricity

process 4:
radio
use

commodity "a":
-* old radio 1

process 1:
waste

management

commodity "/>,":
1 waste

commodity "b":
1 crude oil

process 3: commodity Hb"i
radio -» waste

production

commodity "a2":
S new radio N

commodity "«,":
•* music

FIGURE 7.2. A simple process cluster; processes are indicated by boxes; the commodity flows are
drawn as arrows.

the process tree are given in Table 7.1.6

TABLE 7.2. Hypothetical data for four economic processes, used to illustrate the derivation of
several tools.

commodity

"a": hr(/hr)* music
"a": (/hr)* new radio

"a,": (/hr)* old radio
"a": MJ(/hr)* electricity

"V: kg(/hr)* waste
'V: kg(/hr)* C02

"b": kg(/hr)* crude oil

1: waste
management

0

0

-1
0

2
0
0

pro<

2: electricity
production

0
0

0
1000

0
5000

-3000

:ess

3: radio
production

0

10

0
-100

5
0

-40

4: radio
use

1

-0.001
0.001

-0.1

0
0
0

The unit "/hr" in parenthesis must be added for the technical coefficients of the processes, not for the external flow
(see also Section 5.3.2).

We can easily identify the technology matrix as

6 This format was presented first in Heijungs et al. (1992a) and Heijungs (1994fr); for elaborations see inter alia several
contributors to Schmidt & Schorb (1995).
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A =

and the intervention matrix as

0 0

0 0
-1 0

0

10
0

1
-0.001
0.001

0 1000 -100 -0.1

Ê -
2 0 5 0

0 5000 0 0

(7.1)

(7.2)

0 -3000 -40 0
These matrices will be used in the examples on life-cycle assessment and substance-flow analysis
below.

7.2 Derivation of life-cycle assessment

In literature7, environmental life-cycle assessment (LCA) is defined as an
[...] objective process to evaluate the environmental burdens associated with a product, process, or activity by
identifying and quantifying energy and material usage and environmental releases [...]. The assessment includes
the entire life cycle of the product, process, or activity, encompassing extracting and processing raw materials;

manufacturing, transportation, and distribution; use/re-use/maintenance; recycling; and final disposal.8

Life-cycle assessment is, amongst others, intended to compare the environmental consequences of
products that fulfil equivalent functions, thereby taking into account the upstream and downstream
activities, such as production of the product and the waste handling of the scrap from the
production processes as well. The introduction of the concept of a life cycle means that a small
economic system is created that is self-supporting: no imports from and exports to other economic
systems take place. There is an interaction with the environment though, and knowing it is exactly
the aim of the LCA.9

From the discussion above, we can regard life-cycle assessment as a form of activity-level analysis
in which the external demand is restricted to one economic commodity output. There are no other
flows of economic commodities into or from the cluster. There are, however, flows of
environmental commodities into and from the cluster. The calculation of these environmental flows
- the environmental interventions - is the aim of the analysis; a secondary aim is often to gain
insight into the magnitudes and types of the flows of economic commodities between economic
processes. The first aim can be formulated as finding

b = 6 A ' (7.3)

The second aim can not be formulated in such a stria way, because a formulation depends on the
exact aim; see, however, Heijungs et al. (1992e, p. 116 ff) for some examples. Very often it is desired
to leave out one of the summations implied by Equation (7.3), in order to be able to study the

Some standard references to the methodology of life-cycle assessment as understood within the present context are:
Fava et al. (1991), Anonymous (1992), Heijungs « al. (1992a; b), Consoli « ai. (1993), Guinée (1995), Lindfors et al.
(1995*. 1995è, 1995e), and Curran (1996).

Fava et al. (1991, p. 1).

More precisely, the interaction in terms of flows is studied in a life-cycle inventory analysis, whereas the
environmental problems associated with it is studied in life-cycle impact assessment (or analysis); see Part 3 for a
discussion of environmental impacts connected to environmental flows.
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contributions of the individual processes to the total environmental flow. That is, one studies the
matrix

inhere

A a
B b

(7.4)

A = AOA'1-a and B = fioA '«
where the symbol 0 is defined as a shorthand for the product of two vectors (aOb); = abt, of a

vector and a matrix (aOB)iy = ab^, or of a matrix and a vector (A0b)r = a.To..

In LCA, the subject of the analysis is an amount of function that is fulfilled by a product system,
which is understood as the cluster of economic processes which are involved in producing a certain
externally delivered service. The specification is referred to as the functional unit. A typical
functional unit could be "listening 5 hours to the radio". Observe that the concept of a life cycle
implies that no material products are left after the life cycle has been completed: the small pan of
the radio that has been depreciated must be treated in a waste management facility. The external
demand vector a consists therefore of one single economic commodity: 5 hours of radio-listening.
The other economic commodities are internal flows only: among them are radios and electricity,
but also commodities that are more indirectly involved: steel, oil products, trucks, and much more.
If we apply the rules strictly, every conceivable commodity is somewhere involved. This in turn
implies that every conceivable process is somewhere involved. The qualitative flow chart of
processes, the process tree, is thus in a theoretical sense the same for every product system (cf.
Hofstetter (1996&)). The amount involved, however, is for most of these commodities extremely
small, e.g., the amount of pencils involved in producing 1 MJ electricity is negligible. There is
therefore in practice a distinct process tree for every product system.10

In the following example on radio listening we have included only a small number of processes
and commodities; we have for instance excluded all broadcasting activities. The external demand
is

a = (7.6)

which corresponds to a functional unit of 5 hours listening to a radio.

The first fundamental equation (see Section 5.4.1) b = E-A"'-a gives an easy answer to the
question of determining the environmental interventions:

0.125'

b = 2.75 (7-7)
-1.67

or in other words, 0.125 kg of dumped waste", 2.75 kg of emitted CO2, and 1.67 kg of extracted
crude oil.12

With the compilation of extensive databases (cf. Frischknecht et al. (1993)) and dedicated software, we are under way
of involving every process and every commodity in every product system .
This is not waste-to-be-processed, as it is considered to flow directly to the environment. The old radio can be
regarded as waste-to-be-processed instead.

The equation t = A 'a yields the operating times of the processes: t =

0.005

0.00055

0.0005

5

so 0.005 hr of waste
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The inventory analysis is the part of life-cycle assessment that is concerned with the calculation
of flows of environmental commodities due to the life cycle of certain product. It can be
derived from activity analysis by choosing one unit of economic commodity as a external
demand; this corresponds to the functional unit. In addition to the environmental flows, one
may reveal the flows between the different economic processes as well.

(P ) 2 =- (7.8)

The example above was relatively straightforward because it did not involve a rectangular
technology matrix: no allocation was needed. We may complicate the example by assuming that the
electric power plant (process 2) coproduces along with electricity valuable steam as well. Assuming
the process vector to be

0
0
0

1000

500

0

5000

-3000
where the fifth row is the inserted "kg(/hr) steam", the new technology matrix is not any longer
square, and therefore not invertible:

0 0

0 10

0 0A =

0

0

-1
0

0

1000

500

-100

0

1
-0.001

0.001

-0.1

0

(7.9)

An allocation procedure must be applied to the multiple process of electricity/steam production:

(7.10)

0
0
0

1000

0
0

017x5000

0lgx-3000

+

0
0
0
0

500
0

027x5000

028x-3000

where 017, 027, 018, and 028 are allocation factors such that 8l7+627 = 1 and 018+028 = 1- Any further
choice for these allocation factors 0 is speculative (see Section 6.2.2); nevertheless for this example
we must take some value: 017 = 018 = 0.8 and 027 = 028 = 0.2.

The allocated technology matrix is now square and invertible:

management, 0.00055 hr of electricity production, 0.0005 of radio production, and 5 hours of radio use. This supplies
an easy interpretation of the meaning of the intermediate calculations of LCA (see also Heijungs (1997a)).
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A =

0 0 0 0 1
o o o 10 -o.ooi
- 1 0 0 0 0.001
0 1000 0 -100 -0.1
0 0 500 0 0

(7.11)

whereupon the further procedure is identical to the one previously described. Applying the new
intervention matrix

2 0 0 5 0 '

6 = 0 4000 1000 0 0

0 -2400 -600 -40 0
we find the environmental interventions that are to be attributed to 5 hours of radio listening:

'0.012

(7.12)

2.20

-1.34

(7.13)

which of course is different from that before. In fact, the environmental flows have decreased, a fact
which can be understood by the observation that the gain in environmental loadings has been
transferred13 to the coproduced allocated amount of 500 kg/hr steam.

An essential element of the inventory analysis of LCA in solving the first fundamental equation
is the allocation procedure, in which multiple processes are split into several effectively
independent processes.

In the definition of LCA, we defined a vector of external demand of the form a = ra i l

flows of economic commodities except one - the commodity that delivers the functional unit - are
zero by definition. This implies a very ambitious task: every economic commodity that is
somewhere involved in producing the functional unit must be traced back to flows of environ-
mental commodities. This means, for instance, that the very small depreciation of the electricity
plant that produces the electricity for listening to the radio must be seen as an economic input of
a very small fraction of electricity generator which consequently must be compensated by an
economic process "production of an electricity generator". Even if we could manage to include this
process, we would next be confronted with the depreciation of machinery, trucks, etcetera. In
practice therefore, many flows, especially of capital goods and of materials of which only a very
small amount is needed, are neglected.14 This can be done in three ways:

a) The very small number which denotes the depreciation of the capital good is explicitly put
to zero.

b) A new economic process is added which makes a capital good out of nothing.
c) The technology matrix and the external demand vector are split into a "solvable" and an

"unsolvable" part.
We will briefly discuss these three possibilities.

Ad a) This solution is not recommendable, since it hides the fact that this figure is not equal to

Of course the operating time of process 2b is 0 here.

A term which is sometimes used for these flows is pro memoria. Here they will be called truncated flows.
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zero, and it does not allow for an easy reincorporation once data for the production of capital
goods are known.

Ad b) This solution has the practical disadvantage that the technology matrix becomes larger,
something which might put severe requirements on computer capacity with regard to matrix
inversion. Another disadvantage is that a process is included of "which nothing is known and which
moreover violates material and energy balances.

Ad c) This option is the preferred solution. It is demonstrated below. Suppose that in the
original radio example data on the depreciation of the electricity generator is known: 10"12

electricity plant/hr. Suppose in addition that the process of producing an electricity plant is not
known. These two assumptions give a new technology matrix

A =

' 0 0
0 0
-1 0

0 1000

0 -10-'2

0 1
10 -0.001
0 0.001

-100 -0.1

0 0

(7.14)

where a fifth row with the meaning " (/hr) new electricity plant" has been added.15 The proposed

solution is to create a new technology matrix A ' that contains the first four rows, and a matrix A "
that contains the fifth row, and do a similar thing for the external demand vector:

A
A'
A"

and a = (7.15)

-A'-'-a'.
(7.16)

The modified first fundamental equation is now:

A"
Ë

This form strongly suggests that truncated flows of economic commodities are to be treated in a
way which is identical to the way flows of environmental commodities are treated. A redefined
intervention matrix can make this suggestion even stronger: the definition

Ê' =
A"

Ë
and b' =

(7.17)

(7.18)
leads to a modified first fundamental equation which is after all not so modified:

b' = S'-A'-'-a'.
Here, we have in fact categorized truncated flows of economic commodities as environmental
commodities. Continuing the example, we find

A' =

for the modified technology matrix and

B' =

0 0 0 1

0 0 10 -0.001

- 1 0 0 0.001

0 1000 -100 -0.1

(7.19)

0 -lu'12

2 0

0 5000

0 0

5 0

0 0

0 -3000 -40 0

(7.20)

For simplicity, no sixth row "old electricity generator" has been added, although it is assumed that the process
"electricity plant dismantling" is not known.
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for the modified intervention matrix. The modified external demand vector is

5
0 . (7.21)
0
0

the last row's zero has been replaced to the still unknown vector of environmental interventions

b '. We may now apply the modified first fundamental equation to find

-0.55-10-'6'

0.12

2.75

-1.67
an expression which shows the flows of environmental commodities along with the flows of
truncated economic commodities.16

b' = (7.22)

If, for reasons of data unavailability, certain flows of economic commodities can not be
balanced by processes producing that good or service or by processes annihilating that bad or
disservice, the commodity can be categorized as a pseudo-environmental commodity. This
makes that the truncated amounts are calculated for presentation along with the flows of
environmental commodities instead of being balanced.

The discussion above was inspired by the practical problem of lacking data on the production
of every good or service or the annihilation of every "bad" or "disservice". Sometimes reasons are
uttered to deliberately exclude certain processes from the economic system, e.g., because it is the aim
to concentrate on those processes that take place in a certain region. In that case, there will be
many economic commodities that are not produced or annihilated within the system, but are
instead imported from outside the system or exported to the outside. Concepts like the ecological
footprint or the ecological rucksack17 rely on these ideas. The approach to be followed in these
cases would be identical to the approach for truncated flows. In fact, we might consider these
imported and exported flows as truncated as well. There is a problem of categorization, however,
in the sense that one may doubt if this question must be answered by a life-cycle assessment, or that
the tool of substance-flow analysis (see the next section) is more appropriate. See also Van der Voet
& Heijungs (1994) for a number of attribution-related questions that are somewhere between the
question of pure LCA and pure SFA. Another issue to be addressed in these large-scale questions is
of course the appropriateness of the assumption of linearity; see Section 14.1 for a number of
remarks.

One last aspect that is worth mentioning is related to the popular wording "cradle-to-grave"
analysis to indicate that LCA looks in two directions beyond the use phase and encompasses
production and waste treatment as well. We also often see the term "cradle-to-gate" analysis which
then means that the waste treatment phase, and also often the use phase, have not been studied. The
object of the analysis is in that case not a function, but a material or a product, like 1 kg PVC. We
may incorporate these two modes of LCA in the current scheme by observing that a "cradle-to-
grave" analysis has a function as functional unit: a service which represents a non-tangible
commodity, and that a "cradle-to-gate" analysis has a product or material as functional unit: a good
which represents a positively valued tangible commodity. We then may easily identify one missing
class of analysis, that may be called a "gate-to-grave" analysis, which has a waste material as

16 By incorporating the truncated economic flows into the set of environmental flows, we are close to replacing "the
environment" by "its environment"; see Section 2.2.1.

17 The ecological footprint is the "area of productive land required to maintain a population's consumption level", while
the ecological rucksack is the "volume of material throughput required to maintain a consumption level" (taken from
a text that has by now already disappeared fromhttp://www.oneworld.org/overviews/cities/girardet_urbanage. html).
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functional unit: a bad which represents a negatively valued tangible commodity. Thus an LCA of
waste treatment is not a "cradle-to-grave" analysis but a gate-to-grave analysis.18

7.3 Derivation of substance-flow analysis

In literature", substance-flow analysis (SFA) is defined as
[...] a method for the description and modelling of the flows and stocks of one substance or a group of
substances in the economy and environment of a region.

One essential ingredient is here that the flow of one substance or one group of substances is
followed in its course through the economy21, with special attention to the flows that cross the
boundary between economy and environment (i.e., those processes in which the substance passes
from an economic commodity into an environmental commodity or -vice versa).

The set-up of the formalism presented above as commodity-flow accounting can be fully applied.
That is to say, in principle a full regional economy is modelled. However, in the presentation of
the results, not the environmental flows b are interesting, but all flows in so far as containing the
substance or substance group under study. We may envisage that we model the full system and
cover it with a "coloured" transparency, such that only the flows of interest are visible for the
observer. Suppose that we have chosen to observe the flows of cadmium, and that commodity 1 is
pure cadmium, commodity 2 is batteries, and commodity 3 is electricity. The SFA is now obtained
by applying a "cadmium filter" that fully displays the flows of commodity 1, that partly displays
the flows of commodity 2, and does not display the flows of commodity 3. In other words, we
design a vector of transmission coefficients that represents the cadmium content of every
commodity flow. Denoting the transmission coefficient of commodity z by 7,, a transmission vector

T =
(7.23)

is constructed. In the example of cadmium one might have T, = 1 kg Cd per kg Cd, 72 = 0.01 kg
Cd per battery, and T, = 0 kg Cd per MJ electricity.

The actual flow of commodity i to or from process j is pt/, which amounts to at] for an economic
commodity and b:i for an environmental commodity.22 Multiplication of rt with this flow gives
the flow of the selected substance or substance group23 to or from process j, a quantity that will

Another way of saying the same is put forward by White et al. (1995è, p.42): "the 'cradle' of waste, in households
at least, is usually the dustbin.".
Some major sources for the methodology of substance-flow analysis (or a similar type of analysis with a different
name) are: Van der Voet étal. (1995a; 1995fc) and Van der Voet (1996), Schroder (1995a; 1995£), and Baccini & Bader
(1996).

20 Van der Voet et al. (1995a, p. 91).
The substance's flow through the environment will be dealt with in Part 3.

22 As always, negative elements denote flows into the process, positive elements flows out of it.
There are two options in the case of a substance group, e.g., heavy metals. The first is that T, indicates the amount
of heavy metal per unit of commodity 1, regardless of the nature of the heavy metal. The second is that there are
several transmission vectors, (r), for, say, lead, (r)2 for, say, mercury, etc., with consequently several substance flow
matrices and vectors (Y),, (Y)2, ... and (y),, (y)2, ... Furthermore, the procedure described here is not necessarily
restricted to substances in the strict sense (Cd, PVC, etc.) or substance groups (heavy metals, chlorinated compounds,
etc.), but might also be applied to energy, materials (like concrete), products (like semiconductors), etc. See also Moll
(1993, p. kdff) and Van der Voet (1996, p. 4-5) for a discussion on this. We may thus also regard energy analysis (see,
e.g., Anonymous (1974), Boustead & Hancock (1979), Nieuwlaar (1988)) as a special case of substance-flow analysis.
The end of this section discusses more completely the position of materials and energy in SFA.
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be denoted by yt:

y,, - r,P, (7-24)
The matrix of interprocess substance flows Y is consequently given by24

Y = TOP. (7-25)
The substance flows related to the external flows are then given by

y = r O p. (7-26)
To illustrate the procedure according to the present formalism, we take up the example of the

previous section. Consider the simple cluster of economic processes of four processes25 with ten
non-zero flows; see Figure 7.2 and Table 7.1. Suppose that we have chosen an operating time of
1000 hr. Then we find as an overview of all flows in the matrix of commodity flows P:

P = ft =
»1A

\t =ftD)

0

0

-1000

0

2000

0

0

0

0

0

1000000

0

5000000

-3000000

0

10000

0

-100000

5000

0

-4000

1000

-1
1

-100

0

0

0

(7.27)

(7.28)

from which the external flows can be found by aggregation over all columns:

1000
9999

-999

899900

7000

5000000

I-3040000
Next the filtering of the substance of interest takes place. Suppose that carbon has been chosen as
substance, and that the transmission coefficients are given by

T =
(7.29)

1.455

1.455

0

0.727

0.273

0.455
which means that 1 hr music contains 0 kg carbon, 1 new radio contains 1.455 kg carbon, etc.
Application of this filter to the matrix P gives the flows of carbon between the processes and
between the processes and the environment within 1000 hr of economic activity:

24 Sec the beginning of the previous section for an explanation of the symbol O .

25 Processes are referred to as nodes in Van der Voet et ai (1995a), as systems in Schreder (1995«j), and as balance
volumes (German: Bilanzvolumina) in Baccini & Bader (1996).
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TOP =

and an external flow of

0
0

-1455

0
1455

0
0

0
0
0
0
0

1363636
-1363636

0
14545
0
0

3636

0
-18182

0
-1.455
1.455

0
0

0
0

(7.30)

y = TOp =

0
14544

-1453

0

5091

1363636

(7.31)

-1381818
It may be observed that it makes sense to calculate column totals of the matrix Y and the vector
y: all these column totals are zero. This must be the so for reasons of the materials balance
principle; see Section 5.1.4.

The interpretation of the vector of external substance flows y is as follows: 1000 hour of
economic activity in the region that contains the economic processes 1 to 4 may be held responsible
for a number of inflows of carbon from outside (y, = -1453 kg C in old radios and y-, = -1381818
kg C in crude oil) and for a number of outflows to the outside (y2 = 14544 kg C in new radios, y5

= 5091 kg C in waste and yk - 1363636 kg C in COj. For the economic commodities (yt to y4) the
inflows from and the outflows to the outside may be understood as imports from and exports to
other regions. For the environmental commodities (ys to y7) the inflows from and the outflows to
the outside may be interpreted as extractions of natural resources and emissions of chemicals, the
environmental interventions.

The inventory analysis is the part of substance-flow analysis that is concerned with the
calculation of flows of economic and environmental commodities in a certain time period. The
flows of the substance of interest can easily be obtained by a filtering procedure.

In accordance with Van der Voet et al. (1995*z) the analysis of the effectiveness of measures is
one important application of substance-flow analysis. This means that either certain changes in
process characteristics are postulated, or that some external flows are changed with consequences
for the operations within the system. An example of the first type is a reduction of the material
needed to produce a radio, i.e., a change of p7r Another example is the establishment of a backflow
of old radios for recycling into new ones, i.e., a change of p^ and ƒ>„. Examples of measures of the
second type are a reduction of the import of old radios (i.e., a change of/>3) and a reduction of the
use of radios (i.e., a change of/?j). All these parameters can in principle be changed, and their effects
can be studied. For instance, if pn is decreased one will find that flows of new and old radios will
contain less carbon, as will the flow of waste from process 1. If there is a backflow of old radios,
process 1 will be less operative. It may be that it will close for some hours per week, thus reducing
all coefficients of process 1 by the same factor of, say, 0.9, with subsequent consequences for the
waste flows. A similar thing happens when the import of old radios is reduced: the process of waste
management will become less operative. A reduction of radio use (say, turning off the radio for 8
hours per day) will reduce all technical coefficients of process 4 by 1/3, which will by consequence
affect the operative periods of all other processes.

Consider in more detail the externally imposed reduction of import of old radios from 999 to
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a mere 700, the other external flows of economic commodities remaining the same (ceterisparibus).
This leads to an equation of the following type:

P =

0 0 0 1
0 0 10 -0.001
- 1 0 0 0.001
0 1000 -100 -0.1

2 0 5 0

0 5000 0 0

0 -3000 -40 0

V
t2
fj

£r

=

1000
9999
-700

899900

?

?

?

(7.32)

t = (7.33)

(P) ,=
(7.34)

This equation very much resembles the first fundamental equation which was developed for the life-
cycle analysis approach, not for the substance-flow analysis approach. Nonetheless, we see the first
fundamental equation making its appearance here. The economic part (the submatrix consisting of
rows and columns 1 to 4) can be solved and is found to yield

701

1000

1000

L1000
The interpretation is that process 1, waste management, will become less operative: it will close
down for 0.701 of the time, thereby effectively yielding reformulated process coordinates:

0

0

-0.701

0

0

1.402

0

0
The modified performance of the waste management process may be inserted in the matrix of
technical coefficients:

0 0 0 1

0 0 10 -0.001

-0.701 0 0 0.001

P = 0 1000 -100 -0.1

1.402 0 5 0
0 5000 0 0

0 -3000 -40 0
and this matrix may be multiplied by the scalar t = 1000 hr to produce the vector of external flows

1000
9999
-700
899900
6402

5000000
-3040000

(7.35)

P =
(7.36)
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Finally, the flows of the substance of interest can again be calculated by applying the transmission
vector T:

0
14544
-1018

Y = 0 0 0 O a n d y = 0

4656

1363636

-1381818
Comparison with Equations (7.30) and (7.31) reveals the difference with the situation before a
reduction of the import of old radios.

0
0

-1020

0

1020
0

0

0
0
0

0

0
1363636

-1363636

0
14545

0

0

3636
0

-18182

0
-1.455

1.455

0

0

0

0

(7.37)

When the influence of certain scenarios or abatement measures are calculated with the
substance-flow analysis, the problem is converted into an analysis of the activity analysis type:
a certain external demand is imposed and the new effective operating times of all processes are
established, from which the environmental interventions and other interprocess flows can be
calculated.

A last point of interest at this stage is the role of flows that accumulate into a stock. Suppose
that the analytical representation of process 1 is given by

»),=

0

0

-1
0

1.5

0

0

(7.38)

so there is not 2 kg/hr of waste leaving the process but only 1.5. Application of T (Equation (7.29))
gives for the associated vector of carbon flows in 1000 hr

(y)i =
-1455

0
1090

(7.39)

which implies that the carbon balance of the process shows a surplus of 365 kg in 1000 hr.
Assuming that there is no inaccuracy or incompleteness in the observed flows (see Section 5.1.4),
that the transmission vector T represents the real carbon contents, and that there has been no
nuclear conversion process of carbon, there is only one possibility: there is a stock of carbon, for
example in the form of old radios or of stored waste, and this stock has increased during the
operating time of 1000 hr. Although there are possibilities to represent stocks and flows within the
same formalism (see, e.g., Georgescu-Roegen (1971), Van der Voet étal. (1995&), and Baccini &t Bader
(1996)), it must be doubted whether it makes sense to do so. An argument for this is the previously
discussed assumption that a process is to be described by the elements that cross its boundary
(Section 5.1.1). Explicit quantification of accumulations of stocks is in variance with this point of
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view.26 Nonetheless, accumulation of stocks is an important phenomenon, which could even fit
within the situation of a steady state.27 The quantity

(AX)> = EX; (7.40)

can therefore be interpreted as the accumulation (or decumulation when negative) of the stock in
process j during the operating time of the process.

Knowledge of stocks is in disagreement with the previously stated principle that a process is
defined by the flows that cross its boundary. The only thing that can be observed with respect
to stocks are changes thereof (viz. accumulation or decumulation). Only a very careful
bookkeeping can account for unaccounted flows, which apparently have gone to or have come
from a stock.

Next we will compare the procedure for substance-flow analysis outlined above with the
established procedures for SFA. These would handle the example above in a quite different way. The

FIGURE 7.3. Process tree for the established SFA methodology for the same example as in Figure
7.2.

several carbon-containing flows are labelled Xj to x9 according to the scheme of Figure 7.3. Flows
x} to x6 are flows of economic commodities, flows x, and x2 are environmental inflows, and flows
x7 to x9 are environmental outflows. We can easily establish the correspondence between the
elements of x and y. For instance, xt corresponds to the inflow of the 7th commodity to the 2nd
process: x, = -yn, and x4 corresponds to the exported surplus of new radios and is therefore given
by the total amount of new radios produced (3/23) minus the amount of new radios that is used up
by the region (-y2<)- The full correspondence is given by

In this respect, the position of stocks in the substance-flow diagram (Van der Voet (1995a, p. 93)) is also somewhat
peculiar: whereas accumulation in a stock "occurs in products that are produced but not discarded in the same year"
(Op. cit., p. 94), and the production and consumption are regarded as economic processes (Op. cit., p. 95), the
substance-flow diagram draws the flow of substance that is accumulated into a stock as leaving the economic
processes.
This situation is sometimes referred to as a quasi steady state (cf. Baccini 8c Bader (1996)): all flows are time-
independent, but the stocks (which are not represented in the analysis) may be changing at a constant rate.
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X, = -y

x, = -}

X =

(7-41)

We first consider the simple example of only three processes, leaving out process 2 as well as
the flows X; and X7. A set of equations is constructed using a combination of physico-chemical
relationships, the observed flows in the base year, and educated guesswork. Three types of equations
occur:

• balance equations based on conservation laws, one for each process (here: x5 +x6 = x9, x2 =
x3+x„H-x8) and x, = x5);

• formulas based on assumed causal relationships with fixed technical coefficients28

determined by observations from the base year29 (here for instance xs = a(x3+x4) and x4 =
/3x3> with a = 0.25 and ft = 9996);

• fixed parameters usually relating to external demand or initial supply (here for instance x3

= 1.455 and x6 = 1453).
Combination of these seven equations gives a matrix equation that can be solved for x2 to x6, xg and
x,:

(7.42)

0 0 0 1 1 0 - 1

1 - 1 - 1 0 0 - 1 0

0 1 0 - 1 0 0 0

0 0.25 0.25 0 0 - 1 0
0 -9996 1 0 0 0 0

0 1 0 0 0 0 0

0 0 0 0 1 0 0

*2

X,

*4

*5

x6

*8

x,

=

0

0

0

0

0

1.455
1453

The solution of this equation is found by inversion:

**
X3

X4

*5

x6

x

*
X,

=

0 1 0 - 1 1.25 12496 0

0 0 0 0 0 1 0

0 0 0 0 1 9996 0

0 0 - 1 0 0 1 0

0 0 0 0 0 0 1

0 0 0 - 1 0.25 2499 0

- 1 0 - 1 0 0 1 1

0
0
0
0
0

1.455

1453

=

18182

1.455

14544

1.455

1453

3636

1454

(7.43)

It appears that this traditional way of modelling substance flows leads to the same results. That is
to say, for the situation in the base year, there is no difference in result between the proposed and
the established procedure for SFA.

That may not come as a surprise: after all, the determination of the coefficients that build the
matrix in Equation (7.42) was based on observations from the base year. This exercise thus only

28 Schr0der (1995) speaks in this context of performance variables (PVs), while Baccini & Bader (1996) speak of transfer
coefficients (German: Tramferkoeffaienten).

29 For these observations, we take from Equations (7.30) and (7.31): x, = 1363636, X; = 18182, x, = 1.455, x, = 14544,
xs - 1.455, x6 = 1453, x7 = 1363636, x, = 3636, and x, = 1455.
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proves that no errors were made in constructing the equations and coefficients. The real test is the
prediction of the effectiveness of abatement measures. We will repeat here the example of reducing
the import of old radios for waste management. In the original example, the amount was reduced
from 999 to 700. Now, we must specify the carbon flows, not the radio flows. Each radio was
assumed to have a carbon content of 1.455 kg C per old radio. Therefore we must change the fixed
parameter xt = 1453 (= 1.455x999) into x6 = 1019 (= 1.455x700). This gives instead of Equation
(7.43):

18182

1.455

14544
1.455 , (7-44)

1018

3636

1019

again in full accordance with Equation (7.37), where the flows of carbon were predicted with the
first fundamental equation.

Once more, it appears that the traditional way of doing SFA yields the same results as the one
that is proposed in this study, although their appearance is quite different. Two questions can now
be raised:

• Is the agreement between established and proposed method indeed more universal than can
be seen with one or two examples?

• Is there, either from a theoretical or from a practical perspective, a preference for one of the
approaches?

To begin with the second question, we can observe that those who developed the established
approach encounter a number of problems. It is necessary to construct a number of equations, and
to determine values of coefficients. This makes that the procedure is quite demanding with respect
to time and effort, and that errors may be easily introduced:

Setting up a of a system of equations in a consistent way is the most difficult step for this type of modelling.30

One specific problem is that the first class of equations rests on the materials balance principle.
This principle is undeniably valid, but is sometimes difficult to apply, especially when some
harmless or otherwise uninteresting substance flows (such as H2O, N2, and O^ were not recorded.
Nevertheless the established system

[...] requires each node to have one balancing item.31

In other words, one of the flows to and from each process is given the status of balancing item, so
that any shortage or surplus of mass is compensated by adjusting the measured value of that flow.

Another problematic issue is that another class of equations is based on presumed causal
relationships. It may be difficult to decide what are exactly the causal relationships involved.
Moreover, the number of equations that must be specified is fixed for a particular situation. Two
instances of evidence are:

The total number of valves (PVs) necessary and sufficient to control all flows and funds in the system [...] is
therefore four.32

and
A complete determination of the system requires another Nta-N = 6 equations.33

Van der Voet et al. (1995e, p. 136) (Originally in Dutch: "Het opzetten van het stelsel vergelijkingen op een consistente
wijze à voor deze modelvorm de methodisch moeilijkste stap").
Van der Voet et ai (1995*, p. 138).
Schr0der (1995a, p. 19).

Baccini & Bader (1996, p. 102) (Originally in German: "Voue Bestimmtheit des Systems verlangt also noch NM-N =
6 unabhângige Gleichungen.").
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This fact could induce one to produce the required number of equations without a careful
consideration of the possibility thereof.

The last point raised here is that it is difficult to properly include disconnected processes, such
as the process of electricity production in the analysis of carbon substance flows above. This appears
to be a very serious point, -which has to my knowledge not been discussed before and is therefore
discussed in more detail below (see also Heijungs (1997&)).

In the case of inclusion of process 2 in the previous simplified example, we could of course
observe the flow x„ the carbon flow due to the flow of crude oil to the electricity plant. We could
easily add two equations to the system: the balance equation Xj = x7 and the fixed parameter x, =
1363636. This would for the base year produce the correct result, and it would also produce the
correct result if the parameter that fixes xe were changed, so if the last coefficient of the righthand
side of the last equation were changed from 1453 into 1019. The correct results would in that case
be predicted — by accidence! If, for example the process data would have included the fact that waste
management of old radios consumes electricity, we would have seen a difference in the results. The
proposed method would have recognized that the consumption of crude oil and the release of CO2

by the electricity plant would have reduced because of the reduced activity level of the waste
treatment plant. The established methods would have difficulties in seeing that, as the connection
of process 2 to process 1 is not via carbon, but via electricity. It could resolve that problem by not
fixing x„ but by establishing a formula for it. As a causal relationship we would postulate that xl

= 7(x3+x4)+Sx3+e(x5+x6), on the grounds that the use of crude oil (to which xt is related) for
electricity generation depends in a multilinear way on the amount of radios produced (to which
x3+x, is related), on the amount of radios used (to which x3 is related), and on the amount of old
radios treated (to which x5+x6 is related). It is, however, impossible to derive a concrete value for
the parameters y, o, and e on the basis of the flows x3, x4, xs, x6, and x7 alone. For this we would
have to go into the full process characteristics34: the information that is present in the vectors of
technical coefficients p. Thus we see that the apparently time-gaining step of the established
procedure for SFA in not collecting information on the flows that are not the topic of the study
creates a weak point in the further analysis of consequences of abatement measures. The
information of causal relationships otherwise than via the substance under consideration itself is
simply necessary to establish the relations between the flows of that substance in a cluster of
processes. True, the compilation of data on every conceivable commodity going into and leaving
a process is time-consuming, and might seem superfluous if the interest is in one substance only.
But it is essential, since the causalities run via all commodities. The appealing aspect of the proposed
approach to SFA is that it is able to establish relations between weakly coupled processes, and that
it moreover does so in an extremely simple way. Balancing items need not be introduced (they may
be introduced, but not necessarily) and formulas need not be established, because all formulas are
automatically implied in the first fundamental equation." A further advantage is that it is possible
to use a common database of technical coefficients of economic processes that can be used for life-
cycle assessments, as well as for substance-flow analyses of every possible substance or substance
group.

In conclusion, it is argued here to follow the proposed approach for the following reasons:
• there is for life-cycle assessment and for substance-flow analysis a unified approach;

Somewhat related to this is the issue of allocation of multiple processes in the case of a rectangular technology
matrix. Suppose once more that process 2, production of electricity, is replaced by a process that coproduces steam.
If we want to attribute carbon flows to a changed demand for electricity, an allocation of the input of crude oil and
the output of CO2 of the multiple process to the non-existing single process of electricity production is required. This
manipulation is straightforward in the proposed approach. One way to include it in the established approaches is
to incorporate the allocation factors (see Section 6.2.2) in the coefficients 7, 5, and £ that represent the causal
relationships between input of crude oil and output of CO2 on the one hand and need for electricity on the other
hand.
It is perhaps useful to emphasize that there is nothing new or magic about automatic formula generation: the concept
of fixed technical coefficients that is introduced in going from an input-output table to an input-output analysis is
more than fifty years old.
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• it is possible to use a common database of economic processes for these tools;
• the apparently difficult procedure to establish physico-chemical relationships and to find the

associated coefficients can be completely avoided;
• although an incomplete mass balance should still stimulate additional data collection (Ayres

(1994<z)), a complete balance is no longer a necessary requirement.
Of course, there are also advantages of the established approach over the proposed one. In the

first place, working with coefficients that can be established on the basis of sophisticated reflection
instead of using automatically calculated technical coefficients leads to a larger flexibility. In
particular, it opens the way to dynamic modelling (see Van der Voet étal. (1995fc, p. 142-143), and
in particular Baccini & Bader (1996, p. 22\fPJ) and to non-linear modelling (see op. cit. (p. WOff.)).
It is argued here that these extensions (of which the added value in practice has not yet really been
investigated) might be interesting for scenario studies on the future of environmental problems and
on the effectiveness of abatement measures, but that they are not of interest in the context of the
attribution problem. The epistemology of attribution (Section 2.1) requires linearity and implies a
steady state.

A number of problematic aspects of the established approach to substance-flow analysis (the
fact that a balancing item must always be introduced, the difficulties involved in establishing
causal relations, and the way to include apparently disconnected processes, or even multiple
processes) are absent in the approach that is proposed in this study. This is an argument in
favour of the proposed method for SFA over the established approaches.

A more formal treatment of the question of correspondence between traditional and proposed
approach to SFA closes the theoretical part of this section. Assume that we have a system that
consists of one process with n flows. Then the proposed method would describe this as follows:

x,r

= X t

(7.45)

Given n values of the technical coefficients x,, x2 xa, this system of equations is undetermined
unless we specify either t or one of the flows xlt x2 x„. Suppose that we specify x, = y. Then it
follows that

(7.46)

x = xy
• -i

We thus find

x,. = |iy (7.47)

for each of the n flows.
The traditional approach would proceed quite differently. Three categories of equations would

be made:
• a balance equation <j1x1+<z2x2+...+a,rx„ = 0, with the coefficients <t,, a2, ..., an = ±1;
• one fixed parameter, like above x, = y;
• a number of n-2 remaining formulas of the form &tlx, +bk2x2+...+bimx„ = 0, where the

coefficients b express assumed causal relationships.
These three classes of equations can be combined into one system of equations:
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(7.48)

or in matrixform:

*2. ^22

b„-U h*-V

(7.49)

Abbreviating the square matrix as Z, we thus find

Zx = (7.50)

from which the flows x can be found as
x, - (Z-V (7-51)

for each of the n flows.
Comparison of Equations (7.47) and (7.51) shows that, at least for this simple one process

system, the traditional and the proposed procedure are in full agreement with each other. It also
shows that the equivalence holds for each choice of the coefficients b that express the causal
relationships and that enter somehow the matrix Z. Hence, the proposed description is always
equivalent to the traditional one, but rests on the measurement of technical coefficients as flow
rates, circumventing the apparently painstaiking causal modelling.

The situation for more than one process is not really different. The main feature that enters the
analysis is that there should be exactly one externally imposed flow (like x, above). Hence, for
situations where more than one flow is externally determined (see, e.g., Van der Voet (1995&, p.
139)) there is no correspondence with the proposed procedure. In fact, a system of connected
processes on the basis of purely technical coefficients (like the proposed one) is incompatible with
the external determination of more than one flow (like is done in the traditional approach).

It can be proven that the traditional approach to SFA, which includes modelling equations to
account for assumed causal relationships, is under some conditions fully equivalent to the
proposed approach, in which the relationships are expressed in an implicit way, like it is done
for input-output analysis. These conditions refer to a complete proportionality of all input and
output flows of each process in the system.

We finally return to the question of choosing a material, a product or energy instead of a
substance as the indicator commodity. There is no theoretical problem in defining the transmission
vector T in such a way that it represents the flow of a material (like steel), a product (like light
bulbs) or energy in the chosen region in the chosen time period. Moll (1993, p. 67 ff) discusses
"energy life cycle assessment", "material life cycle assessment", and "product life cycle assessment",
but these classes here represent not exactly the same as what is meant in the present context, and
belong more to the previous section on life-cycle assessment than to the present one. Closer are in
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that respect texts like Brunner & Baccini (1992) and Bringezu (1993) for materials-flow analysis
(MFA). Energy analysis, in the sense of Chapman (1974) and Boustead & Hancock (1979), is most
often concentrating on the energetic requirements and/or performance of a product, and can
therefore be seen as a somewhat limited LCA, or at least some tool of the ALA-type. Energy analysis
of the CFA-type study the metabolism of energy of a region, and therefore comes much closer to
what Odum (1983) describes, albeit for ecosystems. This section shows that there is no principal
reason why there could not be a variant to energy analysis that is concerned with the energy
metabolism of a region. Choosing a product as indicator commodity (product flow analysis) must
for similar reasons be distinguished from analyzing the life cycle of a product. Again, this section
demonstrates its existence.

Despite these possibilities for choosing a substance, a material, a product or energy, all these
tools go back to exactly the same type of formalism: the one that is described in this section as
substance-flow analysis.

7.4 The relation with environmental impact assessment

Environmental impact assessment (EIA) is a procedure
[...] whereby an assessment is made of the environmental impact which may be expected to result from the
activity alternatives.36

or, alternatively stated, it
[...] is the process of identifying and evaluating the consequences of human actions on the environment [...]37

The first definition clearly restricts the scope of the EIA to an activity. This is in contrast to the two
approaches discussed in the preceding sections, which both displayed aspects of chain analysis.38

The second definition is less clear with respect to this, but later introduces the term "project" to
be the focus of the EIA. An EIA is usually aimed at assessing the environmental impacts of a factory,
a road, a recreational zone, and so on. This makes that the analysis usually involves two types of
activities:

a) regular activities, such as operation and maintenance of the facility;
b) singular activities, such as construction and dismantling of the facility;

As the facility is located somewhere, the impacts under consideration are normally restricted to
impacts confined to the area. For instance, if the topic is a highway, aspects like noise, odour,
landscape degradation and risks are included as far as they relate to the construction of the road and
to the use of the road by traffic. Other aspects, such as depletion of fossil fuels, landscape
degradation caused somewhere else by removing sand, etc. are typically excluded. Sometimes
acidification caused by fuel combustion is excluded as well.

Ad a) Let us first concentrate on the regular operation of a certain factory. Typically, a factory
includes a number of installations, all of which can be described by the process representation of
the previous sections. That is, a factory consists of a number of unit processes (p)„ (p)2, ... Some
of the commodities produced by one of these processes may be the input of the other processes, e.g.,
the factory may generate its own electricity. Other economic commodities are imported from or
exported to other factories or consumers.

Anonymous (1981, p. 108).36

Erickson (1994, p. 3).
The ALA-type of analysis by definition includes exactly those processes that are connected with a certain function
that can externally demanded; this set of connected processes is often referred to a chain, hence the terms chain
analysis and chain management. Strictly speaking, the situation is not that clear for the CFA-type of analysis. Here
all processes that take place in a certain region in a certain time period are included, even if they are not connected
with each other. Via interindustry transactions, most industries will ususally be somehow connected, but there is
no fundamental reason that this is the case. Nevertheless, SFA and MFA are often said to analyze chains, and to be
tools for chain analysis.
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As an example, consider a factory which produces polyethylene (PE), and which consists of two
processes: production of PE and production of electricity. The - hypothetical - data are given in
Table 7.2. The process data are specified in unit coordinates like kg/hr, which implies that the

T ABLE 7.2. Example data of a factory which consists of a PE production process and an electricity
generation process.

commodity

kg polyethylene/hr

MJ electricity/hr

kg waste/hr

kg oil/hr

kg SO2/hr

process 1:
PE production

100

-10

20

90

20

process 2:
electricity production

0

10

0

-20

10

factory produces 100 kg PE/hr, 20 kg waste/hr,. etc. It effectively acts as a metaprocess with
coordinates

100

0

20

-110

30

(7.52)

where the subscript "r" indicates the fact that the regular activities are denoted. When the factory
is "turned on" for two hours, the figures double to 200 kg PE, etc. In general:

Pr = Vf =

100

0

20

-110

30

(7.53)

where t is the operating time during which the factory is active.
Notice that we have sofar had no need to distinguish between economic and environmental

commodities. This distinction must be made when an inventory of environmental extractions and
releases is to be made. Then, we could say that 100 kg PE/hr and 20 kg waste/hr are delivered to
other economic agents, that 110 kg oil/hr is supplied by other economic agents, and that 30 kg
SO2/hr is released to the environment. In a subsequent stage of EIA, the resulting impact from the
30 kg SO2/hr could be investigated.

The economic commodities are left for what they are. Although 100 kg PE/hr could produce
horrible impacts, depending on the application and the further processing, and the elimination of
20 kg waste/hr and the production of 110 kg oil/hr certainly has a number of environmental
impacts, these are not considered as a part of the factory's operation. As such, they are by definition
outside EIA. Taking them into account would amount to expanding the horizon of the EIA to
production and consumption chains, a topic that is reserved to LCA.

Ad b) Thus far, only the regular activities, mainly operating the factory, have been investigated.
To account for the singular activities, like the construction of the factory, the amount of
constructing process that were required for installing the factory needs to be calculated. One could
easily imagine of a computation which yields a p, for the singular activities. Computation of the
total exchange of commodities would then simply yield
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(7.54)P = Pr+Ps

= PV+Ps'

However, the notion of capital depreciation on the long term blurs the distinction between regular
and singular activities.39 The transactions table of Table 7.2 can be made more consistent by
introducing another row for the commodity "factory", and another column for the process "factory
construction". A proper accounting would now yield something like Table 7.3. This modification

T ABLE 7.3. Modified data of the PE plant, including construction to replenish depreciated capital
equipment.

commodity process 1: process 2: process 3:
PE production electricity production factory construction

kg/hr polyethylene

MJ/hr electricity
factory/hr

100
-10
-0.001

0
10.005
0

0
-0.005
0.001

kg/hr waste
kg/hr oil

kg/hr SO2

20

90

20

0
-20

10

0.02
-0.01
0.001

enables one to employ the form

where
P =

P =

100
0

0
20.02

(7.55)

(7.56)

-110.01
30.001

to include both regular and singular activities.
With the procedure described above, we have turned the problem of environmental impact

assessment into the problem of commodity-flow accounting of a very restricted region: the small
area where a certain factory is located or the area where a road is situated.

The inventory analysis pan of environmental impact assessment of an activity may assume the
same form as that of commodity-flow accounting with a very restricted region as system
boundary.

Once again, the distinction between flows of materials and funds of services proves to be dialectical (Georgescu-
Roegen (1971, p. 225)).
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7.5 The relation with risk assessment

Risk assessment (RA), or environmental risk assessment (ERA), is sometimes defined as a
[...] systematic process for describing and quantifying the risks associated with hazardous substances, processes,
action, or events.40

More often, however, its domain is restricted to the risks due to chemical substances:
[...] the identification and quantification of the risk resulting from a specific use or occurrence of a chemical
compound including the determination of dose-response relationships and the identification of target popula-
tions.

As is already clear from the term "target population", it most often concentrates on the risks due
to toxic impacts.

Risk assessment was already briefly outlined in a quotation in Section 1.3.2. Of particular
interest in this part on attributing environmental interventions (i.e. emissions) to economic activities
is the step of exposure assessment:

The component [...] that estimates the emissions, pathways and rates of movement of a chemical in the
environment, and its transformation or degradation [...]

This component is thus of a very mixed nature: for the time being our sole interest is in the
emissions. Sometimes this part of the risk assessment is split off and baptized release assessment:

Release assessment involves quantifying the extent to which a risk source releases or otherwise introduces risk

agents into the human environment.43

In that case the exposure assessment concentrates on the processes that take place in the
environment. Here this division into release assessment and exposure assessment will be followed
as it fits better in the structure of this study.

The release assessment aims at predicting the emission rate of the chemical of interest in the
region under consideration. Therefore, the procedure for substance-flow analysis (Section 7.3) can
again be applied to find the data required.

The inventory analysis of risk assessment aims at a prediction of the emission of a selected
substance by the economic activity of a certain region during a fixed time period, e.g., one
year. The method that has been developed for substance-flow analysis suffices to derive these
data.

Covello 8c Merkhofer (1993, p. 3).
41 Tas & Van Leeuwen (1995, p. 357).
42 Op. at. (p. 347).
43 Covello & Merkhofer (1993, p. 35).



Part 3

THE ENVIRONMENTAL STAGE

This part extends the discussion on environmental interventions that was the offspring of the
previous part to environmental problems. Three stages of analysis are distinguished:

• the inclusion of environmental processes, such as degradation, transport, formation, and
growth, leading to the time-integrated presence or absence of degradable and renewable
environmental commodities and the permanent presence or absence of persistent and
non-renewable commodities that is to be attributed to an economic activity;

• the connection of the presence or absence of environmental commodities (the so-called
stressors) to impacts on the environment;

• the connection of these impacts to environmental problems, that is, the degree of
"undesiredness" of the environmental impacts as perceived by society.

The analysis of fate leads to a distinction being made between transient stressors and
permanent stressors. These may be attributed to an inventory table by means of the second
fundamental equation. This equation involves clusters of environmental processes and the
integration over an infinite time for transient stressors and the asymptotical amount for
permanent stressors.

The analysis of the attribution of environmental impacts according to the epistemological
principles from the introductory part introduces the concept of impact factors. These factors
indicate the contribution of a unit amount of stressor to an impact category. The procedure
for obtaining the impact factors is beyond the epistemological scope of this study. The formal
relationship between stressors and impacts is expressed by the third fundamental equation.

A similar story holds for the attribution of the environmental problem to environmental
impacts. Here it is the fourth fundamental equation that links impacts to the problem, as
perceived by an individual or by a group of individuals. The problems factors which are
needed for the interpretation and aggregation into the one-dimensional problem measure are
once more beyond the epistemological scope of this work.



112 ECONOMIC D R A M A AND THE E N V I R O N M E N T A L STAGE

8 Introduction 113

8.1 FROM ENVIRONMENTAL COMMODITIES TO THE E N V I R O N M E N T A L
PROBLEM 113

8.2 STRUCTURE OF PART 3 114

9 Environmental processes 115

9.1 REPRESENTATION OF AN ENVIRONMENTAL PROCESS 115
9.1.1 What is an environmental process? 115
9.1.2 Analytical description of environmental processes 118
9.1.3 The nature of the process data 123

9.2 CLUSTERS OF E N V I R O N M E N T A L PROCESSES 123
9.2.1 The time-integrated presence or absence of environmental commodities: transient

stressors 123
9.2.2 Using the fate matrix to calculate the time-integrated presence or absence 127
9.2.3 The permanent presence or absence of commodities: permanent stressors 128
9.2.4 Using the fate matrix to calculate the permanent presence or absence 131
9.2.5 Combined consideration of the fate of environmental commodities: stressors 131
9.2.6 The second fundamental equation 133
9.2.7 The assumption of linearity of environmental processes and the connection with

the epistemological basis 134
9.2.8 Is the fate matrix square? 135

10 Environmental impacts 137

10.1 REPRESENTATION OF AN ENVIRONMENTAL IMPACT 137
10.1.1 What is an environmental impact? 137
10.1.2 A measure for environmental impacts 140
10.1.3 The third fundamental equation 144
10.1.4 The nature of the impact factors 145

11 The environmental problem 149

11.1 REPRESENTATION OF THE E N V I R O N M E N T A L PROBLEM 149
11.1.1 What is the environmental problem? 149
11.1.2 A measure for the environmental problem 150
11.1.3 The fourth fundamental equation 151
11.1.4 The nature of the problem factors 151

12 Towards concrete tools for environmental analysis and decision-support:
impact analysis 153

12.1 GENERAL CONSIDERATIONS 153
12.2 DERIVATION OF LIFE-CYCLE ASSESSMENT 155
12.3 DERIVATION OF SUBSTANCE-FLOW ANALYSIS 158
12.4 THE RELATION WITH ENVIRONMENTAL IMPACT ASSESSMENT AND

RISK ASSESSMENT 159



Chapter 8

INTRODUCTION

8.1 From environmental commodities to the environmental problem

In Part 2, it was argued that a description of the environmental problems that are associated with
sets of economic activities requires a full accounting of physical flows between processes, and
between a process and the environment. The part was to a large extent devoted to the first
fundamental equation: given a certain external demand, what are the environmental interventions:
the inflows from and outflows to the environment of environmental commodities. It must be
realized, however, that an answer to the main question of this study (which environmental
problems are to be attributed to which economic activities) is far from complete with that answer.
The only thing we now know is about interventions: flows of natural resources from the
environment and flows of chemical substances into the environment.

An analysis of the resulting environmental problem is the topic of this part. When dealing with
this subject, a first question of course is what exactly is understood by the term environmental
problem. If we look at different sources on environmental problems, we are confronted with a
number of not fully unambiguous definitions and a large heterogeneous array of examples:
disappearance of birds or forests, household waste, depletion of the ozone layer, decrease in
reproductivity of mammals, destruction of historic buildings by acid precipitation, and increase of
the world population are all sometimes considered as environmental problems. In general, we can
state that environmental problems are only recognized as such when they are perceived as a
problem by society. Thus there is an intrinsic value-bound aspect in the definition of an
environmental problem. Likewise, statements with respect to the importance of the various
environmental problems necessarily involve subjective judgments.

This subjective nature does not imply that an exact treatment of environmental problems is
impossible. On the contrary: the subjective judgments involved must be fitted one way or another
in the general structure that has been constructed to answer the attribution problem. There are
various formal methods that enable this task, for example multicriteria analysis or decision theory
in general. And, secondly, subjective judgments with respect to environmental problems can be
related to scientifically established relationships between pollutants and impacts and between
resources and depletion-related phenomena. It will be attempted to analyze the environmental
problems that are the result from interactions between economy and environment in terms of
natural scientific knowledge with respect to transport, degradation, and formation of substances in
the environment, natural scientific knowledge with respect to environmental impacts due to the
presence of pollutants and due to the absence of natural resources, and social scientific knowledge
with respect to the way society perceives environmental impacts as an environmental problem.

The analysis can therefore be split in three parts.
• A first stage in this analysis is the representation of environmental processes, such as

degradation and transport of chemicals and formation or growth of natural resources.
• A second stage is a description of the impacts that are caused by the (temporary or

permanent) presence of pollutants in air, water, or soil, and by the (temporary or
permanent) reduction of the amounts of available natural resources. Examples of these
impacts could be acidification, global warming, and resource depletion.
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• A final stage is an assessment of the overall importance of these (temporary or permanent)
impacts. This is the most subjective stage of the analysis, as it involves opinions on the
relative importance of different impact categories.

The final synthesis is then a mere combination of the different elements that have been discussed.
The analysis that was presented in the previous part produced an inventory table, that contains
a list of environmental interventions: inflows and outflows of environmental commodities that

are attributed to a certain economic activity. This part discusses the next stage of the analysis:
the interpretation of the environmental interventions with respect to fate, the resulting
environmental impacts, and the societal opinion with respect to the degree that these impacts
are perceived as a problem.

8.2 Structure of Part 3

From the above considerations, the structure of this part is fairly simple.
Section 9.1 discusses the environmental process in a way which resembles the discussion of

economic processes in Section 5.1 and 5.2. Of course there will be some emphasis on the difference
between economic and environmental processes, as well as on the consequences for the further
analysis. The next section (9.2) discusses - like in Part 2 - the representation of clusters of processes,
but now of course processes of the environmental type. These two sections together discuss the
aspect that is commonly referred to as the fate of pollutants, however, in a context that is broader
than pollutants but that includes natural resources as well. The discussion ends up with the second
fundamental equation, an equation which expresses the relation between environmental
interventions (viz. extractions and emissions of environmental commodities) and environmental
stressors, which are defined as the time-integrated presence or absence of degradable or renewable
environmental commodities or the permanent presence or absence of persistent or non-renewable
environmental commodities or economic commodities.

Chapter 10 is devoted to the representation of the environmental impacts that are the result of
the (temporary or permanent) presence or absence of certain commodities. An attribution rule -
the third fundamental equation - is derived to convert environmental stressors into environmental
impacts, and is illustrated on a default list of impact categories.

Chapter 11 enables the final transition to the environmental problem, which is conceived as the
societal importance that is attached to the various environmental impacts to which man and its
environment are exposed. The attribution rule that is derived is called the fourth fundamental
equation, and allows to map the environmental impacts that are attributed to an economic activity
to a single number that is regarded as a measure of the environmental problem.

The impact analysis of the selection of tools for environmental decision-support is derived in
Chapter 12. This derivation is much shorter than the one of the inventory analysis in Part 2. On
the other hand, there are more substantial deviations from the existing approaches for life-cycle
assessment, substance-flow analysis, et cetera.



Chapter 9

ENVIRONMENTAL PROCESSES

9.1 Representation of an environmental process

9.1.1 WHAT Is AN ENVIRONMENTAL PROCESS?

The previous part included many statements on economic processes and on commodities, both of
an economic and of an environmental nature. It seems natural to extend the discussion to include
environmental processes, and this extension should appear to be straightforward. Probably it was
Isard who was the first to suggest a suchlike procedure:

[...] the ecologie system is considered as a very large set of interdependent activities, involving as inputs and
outputs many commodities, only a few of which correspond to those of the economic system.'

Characteristics of the economic processes which were used to develop a theoretical set-up of
economy-environment interactions were their flexibility of operating times, their linearity with
respect to this operating time, and the existence of technical coefficients.

There is an important similarity between economic and environmental processes. Both of them
can be regarded as phenomenological evidences of transformations of commodities into
commodities. We have seen that the economist's traditional view of economic processes dealing with
economic commodities is too narrow. Every economic system requires the cooperation of
environmental sources and environmental sinks. Economic commodities can only be converted into
other economic commodities by means of cotransformation of natural resources into emissions. Or
using the entropie principles:

[...] the economic process consists of a continuous transformation of low entropy into high entropy, that is, into
irrevocable waste or, with a topical term, into pollution.

The representation of an economic process was cast into the form p = where a represents
.LbJ

flows of economic commodities and b flows of environmental commodities.
At the same time, environmental processes convert environmental commodities into

environmental commodities, some of which are the input or the output of economic processes.
Not only do [environmental processes] feed upon each other, that is provide each other with inputs, but also
to the exogenous economic system they furnish final outputs or deliveries (in the sense of exports to the
economic system). In turn these ecologie activities are dependent on the economic system (that is currently
require or receive from it) various commodities (in the sense of imports) to be used as inputs.3

What Isard aims at is the environmental commodity cod, a fish that is an input for the economic
process sport fishing. He extends the traditional economic thinking of production to define the
environmental processes that together constitute the food chain that is involved in the environ-

Isard (1968, p. 86).
2 Georgescu-Roegen (1971, p. 281).
3 Isard (1968, p. 86).
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TABLE 9.1. Analog for the technology matrix, after Isard (1968, p. 91). The columns represent
environmental processes.

environmental process

environmental
commodity

plankton (kg)

all marine plants (kg)

detritus (kg)

herbivorous
invertebrates (kg)

herring (kg)

small fish (kg)

carnivorous
invertebrates (kg)

cod (kg)

plankton all marine
prod. plant prod.

1

0
0

0

0

0

0

0

0

1
0

0

0

0

0

0

detritus
prod.

0

-1

1

0

0

0

0

0

herbivorous
invertebrates

prod.

0

0

-10

1

0
0

0

0

herring
prod.

-10

0
0

0

0

1
0

0

small fish
prod.

0

0
0

-10

0

1
0

0

carnivorous
invertebrates

prod.

0

0

0

-10

0

0

i

0

cod prod.

0

0
0
0

-1.167

-1.167

-8.333

1

mental process cod production. For instance (see Table 9.1), to produce 1 kg of cod, 8.333 kg of
carnivorous invertebrates are required, along with 1.167 kg of small fish and 1.167 kg of herring.
1 kg of carnivorous invertebrates are produced by means of 10 kg herbivorous invertebrates, of
which 1 kg on its turn requires 10 kg of detritus. He ends up with the environmental process of
plankton production. Altogether, economy and environment are modelled as each other's
complement (see Figure 9.1).4

wheat

economic c'otn

commodities oil

economic processes

agriculture textile refineries
industry

technology matrix

environmental processes

cod herring plankton
growth growth growth

environmental
commodities

cod

herring

plankton
intervention matrix see Table 9.1

FIGURE 9.1. Isard's linkage of economic and environmental processes (adapted from Isard (1968,
p. 87)).

Similar work has more recently been reported by others:
The set of production activities comprehends both economic production activities and natural production
activities of all living organisms as components of the food web (bioactivities). With regard to the transformation
of matter and energy there is no principal difference between economic and natural production activities [...].

Observe that only the correspondence between economic and environmental processes is
highlighted, not their difference.

A more drastic modification is the introduction of non-productive processes.6 In the previous

A similar structural analogy between the economic and the environmental subsystem is suggested by the substance-
flow diagram (Van der Voet (1995a, p. 93)).
Strassert (1993, p. 514).
Recall that a non-productive process is understood to mean a process that does not produce a "beautiful" commodity,
such as an amount of iron or a car in the case of economic processes, or a tree or a fish in the case of environmental
processes.
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part, it was shown that an extension of the traditional concept of commodities to include bads and
disservices besides the traditional goods and services, enabled the inclusion of non-productive
economic processes like waste treatment (which is not waste annihilation, but conversion of waste
into other commodities). The associated non-productive environmental processes are processes
which convert pollutants into other commodities. Examples are transport, e.g., from air to water,
and degradation of pollutants into other chemicals. These are processes that involve only
environmental commodities. There are a number of suchlike environmental processes that involve
economic commodities as well. Example are the processes of erosion and of acidification, affecting
economic commodities like crops and buildings.7

The criterion of categorizing a process as being economic or environmental is therefore not the
set of commodities that is involved. It is the ability of regulating the operating time that makes a
process an economic process. The operating time of the economic processes was a central concept
in the previous part. It was possible to "turn on" a process for definite duration, at least in theory,
such as in the case where 0.0005 hr of radio production was needed to satisfy an external demand
of 5 hr music. In principle, it is indeed possible to run the process for that specific duration.

For environmental processes, the situation is entirely8 different. Human beings possess no
power over them. These processes run for their own as they obey natural laws instead of economic
laws. A nuclear reactor, turned on for only one second, may produce environmental commodities
that are subject to environmental decay processes that take millions of years to complete. Similarly,
we can not give orders to the cods to consume carnivorous invertebrates for so-and-so long. They
just eat, be it sufficient or not to satisfy the consumers' demand for cod.

Although Isard's suggestion to treat environmental processes like economic processes makes
sense, it must be adapted for reasons of the fundamental difference between the two categories of
processes. In fact, Isard fails to define the formal difference between economic processes and
environmental processes, and between economic commodities and environmental commodities.9

On the basis of the discussion above, the following definitions emerge:
• Economic processes are processes which convert commodities into commodities and of

which the operating time (the active period) can be regulated by human intervention.
• Environmental processes are processes which convert commodities into commodities and of

which the operating time (the active period) can not be regulated.
• Economic commodities are commodities that flow from an economic to an economic

process.
• Environmental commodities are commodities that flow from an economic process to an

These aspects ire sometimes considered to represent environmental impacts. In this pan, "events" which convert a
set of input commodities into a set of output commodities are treated as environmental processes, and "events" which
affect the state of certain entities (e.g., the temperature on earth) are treated as environmental impacts; see Chapter
10 for a discussion of environmental impacts.
Of course there will always be dialectical in-betweens. A fire converts a house into ash and smoke; the duration of
the fire can not be controlled fully, but the fire-brigade can to some extent do so. It seems rather odd to categorize
a fire under economic processes, but it can be doubted whether environmental process is a more proper
categorization. Another problem is posed by chemical reactions which take place in a chemical factory. Stopping is
often impossible. Many biological or chemical processes that are categorized as economic suffer from this problem:
can one turn on a composting process for a short while? Still another difficult point is that many economic processes
are turned off by cutting the supply of one of the inputs, e.g., by switching off electricity. The environmental process
of, say, degradation obviously stops if the supply of the chermcal-to-be-degraded is stopped. Is there a real difference?
These issues will be left as philosophical refutations to be clarified outside the present discussion. Actually, the
categorization of processes into owned and unowned processes (Rescher (1996)) is a philosophical development which
might have implications for a better definition.
He admits this omission, adding a comment on the deliberate character of it: "[...] while a classification of processes
as economic and ecologie may facilitate our comprehension of a problem, basically such classification is not essential
for analysis, provided all processes relevant for a problem are identified and accurately described in an empirical
manner." (Isard (1968, p. 93-94)). Other authors either stick to giving examples of processes of the two kinds (e.g. Van
der Voet et ai (1995a, p. 95)), or hold that the separation is somehow imposed by the method instead of the other
way around (Fischer-Kowalski et al. (1994)).
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environmental process, from an environmental process to an economic process, or from an
environmental process to an environmental process.10

We end up by stating a number of complications in the extension of the conceptual representation
of economic processes to environmental processes:

• environmental processes run autonomously, and we can not turn them on for a limited time
period11;

• environmental processes proceed non-linearly in the course of time;
• the course of environmental processes depends on aspects such as background concentra-

tions.12

These arguments make that the description of environmental processes must be casted in a form
that differs from the treatment of economic processes. The general format remains exactly equal,
however; see Figure 9.1 which illustrated the concept of an economic process and which could have
been exactly duplicated at this place, the only difference being a replacement of "economic process"
by "environmental process".

Although environmental processes, like fish production and substance degradation, have many
aspects in common with economic processes, the role of the operating time is quite different.
This aspect serves here as the defining property of an environmental process.

Having defined the nature of an environmental process, we must proceed to describe it analytically.

9.1.2 ANALYTICAL DESCRIPTION OF E N V I R O N M E N T A L PROCESSES

If the set-up of Isard (1968) were to be followed, degradation and transport phenomena of chemicals
would be described like in the Table 9.2.13 This, however, can hardly be described as an analytical

TABLE 9.2. Representation of degradation and transport of chemicals in a way similar to Table
9.1.

environmental commodity

1 (kg substance x in compartment y)
2 (kg substance x' in compartment y)

3 (kg substance x in compartment y' )

environmental process

degradation transport

-1 -1
1 0
0 1

Commodities that flow from an economic process to an economic process via an environmental process are according
to this definition environmental commodities. Two instances of such commodities are dioxins that are emitted by
an incineration process and that somewhere enter the food-processing industries, and PCBs that are emitted by a
factory and that are the input of soil sanitation activities.
Connected to this is the fact that environmental processes are not confined to a limited space. In the case of
economic processes, we could speak of "this particular steel producer" or "this particular waste incinerator", and
henceforth calculate the operating time required to produce a certain demand. For environmental processes the
situation is quite different. We can never speak of "this particular algae producer" or "this particular phenol
dégrader", as environmental processes have no boundaries except for the environmental compartment itself.
A comparison with the situation for economic processes may illustrate this point: the characteristic behaviour of a
steel factory does not much depend on the amount of produced steel or the stock of iron that is present in the
factory halls. Only a shortage of the iron stocks has a clear influence. For some economic processes, such a
dependency is more visible: the performance of public transport systems stagnates if too many people use them.
Observe that the rows of this table represent three different commodities, two of which are different in a chemical
sense and two of which are different with respect to their position. See also Section 5.1.5 for a discussion on this
topic.
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representation: it is merely a tautology. It is well known that parameters like the degradation rate
and the mobility of chemicals are important characteristics for environmental considerations. These
are absent in the above description: it is a representation in which the fate of chemicals is not
represented in an appropriate way. A representation similar to that of economic processes with the
inclusion of the empirical conversion rates14 does not improve the situation.

The fate of chemicals can be modelled by fairly simple laws which follow from elementary
chemistry and ecology (see, inter alia, Mackay (1991), Hemond & Fechner (1994), Cowan et al.
(1995)). Here we will briefly discuss the analytical representations of:

a) degradation, as an example of a chemical process;
b) transport, as an example of a physical process.
Ad a.) Degradation means that a certain substance gradually disappears by chemical reactions or

biological transformations. Chemists and toxicologist often employ first-order kinetics to describe
these reactions (Schrap et al. (1994)). Denoting the amount of chemical 1 which is present at time

t by bi(t), a degradation law is postulated in which the rate of decay — J — is proportional to the

amount present b^t):

where K is the degradation constant (or: decay constant). This differential equation can be solved
to yield an explicit expression for b^i):

*,(*) = b^e-. (9-2)

The conservation laws (see also Section 5.1.4) tell us that decay of a substance implies the creation
of another substance, the reaction product, so that the amount of another chemical, say chemical

2 of which the amount present at time t is given by b2(t), increases according to — ,-î = -— J-. This
dr at

means that we have

so that
b2(t) = &2(0) +

neglecting stoichiometric details.15

Ad b) The second example of an environmental process is transport, e.g., diffusion from one
environmental compartment to the other. The assumption that is often made here is that the rate
of transport is proportional to the weighted difference in concentrations in the two interacting
compartments. If the amount16 in the other compartment is denoted by &3(z), the kinetics is
described by

d^(f) . ,. . ,. (a c\
—r— = \b.(t)-u,b,(t), \y-y/

at

For the degradation process, this would for instance look like

-400 kg/hr substance x in compartment y

400 kg/hr substance x' in compartment y

0 kg/hr substance x in compartment y'
Of course, this is a very simplistic representation of the process of formation of an environmental commodity.
Especially for self-reproductive commodities (ic. biotic resources), the growth of the reserve also depends on the size

of the population; see, e.g., Plourde (1970) who proposes _J— - o£2(r) -j3(4>2(t))
2. Neglecting the quadratic term,

this form can actually be incorporated in the present framework.
For reasons of convenience, the laws are stated in terms of amounts and not in terms of concentrations. A careful
introduction of volumes in the equations would complicate the notation without providing more insight.
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the parameters X and /i being measures of the mobility or diffusitivity and also implying some
partition coefficient.17 The solution of this differential equation is

"'b,(t')dt', (9-6)

an equation which clearly exhibits a dependency on the evolution of b^t).

The above two examples demonstrate two of the points exposed in Section 9.1.118:
• environmental processes proceed non-linearly in the course of time;
• the course of environmental processes depends on aspects such as background concentra-

tions.
This makes clear that in the present context it is senseless as well as impossible to model
environmental processes as activities which convert commodities into commodities according to
certain technical coefficients, in a way similar to the specification of degradation and intermedia
transport processes in Table 9.2. We definitely need another representation. This representation
necessarily involves an analysis of a complex of interdependent environmental processes. In other
words, we must direct our attention to the analysis of clusters of environmental processes instead
of the individual environmental process. For instance, if we consider the cluster that encompasses
the processes of degradation and diffusion, we must take into consideration the combined effects
on the commodities (cf. Van de Meent (1993)):

dr dr dr J diffusioi

Substitution of Equations (9.1) and (9.5) gives the full cluster description for environmental
commodity 1:

d/?.it) . . ff\ o\
—J— = -Kbl(t)+\by(t)-iJ.bi(t).

A more complete discussion of representing clusters of environmental processes is discussed below

The faas that environmental processes proceed non-linearly in the course of time and that
they are dependent on aspects such as background concentration, along with the fact that the
operating time can not be controlled, make that an alternative analytical description of
environmental processes must be developed for answering the attribution problem. This new
set-up must be based on the notion of essentially interwoven clusters of environmental
processes.

Before turning to the representation and properties of clusters of environmental processes, some
more words can be said on the representation of individual environmental processes within the
representation of clusters thereof. The discussion above was based on some specific examples of
environmental processes. For the purpose of the general treatment it is necessary to generalize the
concepts somewhat. As we had in the example above the equations

= -«*,(*)+X*3(t)-„*,(*)

- A® , (9.9)

In equilibrium we have —J— * 0 and hence 3 = !L. This latter quantity is often denoted the partition

coefficient Kn related to compartment 3 and 1 (Van den Berg et al. (1995, p. 38)).
The other point (environmental processes run autonomously, and we can not turn them on for a limited time period)
was used as the definition of an environmental process in Section 9.1.1.
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a multi-linear relationship between amount and rate of change can be postulated on the grounds of
the form of the degradation and transport processes. This leads to a generalization into

or in matrix notation
db(f) f-, i /• \ /o 11 \
—,li = C'b(f). V"-1 V

d/
Here, the coefficients CA represent the net effects of all degradation and transport processes. In the
example C is given by

C =

-K-/i 0 X
(9.12)K O O

X 0 -n
The matrix C will be called the fate matrix, and is in some sense the environmental analogue of the

technology matrix A. Apart from the ontological difference of the technology matrix representing
economic processes and the fate matrix representing environmental processes, there is a more
sophisticated difference. The columns of the technology matrix represent individual processes; the
coefficients denote the inputs and the outputs of commodities per unit of time into and from a
process. As such, the columns of the technology matrix indicate which input commodities can be
converted into which output commodities and in what rate." In contrast, the columns of the fate
matrix do not represent individual processes. The elements in a certain column represent what
happens with a particular environmental commodity: does it stay where it is (like commodity 2),
is it being degraded (like commodity 1) or will it be transported (like commodity 1 and 3)? They
do so not for one environmental process but for the aggregate of them. Furthermore, they do not
give any indication of an actual time rate. These coefficients only tell that there are fixed
coefficients of fate, in the sense that, say, one mass unit of SO2 can produce 0.03 mass units of H+.
The question what the rate of H+ production is outside this analysis. To emphasize the fact that

the fate matrix is not a matrix of technical coefficients like the technology matrix A and the

intervention matrix 6, and that it is therefore not derived from a matrix of observable flows (A
and B respectively), the tilde is omitted and the matrix is given the plain symbol C. See Section
9.2.7 for a discussion of the nature of the process data that are placed in the fate matrix.

We saw before that economic processes involve flows of economic and environmental
commodities. We also discussed that environmental processes also involve flows of both types of
commodities. The fate matrix C expresses only the influence of environmental processes on

environmental commodities. It is in that sense comparable to the technology matrix A that
expresses the influence of economic processes on economic commodities. The counterpart of the

technology matrix is the intervention matrix B : the matrix that expresses how economic processes
affect environmental commodities. We are now in a position to define the still lacking counterpart
of the fate matrix C: the matrix that expresses how economic commodities are affected by
environmental processes. The idea is that the amount of economic commodity 1 (a^t)) is affected
by the presence of environmental commodity 1 (&i(f)). For instance, building materials disappear
gradually due to the presence certain corrosive pollutants. A typical relationship could be

- -,*,(»), (9-13)

where c is a coefficient that depends on corrosive properties. The general relationship here can be
postulated as

Often, terms like "cooking recipes" (Leontief (1970, p. 263)) are used to indicate this idea.
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or compactly as

^ - D-b(r), (9.15)

where D is the matrix of coefficients that relate environmental processes to the damage that
environmental commodities cause for economic commodities.20 This matrix D will therefore be
called the damage matrix. In the example we have

D = (-„ 0 0). (9-16)
Now, finally, we are able to supply Table 9.1 with the analytical description that we have

developed so far: the left upper part contains the technology matrix A, the left lower part the
intervention matrix Ê, the right lower part the fate matrix C, and the right upper part the damage
matrix D; see Figure 9.2.

individual cluster of
economic processes environmental processes

economic commodities technology matrix: A damage matrix: D

environmental commodities ! intervention matrix: fi fate matrix: C

FIGURE 9.2. Completed version of Figure 9.1 with the four matrices.

The characteristics of environmental processes can be cast in two matrices: the fate matrix that
expresses the inputs and outputs of environmental commodities of the environmental processes,
and the damage matrix that expresses the inputs and outputs of economic commodities of these
environmental processes.

The fate matrix C relates the rate of change of the amounts of environmental commodities to the amounts themselves:

•
The damage matrix D relates the rate of change of the amounts of economic commodities to the amounts of environmental
commodities:

î
at

This damage must be understood as a purely physical damage: the amount of building material, harvest, or cultural
heritage that is lost, without (yet) any relation to the economic value or societal importance of this damage. Another
relevant remark here is that the damage does not only relate to the disappearance of goods or the appearance of bads
(like sludge from canals that has to be removed), but might also relate to the appearance of goods (e.g., increased crop
growth due to an increased concentration of COj) or to the disappearance of bads (e.g., the corrosion of deposited
waste). The word "damage" is in fact too negative to cover these positive influences as well, but is used here by lack
of an alternative.
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9.1.3 THE NATURE OF THE PROCESS DATA

The data with respect to the environmental processes differ from those of the economic processes
(Section 5.1.3). It does not suffice here to measure the inputs and outputs of a process during some
time period. Instead, we must construct the fate matrix by means of differential equations that
represent models for environmental processes.

In general, the matrix will contain quite some chemical-specific parameters (such as the octanol-
water partition coefficient, the solubility, the vapour pressure, etc.) as well as a number of
environment-specific parameters (the areas of the compartment (such as air, water, and soil), the
temperature, the wind speed, etc.); see, e.g., Mackay (1991) and Van de Meent étal. (1991). There
is a rich and steadily developing literature with respect to the modelling of the fate of chemicals.
Despite competing principles (for instance, fugacity (Mackay (1991)) versus concentration (Van de
Meent étal. (1991))), and competing equations for modelling certain environmental processes, there
appears to be quite some convergence as to the results (Cowan et al. (1995)).

The fate matrix will also contain coefficients that are related to other environmental
commodities than chemicals, especially to the "fate" of natural resources. Most important parameters
here are the rate of formation (or: growth) and the rate of consumption of other environmental
commodities. The damage matrix contains information on the transformation of economic
commodities (conversion of buildings into ruins, increased growth of crops) due to the presence of
environmental commodities. At this time, not much is known about the resource aspects of the fate
matrix and about the damage matrix. Also, the formation of reaction products (or: decay products)
by degradation of chemicals is an area that is usually not covered by multimedia models. The
present structure, however, enables an easy incorporation once coefficients are known. More
complex forms of the formation of reaction products, such as the increase of heavy metal mobility
due to acidification of the soil, could in theory be inserted as well.

The fate matrix and the damage matrix contain coefficients that must be found by modelling
environmental processes. The most well-developed aspects that can be used to construct a fate
matrix is the transport and degradation of chemicals, that are modelled by multimedia models.
The aspects of decay products, resource growth, and transformation of economic commodities
still need further attention.

9.2 Clusters of environmental processes

9.2.1 THE TIME-INTEGRATED PRESENCE OR ABSENCE OF
E N V I R O N M E N T A L COMMODITIES: TRANSIENT STRESSORS

If we operate a nuclear reactor for, say, one second, we must take the environmental consequences
for more than one second into account. On the other hand, after millions of years, the impacts have
ceased to exist. So, we must not look at the impacts that occur after an infinite time. Neither must
we look at the impacts after, say, 100 years. We must look at what happens in the period between
the introduction of a radioactive substance into the environment and the time of disappearance,
which is usually infinity. To be more precise, what must be taken into account is the time-
integrated environmental impacts from t = 0 to t = oo.21

One may consider to discount future problems. In that case, there is no simple time-integration here, but a modified
form with a parameter indicating the rate of time preference. This discounting is not applied here, as it introduces
value-bound elements in the analysis of facts that is discussed in this chapter. Should one consider to discount future
problems in Chapter 11, one is forced to redo parts of the analysis that is undertaken in Section 9.2. See also Section
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The same argument applies to impacts of hazardous chemicals. The environmental impacts of
the release of a. pollutant during a short time period must be accounted for during the total period
that the pollutant or its decay products can be found in some compartment of the environment.22

Moreover, it is the cumulated impacts which must be accounted for, and an infinite time period is
the only guarantee for a full accounting of cumulated impacts.

If a chemical is released at t = 0 in an amount e,,23 -we now postulate that a measure of the
environmental exposure24 to that chemical is given by the time-integrated amount of the pollutant
present in some compartment:

c, = (9.17)

Observe that this quantity cl is not a concentration; neither is it a mass: its unit is kg-hr, and the
quantity will be called the time-integrated presence of the chemical.

The function bt(t) can be of a complicated nature. For instance, if we study the amount of a
pollutant that can be found in an aquatic environment when an atmospheric emission of that
pollutant has taken place, we will see no aquatic amounts at t = 0, then a gradual rise because of
intermedia transport, and a final exponential tail. The proposed measure of environmental exposure
to the chemical is graphically illustrated in Figure 9.3.

b(t) t

FIGURE 9.3. The shaded area is interpreted as a measure of the environmental exposure.

An example may illustrate this. If a chemical decays25 according to

then the measure of the environmental exposure c, to commodity 1 turns out to be

(9.18)

(9.19)

9.2.3 for a brief discussion in a related context.
Some authors distinguish besides the economy (or technosphere) and the environment (or ecosphere) the substrate
(or lithosphère) in which pollutants are considered to be immobilized without being able to induce adverse impacts.
The term lithosphère is sometimes considered to be too narrow, because inter alia the upper atmosphere, the deeper
groundwater and the sediments are understood with this term as well. This study uses the term environment to
include also the substrate. The fact that no organisms are living there does not form a principal reason to exclude
these parts of the world from the environment. In Chapter 10, we will see that the impact factors are zero in these
regions, so that they indeed do not contribute to what is perceived as environmental problem. For practical reasons,
however, one may define some parts of the environment as being outside the analytical environment.
We use the symbol fc,(f) to indicate the time-dependent amount of a certain environmental commodity that is present
somewhere. The environmental intervention is denoted by a plain b:. Thus, in the absence of a background level of
the chemical due to non-anthropogenic or previous anthropogenic releases, &,(0) = b,.

We carefully speak here of a measure of the exposure, and not of a measure of the impact, as the intrinsic capacity
to cause harm (e.g., the toxicity or the radiative forcing) is not (yet - see Chapter 10) taken into account.
The situation for persistent substances is discussed in Section 9.2.3.
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For a more general situation we may extend the definition of the time-integrated presence of
a certain chemical in a certain compartment as:

ao

c = \b(f)dt, (9-20)

where the elements ct and bt of the vectors c and b denote time-integrated presences and amounts
related to environmental commodity i. Another extension applies to the situation where there is
already a certain steady-state background26 b^ of the chemical and where b(0) is therefore given
by b(Q) = b^+ir.

»

e - {(bW-bJ*. (9.21)

which is illustrated for one compartment in Figure 9.4.27 It should be observed that usage of the

b(t) t

FIGURE 9.4. Interpretation of the measure of environmental exposure in the case of a
background level.

term "presence" is in fact inspired by the situation without a background concentration (Figure 9.3).
In including background concentrations (Figure 9.4), the word receives a more abstract meaning,
because there is already a certain amount present. What is meant by "presence" is therefore the
surplus to the background.

Looking back to Isard's scheme of cod production, does it fit into the analytical description
proposed above? It does. If we realize that the environmental process of degradation of substance

x corresponds to a conversion of substance x into substance x ', it is a small further step to give this

process an alternative name: formation of substance x '. The two terms "degradation" and
"formation" are in fact members of the same family of conversion processes. Transport can be seen
as another member: substance x in compartment y is converted into substance x in compartment

y ' .2S It can therefore be concluded that all environmental processes can be regarded as
phenomenological evidences29 of conversion processes of commodities into commodities: either by
degradation, by formation, or by transport.

A consequence of this analogy is that, whereas output-related impacts should be measured by
the time-integrated presence of environmental commodities, input-related impacts should be

26 A later discussion on the relation between background levels and the coefficients of the differential equations will
reveal some further properties; see Sections 9.2.2 and 9.2.7.

27 A steady-state background concentration will be the result of a continuous environmental intervention flow <t>. This

makes that Equation (9.11) changes into .. ,"' = C-b(f) +0. It is easily shown that b^ = b(oo) = -C"'-0.

28 Here, again, we see that the same chemical in two different compartments can be regarded as two different
commodities; see Section 5.1.5.

29 I write phenomenological because the environmental processes are - like the economic processes in Section 5.1 -
considered as a black box here.
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t -*

FIGURE 9.5. Time-integrated absence for environmental inputs like natural resources.

measured by the time-integrated absence30 of environmental commodities (Figure 9.5).31 The
procedure is fully equivalent in a mathematical sense: the fate matrix contains coefficients that relate
to presence and coefficients that relate to absence of environmental commodities.32 The resulting
number c can represent either a presence or an absence: a positive value indicates a time-integrated
presence and a negative value indicates a time^ntegrated absence.

The time-integrated presence or absence of environmental commodities is a concept that plays
an important role in this chapter. We introduce the term environmental stressors (Wegener
Sleeswijk & Heijungs (1996))33 (or briefly: stressors) to indicate in general the result of the
calculations of the fate of the environmental commodities that are introduced by environmental
interventions. The time-integrated presence of degradable commodities and the time-integrated
absence of renewable commodities will then be referred to as transient stressors, to indicate their
transient nature. In Section 9.2.3 we will introduce in contrast permanent stressors to account for
the permanent presence or absence of persistent and non-renewable commodities.

The time-integrated presence or absence of an environmental commodity is used for including
environmental processes in the attribution of environmental problems to economic activities.
In principle it involves constructing and solving a set of differential equations that are based on
chemical, physical, and biological processes in the environment: degradation, formation,
transport, growth, et cetera. The result of these calculations is referred to as the set of transient
stressors.

The time-integrated presence or absence of environmental commodities is defined as the vector c:

where the vector b(f) contains the amounts of environmental commodities at time (, and bo is the amount that was present before
the economic activity was begun at t = 0.

It should be emphasized that the word absence denotes here a reduced presence, as is illustrated in Figure 9.5. It
therefore does not mean that an environmental commodity is "not there", but merely that the amount that is "there"
is reduced by a certain amount.
Like the restriction of Figure 9.4 to degradable substances, Figure 9.5 is only valid for renewable resources. The
approach to be followed for non-renewable resources is discussed in Section 9.2.3 together with that of persistent
substances.
Use of the word fate is of course inspired by the discussion on pollutants. Its use is extended here to cover, e.g.,
growth of extracted resources as well. This can be justified by two reasons: the regeneration of a resource determines
the fate of the reserve, and the fact that formation and degradation are considered to be identical means that
regeneration of resources implies the disappearance (and thereby the fate) of other environmental commodities.
This term is inspired by Fava et al. (1993, p. 11): "Stressors are conditions that may lead to human health or
ecological health impairment or to resource depletion.", although its meaning in the present context is different from
the one introduced there. Although the term may appear to suggest that stress indeed is exerted, the maening here
is devoid of an impact connotation. Stressors are in principle defined independently from impacts.
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9.2 .2 USING THE FATE MATRIX TO CALCULATE THE TIME-INTEGRATED
PRESENCE OR ABSENCE

The problem of working with the time-integrated presence or absence c is that it is a very elaborate
and time-consuming procedure to calculate it:

• first we must draw up a system of differential equations for —-12 ;
at

• next we have to solve this system and express b(t);
• finally we have to integrate this over t.

It is therefore tempting to investigate the existence of short-cuts for this procedure. One suchlike
short-cut is provided by a theorem due to Heijungs (1995a, p. 219). If a system of differential

equations is given by —-S2. = C-b(t) +0, then the steady-state solution is given by b^ = -C'1-^.

OO

Furthermore, the time-integrated presence or absence defined by c = f (b(f) - bjdt due to a release

b at time t = 0 is found by c = -C"1-b. In other words, we may apply the equation

c - -C-'-b (9-22)
instead of the complicated three-step procedure described above. It is no longer necessary to solve
the system of differential equation and to integrate over an infinite time. It suffices to construct the
system of differential equations, and to invert the matrix of coefficients. That is, it suffices to

establish the fate matrix C and to invert it. Indeed, as -(-«)"' = —, we see how easy it is to derive

Equation (9.19) with this theorem.
An alternative interpretation for the table of degradation and intermedia transport processes can

now be conceived: the columns of the matrix C do not denote environmental processes (conversions
of commodities into commodities), but denote lists of fate coefficients. An element of the matrix
-C~', say (-C"1)^, denotes a measure of the time-integrated exposure to commodity i due to a unit
emission (or extraction) of commodity &.34

The negative inverse of the fate matrix is therefore a very important quantity, as it allows one
to easily calculate the time-integrated presence or absence of environmental commodities that are
connected to an environmental intervention b. The elements of b represent inputs (negative) and

outputs (positive), and are found by means of the first fundamental equation b = Ê-A"'-a that was
derived in Section 5.4.1. The time-integrated presence and absence of environmental commodities,
the transient stressors c, can thus directly be found from the identity

c = -C-'-fi-A-'-a, (9-23)

where A is the technology matrix, 6 is the intervention matrix, C is the fate matrix, and a is the
external demand for a certain amount of economic commodities.

The time-integrated presence or absence of degradable or renewable environmental commod-
ities can easily be found by using the fate matrix.
The short-cut is to postmultiply the negative inverse of the fate matrix with the vector of environmental interventions:

c - -C '-b

Recall the meaning of commodity in this context: phenol and mercury are two different commodities, but mercury
in air and mercury in water are different commodities as well (see Section 5.1.5). The fate matrix C shows how
environmental commodities that were released in some form lead to a time-integrated exposure in all types of forms.
Many entries of C will be zero, as it is well known that an emission of phenol to water will not lead to a mercury-
related exposure.
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9.2 .3 THE P E R M A N E N T PRESENCE OR ABSENCE OF COMMODITIES:
P E R M A N E N T STRESSORS

The procedure developed so far is only applicable to emissions of degradable substances and
extractions of renewable resources. The example in the previous section already poses difficulties:
the fate matrix C of Equation (9.12) can not be inverted because it has a zero determinant. The
reason for this is that the second column of C contains only zeroes, which reflects that none of the
differential equations contains a dependency on b2(t). If, for instance differential equation for

commodity 2 would contain a term via which matter disappeared, e.g., —1— = K&,(t) -nb2(t), the

fate matrix would have been invertible. In the present situation the time-integrated exposure to
commodity 2 increases with the integration time and therefore is infinitely high in the case of an
infinite integration time. A similar situation occurs for non-renewable natural resources: the time-
integrated absence is infinite if no regeneration term is included. The same problem is also there
for economic commodities that are affected by the presence or absence of environmental
commodities: the corrosion of building materials is in principle permanent.

There are several ways to solve this problem:
a) allow for infinitely high scores;
b) always introduce a degradation c.q. regeneration mechanism;
c) use a finite integration time;
d) introduce time discounting;
e) review the definition of the measure of exposure.

The relevance and implications of each of them will be explored below.
Ad a) Allowing for infinitely high scores at first seems to be the best one: emission of infinitely

persistent chemicals and extraction of infinitely non-renewable resources is considered to be more
serious than the emission of any degradable substance or the extraction of any renewable resource.
This, however, creates some problems. Apart from the computational difficulties involved with
finding an expression for the exposure c, there is the problem that we still want to discriminate
between 1 kg and 2 kg of a persistent chemical, and similarly between 1 kg and 2 kg of a non-
renewable resource. By stating that all of them lead to an infinite score, we would not be able to
see the distinction of amounts, let alone of intrinsic differences in hazard and abundance
respectively. An emission of one gramme of a noble gas would in that case be equally - infinitely
- bad as an emission of 10 kg of a heavy metal.35

Ad b) The introduction of a degradation mechanism conforms to the belief that ultimately all
pollutants will be destroyed.36 It is questionable whether this is true, and whether it makes sense
to postulate so. In the first place some pollutants are really very persistent, and a crude estimation
of a degradation time, say 1012 hr, may well be beside reality by quite a few orders of magnitude.
In the second place, the law of conservation of matter implies that by degradation of a substance
another substance is created.37

Ad c) Instead of an infinite integration time, we could reduce the integration time to some finite
(,,,i

value, say, t,m and define the time-integrated exposure as c = f (b(r) -b^dr. Here again, we are faced

with a quite arbitrary decision with large consequences: what is rim? In some contexts, a few

One may try to resolve this by going into Cantor's theory of transfinite numbers, where a comparison of different
kinds of inifinity is possible.
It could be argued that the introduction of a degradation mechanism in the deep sediment is justified by the fact that
the substance has become immobilized, and that impact are no longer likely to occur. This latter fact may in itself
be true. It is however not an argument that the chemical has degraded. Although immobile and not exerting impacts,
it is still there. This case should therefore be considered in a pure fate analysis (this chapter) and only be dropped
in an impact analysis (Chapter 10).
Excluding the conversion of matter into available energy through Einstein's equation.
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hundred years is used (e.g., for climate change impacts; see Shine etal. (1990, p. 58)), but it could
also be argued that the estimated future time span of existence of life on earth should be the
parameter of concern.

Ad d) Time discounting means that impacts in the future are considered to be less important
than impacts now. One formal way to achieve this is to introduce a discounting term e~" in the

oo

definition of the time-integrated presence or absence: c = f (b(r) -b^e ~"dt, where r is the rate of

discounting. Time discounting makes that the time-integrated exposure converges to a finite value,
even when b(t) does not vanish. Apart from the technical advantage of being able to deal with
persistent pollutants and the theoretical disadvantage of introducing another quite arbitrary
parameter r, there are a number of ethical problems associated with discounting (see, e.g., Pearce &
Turner (1990, p. 217 ff)).

Ad e) The last solution discussed here is to define another measure of environmental exposure
for those pollutants that would otherwise lead to infinite measures. One measure for this could be
the (asymptotical) amount of permanently present or absent commodity. This measure may be
argued from the consideration that the increased accumulated stock of a certain pollutant is that
quantity that is to be attributed to the economic activities that contribute to that increase. The
commodities that do not lead to infinitely high scores can then be treated in the usual way:

c = f (b'^-b^'Jdf where b'(t) represents those elements of the original vector b(f) that

correspond to degradable chemicals and renewable resources. The persistent chemicals and non-
renewable resources are then put in a separate vector b " (f), and the measure of environmental
exposure to those environmental commodities is defined as d = lim (b " (f) - b, " ). This option is

(-«•00

sketched in Figure 9.6 and illustrated with an example below.

b(t) t

FIGURE 9.6. The asymptotical increase d of background concentration due to the release of a
persistent chemical.

The example fate matrix of Equation (9.12) could not be inverted because there was no steady-
state solution for b2(t). Therefore we split the vector b(t) into two vectors: one vectorb'(r)
containing b^t) and fc3(r) and the other vector b" (f) containing b2(t):

b(t) =
(9.24)

If we reduce the fate matrix by excluding the second row and the second column, we end up with
a set of differential equations for the remaining environmental commodities which have been put
into the vector b'(t):

(9.25)
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The reduced fate matrix C' can easily be inverted and multiplied by the reduced vector of
environmental interventions (see Equation (9.22))38:

c - -C'-'-b' = _ J - - "X l -b'. (9-26)

For the differential equation that was left out and for the economic commodities that are the
input or output of environmental processes, another procedure may be followed. The entries of b(t)

that were left out in defining b ' (t), viz. b " (t), can be merged into the vector of economic
commodities a(f) such that the vector a ' (t) that is defined by

(9.27)

can be constructed. For this vector, the system of differential equations

(9.28)
if

where D' is the modified39 damage matrix, holds. For the example (cf. Equation (9.16)), this
matrix is given by

°] . (9-29)

°J
Solving the differential equations for a'(f) enables one to define the amount of commodities that
is in the end permanently present or absent as40

d = Urn (a'W-a,,'). (9.30)

The increased or decreased permanent amounts of environmental or economic commodities are
referred to as permanent stressors. Together with the transient stressors that represent the time-
integrated amounts, they constitute the class of (environmental) stressors. Note that transient
stressors are calculated with a fate model that includes degradation (or growth) and intermedia
transport, while the fate calculation of permanent stressors involves only transport. Of course, the
decision which stressor is permanent and which is transient may be difficult in some cases. How
persistent are persistent chemicals? Are fossil fuels renewable or not?41 The questions to these
answer determine to which category a certain commodity and thereby its associated stressor belongs.

The asymptotical increase or decrease of the permanent amount of environmental commodities
is defined as a measure for the exposure to persistent chemicals and non-renewable resources.
This measure is also applicable to the appearance or disappearance of economic commodities.
These commodities are jointly referred to as permanent stressors. The expression again involves
the construction of a set of differential equations which need to be solved. It does not involve
integration over time, however.

The procedure to transfer environmental commodities to the vector of economic commodities could be considered
as the mirrored version of how to account for truncated economic commodities; see Section 7.2.
It is reduced with respect to the number of columns and expanded with respect to the number of rows.

The inclusion of a^' ensures that only the difference is attributed to the economic activity. This quantity d expresses
the permanent amount of economic or environmental commodity that is present or absent that can be attributed
to an environmental intervention b.
There is even a connection to almost metaphysical questions, like the stability of matter (it has, for instance, been
claimed that the proton could have a halflife-time of some 10" years) and the existence of the earth (do we need to
take extremely long decay times into considerations, if astrophysicists tell us that the earth will have ceased to exist
long before?).
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Persistent chemicals and non-renewable resources can not be treated with the time-integrated measure. Splitting them of from b(f)
and putting them together with a(t) in a'(f), the expression for the permanent stressors d is

d = hmO.'W-V)-
The degradable chemicals and renewable resources can then be put in the vector b'(r) and the expression for the transient
stressors formulated to

9.2.4 USING THE FATE MATRIX TO CALCULATE THE P E R M A N E N T
PRESENCE OR ABSENCE

In Section 9.2.2, a time-saving trick was introduced to calculate directly the time-integrate presence
and absence of transient commodities. A very similar short-cut can be applied for the permanent
presence and absence of permanent commodities.

Observing that the solution of the differential equation for a'(f) is given by
t

a' (t) = a^ '+D' - fb '^Odt ' , (9-31)

it is easily found that

d = D'-lb'(t)dt. (9-32)D'-b'(t)dt.

The theorem (Heijungs (1995a)) that enabled the short-cut that was described in the context of the
fate matrix (Section 9.2.2) can also be applied for the damage matrix. By absence of an offset f, we
find that

d = D'-C'-'-b'. (9-33)
We are now still missing one term, corresponding to the possibility to directly emit persistent
pollutants or to directly extract non-renewable resources, represented by the term b " . This term
can of course simply be added to the amount of persistent pollutant that is created by environ-
mental processes or the amount of non-renewable resources that vanishes due to environmental
processes. That is, we have to replace the last equation by

d = D'-C'- '-b'+b". (934)

Calculation of the permanent presence or absence of persistent or non-renewable environ-
mental commodities and of economic commodities can, like in Section 9.2.2, be facilitated by
using the fate matrix.

The procedure is then

d - D'-C'- ' t '+b»,
where D ' and C ' represent the modified damage matrix and the reduced fate matrix, and b " represent the direct interventions
of persistent and non-renewable environmental commodities. The modified form for the transient stressors then becomes

c > -C'-'-b'.

9.2.5 COMBINED CONSIDERATION OF THE FATE OF ENVIRONMENTAL
COMMODITIES: STRESSORS

Similar to the vector p that was introduced in Section 5.2.2 to summarize the flows of economic

faland environmental commodities via p = , a vector of stressors q may be introduced that
[bl

summarizes the time-integrated presence or absence to transient commodities (Section 9.2.1 and
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3.3.2) and the permanent presence or absence of permanent commodities (Section 9.2.3 and 9.2.4).
That is, we define q as

r j~\
(9.35)

Observe that the permanent amount d has a dimension that is different from that of the time-
integrated amount c: if an element of b is expressed in kg, for instance of a hazardous substance,
the corresponding element of c is expressed in kg-hr and the corresponding one of d is expressed
in kg.

Once more, like in Section 5.4.1, we may rewrite the vector q as

q = D'-C
0

b"
-C' '-b

where 0 denotes the null-vector of the dimension of a, such that

(9.36)

has the same dimension

as a '. This equation for q clearly shows the linear dependency on the elements of b. It also
explicits the fact that q is the result of the aggregation of several environmental processes.

Finally, it is important to establish a formal procedure to deduce b ' and b " from b, etcetera.
In the example we simply had

*M
and b"(r) = (0 1 0)- bM . (9-37)b'(t) =

From this the general forms

1 0 01
0 0 i j ' *,(')

*,(') *,(')

b» (t)
b'(t)

S"
S'

•b(t) (9.38)

can be deduced, where E' and S" are the matrices that select elements from b(r) and contain only
the numbers 0 and I.42 These matrices also serve to make the formal connection between the fate

matrix C and the reduced fate matrix C ' :

C' = S'C-(H')T (9'39)
and between the damage matrix D and the modified damage matrix D ' :

D' D-(S')T (9.40)

S"C-(S'Y '
The following section summarizes the findings under the name of the second fundamental equation.

A final remark at this stage is that the vector of stressors q is built of a large number of
elements that fall apart into two main categories: transient stressors c and permanent stressors d.
A natural question is how these two categories should be seen in a comparative view. And in
particular, do we judge permanent stressors to be more serious than transient ones? And with what
type of inter-stressor weighing would we be able to put the two categories on the same level?43

The discussion in this section does not go into that question, as it concentrates on the analytical

42 Although the term orthogonal matrix is by definition restricted to square matrices and does therefore not apply here,

the matrices S' and S" could be considered to be orthogonal, in the sense that the product of each of them with

its inverse yields the unit matrix I.
Notice that such a weighing factor would allow to establish an effective time horizon in social preference.
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step of describing the stressors in a quantitative representation, and not on their relative
interpretation. The discussion on impacts (Chapter 10) and in particular that on problems (Chapter
11) discuss this issue in somewhat more detail.

9.2.6 THE SECOND F U N D A M E N T A L EQUATION

In the previous sections, two measures of exposure to environmental commodities were developed:
the time-integrated presence or absence of degradable chemicals and renewable resources for
transient stressors, and the permanent presence or absence of persistent chemicals, non-renewable
resources, and economic commodities for permanent stressors.

In Part 2, a fundamental equation was derived that indicated the environmental interventions
associated with any choice of consumers' external demand. The first fundamental equation was
developed from the notion that different economic processes have to be active for a specific time
period in order to produce a net amount of commodities that exactly satisfies the external demand.
Denoting the final demand by a, the operating times of the processes by t, and the input and output

rate of the processes by a technology matrix A, it was found that t = A"'-a. The environmental
commodities were seen to flow during the same operating times. As they were characterized by
technical coefficients in the intervention matrix B, the environmental interventions followed from

b = fi-t. The first fundamental equation was constructed from these two equations:

b = fi-A-a. (9-41)
The discussion on environmental processes has been cast into an equation that links the vector

of environmental interventions b via the reduced vector b' to the time-integrated presence or

absence c by means of c = -C '~' -b ', where C ' is the reduced fate matrix, and to the permanent

amount that is present or absent d by means of d = 'D'—C''lb'
o

b"
, where D' is the

modified damage matrix. We are now in a position to summarize another fundamental equation,
which will be called the second fundamental equation:

D<E')T

S n j^.fyf\Tx-« l A ) H" •b.
(9.42)

This complicated-looking equation is not so complicated to work with in practice. On the contrary,
a computer package that is able to deal with matrix multiplication and inversion can handle this
expression. For future reference, some of the matrix products will be abbreviated. We define the
matrices

0 =

and

and jointly in

ATD<E')

S" -C-(2')T

C = -(S'-C-(E')1)-1-E',

Q =

(9.43)

(9.44)

(9.45)

These definitions allow one to write concisely the time-integrated presence and absence and the
permanent presence and absence as
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q = | | = Q - b = •b. (9.46)

We may now even concisely combine the first and the second fundamental equation:
q = Q-E-A-'-a. (9-47)

The results of the discussion on environmental processes may now be summarized as follows.

The second fundamental equation summarizes the influence of environmental processes on the
environmental interventions that are attributed to an economic activity according to the first
fundamental equation (Section 5.4.1). The result is a vector of environmental stressors of two
types: the transient stressors that correspond to the time-integrated presence of degradable
chemicals and the time-integrated absence of renewable resources, and the permanent stressors:
the permanent present or absent amount of persistent chemicals and non-renewable resources
and of economic commodities that are affected by environmental processes.

Denoting the environmental interventions by b, we first construct two matrices that separate the environmental commodities into

transient ones (b ') and permanent ones (b " ) by
f
b"

S']'"
The time-integrated presence or absence of transient commodities is given the symbol c and the permanent present or absent

Id]
1 that is calculated by

means of
q = Q-b,

Û
and the matrices Ù and C are given bywhere Q =

û
H" C<S')T

and
t = -(S'C<2')T)"'-Z'-

The matrices C and D denote the fate matrix and the damage matrix, the first of which represents the input and outputs of
environmental commodities related to environmental processes, and the latter representing inputs and outputs of economic
commodities.

9.2.7 THE ASSUMPTION OF LINEARITY OF ENVIRONMENTAL PROCESSES
AND THE CONNECTION WITH THE EPISTEMOLOGICAL BASIS

In the previous part the linearity of economic processes was discussed (Section 5.2.4), as was the

validity of the constancy of the technical coefficients in the technology matrix A and the

intervention matrix 6. It was concluded that, although economic processes in reality may certainly
behave in a non-linear way, the particular question addressed at present - the attribution of
environmental problems to economic activities - calls for a linear interpolation.

A next question is of course the nature of the environmental processes that build the fate matrix
C and the damage matrix D. As noted above, there is no simple linear time dependency of inputs
and outputs of environmental processes. That was one of the reasons to develop an alternative for
Isard's framework. The question is now to what extent the alternative formulation satisfies some
form of linearity. Obviously, the second fundamental equation is an equation which displays a
linear dependency of q on b. In that sense it is in accordance with the linear attribution rule. A
more fundamental question is why we went into the modelling of environmental processes at all,
and did not apply the same procedure as we used for economic processes (see Section 5.2.3): observe
the flows during a certain time period and derive technical coefficients, disregarding the physical
and chemical details of what is happening inside the process.

An answer to that question can be found by studying the relationship between steady-state
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amounts or concentrations and continuous environmental intervention flows: b^ = -C"1-^ (see also
the beginning of Section 9.2.2). The continuous flow <t> may be conceived as a train of pulse
interventions of magnitude Ab, each of them separated in time by an (infinitesimal small) interval
At, such that Ab = <j>At. If we now have attributed a vector of environmental interventions with
magnitude b to a certain economic activity, we may say that we attribute a time period t ~ bi/<^>l

of the prevailing steady-state amount or concentration (b .̂ In other words, we attribute a quantity

fosV = E -W-1*,*/ = E -MV, (9.48)

to the interventions bt that make the vector of environmental interventions b. This may be
rewritten as -C~'-b, and we can easily make the identification with the vector c in Equation (9.22).
So, in principle the proposal of Section 9.2.1 to consider the time-integrated presence or absence of
environmental commodities as a measure of environmental exposure is compatible with the
epistemological principles outlined in Section 2.1.2, and in particular with the proportional
attribution to every activity that contributes to environmental interventions, exposures, impacts,
or problems.

This compatibility with the epistemological principles is essential for the scientific basis of the
present work. The "historical" question that remains to be answered is why we did not argue
according to the above arguments throughout this chapter. The answer lies in the recognition that
the fate matrix C could often not be inverted, and that there was a desire to include deterioration
of economic commodities by environmental processes as well. The procedure which follows from
direct argumentation of the epistemological principles gives no clue to these problems; the
argumentation from time-integrated exposure did. Therefore the more elaborate and apparently
remote path was followed. Nevertheless, the connection with the epistemological basis was a
missing link in the argument.

Although environmental processes, like economic processes, are essentially non-linear in their
behaviour, the epistemological basis chosen to answer the attribution problem requires a fully
linear treatment. Matrix algebra facilitates this linear calculus to a large extent.

9.2.8 Is THE FATE MATRIX SQUARE?

The second fundamental equation contains the inverse of the reduced fate matrix C ' . After the
complicated discussion in Section 6. 1 on the topic of the rectangularity of the technology matrix

A , it must be asked if the fate matrix is square, if so if it is always non-singular, and if not how to
proceed. Perhaps an allocation procedure would be required here as well.

The first thing to observe is that in going from Figure 9.1 to Figure 9.2, the meaning of the
columns was changed. A certain column does not denote an individual environmental process, such
as degradation, transport, or formation. Rather, it represents the aggregated fate aspects of a

particular environmental commodity. For instance, c& indicates the time rate of change of the
amount of commodity i that is present per unit amount of commodity k, according to

dbft) , , l dbt(t) . .
W or rather c, = - r -

Because the fate matrix is defined in this way, the environmental commodity that is indicated by
a particular row, say row i, is the same as the environmental commodity that is represented by the
column with the same index z. Hence the fate matrix is square by definition.

A next question then concerns the invertibility of the fate matrix. In general the unreduced fate
matrix C will be singular, as was already discussed above. That is exactly the reason to define the
reduced fate matrix and to transfer persistent chemicals and non-renewable resources to the vector
a '(r) that contains the economic commodities. So here we have a procedure to ensure that the fate
matrix is reduced to an invertible matrix.
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The fate matrix is square by definition, and rows and columns will be transferred to the
damage matrix, so that is becomes invertible.



Chapter 10

ENVIRONMENTAL IMPACTS

10.1 Representation of an environmental impact

10.1.1 WHAT Is AN E N V I R O N M E N T A L IMPACT?

Until sofar, we have found a way of describing the time-integrated result of environmental processes
like transport, degradation, and formation. From the vector of environmental commodity flows b
we were able to find the time-integrated presence and absence of amounts of transient stressors, the
vector c. If one particular element of this vector turns out to be, say, 5 kg-hr, this means that 5 kg
of the corresponding environmental commodity is present for 1 hr, or 1 kg for 5 hr, or in whatever
combination. In a similar way, the vector of permanently present or absent stressors d could be
found. Here the interpretation is in terms of permanent presence: a value of 5 kg means that
(asymptotically), 5 kg of a certain commodity is present. All this needs further interpretation. In
this interpretation we will for the time being concentrate on transient stressors.

Until now, the meaning of the term environmental impact has been kept quite implicit. Some
examples were given: the number of killed species, a reduction in offspring, et cetera. It is
remarkable that most books that discuss environmental impacts in relation to economic activity are
implicit in the meaning of environmental impact as well. I can do no better than cite from Victor's
Economics of pollution the quite related problems in defining pollution:1

Many people who write about pollution begin by noting the inadequacy of existing definitions of the
phenomenon, which they then seek to remedy by offering what invariably turns out to be yet another
inadequate definition. Perhaps a lesson may be learned from Lord Morley, who said he was unable to define an
elephant but he would be sure to recognise one when he saw it. Something similar might be said about pollution
though very often it is our other senses, and not sight alone, that signal its presence. A complicating factor,
however, is that there are some forms of pollution whose effects are not immediately perceived by our senses
and yet damage living and non-living matter just the same. Then there is the problem that, in so far as pollution
necessarily causes damage, and most people seem to think that this is an essential characteristic of pollution, then

agreement must be reached as to what constitutes damage.

I will save myself and the reader the trouble of attempting to define environmental impact.3 Rather,
I will reproduce (Figure 10.1) a chain of environmental impacts from Fava et al. (1993). It clearly
demonstrates that environmental impacts have to do with mostly undesired changes in
environmental quality, and that impacts can be defined at many levels, from abstract properties (the
acidity of the rain) to concrete phenomena (dead fishes). The impact chain hides another aspect

In fact, the concepts of environment»! impact and pollution are very much related: it has quite often been suggested
to categorize environmental impacts in three main groups i.e. depletion, pollution, and disturbance; see also Note
8 of this chapter.
Victor (1972i, p. 7).

The interested reader is referred to Fava et al. (1993, p. 12) for a discussion on the meaning of environmental impact
within life-cycle assessment, to Schaltegger & Kubat (1995) for an extensive German-English glossary, and to the ISO
documents on environmental management.
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stressor SO2

initial impact acid rain
I

secondary impact acidified lake

tertiary impact fish kill

quaternary impact loss of biodiversity

et cetera

FIGURE 10.1. A simple example of a chain of environmental impacts (adapted from Fava et al.
(1993, p. 13)).

which is very important to reveal: there is:
a) a set of causes (stressors in the above);
b) a set of consequences (impacts);
c) a set of relationships between the set of causes and the set of consequences.

We seek to define more exactly these two sets in order to establish relationships between elements
of them.4

Ad a) First the cause-side, what Fava et al. call the stressors. They consider these stressors to be
the environmental interventions which have been specified in the inventory analysis, but
qualitatively grouped according to their potency to contribute to certain categories of impacts.
Acknowledgement of the fact that environmental processes may convert an environmental
commodity that exerts one type of environmental impact into another environmental commodity
that exerts another type of environmental impact, makes us realize that this definition is not
particularly useful. For instance, emissions of nitrogen oxides may be considered to have a
eutrophying impact, but - via environmental conversion into N2O - to have a global warming
impact as well (Rotmans (1990)). That would make that an enormous amount of environmental
commodities would be coupled to nearly all types of impacts. It also would make that fate of NOX

would be modelled for eutrophication as well as for global warming, whereas it would be much
more efficient to do this only once for the substance itself, without paying consideration to the
types of impact it contributes to (Wegener Sleeswijk & Heijungs (1996)).

A situation that is much more useful is achieved by relating the result of the environmental
processes - the time-integrated presences and absences and the permanent amounts, so what is called
stressors in the present text - to a number of impact categories. The relation between intervention
and presence/absence is then left to the modelling of fate, and is clearly separated from the
discussion of impacts. An argument in favour of this separation is to be found in the procedure for
risk assessment of chemicals, where the aspect of fate belongs to the exposure assessment, and the
aspect of impact to the hazard identification (Van Leeuwen (1995); see also Section 1.3.2). The
combination of release assessment, exposure assessment, and hazard identification then results
through risk characterization in a quantitative judgment of the associated risk; see also Sections 1.3.2
and 7.5. In the present framework for life-cycle assessment the procedure is less transparent, as was

In the discussion that follows, the historic emphasis is on the considerations of impact analysis (or assessment) within
life-cycle assessment. The reason for this is that impact analysis in LCA is much more developed than in SFA, and that
it is much more general in set-up than in EIA or RA.
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already concluded from Figure 10.1. There is a classification with the intention to assign impacts
to interventions5 in a qualitative, and a characterization which quantifies the degree to which the
interventions contribute to these impacts. The influence of environmental processes is not separated
from the harmfulness of the substances, so that nitrogen oxides indeed have to be classified as
having a climate impact.6

Ad b) The second point of discussion is the consequence-side, the impacts. As illustrated by
Figure 10.1, many levels may be distinguished here. If we draw these impact chains for several
chemicals, and if we know that different types of impact may influence each other in synergistic
or antagonistic ways, we get a very complex web of impacts (Guinée (1994)). It is therefore very
important to select impact categories in a way such that overlap and double-counting is avoided
(Assies (1994)).7 For instance, one should somehow exclude dead fish from the assessment of the
consequences of acidifying substances when dead fishes are chosen as an endpoint for the assessment
of releases of toxic chemicals. Or, alternatively, one could choose the impact level of dead fish for
both acidifying and toxic substances. Lindfors et al. (1995e) list a number of four requirements in
this respect: completeness, practicality, independence, and relation to further steps in the procedure.
Heijungs (1994c) gives from a less pragmatical and a more formal point of view completeness,
independence, and measured in terms of a ratio scale. It could be argued that two classes of criteria
should be formed: one for each category separately (like practicality and compliance with the ratio
scale), and one for the set as a whole (like completess and independence).

Anyhow, within the circle of LCA-scientists, there appears to have grown a certain amount of
agreement on a default list of impact categories (Udo de Haes (1996)) on the basis of first lists by
Finnveden et al. (1992) and Heijungs et al (1992&):8

• depletion and competition of abiotic resources;
• depletion and competition of biotic resources;
• depletion and competition of land;
• global warming;
• depletion of stratospheric ozone;
• human toxicological impacts;
• ecotoxicological impacts;
• photo-oxidant formation;
• acidification;
• eutrophication;
• odour;
• noise;
• radiation;
• casualties.

A very important criterion for selection has been the desire to split the assessment of environmental
consequences in a part that is primarily based on natural-scientific knowledge, like dose-response
curves and radiative forcing, and a part that is dominated by social preferences. Thus the list of

Or the other way around, of course, assigning impacts to interventions.
In what is known as parallel impacts (e.g., part of the SO2 leading to human toxic impacts and part leading to
acidification; see Udo de Haes (1996, p. 20)), it is sometimes suggested that the emission is to be "allocated to the
relevant categories in proportion to its contributions" (Lindfors etaL (1995e, p. 12)). It is rightly recognized that this
partitioning can only be made on the basis of a fate analysis. However, since fate analysis is invariably proposed to
take place in the characterization which succeeds the classification, this proportional classification is logically
impossible. The same possibility is being advocated by ISO.
This is all the more true when seen in the context of the independency requirement of the attributes in a
multicritena analysis; see Section 11.1.4.
It may be observed that the classical typology of impacts into depletion, pollution, and disturbance, in which
depletion corresponds to impacts due to extractions, pollution to impacts due to emissions, and disturbance to
impacts due to physical presence and activities (Udo de Haes (1991)), is not compatible with the input-output
structure of the environmental interventions. Therefore, only depletion- and pollution-related impact categories are
included in this list.
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impacts has been defined not only in terms of formal criteria like completeness, independency, and
measured on a ratio scale, but also paying respect to the degree of scientific status on the one hand9

and the possibility to submit them to societal opinion on the other hand.
Although it is definitely possible to choose other impact categories10, we will regard impacts

of this list as examples in subsequent discussions on the attribution of environmental impacts to
economic activities and of environmental problems to environmental impacts.

Ad c) The third point to be discussed in the attribution of impacts to stressors is the strength
which stressors are coupled to impacts. This is discussed in the next section.

The second stage in the analysis of consequences of environmental interventions is the
attribution of the time-integrated presence or absence and the permanent presence or absence
to environmental impact categories. For this aim, a number of impact categories must be
selected. Criteria for this are formal criteria, like completeness and independency on the
categories, and other criteria, like a limitation of their number and their natural-scientific
status.

10.1.2 A MEASURE FOR E N V I R O N M E N T A L IMPACTS

Having defined a number of environmental impact categories, we must proceed to accomplish the
quantitative attribution of time-integrated and permanent amounts to those impact categories. The
discussion will start with some considerations on impacts of a toxic nature and be restricted to
impacts of transient stressors. An extension to other impact categories and impacts of permanent
stressors will be made afterwards.

If it is desired to account for the fact that some pollutants are more hazardous than others, for
example because they are more toxic, a measure of these differences in intrinsic hazard is to be
incorporated. For this, a discussion of the toxicological impacts of chemicals will serve as an
example. A subsequent discussion will generalize this to non-toxic impacts, like global warming, and
to resource-related impacts i.e. depletion.

Standard toxicology teaches us that it is possible to establish dose-response relationships (or dose-
effect" curves) per pollutant. These curves demonstrate

[...] the relationship between dose and the magnitude of a certain effect, either in an individual or in a
population. Such curves may take a variety of forms. They may be linear within a given dose range but more

In the ISO discussions on life-cycle impact assessment, a distinction between indicators and endpoints is made.
Indicators are assumed to represent points in the environmental impact chain, for which a scientifically established
modelling procedure is available. The endpoints are the points in this chain that are of ultimate concern, like human
health and ecosystem health, but which are currently not accessible via scientific quantitative links. Therefore, the
indicators represent an in-between solution: their choice is inspired by the endpoints, such that their quantification
proceeds through more or less scientifically accepted methods. The origin of this reasoning probably lies in Fava et
al. (1993) and Consoli et al. (1993).
For instance, Steen & Ryding (1993) effectively choose the impact categories biodiversity, production, human health,
resources, and aesthetic values. They manage to establish quantitative relationships between, say an emission of NO,
and the five impact categories which they defined in some quantitative way. It is especially the last steps in the
impact chain that they model which have the largest uncertainties, and of which the scientific status is therefore
doubtful. Another possibility is to choose a smaller number of indicators, e.g., energy use and waste. These choices
do not meet the criteria of completeness and independence, and must indeed be seen as attempts to find an easy
indicative measure. However useful this may be, the present theoretical treatment of the attribution problem will
concentrate on correctness, rather than on simplicity and feasibility.
The terms effect and impact frequently denote the same phenomenon. In dose-response curves, the dose may be a
real dose (in kg), a relative dose (in kg per kg bodyweight or tissue), a dose-rate (in kg per day), a concentration (in
kg per cubic meter air), and the response may be a percentage of the organisms that displays a certain response (e.g.,
death), or a measure of activity (e.g., the number of offspring). Both abscissa and ordinate of the dose-response curve
are also quite often defined as a logarithm of one of these quantities. See, e.g., Van Straalen & Verkleij (1991).
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often they are not.12

An often observed curve is a sigmoidal curve (see also Figure 2.3), the horizontal axis (y in the
figure) representing the concentration of the pollutant, the vertical axis (z in the figure) representing
the environmental impact, e.g., in terms of the percentage of the population or the number of
species affected to some degree or the expected increased mortality.

It is tempting to apply lexicological information contained in suchlike dose-response curves. A
choice that is sometimes seen is to compute the incremental environmental impact (zj due to a
specified increased concentration (yj. That is, the quantity

is regarded as the environmental impact due to some activity that introduces a dose y," There are
a number of problems associated with this choice (see Section 2.1.2 for a more detailed treatment):

• the expression often requires a concentration as input (yj whereas the only quantity that
is available is a time-integrated amount;

• as the curve is not a straight line, the order in which activities are added will be important
for the resulting impact;

• the expression does not satisfy the rule 100%-additivity: that the sum of the attributed
impacts corresponds to the attributed impacts of the sum;

• the procedure requires one unique background concentration per pollutant, while the time-
integrated incrémentals are the result of an aggregation over a number of processes.

An alternative that is sometimes encountered is a marginal approach:

y.. (10.2)

The same disadvantages hold here, plus the additional disadvantage that a marginal approach poses
serious restrictions to the domain of the analysis. Still another possibility is formed by the average
environmental impact per unit of concentration:

2, = ^y. (10.3)

with only the first and the last drawbacks of the above list of four. A choice which enables to
circumvent the fourth problem is to consider the tangent at the linear part of the curve or the
tangent at that part where the curve is steepest as a factor to multiply y, with.

As stated in the discussion on the epistemological basis, in principle any choice is possible (cf.
Heijungs (1997a)). Only do some choices appear to be more sensible. The choice for any of these
principles can not be made at random, ad hoc, or as-you-like-it. Also, ethical considerations14 ("A
choice for the tangent at the steepest part of the dose-response curve brings us sooner to a
sustainable economy") should preferably be outside this analytical discussion of attribution. For a
scientific establishment it is absolutely essential that the choice for any of these principles follows
automatically, by logical deduction, from the epistemological principle of the entire theory. Of
course, the a priori principles themselves from which the method is derived may be inspired by
ethical convictions or ideological and political doctrines. From the considerations in Section 2.1,
however, the only possible choice in the context of the attribution problem is that according to
Equation (10.3).

As discussed, implementation of this choice is relatively straightforward, although there are still
some difficulties. Above we already saw two of these. In the remainder of this section we discuss
the problem that Equation (10.3) requires a permanent concentration (or amount) as input (yj
whereas the only quantity that is available is a time-integrated amount (or concentration) c. The
other drawback - the requirement of a unique background concentration per pollutant - is

Tas & Van Leeuwen (1995, p. 344).
The subscript "c" denotes, like in Section 2.1.2, the current situation, while "a" stands for analytical.
See Muller-Wenk (1996) for an example of a discussion on "the shape of damage functions" that is put into the
context of the desire to achieve certain goals.
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postponed to the end of Section 10.1.3.
If a permanent concentration yc leads to a certain permanent response zc we, like in Section

9.2.5, postulate that a time-integrated amount or concentration c leads to a time integrated response
e that is given by

e = fie. (10.4)
y,

Like in the earlier problem of validation, we can neither proof nor falsify this relationship, but we
can try to argue that it follows from the epistemological principles that were exposed in Section
2.1.2. Taking Equation (10.3) as a starting point, we first generalize this to time-dependent amounts
and impacts:

(10-5)

Next we observe that the permanent amount ya is not available; instead we have the time-integrated
oo

amount c = | yt(t)dt. Therefore, we integrate "both sides of Equation (10.5) over f:

Jz.(t)dr = ï^y,(t)dt = fie. (10-6)
t) ü y c y c

We conclude that it is convenient to regard the lefthandside as the time-integrated impact that is
to be attributed to the time-integrated presence of an amount c. This time-integrated impact will
be denoted by e, hence we have deduced the attribution rule for environmental impacts that is given
by Equation (10.4). For the permanent stressors of which the permanent amount is given by of, the
situation is relatively straightforward. Denoting the permanent environmental impact by ƒ we
simply identify ya with d and z, with ƒ, so that the attribution rule becomes

ƒ = ha. (10.7)
7c

Lastly, we must generalize the expressions for the time-integrated impact e and the permanent
impact /to the situation of multiple stressors and multiple impacts (i.e. the situation of parallel and
serial impacts; see Udo de Haes (1996, p. 20)). When several stressors exert the same type of
environmental impact (e.g., CO2 and CH4 both contribute to global warming) it is important to
specify the specific contribution of each of the contributing stressors (e.g., the current level of global
warming is according to Shine et al. (1990) for 61% caused by CO2 and for 17% by CH4). That is
to say, we must specify (zj, and (yj, for all contributing stressors i, (zj, being a function of the
amount (y^t, of the nature of the stressor i, and probably including the other stressors as well to
account for synergism or antagonism. We thus use the form

under the condition that
z. = E W f (10.9)

Here a new epistemological problem arises: while the current emission levels of CO2 and CH4 can
be known by measurement, how is one to know the contribution of these gases to the total global
warming problem? This problem is discussed in Section 10.1.4. Supposing for the moment that it
is possible to find values for this (zj,-, we can now proceed to calculate the factor that relates the
average impact to the average amount, and to consider it as the factor that translates a certain time-
integrated amount into a time-integrated impact, or a permanent amount into a permanent impact.

Also accounting for the fact that one stressor may contribute to more than one impact category,
we end up with the following expression:

w. =
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where (z,),, represents the current contribution that stressor i makes to impact category /. The
concrete form to be used in the context of the attribution problem is then the following:

ƒ„ -

It may be observed that the current stressor level (yj, enters both the equation for the permanent
stressors (the top one that links ƒ, and d^) and the equation for the transient stressors (the bottom
one that links eu and c). Because the subscript i is an index that runs over some hundreds (or more)
of stressors for the two categories of stressors separately, we will have different (yj.s in both
expressions. Permanent stressors contribute to permanent impact categories, transient stressors to
transient impact categories, and there is not yet any connection between the two classes.

Contributions of different stressors i to the same impact category / may of course be added to
an overall contribution to the impact category /:

The term -,—£. is seen to serve an important function in these sets of equations: they symbolize the

relationship between a certain stressor i and a certain environmental impact / to which that stressor
contributes. The quantity therefore expresses the "strength" of a unit amount of the stressor i to
contribute to impact category /. It deserves a symbol and a name: as a symbol we will use r^.

and as a name the term impact factor.
One thing which needs to be clarified at this point is the relation of the impact factor with the

equivalency factors15 that are used in the context of life-cycle assessment. As has been discussed
already in Section 10. 1.1, the separation between fate, impact, and problem that has been introduced
in Chapter 8 differs somewhat from the usual approach in LCA. Most texts that deal with the
assessment of impacts in relation to products have the quantitative aspects of fate and impact
combined in a procedure that is most often referred to as characterization (Finnveden etal. (1992),
Heijungs etal. (1992*, p.43-48), Consoli etal. (1993, p. 24-25), Fava etal. (1993, p. 22-26), Lindfors
etal. (1995, p. 16-80)). Equivalency factors can then be considered as the result of an analysis of fate
and impact, that is, the equivalency factor that links the intervention of environmental commodity
k to impact category / is the product of the fate factor that links the intervention of environmental
commodity k to the stressor i and the impact factor that links this stressor i to impact category /.
The concept of equivalency factors will not be used in the further analysis.16

Other names that can be found are characterization factor and (obsolete) classification factor.
16 Of course, it may be practical in daily life to merge fate factors and impact factors into equivalency factors, and

perhaps even merge these with the problem factors (see Chapter 11) into factors that translate environmental
interventions in one step into a one-dimensional problem measure. The analytical nature of the discussion demands
to keep them separate in the present text. Moreover, it has often been stated that one-step procedures lack
transparency, and that intermediate results (here, for instance, the inventory table and the stressor table) have a stand-
alone value (Wegener Sleeswijk & Heijungs).
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The linear attribution of environmental impacts to time-integrated or permanent amounts of
environmental commodities can theoretically proceed by means of impact factors, which
express the "strength" of a unit amount of each stressor to contribute to a particular impact
category. A combined application of the fate factors that were developed in Section 9.2 and the
impact factors that were developed above represents the link between environmental interven-
tions (the result of the analysis of Part 2) and the contribution to environmental impact
categories as defined in Section 10.1.1. These combined factors are the well-known equivalency
factors of life-cycle assessment. For reasons of analytical transparency, it is proposed to keep
distinguishing the aspect of fate aspect from that of impact.

10.1.3 THE THIRD FUNDAMENTAL EQUATION

We may now finalize the previous discussion by summarizing and interpreting the equations for
the attribution of impacts to time-integrated and permanent amounts of stressors in matrix form:

f = R-d (10.14)
e = IU'

or by constructing the vector r from the time-integrated impact e and the permanent impact f:

• (3 •*[•.
The matrix R is called the impact matrix; an element rh represents the contribution to impact
category / that is attributed to a unit amount of stressor (time-integrated presence or absence or
permanently present or absent amount) i. The equation

r = R^ (1°-16)
is called the third fundamental equation. It links environmental stressors q (time-integrated or
permanent amounts) with environmental impacts r.17 It may easily be combined with the second
fundamental equation (Section 9.2.4: q = Q'b):

r = R-Q-b (1°-17)
to provide an expression that conforms to the characterization procedure of LCA; R-Q represents
the matrix of equivalency factors.

The connection between transient and permanent stressors on the one hand (q) and environmental impacts on the other hand (r)
is expressed by the third fundamental equation:

r = R-q.
An element r,, of the impact matrix R expresses the "strength" of a unit amount of stressor t to contribute to impact category /.

The present state is that we have now developed three fundamental equations: the first one

(b = 8-A~'-a) serves to go from external demand (a) to environmental intervention (b), the second
one (q = Q'b) to go from intervention to environmental stressor (q), and the third one (r = R-q)
to go from stressor to environmental impact (r). These three equations may be substituted in each
other to provide the connection between the external demand of economic commodities and the
environmental impacts that are to be attributed thereto:

r = R-Q-B-A-'-a. (1°-18)
A question that may be raised is what the impact matrix R achieves. Of course its prime aim

is to add an interpretation to the time-integrated and permanent amounts of stressors: the presence
of a unit amount of mercury in the surface water makes in general a higher contribution to the
toxicity problem than the presence of a unit amount of phosphate. The impact matrix, however,
achieves more. If we consider the fact that there may be tens of thousands of environmental

The vector r is called the impact profile, its elements are the impact scores.
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commodities, and that the default list of impact categories of Section 10.1.1 contains 14 items, we
see that we have achieved a tremendous aggregation of information. Although this implies a
tremendous loss of details, one should bear in mind that the aggregation is realized by adding an
interpretation, •which perhaps adds so much information that the loss of information is fully
compensated. Mathematically, it means that the impact matrix R is far from square: there are many
more columns than rows. In contrast to the first and second fundamental equation where a
discussion on the dimensions of the matrices was required (Sections 6.1 and 9.2.6), the fact that
there is no matrix inversion involved in the third fundamental equation simplifies things to some
extent.

One last point in connection to the previous point of the dimension of the matrices refers to
the fourth complication that was raised in the beginning of Section 10.1.2: the procedure requires
one unique background concentration per pollutant (yj,, while the time-integrated or permanent
amounts are the result of an aggregation over a number of processes. These processes take place at
different places and at different times.18 A formal trick to overcome this problem is to simply
expand the number of environmental commodities. Just as we introduced a distinction between the
commodities mercury in water and mercury in air, to account for a difference in severeness related
to different environmental media, we may divide this further into mercury into mercury m Italian
air, mercury in coastal water, et cetera. An extremely large number of environmental commodities
may be defined in this way, although practical considerations with regard to data availability and
computational feasibility will reduce the number of commodities.

10.1.4 THE NATURE OF THE IMPACT FACTORS

In Section 10.1.2, a new epistemological problem was introduced: how to determine the
contribution that a certain stressor makes to a certain impact category? If we carefully read the cited
document that states the relative contributions of CO2 and CH4 to the global warming impact, we
observe that they speak of the changed impact and not of the impact itself:

The major contributor to increases in radiative forcing due to increased concentrations of greenhouse gases since
pre-industrial times is carbon dioxide (COJ (61%) [...]19

This suggests a link with the incremental rule (Equation (10.1)) or perhaps with the marginal rule
(Equation (10.2)). An expression of the relative contributions in terms of the average rule (Equation
(10.3)) is lacking here. On the other hand, suchlike rules appear to exist in the case of acidification:

Sulfate contributes more to precipitation acidity than nitrate throughout most of Europe [...j

The topic of this section is to investigate to what extent it is possible to express the relative
contribution of a stressor to a certain environmental impact according to the average attribution
rule, as is required by the epistemological principles and their consequences that were discussed in
Sections 2.1 and 10.1.2.

In general, different stressors will contribute in a complicated, non-linear, and mutual dependent
way to an environmental impact category. For instance, the contribution of nitrogen oxides (NOJ
to ozone formation heavily depends on the presence of volatile organic compounds (vocs). The
marginal contribution of NO^ may be positive, zero, or even negative. If there is a measure of the
environmental impact category photo-oxidant formation ((zj^), it would be impossible to express

the absolute ((zj/,) or relative

for NOX or one of the VOCs)

to*

.
makes

contribution that one particular substance (i, which stands

to that problem. Both categories of substances are equally
required to create ozone. This should not induce one to attribute 50% of the attribution problem

Even when an analysis of the regional SFA-type is undertaken, this problem exists because no region and no time-
period is homogeneous with respect to emission patterns and background concentrations.

" Shine et al. (1990, p. 45).
20 Hordijk et ai (1990, p. 39).
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to NOX and 50% to VOC. In the first place, there is not one VOC but there are hundreds of them.
This would suggest to blame every chemical with a small share smaller than 1%, which is in
disagreement with an intuitive view of the role of NO., and it would moreover not discriminate
"minor" pollutants from important ones.

It is difficult to conceive how one is to improve the situation. In fact, there is quite some
resemblance with the allocation procedure for multiple economic processes that was discussed in
Section 6.2. There we had the problem of how to allocate a certain input or output (e.g., use of
electricity or emission of COJ to the two or more economic outputs that are produced by one
process (such as the process that produces chlorine and caustic soda). A small number of rules could
be deduced from the epistemological principles, in particular the requirement of 100%-additivity was
important (Section 6.2.2).

The present situation is quite similar: the problem is how to allocate a certain impact (e.g.,
photo-oxidant formation) to the two or more stressors (e.g., NOX and VOCs) that contribute to that
problem. And again, we can do no better than formulate a small number of rules, and leave the
details as still to be resolved.

One requirement that can be proposed here is the requirement of 100%-additivity. That is, we
postulate that the sum of the weighted current stressor levels exactly yields the current impact level.
Mathematically:

' -ÎXW. -Mi (10-19)
This is probably the only requirement that can be put a priori.

There are a number of other requirements that could be submitted. Among them is the rule that
every stressor that has a potency to contribute to a certain impact category indeed contributes to
the numerical score for that impact category. This view complies with the prevention principle, that
is sometimes said to form the basis for impact analysis or assessment in LCA (cf. Udo de Haes (1996,
p. 11-13)). It must be emphasized that this requirement is not compatible with the requirement of

t z
(impact)

(emission)

FIGURE 10.2. Negative (cl), zero (c2), and positive (c3) attribution of impacts.

100%-additivity (see also Figure 10.2, which shows that emission of a substance of which the current
background level (cl) is suboptimal is being "rewarded", that emission of a substance of which the
background (c2) exerts no impacts leads to a zero score, and that only emissions of a substance of
which the background (c3) indeed contributes to environmental impacts get a positive attribution
score). As such, it is not an appropriate choice in relation to the attribution problem, but rather
applies to other forms of LCA, for instance, in connection with the design of long-term sustainable
economic planning; see Section 14.1.1.

It must be noted that nearly all proposals that have been made to find an answer to the question
of interpreting environmental stressors into environmental impact categories lack a consistent
epistemological basis. It is however, complicated to unravel the exact situation.
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In the first place, the aspect of fate and impact are quite often mixed into a rather untransparent
- though practical - system of equivalency factors. The global warming potentials (Shine et al.
(1990)) are a combination of fate and impact characteristics. Although the impact aspect is separately
reported (op. nt. (p. 53)), it is hardly if ever referred to, and the result of the fate estimation is not
reported separately. This situation is not unique for global warming: the concept of equivalency
factors in LCA intentionally covers the aspects of fate and impact without the need to specify them
separately.

The second argument is that - again restricted to the impact analysis in LCA - the proposed
measures for the different impact categories differ to quite some extent to their basis. The global
warming potentials are based on the marginal increase of the impact, the toxicity measure on the
basis of a certain no-effect parameter on an equivalency of "safe values" Qolliet (1996)), and the
measure for eutrophication (Heijungs et al. (1992&)) is more or less based on the average
contribution of nutrients in the formation of biomass.

This study seeks to derive a number of tools for environmental analysis and decision-support
from a unified epistemological principle. It will be clear that the choice for the basis of deriving the
impact factor must follow from this epistemological principle. It would be very unscientific to
postulate impact measures "out of the air". That the current principles outlined in Section 2.1 are
not sufficient to derive impact factors (and some other items, such as allocation factors) indicates
that the epistemological basis to answer the attribution problem is still too small. One or two more
principles might be necessary here for a complete derivation of the tools. For instance, we could
postulate that the marginal contribution of a substance to an impact category, renormalized so as
to satisfy the 100%-rule, is to be used for the impact factor in the context of attribution.

The epistemological principles that were outlined in Section 2.1 do not provide sufficient
material to obtain impact factors for determining the relative contribution of each stressor to
each impact category. Like the allocation problem, more external principles are required to
find these coefficients.



Chapter 11

THE ENVIRONMENTAL PROBLEM

11.1 Representation of the environmental problem

l l . l . l WHAT Is THE ENVIRONMENTAL PROBLEM?

The three fundamental equations that were derived thus far allow to attribute environmental
impacts to economic activities in relation to a specified external demand. The rest of the quotation
of Victor's Economics of pollution that was given in Section 10.1.1 offers a good starting point.
Although it is geared to discussing pollution, I bring it here into the realm of a discussion of the
environmental problem:

[...] any statement of what is or is not pollution necessarily involves a value judgment. [...] it is at this point that
reasonable men may just have to disagree.

I consider the concept of environmental problem to represent the problematic value, or
disutility, that we assign, according to some set of moral principles, to the state of the environment
or to changes of that state.2 Consequences of this view are, first, that the environmental problem
- unlike environmental impacts of which there are many types - is a one-dimensional object, and,
secondly, that the environmental problem is dependent on individual or social circumstances like
cultural background and personal interests, and may consequently vary over groups or persons, or
within one group of person over time.

Given that the perception of environmental impacts amounts to a value judgment, it must be
acknowledged that an environmental problem never has and never will have a natural-scientific
status. Natural-scientific facts may of course influence one's opinion or one's conduct. An ethical
framework will, however, only in rare cases be edified upon the natural science.3 The cultural
embedding, the attitudes and behaviour of other people, and many other aspects will normally play
a significant role. On the other hand, social-scientific methods will help the researcher to establish

Victor (1972*, p. 8).

De Groot (1992, p. 5n) defines environmental problems "[...] as discrepancies between (actual or expected) facts and
norms, at the level of impact (e.g. environment-related health), at the level of environmental parameters (e.g., toxic
substances in the air) and at the level of environmentally relevant activities (e.g., a proposed highway). The present
definition differs from De Groot's in two respects: environmental problems only exist at the level of impacts, and
they manifest themselves not only as the disutility of the state of the environment, but also of the change of that
state. There is some debate with respect to the question whether a one-dimensional measure of the environmental
problem can be derived directly from the inventory table; see Braunschweig & Muller-Wenk (1993) and Anonymous
(1994c) for two quite different proposals in that direction. It has, however, quite broadly been accepted that an
intermediate step in which a number of impact categories are addressed needs to be made. Evidence of this is, besides
in the cited documents like Heijungs et al. (1992), Fava et al. (1993), Consoli et al. (1993), Lindfors et ai (1995e), thé
report from Braunschweig et al. (1996), in which Braunschweig and Muller-Wenk have rephrased their 1993-proposal
from intervention-oriented to impact-oriented weighting.

Even if natural science alone would be the sole building material of one's ethics, one would have to choose between
competing scientific theories and to deal with "facts" with different probabilities of truth.
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sets of stated or revealed preferences, but this by no means implies that the preferences themselves
have a scientific status. We must try to accept that a person's or a society's judgments may be in
contradiction with certain facts, or even in contradiction with each other. A scientist, like any other
person, may try to persuade persons to believe in his or her personal convictions, but when they
refuse to do so, there is no ground to accuse them of being unscientific.
The environmental problem is conceived here as the one-dimensional subjective measure of the
severity of all environmental impacts. Attributing a share of the total environmental problem
to an arbitrarily chosen economic activity is the topic of the next sections.

11.1.2 A MEASURE FOR THE E N V I R O N M E N T A L PROBLEM

Section 10.1.3 discussed the aggregation of a multitude of environmental stressors into a quite
limited number of environmental impacts. Our next task is to reduce the set of environmental
impacts into a single figure that represents the environmental problem to which those impact
contribute. The reasoning to be followed is quite similar to the one used for the measure of
environmental impacts, and can therefore be quite brief. If the total problem is denoted by g, several
environmental impacts / contribute an amount (gj, to it, and the current amount of environmental
impact / is denoted by (z^t, we attribute the following amount of environmental problem

to an attributed environmental impact (zj(. In our case, we have attributed an amount r, to a certain
economic activity. The total environmental problem index to be attributed is then merely

Again, like the quantity _£!i in Section 10.1.2 (the impact factor r(l), the quantity _f plays a
by i (zJi

central role in this equation: it constitutes what will be called the problem factor, and expresses the
contribution that a unit amount of impact category / makes to the total environmental problem that
is perceived by an individual or society. It will be abbreviated by the symbol g;:

:*•$ M
The equation to aggregate environmental impacts into a measure of the environmental problem, the
problem index g, is then simply

S = Eftr, (3.4)
;

It is clear that this measure of environmental problem is indeed one-dimensional, and that it is a
multilinear function of the environmental impacts that are attributed to a certain economic activity.
As such, it is in agreement with the epistemological principles that were outlined in Section 2.1.
Another important feature is that the index / runs over all elements of r, and hence over the
transient impacts e as well as the permanent impacts f. This means that the weighting allows for
an aggregation of time-integrated transient impacts due to degradable and renewable environmental
commodities, and of asymptotical permanent impacts due to persistent and non-renewable
environmental commodities. It might appear to be remarkable that two such different classes are
combined into one measure of the environmental problem. It is, however, precisely this character
of the perceived problem which enables this miraculous reconcilation. The character of the
environmental problem is an intrinsic one-dimensional measure. There is a situation of multiple
impacts of many different kinds, some of them of an permanent nature and others of an transient
nature. Yet, individuals, groups of individuals, or society perceive or perceives this multi-impact
situation as a whole and is or are able to assign one measure of undesiredness to it.
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In aggregating all types of impacts into one problem measure, a new epistemological problem
has been created: how to determine the problem factor g;? This question will be discussed in Section
11.1.4.
Using similar arguments as for environmental impacts, we may easily construct a measure for
the environmental problem as the weighted aggregation of the attributed environmental

impacts. The weighting factors are referred to as problem factors.

11.1.3 THE FOURTH FUNDAMENTAL EQUATION

In matrix notation the weighted aggregation of environmental impacts assumes the form

g - gT. (3-5)
Here the elements of the problem vector g represent the problem factors for the different
environmental impacts that are weighted according to individual or societal preference. The
equation is called the fourth fundamental equation, as it is the fourth and last step in the path from
attributing environmental problems to economic activities.

The fourth fundamental equation expresses the relation between the set of environmental impacts that are attributed to an
economic activity and the environmental problem that is attached to those impacts. The environmental problem index is calculated
as

« = g*,
where g is the vector of problem factors and r is the vector of attributed environmental impacts.

Combination of the fourth fundamental equation with Section 10.1.3 yields the "master
equation" (cf. Section 5.4.1) that reveals this relationship:

g - g-R-Q-É-A-'-a. (3-6)
It is this equation which will be used - along with the other fundamental equations - in the further
derivation of the concrete tools for environmental analysis and decision-support in the next section.

11.1.4 THE NATURE OF THE PROBLEM FACTORS

In Section 10.1.4, the nature of the impact factors was found to be intrinsically unknowable within
the epistemological principles stated in Section 2.1. The impact factors were defined as the
contribution that the current level of a certain stressor makes to the current level of each impact
category.

It is not surprising that the problem factors that play a central role in the fourth fundamental
equation are equally unknowable. The problem factors indicate the contribution that the current
level of each impact category makes to the current environmental problem. This contribution is on
the one hand even more unknowable than the one related to impact factors, because in the case of
the problem factors it is also the total amount (the current environmental problem) which is
unknown. On the other hand, however, the fact that it is about social preference might make the
situation easier to comprehend.

There is a highly developed theory on the measurement of preference nad utility, and on
decision theory. Of general significance are formal textbooks like Sen (1969) and Fishburn (1988).
Related to decision-making in the environmental field are, for instance, Jansen (1991) and Maystre
etal. (1994). It must be emphasized that these books provide excellent theoretical frameworks which
can in principle be used to make decisions on concrete environmental issues, for instance,
concerning the choice of two or more alternatives. Furthermore, there is a large amount of papers
that describe one particular approach towards the valuation of impacts on the environment or of
environmental objects; see, e.g., Bateman & Turner (1992), Sankovskii (1992), and Boxall et al.
(1996).

Unfortunately quite remote from these well-founded frameworks are a number of texts which
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describe sets of problem factors or procedures to obtain such sets. The problem factors are intended
to be generally applicable, which means that they are not specific for one specific group of
alternatives, but can be used for any arbitrary problem of rank or choice. Especially the field of life-
cycle assessment has produced a number of proposals; see Lmdeijer (1996) for an overview. There
have been only few attempts to reconcile the general decision-making literature with the attribution-
related question that is posed in LCA; see Fava et al. (1993, p. 87-100), Heijungs (1994c), Tukker
(1994), and in particular Hofstetter (1996&). Unfortunately, none of these texts has been able to
produce concrete numbers.

The question of finding problem factors, which transform the impact scores into the problem
index is far from settled.



Chapter 12

TOWARDS CONCRETE TOOLS FOR
ENVIRONMENTAL ANALYSIS AND
DECISION-SUPPORT: IMPACT ANALYSIS

12.1 General Considerations

While the derivation of the inventory analysis of a selection of tools for environmental analysis and
decision-support in Chapter 7 was a long exercise in choosing special system boundaries and external
demands, the derivation of the impact analysis is much easier. This has in the first place to do with
the fact that the necessary ingredients - the environmental interventions - are already there at the
end of the inventory analysis. A second reason is that there is not a crossroad of modes of analysis
in the impact analysis: the tools of the CFA-type and those of the ALA-type can all be treated with
the second, third, and fourth fundamental equation. In principle, the following sections on the
derivation of the specific form of the impact analysis for the cases life-cycle assessment, substance-
flow analysis, etc., can be kept very brief.

Nevertheless, the following sections turn out to be not so short. The reason for this is the large
deviation from the established framework and methods for the impact analysis of the different tools.
As was already discussed, the structure of the impact analysis in LCA (where it is usually called
impact assessment) is one which does not conform with the three stages of fate, impact, and
problem, that has been devised as a unified framework. For SFA, there is also a problematic match:
environmental processes (the fate aspect) are there normally treated together with the economic
processes, that were in this study dealt with in the inventory analysis. For risk assessment a similar
reason holds. See also Sections 1.3.2 and 10.1.1.

So far the - with respect to numbers - immaterial differences in framework. The difference in
methods originates from a difference in questions that are normally posed to the tools. The
emphasis in this study is on the attribution of environmental problems (or impacts) to economic
activities. Most authors in the diverse arenas of tools for decision-support have other questions: that
of choice between alternatives, that of granting permits, et cetera. It is partly a matter of posing a
clear question which determines the epistemological principles and thereby the concrete methods
to be used. See Section 14.1 for a further discussion.

The derivation of the tools will be illustrated with an example impact analysis. For this we
assume the fate of environmental commodities to be given as in Table 12.1. For example, the fourth
column ("c3") of this table expresses the differential equation

0*,(t) +0b2(t) + -3b,(t) + Ib4(t), (12.1)

or, in words, that the rate of change of the amount of NO2 in air correlates linearly with the
amount of N2O in air, and negative-linearly with the amount of NO2 in air.' The fate matrix that

Observe that the units which are indicated in Table 9.3 do not correspond to the quantities b and c, but are based
instead on the underlying fate model.
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TABLE 12.1. Hypothetical data for environmental processes, used to illustrate the derivation of
several tools.

environmental
commodity

"b"': kg CO2 in air

"b2": kg CO in air
"fcj": kg NO2 in

"b4": kg N2O in

air

air

"d,": crops

1

-0.1
0

0

"c,": kg C02

in air
0

1
0

0

stressor
"c2": kg CO "

in air
0

-5
0

0

c,": kg N02

in air
0

0
-3

1

"c": kg N2O
in air

0

0
2

-1

The reader is again referred to footnote 31 of Chapter 5 for an explanation of the quotation marks

is thus given by2

1

-5
0

0

0

0
-3

2

(12.2)

The inputs and outputs of economic commodities by environmental processes is assumed to be
easier. It is assumed that there is only one economic commodity "a,": crops, and that these are
positively affected by CO2, and negatively by CO, with coefficients 1 and -0.1 respectively. The
damage matrix D is then simply

D = (1 -0.1 0 0). (12J)
According to the theory that was developed in Section 9.2, the singular fate matrix must be reduced
by transferring the first row and column to the damage matrix. For this aim, we introduce the two

and E" = (l O O 0).

0 1 0 0

E ' = 0 0 1 0
0 0 0 1

A straightforward application of the rules for finding C and 0, and hence Q gives:

0 -0.02 0 0
0.02 0 0

0.2 0 0

0

(12.4)

Q =
(12.5)

The interpretation of this fate/damage matrix will be discussed in connection to the tools that will
be derived hereafter.

For the analysis in terms of environmental impacts, the following situation is postulated. There
are two environmental impacts considered here: global warming, expressed in terms of radiative
forcing, and toxicity, expressed in incidence of excess death. There is also one economic commodity
involved: crops. The details of the hypothetical impact data are given in Table 12.2. For instance,
the number 300 means that the current emission level of CO2 contributes 300 W-kg-hr"1 to the
total global warming impact. It is left unspecified what this total impact is, and what the emission

Observe that the fate matrix is not the 4x4-matrix in the righlower corner of Table 9.3, but is its transpose. Related

to this is that the lefthandside of Equation (9.1) is <«*,(«) and not c3; see Section 9.2.2 for an argumentation.
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TABLE 12.2. Hypothetical data for environmental impacts, used to illustrate the derivation of
several tools.

environmental impact
environmental stressor crop

"d": kg crop

"c,": kg-hr'1 CO2 in air
"c2": kg-hr-' CO in air

"c3": kg-hr-1 N02 in air

%": kg-hr-' N2O in air

growth (in kg)

1

0
0

0
0

toxicity (number of
excess death)

0

0
1500

400
0

global warming
(radiative forcing in W)

0

300
10

30
40

level is. Only their ratio is given. For instance, the total global warming impact might be 3-1012 W
while the total emission of CO2 is MO10 kg-hr"1. In any case, these hypothetical impact data yield
an impact matrix R that is given by3

1 0 0 0 0 '

R = 0 300 10 30 40 . (12-6)

0 0 1500 400 0
Finally, the interpretation of environmental impacts in terms of their contribution to the what

is perceived as the environmental problem. Table 12.3 gives hypothetical problem factors for the

TABLE 12.3. Hypothetical data for the environmental problem, used to illustrate the derivation
of several tools.

environmental impact g: environmental problem

"ƒ,": crop growth (in kg)

"e,": global warming (radiative forcing in W)

"e2": toxicity (number of excess death)

-1

8

5

environmental impact categories global warming and toxicity, and for the impacts on the economic
commodity crops. The factors may be put in the problem vector g:

g = (-1 8 5). (12-7)
These numbers may be interpreted as the contribution that the current extent of the impact makes
to the total environmental problem, as perceived by those who have stated the factors. It says, for
instance, that the current impact of global warming is perceived more seriously than the current
impact of toxicity.

12.2 Derivation of life-cycle assessment

Section 7.2 gave an expression for the inventory table b as a result of the inventory analysis in LCA.
This inventory table can directly be submitted to the procedure for impact analysis.

Supposing that the vector of environmental interventions is given as

Again, notice that the impact matrix is the transpose of the number in Table 12.1.
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b = (12.8)

hence, an attributed emission of 10 kg CO2 to air and of 2 kg NO2 to air, we easily find from the
fate analysis using q = Q-b that

q = (12.9)

The interpretation is as follows. There is an asymptotically permanent amount of 10 kg CO2 in the
air, there is a time-integrated amount of 2 kg-hr NO2 in the air, and there is a time-integrated
amount of 4 kg-hr N2O in the air. There is no CO in the air, and the permanent nature of CO2

in the air4 has forced us to exclude the ever-increasing influence of this stressor on crops. Therefore,
there is no (positive or negative) influence on crops.

This vector of stressors can be further submitted to an analysis of the resulting impacts.
Although CO2 and CO differ in their nature as a stressor (the former is an permanent stressor, the
latter an transient stressor), it was apparently possible to determine the contribution they make to
the same impact category (global warming). Application of the impact factors to the stressor table
gives by means of r = R-q:

0

r = 3220

800

(12.10)

The interpretation is that the attributed interventions make a contribution to the impact of global
warming (5200 W) and to the impact of toxicity (800 cases of excess death). There is no impact to
crops.

The final interpretation is in terms of the environmental problem:

g = 29760. (12.11)
This number may be difficult to interpret in an absolute way, a comparative study of different
alternative products, or an analysis of the contribution that different economic processes or
emissions make to the attributed environmental problem, will reveal the significance of this measure
of societally perceived environmental problem.

The first stage of the impact analysis in LCA is concerned with fate. The table of transient and
permanent stressors is found by direct application of the second fundamental equation to the
inventory table that was yielded by the inventory analysis. The interpretation in terms of
environmental impacts is found by direct application of the third fundamental equation. The
final interpretation in terms of the environmental problem that is to be attributed is found by
application of the fourth fundamental equation.

The traditional approach to LCA differs in quite a few respects with the procedure described
above. With respect to the framework, some differences were already discussed in Sections 10.1.1
and 3.4.2. But perhaps more important are the differences with respect to the results.

In the first place, fate is not often modelled in LCA, although its importance is being realized
(Udo de Haes (1996)) and some research in this area is being carried out (Jolliet (1994), Wegener
Sleeswijk & Heijungs (1996)). Most guidelines for LCA suggest the use of global warming potentials

In reality, CO2 has a limited residence time in the air. This has been neglected for illustrative purposes, however.
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for interpreting environmental commodities in terms of global warming impacts; these potentials
are constructed on the basis of, inter alia, a fate model. For the impact depletion of stratospheric
ozone and for photo-oxidant formation, the suggested use of ozone depletion potentials and
photochemical oxidant creation potentials also implies the incorporation of fate. For most other
impact categories, the situation is much less developed. Fate modelling for toxicity is in its infancy
(Guinée et al. (1996)), while the other substance-oriented output-categories acidification,
eutrophication, and odour have barely been discussed in the context of fate. It may be argued that
modelling of fate should preferably take place independently from the impact categories considered
(Wegener Sleeswijk & Heijungs (1996)). Acknowledgment of this idea will perhaps lead to a
consistent incorporation of fate in all emission-related impact categories. Fate has seldom been
discussed in relation to resource-related interventions; see Guinée & Heijungs (1995) for a method
to determine the depleting impacts of resource extraction including one fate aspect (regeneration).
One aspect that has been introduced in this chapter and that is perhaps lacking in all of LCA-
literature is the reaction (decay) products that are formed in environmental processes. The proposed
fate calculation sees the formation of decay products as a simple conversion of commodities into
commodities, and is thus in theory perfectly able to include it in a consistent way. The practical
problem of finding appropriate data to describe this phenomenon may be an important obstacle,
though.

A second important difference is that the measures for the impact categories have seldom been
defined in a consistent way with respect to the incremental-marginal-average question. See Section
10.1.4 fora number of examples of impact factors in LCA that comply with different epistemological
principles. There is a large amount of agreement between the impact categories in traditional LCA
and those of Section 10.1.1, but that is no accident, as the list proposed in Section 10.1.1 was for
a good deal inspired by the discussions in LCA. I do not claim that a choice for the average
attribution rule is superior to the other choices, but I do think that it is superior in relation to the
attribution problem. But of course, the attribution is not the only conceivable question to be posed
in environmental analysis and decision-making; see Section 14.1 for some further remarks. The most
important recommendation for LCA is to make a consistent choice for the impact factors, in line
with the exact question that is asked (cf. Frischknecht (1997)), and to consistently include fate in
an impact-category independent way (Wegener Sleeswijk & Heijungs (1996)).

Lastly, the final interpretation in terms of the environmental problem is pertinently based on
social preference in LCA (see, e.g., Heijungs et al. (1992*), Consoli étal. (1993), Fava et al. (1993),
Finnveden (1996)), but is more and more being based on natural-scientific parameters (see, e.g.,
Goedkoop & Cnubben (1995), Braunschweig et al. (1996)). This, of course, can be judged as a
problematic development:

In a sense it can therefore be questioned whether [these] methods in general can be called valuation methods

[...]5

Anyhow, it can be argued that problem factors that are based on dynamic considerations (such as
reduction targets, costs for prevention, willingness-to-pay, marginal trade-offs) are by definition
inappropriate for the attribution problem. Of course, we may decide to substitute, say, marginal
problem factors for the static attribution-oriented problem factors by lack of anything better, as
long as it complies with the boundary conditions, most notoriously the rule of 100%-additivity.

There is quite some difference between the proposed approach and the current practice for life-
cycle assessment. These difference concern the framework of impact analysis, which is
proposed to be supplied with a stand-alone analysis of fate, the inclusion of indirect aspects,
due to, for instance, decay products, and the consistent choice for a static attribution principle
in defining the impact factors and the problem factors.

5 Finnveden (1996, p. 30).
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12.3 Derivation of substance-flow analysis

The structure and procedure for the impact analysis in SFA is very similar to that of LCA, but its
differences with the currently established set-up is even larger. The inventory analysis (see Section
7.3) gave a vector of environmental interventions b which was put with the external economic flow
a into the vector of external flows p. From this vector was deduced the vector of substance flows
y by means of the transmission vector T. Because the fate characteristics of carbon in CO2 are
different from that of carbon in CO, a correct analysis of fate and a subsequent analysis of
environmental impacts can only take place on the level of the flows in b, and not on that of the
flows in y. The rules for finding the resulting stressors, impacts, and the one-dimensional problem
is exactly the same as for LCA. Presenting a numerical example does not provide any additional
insight.

What is different, however, is that SFA concentrates in the presentation of the results of the
impact analysis on the substance or substance group of interest. The inventory table b was
calculated but not presented as the final result of the inventory analysis. Instead, the conversion to
the vector y was made. Quite similar is the analysis of fate in this respect. The presentation of the
stressors q is restricted to that fraction that contains the substance that is central in the analysis.
The connection with this new quantity w is via6

w = rOq. (12-12)
The subsequent analysis of impacts and the environmental problem of course starts from the
original table of stressors q, not with the presented w. A new problem arises if one tries to attribute
environmental impacts to substance flows, however. The concept of impact factors presumes that
it is possible to establish a quantitative relationship between, say, a unit emission of HALON-1211
(CF2BrCl) and the depletion of stratospheric ozone. It does, however, not say anything with respect
to the relation between carbon, fluorine, chlorine, or bromine and the depletion of the ozone layer.
In other words, there is no scientific ground to establish partial impact factors under the current
epistemological foundation. This restriction holds, a fortiori, for the extension to environmental
problems. Only for special choices of the substances (e.g., cadmium) may it be possible to go into
an attribution of environmental problems to environmental stressors.

The procedure for impact analysis of substance-flow analysis is exactly equal to that of life-
cycle assessment. The presentation of the results is, however, restricted to the stressors, or,
occasionally, to the impacts.

The difference with the established approach for SFA is, however, enormous. This concerns the
framework as well as the exact technical procedures.

In LCA, we proposed to disentangle the usual structure for determining the influence of fate and
impact into two separate steps. The modification for SFA is more drastic. On the one hand, SFA tries
to model the processes in the economic and in the environmental system in an identical way ("the
economy/environment analogy"; Van der Voet (1995<z, p. 94)). The arguments that were presented
in Section 9.1.1 invoked the design of an alternative representation of environmental processes, even
though the suggestions of Isard (1968) to unite the two were judged as inspiring. A crucial element
in the apprehension of the deviation from the established concepts is the exact question at stake.
Whereas the traditional substance-flow analysis aims to describe the flows (and probably stocks) of
a substance in a certain region during a certain period of time, the starting point in the present text
is the attribution problem. The question here is thus: which flows in the environment are to be
attributed to the economic activity in a certain region during a certain period of time. This is
markedly different from the question concerning the flows in the economy and the environment
in a certain region during a certain period of time. For example, transboundary pollution of
economic activities outside the region of interest into the region of interest is uninteresting with

6 Care should be taken that the ordering of the commodities differs between p and q. Some reshuffling in ^ may
therefore be required.
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respect to the attribution problem, but is an important source of pollution from the traditional SFA-
point of view. Or the other way around, transboundary pollution of pollution caused by the region
of interest to another region is part of the pollution-to-be-attributed, whereas it is more or less
outside the system in the traditional point of view. I think that both interpretations of substance-
flow analysis have their merits, and that not one or another mode is necessarily better or worse
than the other(s). It is the exact question which differs, with consequences for the entire set of
computational rules and numerical results.

Besides the completely different set-up for the inclusion of environmental processes, the further
impact analysis is also different. Most substance-flow analyses do not consider an interpretation in
terms of environmental problems. Tukker et al. (1995) provide one of those rare examples where
a number of environmental impact categories is addressed. It must be stressed that it is difficult to
do so in general. In the first place, it is the speciation of the substance which determines the types
of impacts it may contribute to, and the strength with which it does so. A normal SFA concentrates
on the specific substance, say carbon, and is hence unable to distinguish CO2 from CO. But even
if it manages to do so, the fact that fate is included in a way which is different from that described
above makes the connection with impact factors cumbersome. Most substance-flow analyses
therefore either stick to an "extended inventory analysis", which covers economic and environ-
mental processes, but does not cover environmental impacts or problems, or uses specific indicators
to aggregate flows and to interpret the results. Examples of these indicators are described by Van
der Voet et al. (I995d), by Bader & Baccini (1996, p. 308 ff}, and by Azar et al. (1996). Despite the
possible usefulness of these indicators, they fall outside the realm of the epistemological basis of this
study.

There is a large conceptual and practical difference between the proposed approach for
substance-flow analysis and the established approaches. The main reason for this is the fact that
the traditional approaches are not designed to give an answer to the attribution problem, but
instead concentrate on the environmental situation in the region that also defined the
boundary for the economic activities taken into account.

12.4 The relation with environmental impact assessment and risk assessment

The fact that the inventory analysis of all described tools for environmental analysis and decision-
support ends up with an inventory table of the same type, makes that the impact analysis of all
these tools is to a very high degree identical. The previous two sections were devoted to the impact
analysis in LCA and in SFA, and already in those cases, the impact analysis was identical. The longest
part of those sections was devoted to a discussion concerning the differences with the established
approaches with respect to the impact analysis in the context of the attribution problem. The
impact analysis of environmental impact analysis (Section 7.5) and risk assessment (Section 7.6) is
again fully identical; see the previous two sections for a more detailed description.

The most important point for these three tools is one of interpretation. The two tools as
defined here must be understood within the question of attribution. Thus, environmental impact
assessment, like substance-flow analysis, is not concerned with the impacts or the problem in a
region, but with the impacts or problems that are caused by the a restricted economic activity
within that region. And risk assessment does not give a clue to the question of safety or not, but
states which part of the environmental problem is to be attributed to the production and use of a
certain chemical.

The rules for making an attribution-oriented impact assessment in the tools EIA and RA is very
easy: the formalism for LCA and SFA can be applied in a direct way. Some reflection as to the
interpretation of the resulting tool remains an important issue.



Part 4

CONCLUSION

This part is structured as a mirror of the introductory Pan 1.
The first section gives an answer to the attribution question of Section 1.1. In fact, four

answers are given, each of them corresponding to a different interpretation of the attribution
problem. These interpretations give rise to the five tools for environmental analysis and
decision-support developed during Parts 2 and 3: life-cycle assessment, substance-flow analysis,
environmental impact assessment, and risk assessment, with subsequent focal points of the
interpretation: a product from the cradle to the grave, a substance in a region, a factory, and
releases of a chemical.

The second section gives an answer to the position question of Section 1.2. This amounts
to a comparison of the four tools discussed with respect not so much to their focal point, but
more to the differences that arise in the course of the unified procedure.

Whereas Section 1.3 introduced the path towards an answer to the attribution problem and
the position problem, the last sections of this part pose a number of further questions. In the
first place, the limited value of attribution in the context of environmental decision-making is
discussed. Reference is made to other types of questions for which the several tools are also
used: planning analysis, scenario analysis, improvement analysis, and origins analysis.

Some final reflections as to the scientific meaning and the philosophical position of this
type of analysis posit that the process-picture of the world is a useful one with a restricted
domain, that the tools for decision-support may create a self-consistent procedure but will
never tell the one and only truth because there is more than one truth, and that the academic
position of the kind of environmental science that has been practised in this study deserves a
rather philosophical status between theology and science.
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Chapter 13

THE ANSWERS

13.1 Answer 1: the attribution problem

13.1.1 INTRODUCTION

Section 1.1 introduced the attribution problem as the question which environmental problems are
to be attributed to which economic activity. In the previous sections, especially in Section 1.2,
Chapter 7, and Chapter 12, we discussed a number of tools for environmental analysis and decision-
support. From the facts that there are quite a few tools available (see the anthology of Section
1.2.1), and that at least some of these tools can be derived from unified principles (Chapters 7 and
12), we arrive at an important conclusion. The attribution problem can not be answered without
a proper context. The economic activity to which environmental problems are to be attributed must
be defined in a careful way. The resulting starting point has decisive implications for the procedure
to be followed and consequently for the answer to the attribution problem.

The unified framework that was introduced in Section 1.3.2 consisted of three phases of analysis:
a goal definition, an inventory analysis, and an impact analysis. It is the phase of goal definition that
is concerned with the exact choice and formulation of the economic activity that is subject to
further analysis. In particular, the crossroad of analyses into activity-level analysis and commodity-
flow accounting (Section 5.3.2) and the system boundaries as to which economic processes are
included in the analysis (Section 5.3.3) follow easily from the specifications made in the goal
definition.

The following main categories of economic "activities"1 will be considered in this and the next
few sections:

• a product from the cradle to the grave;
• a substance in a region;
• a factory;
• releases of a chemical.

Each of these possibilities corresponds to a certain class of economic activities, and thereby to a
certain interpretation of the exact meaning of the attribution problem. Specification of the answer
to the attribution problem for these cases results therefore in a number of different tools for
environmental decision-support. The principles of these tools have been derived in Chapters 7 and
12. They will be repeated and summarized in the next few sections.

The tools for answering the attribution problem are derived from unified principles. This means
that there are, besides the four fundamental equations, a number of common elements. These
common elements on the one hand facilitate reflections as to the relative position of the tools

It may be observed that not all categories appear to correspond with an activity. For instance, a product is not an
activity, and neither is a region one. This is, however, a matter of semantics: what is meant here is the activities that
are related to a product or the activities that take place within a region respectively.
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(Section 13.2), and on the other hand allow for a concise description of the tools and a time- and
effort-saving data collection procedure. The common elements are described below before the
description of the specific tools. The fundamental equations will also be repeated hereafter.

Common element 1: collection and representation of data 'with respect to economic processes

Collect physical data (rates of inflow and outflow of economic and environmental commod-
ities) of every process that is part of the system. The rate of flow of the zth economic
commodity to and from the ;th process is represented by a technical coefficient at, and the

rate of flow of the zth environmental commodity by P- The inflow of commodities is
represented by negative values of these coefficients, outflows are positive. Thus, if at/ and htj

represent the flows of the zth economic commodity and the zth environmental commodity to
and from the /th process during the time interval r; that these flows are recorded, the technical
coefficients are established as

& - JL and £ = 2. (13.1)

The elements àt and ê( are collected in two matrices: the technology matrix A and the

intervention matrix Ë. See Section 5.2.3.

Common element 2: determination of the allocation factors

Economic processes that provide two or more functions may need to be allocated, which
amounts effectively that they are split in a number of independent hypothetical processes that
provide one single function. The factors that are needed for this must be supplied by the user
as external knowledge. An important requirement is the rule of 100%-additivity. See Section
6.2.

Common element 3: collection and representation of data with respect to environmental processes

Model the fate (intermedia transport, degradation, formation, etc.) of environmental commod-
ities. This results in a number of coefficients clk: the rate of change of the amount of the zth
environmental commodity per unit amount of the &th environmental commodity. In an
analogous way, model the fate (degradation and formation) of economic commodities due to
the presence or absence of environmental commodities. The resulting coefficient dlk represents
the rate of change of the amount of the zth economic commodity per unit amount of the kth
environmental commodity. These coefficients are thus given by

i di£) . i d-,(«)
and (13.2)6$) dr bk(t) dt

The elements c,t and dlk build the fate matrix C and the damage matrix D. See Section 9.1.3.

Common element 4: determination of the reduction matrices

The fate matrix is singular if its determinant is zero. In that case, select the indices of the rows
that are filled with only zeroes. The reduced fate matrices are constructed by splitting a square
unit matrix into two matrices by moving the rows that correspond to the singular rows of the

fate matrix in the matrix 2" and giving the remaining matrix the symbol E'. See Section
9.2.5.
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Common element 5: selection of impact categories and determination of impact factors

A number of environmental impact categories must be chosen. Important requirements are
completeness and independency. The "strength" of a certain stressor with which it contributes
to these impact categories must be established as external knowledge. An important require-
ment is the 100%-rule. See Sections 10.1.1 and 10.1.4.

Common element 6: determination of the problem factors

The contribution of each of the chosen impact categories to the perceived total environmental
problem must be established as external knowledge. See Section 11.1.4.

First fundamental equation

The relation between the vector of externally demanded economic commodities a and the
vector of environmental interventions of environmental commodities b is given by

b , Ô-A '*. (13-3)
See Section 5.4.1.

Second fundamental equation

The relation between the vector of environmental interventions of environmental commodities
b and the vector of transient and permanent stressors q is

q =
D-(H')T

" •C-(S')T *

See Section 9.2.6.

Third fundamental equation

The relation between the vector of environmental impacts exerted on impact categories r and
the vector of transient and permanent stressors q is given by

r =
See Section 10.1.3.

Fourth fundamental equation

The relation between the one-dimensional environmental problem g and the vector of environ-
mental impacts exerted on impact categories r is given by

g = gT. (13-6)
See Section 11.1.3.

13.1.2 A PRODUCT FROM THE CRADLE TO THE GRAVE: LIFE-CYCLE
ASSESSMENT

Sections 7.2 and 12.2 were devoted to the derivation of life-cycle assessment (LCA). Life-cycle
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assessment was introduced as an analysis of the activity-level analysis type, under the special
condition of only one economic non-material commodity output. This output is thus not a concrete
product in the traditional sense, but is the function fulfilled by that concrete product.2 The full
algorithm is summarized below.

Phase 1: Goal definition

Specify the functional unit, that is, the service that is to be fulfilled by the product that can be
considered as the culmination of the cluster of economic processes. Assuming that this service
corresponds to the zth economic commodity, put all elements except the ith of the vector of
external demand to zero, and put the zth element to a value that corresponds to the functional
unit. Denote this vector by a. Thus put

'o

(13.7)

If necessary, specify the functional unit with respect to representative characteristics, especially
time period and spatial scale.

Phase 2: Inventory analysis

Collect data of every economic process that might be involved according to common element

1. In the case of a rectangular or singular technology matrix A, postulate allocation factors to
allocate multiple processes according to common element 2. Find the environmental interven-
tions that are to be attributed to the functional unit a, by means of the first fundamental
equation.

Phase 3: impact analysis

Collect data with respect to environmental processes that determine the fate of environmental
commodities and the damage of economic commodities according to common element 3.
Determine the reduction matrices according to common element 4. The transient and
permanent stressors are found by application of the second fundamental equation. Select
impact categories and determine impact factors according to common element 5. Apply these
elements by using the third fundamental equation. Determine problem factors according to
common element 6, and apply the fourth fundamental equation to find the environmental
problem g that is to be attributed to the functional unit a:.

As discussed in Section 7.2, we may introduce here at this point the "cradle-to-gate" analysis with a positively valued
material object (a good) as its focal point, and the "gate-to-grave" analysis with a negatively valued material object
(a "bad") as its focal point. The main text, however, is restricted to the "cradle-to-grave" analysis only, starting with
a non-tangible positively valued object (a service).
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13.1.3 A SUBSTANCE IN A REGION: SUBSTANCE-FLOW ANALYSIS

The derivation of substance-flow analysis (SFA) was presented in Sections 7.3 and 12.3. It was
defined as an analysis of the commodity-flow accounting type, although it often turns into one of
the activity-level type when the effectiveness of abatement measures is studied. The special aspect
of SFA •was that all economic activities in a certain region are included in the analysis, but that the

presentation of the results is restricted to one user-defined substance or group of substances. This
section describes the complete algorithmical structure.3

Phase 1: Goal definition

Define the region, the time period, and the representative calendar time which the substance-
flow analysis is to account for. The time period is given the symbol t, and is usually one year.
Also choose the substance or the group of substances.

Phase 2: Inventory analysis

Collect, according to common element 1, data of every economic process that is part of the
system in agreement with the goal definition's specification of region and calendar time. The
size of the flow of the /th environmental intervention is given by

• (13-8)

Construct a vector of transmission coefficient r, such that T, represents the content of the
substance of interest of the zth commodity. The flows of this substance to and from the
environment is now expressed as elements of the vector y:

y, = T/r. (13-9)

Phase 3: impact analysis

Collect data with respect to environmental processes that determine the fate of environmental
commodities and the damage of economic commodities according to common element 3.
Determine the reduction matrices according to common element 4. The transient and
permanent stressors are found by applying the second fundamental equation to the vector of
environmental interventions b. The resulting stressors may be filtered to display only the
presence of the substance of interest:

w = rq, (13.10)

Care should be taken with respect to the index j of the elements of the transmission vector T.
The extension from environmental stressors to environmental impact or even environmental
problem can in general not be made.

13.1.4 A FACTORY: ENVIRONMENTAL IMPACT ASSESSMENT

Sections 7.4 and 12.4 introduced environmental impact assessment as an analysis that is very much
the same as pure commodity-flow accounting, but with a much narrower system boundary.

As discussed in Section 7.3, we may derive instead of a proper substance-flow analysis by concentrating on one
substance, a material-flow analysis, a product-flow analysis, or an energy(-flow) analysis by concentrating on a
material, a product, or energy instead. The text is restricted here to SFA.
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Phase 1: Goal definitionj

Define the activity, the time period, and the representative calendar time which the analysis is
to account for. The time period is given the symbol t, and is usually one year.

Phase 2: Inventory analysis

Collect, according to common element 1, data of every economic process that is part of the
system in agreement with the goal definition's specification of activity and calendar time. The
environmental intervention of the &th environmental commodity is given by

Phase 3: impact analysis

Collect data with respect to environmental processes that determine the fate of environmental
commodities and the damage of economic commodities according to common element 3.
Determine the reduction matrices according to common element 4. The transient and
permanent stressors are found by application of the second fundamental equation. Select
impact categories and determine impact factors according to common element 5. Apply these
elements by using the third fundamental equation. Determine problem factors according to
common element 6, and apply the fourth fundamental equation to find the environmental
problem that is to be attributed to activity during the selected time period.

13.1.5 RELEASES OF A CHEMICAL: RISK ASSESSMENT

Sections 7.5 and 12.4 described risk assessment as a special case of the procedure for substance-flow
analysis. The difference is that one does not study the presence or the content of the chosen
substance in commodities, but only as it really exists in a free form. So, not cadmium in batteries
and not cadmium in a stock in a factory, but only the emission of pure cadmium to the
environment. The only difference in the procedure that is described in Section 13.1.3 is a more
restricted choice of the vector of transmission coefficients. Nearly of all them will be zero.

13.1.6 DISCUSSION

The preceding sections discussed four different answers to the attribution problem. There is not one
single and unambiguous answer. The relative position and meaning of the different answers is
discussed in the next section, which concentrates on the second main question of this study. Some
discussion needs to be devoted, however, to the question of novelty of the results. Have the tools
by any means been improved?

I think that the answer is affirmative. The constant debate on how the tools for environmental
analysis and decision-support ought to be, can be traced back to a lack of clarity in question and
a lack of clarity in epistemological foundation. The first point will be discussed in Section 14.2.2,
the second point will hopefully be clear after the reader has gone through the previous chapters.
Some examples from the previous discussions will demonstrate a number of proposed modifications
to the existing tools.

• The impact analysis (or impact assessment) of LCA is split into three major elements: analysis
of fate, analysis of impacts, and analysis of problem contribution.

• The analysis of fate in all the tools that are derived is improved by - at least theoretically
- incorporating the formation of reaction (decay) products and the disappearance of natural
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resources that are consumed to regenerate other extracted resources.
• The focus on the attribution problem enables a clear restriction in the question that is

posed, and allows to design the tools from linear principles.
• The question that is posed in SFA is changed from an analysis of the flows in the economy

an environment in a region to an analysis of the flows in the economy of a region and the
flows in the environment that are to be attributed to those economic activities.

• The current mixture of marginal and average calculus that underlies the impact analysis and
parts of the inventory analysis, is purified.

• The theoretically superior way to link processes in an SFA is by specifying all inputs and
outputs of the processes, and not yet concentrating on one single substance or substance
group.

13.2 Answer 2: the position problem

The previous section summarized a number of different modes of answer to the attribution
problem. Depending on one's point of view, different "cross-sections" or "cut-outs" through the set
of economic activities (or "the economy-environment system") could be made (cf. Udo de Haes &
Heijungs (1996)). The fact that these cross-sections were connected to tools for environmental
analysis and decision-support, combined with the fact that these tools were derived within a
uniform framework and from unified epistemological principles, now enables to give an answer to
the position problem that was formulated in Section 1.2.2.

For this, we will first place all tools that have been derived in an enlarged version of Figure 5.3;
see Figure 13.1. The left branch corresponds to activity-level analysis, in which an external demand

attribution analysis

; choose
final demand

activity-level analysis

\
choose one
external demand
commodity

life-cycle assessment*

choose
operating time &
system boundary

1

commodity-flow accounting

select one
indicator 1

commodity

substance-flow
analysis*

choose a
very small

region

restrict
1 to "pure" 1

chemical

environmental
impact

assessment
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Life-cycle assessment includes here "cradle-to-grave" analysis, " cradle-to-gate" analysis, and "gate-to-grave" analysis.
Substance-flow analysis also includes here material-flow analysis, product-flow analysis, and energy(-flow) analysis.

FIGURE 13.1. Enlarged version of Figure 5.3, in which all analytical tools that were discussed
have been placed.

is specified, and the operating times of the economic processes are determined such that the external
demand is satisfied. The branch on the right is the commodity-flow accounting, in which a certain
operating time is chosen (most often one year) to which all economic processes in the system
boundary are put. We see that substance-flow analysis, environmental impact assessment, and risk
assessment are considered as special cases of this more general commodity-flow accounting. This
does not mean that CFA is in any sense "better" or "more useful" than its three daughter-tools. On
the contrary, the tools introduce additional information, which gives them in some respects priority
over their mother. For instance, the transmission coefficients of SFA translate the result of the CFA
into an analysis which is very suitable for tracing the origins of certain flows (cf. Van der Voet
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(1996); see also Section 14.1.4).
The previous sections gave a summary of the formal procedures for the different tools. The

headings of the various sections already give a clue to the position problem. More extensively, in
relation to the goal definition of the various tools we arrive at the following conclusions.

Life-cycle assessment

Life-cycle assessment (LCA) is a tool for environmental analysis and decision-support that
attributes environmental interventions, environmental stressors, environmental impacts, or the
total environmental problem to a cluster of economic processes of which the operating time is
adjusted in such a way that exactly one output service is produced.

Substance-flow analysis

Substance-flow analysis (SFA) is a tool that attributes the substance-content of a user-defined
substance or substance-group of the environmental interventions or the environmental stressors
to a cluster of economic activities that takes place in a certain region during a certain period of
time.

Environmental impact assessment

Environmental impact assessment (ELA.) is a tool that attributes the environmental interven-
tions, environmental stressors, environmental impacts, or the total environmental problem to
the cluster of economic activities that is related to a narrowly defined "region" (i.e. a set of
spatially located activities), such as a factory, during a certain period of time.

Risk assessment

Risk assessment (RA) is a tool that attributes the environmental interventions, or the environ-
mental stressors to the cluster of economic activities that takes place in a certain region during
a certain period of time in so far as a certain chemical is involved in its pure form, e.g. heavy
metals as such and not as contained in batteries or plastics.

We thus see that all these four tools give a different interpretation to the question of attribution.
This study opened with the painted slogan against CO2, as an example of an attempt to reduce
global warming impacts. A CFA will point out that the Netherlands' economy is the source of a
certain amount of CO2. An LCA will connect this to product functions, some of which will be
produced but not used within the Netherlands, and some of which will be used but not produced
in that country. An EIA might specify in more detail what contribution to CO2 is made by the
activity under review, but will also not point out final causes. There is no final cause, it all depends
on the perspective of the decision-maker, and hence on the cross-section he or she decides to make.
The tool will only help to make this cross-section. And the unified derivation of the tools will
guarantee that there is not an inconsistency between the different tools.

It must be emphasized once more that the compilation of emissions and extractions, the
inventory table, is constructed by an aggregation over all processes that are included within the
system boundary. The consequence is an omission of details with respect to calendar time, location,
and intermittent or continuous character of an intervention. This fact, added to the omission of
background levels makes that the analysis of impacts necessarily assumes a rough form, which is
probably good enough in the context of the attribution problem, but which is certainly not
sufficient for quite some of the current uses of risk assessment and environmental impact assessment.
In this respect, and certainly in the context of what will be discussed in Section 14.1, risk assessment
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and environmental impact assessment as understood in the present context are of very limited value.
The intrinsic chain character of life-cycle assessment and substance-flow analysis makes the proposed
description much more valuable. See, however, the next section for a number of important remarks
with respect to meaning of the results and realm of applicability.

A very important final remark is that all that has been said above applies to the particular forms
of LCA, SFA, EIA, and RA that were derived:

• to answer the attribution problem;
• under the chosen epistemological principles.

There are other forms of each of the instruments, either because they were not constructed to
answer the attribution problem, or because other epistemological principles were used, implicitly
or explicitly. For instance, the ignorance of location in the tools that was mentioned above does
normally not apply to EIA. This has to do with the fact that EIA is normally not applied for the
attribution problem, but for the analysis of planning of new activities; see the next chapter.



Chapter 14

FURTHER REFLECTIONS

14.1 The limits of attribution

14.1.1 ATTRIBUTION VERSUS PLANNING ANALYSIS

Section 5.2.4 discussed the assumption of fixed technical coefficients. It was concluded that technical
coefficients are almost never constant, and that the indivisibility of certain commodities may be a
disturbing factor as well. These limitations were accepted in the context of the attribution problem,
because attribution is inherently connected to chopping indivisible commodities into pieces, and the
linear attribution rule inevitably led to fixed technical coefficients.

When results from an exercise in attribution are applied in practical situations, the limitations
show up, however. Many economic and environmental processes behave in a non-linear way, with
every now and then discontinuities. The emission of transporting a commodity by truck per unit
of commodity will level-off as a function of the number of commodities transported, with a sudden
increase if a second truck is required. Using knowledge from this study may well result in a change
of economic behaviour, so that indeed an extra truck is needed. The attribution itself did not
incorporate that. More or less in line with this, Opschoor (1994) introduces the material-product
(MP) chain analysis as an analysis that

[...] aims at linking the materials approach and the product approach [...] in an application oriented, policy
relevant fashion.

Here policy relevancy demands that some forms of socio-economic parameters may need to be
introduced, e.g., in order to achieve a proper picture of what will happen. An example application
(Kandelaars & Van den Bergh (1996)) shows what could be involved here. As stated in Section 2.2.2,
the modelling of socio-economic behaviour is irrelevant for the attribution problem.

We thus see a distinction between attribution and the planning or programming of economic
activities. The scientific requirements for an answer to the attribution are consistency and logic. The
scientific requirement for the question of planning is truth. The question of where to build which
factory is one which should give an indication of what really will occur.2 Another instance of
planning is that of choosing which pesticides are to be granted. In those cases, very much additional
knowledge is required: what are the background levels of pollutants and noise, which sensitive
species are living where, et cetera. These aspects find no place in the unified methodology of this
study, because the study is not concerned with planning. But it may inspire the construction of a
similar theory to answer the planning problem. It may be possible to design an alternative
epistemological scheme, which then serves to derive a number of tools for environmental decision-
support in relation to planning.

Opschoor (1994, p. 207).

Environmental impact assessment is almost always exclusively used for planning purposes. The procedures that are
used therefore barely resemble the procedure that was derived in this study.
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The theory that has been developed in this study does not answer the planning problem that is
concerned with the question of adding activities at certain locations, of installing factories, or
of buying products. The unified approach may, however, inspire others to derive tools for
decision-support for application to the planning problem.

14.1.2 ATTRIBUTION VERSUS SCENARIO ANALYSIS

An interesting question is in what respect the inventory analysis of life-cycle assessment of Section
7.2 differs from the normal analysis of economic activities and their environmental consequences.
Life-cycle assessment has a number of important characteristics:

• the external demand vector contains only non-material services (not a radio, but using a
radio for a certain time);

• only one economic commodity is non-zero in the external demand vector (not a complex
set of services, but one isolated service: the functional unit);

• the external demand vector is often of an arbitrary nature (not the total number of hours
of radio use by an individual consumer or by the total population, but one hour or five
hours).

The arbitrariness of the functional unit can be justified by the fact that the first fundamental
equation is linear homogeneous: results from LCA, combined in a proper way, can build an analysis
of a macro type. Mathematically we have

Ab = (b+Ab)-b
= (B-A-'-(a+Aa))-E-A-'-a, (M.I)
= fi-A ' Aa

which implies that LCA can be regarded either as an analysis of the difference in environmental
flows of a world with (a+Aa) and without (a) one additional service, or as an analysis of a world
with only that service (Aa).3 The linearity goes back to the assumed linearity in the activity analysis
(see Section 5.2.1), which on its turns goes back to the linear interpolation (defended in Section
2.1.2).4

One may think of carrying out an LCA at the macro level. If one defines the functional unit to
be "having one meal", one effectively combines the functional units "drinking one glass of wine",
"eating one potato", "eating one kg of fish" in suitable proportions. In a similar way, one may
define a functional unit like "living of one person for one year", or "subsistence of the world's
population for one year". The functional unit at the macro level is in fact a full enviro-economic
activity analysis, with a certain population and its life style as its exogenously imposed driving force.
The boundary between life-cycle assessment and environmentally extended activity analysis as
defined in Section 5.3.2 is thus vague. Nevertheless, the definition of life-cycle assessment as an
activity analysis with a restriction in external demand helps to clarify the relation with the existing
forms of LCA.

Important advantages of the micro approach of LCA are the following:
• LCA allows to find out the relative contribution of every service that is part of the life style

(e.g., radio listening contributes 2% to the total environmental problem);
• LCA allows to make comparative statements on product alternatives that produce (nearly)

See also the discussion on Leontief multipliers in Section 7.1.
Observe that under the present assumptions, LCA is not necessarily a marginal approach (see Heijungs et al. (1992&,
p. 12)), as the equation for Ab is valid for a Aa of any size. It must be noticed, however, that the important restriction
is the cetera paribus assumption which is completely logical in the context of the attribution problem, whereas it is
only to some extent acceptable in the analysis of the difference between a world with and without one additional
service (cf. Huppes 8c Frischknecht (1995)). The latter type of analysis might appropriately be called the incremental
problem to put in contrast with the attribution problem.
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the same function (e.g., radios connected to the grid have a lower to the environmental
problem than battery-operated radios);

• LCA allows to find out where major improvements of product systems might take place (e.g.,
energy consumption during use is responsible for 90% of the total environmental problem
of radio listening).

These properties make that LCA is widely used by governments, by industrial firms, and by
consumer movements and environmental groups (Baumann (1995), Anonymous (1996)).

However, the restriction of the subject of LCA to one economic commodity is effectively a
ceterts partbus assumption. This assumption is obviously violated in many cases, in particular when
changes at the macro level are foreseen. For instance, a complete replacement of battery-operated
radios by grid-operated ones would induce a cascade of economic repercussions which affects the
battery-producing industries, their suppliers, and so on. Ultimately the external demand of a society
might change in many respects, leading to quite different types of environmental impacts. The
essential element here is a break-down of the hypothesis of fixed technical coefficients. In that sense,
we retrieve the situation of the previous section on the planning problem. But its scope may be
much wider here: it involves large-scale changes of technical characteristics and social behaviour.
Like in the case of the planning problem, the analysis of scenario changes call for a "true" method,
that obviously involves non-linearities and other complicating factors. And again, the LCA, SFA, etc.,
that have been derived to answer the attribution problem do not give an answer to the scenario
problem. Other forms of these tools may be developed, however, and some of the ideas that have
been forwarded in this study may be useful for that purpose.

The analysis of large changes in scenarios requires other implementations of the tools than the
one that is provided in the context of the attribution problem.

14.1.3 ATTRIBUTION VERSUS IMPROVEMENT ANALYSIS

In various documents on LCA, a statement like the following is included:
The prime objective of carrying out a LCA are: [...] (3) to provide decision-makers with information which [...]
identifies opportunities for environmental improvements."

To satisfy this objective, the established procedure for LCA contains, beside goal definition and
scoping, inventory analysis, and impact assessment, an improvement assessment (or: analysis).

At the same time, it has been recognized that
formal systematic procedures for improvement assessment are not yet established.6

Furthermore, it has been agreed that the
actual redesign of a product or process is not a part of LCA - it is one of the applications.

A number of remarks must be made:
• The statement that the identification of options for product improvement on a life-cycle

basis is not (yet) formalized, is not true; see Heijungs et al. (1992b, p. 115 ffi) and Heijungs
(1994&) for two methodological developments in that direction.

• There is a tendency to confuse the analytical improvement assessment with the application
in the form of product improvement; this may be one reason for ISO to erase improvement
assessment from the "canonical" standard for LCA.

• The attribution of the environmental problem to a product, as one "cross-section" in
looking to the attribution problem, does not need an improvement assessment, and is even
not compatible with it.

The remainder of this section concentrates on this latter point, but will occasionally touch upon

5 Consoli et al. (1993, p. 5).
6 Op. cit. (p. 6).

Op. M. (p. 26).
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the other points as well.
The procedure to answer the attribution problem tries to give an answer to an accounting

question. There is no other goal than an analytical one. On the other hand, improvement of
products is an important issue in many industrial companies (Christiansen et al. (1995)). It is felt
that the attribution of environmental aspects (like interventions or impacts) to a unit of product
contains important information which only needs to be revealed. The marginal analysis (Heijungs

(1994d)) is based on that conviction. The procedure is based on the calculation of a series of
parameters that indicate the sensitivity of the environmental intervention to an intentional change

of the technical coefficients. The quantities -r-^—^- and — *--r̂  are considered for this purpose. A

high value of these coefficients (either positive or negative) points to a technical coefficient (ai or
£,) that must only slightly be changed to significantly change the chosen intervention (b^. The
procedure for the marginal analysis yields a long list with sensitivity factors for all technical
coefficients. The idea is that the most sensitive parameters are first considered in an analysis of
options for environmental improvement. The coefficients have, however, been calculated with a
non-discriminating routine. This means that quite a number of them may be irrelevant, because they
correspond to physically impossible suggestions (e.g., produce more than one kg rolled steel from
1 kg steel), uneconomic suggestions (e.g., recycle 100% of the disposed glass), or inconvenient
suggestions (e.g., do not light a candle during supper). There could be even more reasons to discard
certain suggested options for improvement. The selection of these options is clearly an applied
activity, which should not take place within the context of attribution or related analytical
questions. The generation of the still unscreened options by means of the marginal analysis or by
any other analytical means is, however, different. It does not belong to the attribution problem in
the strict sense, but can in some situations be a fruitful extension. It is all the more regrettable that
these analytical extensions are so rarely discussed, and that the framework of ISO has put them into
the rather obscure sphere of "interpretation" that is filled with various types of miscellaneous extras.
It is highly probable that this will lead to a regression of further developments with respect to
analytical tools for extracting improvement options from the wealth of information that is present
in LCA. For the other tools, the idea of an improvement analysis has received even less attention.8

The method for answering the attribution problem contains information that may be relevant
for the improvement of products or processes. The generation of improvement options itself is
not part of the attribution problem, however, so that a treatment of this topic is outside the
scope of this study.

14.1.4 ATTRIBUTION VERSUS ORIGINS A N A L Y S I S

The attribution problem was defined as a mapping of economic activities onto environmental
problems. For some purposes, a reversed procedure, called origins analysis, may be of interest. In
the context of substance-flow analysis, Van der Voet et al. (1995&) write:

The origins of one specific problematical flow can be traced at several levels. [...] three levels are distinguished:
1. Direct causes, derived directly from the nodes balance (for example, one of the direct causes of the cadmium
soil load is atmospheric deposition) 2. The economic sectors, or environmental policy target groups, directly
responsible for the problem, identified by following the path back from node to node to the point of emission
(for example, waste incineration is one of the economic sectors responsible for the cadmium soil load) 3.
Ultimate origins, found by following the path back to the system boundaries (for example, the import of zinc
ore is one of the ultimate origins of the cadmium soil load).9

This section discusses possible connections between attribution analysis and origins analysis.

See, however, Van der Voet et al. (1995e) for a marginal analysis in SFA.
9 Op. at. (p. 140).
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The search for direct causes is straightforward using the formalism derived in this study. The
environmental process (node) from which a particular flow directly originates can be easily
identified. The question which economic sector is directly responsible is also not difficult to answer.
The arguments of Section 1.1.1 must be kept in mind, nevertheless: although the electricity plant
is most directly coupled to the emission of carbon dioxide, this direct responsiblity setting is not
always obvious in a more sophisticated analysis.

The remainder of this section will be concerned with the ultimate origins analysis. This type
of origins analysis may be defined as answering the question which input flows contribute how
much to a certain internal flow or output flow. In the language of Figure 7.3: the ultimate origins
of x9 are x2 and xt, and the origins analysis should state which fraction of x9 is due to x2 and which
fraction is due to x6. Van der Voet et al. (1995&) propose to rewrite the system of equations
(Equation (7.42)) in a form that all flows except the origin flows x2 and x6 become dependent
variables:

(14.2)

x,

Supplying the values that were found for X2 (18182) and x6 (1453), we find that x3, x4, x5, and xs

originate entirely fromx2, and that x9 originates for 99.9% fromx6 and for the remaining 0.1% from
X2.

In the case of internal loops, it may happen that internal flows are larger than the total input
flow. For instance, Van der Voet et al. (1995&) shows a total input of 120 and an internal flow of
420. The origins analysis then states that the input flow of 20 creates an internal flow of 57, 14%
of the total size of 420. A certain problematic flow may therefore be highly sensitive to the flows
from which it originates, and it may be hence be influenced to a large extent by a small change in
the input flows. One could envisage to work out a kind of Hessian matrix:
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to identify elements that are larger than one, and that therefore represent sensitive aspects. The
interpretation is pretty close to that of the marginal analysis that was discussed in Section 14.1.3.
Main difference is that the sensitivity coefficients are more easily established than in the case of the
marginal analysis, where the presence of an inverse matrix in the first fundamental equation
complicates the mathematics.

An origins analysis, in the sense of an analysis of which inputs may be held "responsible" for a
certain flow, is a mode of analysis that is quite close to the attribution problem. The procedure
of origins analysis can be derived from the procedures that were discussed in the context of
attribution.

14.1.5 THE MEANING OF ATTRIBUTION FOR E N V I R O N M E N T A L ANALYSIS
AND DECISION-SUPPORT

We have occassionally come across questions related to attribution versus marginal, causality,
unknowables, et cetera. This section aims to provide a somewhat broader interpretation of what
attribution is and what it means in the context of environmental analysis and decision-support.
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One can not change the world. One can only make choices which affect the way the world is
running in a negligible or almost negligible way. One might therefore propose that the only
relevant question in decision-making is the marginal question, that starts from the ceteris paribus
assumption and then leads to questions such as: what are the additional environmental problems
if one extra product is made? This would disqualify the use of tools for the attribution problem as
these were interpreted throughout this study as achieving a static apportioning for use in
environmental analysis and decision-support.

However, even if we accept that the marginal question is the relevant question in the context
of decision-making, the attribution question still has a value in pointing out key issues. With an
economic métaphore, for instance, we might with an attribution-type of question discover that
housing is "responsible" for one-third of our monthly expenses. A subsequent marginal analysis
could then analyze the gain or loss of moving to another house or switching to a completely
different system for shelter. So, a combination of tools might be envisaged:

• First, tools for attribution analysis are used to identify key issues (dominant aspects, hot
spots).

• Next, tools for marginal analysis are used to investigate the change that is introduced by
switching to an alternative.

Even without the second type of analysis (or: if switching to an alternative does not improve the
situation), the attribution type of analysis is worth doing, because it confronts people with the share
of particular economic activities in the total environmental problem. In that way, we become aware
of the rucksack, the footprint (Wackernagel & Rees (1996)), the shadow (cf. Anonymous (1993)),
or any other visualization of the environmental problems attributed to the economic activity under
study. On the other hand, doing a marginal analysis without an attribution analysis has another
type of value. It is aimed at environmental improvement without (or with only implicit) prior
analysis if the problem that is being relieved was large enough to give it priority.

One probably disturbing conclusion that we may draw from this argument is that there is not
one single LCA, nor is there one single SFA. There are two major types: one relating to static
attribution and one to changes. The family of change-related tools may be further subdivided into
tools for analyzing consequences of short-term variations, mid-term variations, and long-term
variations (Frischknecht (1997, p. 4)). See also Section 14.2.2.

Attribution analysis does not answer the question of effects of changes. For that, other
epistemological principles have to be enunciated and elaborated as to their consequences for
operational tools. However, attribution analysis may act as a source of inspiration in where to
analyze which changes.

14.2 Final remarks

14.2.1 PROCESS AND THE STATE OF THE ENVIRONMENT

This study has put an emphasis on the concept of process. Part 2 and a large part of Part 3 were
devoted to economic and environmental processes as the central object of concern. At the same
time, it was stated that there is a "something" to be changed in the course of a process. This
"something" was represented by the economic or environmental commodities. One may wonder
if there is a prime object of environmental concern with respect to the process-commodity question.
Which of the two is more "real"? Which of the two is more important?

Since ancient times, philosophers have touched these and related questions. The most famous
controversy in this respect is the one between Parmenides and Heracleitus, between the alleged
permanence of substance against the tantamount alleged volatile irétvrct freï. The discourse is,
however, far from settled, with Whitehead's Process and reality and Bergson's l'Évolution créatrice
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as climax of the twentieth century. Without desiring to jump into an area that is remote to me and
to the topic of this study, some statements could be made in the context of the attribution problem.

We may conceive the economic system and the environmental system in two different ways.
The first corresponds to the snap-shot concept of making a picture of the state of the world at

time t = 0, and listing all that can be seen in a state vector fl(0). The elements of this state vector
then represent amounts of economic and environmental commodities 0,-(0). The nature and the

location of these commodities can be specified in any desired degree (see Section 5.1.5). A typical
example of this state vector is

3 radios

0(0) =
16 kg steel

120 kg CO2 in air
(14.4)

A snap-shot that is made a time interval Tlater gives a state vector 0(7). We may visualize the two
pictures with their corresponding state vectors like in Figure 14.1. The two boxes represent the

0(0) 0(7)

FIGURE 14.1. The commodity-picture of the world.

photographic images of the state of the economy and environment that were produced at time f =
0 and at time t = T. The arrow indicates the flow of time, and symbolizes the apparent change that
has taken place in the time interval T.

The second conceptualization of the state of the world is represented in Figure 14.2. It gives a

FIGURE 14.2. The process-picture of the world.

central role to process and neglects the state of the world either before or after the process. The
arrows here symbolize the inflows and the outflows of sets of commodities.

The two pictures can be united by establishing a formal correspondence between the two:

0(7)-0(0) =

or, more dynamically oriented,

0(7) = 0(0)+fp(r)df. (14.6)

We must however be cautious to not establish the identity of the two pictures too rapidly.
The commodity-picture is able to study the "apparent change". This means that it is unable to

detect whether a change is due to a unit process or to a cluster of unit processes. It just establishes
the difference between before and after, and considers this difference as the process. This view has
important shortcomings in relation to the theory that was developed in this study. Part 2 discussed
the allocation problem in connection to the fact that more than one useful thing has happened. We
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established a theory of dealing with this problem that was based on the basis of splitting a unit
process into two or more virtual processes. The step that was tacitly assumed to be taken before
was the specification of aggregate processes as to their constituent unit processes. In the analysis of
fate in Part 3, an even more complicated situation arose. It was concluded in Section 9.2.7 that it
was necessary to describe the fate of environmental commodities by modelling environmental
processes, and that giving a pure phenomenological description did not suffice.

The process-picture, which has therefore been chosen as a basis for this study, has however
another important shortcoming. The state of the economy and the environment are outside its
realm. This type of analysis is therefore unable to say anything about stocks in the economy, about
background concentrations of chemicals, et cetera. This shortcoming must be recognized for a
proper understanding of the meaning of the tools that were derived. Environmental decisions very
often need to take into account this information. This should remind one once more of the
incomplete character of these tools.

The above remarks should induce one to conclude that the commodity-picture and the process-
picture are both useful though incomplete. They supplement each other in giving a complete picture
of the world. In a more restricted context - like the attribution problem - one of the two pictures
may suffice. It should be clear that, although I adhere to the process-picture in this study, I by no
means position it prior to the commodity-picture. I am not a "processist", but probably half a
"substantialist" (see Rescher (1996, p. 5)). I therefore reject the creed of process ontology, which is
summarized below.

Process can conceivably make do without things. [...] But no workable substance ontology can get on without
a heavy reliance on processes, seeing that process-detached thing is a fifth wheel. Substances can come upon the
stage of consideration only through the mediation of processes. A process ontology thus greatly simplifies
matters. Instead of a two-tier reality that combines things together with their inevitable coordinated processes,
it settles for a one-tier ontology of processes alone - at any rate, at the level of basics. For it sees things not just
as the products of processes [...] but also as the manifestations of processes - as complex bundles of coordinated
processes. It replaces the troublesome ontological dualism of thing and activity with a monism of activities of
different and differently organized sorts. If Ockham was right and simplicity is a crucial advantage in ontology,
then process metaphysics clearly has mush to offer.10

I rather consider this and similar points of view inspiring in certain contexts.

14.2.2 Is THERE No TRUTH IN ENVIRONMENTAL SCIENCE?

Although this study started with an apparently normal question in relation to an incident at the
electricity producer where Greenpeace had chosen to climb into the chimney, we have gradually
moved into an almost metaphysical discourse on truth in environmental science. This section will
give a summary and sketch some prospects.

Section 2.1 raised the epistemological problem of how to acquire knowledge in the context of
the attribution. It was said that the attribution problem could not be answered by experimental
methods, and that the attribution itself could be considered as an interpolation, so that any attempt
to verify it is doomed to fail. The science was consequently built up from a number of
epistemological principles: order-independency, amount-independency, and 100%-additivity. These
three principles were more or less sufficient to derive life-cycle assessment, substance-flow analysis,
et cetera. They were not completely sufficient. Except for the problem that data on economic and
environmental processes is needed in addition, there are some other details that are missing. These
are in particular the allocation factors (Section 6.2.2), the impact factors (Section 5.3.4) and the
problem factors (Section 5.4.4). These three categories of factors were even claimed to be
unknowable under the present epistemology, which is to say that they are not provided by the
present theory, and neither that the theory gives a clue to how they can be obtained. Every choice
which satisfies the three principles is compatible and therefore correct. This leads to a proliferation
of equally correct methods and answers. The result is a paradox: a comparative analysis of the

Rescher (1996, p. 48-49).
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environmental problem that is to be attributed to activity x and to activity y may bring forward
that according to some x is more environmental friendly, whereas others hold that y is better. The
paradoxical is that they are both right. In other words: there is no single unambiguous truth under
the present epistemological principles. Some of the quotations in Section 2.1.4 illustrated the
situation.

There is an other aspect, that is perhaps even more disturbing. The previous point may in
principle be solved by specifying one or two more principles.11 But even the principles themselves
- the three of Section 2.1 or extended with one or two more - are by no means universal. It is
really like the interpolation of the power function x" to non-integer values of n (Section 2.1.3):
almost every definition is good. It is only widely agreed upon to choose one particular form. For
the attribution problem, a similar argument might hold. In the context of energy analysis, Chapman
declared long ago that

[...] all these estimates of the energy cost of aluminium are self-consistent, they are all "correct", but they are
all based on different conventions.'

The epistemological basis might be chosen in a completely different direction. For instance, the
principle of 100%-additivity could be argued to be abandoned, in the same way as today's
differential geometrists reject Euclid's parallel postulate (cf. Heijungs (1997a)). The result is a
completely different set of operational rules for LCA, SFA, et cetera. And again, consistent within
itself, and, as long as it not in disagreement with facts, equally as valid as the tools that were derived
in Section 13.1. Once more, a paradox, but now not due to an insufficient epistemology, but due
to an alternative epistemology.

Still one level higher is the interpretation of the tools for environmental analysis and decision-
support. What is life-cycle assessment? Is it a tool within the context of the attribution problem,
as this study has been arguing? Or should we see it in the context of incremental analysis (cf.
Huppes & Frischknecht (1995))? Here the situation is somewhat less dramatic, because it will often
be possible to determine if a certain question requires an analysis with respect to attribution, with
respect to marginal changes, with respect to large-scale changes, et cetera. But still, the terms LCA,
SFA, EIA, and RA have only a vague meaning unless the exact context of attribution versus planning
versus ... is specified.

At another level, there is the question of universality. It turns out that questions with respect
to environmental preference can not unambiguously be answered, even if the rules are clear. This
has to do with the particular circumstances of the target group of the analysis.

It is conceivable that LCA tells us that a household should prefer glass bottles, whereas canteens should prefer
carton packages. The environmental truth is user-dependent and thus context-sensitive.
We have seen that there are many competing environmental truths. This obscures environmental

debate, and might be an obstacle for the belief in tools for environmental analysis and decision-
support. There is not so much reason to be pessimistic, however. There are many truths in the
environmental world, but the realm of many of these truths is quite restricted. A precise
formulation of the question that is to be answered by the tool is a first prerequisite. Next comes
the choice of the appropriate tool. Only at the level of concrete tools the truth begins to bifurcate.
An epistemological basis must be chosen. And the chosen one might be insufficient to complete all
details of the procedure.

14.2.3 A ROLE WITHIN ENVIRONMENTAL PHILOSOPHY

It is clear that quite some work remains to be done. It is also clear that not all work can be done,
or, at least, not in a conclusive way. I end up as I began, by putting the concept of environmental
science in the view of the hybride status of philosophy, and everything else that is beyond what

11
12

13 Heijungs & Guinée (1995, p. 666).

In Heijungs (1997a) this would amount to the formulation of one or two more axioms.
Chapman (1974, p. 102).
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can be perceived, and that is thus pan of metaphysics.
Philosophy, as I shall understand the word, is something intermediate between theology and science. Like
theology, it consists of speculations on matters as to which definite knowledge has, so far, been unascertainable;
but like science, it appeals to human reason rather than to authority, whether that of tradition or that of
revelation. All definite knowledge — so I should content - belongs to science; all dogma as to what surpasses
definite knowledge belongs to theology. But between theology and science there is a No Man's Land, exposed
to attack from both sides; this No Man's Land is philosophy.14

Conceived in this way, the construction of tools for environmental analysis and decision-support
is a No Man's Land between ethics and experience. And indeed, it will be exposed to attacks from
the side of dogma and from the side of science. The results may be in contradiction with well-
established dogmas like the doctrine that reuse and recycling are "good". And the procedure may
be in contradiction with scientifically established facts, like the impossibility of installing half a
locomotive or of producing chlorine without sodium.

This, however, must not be seen as a weakness of this branch of "environmental philosophy".
It should be seen as a property to which one should try to get used. The subject of interdisciplinar-
ity that was discussed in Section 2.2, together with the previous remarks concerning the position
of this type of science should stimulate the unique academic role that is potentially present: heavily
relying on dogma, natural science, and social science, but not belonging to any of the corresponding
disciplines.

14 Russell (1945, p. xiii).



Chapter 15

SUMMARY OF FINDINGS

This study has raised a large number of topics, from the "ultimate means" (physics/technics) to the
"ultimate ends" (theology/ethics) (Daly, 1971). A natural question is: What's new? This concluding
section summarizes a number of points which I consider to be new findings.

• Answers to the attribution problem can only be given by theoretical reasoning, not by
experimental methods; this also means that there is not one unambiguous answer to the
question of the attribution of environmental problems to economic activities.

• The epistemological foundation for tools for environmental decision-support is of the utmost
importance; the fact that it has been neglected so far' is a serious barrier to scientific and
therefore also societal acceptance of these tools.

• It is possible to derive a number of tools for environmental decision-support from a quite
limited set of epistemological principles.

• The harmonized framework and derived method for these tools allows for the compilation
of databases that can be used for each of these different tools.

• It is possible to derive these tools, and in particular life-cycle assessment and substance-flow
analysis, from exactly the same epistemological principles. For the other two tools that have
been considered, environmental impact assessment and risk assessment, it is probably less
important to use the quite situation-unspecific form that has been derived.

• All these tools represent a particular "cross-section" of the attribution problem, relating to
products from the cradle to the grave, to substances in a region, et cetera.

• There are many forms of each of these tools, each of them corresponding to a different
question: that of attribution, that of planning analysis, that of scenario analysis, that of
improvement analysis, and that of origins analysis. The present study has emphasized only
one of these forms: that of attribution.

• The ideas that have been developed in economic input-output analysis and activity analysis
are very relevant and useful for the development of methodologies for life-cycle assessment
and substance-flow analysis.

• The set-up of these tools developed in this study differs in a number of respects from the
conventional set-up; it is argued that the new set-up is better in the context of the
attribution problem.

• The fate models that have been developed in risk assessment using steady-state multimedia
models are suitable in the context of the attribution problem. A major improvement which
turns out to be theoretically simple is the incorporation of reaction (decay) products.

• The epistemological basis that has been chosen in this study of course does not provide any
empirical input data needed for obtaining actual results. Worse, perhaps, is that it is an

I cannot resist the temptation to quote Jammer's The conceptual development of quantum mechanics: "In spite of its
high-sounding name and its successful solutions of numerous problems [...], quantum theory [...] prior to 1925, "was,
from the methodological point of view, a lamentable hodgepodge of hypotheses, principles, theorems, and
computational recipes rather than a logical consistent theory. [...] In fact, quantum theory became the subject of a
special craftsmanship or even artistique technique [...]. In short, quantum theory still lacked two essential
characteristics of a full-fledged scientific theory, conceptual autonomy and logical consistency." (Jammer (1966, p.
196)). I am inclined to think that the term quantum mechanics may easily be replaced with the terms LCA, SFA, and
the like, with the substitution of 1925 by an appropriate date.
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insufficient basis for providing the principles for obtaining all the parameters encountered
in the tools that have been derived; this applies in particular to the allocation factors, the
impact factors, and the problem factors.

• The quantitative nature of the tools for the attribution problem means that a basic
knowledge of mathematics is indispensible; moreover, matrix algebra2 provides an elegant
and powerful technique for the derivation and formulation of the different tools.

A remarkable coincidence is that the above quotation occurs in Jammer's chapter The rise of matrix mechanics.
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Samenvatting

Formele afleiding van algorithmische instrumenten voor milieugerichte
ondersteuning van beslissingen vanuit een verenigd kentheoretisch beginsel

Wie in zich zelf tragedie en komedie genoeg heeft,
blijft waarschijnlijk liefst zo ver mogelijk van het theater vandaan;

of anders, bij wijze van uitzondering, wordt het hele gebeuren
- theater en publiek en dichter incluis -

voor hem het eigenlijke tragische en komische schouwspel,
zodat het opgevoerde stuk in vergelijking daarmee slechts weinig voor hem betekent.

Friedrich Nietzsche, De Vrolijke Wetenschap, 2:86, vert. P. Hawinkels

De vraagstelling en werkwijze van dit proefschrift, alsmede de onvertaalbare Engelse hoofdtitel,
worden metaforisch verklaard in onderstaande scène.

„Moet je nu eens kijken," riep de schouwburgdirectrice, terwijl ze haar tenen In haar schoenen
kromde precies boven een van die plaatsen die haar opgevallen was, „allemaal putjes In de vloer."
Ze liep verder naar de achterkant van het podium. „En wel vijf scheuren In het gordijn;"
demonstratief draalde ze haar rechterplnk linksom, rechtsom door zo'n scheur. De deurklink van het
decorhuls bungelde er ook al bij. En de deur klemde, zodat je bang moest zijn dat je bij het
opentrekken van de deur de klink los zou trekken. „Dat kan toch niet, stel Je voor dat een van onze
spelers dat In, eb. In de Hamlet overkomt! Dan wordt het opeens een komische scène, en dan kunnen
we onze ambities van kwaliteltstheater wel vergeten." Ze huiverde bij de gedachte aan de recensies
In de landelijke bladen.

De toneelmeester keek vermoeid. „We weten niet waar dat door komt. Misschien moeten we dat
eens uitzoeken."

De directrice riep getergd uit: „Nou Ja, het komt natuurlijk door de voorstellingen. Daar slijt het
toneel van. Daar hoef Ik niets voor uit te zoeken."

„Nee, Ik bedoel: door welke voorstellingen. Komt het door de Shakespeares? Of komt het door de
Franse stukken? Of zijn het de sterfscènes die het meest bijdragen? Misschien zijn het wel de
musicals. Dat moeten we uitzoeken. En pas dan kunnen we stappen ondernemen. Bepaalde
activiteiten verbieden bijvoorbeeld, of beperkende maatregelen opleggen."

„Of een hogere zaalhuur vragen natuurlijk," voegde de directrice toe. "Maar, hoe komen we daar
achter?"

Er viel een lange stilte. De dramatiek hiervan werd door de theatrale ruimte versterkt.
"Als we nu eens een soon catalogus van handelingen opstellen. En die handelingen zijn dan geen

scènes, maar eenheldshandelingen, bijvoorbeeld een dialoog, een dolkstoot, een stoel die verplaatst
wordt. En we brengen de slijtage van elk van die eenheldshandelingen In kaart. Dan kunnen we
vervolgens allerlei stukken, scènes, stromingen, enzovoorts, als het ware samenstellen, componeren,
uit die catalogus. Zoiets als: in het verzameld werk van Dylan Thomas komen, laten we zeggen, acht
telefoongesprekken voor en 23 maaltijden. En omdat we de slijtage van iedere eenheldshandellng
weten, weet je dan ook de slijtage die bij Dylan Thomas hoort. En zo kun je ook de Hamlet, of de
gemiddelde brulloftsscène, of de gemiddelde Sturm und ..."

"Precies wat Ik bedoel," zei de directrice. "De methode Is er dus. Als jij nu de gegevens levert."
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De centrale gedachte van deze studie is, dat het totaal aan economische activiteiten de oorzaak is
van de totale milieuproblematiek, en dat het om analytische redenen van belang kan zijn om te
weten welke stukje economische activiteit de oorzaak is van welk stukje van de milieuproblematiek.
Deze vraagstelling wordt het toeschrijvingsprobleem genoemd: welke milieuproblemen kan men
toeschrijven aan welke economische activiteiten?

Een tweede vraagstelling houdt verband met het feit dat er momenteel een keur aan
milieugerichte beslissingsondersteunende instrumenten bestaat - onder meer de levenscyclusanalyse,
de stofstroomanalyse, de milieueffectrapportage en de risicoanalyse - die elk een specifieke
invalshoek oftewel dwarsdoorsnede van de economie-milieu-interactie belichten. De vraag naar de
reikwijdte en de betekenis van deze instrumenten wordt het positieprobleem genoemd: wat is de
positie van een aantal verschillende instrumenten voor milieugerichte beslissingsondersteuning?

De aanpak die in dit proefschrift gevolgd wordt komt neer op het opnieuw uitvinden van deze
instrumenten, maar dan via de afleiding vanuit een verenigd kentheoretisch beginsel. De huidige
formulering van de instrumenten is er een die per instrument historisch gegroeid is. Dit geeft
enerzijds aanleiding tot twijfels betreffende de wetenschappelijke zuiverheid van deze instrumenten,
en anderzijds bemoeilijkt het pluriforme karakter van de ideeën achter deze instrumenten een
eenduidige onderlinge positionering en vergelijking. Vandaar de wens tot afleiding vanuit
kentheoretische beginselen, alsmede de wens om dit vanuit een verenigd beginsel te doen. Naast een
verenigd procedureel raamwerk voor de diverse instrumenten, is een verenigd methodologisch
principe van groot belang. Dit principe komt neer op het op de juiste wijze combineren en
aggregeren van de aan een eenheidsactiviteit toe te schrijven milieuproblemen.

Het kentheoretisch beginsel wordt uitgewerkt in de volgende postulaten:
• volgordeonafhankelijkheid;
• omvangonafhankelijkheid;
• 100%-optelbaarheid.

Aangetoond wordt dat de enige toeschrijvingsregel die aan deze drie eisen voldoet een lineaire
combinatieregel is.

Een belangrijk les van de studie van het toeschrijvingsprobleem is dat een methode om dit
probleem te benaderen een interpolatieachtige karakter heeft. De resultaten die ze oplevert zijn
daarmee niet valideerbaar, en ook niet eenduidig. Verder dient benadrukt te worden dat, alhoewel
de beantwoording van de vraagstelling een interdisciplinair karakter aanneemt en economie, ecologie
en wiskunde omvat, deze disciplines slechts beperkt ingezet worden. Er zijn bijvoorbeeld tal van
economische en ecologische aspecten die niet in deze studie tot uiting komen, en die vaak bewust
genegeerd worden, juist omdat de vraagstelling dat gebiedt.

Deel 2 is gewijd aan de representatie van economische activiteiten en clusters daarvan. Centraal
staat een analyse van de fysiek weer te geven stromen van wat een economisch proces ingaat en
verlaat. Er wordt daarbij een onderscheid gemaakt tussen economische goederen (dat wil zeggen,
produkten, materialen, energie, te verwerken afval, enz.) en milieustromen (voornamelijk
onttrokken grondstoffen en geëmitteerde stoffen). De analyse van de zgn. milieu-ingrepen, de
milieustromen die toegeschreven worden aan een bepaalde cluster van economische processen,
vertoont vervolgens een tweesprong:

• activiteitenniveauanalyse, waarbij de externe vraag naar economische goederen bepaalt wat
de werkingstijd van ieder proces is;

• cotfzmcWzty-stroomboekhouding, waarbij de werkingstijd van de processen extern wordt
opgelegd, bijvoorbeeld één jaar, en de resulterende goederenstromen worden vastgesteld.

De eerste vorm is de meest complexe, en de formalisering ervan wordt nader vorm gegeven in de
eerste fundamentele vergelijking, die het verband legt tussen de externe vraag en de milieu-ingrepen.

Een volgend onderwerp betreft uiteraard de oplossing van deze eerste fundamentele vergelijking.
Het feit dat de inverse van een matrix hierin een voorname rol speelt maakt dat de vraag naar het
bestaan van deze inverse behandeld dient te worden. Het blijkt dat de vergelijking in veel gevallen
niet oplosbaar is, en dat een extra kunstgreep nodig is om in die gevallen toch een oplossing te
vinden. Deze kunstgreep wordt de toerekeningsprocedure genoemd, en komt neer op het splitsen
van meervoudige economische processen in een aantal virtuele enkelvoudige processen, die verder
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als onafhankelijk worden beschouwd. Het toerekenmgsprobleem is dus een deelprobleem binnen
het algemene toeschrijvingsprobleem. De factoren die de toerekening, het splitsen dus, bewerkstelli-
gen vallen buiten het werkmgsbereik van het kentheoretische beginsel van deze studie, en zijn dus
onkenbaar, dat wil zeggen, ze vallen principieel buiten het kennisdomein van de gepostuleerde
waarheden.

Deel 2 sluit af met het eerste deel van de afleiding van de vier bovengenoemde beslissingsonder-
Steunende instrumenten. Dit eerste deel betreft uitsluitende de zgn. inventarisatie, die eindigt met
het opstellen van de lijst met milieumgrepen. De materiaalstroomanalyse en de energieanalyse
komen zijdelings aan bod als speciaal geval van de stofstroomanalyse.

In deel 3 worden allereerst de milieuprocessen besproken. Net als economische processen zijn
dit fenomenologische transformaties van ingaande stromen in uitgaande stromen. Als kenmerkend
onderscheid met economische processen wordt de oncontroleerbaarheid van de werkingstijd van het
proces gehanteerd. Daarom staat in de toeschrijving van de aanwezigheid van geëmitteerde stoffen
en de afwezigheid van onttrokken grondstoffen aan economische activiteiten de integratie over een
oneindige tijd centraal. Voor persistente stoffen en niet-vernieuwbare grondstoffen wordt een
alternatieve maat gehanteerd: de asymptotisch permanente vermeerdering of vermindering van de
aanwezigheid van stoffen en grondstoffen in het milieu. Beschouwing van de milieuprocessen komt
overeen met modellering van het lot van geëmitteerde stoffen en „overgebleven" grondstoffen. De
precieze uitwerking vindt plaats middels de tweede fundamentele vergelijking.

Na keuze van een aantal effectcategorieën, en na bepaling van de bijdrage van een eenheid van
iedere eenheidsemissie resp. eenheidsonttrekking aan elke effectcategorie, is het mogelijk om de
tijdgéintegreerde c.q. permanente aan- en afwezigheid van stoffen en grondstoffen te interpreteren
in termen van de milieueffecten die hiermee verband houden. In het algemeen impliceert dit een
belangrijke reductie van informatie doordat het aantal effectcategorieën tamelijk beperkt is, terwijl
het aantal stoffen in de diverse milieucompartimenten zeer groot is. De derde fundamentele
vergelijking drukt de exacte relatie uit. Deze vergelijking behoeft effectfactoren, die onkenbaar zijn
binnen de kentheoretische grenzen van deze studie.

Een nog verdere reductie wordt bereikt door het kwantificeren van de subjectieve ernst van de
diverse effectcategorieën, en door het gebruik hiervan voor de aggregatie van de diverse
effectcategorieën. Dit is het onderwerp van de vierde fundamentele vergelijking. Wederom zijn er
onkenbare factoren in het spel; ditmaal betreft het de probleemfactoren.

Ook deel 3 sluit af met de gedeeltelijke afleiding van de vier instrumenten. Ditmaal betreft het
de complete effectanalyse.

Het afsluitende deel 4 geeft allereerst een antwoord op de twee hoofdvragen van deze studie.
Het toeschrijvingsprobleem wordt beantwoord door het memoreren van de partiële afleidingen

van de inventarisatie en de effectanalyse voor ieder van de vier behandelde instrumenten. Het blijkt
dat er tal van verschillen met de huidige opzet en werkwijze van dezelfde instrumenten zijn. Zo is
in de huidige opzet van de levenscyclusanalyse het lot van geëmitteerde stoffen niet systematisch
uitgewerkt, en wordt, zo de beoordeling daarvan al plaatsvindt, deze vermengd met de beoordeling
van het effect van diezelfde stoffen. Voor grondstoffen geldt dit argument a. fortion. Ook blijkt dat
de huidige opzet niet altijd aan de gepostuleerde 100%-optelbaarheidseis te voldoen. De huidige
stofstroomanalyse is meestal niet gebaseerd op het principe van het toeschrijvingsprobleem, maar
op de wens om de stofhuishouding van een regio te beschrijven. Daarnaast blijkt dat de modellering
van de afhankelijkheden tussen de verschillende stromen een versimpeling mogelijk maakt wanneer
pas in een laat analysestadium aandacht gericht wordt op de stof van onderzoek.

Een belangrijke constatering voor de beantwoording van het positieprobleem is dat voor de
beantwoording van het toeschrijvingsprobleem gebruik wordt gemaakt van vier fundamentele
vergelijkingen en zes gemeenschappelijke elementen met betrekking tot gegevensverzameling en
-verwerking. De verschillen tussen de instrumenten wordt daarmee gereduceerd tot een verschil in
hoe elk van deze elementen en vergelijkingen wordt ingezet. Het positieprobleem is daarmee
eenvoudig en op een overzichtelijke manier te beantwoorden.

Door de aandacht voor het toeschrijvingsprobleem dreigt een ietwat scheef beeld te ontstaan.
Er zijn andere - minstens zo relevante - vraagstellingen mogelijk. Het gaat hierbij om de
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programmering van activiteiten, om scenarioanalyses van veranderingen in activiteiten, en om de
verbetering van activiteiten op milieuaspecten. Een deel van de verschillen tussen de nieuw afgeleide
instrumenten en de traditionele versie daarvan, is terug te voeren op verschillen in de exacte
vraagstelling of op een niet-consequent doorgevoerde vraagstelling. Deze andere vraagstellingen
hebben een minstens zo groot bestaansrecht als het toeschrijvingsprobleem; nergens wordt betoogd
dat de ene vraagstelling in het algemeen relevanter is dan de andere. Alle vraagstellingen die hier
kort de revue passeren lenen zich in principe ook voor een afleiding vanuit verenigde kentheoreti-
sche beginselen. Een poging daartoe is echter niet ondernomen, omdat deze studie zich primair tot
de toeschrijvingsvraagstelling beperkt.

Een constatering die steeds pregnanter wordt is die met betrekking tot de uniciteit van datgene
wat is afgeleid. Het interpolatieachtige karakter van de toeschrijvingsregels, het feit dat een aantal
essentiële factoren onkenbaar zijn, het feit dat er diverse dwarsdoorsnedes van dezelfde economie-
milieu-mteractie mogelijk zijn, alsmede het feit dat er diverse vraagstelling relevantie hebben, maakt
dat er vele antwoorden op de toeschrijvmgsvraag bestaan, en dat elk van deze antwoorden even
waar is. Ook al is dit misschien spijtig voor de vormgeving van een snel en eenduidig milieubeleid,
het is wel een verklaring voor de talrijke controversen op dit gebied. Maar er gloort ook hoop: een
strenge afleiding vanuit eenduidige kentheoretische beginselen en een precieze formulering van de
te beantwoorden vragen reduceren de mogelijkheden voor alternatieve procedures in aanzienlijke
mate.

De weg die doorlopen is, kan gezien worden als een illustratie van de kracht van toepassing van
het formele paradigma binnen de interdisciplinaire milieukunde, en als een pleidooi voor een
prominentere positie van de milieufilosofie: het metafysische - in de zin van zich aan de
waarneming onttrekkende - aspect van interpolaties gecombineerd met de deductieve elegantie van
de logica en van mathematisering.
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