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STELLINGEN 

1. Het mensdom is verdeeld in diegenen die zo zuinig leven alsof ze eeuwig zullen 
leven, en diegenen die zo verkwistend leven alsof ze de volgende dag dood zullen 
gaan. 

Aristoteles geciteerd door Diogenes Laërtius in: Leven en leer van beroemde filosofen (p. 157), 
vertaald uit het Grieks door R. Ferwerda en J. Eykman. Ambo, Baarn 1989. 

2. De negatieve relatie tussen de hoogte van de rentevoet en de levensduur van 
kapitaalgoederen en duurzame consumptiegoederen is in essentie terug te vinden 
in Böhm-Bawerks Kapital und Kapitalzins. 

E. von Böhm-Bawerk, Kapital und Kapitalzins IL 1: Positivo Theorie des Kapitales. vierde druk, 
Fischer, Jena 1921 (1889). 

3. De bijziendheid van een politicus kan niet worden verholpen met een bril. 

4. Voor de instandhouding van een 'stationary state' is technische ontwikkeling niet 
onder alle omstandigheden noodzakelijk. 

5. De term 'duurzame ontwikkeling' duidt op een proces van gestage groei 
gekoppeld aan ecologisch evenwicht. 

6. Kleinschaligheid is geen garantie voor muieuvriendehjkheid. 

7. Het milieuvraagstuk is in essentie identiek met het bevolkingsvraagstuk. 

8. Het 'scheermes van Ockham' is in de economische wetenschap een verwaarloosd 
instrument. 

9. Het gebruik van openbare wandelgebieden door zowel trimmers als bezitters van 
loslopende honden genereert een, vooral voor trimmers, kwalijke vorm van 
kwalitatieve concurrentie. 

10. Een al dan niet optimistische visie op de toekomst van de mens wordt niet 
bepaald door de feiten, maar door het karakter van de voorspeller. 

11. Bij het onderhoud van grote beboste natuurgebieden in Centraal-Europa dient de 
kettingzaag te worden vervangen door de wisent. 



12. Van 'perestroika' en 'glasnost' resteren thans in ieder geval een tweetal 
aantrekkelijke opties voor de naam van een nieuw wodkamerk. 

13. Bij de verpakking van nieuwe overhemden kan het aantal spelden met minstens 
50% worden verminderd zonder afbreuk te doen aan de kwaliteit van de 
verpakking. 

W. J. M. Heijman 
Depletable resources and the economy 
Wageningen, 27 september 1991. 
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Without knowledge there are no resources. 





PREFACE 

For an economist, studying the effects of the economy on the depletion of resources 
and the environment is a challenge. When we look at the growth of the world 
population, it is clear that a growing world production is a necessity. That is why the 
central question to be answered in this thesis is not whether production can keep on 
growing or not, but rather how production can grow without depleting resources 
irresponsibly and without damaging the environment too much. Is this sustainable 
growth an illusion or is it a growing reality? 

Writing a thesis is a lonely journey. To keep on going, one needs encouragement. 
Fortunately, in my case, this encouragement was amply present. I would like to thank 
Professor Dr H. W. G. M. Peer, Dr J. J. Krabbe and Professor Dr H. Folmer for then-
support. Without the stimulating discussions I have had with them and their suggestions 
to me I would not have been able to finish this study. I am indepted to Dr P. van 
Mouche for his valuable help in finding the best mathematical form for a substantial 
number of economic models. Further, he read and commented on several drafts of the 
manuscript. I would like to thank Ir R. Jongeneel for giving me useful suggestions and 
for checking some of the calculations. Further, I want to thank my colleagues at the 
Department of General Economics for their good-fellowship; writing a thesis is easier 
in a good atmosphere. I also want to thank the Foundation 'LEB fonds' for its financial 
support for the publication of this thesis. Correcting my English was the task of Mrs 
Rigg-Lyall. Her contribution as well as that of Mrs. Kooyman-Timmer for her 
translation of a Dutch text into English is gratefully acknowledged here. Finally I must 
thank my wife Antoinette and Jeroen for having the patience to endure my impatience 
to finish this thesis. 

W. J. M. Heijman 
Wageningen, june 1991 





ABSTRACT 

The subject of this thesis is the depletion of scarce resources. The main question to be 
answered is how to avoid future resource crises. After dealing with the complex relation 
between nature and economics, three important concepts in relation with resource 
depletion are discussed: steady state, time preference and efficiency. 

For the steady state, three variants are distinguished; the stationary state, the 
physical steady state and the state of steady growth. It is concluded that the so-called 
sustainable growth is a combination of the physical steady state and the state of steady 
growth. Next time preference is discussed. This empirical phenomenon is important in 
determining the optimum depletion speed of non-renewable and renewable resources. 
The market interest rate is probably too high to serve as a rate of time preference. The 
efficient depletion speed of a non-renewable resource is determined by the Hotelling 
rule, while the optimum depletion speed of a renewable resource is determined by an 
adapted Hotelling rule which takes into account the renewal rate of the renewable 
resource. Indeed, both rules can be deduced from the Faustmann rule. 

The analysis is continued with the integration of the optimum depletion rules in 
traditional growth theory. It appears that sustainable growth is just one of several 
growth paths, and not a necessary one. Short term cyclical developments are discussed 
with the help of the multiplier-accelerator model, the Cobweb model and a neoclassical 
cycle model with a so-called KLEM production function. 

It appears that market forms influence the depletion speed of depletable resources. 
For instance, a monopoly depletes a resource less quickly than firms under perfect 
competition. Another matter which is dealt with extensively is the influence of the 
property rights on the depletion pattern. Ways in which government can influence the 
resource use of firms are discussed extensively. The main solutions of possible future 
resource crises are to be found in special types of technological development, recycling, 
substitution between resources, substitution between resources and capital or labour 
and economies of scale. Finally the question is answered whether scarce resources 
should be considered relatively or absolutely scarce. 
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1. Introduction 

Types of resources 
Human economy depends for a great deal on the use of resources. A resource can be 
defined as a stock of primary material or as a flow of primary energy suitable as an 
input in the production process (see also RandalL 1987). It has to be realized that in 
this definition, resources only have meaning in combination with human knowledge, 
culture and skills in relation to a specific resource. Fish, for example, is no resource for 
those who do not eat it. Or, to give another example, oil was not a resource in the 
seventeenth century, while, today, it is of vital importance to the world economy. 

Some resources, for instance wind and sunlight, cannot be depleted by the economic 
process, while others, like coal and wood, can. Depletable resources1) can be further 
divided into exhaustible or non-renewable resources, like iron ore, and renewable 
resources, such as timber. The difference between the exhaustible and the renewable 
resources is clear. Renewable resources have a limited natural renewal capacity, which 
exhaustible resources have not2). 

For an economist, these physical distinctions of resources are useful, but not 
sufficient. Indeed, the central question for an economist is whether a resource is scarce 
or not. If a resource is scarce, a rent must be paid for the use of it. If it is not scarce, in 
other words, if the resource is superabundant in an economic sense, the resource can 
be considered free, which implies that there is no rent to be paid3). 

Figure 1.1 shows the categories of resources which can be distinguished on the basis 
of physical as well as economic qualities of a resource. Indeed, the division of resources 
into the categories scarce and superabundant is by no means fixed over time. This 
means that resources that are superabundant at present can become scarce in the 
future, and resources that are scarce at present, can become superabundant in the 
future, for example, because of innovations in the production process. 

This thesis deals with the resources that are placed in the shaded area of Figure 1.1, 
which include the scarce depletable resources. It might perhaps be wondered whether 
there are scarce non-depletable resources. Of course, wind and sun are not scarce yet. 
Nevertheless, non-depletable energy sources like water power and geothermic energy 
can at present be scarce. 

For scarce depletable resources, an important distinction can be made between 
exclusive and non-exclusive resources. The property rights of exclusive resources are 
well defined. On the other hand, non-exclusive resources are common property. As far 
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scarcity 
(potential) rent > 0 rent = 0 

0 
V 

•a o 
•r-l m non-renewable 

(exhaustible) 

renewable 

Figure LI: Categories of resources. 

as these resources are concerned, it could be said that everybody's property is nobody's 
property. These resources generate problems which are quite specific (see Chapter 9). 
Though non-exclusive resources do not generate rent, they can still be scarce. In that 
case it is possible to speak of a potential rent, indicating that, if property rights are 
properly described, such a kind of resource will generate a rent based on the scarcity. 

In the seventies and eighties, the world economy was shocked by two severe oil 
crises. On top of that, it is expected that, because of the growing world population, in 
the near future the world economy will have to grow rather robustly. This implies that 
there is a risk that humanity will run out of some depletable resources, which could 
profoundly influence the production level and the level of welfare in the future 
(Reijnders, 1989). This makes the relation between the human economy and the 
depletion of scarce depletable resources a subject of high priority. 
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From neoclassical times onward, economists have studied human economy more or 
less as a closed system without any relation to the surrounding environment. Because of 
environmental problems and resource crises during the seventies, economists were 
forced to include environmental variables in their models. In other words, they were 
forced to look upon human economy as an open system, which here means a system 
related to nature. 

Faced with the threat of new resource crises and environmental pollution, the World 
Commission on Environment and Development (WCED) has developed a programme 
aimed at leading to a sustainable development, described as: 

development that meets the needs of the present without compromising the ability of future 
generations to meet their own needs. (WCED, 1988, p. 8). 

This definition is not an exact one. In the following section I develop some precise 
conditions for sustainable development. 

Fundamental conditions for sustainable development 
Suppose an economy disposes of one exhaustible resource. The question to be 
answered is how fast its economy may grow if the exhaustible resource is not to be 
depleted fully, taking into account the possibility of a diminishing use per unit product 
of the resource concerned. This diminishing use per unit product can be caused by 
technical innovations, by substitution between other production factors and the 
resource4), and by economies of scale. The total amount of the resource used per 
period is the resource output ratio (u-,) multiplied by total output (y,) , while, in 
period 0, total stock equals V units. This stock is to be used over an infinite time, after 
which it is assumed that the stock is depleted. This means that: 

1-0 

Further it is assumed that the resource output ratio decreases by i • 100 percent per 
period, while production grows a • 100 percent per period. This means that: 

(2) H , - | i o - ( l - 0 ' 

y, = y 0 - ( l + a ) ' . 
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Equations (1) and (2) give: 

v<>-yo M . 0 - y o 
(3) 

1 - ( 1 - i ) - ( 1 + a) i - a + i-a 

Neglecting the second order effect i • a (3) gives: 

(4) y o - ~ - v (*><*)• 

Equation (4) gives the maximum output in period 0 if production is to grow with 
a • 100 percent each period. Equation (4) can be called the exhaustible resource 
condition for sustainable development. An assumption for this development is, of 
course, that the relative reduction in the resource output ratio in each period exceeds 
the growth rate of production5) (i > a ) . In fact, this condition implies that the 
stock-depletion ratio for the exhaustible resource must be kept constant in every 
period. This can be proved as follows. The stock-depletion ratio for period t equals: 

( - 1 

( 5 ) y-o i-o 

v-t-yt i i o - C i - O ' - y o - O + a ) ' 

V J r r X c o - o - o + c o y i i - ( ( i - o - c i + ° » ' 
" 0 1-0 l - ( l - Q ' ( I * o ) l - ( l - Q - ( l + q) i_ 

( ( l - 0 - ( l + a ) ) ' ( ( 1 - 0 ' ( 1 + a ) ) ' i-a + i-a 

and is thus independent of t. As an illustration stock-depletion ratio's are computed 
for a number of scarce resources in the next section. 

Next, an economy with only one renewable resource is assumed. Further it is 
assumed that the depletion of this renewable resource equals the natural renewal of it6), 
so that the stock 1/ will not change. The depletion in period t equals the resource 
output ratio (6,) multiplied by production. Natural renewal equals the renewal rate 
(b) multiplied by the stock (1/ ) . So that 
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(6) 6 , . y , - b - V 

t h u s : y, = — . 

The reduction in the resource output ratio is supposed to be s- 100 percent per 
period, so that: 

(7) 6, = 6 0 - ( l - s ) ' . 

Equations (6) and (7) give: 

(8) y , " * .t-V. 
6 0 - ( i - s y 

Because production is to grow each period by a • 100 percent each year, we can now 
conclude 

(9) y . - y o - C i - c O ' - r - T T — r r " . 
6 0- (1 - s ) 

Equation (9) can be called the renewable resource condition for sustainable 
development. Because y 0 = (6 /6 0 ) • V, itfollows l + a = l / ( l - s ) , thus 
a => s/( 1 - s) « s (if s is not too large). This imphes that, in a situation of sustainable 
development, the maximum growth rate of production is about equal to the relative 
reduction in the resource output ratio of the renewable resource. 

Now, suppose an economy is disposing of an exhaustible resource as well as a 
renewable resource. For a sustainable development, the condition for the exhaustible 
resource as well as the condition for the renewable resource must hold. Then, from 
equations (4) and (9) it follows: 
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( 1 0 ) l-JL.yBL.Vt 

Ho ôo 

. b W thus: s"a = i-\x0- — •—. 

Equation (10) might be called the equation of sustainable development because, if the 
growth rate of income a is not larger than indicated by this equation, the renewable as 
well as the exhaustible resource stock will never be depleted fully. To conclude, the 
fundamental conditions for sustainable development are that the stock-depletion ratio 
for exhaustible resources is to be kept constant in every period, and the human use of 
the renewable resource may not exceed natural production. In Chapter 3 these two 
conditions together are called the physical steady state. 

Stock-depletion ratio for a number of scarce resources 
As well as distinguishing between scarce and superabundant resources, it is also 
possible to distinguish between reserves and subeconomic resources. A reserve is a stock 
of recoverable scarce resource from identified deposits. The remaining resources 
consist of superabundant resources on the one hand and hypothetical resources on the 
other. A hypothetical resource is an, as yet, undiscovered resource. The reserves can be 
divided into proved, probable and possible reserves. The world reserve - world demand 
ratio can also be called the stock - depletion ratio. In this section this ratio is determined 
for a number of scarce resources (Brookins, 1990). 

To do so I distinguish the following resources: 1. metals; 2. elements for the 
agricultural and chemical industry; 3. industrial minerals; 4. energy resources. For a 
number of metals the stock-depletion ratio is determined in Table 1.1 for the period 
1984-2000. 

In Table 1.2 the ratio for a number of elements used in agricultural and chemical 
industries is determined. 
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Table 1.1: Estimated world stock-depletion ratios for a number of metals, 1984-2000.aJ 

Metal World reserve 
(1984) 

World demand 
(1984-2000) 

stock-depletion ratio (in periods of 16 
years) 

Aluminum 21,000 Mt 825 Mtb) 25.46 
Chromium 360 Mt 74 Mt 4.87 
Cobalt 4000 Kt 600 Kt 6.67 
Copper 340 Mt 170 Mt 2.00 
Iron 71,000 Mt 9900 Mt 7.17 
Lead 95 Mt 61 Mt 136 
Manganese 1000 Mt 110 Mt 9.09 
Nickel 58 Mt 18 Mt 3.22 
Tin 3.1 Mt 3.9 Mt 0.80 
Tungsten 2800 Kt 970 Kt 2.89 
Zinc 170 Mt 130 Mt 131 

a) Reserves and demands reported in million short tons (Mt) or thousand short tons (Kt) contained metal, 1 
short ton = 900 kilograms; a long ton equals 1008 kilograms; a metric ton equals 1000 kg. 

b) The number of 15 Kt in Brookins (1990) for world use in the period 1984-1990 must be wrong, so I have 
used an alternative rating here. 

Source: Brookins, 1990. 

Table 1.2: Estimated world stock-depletion (reserve-demand) ratios for a number of agricultural and 
chemical elements 1983-20Q0.aJ 

Element World reserve 
(1983) 

World demand 
(i983-2000) 

Reserve/demand (in periods of 17 
years) 

Boron 360 Mt 22 Mt 16.36 
Bromine Adequate 7.5 Mt -
Fluorspar 850 Mt 110 Mt 7.73 
Phosphate 14Gmt 3.2 Gmt 438 
Potash (K2O) 9.1 Gmt 590 Mmt 15.42 
Salt Adequate 4200 Mt -
Soda ash 26 Gt 720 Mt 36.11 
Sulfur 13 Gmt 13 Gmt 1.00 

a) Reserves and demands reported in million short tons (Mt), billion short tons (Gt), million metric tons 
(Mmt) or billion metric tons (Gmt). 1 short ton = 900 kilograms; a long ton equals 1008 kilograms; a 
metric ton equals 1000 kg. 

Source: Brookins, 1990. 

In Table 1.3 the reserve-demand ratios are determined for major industrial minerals. 
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Table 1.3: Estimated world stock-depletion (reserve-demand) ratios for a number of important industrial 
minerals 1983-2000.*) 

Industrial mineral World reserve 
(1983) 

World demand 
(1983-2000) 

stock-depletion ratio (in 
periods of 17 years) 

Barite 160 million T 150 million T 1.07 
Diamonds 600 million Ct 460 million Ct 130 
Diatomite 800 million T 29 million T 2739 
Feldspar Adequate 72 million T -
Garnet 8.1 million T 860,000 T 9.42 
Graphite 15 million T 7.8 million T 1.92 
Gypsum 2.6 billion T 1.9 billion T 137 
Perlite 700 million T 35 million T 20.00 
Pumice Adequate 260 million T -
Sand and gravel Adequate 14 billion T -
Stone Adequate Adequate -
Vermiculite 50 million T 11 million T 435 

a) 1: ihort tons, CC carats. 
Source: Brookins, 1990 (adapted). 

In Table 1.4 the reserve demand ratios are determined for the major energy 
resources. 

Table 1.4: Estimated world stock-depletion (reserve-demand) ratios for the major energy resources 
1976-1986. 

Energy resource World proved reserves World demand 
(1986) (1976-1986) 

stock-depletion ratio (in periods of 
10 years) 

Crude oil (billions of 1133.24 
barrels) 
Natural Gas (trillion 4,486.20 
cubic feet)3.) 
Coal (billion small 98633 
tons) 
Uranium (million 2 
small tons) 

24434 

6842 

43.07 

0.25 

4.64 

636 

22.91 

8 

a) The Netherlands is the world's fourth largest producer of natural gas with 2.7 trillion cubic feet in 1984. 
The first three are the USSR (22.7 trillion cubic feet), the United States (16.4 trillion cubic feet) and 
Canada (3.0 trillion cubic feet). 

Source: Brookins, 1990 (adapted). 


