Chapter 2

The Interface between Economics and Industrial Ecolgy: A Survey

J.C.J.M. van den Bergh and M.A. Janssen

2.1Introduction

The Western consumer seems to be more and moreoareshby material things. This has resulted
in a wide variety of products, in turn giving riseincreasing pressure on the environment. Nearly
all important local and global environmental prabteas well as environmentally-related human
health risks can be reduced to the flows and tleeraalation of substances and materials in the
economy. This is illustrated by such different peolis as climate change (fossil fuel use), acid rain
(fertilizer use, animal fodder, meat consumptida¥jcity (metal use), water pollution (paper use),

desiccation (water use), and the depletion of fiskgfish consumption).

In this chapter we will survey the field of resdarthat is concerned with the physical
dimension of economic activities and products. Thi#i entail a discussion of the concepts,
theories and methods that economists have usetudy physical flows. Focusing on physical
flows through the economy is valuable for the faiilag reasons.

First, the “physical economy” approach enablesateon the coherence of environmental
problems. For example, by adding “end-of-pipe-tetbgies” to the production process, the
emission of certain substances to air or waterbeareduced. Without a reduction of material input,
however, production will inevitably generate soliéste, which is also associated with negative
environmental effects (Ayres, 1998). In the bestecthis will result in a saleable product, like
gypsum with flue gas desulphurization.

A second reason for an explicit description of phgsical dimension of the economy is that
this creates a basis for dealing with notions likestainability” and “sustainable development”.
Elaboration of these concepts usually involvesrrifg to physical and biological stocks, and the
feedback of changes therein to the physical econ¢way den Bergh and Nijkamp, 1994).
Sustainability can be considered as being strooghnected to physical constraints, determined by
exhaustion of raw material supplies and the accatimi of substances in the environment.

The third and final reason for a “physical econbnapproach is that it facilitates
multidisciplinary use of economic models and inssghin particular linking these to physical,
chemical and biological models of environmentalcgsses and compartments. This is especially
valuable in integrated modeling aimed at the stwfdgng-term effects and risks of substance flows
through the environment and economy (see, e.gm&ut and de Vries, 1997).

The interface between economics and industrialoggohas its roots in the late 1960s and
early 1970s. Ayres and Kneese (1969) is generalfjanded as the first article that presents a
theoretical, formalized framework to combine ecomonmodeling, based on the general
equilibrium format, with physical flow accountinghis was regarded by the authors as a general
approach to deal in a fundamental and correct wily externalities caused by the extraction,
production, use, and waste of materials or commezditontaining materials. An extended version
of their work is contained in Kneese et al. (1970)her early work combining economics and
material flow analysis is Georgescu-Roegen (19Adbjch is almost philosophical in nature, and
Ayres (1978), which emphasizes the use of inpupatutechniques. Both Ayres and Georgescu-
Roegen address the implications of thermodynanoicthke specification of production functions in
economic models (see also Georgescu-Roegen, 18@dkior an evaluation of his work, Cleveland
and Ruth, 1997). Contributions in Daly and Uman@8() and Faber et al. (1987) can also be
considered as early contributors to the integratioeconomics with industrial ecology themes.

The structure of this chapter is as follows. Sectih2 discusses in more detail the
relationship between physical flows through the necoy and environmental problems. This
includes a typology of materials as well as a shewiew of the main implications of
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thermodynamics for the economic analysis of phydloavs. In Section 2.3, the policy context is
sketched. This involves discussing the traditidmararchy in waste management, recycling and
reuse, and dematerialization at various scalest,&ction 2.4 surveys the wide range of concepts,
theories and methods that are employed in envirateh@conomic analysis of physical flows.
These cover, among other things, materials anduresoaccounting, mass balance, material-
product chains, mass-balance production functioesycling models, input-output modeling,
equilibrium theory and externalities, and econogrimwth theories. This is followed in Section 2.5
by a closely linked discussion of related perspestion concepts and methods in industrial
ecology, with particular attention to material @&l international trade and qualitative network
analyses. Section 2.6 presents conclusfons.

2.2 Materials, substances and the environment

2.2.1 A typology

This section discusses the relationship betweeremad (and substances) and environmental
problems. Substances are amounts of atoms or nked¢edor example, metals, sand and water.
Materials are physically-bonded substances, sugbapsr, wood, plastic, metal alloys and fossil
fuels. The impact of physical flows and the accuatiah of substances and materials in the
economy on the natural environment covers manygoats of environmental problems. A first
category concerns ‘resource problems’, connectestéocity and exhaustion of natural resources
and raw material supplies. A second category coscgrollution problems’, connected to waste
flows and the emission of substances to the enwiesn. Those flows can be harmful to the health
of humans or other living organisms due to thearabter (quality) or amount (quantity). Toxic and
artificial substances are in the short term thetratsgming, whereas solid waste and emissions of
acidifying substances and greenhouse gases cosate¢drm risks.

Several specific problems are associated with ma&tdows in the economy. Substances
accumulate in the economy and cause numerous @hdaed delayed problems. Therefore,
measuring and predicting their ultimate environmakeffects, and determining the causes of these
problems is not straightforward.

In addition, substance flows are connected in tasestial ways to energy use and related
environmental effects. First, there is a strongetehce between the use of materials and energy in
production processes. The reason is that energyeésled to transform and modify materials.
Second, energy supply is dominated by fossil fuelsnost countries, and is linked to several
substance flows, particularly carbon compounds amagen and sulfur oxides. For instance,
energy use based on fossil fuels in the UniteceStiaads to a share of almost 40% in the totaltinpu
of substances and materials in the economy (WemmckAusubel, 1995). The enormous quantity
of several substance flows additionally creategdamounts of movements of freight. This causes
specific environmental problems, notably relatethtouse of space and energy.

Materials and substances can be classified onb#ses of several characteristics, e.g.
physical, biological and economic. The most imparsubstances for biological processes on earth
and for human beings are the nutrients carbormggetr, sulfur, and phosphor. These elements take
part in the nutrient-cycles of living and non-ligisystems. Such cycles are characterized by natural
recycling. The four substances occur in the biosphethe living earth — in larger concentrations
than in the physical, a-biotic (non-living) natusaistems. This is caused by biotic processes, and
indirectly the result of a long and slow process@fanic evolution. In this context the term “Gaia”
is sometimes used, based on the theory of a ligarth as a system of several complex chemical
and biological feedbacks, which have tended towaraksiral balance by evolution (Lovelock,
1979). However, the nutrient-cycle is nowadays ssyedisturbed by human activities, in
particular by the combustion of coal, oil and gHsis has caused an increase in the concentrations
of carbon dioxide, nitrogen oxides and sulfur osidethe atmosphere. This in turn creates the risk
of a serious disturbance of the natural balance.

! Other surveys are offered by Ruth (1993, 1999)Kembelaars and van den Bergh (2001).
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In addition to these nutrients, six other — padWerlapping — categories of substance and
material flows can be distinguished, which mix pbgkand economic considerations. Some of
these categories will receive detailed attentiolaier chapters.

(1) Metals. These are used in numerous products. Some of #nertoxic, like cadmium, copper,
lead and zinc. These are recycled only in small it by natural processes, so that they
accumulate in the environment (Guineé et al., 198® der Voet et al., 1999). This creates
long-term risks for the health of humans and edesys. Moreover, the extraction of metals
produces huge amounts of waste flows, due to arataiming low concentrations of metals.
This holds for copper, lead and nickel, and espigdiar gold, platinum and uranium (Ayres
and Ayres, 1996). In addition, many metals areetaitarce anyway. Recycling by humans is
possible, but is hampered by the fact that metalsegularly a part of alloys.

(2) Plastics.Our direct living and working environment is inasingly dominated by this category
of materials. It covers a variety of synthetic dahses, with polypropene, polystyrene,
polyethylene and PVC as the most important onesdletion and waste treatment of some
plastics is extremely environmentally damaging. lddays plastics are mainly manufactured
from oil products. In a “post-oil” and “post-metakorld, plastics produced on the basis of plant
material might contribute to a sustainable econdgfxkerman, 1997). Interestingly, the first
plastics, cellulose, were already made of plantenelt All knowledge about plastics that has
accumulated in the last few decades — concerninteriabh characteristics like stiffness,
hardness, tolerance for different temperatures, teartsparency — can be applied usefully to
develop materials that satisfy the requirementsbgemodern life. Plastics are suitable for
recycling, which often involves a process of movingugh lower quality grades.

(3) Chemical productsThese include products that can be toxic, caggn@ or persistent, and
some are completely artificial, i.e. not found iature. Examples associated with considerable
physical flows are chemical compounds of phosplatiur, nitrogen and chlorine (Ayres and
Ayres, 1996). The chemical industry and agricultare the most directly involved sectors. To
lower the environmental load in the chemistry sectbe following development directions
have been identified (DTO, 1997): production of Inagiol based on photovoltaic solar energy;
hydrocarbon-conversion where power stations prodasematerial for the chemical industry in
addition to energy; and integrated plant-conversiamch uses biomass as raw material for the
chemical industry. The use of pesticides in thecafjure creates a specific problem, and,
although the situation is improving, it is far frqositive.

(4) Minerals. This covers stone, gravel, clay and sand. Thegsracted in large amounts from the
earth’s crust. Although they are relatively harralgser unit of weight, they cause much
transport, disturbance, water pollution and dantaglendscapes, through erosion by opencast
mining.

(5) Packaging materialThis type of material makes up a considerablé giathe total weight and
volume of waste generated by human activities. €kgemely short life duration is an
important characteristic. The most essential typesnaterials encountered are glass, paper,
cardboard, steel, aluminum and plastics. Some autiiaim that the lightest packing is the best
packing material in terms of minimal environmeritad, with the exception of materials with
toxic components (Ackerman, 1997).

(6) Organic products.These are connected to food production, the usgapér and wood, and
other uses of biomass. Especially paper makingnwaratl production generate toxic substances
and cause eutrophication of surface water. Organistances can be reused or biologically
decomposed. Composting is possible, though thisimes) separation of organic and other
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waste, which is not so easily achieved. A spegfmblem is that metals accumulate in the soil
via composting and eutrophication, resulting inréased metal concentrations in cultivated
vegetables, which can after many feedback cyclesezk health-risk thresholds (see Molenaar,
1998). In addition, the biologist Vitousek and bdleagues (1997) have estimated that over
40% of the total biomass on earth is being useldumyans or is severely threatened.

For a more detailed discussion see, for examplere®y(1999a). Traditionally,
environmental economics aims to make environmeeftakts comparable in measurement terms:
namely, through monetary valuation and the notibrerternal costs® This is an alternative to
using weights, which is being done in life-cyclesis. Table 2.1 shows a comparison of external
costs for a number of packaging materials. It seldaupon a large survey by the Tellus Institute in
Boston, which has performed many studies of alteres for waste management and recycling
within the United States. The table shows that PM&y aluminum and the plastic type PET are the
most environmentally damaging substances per unweaght. It has to be realized that for a
complete picture, it is also necessary to take adoount the weight of the packaging material
needed per unit of packed product. From this paiview, especially glass packing is unattractive.
This, however, is compensated by its relativelydgperformance in terms of external costs per unit
of packaging material.

Table 2.1. External costs of packaging materials

Packaging material Estimation of external costs
Plastics

HDPE (high-density polyethylene) $128,-
LDPE (low-density polyethylene) $158,-
PET (polyethylene terephthalate) $331,-
Polypropylene $148,-
Polystyrene $162,-
PVC (polyvinyl chloride) $1714,-
Paper

Bleached kraft paperboard $121,-
Unbleached coated boxboard $94,-
Linerboard $95,-
Corrugating medium $101,-
Unbleached kraft paper $96,-
Boxboard from wastepaper $76,-
Linerboard from wastepaper $77,-
Corrugating medium from wastepaper $109,-
Glass

Virgin glass $70,-
Recycled glass $48,-
Metal

Virgin aluminum $928,-
Recycled aluminum $76,-
Steel $79,-

Note:™ In 1993 US$ per ton packing material.
Source:Ackerman (1997, p. 102).

2.2.2 Fundamental physical backgrounds: thermodynams

Next, we briefly describe the main insights fronygibs, as these define constraints on the physical
and technological processes that occur in the euognorhe main relevant discipline is
thermodynamics, or the science of energy and nsess for accessible treatments, among others,

% The concept ‘external effect’ or ‘externality’psrt of microeconomic welfare theory. It is defirgsian unplanned
physical effect, outside the market, of a decisi@mde by one individual on the welfare, health adpiction of
someone else, without any compensation taking pEegronmental economics studies, in particulagative
external effects, or ‘external costs’. The welfdreory approach focuses attention on the optimal lef external costs,
to be achieved through the implementation of adiegpalicy instruments (Baumol and Oates, 1988).
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Ayres, 1978; and Ruth, 1993). The first and seclawags of thermodynamics are of particular
importance here. The first law, of energy conseéovaistates that physical processes always involve
conservation of energy/massn other words, energy can neither be createddestroyed. The
second law, of entropy, states that any physicatgss — biological or technological — leads to a
loss of useful or concentrated energy (known asrg@x). Entropy is defined as the distance to a
thermodynamic equilibrium. It is sometimes useditbose manner to describe dimensions other
than the energy dimensions of physical processasg uhe analogy with energy entropy. It is then
interpreted as a measure of structure, informatiodevelopment. The term “material entropy” has
been proposed to point to the diffusion of substanthe wastage of materials, and the erosion of
material structures. This, however, has no fornagkround and cannot easily be transformed into
a quantitative standard.

From the first law, conservation of energy/mas® tnass balance principle has been
derived. It states that mass is preserved, so itifliw of substances in a system leads to
accumulation or outflow of those substances. Algiothis principle is an approximation, the error
margin is minimal under terrestrial conditions whenaterials and energy are almost perfectly
separated categories. Creation or elimination oftanas very rare, unlike the transformation of
materials and substances in a chemical sénse.

What do these laws and principles mean for enumamtal economics? First, they
emphasize that economic activities do not takegpla@n independently operating system but in an
open system that exchanges energy and matter wsthenvironment, that is, the natural
environment. Second, processes in the physicaloaecpread to a degradation of the environment
and natural resources, which can only be compeahdatea continuous inflow of solar energy.
Third, even if many economists and technologicainoigts claim that substitution can solve most,
if not all, environmental problems, there is no tsubing as substitution of energy by other
production factors. In other words, all physicalpltgical and technical processes require a
continuous input of energy (or more precisely: gygrSources of potential energy are the basis of
all processes, and their functions are unique areplaceable. However, substitution between
different forms of energy is possible. Fourth, thedynamics determines the absolute boundary
conditions of technical efficiency of the most ade@d machinery, even if it has not yet been
invented. This sets limits to the substitution daterials; to the amount of exergy needed for waste
separation; to the amount of exergy required famniwvig metals from ores, etc. Some limits are
conditional, i.e. they can be determined on thashafsspecific process characteristics, like reegiir
power, work per time-unit, or temperature of contluums (see Peet, 1992). Fifth, production and
consumption are processes in which not mass bytesblaanges. This implies, for instance, that
waste management, including incineration, will reduce the total physical amount of waste (and
emissions), but just its shape, form or medium. #/asn be gaseous, liquid or solid, which
nevertheless highly influences spatial or tempéeatures of environmental damage. A particular
case is the delay of environmental effects throtinghstorage of toxic waste, which can cause the
phenomenon known as ‘chemical time-bomb’.

2.3Principles for waste management, recycling and denterialization
2.3.1 The hierarchy in waste management
The economic and environmental literature givessdvsuggestions for policy and strategies to
influence substance and material flows. They carcdiegorized as pertaining directly to waste
management, recycling and dematerialization. We biogfly review each of these, illustrated with
some examples.

Many countries consider the dumping of waste asblpmatic because it shifts
environmental risks to the future, or because dampipace is scarce. Instead, within the Dutch

® The equivalence of mass and energy is demonstogtétte famous law E= ricfirst formulated by Albert Einstein.

* Nuclear fission and fusion processes can bothelgéented in terms of the mass of matter being toamed.



waste material policy, prevention has the highestipy, followed by reuse, recycling and then end
processing such as incineration and dumping. Tt& Bnvironmental Protection Agency (EPA)
uses a similar reduce-reuse-recycle hierarchy,does not prefer incineration over land-filling.
Since every option for waste management is assakciaith a variety of environmental effects, the
most desirable choice from an environmental petspets not immediately or generally clear. For
example, if the contribution to an increased greesk effect by methane and carbon dioxide is
considered, a comparison between dumping and iratinoe of waste results in a preference for
dumping, as long as not more than 4.5% of the cambohe dumped waste is released as methane.
This preference is a consequence of the fact thatmeethane molecule is 24 times more effective
than a carbon dioxide molecule in terms of warmipgaotential (Ackerman, 1997).

There is a fairly large economic literature on wastanagement policy, by environmental
and policy scientists (see Powell et al., 2001\veak as by economists. So far, no serious economic
policy is implemented, which means that econommwin trends easily translate into trends of
growing waste generation, both by industries andskbolds. Economic theory emphasizes that
markets for waste either do not exist or are disthrwhich economist frame as market failures
(Wertz, 1976; Choe and Fraser, 1999; Ferrara, 200iBerton and Kinnaman, 1995, 1996; Morris,
1994; Palmer and Walls, 1997; Shinkuma, 2003). Apartant factor of distortion is flat-fee
pricing, which means that the price paid to thecdlp government for waste collection and
treatment is unrelated to the amount of waste géeeéror supplied. But although theory and
empirical work shows that user fees can reduceengsteration considerably, illicit dumping and
burning may be unintended consequences (Hong,et33; Linderhof et al., 2001; Mirada and
Aldy, 1998; Sterner and Bartelings, 1999). See @hapfor further discussion of this issue.

Waste management is best analyzed in an explisghtial dimension. For instance, the
Netherlands are currently split into four wasteioag, even if the primary responsibility for waste
policy design and implementation is with the nagilogovernment. The Dutch “Waste Management
Association” organizes cooperation between the evesgions, on the one hand, and the provinces
and municipalities on the other. The municipalitie&e care of the collection of waste and
encourage prevention through licenses. The prosirare responsible for the removal of waste
material and the granting of licenses for procegsifhe national government is attempting to
promote the prevention and recycling of productsste oil and legislation. This division of tasks is
a historical legacy, which does not necessarillecefa spatially optimal configuration. For this,
only a carefully undertaken spatial analysis caviole information.

Although the waste problem is serious and regaedesluch by policy makers, it should be
pointed out that it is the environmental effectsusing materials in production processes that are
generally much more significant than the effectsvaite processing after consumption (with the
exception of nuclear and toxic wastes). This caXygained by the fact that extraction as well as
chemical and physical processes in production gémex high level of emissions to air and water
per ton of material, and use much more energy émalprocessing of the same materials in a later
waste phase. In addition, the environmental loaghrofiucing new materials is generally much
higher than that of recycling materials.

2.3.2 Closing of cycles

Closing cycles of substances or materials is gdgeransidered as an important strategy to reduce
and prevent material waste, with the ultimate anadhieve ‘zero emissions’. Recycling can apply

to substances, materials and products. Productsreeggpairing, whereas separation and physical
and chemical processing are necessary for digtidimbstances and materials from waste. Certain
materials are already reasonably well separatdlgated, particularly paper and glass (Ackerman,

1997; van Beukering, 2001). In addition, a disiimctcan be made between primary, secondary and
tertiary recycling. Primary recycling concerns reuwithin a production process. Secondary

recycling points at the processing and reuse oknads and substances obtained from the waste
flow after consumption. Tertiary recycling refers the combustion of waste to release stored
chemical energy (Kandelaars, 1999).
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Reuse of a product is usually more attractive tBaparate reuse of the substances it
contains, because the first option generally reguless physical and chemical processing, and
therefore causes less energy use and environnmetsgure. Nevertheless, old-generation products
may consume more energy than new products, whiohuoalo energy and material savings in
production. In addition, the reuse of products megumaintenance and repairing. Repairing of
products has become less attractive in recent ésdad several reasons. In the first place, praduct
have generally become more complex in terms of theee-dimensional structure and the number
of different materials used. Increased purchasioggegp has resulted in the faster replacement of
products by consumers, partly because of the dityaof new designs, added functions and
shifting fashions. However, supply factors have alsortened the economic life of products, due to
an endless search for product innovations stimdildtg ‘Schumpeterian competition’. This is
clearly illustrated by the rapid changes charazitegi current computer and telecommunications
(mobile phone) markets. Even though this can beluated positively from an economic
perspective, many disadvantages can be identifiech fan environmental perspective. Only a
combined analysis can provide a definite answeh we&gard to how to define incentives for
competition, innovation and management of mateaats substances.

Cascading of materials is a useful and an undsfrstrategy of saving energy and virgin
materials. It follows from the previous point, ireuse of products being generally more attractive
from an environmental perspective than separatseref the materials and substances of which
they are made. Cascading means that recycling sterti different stages. Where possible, the aim
is to try to achieve the same quality of use athénpreceding stage. Otherwise, recycling involves
applications of waste materials and substanceevter| but still the highest possible, quality. In
other words, high-quality applications of energyd anaterials have priority, but as soon as the
quality of materials decreases, new applicationdowfer quality open up. From a cascading
perspective, using natural gas to heat buildingsesents an enormous waste of high quality (low
entropy) energy (exergy). Similarly, using virgimed to produce packing material and high-grade
paper for magazines with a short life is an enorgneaste of high quality material. To promote
cascading of materials, physical flows from companwith very different, and preferably
‘complementary’ processes and material input-outghdracteristic, must be coordinated. This
should already start in the planning phaseommercial areas, as it includes elements ofiapa
design and proximity. (This will be further discadsin Section 2.5 on industrial ecology). At a
higher aggregation level, incentives can be giwepadtential suppliers and buyers of waste material
to stimulate their cooperation. Although successikdmples of cooperation between firms exist,
the best-known perhaps being the Kalundborg sitBenmark (see Chapter 11 by Jacobsen and
Anderberg in this volume), most policies aimed #&mslating eco-industrial parks do not go
beyond investment projects with relatively shorylmeck times (see Chapter 12 by Boons and
Janssen in this volume).

2.3.3 Dematerialization
An additional, important aim in environmental pglilocused on materials and substances is
dematerialization. This refers to a reduction oftenial throughput of the economy. It can be
interpreted in several ways: namely, a reductiosutifstance and material weight on the level of a
product, a company or the whole economy. Demaieaiadn at a micro-level means that the same
service can be given with less direct and indiieput of substances and materials, or a shift to
other, lighter materials. At the product level, ddemialization simply means that products become
lighter. At a firm level, it can also imply thatqatuction processes are more materials-efficient and
thus use less resource input as well as genersariaterial waste. In addition, dematerializatibn a
the firm level can involve a shift to other prodsjcor a change in the mix of products supplied.
Cleveland and Ruth (1999) offer a more detailedwdision of definitions, indicators and method of
analyzing dematerialization.

Dematerialization will reduce the environmentaldpgaust like recycling, at the beginning
and end of activity chains, i.e. the extractionraiv materials and waste processing. A main
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difference with recycling is that dematerializatisngenerally associated with less energy use and
transport. Other terms that reflect elements of atenalization are “eco-efficiency” and “Factor
Four” (see Section 2.5).

One can also consider dematerialization at theordawel, i.e. of the whole national or even
global economy. This creates a much more complestesy of factors and impacts. Factors
influencing dematerialization at this level are mmmic growth, changes in the structure of supply
(sectors) and demand, changes in import and exgudtiechnological innovations and substitution
between materials in companies. The relation betwésw example, the gross national product
(GNP) per capita and material use has received str@etion in the literature. Janicke et al. (1988)
performed an empirical cross-sectional analysis fF countries, and concluded that
dematerialization has occurred at the macro-leuehd part of the 1970s and 1980s. A follow-up
study by de Bruyn and Opschoor (1997), howevenyshbat this type of dematerialization came to
a halt around 1990, and that recently GNP and mahtege at a macro level have started to move in
the same direction again. These types of studiesohviously rather sensitive to the choice of
macro-indicators for material use. In the aforenoer®d studies, attention was focused on steel,
energy, cement production and freight transport.

The relationship between energy use and dematati@n in US metals sectors has
received attention in the context of analysis of,@&missions (Ruth, 1995a, 1998). This study
focuses on copper, lead, zinc, aluminum and iroth steel sectors, and describes the dynamic
interrelationships among resource extraction, natemprocessing, fuel use and technological
change using time series data and engineeringniafiton. Subsequently, projections of material,
energy and C®emissions are made for the period 1990 to 2020.

From a commercial point of view, dematerializaticem be considered as the result of a
decision process that involves a number of conaiaers and trade-offs. Attention can be given to
the size of a product (“miniaturization”), the usfdight materials, the complexity of a product and
its production, the physical and economic lifetioiea product, the available range of reuse options,
and the safety of transporting and using a pro@detman et al., 1989). The expected costs and
profits of alternative investments in new processss products will, of course, be most influential
on any decision. In addition to the supply perspecia demand perspective can be adopted. This
can create a longer time perspective. For exangleigher income can lead to a saturation of
certain types of material consumption, closely d¢idkto shifts towards services and leisure
activities. It is not easy to make predictionshistarea, due to the large number of factors irealv
This in turn means that predicting patterns of demmglization at a macro-scale will be extremely
difficult. This is illustrated by the paradox the electronic information technology revolutiom di
not — as hoped and expected — result in less ugepdr, but quite the opposite. Of course, one can
argue that this revolution has only started antlitha future phase paper use per unit of outplit wi
finally decrease.

In sum, a reduction of waste through demateriabmaof production and products is in
principle preferred to the recycling of productsatarials and substances, mainly because it
involves less indirect activities and related egeuge, transport, and space use, and associated
environmental impacts. Recycling, however, is maeaiier than the control of dematerialization,
because the latter has many more different dimaesamd is influenced by numerous factors at
micro- to macro-levels. Recycling prevents wastd,ibdoes not reduce the size of material flows
through the economy, i.e. if waste disposal andaeibn phases are excluded. It is clear thatla tas
is waiting for economists to systematically studhe trelations and considerations between the
aforementioned strategies, as well as support esoamong them with combined economic-
environmental evaluation.

2.4Themes and methods in environmental economic analgsof physical flows

2.4.1 Introduction

In this section, a brief overview is given of hoesoaomists include physical flows in their analyses.
This will involve conceptual, theoretical and metbtogical points of view. Studying the
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relationship between physical changes in the ecgnanad physical changes in the environment,
and the influence of environmental policy on tlaktionship, is an important task of environmental
economics. Changes in the economy can occur arelift levels, which can be studied separately
or in combination. Changes in inputs can be studigdformulating decision models with
production functions; changes in intermediate potgluand indirect activities caused by, for
instance, recycling can be examined with input-outmodels; changes in production and
investment at a national scale can be studied bgtnacting growth models with material flows;
and consumption and international trade can bestinlo material flows in microeconomic market
models.

2.4.2 Mass balance and economic analysis of matdffgoduct chains

Many studies of material flows use the earlier-nwm@d mass balance principle. This allows us to

make consistent statements about substances flowiggd out of a process, at any level: machine,

factory, firm, industry, region, country, etc. Wihass-balance conditions, the scarcity of resources
can be coupled to problems of emissions and wastes f For this purpose, models of substance

and material flow have been developed (Moll, 19881 der Voet, 1996).

For a thorough environmental or economic analykis,concept of ‘material-product chain’
(M-P chain) can serve as a starting point (Opschti@®4). This indicates a system or network of
coupled flows of at least one material and one pecbdrhese flows connect activities or phases in
the chain, e.g. extraction, production, consumptamlection, reuse, dumping and combustion of
waste. Chains are usually not isolated, even B thioften assumed in order to make analyses
tractable or to restrict the amount of data requice an empirical analysis. This involves, among
other things, focusing on a specific substanceenaf sector, region or product.

An M-P chain can be used as a starting point fepecific analysis. It might be useful to
make a distinction between an economic and an @mwviental M-P chain analysis. An example of
the latter is life-cycle analysis (LCA), which gsz&n overview of the environmental effects of a
product for the whole chain. This is mainly suitalibr discrete decision problems (Guineé, 1995;
and van den Berg et al., 1995). For example, tlgcetbetween milk packed in glass or cardboard
can be based on the comparison of the most impartasironmental effects during the life cycle.

By adding specific economic aspects to such a &h&n, an economic M-P chain can be
made. Such aspects include: the description okietmaking agents in the chain; the allocation of
scarce factors (work, capital); the substitutionirgduts in production processes along the chain;
changes in sector or firm structure that affect skreicture of a chain; the dynamic aspects of
investment and technological innovation; and thepaot of various environmental policy
instruments. Economic analysis can then be direatequestions of cost effectiveness of chain
control, consequences of economic growth and dpwatat of substance flows, or the influence of
environmental policy on physical flows (Ayres, 197Buth, 1999). The implementation of
economic M-P chain analysis requires that matéaddnce or substance flow models are coupled
to economic models. Kandelaars (1999) gives a goedview this type of work, and also presents
her own studies of M-P chains.

It is possible to combine environmental and ecaoanalyses of M-P chains. This means,
for instance that a life-cycle analysis can be doeah with an economic evaluation of
environmental effects (van Beukering et al., 1998)with an allocation mechanism and chain
optimization (Weaver et al. 1997). The M-P chaiprapch makes it possible to illustrate problem
shifts in environmental as well as economic dimemsj which is a central focus of industrial
ecology. A choice can be made between an evaludésed on cost-effectiveness under given
environmental and economic conditions (Starrevaeldi\aan lerland, 1994; and Kandelaars and van
den Bergh, 1996a and b), or on a multi-criteriadysis (Kandelaars and van den Bergh, 1997). The
latter points to a difficult problem associated hwénvironmental life-cycle analysis: namely, the

® Heijungs (1997) presents a methodological comparis the various formal methods of analysis comimased
within environmental science, notably MFA, LCA ah@ modeling.



comparison of different environmental effects. Ayrél995) states that economic monetary
evaluation is, despite its limitations, the onlynsstent approach for the comparison of different
environmental effects. Beukering (2001) presentsoua models that operationalize this idea. In
addition, he introduces the notion of an intermaiomaterial product chain (I-M-P chain), which
combines material-flow models with descriptiongrgéractions between various economic agents
of activities or countries. The I-M-P chain tries describe the spatial dimensions of ‘industrial
metabolism’, and will be discussed in more detafbection 2.5 on industrial ecology.

What are the essential differences between tleeclitle analysis, economic M-P chain
analysis and substance flow analysis (Bouman €206l0)? Unlike economic M-P chain analysis,
life-cycle analysis and substance or material feovalysis do not address economic questions, since
they lack a description of economic decision andketaprocesses. Moreover, M-P chain analysis
explicitly distinguishes the dimension ‘producta/hile both substance and material flow analysis
not. Contrary to life-cycle analysis, economic McRain analysis describes interactions between
flows of different products. Finally, a major stgéh of economic M-P chain analysis is that it
connects the essence of life-cycle analysis withdébksence of substance flow analysis, albeit in
manner that simplifies both approaches, so as miralothe amount of complexity involved in
description and analysis (Kandelaars and van deghB&997).

Unlike in traditional economics, M-P chain anadysioes not consider consumption to be
merely a process where consumption goods ententaitg or welfare is the only output. Products
have a life cycle, and can best be regarded asatgpiods, in that they exist and are used during a
considerable period of time to render services (N@m and Schoot Uiterkamp, 1998). All this
time, they retain materials and substances. Froap#al perspective, the fact that many varietfes o
a certain product, produced at different times, iarase at the same time, suggests the use of a
vintage model. This means that changes over timi#geénmaterial composition of a product are
taken into account. A vintage model for consumerdgoin use can provide an accurate picture of
accumulation of substances in the economy, asasethe time delay between the extraction of raw
materials and waste processing (Kandelaars andiemaBergh, 1997). For illustrative case studies,
see further Chapter 5 in this volume by Ruth etaadd Chapter 6 by Foran and Poldy.

2.4.3 Direct and indirect substitution of input andmass-balance production functions

In what way should production processes be destrlbeen material flows are studied? Georgescu-
Roegen made an important contribution to envirortaleeconomics through publications on the
relationship between economics and thermodynamiGgorgescu-Roegen, 1971a, 1976).
Georgescu-Roegen emphasized the fact that we shdistohguish between four aspects of
production systems: “supplies”; “flows”; “stocksdnd “services”. This division into qualitatively
different inputs in the production process createsveral views on substitution and
complementarity. “Stocks” like machinery and wodenerate services, which process “flows”
(such as energy), substances and semi-manufagitoddcts. The term “substitution” is cryptically
used in many environmental-economic analyses, &glyem the context of the growth debate.
There is a distinction between direct and indiregbstitution (van den Bergh, 1999). Direct
substitution refers to changes within a categoryradétively homogeneous production factors,
which occupy the same function in a production pssc An example within the input category
“materials” is the replacement of steel by plas@esl aluminum to lower the product weight.
Indirect substitution refers to the relation betwegwoduction factors that play a different role
within a production process. This “different rolaheans they are to a certain degree
complementary, but that some changes in the congpitarity relation are possible, and these
changes are identified as substitution. For exanthl®ugh more input of work or machines in
processing a material into a product, productiostevgdgiven a certain production level) can be
avoided or primary recycling can be increasedredllting in a reduction in material use. Direct
substitution can be considered as the ‘replacen@ntne input by another, e.g. with different
materials. Indirect substitution is closer to “say/ior “increase in efficiency and productivity”.
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Thermodynamics teaches us that indirect substitugf materials or energy and other inputs
in production can only occur within limits. By ugimore work or machinery in the production, the
amount of material input required can be reduceatinbt to zero, at least if the production outgut i
a physical good. What is the influence of technad@nge on these aforementioned relationships
between production inputs? No fundamental changesurp although a technological or
thermodynamic optimum can be approached. Thisoweker, limited by certain characteristics of
a production process (Berry et al., 1978).

The standard production functions used by ecorsééso named neoclassical production
functions — for example, of the Cobb-Douglas typat-first sight, seem inconsistent with the
lessons of thermodynamics, especially the derivatenal-balance principle. Cleveland and Ruth
(1997) and Daly (1997) argue that production fuoredi describe inputs usually in a symmetric or
identical way, so that qualitative differences bestw the distinct categories of inputs do not become
clear. Characteristics of flows, supplies and staamie therefore not explicitly distinguished, which
makes the models not very suitable for studyingsstultion problems. To achieve a minimal level
of realism in material flow studies, a separateiade “material inputs” should be part of any
production function, or be “essential”.

According to the definition of “essential’ by Dagga and Heal (1997), in order to have a
positive output of production, a strictly positimenount of material input is required. The amount,
however, does not need to have a positive lowett,lias long as the marginal productivity of
production inputs is assumed to go to infinity whiére production output approaches zero.
Although this assumption seems unrealistic at,ftrss cannot be proved. This is caused by the fact
that it involves a translation of physical unitalfstances, materials) into functional (product}suni
or monetary (value) units. It has turned out tarbpossible to determine an absolute upper limit for
the amount of value to be derived from a given amad material inputs, even if it is thought that
such a limit should exist (see Stern, 1997). Themvés room for different, subjective opinions,
leading, for instance, to the coexistence of growfitimists and pessimists. A more explicit
approach to studying substitution in production,pagposed above, could contribute to a better
understanding of the differences between posiiiotise growth debat®.

2.4.4 Environmental economic analysis of recycling

The economic analysis of recycling is still undereleped within environmental economics. This
might be caused by the fact that we do not conselgrcling and processing of waste as standard
categories of economic productidn.

The economic study of recycling can start withiareraction between new and reused
materials (or products), which can be consideretngerfect substitutes. The price of each good
will depend on the prices of other goods and tlwssprice elasticity of the demand, on the one
hand, and the costs of new and reused materialpréalucts) on the other hand. The latter can
include several categories of costs, such as deatan, cleaning, separation, and chemical
processing. As long as these costs are relativgly dompared with the costs of new materials, the
recycling of some substances and materials willaiana small-scale activity. To equalize the two
types of costs, scarcity of raw materials as weleavironmental consequences of waste flows and
emissions need to be translated into adequateslevienaterials.

Generally, the prices of waste materials suiténeeuse are subject to much fluctuation as
compared with product prices in general. In theté&thiStates, this is the case for old paper,

® Production functions combined with the mass-bagminciple have been formulated by Georgescu-Roéb@71b),
Gross and Veendorp (1990), van den Bergh and Nijkérd94), Ruth (1995b) and van den Bergh (1999).

" The following publications offer theoretical econic considerations of waste control and recyclifigrner (1995)
uses a partial static equilibrium framework. Dynamiodels of recycling are studied in Lusky (197 aan den
Bergh and Nijkamp (1994). Dinan (1993) and Fulleramd Kinnaman (1995) study recycling with the@adtgeneral
equilibrium models. Recent overviews of economjueass and models of recycling can be found in Mic(Q[4995),
Kandelaars (1999), Kandelaars and van den Berddilj2@nd van Beukering (2001).
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aluminum waste and iron. This is probably cause lmpmbination of economic business cycles
and scarcity and price developments of new maserialaddition, an important factor may be that
industrial activities often prefer new substanced materials instead of used ones (see Ackerman,
1997).

A striking feature of reuse and recycling is ttta collection of some used products and
materials seems to take place even when the cestgsaare small and economic incentives are
missing. Ackerman (1997) states that consumers deeamalize that their high level of material
consumption has negative consequences for theoemnvent. They try to compensate for this by
regularly visiting the paper and glass contain@mbably this apparently altruistically behavior
only occurs for their own peace of mind, sincertaerial consumption does not become less. This
view on recycling and reuse as the most logic pralctontribution that individual consumers can
make to a “better environment” corresponds to #®ycling ideology as propagated by several
environmental organizations. But perhaps a mordilgles explanation for “collection behavior” is
that recycling has become a social norm, at leastwhich has spread through a part of society.
Whatever the explanation, economists should asksbles whether their models are correct in
this respect, and which insights alternative bebravitheories suggest as to what can be expected
from price instruments of material policy (van dgergh et al. 2000).

A trend of the last decades is that recycling r@asingly linked to international trade,
following the general pattern of globalization. drder to judge whether such a trend is desirable
from economic, environmental and developmentalgestves, there is a need for careful analysis
that takes into account the wide range of exteigealiin the material-product chain — from
extraction through production to consumption andkbthrough recycling to production. Van
Beukering (2001) presents a number of statistiodl@timization analyses to examine these issues
(see also Section 2.5.3).

2.4.5 Input-output analysis of economic structure ltanges

Let us consider a higher level: namely, the stmectof the economy. By relating changes in
material flows to changes in economic structureg oan learn which changes are more or less
desirable from a combined economic-environmentalsgective. In particular, a structural
decomposition analysis can be performed. This pges/information about the relationship between
changes in physical flows and changes in factdes Wiolume, technology, sector structure, input
structure of sectors, final consumption and exp8tuch an analysis uses, among other things,
information contained in detailed input-output (I/@bles of the economy. Such tables describe the
economic structure through information about thetualu delivery of materials and semi-
manufactured materials within economic sectors. d@ynparing two input-output tables for
different years, the indirect effects of changesone sector to other sectors can be taken into
account. This technique is known as structural agasition analysis (SDA). By linking this to
environmental indicators, a detailed insight isaiéd about which changes have gone along with,
and possibly have caused, certain changes in emugntal pressure and material flows (Rose and
Casler, 1996). Rose (1999) and Hoekstra and vamBdegh (2002, 2003) present the state of the art
of this technique as well as applications to matdiow analysis. Rose et al. (1996) is the first
application of SDA to material flow indicators. Wiand Hasler (1999) use SDA in a study of
nitrogen in Denmark. Hoekstra (2003) presents ailéetanalysis with SDA of material flows (iron
and metals, and plastics) for the Netherlands. $hidy produced two hybrid-unit I/O tables, for
1990 and 1997, and analyses these using SDA. Sudusity] the results serve as an input to
backcasting and forecasting scenario analysesJlsapter 4 for more details).

When the relationship between economic structuré physical flows is studied, the
purpose is usually to create long period views alboanomic development. Input-output modeling
can be useful then, because not only does it facusstructure but it also avoids excessive
assumptions regarding substitution, market chanatites and individual behavior. In addition, it
allows integration with data on substance flowsjclwhn turn can be linked to natural resources,
waste and emissions in national accounts. Moreavatterial balance conditions can easily be
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added, since they fit the linear I/O structure deasty. Second, an I/0O model, however detailed it
might be, can be extended with an optimization nedavthout losing operationality. The Dutch
WRR-study Space for growth(WRR, 1987), and the DEOS-stud$ustainable economic
development structure@®ellink et al., 1996) are examples of this. Hypathe coupling of /O
models to market models or applied (general-) dmuiim models is possible, although this
requires much work. The most important advantage cdmbined 1/0O-equilibrium model is that it
allows more refined policy analysis in which thdluence of specific policy instruments on the
behavior of producers and consumers is taken irtoumt®

Duchin (1996) has argued in favor of using dynamgut-output analysis in environmental
economics, and Duchin (1992) has done the sameduastrial ecology. The implementation of this
means that a great deal of attention needs tous» do the design of logical and detailed future
scenarios. Those scenarios gather information abeut technologies with respect to energy
saving, reduction measures, dematerialization aaycting. Duchin and Lange, supported by
Thonstad and Idenburg (1994), made an empiricaitioptput analysis to test a “hypothesis” given
in the well-known reporOur Common Futur@f the Brundtland Committee (WCED, 1987). This
hypothesis states that economic growth and ecabgicstainability at a world-scale can be united.
The 1/0O model, through which this hypothesis wasteté, is a sort of updated version of the
Leontief 1/0O world model from the 1970s. The anayelates to the period 1980 to 2020. The
model describes 16 regions, 50 sectors and chamdjes international trade of goods, capital flows
and economic and development aid. Calculations thghmodel of the effects of detailed scenarios,
mainly on energy and material use of metals, cenmeager and chemicals mainly, show rising
trends for the world as a whole. Environmental gues indicators are calculated as well: ,CO
emissions double worldwide in the studied periadissions of S@main nearly constant; and NO
emissions more or less double. These and otheltsdsad to a clear rejection of the hypothesis of
the Brundtland Committee. Strictly speaking, thmplies that we should think about how
development instead of growth in GDP terms can twabined with sustainable environment
quality at a world scale. For a similar study watldynamic 1/O model, but at a national level, see
the DIMITRI-model study by Idenburg and Wiltingtinis volume (Chapter 8).

Altogether, the scenarios and the I/O model caserable an incredible amount of
information in a clear and consistent way in a peative dynamical analysis. “Natural resource
accounting” and “social accounting matrices” oféebasis for this. Disaggregation is thus possible
of households with respect to income, educatidmgriafamily size or surroundings (for example
city or countryside). This allows, for example, tteidy of changes in lifestyle and demographic
developments. Evidently, both have wide rangingseguences for the use of products, and
indirectly material and substance flows. In additithe use of physical flow information at the
level of economic sectors, leading to physical l&bles, can provide much insight. The
construction of these, however, is a very time-oomag task that has not often been performed (on
this issue, see Chapter 4 by Hoekstra and van deghBn this volume). Conclusively, we can say
that dynamic 1/0O models in combination with sceosiare able to translate a detailed description of
reality into possible future patterns of physidaiMs and economic structure. Operationalizing them
is, however, a very laborious task.

2.4.6 Other macro models

Endogenous substitution within sectors and pricehaeisms does not play a role in input-output
analysis. That would require market and price bmdamodels, which can describe the total
economy, or part of it. An example is the STREAMeduah which has been developed by the

8 Dellink and Kandelaars (2000) performed an analysivhich an applied general balance model is éoetbwith a
material flow model. A similar type of dynamic madheas been developed by Ibenholt (2003) who apyitiex
Norway.

° Perrings (1986, 1987) presents a very abstracgandral mass balance /O approach that coversattens not only
among sectors within the economy but also betweemrtonomy and the environment.
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Central Planning Bureau in cooperation with the R|\both of which are Dutch research institutes
concerned, respectively, with economics and ther@mwment (see Chapter 7 by Mannaerts, in this
volume). STREAM is an empirical partial equilibriumodel with sectors as units, developed to
study the size and causes of environmental problatased to the flows of seven bulk goods
through the Dutch and European economy: iron aeel,saluminum, artificial manure, chlorine,
plastics, phosphor and paper. Each of these isctaized by specific options and costs coupled to
dematerialization, reuse and waste managementuBeaa the aggregate character of the model,
cost curves are constructed that classify the featly possible options within each of those
strategies of marginal cost effectiveness. Thisvad| for example, the study of recycling at a
macro-level.

STREAM employs a macro-level of aggregation. Othacro-level models have followed a
resource accounting framework, which aims to inelugformation on the use of flow and stock
resources from the environment into an economimémgork. Resource accounting explicitly links
information on processes in the economy with tmapcesses in the environment. Energy is often
used as the general resource factor. An interefiimgework used to study the physical dimensions
of economic systems is the ECCO approach: EnhamteaieCapital Creation Options (Slesser,
1990). This has seen a number of applications (Maar 1995; Ryan 1995, Slesser et al. 1997;
Battjes, 1999; and Chapter 6 by Foran and Poldhisawvolume). The ECCO modeling approach
can be characterized as a dynamic energy-accouapipgpach that links the production of human-
made capital to the natural capital that physicaltyables a given production level. The ECCO
methodology determines the system-wide, long-teffects of implementing policy options at the
national/regional level. It does this by determinithe growth potential of the economy in the
context of the existing economic structure and -defined policies, technology options and
environmental objectives. In turn, changes in glopttential alter a wide range of demand and
supply terms, and so reflect many other aspediseoévolving economy.

The ECCO models emphasize the physical fixed abp&quirement associated with a
policy, and the ability of the economic system étiveer that capital, either by direct manufacture o
trade. The wider impacts of policies are realizesugh their effect on the overall allocation of
fixed capital between sectors, and therefore on rdte of growth of the system, which is
endogenously computed.

2.4.7 Growth debate and material flows

The relation between economic growth and matel@ald in the longer run remains a difficult
topic. The earlier discussed thermodynamical irtsiglo not easily and directly lead to absolute
physical limits at the macro-level. The reasonhe aforementioned separation between value
(welfare, use, monetary value) and physical am@mtjoules). This is one of the reasons for the
“growth debate”. This can be explained best byfti®wing three main questions: Is economic
growth desired? Is economic growth possible? Andwa control or regulate economic growth?
(van den Bergh and de Mooij, 1999). The growthragdiic view is disseminated by, among others,
the economists Julian Simon (e.g. Simon and KaB84)Jland Wilfred Beckerman (1999). They
state that growth is good and maybe even necefmabpth a good environmental policy and the
maintenance or recovery of environmental qualitiye Thost recent support for this, according to
some scholars, is “environmental or green Kuznetgss (ECK)”. These are empirical assessments
of a “de-linking” of growth (income per capita) acdrtain environmental pressure indicators. A
possible explanation is that a higher income iso@ased with a more advanced technology,
allowing, for instance, to use resources in praduacimore efficiently. Moreover, income growth
leads to an increased interest in the quality dtineaand the environment, which is known to
economists as the “environment as a luxury goodiwever, the hypothesis is valid for only a
limited number of environmental indicators, whiclon@over have a weak relationship with global
or even local sustainability issues (de Bruyn arginkt, 1999). In addition, the EKC research
reflects that environmental policy has emphasizegent and local environmental problems
threatening human health. Other problems, of a dwdde character, or waste problems, are
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postponed in space or time. However, due to theapaharacter of the EKC studies, these aspects
are neglected.

What role do materials and thermodynamics plathengrowth debate? Obviously, growth
of all physical flows through economy inevitablyatis to more environmental pressure, ceteris
paribus. But what is the effect of GDP growth, whis not necessarily equivalent to an increase of
the “physical economy”. Maybe a substitution betwégputs in production away from material
resources, or from consumption of goods to seryica@s succeed in combining such a growth with
dematerialization at the macro-level. For example,increase of “clean” services in the GDP is
noticeable for most countries over the recent dexadhe question is, of course, whether such a
trend can continue. The connection between ads/isiuggests that it is likely that service sector
growth implies growth of environmental pressure sealiby intermediate sectors that are more
material-intensive and pollutive. Such intermediatelations would imply a limit to
dematerialization at the macro-level. D'Arge andjika (1973), Gross and Veendorp (1990), van
den Bergh (1993), and van den Bergh and Nijkamp4)L8ave included mass balance in economic
growth models to deal with this question at a tegoal level. Structural decomposition analysis,
discussed in the Section 2.4.5, can get a grinisrigsue from empirical and policy-relevant angle.

Next, an important question is whether recyclirffgsabstances, materials and products
offers a solution for important environmental pebk. This comes down to the question of
whether 100% recycling is possible. Many individubblve studied this, but it is has turned out to
be difficult, if not impossible, to come up withr@solute ‘yes’ or ‘no’. The diffusion of substances
is an argument for a ‘no’ — think of rubber paegllost from a tire being used on the road, or the
peeling-off of metal-containing paint through wesihg. Practically seen, it seems impossible to
collect all substances. 100% recycling might beragmated when energy is available without
limit and cost. But then problems related to enemjlyof course create a bottleneck. On the other
hand, Ayres has stated that perhaps not all sutestaand materials are totally reusable at the same
time, but that each time a considerable part carbsed. For this, he has proposed the terminology
“waste mining” (see, e.g., Ayres and Ayres, 1996).

2.5 From extended material flow analysis to industal ecology
2.5.1 Introduction
Since the late 1980s, an integrated perspectiyehgaical flows industrial systems has been called
“industrial ecology” (Allenby and Richards, 19940c®low et al., 1994; Greadel and Allenby,
2003; Ayres and Ayres, 2002). A central metaphothig field is “industrial ecosystem”, which
reflects the fact that an objective in an indussistem can be that “the consumption of energy and
materials is optimized and effluents of one processserve as the raw materials for another
process” (Frosch and Galopoulos, 1989: 94), mu@hrutrient flows in biological ecosystems. An
ecosystem, is “the living community and the nomigzienvironment functioning together” (Odum,
1963: p. 4). The boundaries of ecosystems arelwalya clearly geographically-defined, except for
islands or lakes, and are often linked to cyclesr@rgy, water, nutrients and carbon. Analogously,
industrial production units that are linked to @mther through fluxes of materials and energy can
be thought of as comprising an industrial ecosys#®mindustrial ecosystem is seen as a network
of mutually-dependent transformation processeschvform part of a larger whole, analogous to
the function of a local community or ecosystemalation with its global environment.

Below, we examine a number of themes in indusécalogy from an economic perspective.

2.5.2 Industrial metabolism

Related to the notion of industrial ecology is tbatindustrial metabolism”. This refers to flow$ o
materials and energy within and between industaiadl ecological systems, as well as their
transformation in products, by-products and efftsefAyres and Simonis, 1994; Ayres, 1999b)
Both the metabolism of economic systems and thatgdnisms changes over time through natural
or social-economic evolution as well as throughvobgion of the environment-economy system
(van den Bergh and Gowdy, 2000). Nevertheless,ctiamge in the metabolism mechanism of
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economic systems is much more rapid: witness tst@yi of mankind, from the Stone Age through

to the Industrial Revolution on to the current mmf@tion Age. The diversity of products, materials

and substances, as well as of production procelsaasn labor, and interactions among economic
agents, has increased tremendously. Moreover, tdo@enections between agents now extend
throughout the globe, which is the fundamental uestof the often misused concept of

“globalization”. Materials and substances that caméarge volumes or are exotic to the natural

environment have a disturbing influence on globagjfbochemical cycles. The world economy can
no longer be regarded as a minor influence omiaenment.

One of the insights from industrial ecology andusigial metabolism is that partial policies
focused on one part of a system may lead to prolsleifting to another part of the system. To
avoid this problem, an integrated, system-wide @@ghn is required. It is fair to say, however, that
all applied studies in the area of industrial egglounavoidably have some element of
incompleteness or partiality as well. The boundaokthe relevant system have then to be decided
on the basis of interactions with a wider systeat #re considered negligible.

Research on industrial metabolism has focused end#scription of material flows in
economic systems (see, e.g., the case studiesres/fnd Simonis (1994)). Studies along these
lines provide insights about the size of materialvé and the identification of stocks in which
certain materials accumulate. (For a study on heastals see, for instance, Guinée et al., 1999.)
This leads to concepts like “chemical time-bombghink of the accumulation of chemicals in the
river soils — and “waste mining” — materials acculating that can become an important resource in
the future (Stigliani et al., 1991; Rohatgi et 4B98). However, several issues cannot be addressed
properly with such a descriptive approach, espigctak (economic) motivations underlying the
actions of the economic agents.

Ayres (1994) noted that the economic system is t@lmodéic regulatory mechanism that balances
supply and demand for both products and labor titrqarice mechanisms. The economic system as
a whole is essentially a collection of firms, tdgat with institutions and worker-consumers. A
manufacturing firm converts material inputs intorketable products and waste materials. Like
biological systems, firms specialize in certaingypf activity. From a material flow perspective,
the following products can be distinguished:

- Primary commoditie®r virgin materials: raw materials that have bea&tracted from natural
resources.

- Secondary commoditiew recyclable waste materialsaw materials that have been recovered
after production or consumption.

- Final commodities intermediary products suitable to be convertegeally into consumer
goods.

- Consumer product®r final goods generated in the final production (manufacturistgge
before consumption.

- Waste materiatsresidue materials that can no longer be converttm useful materials or
products in an economically feasible way. The nia®eican come from various stages in the
industrial material cycle.

Products of one firm can be used as an input byhanoFirms are part of some sort of material
cycle. This is related to the general scheme ofistrthl metabolism as defined by Ayres (1994).
We have adapted the terminology in this scheme,aaldéd an additional stock, waste, in order to
explicitly include the waste treatment sector (Fegw®.1l). Materials are extracted from the
environment and used to produce final commoditdsch in turn are used to produce consumer
products. Waste is generated in every step of thtenal cycle. This waste disappears to the
environment, or is collected for reuse or recycling
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Figure 2.1: 5-Box Scheme for Industrial Materiald®s
Source:Adapted from Ayres (1998).

2.5.3 International material product chains

The relationship between materials flows and irgBomal trade has received some attention from
economists. An early study is Grace et al. (19¥&n Beukering et al. (2001) discuss a multi-
regional version of international material cyclatso known as the international material product
chain (I-M-P chain). This combines descriptions méterial flows with those of interactions
between various economic agents or activities fierdint countries. The I-M-P chain describes the
physical dimension of economic systems in a setiingternational interactions.

Figure 2.2 shows a possible I-M-P chain for twe@ratting or trading countries. Country A
represents a developed country that is well-endowgld high-tech capital, skilled labor and
recyclable waste materials. Country B represemtsv&loping country that is poorly endowed with
capital, recyclable waste and know-how, and wetlosved with unskilled labor and primary raw
materials. The arrows between country A and B ssreinternational trade flows of raw materials
and products. Note that trade can relate to allestaof the chain. Materials and products flow
horizontally, diagonally and vertically from onegseent to another within the international M-P
chain. Horizontal flows reflect intra-industry teadwhile diagonal flows indicate inter-industry
trade. The traditional M-P chain is representedhgyautarchic vertical material flows within each
country, given that borders are closed and counéie fully dependent on their own resources.

Traditionally, the immobility of labor and capithhs caused natural resource availability to
be an important driving factor of inter-industradie. With the mobilization of capital, production
centers have become less dependent on the lodtkaMy of material resources. Technological
knowledge, scale effects and vicinity to consumarkets have become decisive factors, causing
intra-industry trade. Materials and products hagerbtraded horizontally between segments in the
I-M-P chain. Differences in strictness of enviromta policies have caused polluted materials and
products to flow to developing countries.

Empirical studies confirm changes in the I-M-P ch@ian Beukering and Bouman, 2001).
A pattern that links developed and developing coesithas emerged. In particular, developing
countries have become more important as imporfepsimary and secondary commaodities, and as
exporters of commaodities to their own region (vasuBering, 2001). A number of other studies
also address empirical issues of trade in matefistrom and Lonnstedt, 1995; Michael, 1998;
van Beukering and Duraiappah, 1998; and van Benggennd Janssen, 2001).
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Finally, Janssen and van den Bergh (in press)ititétnational trade in materials to the
research on environmental Kuznets curves (EKC)¢clvhddresses the relationship between
economic growth and environmental pressure (seeofet.4.7). They formulate a numerical
optimal growth model with material resource usénn trading countries, and then simulate a
number of scenarios. The results can explain sdrtteeatterns obtained by empirical EKC
studies.

Country A Country B
_y| Primary & se_c_ondary Primary & se_c_ondary —
commodities commodities
A 4 A 4
Final Final
commodities commodities
A 4 A 4
Consumer Consumer
products products
\ 4 A\ 4
L Waste Waste |
materials - ———— P materials
— > Autarchic/domestic flows — Inter-industry trade
— —» Intra-industry trade e Waste export

Figure 2.2: An example of the international matépeoduct chain
Source:van Beukering et al. (2001).

2.5.4 Industrial symbiosis

One of the most noticeable topics in industriallegy is the analysis of “industrial parks”. This
relates to the concept of “industrial symbiosisg, ithe idea that the negative ecological impact of
industrial activities can be reduced efficientlyaffectively by stimulating the spatial proximiby
location, and cooperation among firms. By stimulgta larger, organized system of industrial
relations, it is possible to prevent spillover ette the possibility that efforts to reduce negativ
ecological impact in one part of the system creatditional/worse impacts in other parts of the
system. In a collective approach, firms achieve metitive advantage by physical exchange of
materials, energy, water and/or by-products (Cher2D00). A prominent example of a successful
industrial symbiosis is the industrial park at Kadborg in Denmark (see Chapter 11 by Jacobsen
and Anderberg, in this volume). Even though thentépark” suggests a planned or atrtificial
approach, it can be the outcome of a slow procésseli-organization, assisted by a policy
environment that is favorable to cooperation andhtsgsis. Desrochers (2002) broadens the
industrial symbiosis concept from an industrialkgi@r an entire city.

Sager and Frosch (1997) have studied the metaisrsaedNew England (Figure 2.3). They
found that this sector has developed into a weltfiwoning industrial ecosystem, indicated by very
low percentages of material loss from the syste®0for copper and 4.5% for lead. They found
that larger firms are more efficient, but concludexim a survey for all 35 metal-processing firms
that these do not employ an industrial symbiosirsgextive. Industrial symbiosis can be regarded
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as an emergent property of the system of locatant®ns of individual firms. A critical role in ¢h
functioning of the whole system is played by theoselary processors, such as scrap dealers and
melters. Sager and Frosch also discovered thanagarent governmental waste policy in terms of
prices and regulation stimulates the performancehef industrial ecosystem. In contrast with
Kalundborg (which is characterized by fixed intéi@ts among firms associated with particular
physical flows), in New England, the metals se¢somore flexible due to mobile links among
production firms, scrap dealers and melters. Dubése mobile links, the industrial ecosystem has
probably a larger capacity to adapt to externahwdii than one characterized by fixed links — the
latter being more fragile.

Distributor's
Virgin Metal Acolomerators’ Scrap Dealers
SuppTﬂ' gl gé (Small) y

S Brokers
\\\ E Scrap Dealers
A s i (Large) \

AlDYErS F=Sc>p Foundries ¥— = '
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'
/é’/al“ﬁ \‘S;"aste Redaimers’ /
Rrefint‘l's ﬁ%%%‘ = Disposers

A
\\ Other Users O Landills g

Figure 2.3: Flows of metals among metals processoew England
Source:Frosch et al. (1996).

Industrial ecosystems can be analyzed at variousldeof aggregation, depending on
whether the core questions deal with the context®munderlying mechanisms. At the lowest level,
concrete people and products come in view. Andri@061) argues that the agency level needs to
be studied so as to understand the human consateyadnd motivations — possibly involving
profits, welfare, ethics and social norms — théimately drive industrial ecology. An important
area of micro level analysis is consumer beha@arrent economies are very much focused on the
consumption of material goods instead of maximizimg utilization of these goods (Stahel, 1994).
Axtell et al. (2002) argue in favor of applying (ltH)agent models in industrial ecology, which
they argue are capable of analysing with innovattmoperation and diffusion processes.

2.5.5 Services and dematerialization

A transition from a consumption economy towardseavise economy would emphasize the
function or service that products may provide iadtef emphasizing the ownership of the product
itself. Examples are laundry services, car-pooliag car sharing services, teleshopping,
maintenance services, etc. The choice is thus leetweying a good or buying its services — for
example, buying a washing machine, or bringing yaothes to a laundry service centre. The latter
means a more professional approach, economieslef, fetter maintenance of machines, and more
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control of material and waste water flows. Stimiglatof services will require a behavioral change
of both consumers and firms. For example, by shaproducts, service companies will make it
more logical to consider the repair or refurbishimigproducts, thus considering all consumer
products as valuable capital goods — as a possilese of action. In order to elicit such a
transition, product designs and product servicesine change. Products need to be developed in
such a way that components can be taken back Hmareifacturing. Re-manufacturing is different
from recycling in that it is a form of product poolgation, not a simple material loop-closing
(Stahel, 1994). Innovative producers may perceivegossible new market share for alternative
dematerialized products, and hence may adopt meshinat are more robust, reparable and
adjustable qua function. Innovative consumers,the.first individuals that start using alternative
products, provide a behavioral example to othesaorers.

It is expected that a service economy would be nmess material intensive, relative to the
satisfaction of human needs, than the present agoison economy (Ehrenfeld, 1997). Technical
options like changing product design can signifigareduce material and energy use. The market
entrance of such products, however, often failse @eason is that current production and
consumption patterns are “locked-in” (Arthur 1988)dicating that the behavior of agents is
interdependent, due to network externalities, $agigation, switching costs, or simply economies
of scale. A misunderstanding is the idea that liocls permanent. History shows that all kinds of
technologies eventually become replaced by a nelWntdogy. In the case of text processors,
WordPerfect has replaced WordStar and nowadays Wahe dominating text processor. Even the
popular lock-in example of the QWERTY keyboard nimcome replaced one day by another
technology: for example, technology related to shgecognition. Janssen and Jager (2002) present
a simulation model of coevolution of product cholpe consumers and product development by
firms. They find that successful introduction ofeahative products needs to be accompanied by
adequate price shocks to get out of the lockedkiratson.

2.5.6 “Factor Four” and rebound effects

Many authors have focused attention on improvingo*efficiency”, i.e. the environmental
performance per unit of useful economic outputu8ohs comprise technical design of products
and processes, organisation and logistics. Thet6Fd&our” approach promoted by the German
Wauppertal Institute is perhaps the best-known egpoof this. Factor Four denotes that a doubling
of welfare is feasible while halving material anmesgy use (Von Weizsacker et al., 1997). There is,
however, a risk that all concrete “eco-efficiensgiggestions at a micro-level give rise to overly
optimistic estimations of net gains on materials aacro-level. The reason is that indirect effects
that run through various markets (resources, pisducapital, labor and financial) may be
significant. This can stimulate substitution patteem production and consumption that ultimately
may undo part of the first-order eco-efficiencyrgaiSuch indirect effects are now known under
various names: general equilibrium, macroeconomiebound effects. For example, through less
use of a particular material resource due to a pesluction technology or product design, prices
of the respective resource will fall, which in turan increase the use of the original products or
processes, or stimulate entirely new uses of teeuree. Only an integration of industrial ecology
and economic models (i.e. technical informationtemal flows and economic mechanisms) will
make it possible to solve such difficult issuesijiiers (1998) in addition argues that in striving
for a factorX improvement, achievable values Xfwill widely vary among economic activities,
depending on the specific technological, econonmd astitutional conditions prevailing. The
relevance of institutions for eco-efficiency isestsed by Bleischwitz (2003). Again, models
representing a good integration of economics, teldgy and institutions are needed to address
these issues.

2.6 Conclusions
This chapter has shown that there is an overlaptefest and expertise between industrial ecology,
ecological economics and environmental economieshEcovers a wide range of approaches to
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study physical flows through firms, sectors andgébenomy as a whole. More important, however,
is that their methods and insights are largely dempntary. This suggests a need for further
linking and integration.

Physical flows cover a variety of specific mategiaind substances, each with unique
potential environmental impacts. Especially wherdragsing larger material flows, materials
accounting, using the mass balance principle, dsspensable to arrive at accurate prediction and
scenario analysis that can provide useful inforamafor policymaking. Dynamic analysis of the
relationship between growth and material flows @s§g a number of critical factors:
dematerialization at product and production tecbggllevels; recycling of substances, materials
and products; and changes in the structure of déraad production.

Environmental and ecological economics offer vasioconceptual frameworks and
techniques to study the contribution of the varitacdors. They can be linked to ideas coming from
the young field of industrial ecology. This, howevemphasizes the risks of transferring
environmental problems in systems, space and firhe.future promises more linkages between
these fields of research. This is particularly usédr studying the design and multidimensional
impacts of innovative policies, such as those aimtechain management, cascading of substances
and materials, waste mining, substance depositdefaystems, and producer lifetime-long
responsibility for, and ownership of, final prodsict
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