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Substitution ofNonexhaustible R esources for FossilFuelEnergy 
and Industrial Raw Material Resources 

Heavy dependence on exhaustible mineral and 
energy resources can continue only for a finite 
period. For most of the minerals on which pres- 
ent production patterns are based, the time is 
sufficiently long for there to be little present 
incentive to alter the rates at which they are con- 
sumed. In the case of energy, however, the size of 
exhaustible fossil fuels and uranium reserves, rel- 
ative to demand, is small. Thus, within a rela- 
tively short period, production and consumption 
patterns must shift so that they are more consis- 
tent with the availability of energy supplies from 
nonexhaustible sources. 

In the intermediate phase, there will be a strong 
substitution of the more readily available fossil- 
fuel resource, coal, for the shorter-lived oil and 
gas resources, and the stimulus to this is now 
leading to major developments in the countries 
with relatively abundant coal supplies. Progres- 

Ben Smith and Hugh Saddler 

Centre for Resource and Environmental Studies, A ustralian National University, Canberra, A ustralia 

We examine the substitution of nonexhaustible resources for fossil fuels to indicate the factors 
important in determining the rate and pattern of use of these resources. The characteristics of 
nonexhaustible substitutes and resource requirements suggest important distinctions between con- 
centrated and diffuse energy forms, between tradable and nontradable energy products, and between 
energy forms of limited use and those more widely useful. We have used taxonomy based on these 
distinctions to examine possible implications for trade and investment flows of substitution toward 
nonexhaustible resource use, although the conclusions depend heavily on assumptions about future 
nuclear fusion technology. The uncertainties, and the possible significant adjustments required, call 
for governments to become involved and to encourage cooperation so that adjustments are efficient, 
and inefficient pursuit of energy security by individual countries will be avoided. 

Le présent exposé porte sur la recherche des facteurs déterminant le niveau et le mode 
d'exploitation des ressources renouvelables en vue de la substitution des combustibles fossiles. Les 
caractéristiques de ces énergies de remplacement impliquent l'établissement des distinctions existant 
entre les formes d'énergie - diffuse ou concentrée, d'un emploi limité ou non et entre les produits 
énergétiques commercialisables ou non. La taxonomie a été fondée sur ces distinctions afin 
d'examiner les incidences possibles de la substitution sur la circulation des investissements et du 
commerce, bien que les conclusions dépendent fortement des hypothèses relatives à la technologie de 
fusion nucléaire. La difficulté d'établir des prévisions et l'importance des ajustements exigent 
l'intervention et la coopération des gouvernements afin que les mesures retenues soient fonction- 
nelles et que tes pays ne se lancent dans une vaine poursuite de la sécurité énergétique. 
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sively, however, coal reserves will also be 
depleted and nonexhaustible energy resources 
will increasingly have to be substituted for fossil 
fuels. I 

Aside from their use in direct energy supply, 
fossil-fuel resources are also used as sources of 
industria] raw materials for several purposes. The 
most important of these are synthetic fibres and 
rubber, plastics and other petrochemicals, and 
the fixation of nitrogen in fertilizer production. 
To a considerable extent, this use has been a 

'We do not discuss prospects for nuclear energy 
development. We note that all existing nuclear technol- 
ogies are based on exhaustible resources, including 
experimental nuclear fusion technology, which requires 
lithium. Although an inexhaustible supply of electric 
power may ultimately be available from nuclear fusion 
based on the use ofdeuterium, we have not counted this 
as one of our nonexhaustible alternatives. 
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process of substitution, first of coal and later oil 
and gas, for earlier "natural" sources of supply of 
these materials a progression that must ulti- 
mately be reversed in some way. 

Although the transition from dependence on 
fossil fuels is sometimes characterized as moving 
from a high-energy demand pattern, in which 
stored supplies of energy are progressively run 
down, toa"steady-state" energy demand pattern 
where demand adjusts to the rate at which addi- 
tional energy resources become available, that 
physical rate is not the real limiting factor. The 
amount of nonexhaustible energy supply avail- 
able to be tapped from geothermal, gravitational, 
and solar sources is, to all intents and purposes, 
infinite. It is not, however, free. To convert the 
natural forms of energy supply into forms useful 
to people, it is necessary to employ other factors 
of production (land, labour, and capital) and the 
opportunity costs of doing this are the chief limit 
on the extent to which it is desirable to use 
energy.2 In addition to this, however, the forms of 
usable energy that are technically obtainable, or 
that are likely to be economic to obtain, from the 
various natural sources differ in some important 
ways. It is useful to distinguish between concen- 
trated and diffuse energy resources, between 
tradable and nontradable energy resources, and 
between those forms that can be used in many 
different ways and those that cannot. Clearly, 
these factors influence the rate and pattern of 
substitution away from use of fossil fuels, as well 
as the emerging patterns of trade specialization in 
energy products and energy-using products. 

Substitutes for Exhaustible Resources 

Throughout this paper, we use the term "non- 
exhaustible" rather than "renewable" to describe 
the resources that may be substituted for exhaust- 
ible fossil fuels. Given the general focus of this 
volume on renewable resources, this terminology 
requires some clarification. 

The standard economics literature (Plourde 
1970; Brown 1974; Long 1976) defines a renew- 
able resource as one that is depleted by use but 
that has a natural capacity to regenerate. 
Although the resource is capable of being 
depleted to the point of exhaustion, it is also 
capable of providing a sustained yield where the 

2The use of energy could, in principle, also be con- 
strained by the possibility of "overheating" the earth. 
However, the only serious prospect of this lies in the 
effects of increasing the carbon dioxide concentration 
of the atmosphere, an issue that arises only in the con- 
text of use of fossil fuels. 

rates of depletion and regeneration are matched. 
Although biologists tend to suggest management 
strategies providing the maximum sustainable 
yield - at which the marginal rate of regeneration 
is zero - this will be optimal only if the net price 
of the product is rising at the required rate of 
interest. If the net price of the product is expected 
to remain constant, the optimal strategy is to 
deplete beyond the point of maximum sustainable 
yield, settling ultimately on a sustainable yield at 
which the marginal rate of regeneration is equal to 
the interest rate. 

Although these issues are relevant to the 
exploitation of biological alternatives to fossil 
fuels, other potentially important substitutes in 
the energy area are clearly not appropriately clas- 
sified as "renewable" resources. Some of these are 
inexhaustible resources, whose future availabil- 
ity is entirely unaffected by current levels of 
exploitation, whereas others are exhaustible 
within a time scale irrelevant to human 
consideration. 

We distinguish between resources that are 
exhaustible over a relevant period (fossil fuels) and 
those that either are not exhaustible in such a time 
frame or can be managed to provide a continuous, 
nonreducing level of supply. The latter category we 
refer to as "nonexhaustible" resources. 

Simple Substitution Model 
We have constructed a simple substitution 

model in which a single, homogeneous resource 
product "energy" may be derived either from an 
exhaustible source (E) or from a nonexhaustible 
source (N). We have assumed extraction costs are 
zero for the exhaustible resource so that the cost 
of exploiting this source of supply would be 
simply the lost future opportunity to do so. In 
contrast, we have supposed that extraction from 
the nonexhaustible source would involve a pres- 
ent cost, as factors of production need to be 
diverted from other uses to obtain energy from 
that source. 

Fig. I shows the demand for energy and the 
supply curve relating to the nonexhaustible 
source, both of which are assumed for simplicity 
to be constant over time. The upward slope of SN 
reflects the increasing opportunity cost of divert- 
ing resources from alternative uses to the extrac- 
tion of energy from N. In the absence of the 
exhaustible resource, a "steady-state" level of 
consumption, Q*, and price, *, will be main- 
tained. However, this steady state results from 
the assumed stability of demand and nonenergy 
resource costs, not from any ultimate limit on 
energy availability. 

Although the exhaustible resource has zero 
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Fig. I. Energy demand and supplyfrom nonexhaustible 
sources. 

extraction costs, energy will not be supplied at 
zero price from this source (with Q consumed in 
each period) until E is exhausted, unless property 
rights in the exhaustible resource are undefined 
and nobody can make investments in conserving 
the resource. As a reasonable approximation, 
conservation decisions may follow the Hotelling 
rule (Hotelling 1931), with the price of energy 
rising over time at a rate equal to the rate of 
interest. The position of that price path (Fig. 2), 
and hence the current price of energy, is deter- 
mined by the condition that total demand for E 
over the period until price reaches * (the "ceil- 
ing" price) must be equal to the total available 
stock of E. Other things being equal, the price 

3This condition ensures that the resource is 

exhausted when demand for it ceases. Total exhaustion 
of the resource arises from our assumption of zero 
extraction costs. In reality, the exhaustible resource will 
cease being exploited when extraction costs reach the 
price *, and we think of this as equivalent to exhaus- 
tion (of lower cost reserves). Otherwise, the assumption 
of zero extraction costs does not affect the conclusions 
significantly. 

L_________________ 
O T 

Time 

Fig. 2. Energy price path. 
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path will be lower and the life of the exhaustible 
resource longer, the lower the price (Po in Fig. I) 
at which it is economic to start production from 
the nonexhaustible source because such produc- 
tion reduces the demand for E in all periods in 
which it takes place. Equally, the smaller the total 
stock of E, the higher the price path will lie and 
the sooner the nonexhaustible substitute will be 
brought into production. 

This simple model indicates the essential ele- 
ments in the interrelationship between exhaust- 
ible resource depletion and the availability and 
rate of development of nonexhaustible substi- 
tutes. Although the existence of a nonexhaustible 
alternative (whether currently economic to 
exploit or not) reduces the price of energy in all 
periods, we cannot say a priori whether the life of 
the exhaustible resource is actually extended or 
shortened by this.4 

Nonhomogeneity of Product and Resources 
We now complicate the model slightly by sup- 

posing there to be two different energy forms (A 
and B) that are not closely substitutable in their 
uses but can both be produced equally readily 
from the exhaustible source E. However, produc- 
tion of A and B from nonexhaustible sources 
requires the exploitation of two different resources 
(NA and NB) where NA is available at a lower cost 
than NB (Fig. 3). For convenience, the price at 
which NA meets all A demand (PA5) coincides with 
the price at which exploitation of NB becomes 
worthwhile (PBO). The ceiling price for the 
exhaustible resource is PB5, at which all B demand 
is met by NB, and the price of E will again rise at the 
rate of interest to reach PB5 at the date when 
cumulative production (to meet A and B demands) 
is equal to the size of the resource stock (Fig. 4). 

Below a price of PAO, only the exhaustible 
resource will be used to provide both energy 
forms. Above this price, NA will progressively be 
substituted for E in meeting demand for energy 
form A until, at PA5, the exhaustible resource will 
no longer be used to produce A and will provide 
only QB of energy form B. The price of energy 
form A will remain constant at PA5 (and con- 
sumption at QA 5) from time TA onward, whereas 
NB will progressively be substituted for E in meet- 
ing B demand until E is exhausted at time T. 

4That is, the availability of nonexhaustible substitutes 
cannot necessarily be regarded as having the effect of 
"conserving" the exhaustible resource. Obviously, ifa 
perfect substitute for oil were available in unlimited 
quantity at the current oil price, the (present) price of oil 
would fall sharply and the rate of depletion would 
accelerate. 



200 RENEWABLE RESOURCES 

The existence of the relattvely low-cost alterna- 
tive source of energy form A and the conse- 
quent early substitution of NA for E in meeting A 
demand - has the effect of conserving the 
exhaustible resource for use in the area with the 
less cheaply available substitute source of supply 
and, therefore, delays the date at which higher 
prices need to be paid for energy form B. 

An alternative modification ofthe basic model 
is to suppose that the two forms of energy 
demand match the products of two different 
exhaustible resources (EA and EB) but can equally 
well be met by a single nonexhaustible resource. 
In this case, if one supposes that reserves of EA 

are significantly smaller relative to demand over 
time than those of EB, in the absence of the 
resource N, prices of both forms of energy would 
ultimately rise to P where their demand would 
fall to zero (Fig. 5), although this would occur 
sooner for energy form A than for energy form B. 
Given the nonexhaustible alternative, however, 

Pits 
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ç) 
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- P110 
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O QÂ5 O Q Q 
Quantity of energy A Quantity of energy B 

Fig. 3. Energy demands and supplies from different nonexhaustible sources. 
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Fig. 5. Energy demands and supply from different non- 

exhaustible sources. 

the ultimate steady state involves a price for both 
energy forms of PN*, with consumption QA* ofA 
and QB*_QA* of B. 

> 

PAti 

> 

O T5 T 

Time 

Fig. 4. Price paths of different energy forms. 

O T' T T5 
Time 

Fig. 6. Price paths of different energy forms and 
exhaustible resources. 



Once the price of either A or B rises above Po, 
N will provide a substitute source of that energy 
form. Given the greater scarcity of EA, this occurs 
sooner for A (Fig. 6) and N is used exclusively as 
a substitute for EA until the price of A reaches PA 

and EA is exhausted. From that time (T') until T", 
the price of A will remain constant and consump- 
tion will remain at QA. Only when the price of 
energy from the initially more abundant EB rises 
above PA will the nonexhaustible resource also be 
used to provide a substitute source of energy 
form B. From T" until T*, the prices of the two 
forms of energy will be the same, rising toward 
the final steady-state equilibrium price PN*. 

In this example, the nonexhaustible source of 
supply is concentrated wholly on meeting 
demand in the area where the exhaustible source 
is less abundant, until such time as the initially 
more abundant exhaustible resource also 
becomes critically scarce. This has the effect of 
conserving the scarcer exhaustible resource and 
maintaining lower prices for the energy form 
produced from it. 

One could go on to consider more complex 
problems using models, but the simple cases out- 
lined indicate the essential issues and principles. 
Judgments about the probable real world rate 
and pattern of substitution between exhaustible 
and nonexhaustible resources require investiga- 
tion of the actual mixtures of the sorts of situa- 
tions described in the simple examples. In addi- 
tion, however, judgments will also be necessary 
about possibilities of substitution between prod- 
ucts, either as inputs into particular production 
processes or in final demand. 

Product Substitution 
In the preceding analysis, we assumed that the 

cross-price elasticity of demand between the dif- 
ferent energy forms was zero. In reality, there is 
likely to be a high degree of direct or indirect 
substitution between energy forms. 

A positive cross-price elasticity of demand 
between energy forms A and B would result in a 
greater expansion of supply from the lower cost 
nonexhaustible resource NA and a reduced 
supply from NB. The ultimate steady-state prices 
for the two energy forms, PA* and PB*, would lie 
closer together, the price path PE would be lower, 
and the life of the exhaustible resource would be 
extended. 

Likewise, a positive cross-price elasticity of 
demand would lead to a substitution of the more- 
abundant exhaustible resource, EB, for the less- 
abundant resource, EA, lowering the price path of 
the latter and raising that of the former. The 
result of this is that EA is exhausted later and EB 
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sooner and that the nonexhaustible resource 
begins to be substituted for EA later. 

In practice, the extents to which different 
energy forms can be substituted in consumption 
will clearly be major determinants both of the 
relative rates at which different fossil fuels are 
depleted and of the rate and nature of the devel- 
opment of nonexhaustible substitutes for fossil 
fuels. 

A more indirect form of product substitution 
may affect the ways in which nonexhaustibie 
resources are substituted for exhaustible resources. 
In the context of the above models, the product of 
the nonexhaustible resource may not actually be 
energy but a product capable of substituting for 
energy use. The natural fibres wool and cotton are, 
through their use in clothing, substitutes for the 
use of energy in space heating, and timber may 
provide a substitute for other structural materials 
(bricks, cement, steel, and aluminum) whose pro- 
duction is relatively energy intensive. In both cases, 
there is a more obvious direct substitution possibil- 
ity - natural fibres for fossil-fuel-based synthetics 
and timber for direct energy production as a fuel. 
The dual substitution possibilities make it difficult 
to relate substitution incentives to energy prices 
from exhaustible sources. For example, if wool 
and cotton had the same thermal qualities as syn- 

thetics (and were otherwise also the same), one 
would expect their prices to reflect closely the cost 
of synthetics, which in turn reflects the price of 
exhaustible fossil fuels. However, given that the 
natural fibres have a superior thermal quality, it 
seems likely that their prices will rise more rapidly 
than those of synthetics as energy prices generally 
increase. 

Substitution Possibilities 

Alternatives to fossil-fuel sources of energy are 
(with the exception of the exhaustible resource 
uranium) derived directly or indirectly from solar 
radiation, from the heat contained in the earth's 
core, or from gravity. These primary sources are 
inexhaustibly large, both over time and at any 
time, but they are only to a very limited extent 
directly useful to people. We now consider briefly 
the various ways in which they can be harnessed 
to provide useful energy forms and the limita- 
tions and constraints that apply. 

Direct solar radiation may be converted into 
useful heat or electrical energy, but conversion 
capacity is limited by the flux of solar radiation 
and by the capabilities of the extraction technol- 
ogy. The radiation flux varies with latitude, being 
greatest in the tropics and least at the poles. 
Cloudiness is also an important limitation for 
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collection systems dependent on focused radia- 
tion. Ordinary solar collectors supply heat at low 
temperatures (below 1000 C), which may be used 
directly as hot water or, for example, to drive 
refrigeration or air conditioning equipment. 
Evacuated tube collectors and focusing systems 
supply heat at higher temperatures, which may be 
used as steam for a multitude of industrial heat- 
ing purposes or to drive turbines to generate elec- 
tricity. Direct conversion of solar radiation to 
electricity occurs in photovoltaic cells, which are 
a form of semiconductor. The technology for 
making them is closely related to that used in the 
production of silicon chips and is undergoing 
development only slightly less rapid. 

These technologies all produce energy at rela- 
tively low concentrations and are useful for 
domestic and commercial purposes. The land 
area over which solar radiation would need to be 
collected for industries may be a serious con- 
straint. Indeed, even for domestic and commer- 
cial uses, the land area on which solar radiation 
impinges limits the usefulness of direct solar con- 
version in densely populated areas. Considerable 
research is currently being devoted to schemes to 
produce large quantities of energy at a single site 
so that a solar power station can be fitted into an 
existing distribution infrastructure. The technol- 
ogy available to do this is extremely costly and 
the extensive use of land for the necessary collec- 
tion systems would seriously limit the range of 
possible sites. It seems unlikely that such concen- 
trated solar energy will prove a viable alternative 
in other than the long term and then only in 
locations where land has an extremely low value 
in alternative uses. 

Much of the solar radiation impinging on the 
earth is converted into the energy of winds, 
waves, and ocean currents. Technology for 
extracting useful energy from these sources is still 
being developed, but it is possible to obtain elec- 
tric power in concentrated form from them. As 
with solar radiation, however, the energy flux 
varies from place to place. In general, wind and 
wave energy intensity is relatively low in tropical 
latitudes, although local topography has an 
important influence on wind energy coastal 
and hilltop sites being the best. For the tropics, 
there is more potential in ocean thermal energy 
conversion (OTEC), which uses the difference in 
temperature between seawater at the surface and 
at depth (off the edge of the continental shelf). 
The applicability of this form of energy conver- 
sion is clearly site dependent and is of greatest 
relevance to islands. 

Hydroelectric power generation is also an mdi- 

rect form of solar energy and has a well-established 
technology. The hydropower resources of any 
country are limited by topographical and hydro- 
logical characteristics, and total world capacity has 
been estimated as 34.9 x 1018 J/year (Armstrong 
1978), which is 12% of the current annual world 
use of commercial energy (British Petroleum 
1980). In 1978, the output of installed capacity was 
about 20% of total electricity generated (UN 1979) 
and represented about one-seventh of the total 
potential annual hydropower output. In theory, 
hydroelectricity is an inexhaustible resource 
although in the long term the size of the resource is 
affected by climatic change. In practice, some 
hydro schemes have a relatively short life (mea- 
sured in decades rather than centuries) because of 
siltation of the storage dam. Once the basin is filled 
with silt, it is unlikely to be economic to empty it, 
and the hydropower resource of the site is thus lost. 

The direct and indirect solar energy alternatives 
described so far are all extremely capital intensive, 
producing energy from the application of capital 
to land or site-specific natural resources with 
minimal employment of labour. 

The final means of converting solar energy to 
usable forms is through extraction of the chemi- 
cal energy stored by living plants as wood, cellu- 
lose, starch, or sugar (i.e., biomass). In most 
developing countries, biomass already provides 
an important share of the total energy used. For 
example, the traditional fuels (fuelwood, crop 
wastes, and dung) have been estimated to supply 
more than 50% of total (traditional plus commer- 
cial) energy use in Burma, Indonesia, Laos, 
Malaysia, and Thailand (Brown and Smith 
1980), and China has made extensive use of bio- 
gas derived from waste materials. In general, 
these are important sources of limited quantities 
of low-concentration energy mainly useful for 
domestic purposes, although wastes from 
centralized-agricultural or forestry-processing 
activities can sometimes provide sufficient energy 
for those production processes. In broad terms, 
the category of use of these resources (diffuse, 
low concentration) is similar to that of direct 
solar conversion, although substantially less 
capital intensive. 

Concentrated-energy forms obtainable from 
biomass involve the conversion of wood to char- 
coal, pyrolytic oil, producer gas, or methanol or 
the fermentation of starch and sugar to produce 
ethanol. These energy forms have a wide range of 
potential uses and could, in principle, be 
employed to replace fossil fuels in any energy use. 
Production of the raw materials is an agricultural 
or forestry activity and, thus, has the same 



resource-input requirements as those activities 
generally and the same possible range of capital 
and labour-intensive technologies (Binswagner et 
al. 1978). The processing of these materials, how- 
ever, is necessarily relatively capital intensive. 

Like solar energy, tidal energy is an inexhaust- 
ible resource of large magnitude. However, the 
nature of the resource is such that large-scale, 
capital-intensive technology producing concen- 
trated electric power must be employed, and this 
can only be done where the tidal amplitude is 
large and the coastal topography is suitable. Sig- 
nificant exploitation of tidal energy is likely to be 
a viable alternative at relatively few sites. 

The exploitation of geothermal energy is also 
constrained by the technical problems of extract- 
ing more than a small proportion of the total 
resource. Energy can only be extracted where 
particularly hot areas in the earth's crust are close 
to the surface. As it is not clear how quickly this 
energy would be replaced from greater depth, i.e., 
how renewable it is, it is usual to describe geo- 
thermal energy in terms of the total accessible 
resource base in situ, as is the case with fossil 
fuels. Even in these terms, the resource is large 
and has been estimated as 2.9 x 1024 JI year (Auer 
et al. 1978) or roughly 10 times the fossil-fuel 
resource. Technological difficulties and capital 
requirements for the extraction and conversion 
to concentrated electric power of that energy pre- 
sumably vary widely across sites, so that the costs 
of extraction may rise sharply as the level of use 
of the resource is expanded. 

Raw-Material Substitutes 
The combustion of petroleum. natural gas, and 

coal to provide useful energy is the major use for 
these exhaustible resources. However, they are 
also used as raw materials for the production of 
nitrogen fertilizers, plastics, rubber, synthetic 
fibres, and a great many other chemical products. 
Renewable alternatives, derived from plants or 
animals, are available either as alternative raw 
materials for essentially the same production 
processes or as alternative products to meet the 
same consumer uses (natural rubber, natural 
fibres, and paper). The use of these alternatives 
would in most cases merely constitute a reversal 
of the process by which synthetic chemical prod- 
ucts have replaced natural ones during the past 30 
years. For example, before World War II, 
ethanol made by fermentation of crop-derived 
starch or sugar was an important raw material for 
the production of organic chemicals. After the 
War, it was rapidly replaced by naphtha (a petro- 
leum product) and natural gas. The War itself 
provided the stimulus for the synthetic-rubber 
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industry. More recently, the natural fibrejute has 
been largely replaced by polypropylene. Some of 
these substitutions occurred because the syn- 
thetic alternative was a better product, but rela- 
tive cost was frequently the more important 
consideration. 

Other important nonenergy uses of petroleum 
products include bitumen, lubricating oils, and 
petroleum coke (used, for example, to make car- 
bon anodes for aluminum smelting). Some plant 
products are a potential substitute for lubricating 
oils. For bitumen, however, mineral products 
such as cement are a more likely substitute. 

As with biomass-energy resources, the raw- 
material substitutes for fossil fuels are agriculture- 
and forest-based and require the same inputs as 
these activities generally. In the case of fibres, 
rubber, and paper, production and trade patterns 
for the "natural" materials and intermediate 
products are well established. Substitutes for other 
raw materials are largely the same products, or 
types of products, able to provide concentrated 
energy from biomass and will require the same 
sorts of capital inputs in the processing of the raw 
materials. 

The most important point about all nonenergy 
uses for fossil fuels is that they are a relatively 
small fraction of total use of those resources. In 
1978, nonenergy petroleum products accounted 
for only 9% of total petroleum-product output 
from refineries throughout the world (UN 1979). 
Corresponding figures for the nonenergy uses of 
natural gas and coal are not available, but they 
are unlikely to be larger. Thus, although there are 
some raw-material uses of fossil fuels for which 
nonexhaustible substitutes are not readily avail- 
able, this is unlikely to influence significantly the 
rate at which substitution away from fossil fuels 
occurs in aggregate. 

Trade Possibilities 
Heavy dependence on the use of oil, on a global 

scale, has been facilitated by the ease with which 
oil and petroleum products can be transported 
internationally, given that oil deposits occur in 
only a few areas of the world. The substitution of 
coal for oil involves transportation problems, 
providing some incentive for highly energy inten- 
sive activities to be located close to coal resources 
(Anderson and Smith 1981). But coal is still rela- 
tively easy to transport between countries, and an 
international trade in this energy commodity is 
developing rapidly. 

In contrast, an important characteristic of 
most of the nonexhaustible energy alternatives is 
that their energy products (heat or electric power) 
are not tradable except in limited and unusual 
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circumstances. As these resources are substituted 
for fossil fuels, energy consumption will increas- 
ingly need to match the availability of nonex- 
haustible alternatives, not only in form and quan- 
tity but also in location. 

The exception to this is concentrated energy 
derived from biomass. Products such as ethanol 
can readily be transported in much the same way 
as petroleum products, but it is unlikely that the 
agricultural raw materials for producing these 
energy forms would be tradable except at high 
cost. Thus, development of these sorts of trad- 
able, concentrated energy sources will require 
that processing facilities be established in coun- 
tries with the resource endowments suited to 
production. 

In general, the nonexhaustible raw-material 
substitutes for fossil fuels either are the same prod- 
ucts as the concentrated-energy forms from bio- 
mass or are agricultural, pastoral, or forest prod- 
ucts that have well-established, international-trade 
patterns at various levels of processing. Thus, these 
substitutes are not significantly distinguished from 
the fossil fuels for which they provide alternatives 
by their degree of tradability. 

Comparative Advantage, Trade, 
and Investment Issues 

The review of substitution possibilities sug- 

gests a simple classification of three alternatives 
for fossil fuels: (1) agricultural liquid (and 
other) fuels and industrial raw materials that are 
technically capable of substituting for fossil fuels 
across the whole range of uses and are tradable 
internationally; (2) direct-solar and traditional 
biomass electricity or heat at low concentra- 
tion that can be substituted for fossil fuels in 
low-energy intensive and domestic uses but is not 
tradable; and (3) indirect-solar, gravitational, 
and geothermal electricity or heat at high con- 
centration that can be substituted for fossil-fuel 
energy in any nontransport use and in electrified 
transport systems but is not tradable. Stretching 
the facts a little, we could regard agricultural 
sources of energy and materials as perfect substi- 
tutes for fossil fuels, If all demands could be met 
from these sources at prices lower than from the 
other alternatives (Fig. I and 2), agricultural 
energy and material resources would progres- 
sively be substituted for fossil fuels, meeting all 
demands at the price reached when fossil fuels 
were exhausted. 

By introducing a spatial element into the 
model, we could predict that comparative advan- 
tage in the production of agricultural substitutes 

for fossil fuels would approximate the pattern of 
comparative advantage in agricultural, pastoral, 
or forest products generally. That is, it would lie 
with countries with relatively large endowments 
of land suited to these purposes. Anderson and 
Smith (1981, Table I) give details of the relative 
endowments of these resources of countries in the 
Asian-Pacific region. Because of the increased 
demand for land, the terms of trade of land- 
abundant countries would improve (through an 
increase in export prices of all land-intensive 
goods) relative to countries in which land is rela- 
tively scarce. 

However, the extensive use of agricultural 
resources to provide substitutes for fossil fuels 
would be subject to opportunity costs that would 
increase sharply with increasing competition for 
land, particularly for the production of food- 
stuffs. The pressure may be reduced substantially 
by development of the other energy sources. 
Focusing on the third set of alternatives and 
treating them as relatively low cost (Fig. 3 and 4), 
we could say that early development of the non- 
exhaustible resource NA as a substitute source of 
energy form A would effectively conserve the 
exhaustible resource for use in the area with the 
higher-cost substitute and, therefore, would 
postpone the need to develop that substitute. 

The introduction of trade considerations com- 
plicates the issue more significantly in this case, 
because the energy products of these alternatives 
are not themselves tradable goods. Thus, the 
extent to which they are capable of substituting 
for fossil fuels (or, ultimately, agricultural energy 
resources) depends on the level and composition 
of energy demands in the countries with a com- 
parative advantage in their production. We 
should expect a shift in comparative advantage in 
production of energy-intensive goods toward the 
countries with relatively abundant resources. 

The variations in the characteristics of land 
areas are such that there is not a high correlation 
between land-abundance and availability of 
indirect-solar, gravitational, and geothermal 
energy resources. A clear example is Australia, a 
country with abundant land but with little poten- 
tial energy resources of this sort. In general, pre- 
diction of comparative advantage in producing 
energy from these sources requires an inspection 
of the specific resource endowments of countries 
and assessment of the costs of exploiting the 
resources in each particular situation. 

The characteristics of the second set of alterna- 
tives are such that their substitution for fossil 
fuels cannot be enhanced either by trade in the 
energy products themselves or to any significant 



extent by the relocation of energy-using activities 
in countries with particularly favourable oppor- 
tunities for exploiting these energy sources. Some 
production processes of medium-energy intensity 
could operate on the basis of direct-solar conver- 
sion (food processing, for example), and the 
availability of this energy form might influence 
location decisions for those activities where com- 
parative disadvantage assessed independently of 
energy costs was not great. As a broad generaliza- 
tion, one might expect a higher level of process- 
ing of agricultural and forest products in the 
countries in which the raw materials are pro- 
duced. In general, however, the main areas for 
substitution of these alternatives for other energy 
forms lie in diffuse domestic and commercial 
uses, that is, in essentially nontradable activities. 

The availability of direct-solar energy depends 
on the intensity of solar radiation in the particu- 
lar location and on the area of land on which it 
impinges relative to population and energy 
demands, whereas the availability of "tradi- 
tional" biomass energy in general correlates 
closely with relative land abundance. For domes- 
tic and commercial uses, scarcity of land only 
really constrains the possibilities of substituting 
solar energy for fossil fuels in very densely popu- 
lated areas. The potential availability of diffuse, 
low-concentration energy in some countries sig- 
nificantly exceeds energy demands in activities 
capable of employing these energy forms, where- 
as the reverse is likely to apply in other countries. 
Such mismatching of supply and demand reduces 
the possibilities of using these energy forms to 
increase the relative availability of tradable 
energy products or of energy products suited to 
use in production of energy-intensive tradable 
goods. 

Capital and Technology 
So far, we have focused principally on the 

nature of the nonexhaustible substitutes for fossil 
fuels and their resource-input requirements and 
paid little attention to the supply of technology 
and capital required for the exploitation of these 
resources. 

In the exploitation of fossil fuels, capital and 
technological expertise are highly mobile inter- 
nationally through the operations of large inter- 
national companies, which also play an impor- 
tant part in establishing and maintaining trade 
links and matching supplies and demands (Smith 
1978; Smith and Drysdale 1980; Anderson and 
Smith 1981). Thus, comparative advantage in the 
production of energy from these naturally occur- 
ring resources is almost wholly determined by 
their physical availability. 
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The development of agricultural-based substi- 
tutes for fossil-fuel energy, and the establishment 
of significant international trade in the resulting 
energy products, would increase capital demands 
in the producing countries and would require a 
significant degree of coordination between the 
structures of energy demands of importing coun- 
tries and supplies of exporting countries. Interna- 
tional companies can be envisaged as ultimately 
engaging in processing facilities in land-abundant 
countries and undertaking t he required marketing 
and trading operations in much the same way as 
with fossil fuels. However, this route is uncertain, 
especially in the early stages of the development of 
agricultural-energy substitutes, when a high 
degree of coordination (in technology develop- 
ment, production and consumption investments, 
and infrastructure facilities) may be needed. The 
organization of agricultural production to pro- 
vide secure supplies of raw materials for process- 
ing facilities will almost certainly require govern- 
ment involvement in producing countries. 
Policies that facilitate the international movement 
of capital and expertise, that provide security and 
access to resources and markets, that set terms for 
exploiting the resources are all keys to successful 
development of energy sources. 

Indirect-solar, gravitational, and geothermal 
energy resources all require extremely capital- 
intensive technologies for their development. To 
advanced, capital-abundant countries, develop- 
ment would generally be undertaken by public 
utilities selling power to a wide range of con- 
sumers on a grid system. Additions to capacity to 
meet demands from particular processing facili- 
ties can, in general, be relatively easily accommo- 
dated at some degree of arm's length as, for 
example, with the current generation of coal- 
fired power stations to service the demands of a 
growing aluminum industry in Australia. This is 
not to say, however, that there are no policy 
problems associated with developments 
(Department of the Treasury 1981; Clarke et al. 
1981). 

In capital-scarce, developing economies, how- 
ever, significant exploitation of these kinds of 
resources will be much more closely tied to the 
requirements of specific energy-intensive activi- 
ties dependent on export markets. The role of 
foreign investment is likely to be crucial not only 
in development of the energy-using activities and 
securing of markets for their products but also in 
the provision of capital and technological exper- 
tise for the development of the energy resource 
itself. 

Direct conversion of solar radiation is also 
highly capital intensive, and exploitation of this 
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energy form in capital-scarce countries may thus 
be limited. Given the diffuse, small-scale uses to 
which direct-solar energy may be put, and the 
limitations on its use in the production of trad- 
able goods, private foreign capital is unlikely to 
contribute to its development. ¡n many areas, 
however, investments in direct-solar conversion 
equipment are capable of yielding high rates of 
return so that such investments may represent 
desirable ways of employing scarce capital 
resources. This is especially the case where, 
because of domestic-resource endowments and 
problems in the establishment of coal-fired 
power development based on imports, the alter- 
native form of energy is oil or oil-derived. The 
major barriers may lie in provision of adequate 
information and in the channeling of funds to the 
diffuse individual investors whose decisions are 
critical. Although these problems may be 
avoided by smoothly functioning markets for 
capital and for solar-conversion equipment in 
advanced, capital-abundant countries, in devel- 
oping countries government-sponsored pro- 
grams may be required to improve information 
and capital flows. Given that comparative advan- 
tage in the development and manufacture of 
solar-conversion equipment lies with more 
capital-abundant countries and that a significant 
trade in such equipment can be expected to 
develop, the information and capital barriers of 
developing countries may sensibly be reduced by 
appropriate channeling of the technical assis- 
tance and capital available in aid programs. 

Resource Rents 
Both in the development of agricultural energy 

resources and in the exploitation of the various 
site-specific, concentrated energy resources, rents 
will be earned as a result of the fixed supply of the 
natural resources involved and their differential 
quality. It will be rare to find these energy re- 
sources being "sold" to foreign consumers (or 
foreign-owned consumers) at arm's length on 
competitive markets. This is particularly the case 
for the site-specific alternatives but is likely to 
apply also to agricultural resources because of 
the market structures. As with exhaustible 
resources, there will be important policy issues 
relating to the appropriation of those resource 
rents by the resource owners and to the sorts of 
controls on foreign ownership and control that 
are desirable. 

Appropriate taxation arrangements for the 
collection of mineral rents have received consid- 
erable attention (Garnaut and Clunies Ross 
1975; Smith 1979; Garnaut 1981; Lloyd and 
Emerson 1981), and the same principles apply 

here. However, the high degree of vertical inte- 
gration that is likely in the transfer of the tradable 
products creates particular difficulties for ensur- 
ing that resource rents are revealed as taxable 
profits. For agricultural energy resources, this 
may be a transitory problem. Ultimately, a large 
international trade in relatively homogeneous 
agricultural-based energy products could 
develop, from which taxation authorities would 
be reasonably able to judge appropriate transfer 
prices. 

In the early stages of development of nonex- 
haustible substitutes for fossil fuels, rents earned 
by the natural resources employed will be small 
because, by definition, developments undertaken 
will be only marginally worthwhile. However, as 
fossil fuels move closer to exhaustion and as 
energy prices rise, rents on nonexhaustible- 
energy substitutes will increase. To reduce the 
uncertainties facing potential investors, govern- 
ments should determine the mechanisms for 
appropriating rents in advance. 

Concluding Remarks 

In the immediate future, development of coal 
resources and a growing international trade in 
coal provide the most important area ofsubstitu- 
tion occurring in the energy area. Coal, or second- 
ary fuels derived from coal, can be substituted for 
oil in any use but are most readily substituted in 
the provision of concentrated heat or electric 
power. Initially, at any rate, coal will principally 
be used in large-scale electricity generation and in 
the provision of process heat, thus conserving oil 
and gas for use as transport fuel and raw mate- 
rials. This use will reduce the incentive for early 
development of all nonexhaustible substitutes. 
However, in future, and at present in areas where 
the scale of demand and its diffuse nature create 
problems for the establishment of coal-fired elec- 
tricity based on imports, one would expect a 
relatively strong substitution of direct-solar 
alternatives in domestic and commercial use. The 
principal area in which one would not expect 
rapid substitution of nonexhaustible substitutes 
is in the agricultural production of liquid fuels 
and petrochemical feedstocks, because of the 
high opportunity costs of doing this on a signifi- 
cant scale, reflecting the displacement of produc- 
tion of foodstuffs. 

On the one hand, one could suppose that, past 
a relatively moderate price of coal, concentrated 
power will be available competitively at any loca- 
tion in any quantity through some alternative 
technology (nuclear fusion), in which case coal 
would be reserved from that point on principally 



to meet liquid-fuel and raw-materials demands. 
Under this assumption, energy demands in 
densely populated, resource-poor economies 
might be expected to switch almost entirely to 
electric power (with electrified transport systems) 
and the demand for liquid fuels would be largely 
concentrated in land-abundant countries with 
diffuse transport systems. Liquid-fuel and raw- 
material requirements would be met from coal 
and from agricultural resources, with the latter 
becoming increasingly important as coal is 

exhausted, but the aggregate effect on land use 
and competition with food-producing activities 
might never be great. 

On the other hand, the possible substitutes in 
provision of concentrated power may be limited, 
with sharply increasing costs, and they may occur 
in areas that are not densely populated. Then coal 
would continue to be focused mainly on this use 
until it was exhausted, with increasingly large 
demands being placed on agricultural resources 
to meet liquid-fuel and raw-materials require- 
ments and, ultimately, with the bulk ofthe energy 
requirements of densely populated regions 
depending on tradable agricultural energy 
products. 

These extreme scenarios quite clearly would 
have dramatically different effects on the terms of 
trade of countries and on the patterns of compar- 
ative advantage in energy production and in the 
production of energy-intensive goods. Put 
simply, Japan, South Korea, Hong Kong, Singa- 
pore, and Taiwan (among others) would clearly 
prefer the first scenario, whereas Australia and 
Canada in particular would benefit substantially 
from the second. 

Importantly, either of these extreme scenarios 

Miguel S. Wionczek: I found the Smith and 
Saddler paper intellectually attractive on a 
number of counts: 

Its analysis of factors that may determine 
the nature of resource substitution for fossil fuels 
and the possible implications of substitution for 
trade and investment; 

Its attempt to pose the questions that one 
must answer to make predictive judgments; 

Its treatment of indirect-product substitu- 
tion of exhaustible by nonexhaustible resources 
(the return to the use of natural fibres - wool 
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Discussion 

could be an accurate prediction of the ultimate 
outcome, given the high degree of uncertainty 
surrounding technologies and resources avail- 
able to provide substitutes for fossil fuels, partic- 
ularly in concentrated-energy forms, and, indeed, 
about the future availability of fossil fuels them- 
selves. Albeit a relatively distant prospect, the 
possible adjustments required in densely popu- 
lated, resource-poor economies, in particular, 
provide a community interest in reducing uncer- 
tainty that will not necessarily be reflected in 
private levels of investment in the assessment of 
available resources and the development of 
appropriate technologies for exploiting those 
resources. The "public-good" aspects of such 
assessments and research efforts extend beyond 
national boundaries, both in terms of the reduc- 
tion in risk for individual countries associated 
with a perceived level of economic cooperation in 
the development of strategies for providing 
energy security and in terms of the efficiency with 
which resources are allocated to minimize the 
opportunity costs of this. 

We noted that capital-intensive technologies 
are required for most nonexhaustible-energy 
production and suggested policy intervention by 
governments. The uncertainties surrounding 
possible directions of development and the novel 
aspects of such development are a strong impetus 
to government involvement and economic coop- 
eration. The first of these is probably inevitable, 
whether it is necessary or not, and, without the 
second, may involve substantial duplication and 
waste of research and capital resources in the 
pursuit of energy substitutions that appear desir- 
able in particular countries for reasons of diversi- 
fication and energy security. 

and cotton, for exampleinstead of space heat- 
ing and the use of timber as a substitute for other 
structural, relatively energy-intensive materials); 
and 

Its useful and clear distinction between con- 
centrated and diffuse energy resources, between 
tradable and nontradable resources, and between 
those that are highly substitutable in different 
uses and those that are not. 

I have, however, serious difficulties in accept- 
ing the paper's basic assumptions that lead the 
authors to the belief that the substitution of non- 




