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Abstract

The nature of energy and materia resources in an endogenous growth theory framework is
clarified. This involves three modifications of the conventiona theory. Firdly, multiple
feedback mechaniams or “growth engines’ are identified. Secondly, a production function
digtinguishes between resource use, technicad efficiency and vaue gedtion. Thirdly, the
impact of the cost of production through demand on growth is accounted for. A formd

mode is andyticaly solved under a condition of a constant growth rate. Given modd
complexity, numericd experiments are performed as wdl, providing relevant inaghts to the
academic and politica debates on ‘environmental Kuznets curves and ‘demateriadization’.

Keywords: demateridization, environmentd Kuznets curve, feedback mechanisms,
production function specification, resource scarcity, value crestion
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1. Introduction

That the scarcity of natural resources and environmental pollution, as well as policy goas
like recycling of materiads, demateridization, and increasing energy efficiency, impose certain
congtraints on economic activity isindisputable. The nature of those condraints as gpplied to
economic growth are both subtle and contentious, and have been insufficiently addressed in
goplications of sandard growth theory to environmental resources [Beltratti, 1996;
Chichilnisky et a. 1997; Dasgupta and Hed 1979; Pezzey, 1989; Toman et d. 1995]. A
new approach to growth theory involves at least two modifications of the conventiona
theory. Firg, to explain endogenous growth it must reflect the existence of sdf-reinforcing
feedback mechanisms or “growth engines’” gpart from population growth and the traditiona
svings-investment-cgpitd accumulation  mechaniam.  The  knowledge-accumulation
mechanism proposed by various versons of endogenous growth theory is one candidate,
but not the only one. The role of learning and “experience’, as well as the role of declining
natura resource (notably fossl fudl) prices, as drivers of past and present economic growth,
need to receive atention in forma models of economic growth.

Second, a modified growth theory should explicitly reflect the fact that important (i.e.
scarce) factors of production in economics can and do change over time. When non+
renewable natura resources were perceived as available without limit, i.e. not scarce, they
could be regarded as intermediate products of scarce labor and scarce produced capital.
However, in the future, as growth continues, both renewable and non-renewable natural
resources may be scarce and limiting, and increasingly so, whereas unskilled human labor
and produced capitd will be plentiful, lso increasingly so.

These ideas will be eaborated in a forma mode that includes two mgor innovations
relative to exising growth models. A genera production function distinguishes between
resource use, technicd efficiency and vaue credtion. In addition, the impact of cost of
production on demand and in turn on growth is included. The production and demand
submodels render separate ingghts. As the combination of the two leads to a complicated
model this will be solved under an extra condition, namely that the growth rate is congtant. It
will be argued that the resultant modd is cgpable of generating new insghts about questions
regarding limits to growth, sustainable development, “Environmenta Kuznets Curves’ and
demateridization (see van den Bergh and Hofkes 1998). Note that the modd presented
here adopts an entirely different approach than the standard literature on extensons of
(exogenous or endogenous) growth theory with (renewable or nonrenewable) naturd
resources or environmental pollution (see Dasguptaand Hedl 1979; Smulders 1999).

The organization of this paper is as follows. Section 2 briefly discusses Neoclassica
growth theory from theoretica and empirica perspectives. Section 3 presents an adternative
view on growth, by digtinguishing three growth mechanisms. Section 4 presents a related
dternative view and formdization of the aggregate production function. Section 5 provides a
formdization of the three growth mechanisms. Section 6 extends the modd with demand
dde factors. Section 7 presents analytical results. Section 8 shows some numerica results.
Section 9 concludes.



2. Neoclassical Growth Theory

The neoclassical one-sector growth modd has three crucid predictions. The first oneisthat
the contribution of capitd investment to growth will dowly and findly ceese due to
saturation, i.e. diminishing returns to man-made capitd. A second implication follows is that
the only source of growth thereafter must be technologica progress, which the model does
not explain and treets as exogenous. Usudly thisis done by introducing a smple exponentia
function of time, thus representing technical progress as an automatic and gradua process.
The third prediction is that poorer countries will grow faster than rich ones, other factors
remaining the same. Thus, economic convergence should occur.

It is wdl-known that the three key predictions of the standard theory are not consistent
with observation. In the firat place, thereis no indication of approaching capital saturation. In
the second place, the 16 richest countries grew much faster in the 1950-1970 period (3.7%
per annum) than they did in the prior 80 years, when growth averaged about 1.3% per
annum. Even after the observed dowdown in the early 1970s, growth continued a around
2.1% per annum which is dower than 19501970, but fagter than the long-term average. In
the third place, a smple scatter chart of growth rates vs. GDP for 118 countries, shows no
detectable correlation between the two variables, even though the standard theory implies
that countries with higher GDP should have lower growth retes [Barro and Sdla-i-Martin
1995]. On the other hand, until 1997 the “tiger” economies of East Asawere undoubtedly
growing faster than the more industrialized countries. This suggests that other factors account
for low growth rates el sawhere.

These facts have motivated a recent flurry of interest in revising the neoclassical theory
to endogenize technologicd progress, without giving up the growth-in-equilibrium
assumption % and associated with it the assumption of rationa behaviour of economic
agents. The resulting so-cdled ‘new’ theory of endogenous growth has uncovered severd
dternative (and possbly more redistic) ways of accommodating the ‘ stylized facts of growth
[Romer 1994]. These stylized facts are as follows : (1) market systems involve many firms,
(2) discoveries are public knowledge (non-riva goods); (3) physicd activities are replicable,
whence the aggregate production function must be homogeneous of degree one in dl inputs
that can be owned and exchanged (i.e. they are rival goods); (4) technological progressis a
consequence of human activity; (5) competition is imperfect. This theory was kicked off by
Paul Romer, who smply discarded the neoclasscd condition of diminishing returns to
capitd and defended that step by arguing for increasing returns to human capita, thanks to
positive spillovers [Romer 1986]. He further showed that, contrary to earlier opinion, such
models could be robust.

Since then modds have been congtructed models of sustained growth with imperfect
compsetition, trade, vertica innovation, environment, etc. [Lucas 1988; Romer 1987, 1990;
Jones & Manudli 1990; Rebelo 1991; Grossman & Helpman 1991; Aghion and Howitt
1992; Smulders 1994, 1999]. In many of these modds the production function takes the
Harrod-Domar form



Y= AK (1)

where A isacongtant and K stands for ‘knowledge capitd’ or some combination of physica
and reproducible factor inputs. All of these modds assume that investment in knowledge or
technology yidds increasing returns, offsetting the diminishing returns to physica capitd,
dlowing congtant returns to scale a the economy-wide level. Thus, in the basc AK modd
the long-run growth rate of capita and output depends only on the growth of knowledge. If
the capital (knowledge) stock is governed by the usud relationship between
investment/savings rate s and depreciation rate d, i.e.

K=sY-dK 2)

then it follows that the growth rater isgiven by

r=viv=SCky=K-a.d )
dK K

This implies that under endogenous growth the long run growth rate can be congant ad
positive as long as the technological parameter A islarger than the depreciation-rate/savings-
rate ratio.

It must be said, however, that notwithstanding its ingenuity, al of the above-cited work
involves a cartain ‘deight-of hand’ insofar as it depends on just one fundamenta change in
the standard menu of assumptions. It exploits the ‘public goods' atribute of knowledge to
achieve increasing returns to capita (including human capital). The other relaxations to the
standard theory, such as imperfect competition (and incomplete gppropriability of intellectua
capital) had aready been made.

There are some limitations of this framework. First, most discoveries are not instant
public knowledge. This is even true of published discoveries in physcs or chemigiry, not to
mention other kinds of knowledge that contribute fundamentaly to productivity. Moreover,
assuming that firms dways act rationdly is equdly unredigic. Neo- Schumpeterian theories
have emphasized bounded rationdity and stochastic processes, which cause persistent
economic disequilibria (Nelson and Winter 1982; Dos et al. 1988). In contrast to thisisthe
younger research program that ams to combine endogenous growth theory, based on
determinidtic rationd behaviour, with Schumpeterian “ creative destruction”, dso referred to
as “vertica innovation” (Aghion and Howitt 1998). This gpproach remains in the tradition of
equilibrium growth theory. Either pproach ill hasto prove its empiricd vaue.

An important question arises, namdy: is it possble to achieve perpetud exponentid
growth with a congant savings rate (non-increasing investment) and declining resource
inputs? This is a question that has been addressed before, of course, in connection with the
“limits to growth” debate of the early 1970s. But the mainstream economists' response then
was mainly based on andyss with smple abstract neoclassca (non-endogenous) growth
models of the Cobb-Douglas type postulating natura resources as a subgtitutable input, but
without any resource-related feedback mechanism [e.g. Solow 1974; Stiglitz 1974, 1979].



Given the gpparent importance of materid resources (and energy) in both capital and
consumption goods, this assumption did not satisfy some critics of the neo-classcd growth
theory [eg. Georgescu-Roegen 1979; Ddy 1997]. Applications of growth models
incorporating physcd flows and mass baance condraints provide one dternative
perspective (van den Bergh and Nijkamp 1994; Gross and Veendorp 1990)." Thefollowing
section preserts another dternative view on economic growth.

3. Growth M echanisms Reconsidered

It is now generally assumed that technologica progress has been, and continues to be, the
major contributor to increasing the productivity of human labor. But, to gain further ingght it
IS hecessary to look more closely at the specific mechanisms. What we seek to incorporate,
in particular, are three feedback mechanisms as shown in Figure 1.

[ Insert Figure 1. Three growth mechanisms. |

1. The“resource use” (fossil fuel) growth engine

Economic history suggests a quite robust energy-growth feedback (EGF) relationship.
This resource-driven feedback mechanism for growth isindicated by loop 1 in Figure 1. It
can be described briefly as follows: technologica progress has made foss| fuds seadily and
draméaticaly cheaper and more convenient to use since the early eighteenth century. This, in
turn, encouraged the subdtitution of fossl fud-derived energy and mechanical power for
work by animas and humans. It dso had a powerful impact on metdlurgy — especidly the
amdting, refining and working of iron and stedl. Both chegper fuds and better metals made it
possible to congiruct better, cheaper and more efficient machines, including steam engines
and machine tools. This, n turn, permitted continuous and dragtic further reductions in the
cost of mining and trangporting cod (later other fuels), and the delivery of mechanica power
to users, including the cod mines and the transport systems themsdves. This congtitutes the
early form of the EGF cycle.

Conceptuadly the cycle consgts of two separate e ements. First, economic growth since
1800 has been driven to a large extent by utilizing machines (steam engines, internd
combustion engines) powered by fossl fuels as a subdtitute for, and multiplier of, human and
anima labor. Second, the extensve use of fossl fud-derived chemica fertilizers and
pesticides on farms is another, more recent, technique of increesing productivity by using
less labor. Naturdly, as labor costs fal due to the economy using more and more natura
resources, economic growth is stimulated, resulting in a further increase in the overdl use of
raw materias and foss| fuels. In other words, a positive feedback mechanism is operdtive.
Note that this growth mechanism mug fdter and eventudly fal snce fossl fuds will
eventudly become scarce and prices of materids and energy derived from them will start
risng.

The other key dement of the EGF is innovation and the creetion of new commodities
and products, some from the fossl fuels themsdves, and some from other materia
resources. Cod itsdf became a commodity to compete with, and eventualy replace,



charcod. Coke and coke oven gas followed as commodities. Electric power is now a
commodity. The same kind of thing happened later when petroleum was exploited &t first to
provide an dternative to whde ail for illumination purposes (oil lamps). Gasoline was a
refinery by-product, used only as a cleaning agent at first. Of course, hegting oil, diesd fud,
lubricants, petrochemicals, plastics, synthetic fibers, and numerous other products were
developed over time to exploit the raw materid more fully. The development of internd
combusgtion engines and sdf-propeled vehicles has followed the availability of low-price
fossl fud energy.

It is important to emphasize that the feedback cycle is not merely a particular form of
learning-by-doing, nor is it fundamentdly attributable to scde economies, dthough both
learning and scale are obvioudy involved and can reinforce it. One of the two key eements
of the cycde is the avalability, a ever-lower cods of fossl fuds, initidly cod, and
subsequently petroleum and naturd gas or nuclear energy. These are, of course, materia
resources. But they differ from other resources, such as construction materids, in that they
are not embodied in products (except for plastics and synthetic fibers). They are entirdy
consumed for the purpose of generating heat, mechanicd power or (a dight generdization)
electric power.

A growth theory that includes the EGF cycle can address several new questions: To
what extent was past economic growth dependent on the exploitation of thisform of capital?
To what extent is current and future growth still dependent, directly or indirectly, on fossl
fuels? Is there another possible feedback cycle "growth engine’ that could replace it in the
future?

2. The Salter cycle growth engine

A second mechanism for driving economic growth by reducing costs became
increasingly important in the 19th century. Scale economies, sandardization, divison of
labor by specidization and ‘learning by doing’ were important in dl kinds of manufacturing.
Once again, cost reduction encouraged demand growth and vice versa. This has been cadled
the “Sdter cycle’, indicated by loop 2 in Figure 12 Of course, growing demand for
manufactured products implies increased consumption of raw materias of dl kinds. It is
important to emphasize that the scae-learning mechaniam, by itsdf, is unable to generate
perpetua exponentia growth a a congtant rate. The reason isthat costs declinein relation to
output at a declining rate, and demand increases in relation to prices at a declining rate. To
maintain a congtant rate of growth, therefore, it is necessary to postulate a product mix that
changes and evolves (becoming more complex, for ingance) with a continuoudy increasing
price dadticity. Up till now businesses have been quite successful in fostering such a process
via product innovation and marketing (shape, fashion, packaging, e€tc.). We return to this
point shortly.

It would seem that economic growth in the industrid countries, a least until recently,
has been driven primarily by a combination of these two feedback mechanisms. What does
this approach then say about the relationship between environment, resources and growth?
Economic activity is very materias intensive at present, which is partly related to the fact



that economic growth has been very tightly linked to natural resource extraction and use.
However, neither the resource-driven growth nor the scae-driven mechaniam is sustaindble
for the indefinite future. This is partly because the naturd resources themselves are bound to
become scarcer (and more costly) and partly because the resulting pollution is becoming
increasingly intolerable.

3. The value creation or ‘dematerialisation’ growth engine

Loop 3 in Figure 1 represents athird growth mechanism essentid to permit sustainable
future economic growth. Resource productivity and labor-productivity must incresse
samultaneoudy, not by increasing labor productivity a the expense of consuming ever more
natural resources. The mechanism for achieving this result can only be to add vaue to, and
extend the useful life of durable products while smultaneoudy reducing use of fossl fudsand
other disspative intermediates. This strategy can be characterized as “ demateridization”; it
a0 includes reuse, renovation, re-manufacturing and recyding on various levels. This is
tantamount to subgtituting man-made “useful” information for naturd resources [Ayres &
Miller 1980; Ayres 1987, 1994]. Macro-leve demateridizaion may result from lighter
products, miniaturization and new technologies (computers and information technology), and
sectord shifts to services. The latter may go dong with demographic and life-style changes.
Through these processes, the economy will automatically focus on the production of fina
sarvices rather than materid. It will then be naturd for managers to develop means for
delivering services with the minimum possible requirement for materid and energy inputs.

Of course, increased useful life-time, by means of repair, renovation and re-
manufacturing, will necessarily sacrifice some of the advantages of mass production. These
activities are inherently more labor intendve than capita intensve, which may seem, at firg,
like a disadvantage from the perspective of labor productivity. But, if more labor is needed
for each machine or other materiad product in srvice, where is the macroeconomic gain?
Part of the answer is that repair, renovation and re-manufacturing not only reduce the losses
of primary extractive raw materids but aso reduce the loss of vaue previoudy added to
materias by prior production processes. In other words, the dematerialization and recycling
mechanism sharply reduces the rate of depreciation of durable goods and physical capitd.
Thisis ared macroeconomic benefit, because depreciation means a significant 1oss (or cost)
to the economy.

But cutting back depreciation does not ipso facto generate new demand. The second
pat of the answer, therefore, must lie esawhere. Whereas the Sdter cycle growth
mechanism depends on price reductions (due to economies of scale) to generate new
demand, the third cycle must generate new demand in some other way. The obvious (and
probably only) mechanism for doing so is via acceeraed technologica innovation in the
sarvice sectors, as illugtrated schematicdly by loop 3 in Figure 1. This mechaniam isvery
smilar to the one that Romer (1986) has proposed, except that there is no need for new
knowledge to be public. Spillovers can and usualy do occur at the product levd, e.g. lasers
have facilitated unexpected gpplications in eye surgery, printers, CDs and a host of other
sectors. We are now seeing this cyclic process operate in the domain of information



technology (IT). We may see it soon in bio-technology. It may thus affect both
recycling/reuse and demateridization.

Idedly, one might think thet a complete growth modd should reflect each of the three
feedback effects explicitly, and independently of the others. However thisis easier said than
done. For ingance, during the early phases of theindustrid revolution there was avery
gtrong interaction between economies of scae and learning in the manufacturing sector and
the cost of energy/power, and smilarly for the cost of metals (iron and stedl) and machinery.
This generated a new technology (railroads and steamships) which cut costs of transport
dramaticdly and promoted trade. There was virtualy no R&D in the modern sense, until the
last third of the 19" century (e.g. Edison). Before that, R& D was indistinguishable from the
cost of capital equipment, and essentidly dl of what we would cal R&D went into
improving production processes. Resources were not devoted to consumer product
development until the last two decades of the 19" century, beginning with the telephone,
bicycle, automobile and avariety of household and kitchen gppliances. The point is that
some of the most important feedbacks of the early industrid revolution may no longer be
quantitatively sgnificant. because of sructura change. Y et asmple sngle-sector model must
alow for dl possble feedbacks but cannot distinguish between the sector- specific
mechanisms

In subsequent sections aforma growth modd is presented that incorporates dl three
growth mechaniams. In order to develop this model completely an important building block
is needed, namely a production function that provides a link between physica and vaue
units.

4. The production function

In order to formulate a generd production function suitable for our purpose of implementing
the three growth mechanisms of the previous section two dimensions need to be explicitly
consdered: the materid or physicad dimension of production; and its vaue dimenson.

Extractive physica resources are needed, either for the production process, or to be
embodied in the product, or both. The mass baance condition (first law of thermodynamics)
must hold, of course. Some fraction of these physica resource inputs is elther discarded at
the outset or converted into disspative intermediate products that are utilized (and lost) in
the production process. The remainder is embodied in “finished” goods that compose the
compodte physica output. The latter is aso eventudly lost, when the good is depreciated or
‘used up’ and discarded, except to the extent that it isrecycled.?

Hereafter, both resource inputs ] and waste outputs (V) from the economy are
defined and measured in terms of mass or exergy flows. Exergy is an unfamiliar concept to
most economists, but it is more appropriate (and accurate) than either mass or energy, since
it is gpplicable to both fuels and non-fuel resources* Of course, R aso has a postive price
or monetary vaue, while W may, in principle, be assigned a negative price and negative
monetary value® However these values are irrdevant to the following discussion.



Using the mass- balance condition it is now possible to introduce two different, but
complementary, measures of technologica progress (see dso Ayres 1978; van den Bergh
1999). Thefirgt of them relates to ameasure of the technica efficiency of the production
process, namely the ratio of resource (e.g. mass or exergy) inputs embodied in the physica
output (finished products) to the gross mass of materid extracted from the environment. The
difference between input and output is lost as process waste W, which incidentaly is harmful
to the environment. The technica efficiency of production f can be characterized asfollows:

(RW_, W "
R R

Notethat f isafraction (i.e. adimensonless number), necessarily limited to the range of
vaues 0 < f < 1,assumingthat 0<W <R, i.e. thereis dways some waste and the

amount of wagte is bounded from above by the amount of resource input (measured in the
same units). Evidently a combination of smple learning (experience), plus scae economies
and new knowledge generated by R& D can account for increasing efficiency f of the
production process in terms of the use of material (exergy) resources. A generd formulation
of f istherefore f(K,U,N), with the arguments denoting capitd, knowledge (human capitd)
and experience (cumulative production), repectively. The more efficient the process, the
lesswagte. Hence there is a direct relationship between technical efficiency f and product
cost C, which would suggest something like 1/C = f(K,U,N). This point will be takenupin
Section 6.

The second new measure is the monetary value of the output of the economy per unit
mass of finished materia goods produced, i.e.

9= ——=— )

The conceptud difference between the two measures is important, athough thereis clearly a
relationship between them. Firgt, g (unlikef) is not adimengonless number; it is measured in
$mass or Fexergy) and can take any nonnegative value. Second, theinverse of gisa
measure of the phenomenon now commonly known as ‘ demateridization’ [Herman et al.
1990; Cleveland & Ruth 1997; Ayreset al. 2000]. Therefore, f can be referred to asthe
efficiency measure and g as the demateriaization measure.

The above relationship can be expressed as a production function, namely of the form

Y=fgR (6)

where Y=Y (U,K,R) if f=f(UK,R) andg= g(U,K,R) . Thisautometicaly satisfiesthe
Euler condition of congtant returns to scae at the macro-levd if (and only if) f and g are
homogeneous functions of order zero. This condition is satisfied, for instance, provided the
functionsf, g depend only on ratios of other factors of production. For instance, we might

try

10



f=f(KU/R) (7)

g=g(K°U""/R) (8

Here >0, g'(0)<0 and g">0. Thefind choice of functiona formsfor f and g must obvioudy
depend on the use of other economic knowledge

A very helpful empirica relaionship that can be used a this point to help in the
selection processis the so-caled E/y (environmentd or energy Kuznets) curve, with E some
indicator of energy use or environmental pressure and y = income/capita (GDP/Capita). In
our notation we can write

E/y=(E/Y)Pop="Pop/ fg 9

with Pop denoting the population size. For someindicators E the ratio E/y has for most
developed countries and over a certain income range the form of an ‘inverted U’ or bell
shape. The efficency measuref can be estimated numericaly. In fact, this has been done,
for the USA, for the period 1800-2000 (see Ayres 1999). While the estimation procedure
was necessarily crude and the data are not very precise, there can be little doubt that f isa
monatonicaly increasing function. Thisis aso in accordance with engineering intuition.
Therefore, g must display a‘ U-shape . What thisimpliesis that during an earlier period of
economic development (characterized as the “cowboy economy” in an earlier paper by one
of us[Ayres 1998]) the value of service outputs of the economy was actudly declining in
relation to the materid output (and extractive resource input), whereas in the past half-
century it has been increasing.

Thefunction f increases monotonicaly, but the functiond relationship between f and K
cannot be linear. On the contrary, as K becomes larger and larger, f approaches its upper
limit of unity more and more dowly. Sincefg hasa‘U-shape’ g cannot be asmple function
of (increesing) U or U/R. We can now choose functiond specifications that are consistent
with these patterns: For instance

f=1- exp[-| (K?U"?/R) (10)
g=AR/(K U )M +(@1- A)(K°U"P /R)"™ (1)
It can be shown that g in equation (11) has a minimum when

(RI(KPUT )2 = ((1- A)/ A, /h, (12)

1



K=1-dK (3

U — should increase the value or quality of the product and thus the vaue of
economic output per unit of mass, i.e. g. The equation might take aform such as
U=J+éeJ (14)
where J isthe investment in new knowledge, and da parameter quantifying intertempora
information spillover. Thisis reaed to gatic technology or knowledge spillover from more
advanced regions or sectors to less advanced counterparts. This parameter reflectsthe
sylized fact thet, asthe stock of scientific and technological knowledge grows, it is eeder to



create more knowledge. Such an assumption is fundamenta to the so-caled ‘ new’
endogenous growth theory and it is consistent with red-world experience.”
Aggregate savings Sis now the sum of the two investment flows.

S=1+J=sY (15)

To incorporate new knowledge in a product, of course, involves coincidental
investment in production processes and equipment. Thus, while process R& D can occur
without product R& D, the converse makes no sense. In other words, it isnot possible to
achieve perpetuad economic growth in the real world by investing only in pure knowledge.
There must also be an essentid material component of the system. Thisis contrary to the
way investments are generally regarded in standard endogenous growth models. In other
words, new knowledge is partly embodied in physical capitd. This can be represented by a
definite relationship between investment in new knowledge and investment in physica
capitd, such as | = h(J). The smplest form of the relationship would be alinear one, viz

l=gJ (16)

where gis a congtant that would have to be determined empiricaly. This saysthat the
investment necessary to assure perpetua growth by producing improved goods or services
issmply proportiond to the investment in R&D. Then we get

S=(1+g)J=sY (17)

6. Formalizing the demand feedback mechanism

We now propose an extension of the model that incorporates both a scale and learning
mechanism on the production sde and a price dadticity of demand mechanism on the
demand side. This might be based on the Sdlter cycle discussed in Section 3. To begin with,
we assume that output consists of a composite good, with value Y, produced at acost C
and a price P. We dso introduce a composite price eadticity of demand s and a composite
cost reduction (learning) parameter b. It isimportant to emphasize thet the price P is not the
same as the consumer price index, (which reflectsinflation). It must be interpreted as the
"red" price of our composite good, holding service vaue condant. In a Single-sector
economy conssting of many smal competing producers of identical products or
commodities, the price P and the cost C can be assumed to be identical or proportiond (the
cogt of distribution being lumped with production cost).?

Hence in the smplest case, technicd change is restricted to the cost of production and
demand isafunction of price (equals cost) alone. Growth results from the cyclic feedback
between faling prices and increasing demand (equated to output). The generdized Sdter
cycle modd of growth can now be formulated in terms of the two independent parameters.
Price adticity of demand s isusudly defined (as a pogtive number) asfollows:
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S Y P (18)
whence
TinY =IInPg
=-s e 19
it €N o 19

Note that the price dagticity s need not be a congtant, though it is usudly assumed to be. In
fact, aswill be seen shortly, it cannot be a constant in the case of a constant rate of
exponentia growth.

In the absence of R&D the price eadticity of the composite good can be interpreted as
atime preference, as the consumer can choose between consumption now or investing and
having more consumption in the future. In amore complex case with two types of
investments (I and J), in productive capacity and R& D, the price eladticity reflectsthe
choice between current consumption and investment ether to increase future consumption or
to improve the quality of the good. The latter isrelated to the fact that composite product
qudlity increases depend upon new knowledge through R& D. Since the demateridization
measure g isameasure of qudity improvement by definition it followsthat g must be a
function of U.

It is reasonable even in amulti- sector economy to assume that the market price of the
composite good P isaconstant proportion of the cost of production C. This might be
interpreted as a cost mark-up pricing relationship

withm [J1.
Modelling of the cost C follows the familiar experience or learning curve as applied to
the case of the composite product, viz.

C=(c+N)™® (21)

Here b isusudly an empiricaly determined parameter, in the range between zero and unity,
characteristic of the product or industry, as shown in Figure 2.° It isamessure of the rate of
cost reduction as afunction of cumulative production experience; the larger b, the faster
cogsfal as experience increases. However, in our case it is assumed to gpply to the whole
economy (i.e. the composite good) and there is no inherent bar to allowing b alsoto be a
function of time, hence avarigble. Again, athough b is usudly taken to be a congtant, this
assumption can aso be relaxed. Experience N(t) is given by

N= oy (x) ok (22)
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[ Insert Figure 2. Parameters of the experience curvein various industries
(b= -In(1-a)/In2 with a experience parameter). ]

7. Analytical results

It isinteregting to investigate the conditions (if any) under which the output of the single
sector Sdter cycle economy Y grows exponentidly a a congtant rater, viz.

Y=Yoe" (23)

This gpproach can be motivated by redizing that a constant growth rate is something that
most governments seem to gtrive for. It follows by direct integration over time that

N=Yo(gr g)=X =0 (24)
r r
Subdtituting (24) in (21) yidlds
In C=-bin e+ L =YoO (25)
e roo
Together with (19) and solving for s we get
lopf 1Y 0D &, Y- Yo (26)
S gcr+Y-Yog r e ro o

Now check thetwo limitingcases, t=0 and t® ¥ . Attimet=0 Y =Yy, and one obtains

1:-B\(O-Elnc 27)
s c r

which iswell-behaved for reasonable combinations of parameters, recdling that
0<b(t)<1 Theinitid vdueof s (atimet = 0) isdetermined by ¢ and theinitid vaue of
b (at t = 0), plus one other parameter. The other limiting case, as t® ¥ leadsto another
sample differentid equation for b, viz.

1o b bt (29)
S
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For this expresson to remain non-negative it is evident thet, for very larget, the experience

parameter b cannot be decreasing. The product bt must therefore vanish identically or
gpproach a congtant vaue from below for larget.

Evidently there are many functiond formsfor b that will satisfy this requirement. The
amplest is probably the familiar logidtic curve, which isthe solution of the differentid
equation

b=k(1-b)b, b>1 (29)

where k is a congtant. The generd solution of (17) is

Kt

b:(—)—e 30
b_];)_l +ekt ( )

where h,=b(0). For large values of kt we seethat b ® 1, while the product bt

approaches zero. In the limit of very large t, the price eadticity of the composite product s
approaches unity monotonically from above.

The foregoing shows that for amodel economy with a Sdter cycle demand feedback
mechanism in place, perpetud exponentid growth at acongtant rater is possible but the
priceeadticity s cannot be constant. In fact, the price dadticity in such an economy must
decline monotonicaly. In effect, the compaosite output becomes less ‘luxury-like and more
‘commodity-like’ over time. Thisis, of course, congstent with the usua experience for any
given product, so it could arguably be true for the composite product.

More surprisingly, perhaps, the compaosite experience parameter b cannot be constant
gther. It, too, isavariadle that must increase monotonicaly over time. Again, to maintain a
congtant rate of economic growth, the rate of cost reduction (e.g. due to learning) per unit
of increesng cumulative production must increase monotonicaly. This might be judtified by
the notion that b is somehow a proxy for the knowledge-content of the production process,
and that the greater the stock of knowledge, the faster new knowledge can be generated
and utilized.

With thisinterpretation, the Sdter cycle modd is quditatively consstent with some of
the recent endogenous growth literature models, at least to the extent that they assume that,
as knowledge capitd increases, the rate of creation of new knowledge aso increases.
Evidently, the non-constancy of s and b means that perpetua exponentiad growth is not
consggtent with an unchanging composite product (or mix), athough we started with that
assumption. On the contrary, the product mix must evidently be changing irreversibly over
time.

Next, one would like to know what resource input level is needed to maintain a
congtant growth rate. Solving the system of equations (6), (7), (8), (13), (14) and (23)
yields
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rigR- (f'g+ fg)@K*'U**K +(1- a)K*U2U)

dR/dt=
fg- (f'g + fg)K*U** /R

(31)

ThetermswithK and U represent the effects of a changesin capital and knowledge on
production that need to be compensated (‘-* sgn) by achangein R such that the growth
rate remains constant. dR/dt <O reflects absolute demateridization, and d(R/Y)/dt<0 relaive
demateridization. The latter impliesthat R/ R<Y /Y . Theresult in (31) provides the basis
for numerica results presented in the following section.

8. Numerical results

The features of the growth model presented in sections 4 to 6 will be further studied by
numerical Smulation, for two reasons. First, the mode with the three feedback mechanisms
istoo complex for obtaining explicit anaytica solutions. Second, we are not interested very
much in dynamic optimization with the mode, as this seems an artifact. Insead, we am to
examine how the model system behaves under different constant rates of growth. Appendix
A ligsthe model equations, reflecting functiona specifications and parameter vaues.
Approximate constancy of growth rates is arranged by adding equation (31) to the model
gpecified in sections 4 to 6.

The results under the condition that the growth rate is congtant are shown in figures 3 to
13. Thefollowing variables are shown. Rsust isthe level of resource input that would be
needed to redize a constant growth rate given vaues of al other relevant variables, notably
U and K. Rsust isthe result of gpplying the change in resource use (R) as given by (31) to
R Thevariable Y denotes production or income (indicative of income per capita given the
constant population size). f and g denote the functiona valuesin (10) and (11), or the
technicd efficency and demateridization measures, respectively. P isthe price of the
composite good.

Figure 3 shows results for a constant growth rate equa to 1 %. Y increases due to the
interaction impact of capitd (K) accumulation and knowledge (U) accumulationon f and g,
and changesin resource input (R or Rsust). Resource input requirements are decreasing
over time. Initidly, the efficiency component of production (f) is postive and increesing while
the demateriaization component (g) is negative and increasing. Later on, theincreasesin
efficiency is dower (digressvely) than its demateriaization component (progressvely).
Finally the price of the composite good fals due to the fact that production (and indirectly its
growth) leads to experience, which reduces the cost of production, as can be seen from
equation (21). Figure 4 summarizes the results by plotting resource requirement against
income under the assumption of constant growth at the rate 1 % p.a. When growth isthis
dow, the economy is capable of reducing its need for resources.

Figure 5 shows results for a congtant growth rate equd to 1.5 % p.a. Demateriaization
(9) and efficiency improvements (f) are inconsstent with such a high rate of growth until
some capital accumulation has occurred, shown by aninitidly increesng leve of Rsust. After
some time, however, resource input can fal while maintaining the growth rate constant, due
to improvementsin technical efficiency induced by accumulated capitd, and ultimatdy aso in
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demaeridization. This isan example of the environmental Kuznets or inverted-U curve for
materia resource use (and indirectly resource extraction aswel as emisson of pollutants
related to thisresource), shown in Figure 6. This pattern can be regarded a sort of middle
case, resulting for constant growth ratesin the range of 1.1 % to 1.9 %. Peatternsfor f and g
are Smilar to those under the growth rate of 1 %.

Figure 7 shows the results for a growth rate equd to 2 %, which is so high that
required resource input (Rsust) increases over the entire Smulation period, athough dightly
digressvely. In other words, K and U accumulation are insufficient for redizing a2 %
condant growth rate through efficiency improvements and demateriaization.
Demateridization begins about hdfway through the smulated time period. The environmenta
Kuznets curve is no longer observed, and instead resource inputs increase (digressively)
with income, shown in Figure 8. This quditative result is dso found for higher growth rates.
Figure 9 show the results for a growth rate equd to 3 %. In this case required resource
inputs increase progressively and demateridization is never redized. Figure 10 shows that
a this high growth rate required resource inputs rise dmost linearly with income. Thisis due
to the combined effect of changesin K, U and R (or Rsust).

The quditative patterns for f and g change again, beyond a constant growth rate of
about 5 % and 6 %. Figure 11 shows results for a growth rate equa to 5.2 %. Here the
effidency curve is U-shaped, and the demateridization curve inverted-U shaped. Figure 12
shows the patterns for a6 % constant growth rate. Here efficiency is decreasing and
demateriadization increasing. For higher growth rates the quditative nature of the patterns for
al varidbles remains the same. Figure 13 shows the results for a growth rate equa to 50 %,
which can be regarded as a sort of limiting case, where ultimately technica efficiency is
minimd, demateridization is maximd, and the growth patterns of income or production and
required resource input coincide. The minima efficiency means that dmost dl resource input
results in waste, congstent with the linear relationship between income changes and resource
requirements a avery high rate of growth.

The numericd findings show that the quditative patterns change dramaticaly asthe
constant growth rate is increased. Three patterns show remarkable shifts. Firdt, the relaion
between required resource input given a constant growth rate and income goes through
three phases. decreasing, inverted-U, and increasing. Second, the efficiency curve (f) goes
through three phases: increasing, U-shaped, and decreasing. Third, the demateridization
curve (g) goes through four phases. U-shaped, decreasing, inverted-U shaped, and
increasing. These findings and the associated growth rate ranges are summarized in Table 1.
They imply that the synergetic impact of changes in capital, knowledge and resource use are
not easly predictable.

Table 1. Summary of patterns.

Growthrate (%)  Relation between required resource  Efficiency curve (f) Dematerialization (g)

use under a constant growth rate curve
(Rsust) and income (Y)
1 Decreasing Increasing U-shaped
11-19 Inverted-U Idem Idem
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2 Increasing (digressively) Idem Idem

3 Increasing (almost linearly) Idem Decreasing
52 Idem U-shaped Inverted-U shaped
6 and higher Idem Decreasing Increasing

Although the functionad specifications and parameter vaues are not based on empirica data,
one can expect these patterns to result over asufficiently wide range of (congtant) growth
rates. Of course, the main subsequent question is a which growth rates quditative changes
in patterns will occur. This can only be answvered with an empirica study. The model
presented here provides a disaggregated framework for tackling this question, aswell asfor
darifying the underlying efficiency increesing and demateridization mechanisms

[ Insert Figures3to 13].

9. Conclusions

Economic growth must be accompanied by structural change, which implies continuous
introduction of new products and new production technologies, and changesin efficiency
and dematerialization. Section 3 proposed a more disaggregated view on growth engines or
mechanisms. The smple Sngle-sector single-product modd of nationd income alocation
based on factor productivities that has historically been used to select and justify the choice
of congtant output eladticities for a Cobb-Douglas type of production function is not
gpplicable to the case of agrowing economy. Instead, an aternative production function
was proposed in section 4. Findly, a demand feedback mechanism was based on the Salter
cycle, which combines the effects of scae, learning and price dadticity changes.

Andytica resultsindicate that given the Salter cycle mechanism perpetud
exponentid growth at a condant rate is possible but only for a declining price eadticity of the
composite product. This means that the composite output becomes less ‘luxury-like’ and
more ‘commodity-like over time. In other words, perpetua exponentia growth cannot
occur with an unchanging composite product. It is worth pointing out here that the imputed
behavior of s and b in the Sdter cycle modd is entirely consstent with the ‘life-cycle
interpretation of technologica innovation and progress [e.g. Nelson 1962; Ayres 1984,
chapter 3]. In brief, when an innovative new product or serviceisintroduced it simulates a
competition among followers and imitators to find the best technica solution. During this
gtage (‘infancy and childhood’) competition in the marketplace is basicaly on performance,
and R& D can be characterized as performance-enhancing. However, thereisaperiod in
every such free-for-al when one or afew competitors emerge from the pack and become
dominant. Theredfter, the product design stabilizes (athough incrementd improvements
continue) and the basi's of market competition shifts from performance to price.
Standardization of desgn permits optimization and mechanization of the production process
to minimize costs. Thus R& D during this stage (* adolescence and maturity’) becomes
focussed on production technology. Thisiswhere capitd and energy are systematically
substituted for Iabor, and economies of scale are critica. The mature phase, of course, is
characterized by standardization (i.e. ‘commoditization’) of the product and decreasing
numbers of competitors. In other words, competitors begin to merge and form themselves
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into an oligopoly. The logic of thistendency — which is very clearly observabletoday — is
that profits will otherwise fdl to zero in afully competitive market with a tandardized
commodity product.

Further model andysis was based on numerica amulation. For this purpose the mode
was extended with an equation thet calculates the (change in) resource input level required
for maintaining a constant growth rate. The results show that quditative patterns change
when the (congtant) growth rate is increased. In particular, three patterns show interesting
shiftsin qualitative structure: the relation between required resource input given a constant
growth rate and income, the efficiency curve, and the demateridization curve. While
environmental Kuznets curves seems possible for rdatively low growth rates, they are no
longer found for growth rates above a certain minimum leve. For sufficiently high growth
rates required resource input increases dmogt linearly with income. Moreover, the rate of
growth influences the type of patterns found for technica efficiency and demateridization.
These patterns follow from the combined impact of changesin capita, the stock of
knowledge and resource use. No smple relation between these exists, implying that
prediction of patternsis not straightforward. The reason isthat the three growth mechanisms
— relating to resource use, demand-cost feedback and vaue creation or demateridization —
provide for interactions that defy any smple generdization on a macro level. This meansthat
theoreticd results provide insufficient information to say anything about future patterns of
growth in relaion to resource use. Empirica information, among others, on growth rates and
initial conditions needs to be added to decide which growth/resource-use regime is most
relevant.

The main weakness of the standard production function as used in existing growth
moddsisthat it does not provide sufficient information about what is actualy happening
when subgtitution takes place, for instance, from materias use to capital use in production.
Thisis problematic from the viewpoint of both interpretation and prediction. The mode
proposed here proposed a different production function specification that ams a clarifying
the relationship between the physica and vaue dimensions of economic growth. The overal
mode offers agtarting point for more informative empirical research, putting such research
as testing the environmental Kuznets curve hypothessin atheoretica context. Such a
context has up till now been lacking (see de Bruyn and Heintz 1999).

From an empirica perspective, the remaining problem isto quantify the two macro-
variablesf, g and trace their historica trends. From an economic policy perspective, the
problem isto control and manage them to achieve long-term sugtainability. In view of the
discusson above, the most relevant policy tool is R& D investment, supplemented by
regulation as gpplied to naturd resource utilization, especidly energy use efficiency and
‘demateridization’, where the latter would cover recycling of materids and products.
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Appendix A. Numerical Model Equations

Aux1(t) = Aux1(t - dt) + (Yt - Ytninl) * dt
INIT Auxl = 62

{value of Y on t=-1}

Yt =Y

Ytminl = Auxl

Aux2(t) = Aux2(t - dt) + (Pt - Ptmnl) * dt
INNT Aux2 = 1.1

{value of P on t=-1}

Pt =P

Ptminl = Aux2

K(t) = K(t - dt) + (I - deprec) * dt

INNT K = 100

I = coef*Y

deprec = delta*K

N(t) = N(t - dt) + (dN) * dt

INNT N=0

dN =Y

Rsust(t) = Rsust(t - dt) + (dRplus - dRmin) * dt
INIT Rsust = 100

dRpl us = MAX(dR, 0)

dRm n = MAX(-dR, 0)

Ut) = YWt - dt) + (du) * dt

INNT U = 100

dU = J+epsil on*U

A=0.7

alpha = 0.5

b=01

beta = 0.5

c =30

coef = s/(1l+gamm)

const_growth_rate = 0.00

Cost = EXP(-b*LOGN(c+N))

delta = 0.05

dP = Pt-Ptnminl

dR = (const _growt h_rate*f*g*Rsust-(f'*g+f*g')*(al pha*K*(al pha-1) *U"(1-al pha)
*(I-deprec) +(1-al pha) *K*al pha*U*(-al pha) *dU))/ (f*g-(f' *g+f*g') *K*al pha*UM(1-
al pha) / Rsust)

dY = Yt-Ytmnl

epsilon = 0.02

etal = 1

eta2z = 1

f = 1-EXP( -I|anbda*K*al pha*U(1-al pha)/R)

f' = lanbda*(1-f)

g = A*( RI(K‘beta*U(1-beta)) )7"etal + (1-A)*( Krbeta*U'(1l-beta)/R )”"eta2

9" = -Afetal*(Rsust/(Krbeta*U'(1l-beta)))”(etal+l) + (1-A) *eta2*(K beta*U(1-

bet a) / Rsust) *(et a2-1)
{Derivative of g}

gamma = 0.5
growth_rate = dY/Ytmnl

J = gamme*|

lanbda = 1

m=1.2

P = nt Cost

R = wl*100 +w2* Rsust
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{weights wi and w2; wl=1 and w2=0 means constant resource input; wl=0 and w2=1
means constant growth rate}

s =0.2
sigma = (dY*Ptmnl)/(Ytm nl*dP)
Y = f*g*R
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Endnotes

! Anentirely different type of study addressing the relationship between resource availability and
growth ratesis Rodriguez and Sachs (1999). They show that given Ramsey type of optimal growth,
resource abundant economies will overshoot the steady state equilibrium, followed by a convergence to
this steady state, thus implying negative growth rates. Thisisregarded as an explanation of the
empirical observation that some resource-abundant economies, mainly developing countries, grow
relatively slowly. The type of model used is very traditional, and far removed from the approach
presented here.

2 The cycle is named for an English economist, W.E.G. Salter, who wrote a very perceptive book on
growth and technological change (Salter 1966).

¥ We use thetermisits most general sense, to include repair, renovation and remanufacturing, aswell as
recovery of wastes as raw materials.

* Theterm ‘energy’ is not used correctly in most economic studies. For the sake of conceptual precision
‘energy’ should be replaced by the word ‘exergy’, which refersto that part of the energy flux that is
available to do useful work and, which can be used up in an economic process as work is done and
energy becomes less available. The important difference between energy and exergy isthat exergy is not
aconserved quantity. Exergy is measurable given an environmental medium reference state with which it
must ultimately reach thermodynamic equilibrium (usually the atmosphere, ocean or earth's crust). For
convenience, exergy content can be equated to the electric power output. Moreover, exergy is definable
and measurable for all materials, not just fuels. Since the exergy measureis applicable to and computable
for al materials, aswell asall forms of energy, it can be used for purposes of aggregation in situations
where the monetary measure isinappropriate or inadequate. This approach to resource accounting has
been proposed, in particular, by Wall (1977, 1986, 1990). By the same token, the aggregate output of
useful products, aswell as the generation of material wastes, can also be expressed, separately, in
exergy terms (Ayreset al. 1998).

® This statement does not imply any theory of value. It merely means what it says, that materials can be
characterized by mass, and mass flows can be measured quite independently of their monetary value.

® Asit happens, asimple two-parameter functional form that does fit the actual economic data very well
for three major countries (US, Germany, Japan) has been derived on the basis of thermodynamic
arguments (Kummel et al 1985, 1998). The form these authors have selected, using the author's notation
for the two fitting parameters, can be written as follows:

fg=eolt-f) + o) _al_§)]
However, it isimportant to point out that this functional form isnot consistent with long
term growth, given the three asymptotic conditions specified above, namely ~ ® 0,

2 ® 0and 2 ® 0.lInother words, the functional form that best fits recent growth patterns

implies that economic growth will ceaseif extractive resource consumption does
not continue to increase.

"In fact, the idea that knowledge breeds knowledge is an old one in economics. See, for example, Ayres
(1944, Chapter VI p. 144) and earlier references cited there.

81t must be acknowledged, however, that this assumption is crude, given the fact that most investment

in new capacity is actually financed by profits, not household savings. Profits are the difference
between prices and costs. Also, it must be acknowledged that profits depend very much on competitive
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conditions, i.e. market structure. In the idealized world of small, competitive price-taking firms profits
would be impossible and investment by firms would not occur.

®The more familiar ‘experience’ parameter (usually denoted by the letter a) isthe fractional decreasein
costs resulting from a doubling of cumulative production experience N. It is easy to show that
b= In(1-a)

= - —5— - For an extensive discussion of the literature see Cunningham (1980) or Argote & Epple

(1990).

% The model was programmed in the dynamic simulation package Stella |l (Richmond et al. 1987).
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