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PREFACE 
In recent years there has been a proliferation of books dealing 
with energy and particular aspects of energy economics. For 
the most part these books have been concerned with either 
particular energy industries, the general planning and formu­
lation of energy policy or with the use and effects of specific 
policy instruments, such as the taxation of North Sea oil in 
the United Kingdom or the Federal regulation of interstate 
gas prices in the United States. It has been ouf objective in 
writing this book to provide an integrated and reasonably 
comprehensive introduction to the economics of energy. We 
chose not to devote separate chapters to the individual energy 
industries in the belief that this approach obscures the com­
mon set of problems which are associated with the develop­
ment and use of the different forms of energy. 

The analytical framework of the book is that of Paretian 
welfare economics. It is aimed primarily at undergraduates 
reading economics who have studied intermediate-Ievel micro­
economics. Thus we ho pe that it will be especially useful for 
students studying public policy economics, natural resource 
economics, applied economics and environmental economics. 
By making the book comprehensive and by providing exten­
sive references we have tried to make most of it accessible to 
students in other disciplines, such as engineering and geo­
graphy, who are studying topics within the subject area of 
energy economics. Similarly most of it should be compre­
hensible to those government officials who are concerned 
with questions of energy policy. 

We would like to thank the Editor of Energy Policy for 
granting permission for us to use material in Chapters 4 and 8 
from two articles by Michael Webb which were originally 
published in that journal. In addition we would like to thank 
Barbara Dodds, Barbara Jacques, Gail Shepherd, Tina Asu 
and Linda Waterman for typing the manuscript. 

February 1979 
MICHAEL G. WEBB 

MARTIN J. RICKETTS 
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1. INTRODUCTION 
Energy has been succinctly defined as 'the ability to do work'. 
I t exists in a variety of forms, mechanical or kinetic, electrical, 
thermal, radiant, chemical or nuclear, and all changes in a 
physical state, for example in production, require an input of 
one or more of these forms of energy. These two simple 
statements should be sufficient to indicate the fundamental 
significance of energy, and the economist who is concerned 
with the allocation of scarce resources between competing 
uses will inevitably have to consider either explicitly or 
implicitly, as part of this allocation problem, the energy trans­
formations involved in the processes of production and 
consumption. 

For any study of energy it is necessary to be aware of two 
very important laws of physics, the first and second Laws of 
Thermodynamics. Simply expressed, the first states that 
energy can neither be created nor destroyed. This is some­
times referred to as the law of 'the conservation of energy'. 
The second states that, though energy may be transformed 
from one state to another, such transformations can never be 
one hundred per cent efficient. Part of the energy is inevitably 
lost as unavailable, and unusable, heat. The chemical energy 
locked up in coal, for example, may be burnt to product heat 
which can transform water into steam which may then be 
used to turn a turbine and hence to generate electricity. This 
electricity can then illuminate a light bulb or drive an electric 
train. However, during each of these transformations there is 
always a loss of energy as heat. 

In spite of its profound importance to productive activity 
and indeed to the continuance of life itself, one might still 
inquire whether economics is of any special relevance to the 
study of energy. Certainly the title of this book, The Econ­
omics of Energy, is not intended to convey the impression 
that the Principles of Economics are different, or that they 
suddenly go into abeyance, when problems of energy supply 
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or use are being considered. In general the interest of econ­
omists in energy does not stern from the fact that different 
principles are involved, but from the recognition that some of 
the major problems associated with energy production and 
use require complex analytical tools to help in yielding 
solutions, tools which are still being developed in the econ­
omics literature. Three particularly intractable problem areas 
are intimately bound up with energy economics: the problems 
of externality, of uncertainty and of equity. These three 
areas are precisely those to which economists have devoted 
an increasing amount of attention in recent years. 

Externality 
The external effects of energy production, transportation and 
use are clearly of great public interest. Air pollution from 
motor-car exhaust gases or from power stations and other 
plants involving the burning of fossil fuels, noise from motor­
ways and airports, water pollution from the spillage of oil at 
sea, visual disamenity stemming from the strip mining of coal, 
all these are examples of the types of external costs which are 
frequently associated with energy use. External costs, how­
ever, do not exc1usively take the form of environmental 
pollution. The discovery and extraction of fossil-fuel deposits, 
especially oil, can also give rise to important externalities. 
Information about geological conditions, for example, is a 
valuable product in itself and one which it is difficult to keep 
from potential competitors. Exploration activity on the part 
of one firm may therefore confer external benefits on other 
firms in the form of information. 

Uncertainty 
As with the problem of externalities the existence of uncer­
tainty is not something which is of exc1usive concern for 
energy economics. However, it does pose particularly acute 
problems in this field. Decisions about the rate of depletion 
of oil and gas reserves, about the appropriate prices to charge 
for different fuels, or the size and type of investment in new 
power stations, all have to be taken on the basis of incomplete 
information. The severity of the problem can be illustrated 
simply by considering a few of the major uncertainties. 
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Knowledge of fossil-fuel reserves, their size, type and 
location is difficult to estimate with any degree of accuracy. 
The estimates that are available are in reality little more than 
informed guesses. Technological change, which can have 
profound implications for resource depletion, investment and 
pricing policy as weH as environmental policy, is obviously 
shrouded in uncertainty. What are the chances of solving the 
environmental problems of nuclear reactors, such as the 
disposal of high-level wastes or the protection of plutonium 
stocks from theft? Wh at is the probability of developing 
fusion power within the next fifty years on a commercial 
scale? What are the prospects for alternative-energy sources 
such as solar, wind, wave, tidal or geothermal energy? What 
improvements can be expected in the efficiency of conven­
tional fuel use and in pollution abatement technology, and 
what will be their costs? Political change can also add to the 
uncertainties surrounding energy supply. Will the Organization 
of Petroleum Exporting Countries (OPEC) maintain its cartel 
or will it prove unstable and eventually break up? These 
uncertainties relate mainly to the supply side of the energy 
market, but similar questions can be asked about demand. 
Changes in the demand for energy will dep~nd, inter alia, 
upon income changes, technological and political develop­
ments, all of which are subject to great uncertainty. 

Equity 
The problem of equity has at least three facets in connection 
with energy: intra-national, international and inter-genera­
tional. The first of these refers to the distribution of access to 
energy between individuals in a given country. We cannot 
devote a great deal of attention here to a discussion of why 
energy is considered 'special' in this respect. In market 
economies income is what ultimately determines the ability 
of consumers to demand any particular services, and thus 
access to energy is merely apart of this much wider distribu­
tional problem. However, whether the reasons are sound or 
otherwise, much ofthe redistribution which occurs in Western 
countries is in kind rather than cash. Energy is often viewed 
as a 'necessity' in the same way as housing and health, and is 
of considerable concern to designers of social security systems. 
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Thus much controversy surrounds decisions to disconnect 
electricity supplies from poor consumers who are unable to 
pay and schemes for 'energy rebates' and 'inverted price 
tariffs' have been devised and implemented in a mllnber of 
countries. 

Energy is certainly a 'necessity' in the technical sense that 
the income elasticity of demand is less than unity, so that the 
proportion of total income used to purchase energy falls as 
income rises. Cross-section data reported in Table 1.1 indicate 
that the percentage of total income spent on energy falls 
from 15.2 per cent for the poor in the United States to 
4.1 per cent for the weIl-off. It is this aspect of the demand 
for energy which makes energy pricing so sensitive from a 
distributional point of view. To raise the priee of energy is 
akin to taxing a commodity which appears prominently in 
the budgets of the poor. 

TABLE 1.1 

Expenditure on Energy - United States, 1972-3 

Total 
Average annual annual income 

Income status Average income b.t.u. spent on energy 

$ ( millions) % 

Poor 2,500 207 15.2 
Lower-middle 8,000 294 7.2 
Upper-middle 14,000 403 5.9 
Weil-off 24,500 478 4.1 

---------------------

so U Re E: A Time to Choose. Energy Poliey Project of the Ford 
Foundation (1974) table 26, p. 118. 

A similar problem arises in the international context. 
Rising energy prices, especially of oil, can have serious reper­
Clissions on the development prospects of many very paar 
states. Those with limited indigenous energy supplies therefore 
face a deterioration in their terms of trade and must make 
many of the adjustments farced on rieher states, but from a 
much lower starting-point. 
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Finally, present pricing and investment decisions will affect 
the rate of resource depletion and the state of the natural 
environment. These decisions will therefore affect the type of 
world inherited by future generations. How far the interests 
of the future should be considered by present decision­
makers is clearly an ethical question of great significance, and 
the answer to it could have a considerable impact on the use 
of energy resources. 

The existence of the problems outlined above produces 
two important results. First, it leads to demands that the 
state should take an active interest in developing an energy 
policy. Second, it makes it very difficult to decide, by the 
very complexity and nature of the problems, what the state 
is capable of doing about them. Clearly it would be unrealistic 
to expect a study of economics to product all the answers. 
The range of issues is so great that many disciplines are 
involved. Scientists and engineers will be concemed with 
the technical problems of energy production, ecologists with 
the environmental implications, philosophers with ethical 
questions and sociologists and political scientists with the 
social and political consequences of the use of various [orms 
of energy. 

Economics, however, has a very important role to play. In 
particular, the use of economic models helpsto trace the 
ramifications of various ethical or technical assumptions. It 
enables us to ask questions such as, what will be the effect on 
the rate of depletion of fossil fuel of technical advance in the 
field of nuclear energy? Or alternatively we might ask, what 
should be the impact on depletion rates if we accept the 
ethical position that the preferences of future generations are 
not to be discounted? If ecologists or sociologists inform the 
world about the particularly pernicious consequences of a 
form of pollution, further questions might be asked. How 
can the damage be assessed? By how much should the pollu­
tion be reduced? What instruments are at the Government's 
disposal for achieving such a reduction, and what are their 
additional effects, if any? Where uncertainty poses severe 
problems the economist has to consider what criteria exist 
for rational choice under these conditions and what assump­
tions underlie them. 
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The main justification for the development of analytical 
models by economists, it should be noted, is not that they 
provide a description of the world, but that they give us a 
way of looking at it. Economics is an 'engine of analysis', to 
use Keynes's phrase. In similar vein D. H. Robertson has 
written that 'all our analytical models, from the simplest 
to the most elaborate, are only aids to thought in dealing 
with the complexities of the real world'. Among other things, 
we present and consider some of the models developed by 
economists which provide useful aids to thought about the 
difficult problems which arise in the field of energy economics. 

Chapter 2 provides some statistical information about 
patterns of energy production .and consumption and some 
discussion of the size of conventional energy reserves. In 
Chapter 3 the problem of resource depletion is considered 
both from a positive and a normative perspective. The choice 
of 'optimal' pricing policies for the energy industries is con­
sidered in Chapter 4. Chapter 5 confronts the difficult 
question of environmental externalities, examines the main 
sources of pollution, outlines the theoretical apparatus 
developed to cope with external costs and discusses the 
policy options open to governments and the implications for 
energy prices. Chapter 6 takes up the issue of tax policy 
towards the energy industries, concentrating particularly on 
the effects of various tax rneasures on depletion rates and the 
profitability of minerals extraction. The system of petroleum 
taxation in the U.K. sector of the North Sea is investigated in 
so me detail and recent changes in the U.S. tax system are 
discussed with reference to the oil and natural gas shortage. 
Chapter 7 outlines some theoretical models of uncertainty 
and discusses wh at adjustments might be made in project 
appraisal to take uncertainty into account. We also comment 
on some of the ethical, political and philosophical problems 
which inevitably arise in this area. In Chapter 8 the technique 
of 'energy analysis' is described and criticised. The chapter as 
a whole differs from other chapters in that its concern with 
the economics of energy is indirect. However, a comparison 
of the two types of analysis is important since energy analysis 
has been advocated as a means of evaluating policy proposals. 
Finally, Chapter 9 provides a survey of U.K. energy policy 
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since the early 1960s and of V.S. energy policy as presented 
in the National Energy Plan of 1977. In the last section of 
Chapter 9 we comment on the uses of economics in the 
formulation of anational energy policy. 



2. STATISTICAL 
BACKGROUND 

2.] Introduction 

The energy scene in the twentieth century both has been and 
will continue to be characterised by change. Thus, there have 
been fundamental changes in both the level and pattern of 
world energy production and consumption. New sources of 
energy have become commercially viable - for example, 
e1ectricity from nuclear power stations - while other sources 
have increasingly encountered supply constraints, for example 
hydro-electricity in many developed countries. The consump­
tion of both oil and natural gas has increased many-fold, and 
one of the principal concerns of energy policy in the late 
1970s is the forecast of future shortages of oil. 

The main purpose of this chapter is to provide abrief 
statistical sketch of so me of the past and fore cast changes in 
the energy scene which form a background to the discussion 
of energy policy. Apart from this introduction, the chapter is 
in five seetions. The changing pattern of world energy con­
sumption in this century is considered in Section 2.2. Some 
of the main trends in energy consumption in the United 
Kingdom and United States are considered in Section 2.3. 
Seetion 2.4 considers some of the changes and trends in 
energy production. So me data on conventional energy 
reserves are considered in Section 2.5, while Section 2.6 
considers some of the non-conventional sources of energy. 

2.2 The Changing Pattern of World Energy Consumption 

The measurement of energy consumption poses a number of 
problems. A fundamental one is caused by the fact that 
different fonns of primary energy are measured in different 
units. 1 Thus, coal is typically measured in tons while natural 
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gas is measured in cubic metres. The adding-up problem for 
the different types of energy is usually solved by the use of a 
unit of account such as tons of coal equivalent, tons of oi! 
equivalent, miIIions of barrels per day of oil equivalent, or 
therms. 2 fhe lack of consensus on the choice of a unit of 
account is compounded by a lack of agreement on how to 
convert from one unit of account to another. A major 
difficulty in the way of using standard units of account is 
that there are considerable variations in the calorific values of 
the various types of coal, crude oi! and natural gas. In this 
chapter we have adopted a range of units of account. Some 
of the problems associated with the choice of numeraire are 
discussed is a different context in Chapter 8, Section 8.3. 

Between 1925 and 1975 world energy consumption, 
measured in terms of oi! eq uivalent, increased 5.8 times (see 
Table 2. I). Ouring this period there was a marked change in 
the relative importance of the different fuels in the total 
energy mix. AIthough the consumption of coal doubled 
d uring this period it ceased to be 'the dominant source of 
energy, this role being taken by oil. Between 1950 and 1975 
oB met 70 per cent ofthe additional requirements for energy. 
Ouring this period there was also a major increase in the 
consumption of natural gas. As can be seen, by 1975 nuclear 
power was a relatively unimportant source of energy. 

TABLE 2.1 

World Energy Consumption 

(mbdoc = million barrels a day oil equivalent) 

1925 1950 1975 
mbdoe 'Ir of total mbdoe 'lr, 01' total mbdoe % of total 

Hydro-clectric 0,5 2,4 2 5,4 7 5.8 
Nuclear 2 1.6 
Natural gas 0.5 2,4 3 8.1 21 17,4 
Oil 3 14.3 II 29.7 56 46.3 
Solid fuel 17 80.9 21 56.8 35 28.9 

- - --
Total 21 100 37 100 121 100 

SOURCE: 'Energy in Perspective', Shell Briefing Service, Dec 1977 (Landon: 
Shelllnternational Petroleum Co., Shell Centre) chart 1. 
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While coal is a major source of energy most of it is con­
sumed in the country where it is mined. In 1974 only 9 per 
cent of the world's production of coal moved in international 
trade.3 This is in contrast to the situation for oil. Most of the 
major consuming countries have little oil of their own (the 
major exceptions being the United States and Russia) and 
have to obtain it from the major exporting countries. In 
conseq uence between 1950 and 1975 the growth in the 
international movement of oil was even greater than the 
increase in consumption. In the mid-1970s about 35 million 
barrels of crude oil were traded internationally every day. 

Within this global picture there were significant country 
and regional differences in the consumption of energy. For 
example, over the period 1950 to 1975, coal consumption in 
the United States increased slightly, while in Western Europe 
it dec1ined. During this period there was asubstantial increase 
in the consumption of natural gas in both North America and 
Western Europe. In the mid-1970s in the Netherlands, gas 
from the large Groningen field supplied about 50 per cent of 
domestic energy consumption and was also exported to 
Belgium, France, Germany, Italy and Switzerland.4 At that 
time the Uni ted Kingdom received 16 per cent of its total 
energy supply in the form ofnatural gas from North Sea fields. 

Over the period 1950-75 Japan became a major consumer, 
and importer, of oil. In 1950 Japan was consuming 50 
thousand barrels of oil each day and it ranked number 18 in 
the country rankings of total oil product demand. By 1975 
this ranking had changed to number 2 (behind the Uni ted 
States) and Japan was consuming 4840 thousand barrels a 
day.5 

Since 1950 oil has become an important source of chemical 
feedstocks. Approximately 8 per cent of total crude oil 
production in the non-Communist world is used for this 
purpose and 95 per cent of this areas's organic chemical 
production is derived from petroleum.6 

World Energy Supply and Demand to 2000 

In recent years a number of studies have considered the 
future energy supply and demand situation for the non-
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Communist world, with the particular objective of determining 
the date when world shortages of oil are likelyJ These studies 
are unanimous in forecasting such shortages before 2000, and 
in two cases before 1985.8 

Table 2.2 shows the fore cast situation in 1985 for four of 
these studies. The principal reason for the lower energy 
consumption forecasts by the U.K. Department of Energy 
and the Workshop on Alternative Energy Strategies (W.A.E.S.) 
are their assumed lower economic growth rates compared 
with the O.E.C.D. Part of the reason for the C.I.A's higher 
demand forecast for OPEC oil re1ates to an assumed higher 

TABLE 2.2 

Non-Communist World Energy Demand and Supply 1985 
and Demand tor OPEC Oil 

million barrels day oil equivalent 
U.K.Oept 
of Energy W.A.E.S. 

(central case) O.E.C.O. I C.I.A. scenario 0 3 

Assumed economic growth 4.3% 4.8% 4.2%2 3.\ % 
in O.E.C.D. arca 1975-85 1975 -85 1975-85 1977 -85 

Energy consumption 118.7 122.6 109.5 
Energy supply (excluding 

OPEC oil) 87.1 87.\ 75.9 
Net oil imports 31.6 35.4 38.5-42.5 33.6 
Net Communist oil imports 0.8 - 0.8 3.5- 4.3 
OPEC oil exports 30.8 34.6 42-47 33.6 
OPEC oil consumption 4.2 4.2 5-4 2.8 
Residual and increase in 

stocks 0.8 0.5 
Oemand for OPEC oil 35.8 39.3 47-51 36.4 

I O.E.C.O reference case. 
2 Excludes Australia and New Zealand. 
3 Low-growth growth-rate, oil at $11.5 a barrel and restrained national policies 

towards energy supply and conservation. 

SOURCE: Encrgy Policy: A Consultative Document, Cmnd 7101 (London: H.M.S.O., 
1977) table 3.2. 
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import demand from the less developed eountries and from 
Communist eountries. 

To appreeiate the signifieanee of the 'demand for OPEC 
oi!' foreeasts they must be eompared with foreeasts of OPEC 
oil produetion eapacity. In the mid-I970s this wasabout 39 
million barrels of oil a day. Planned eapacity for 1985 is 
probably in the range 45-47 million barrels a day.9 Thus, in 
1985 these foreeasts suggest (apart from that of the C.I.A.) 
that there will be substantial spare eapacity. 

The foreeasts eontained in Table 2.2 assurne unehanged 
energy policies by national governments. Various policies 
eould be adopted to reduee the dependenee on OPEC oi!. 
The extent to whieh this dependenee is redueed depends 
erucially on the poliey of the United States, which is the 
world's largest energy eonsumer. The C. I. A. report foreeast 
that U.S. oil imports could be as high as 16 million barrels a 
day by 1985. President Carter's energy proposals10 were 
intended to limit these imports to 6 million barrels a day. 
The implementation of these proposals would have redueed 
the energy problems of other nations (see Chapter 9). 

Looking further ahead to the year 2000 the W.A.E.S. 
report concluded that, even if energy prices rise by 50 per 
cent in real terms above their level in the mid-1970s, the 
demand for oil will exceed the supply. This will probably 
occur between 1985 and 1995. Because of long lead times 
alternative energy sources must be planned for now. The two 
most important alternative sources of energy in this century 
are likely to be eoal and nuclear power. Coal reserves are 
relatively abundant (see Table 2.9 p. 21), but if extra supplies 
are to be required in the 1990s the required capacity must be 
installed in the 1980s (in the United Kingdom there is a time 
lag of about ten to twelve years between planning a new coal 
mine and its eoming into operation - one reason for this 
relatively long time lag is the time taken up by public inquiries). 
Coal can be converted into synthetic natural gas (S.N.G.) and 
into liquid fuels. Although these conversions are, at the 
present time, uneconomic, by the 1990s a combination of 
lligher oil prices and technical change could weil make them 
commercially viable. 

While electricity from nuclear power stations is capable of 
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making an important contribution to the world's energy 
supply by 2000, there is an important question of its public 
acceptability. This is especially important with regard to the 
construction of fast reactors. 

2.3 Energy Consumption Trends in the United Kingdom 
and United States 

The principal trends in energy consumption in the United 
Kingdom over the period 1950-75 are illustrated in Table 
2.3. This period was characterised by a marked change in the 
energy mix, with a decline in coal consumption and an 
increase in the consumption of oil and natural gas. The 
substitution of these fuels for coal was the result of a com­
bination of factors, such as a fall in their relative prices,11 a 
change in consumer tastes in . fa vo ur of the cleaner and more 
flexible fuels, and of various sectoral changes in the economy, 
such as the growth of road transport and the decline of the 
railways. Ouring this period coal lost two of its traditional 
markets, gas-making and the railways. Natural gas from the 
North Sea has been substituted for manufactured town gas, 
and coal-fired steam locomotives have been replaced by diesel 
and electric locomotives. In 1950 there were approximately 
20,000 coal-fired steam locomotives on the U.K. railways, 
and now there are none in regular service. The principal 
changes in the markets for coal in the Uni ted Kingdom are 
shown in Table 2.4. 

Energy consumption in the Uni ted States is far higher than 
in any other country. In the mid-1970s it was consuming 
more than 30 per cent of the world 's energy, although it had 
less than 6 per cent of the world's population. As can be seen 
from Figure 2.1 the United States uses more energy per dollar 
of G.N.P. than any other industrialised nation. It uses twice 
as much as West Germany, which has a similar standard of 
living. This high level of consumption has been stimulated by 
various governmental policies, such as the regulation of energy 
prices to consumers which kept their prices below the level 
of long-run marginal costs12 and the payment of various tax 
benefits to prod ucers.! 3 



TABLE 2.3 

U.K. Energy Consumption 
(heat-supplied basis) 

billion therms 

1950 1960 1970 
All classes oi consumer 
Solid fuel! 36.1 31.1 17.8 
Gas2 2.7 3.3 6.2 
Oil3 5.6 12.8 27.3 
Electricity l.5 3.4 6.6 

Total 45.9 50.6 57.9 

Energy consumption by source 
Industry 
Solid fuel 15.7 13.9 8.9 
Gas2 0.9 1.5 1.9 
Oil3 1.7 4.5 11.4 
Electricity 0.7 1.5 2.5 

T('t'll 18.9 21.4 24.7 

Transport 
Solid fuel 4.5 2.8 0.1 
Oi\3 3.2 5.9 11.0 
Electricity 0.1 0.1 0.1 

Total 7.8 8.8 11.2 

DOlllestic 
Solid fuel 11.8 11.3 7.1 
Gas4 1.4 1.3 3.6 
Oil 0.2 0.7 1.3 
Electrieity 0.5 1.2 2.6 

Total 13.9 14.5 14.6 

Other 
Solid fuel 4.1 3.1 1.7 
Gas4 0.4 0.5 0.7 
Oil 0.6 1.7 3.6 
Electricity 0.2 0.6 1.4 

Total 5.3 5.9 7.4 

I Coal, eoke, manufaetured fue!. 
2 Town gas, natural gas and coke-oven gas used for non-energy 

purposes. 
3 Oil and creosote pitch mixtures. 
4 Town gas and manufaetured gas. 

SOURCES: Digest oi United Kingdom Energy Statistics (London: 
H.M.S.O., various issues). 

1976 

9.9 
13.8 
26.2 

7.4 

57.3 

5.3 
6.1 
8.6 
2.8 

22.8 

12.6 
0.1 

12.7 

4.0 
6.2 
1.4 
2.9 

14.5 

0.7 
1.5 
3.4 
1.6 

7.2 
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T ABLE 2.4 

Coal Markets 1948-76 

1948 1957 1970/1 1976/7 

m. tons % m. tons m. tons m. tons % 

Power stations 28.8 13.7 46.4 73.5 77.7 62.6 
Gas works 24.6 11.7 26.4 3.5 
Coke ovens 22.3 10.6 30.7 24.7 19.Y 15.6 
Domestic 36.4 17.3 35.6 18.4 10.4 8.4 
Ind ustrial consumers 38.0 18.1 37.5 18.5 9.1 7.3 
Collieries 11.2 5.3 7.2 1.8 
Railways 14.3 6.8 11.4 0.1 
Exports (plus bunkers) 16.1 7.7 7.9 2.9 1.4 1.1 
Miscellanea us 18.3 8.8 17.7 7.8 6.2 5.0 

Total 210.0 100 220.8 151.2 124.1 100 

sou R CE: National Coal Board Annual R eports and A ccounts (London: National 
Coal Board, various reports). 
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TABLE 2.5 

Trends in Energy Consumption (United States) 

1920 1930 1940 1950 1960 1965 1970 

Energy consumption 
(trillion Btu) 19,782 22,288 23,908 34,154 44,960 53,785 68,810 
(mbdoe) 9.4 10.6 11.4 16.3 21.4 25.6 32.8 

Energy consumption 
by source (%) 

Coal 78.4 61.2 52.4 37.8 23.2 23.0 20.0 
Natural gas 4.2 8.8 11.4 18.0 28.2 29.9 32.8 
Oil 13.5 26.5 32.4 39.5 44.6 43.2 43.0 
Hydro and Nuc1ear 3.9 3.5 3.8 4.7 4.0 3.9 4.1 

SOURCE: H. W. Richardson, Economic Aspects ofthe Energy Crisis (Farnborough, 
Hants: Lexington Books, Saxon House, 1975) table 1-1. 

The main trends in energy eonsumption in the United 
States over the period 1920-70 are illustrated in Table 2.5. 
Over this period energy eonsumption inereased by three and 
a half times, as eompared with a more than fivefold increase 
in G.N.P. This inerease was aeeompanied by significant 
ehanges in the energy mix. As in the United Kingdom, there 
has been a substantial dec1ine in the relative importanee of 
eoal - from almost 80 per cent down to 20 per eent.1 4 

There has been a substitution of natural gas for co al in 
domestie and office heating, and by 1970, as in the United 
Kingdom, eoal had eeased to be used for transportation with 
the phasing out of eoal-fired steam loeomotives. The decline 
in the relative share of eoal has been offset by inereases in 
the shares of oil and natural gas. These fuels have enjoyed a 
number of both price and non-price advantages over coal. 
They were generally cheaper, more flexible and associated 
with fewer environmental problems. 

2.4 Energy Produetion 

As would be expeeted the ehanges in energy eonsumption 
wh ich were noted in Section 2.2 were aeeompanied by equally 
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TABLE 2.6 

Energy Production by Region 1950-75 

Oll Coal Natural gas Hydro- Nuclear 
(millions (millions (109 eubie eleetrieity eleetricity 

Region b/d) metde tons) metres) 009 kWh) (109 kWh) 

North Ameriea 
1950 6.2 520 170 160 
1975 12.5 570 620 520 180 

Caribbean and 
South America 

1950 1.8 5 2 10 
1975 3.6 10 25 100 2 

Western Europe 
1950 0.1 490 1 110 
1975 0.6 270 175 390 105 

Middle East 
1950 1.8 5 negl. 
1975 19.7 10 20 10 

Afriea 
1950 negl. 30 
1975 5.1 70 5 35 

Far East and 
A ustralasia 

1950 0.2 130 negl. 45 
1975 2.2 200 25 150 20 

Total 
1950 10.1 1180 173 326 
1975 43.7 1130 870 1205 307 

SOURCE: 'A Generation of Change: World Energy Patterns 1950-1975', Shell 
Briefing Service, Apr. 1976 (London: Shell International Petroleum Co., 
Shell Centre). 

fundamental changes in the pattern of energy production. 
Table 2.6 shows that between 1950 and 1975 the pattern of 
energy production changed significantly between various 
regions of the non-communist world. 

In Western Europe the period 1950-75 was characterised 
by the run-down of the eoal industry and the substantial 
growth of the natural-gas industry. In Great Britain, for 
example, the eoal industry in the post-war period has been 
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TABLE 2.7 

Trends in Output and Employment in the British Coal lndustry 
(National Coal Board mines) 

1947 1950 1960 1970 1976 

National Coal Board 
employment (000) 710.5 687.9 587.5 285.1 241.6 

Number of collieries 980 901 698 293 239 

Total output (m. tons) 184.4 202.4 183.8 133.8 107.9 

SOURCES : Digest oi United Kingdom Energy Statistics (London: 
H.M.S.O., various issues). 

characterised by a substantial dec1ine in output, the number 
of collieries and employment, as is shown by the data in 
Table 2.7. Over the last three decades employment in the 
industry has dec1ined by 66 per cent, 76 per cent of collieries 
have been closed and between 1950 and 1976 output fell by 
53 per cent. 

The growth of the natural gas industry and the substitution 
of natural gas for manufactured gas in the United Kingdom is 
shown by the data in Table 2.8. 

TABLE 2.8 

Gas: Public Supply System in the United Kingdom 

million therms 

1966 1973 1975 1976 

Total gas available 4,067 11,908 14,032 14,542 
North Sea gas 10,630 13,367 14,030 
Total sales of gas 3,685 10,729 13,112 13,997 

(a) Town gas 3,685 2,323 713 212 
(b) Naturalgas 8,406 12,399 13,785 

SOURCE: United Kingdom Energy Statistics 1977 (London: Depart­
ment of Energy, 1977). 
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In effect the period 1966-76 saw the phasing out of the 
manufactured gas industry and its replacement by a new 
natural gas ind ustry. 

2.5 Energy Reserves 

The measurement of energy reserves for those energy resources 
which exist as stocks rather than as flows (e.g. solar ~nergy) 
poses many difficult problems. However, an indication of 
these reserves is indispensable to the formulation of energy 
policy. Ideally the economist would like to have information 
on reserves presented in the form of a schedule indicating the 
amount suppliers would like to supply at different prices. 
Most available estimates of energy reserves, however, are not 
based upon specific assumptions about future prices and 
recovery technology. For fossil fuels, estimates of reserves 
are usually presented in two categories, proven and ultimately 
recoverable reserves. Proven reserves of oil, coal, etc., are 
usually defined as the amount of the resource which is 
recoverable from known reserves at today's prices and 
technology. 

Ultimately, recoverable, or inferred, reserves, are an esti­
mate ofhow much ofthe resource will eventually be produced. 
They allow for both new discoveries and changes in extraction 
technology. Before we consider some recent estimates of fuel 
reserves we will consider briefly some of the reasons why 
they have to be interpreted cautiously. 

A fundamental difficulty for the measurement of energy 
reserves concerns the general conception of a fixed and 
known quantity of energy reserves)5 There are a number of 
reasons for this. One is that the resources which are referred 
to as 'energy' are a function of the state of technology. For 
example, it is only with the development of commercial 
nuclear reactors in the 1950s that stocks of uranium have 
been classified as energy reserves. A second reason is that, for 
the ca1culation of energy reserves in addition to knowing 
wh at resources are in place, it is also necessary to know the 
proportion 'that is accessible; the recovery rate for these 
accessible reserves; and the extent to which it will be profit-
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able to exploit the accessible unconventional sources of fossil 
fuels, such as tar sands. 

There are many problems involved in determining the 
proportion ofreserves which are accessible. Different methods 
of calculation may be used and both geological uncertainties 
and commercial considerations often lead to the making of 
conservative estimates. 16 Thus. it is not surprising that over 
time the reserve estimates for fossil fuels have typically been 
revised upwards. A good example of this is provided by 
estimates of world proved reserves of oil. Between 1947 and 
1972 these increased nearly tenfold, from 9478 million metric 
tons to 91,376 million metric tons. 17 Part of this increase 
was due to new discoveries and extensions to known oilfields, 
but much of it was due to revisions of earlier estimates. 

The recovery rate for accessible resources is a function of a 
number of factors, including the state of technology and 
geological conditions. The rate varies over time and between 
different deposits. In the United States, for example, the 
recovery rate for oil improved from 25 per cent in the 1940s 
to about 32 per cent by 1975. 18 At the present time, over 
the world as a whole, the recovery rate for oil averages 30 per 
cent: in the British sector of the North Sea recovery ratios of 
up to 40 per cent are being achieved. 

There are various known sources of so-called unconven­
tional sources of fossil fuels, such as the Orinoco tar sands in 
Venezuela. which, while accessible, have not been profitable 
to exploit at the ruling level of energy prices. However. as a 
result of the inerease in oil priees since October 1973. the 
Shell Company announced in 1977 that it was going to invest 
between $3500 million and $4000 million in the extraction 
of oil from the Athabasca tar sands deposit in Alberta, 
Canada. 

So me reeent estimates of world proved and ultimately 
reeoverable reserves of fossil fuels in 1975, along with reeent 
estimates of uranium reserves, are presented in Table 2.9. 19 

These estimates show that oil is the fossil fuel nearest to 
exhaustion. At eurrent rates of eonsumption proved reserves 
are sufficient for thirty years. By historie standards this 
figure is not especially low. In the post-Second World War 
period oil reserves calculated on a number of years' supply 
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basis have varied from a low of twenty-two years in 1947 to a 
peak of thirty-seven years in 1960. Major uncertainties relate 
to the level of undiscovered reserves and the rate at which 
they can be discovered and exploited, and there is certainly 
no consensus among oil experts on the size of world oil 
reserves.20 As we have previously noted, using figures such as 
those given in Table 2.9, a number of recent reports21 have 
conc1uded that the most likely future scenario for oil is that 
oil supplies will begin to level off in the late 1980s, reach a 
peak in the 1990s and dec1ine thereafter. 

It has been estimated that about 80 per cent of the proven 
oil reserves in non-Communist countries are in OPEC coun­
tries (61.6 thousand million tonnes out of a total of 76.0 
thousand million tonnes) with 27 per cent in Saudi Arabia 
(20.8 thousand million tonnes).22 

Compared with the Saudi Arabian reser.ves those of the 
United Kingdom . are relatively small. The Department of 
Energy's best estimate is that total recoverable oil reserves in 
the United Kingdom Will fall in the range 3-4.5 thousand 
million tonnes. These estimates allow for possible finds in 
areas which have not yet been licensed. With the given state 
of technology it is estimated that the upper limit for reserves 
in the present licensed areas is 3.2 thousand million tonnes 
(see Table 2.10). Measured in terms of the United Kingdom 
1975 consumption of oil this latter reserve figure is eq uivalent 
to approximately 30 years' supply. 

This figure is relatively high compared with the situation in 
the United States. Since about 1960 domestic oil consumption 
in the Uni ted States has outpaced domestic oil discoveries 
(exc1uding the discoveries in Alaska). In 1940 proved reserves 
in the United States were sufficient for fourteen years of 
consumption; by 1976 this figure had fallen to five years. 
Since the mid 1960s the United States has been dependent 
on oll imports. 

2.6 Non-Conventional Energy Sources 

The previous section was concerned with what are usually 
called 'conventional energy sources'. The various predictions 
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TABU 2.10 

Estimated Gi! Reserves In the United Kingdom Licensed Area 

million tonnes 

Proven I Probable 2 Possible3 Possible total 

Fields in production or 
under development 

Other significant 
discoveries not yet 
fully appraised 

Total present discoveries 

Expected discoveries -
present licences 
(ind. 5th round) 

Total present licensed 

1070 

310 

1380 

areas (ind. 5th round) 1380 

110 

460 

570 

350 

920 

80 1260 

470 1240 

550 2500 

350 700 

900 3200 

I Proven - those reserves which, on available evidence, are virtually certain 
to be lcchnically and economically prod ucible. 

2 Probable - those reserves which are estimated to have better than 50 per cent 
chance of being technically and economically prod ucible. 

3 Possible - those reserves which, at present, are estimated to have a significant 
but less than 50 per cent chance of being technically and economically producible. 

SOURe/-:: t:llerKY Policy - A COllslillatil'e DOClIlllent, Cmnd 7101 (London: 
H.M.S.O., 1978) p. 34. 

whieh have been made about the inereasing searcity and high 
priees of these resourees have in reeent years inereasingly 
foeused attention on what are termed 'non-eonventional 
energy sourees' . There is no preeise definition of these 
sourees, but they are usually understood to include heavy oil 
and oil from oil shales and tar sands, geothermal energy, 
hydro-eleetricity, solar energy, wind and wave power. Many 
energy experts antieipate that these resourees will make an 
inereasingly important eontribution to the world's energy 
requirements in the first half of the twenty-first eentury. 

Beeause eonventional oil has been relatively abundant and 
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inexpensive little attention has been paid to accessible 
deposits of oil sands, oil shale and heavy oil. Yet it is estimated 
that these deposits exceed the world's proven reserves of 
conventional oils. The development of these resources is 
associated with significant environmental problems (such as 
the disposal of the spent shale) and they have capital and 
operating costs which are higher than for conventional sources 
of oil. Estimates prepared by Shell International in 1977 
suggest that the cost of oil from oil sands or shale in North 
America would probably lie in the range $15-25 (1976 D.S. 
dollars) per barrel of oiP3 The W.A.E.S. report estimated 
that the maximum production from these sources in the year 
2000 would be 3 million b/doe, mostly in North America.24 

Geothermal energy is currently being exploited in a number 
of countries, induding the Dnited States, Italy and Japan. In 
1974 there was 1400 MW(e)25 of installed geothermal elec­
tricity generating capacity , representing an insignificant 
amount of energy on aglobaI scale. This source of energy can 
be associated with significant adverse environmental effects 
(see Chapter 5, Section 5.2). In the Dnited Kingdom geo­
thermal energy is likely to be confined to a source of low­
grade heat for heating purposes. The W.A. E.S. report did not 
expect this to be a significant source of energy by 2000.26 

Most of the sites for hydro-electricity in the developed 
countries have already been exploited. In the developing 
countries, however, there is considerable potential. Although 
these countries have 44 per cent of the world's hydraulic 
potential, only 4 per cent has been exploited. The W.A.E.S. 
report conduded that hydro-electric supply in these countries 
could rise from 1 million b/doe in 1972 to 4.4 million b/doe 
in 2000.27 

Solar sources of energy can be either direct in the form of 
radiant energy from the sun or indirect in the form of energy 
from the wind and waves. Solar energy systems involve high 
capital and low running costs, and thus their relative attrac­
tiveness is very sensitive to the size of the chosen discount 
rate. Solar energy does appear to have great potential. For 
example, it has been estimated that it could contribute 25 
per cent of total D.S. primary energy by 2020.28 The best­
known application of solar energy is for water-heating. 
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Sufficient solar energy falls on the roof of the average house 
in North America, Europe and Japan to supply all of its 
energy requirements. There is, however, a storage problem 
since solar energy in many countries, such as the Uni ted 
Kingdom, is least plentiful in the winter when heating 
demands are greatest. At the present time, solar sources of 
energy are high-cost (partly because of the small production 
runs for the necessary equipment). Shell International have 
estimated that in 1976 solar hot water (on si te at 35° latitude) 
cost over $40 (1976 U.S. dollars) per barrel of oil equiv­
alent.29 For the efficient use of solar energy, buildings need 
to be carefully sited, well insulated, and provided with 
adeq uate energy storage facilities. The W .A. E.S. report noted 
that since the turnover time of a nation's housing stock is 
approximately 100 years, progress with the use of solar 
heating would be slow if it was restricted to new build­
ings. 20 

There are various ways in which renewable energy can be 
harnessed from the seas. At the present time the only energy 
which is extracted from this source uses the tides. Tidal­
power schemes are in operation at La Rance in France (240 
MW(e)) and at Kislaya Guba in Soviet Russia. The Severn 
Estuary in the United Kingdom has been considered as the 
site for such a scheme. 31 In the United Kingdom an increasing 
amount of research is being undertaken into the harnessing of 
wave energy, since this is believed to be an important poten­
tial source of energy to the United Kingdom. In 1976 the 
U.K. Department of Energy selected four wave-energy projects 
for a tl million research and development programme. In 
1977 the budget was increased to t2.5 million for two to 
three years to allow large-scale work and field trials of two of 
the projects.32 A major problem associated with such schemes 
is their potential effects on ocean shipping. It is unlikely that 
very much energy will be made available from this source by 
the end of this century. 

Wind energy can be converted into either useful heat or 
electricity.33 Because it is intermittent, effective storage is 
required. The electricity output from large-scale wind-driven 
generators is small. There is probably more potential for 
small-scale uses of this source of energy. 
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It has been estimated that it would be technically feasible 
to produce 30-40 million tons coal equivalent (mtce) from 
renewable sources of energy in the United Kingdom by 2000. 
However, in practice it is expected that the contribution will 
be a maximum of 10 mtce. 34 . 



3. THE DEPLETION OF 
ENERGY RESOURCES 
3.1 Introduction 

The onset of the so-called 'energy crisis' in the early 1970s 
stimulated great interest in the problem of resource depletion. 
Such interest is not a new phenomenon 1 although its mode 
of expression in computer model-building clearly is.2 At its 
simplest the problem is obvious. Man lives on a planet with 
finite 'non-renewable' resources, resources which for several 
hundred years he has exploited at an increasing rate. With 
exponentially increasing demands on finite stocks a time will 
inevitably arise when they simply run out. Indeed with 
exponential growth that day can often appear uncomfortably 
close. Considerable debate has taken place on how large the 
world's reserves of resources are and, as we have seen in 
Chapter 2, estimates are inevitably tentative,3 but in the 
context of exponential growth it would not appear to make 
much difference. 

From the economist's point of view this type of debate 
always appears unsatisfactory. The idea that exponential 
trends will continue indefinitely without the price mechanism 
imposing some check seems counter-intuitive, while the 
exercise of measuring 'resourees' in isolation from the state 
of technology and the costs of exploitation appears meaning­
less. This does not mean that the apocalypse cannat arrive 
but simply that at the very least powerful forces will assist to 
delay it. The two major factors preventing catastrophe are 
substitution possibilities and technical change. 

(a) Substitution between resources while not solving the 
problem of a finite total stock nevertheless enables the 
economy to function without reliance on any single resource. 
In the field of energy the his tory of the last fifty years has 
been mainly concerned with the substitution of oil for coal. 
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Substitution in eonsumption, between less and more energy­
intensive produets (for example, publie for private transport) 
would be a predictable outeome of rising energy prices, while 
substitution possibilities in produetion exist between non­
renewable energy resourees and other faetors (the use of 
labour or eapital inputs to eonserve energy). 

(b) The possibilities of teehnieal change have been empha­
sised by many writers.4 First, and most dramatically, teehnical 
developments ean effeetively ereate energy resourees where 
none existed before. The wood shortage of Elizabethan 
England was finally resolved by the use of coal in the produe­
tion of iron. Oil as a major energy souree was unknown until 
the turn of the twentietll eentury. More reeently uranium has 
beeome an important souree of energy while in the future 
perhaps even deuterium (used in the proeess of nuclear fusion) 
will be added to the world 's stock of depletable resourees. 
Seeond, teehnieal advanees clearly play an important role in 
redueing the eosts of extraeting existing resourees. Barnett 
and Morse,5 for example, have traeed the history of extraetion 
eosts and priees for major resourees over nearly a eentury and 
found a decline in all but forestry. These eost red uetions ean 
oeeur in spite of reeourse to resourees of lower quality. Thus 
the story at least until the early 1960s seems to have been 
one of improved technology outweighing the tendeney to 
diminishing returns. As for the future, the 'optimists' point 
to the possibilities of exploiting oil resourees loeked in shales 
and tar sands and to the development of processes such as 
coal liq uefaetion. Finally, technical change can enormously 
reduee resource input for a given output. Modern blast 
furnaces, for example, consume under one ton of eoke for 
one ton of pig iron eompared with over five tons of eoke in 
the early nineteenth eentury. 

In view ofthese possibilities of teehnical advanee and faetor 
substitution the eoneern with 'finite resources' and depletion 
rates might appear exaggerated. However, there are two major 
faetors which help to explain it - uncertainty and pollution. 

At any given time mankind lives with a given teehnology. 
The fact that, in the past, technical developments have enabled 
resouree shortages to be overeome is in itself no guarantee 
that they will do so in the future. Thus to blithely assurne 
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that the benign influence of technical development will 
always come to the rescue can be seen as something of a 
gamble, and when 'doom' is involved, a gamble with high 
stakes.6 Further, energy use is inextricably tied up with the 
question of pollution. Exhaust emissions from motor-cars, 
particulate emissions from coal-burning, radio-active waste 
disposal with nuclear power stations are all examples of 
serious pollution problems stemming from energy use (see 
Chapter 5). Such pollution is accompanied by health hazards, 
physical discomfort, and possibly even long-term climatic 
changes, although the latter appears to be very speculative. 

Resource depletion as a policy issue is evidently very 
complex. Ideally optimal depletion rates would, given speci­
fied social objectives, be determined simultaneously with a 
policy towards capital accumulation, research and develop­
ment, population size and pollution. In the following sections, 
however, we largely ignore the last three issues. 

(a) Technical change is not only notoriously difficult to 
model but, as has been observed, resource-augmenting tech­
nical progress is sufficient to mitigate the problem of exhaus­
tion. Thus the assumption of zero technical progress can be 
regarded as a useful device to focus attention on the most 
pessimistic case. 

(b) The assumption of a constant population might be 
considered rather 'optimistic' in co nt rast to the 'pessimism' 
of (a). However with an exponentially growing population 
and zero technical progress 'doom' would indeed appear 
inevitable. If population is growing continuously at a constant 
rate, some resource augmenting technical progress is required 
to prevent the on set of declining consumption per head. 
Capital accumulation alone cannot do the trick if resources 
are 'essential' to production.1 

(e) No attempt is made to specifically link the depletion 
rate problem with the treatment of pollution. The assumption 
is made that measures designed to control pollution exist. 
Although these may affect depletion rates (e.g. via the return 
on various types of investment) they are never overtly 
considered in the analysis. 

The remainder of this chapter is in five sections. Seetion 
3.2 outlines the tradition al theory of inter-temporal choice 
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and attempts to c1arify some of the issues which arise con­
eerning the discount rate. In Section 3.3 we outline the 
theory of exhaustible resourees and disClISS how the market 
would alloeate a finite stock of resources over time. Section 
3.4 introd uces a more normative content into the analysis by 
outlining the implications of various social objectives. This 
seetion presents the opportunity of focusing attention on the 
important question of the substitutabiIity between resources 
and reprod ucible capital. In Section 3.5 we specifically 
investigate sources of market failure in order to gauge whether, 
given the efficiency objeetive, resourees are likely to be 
depleted too fast. Seetion 3.6 presents some brief eonc1usions. 

3.2 Inter-temporal Choice 

The problem of the individual eonsumer alloeating his income 
over time ean be illustrated in the standard two-period dia­
gram, Figure 3.1. We assume that the individual eoneerned 
reeeives an ineome of C~ in period zero and er in period one. 
This eonfiguration of receipts permits various opportunities 
for eonsumption within the area OAB. He may, for example, 
eonsume nothing in period zero and invest his ineome at the 

Cl 

D 

o Cö Co 

Co + Ci (1 + r)-l 

FIGURE 3.1 
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prevailing rate of interest r, thereby enab1ing the consumption 
of Cf + ct (1 + r) in period 1. A1ternative1y he might borrow 
as much as possib1e, again at the interest rate r, against his 
future income. The future income Cf wou1d therefore have 
to permit repayment of the principa1 (0) and interest (Or). 
Hence 0 + Or = Cf or 0 = Cf (1 + r)- I. In between these 
extremes are the possibilities a10ng the line AB. This simp1y 
represents for each va1ue of consumption in year zero, the 
maximum consumption in year one that the individual cou1d 
attain given his income stream ct, Cf. The present va1ue of 
all the consumption possibilities a10ng AB is constant and 
equal to the present va1ue of the consumer's income stream 
(i.e. his wealth). It is a simple matter to verify that the slope 
of AB is given by -( 1 + r). 

Which point on AB the consumer chooses will depend on 
his preferences regarding present and future consumption. It 
is assumed that each individual has a utility function of the 
fonn 

U= U(Co, CI), (3.1) 

which has the necessary properties to yie1d indifference curves 
such as [j in Figure 3.1. In this case, therefore the highest 
utility attainable is at d, the individ ual consuming Co in 
period zero and CI in period one. This particular individual 
lends C6' - Co, and receives in period one an extra (C6' - Co) 
(1 + r) in addition to his income. 

In eq uilibrium it is seen from Figure 3.1 that the slope of 
the individual's wealth constraint -(1 + r) is equal to the 
slope of the indifference curve. The slope of the indifference 
curve at any point represents the marginal rate of substitution 
of Co for CI (MRSc l,co), i.e. it represents the amount of 
consumption the individual would be prepared to sacrifice 
in period one for one extra unit of consumption in period 
zero. Although mathematically negative the MRSCI , Co is 
usually taken as being positive. Hence it is found that in 
eq uilibrium 

or 

MRSCI , Co = (1 + r) 

MRSCI , co - 1 = r. (3.2) 
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The left-hand side of (3.2) is referred to as thc individual's 
'marginal rate of time preference' and in equilibrium this 
quantity equals the rate of interest. 

The introduction of production possibilities into the 
analysis is shown in the 'Fisher Diagram' (Figure 3.2). The 
interpretation of A I BI is exactly as in the simpler case, but 
now wealth is not merely the present value of Ca: and cr. It 
also incorporates the prod uction possibilities open to the 
individ ual as indicated by the curve ppl . Our individual has 
the problem not simply of deciding upon combinations of 
consumption levels in the two periods given his wealth, but 
also of maximising his wealth given the prod uction possibil­
ities and other income. This problem is solved by the indi­
vidual operating at point Z on ppl , investing Cticg in period 
zero in order to achieve the increased income Cicr in period 
one. The present value of the individual's wealth is maximised 
here as can be seen by the fact that the line A I BI is as far as 
possible from the origin while still satisfying the production 
constraint ppl . 

The slope of ppl represents the marginal rate oftransforma­
tion between present and future goods (MRTcl , co), At 
each point it shows the consumption that must be sacrificed 
in period one if consumption is to be one unit higher in period 
zero. Again it is seen that the wealth-maximising solution 
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FIGURE 3.2 
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implies that 

MRTcl . Co =(1 +r) 

or MRTcl . Co - I = r. (3.3) 

The left-hand side of (3.3) is referred to as the 'rate ofreturn 
in production' and in equilibrium it is equal to the rate of 
interest. 

For the individual represented in Figure 3.2 the consump­
tion combination Co CI now implies borrowing in the market. 
The individual borrows Co Ce and repays CI Cf in period one. 
Cticg of these borrowings are used for investment purposes 
and ctiCo to finance additional consumption in period zero. 
As in the case of the usual static model of resource a11oeation 
the inter-temporal model (Figure 3.2) here will resuIt in a 
Pareto-efficient a11oeation of resourees providing that a11 the 
neeessary eonditions are fulfilled. 

A Pareto-efficient eonfiguration of the eeonomy is defined 
as one which it is impossible to change without making some­
one worse off in their own estimation. It is based on the 
Paretian value judgements that (i) individuals are the best 
judges of their own welfare and thus if an individual prefers 
A to be B he is better off with A than with B, and (ii) eom­
paring two configurations of the eeonomy, C and D, C is 
preferred to D if at least one individual is better off in C and 
no one is worse off. This value judgement avoids the need to 
make interpersonal eomparisons. In addition to assuming 
given and eonstant tastes, population and teehnology, the 
foIIowing analysis assumes that aII faetors and produets are 
perfeetly divisible and enter into aII relevant utiIity and 
produetion funetions; the absence of external effeets in 
prod uetion and eonsumption; eertainty and perfeet knowl­
edge; and that aII markets are perfeetly eompetitive and in 
equilibrium. 

Based on these assumptions neeessary eonditions for 
efficieney include the req uirements that: 

(1) For a11 individuals MRScl • co is the same. If this 
eondition did not hold, borrowing and lending opportunities 
would exist whieh would permit a Pareto improvement in 
welfare. Suppose, for example, that for individual A 
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MRS~I, Co is 1.1, whereas for individual B MRS~" Co is 
1.2. Clearly Mr A could lend Mr Ba unit of consumption and 
be compensated as long as he received 1.1 units in the next 
period. Mr B, on the other hand, would be prepared to accept 
such an offer provided that he did not have to return more 
than 1.2 units in the next period. Any arrangement between 
these limits makes both individ uals better off. 

(2) For a11 individuals or firms MRT CI, Co is the same. 
The reasoning here is symmetrical with that above. If in one 
firm 0.9 unit of present consumption is sacrificed for an 
extra unit in the next period, whereas in another firm only 
0.8 unit is sacrificed, there exists the possibility that, by 
transferring investment from the former to the latter, more 
could be consumed now with no consequent loss of consump­
tion in the future. 

(3) MRSC" Co = MRTcl, Co' This is the 'higher-level' 
condition which is again best understood by imagining that it 
does not hold. If consumers are wi11ing to sacrifice more 
present goods for an extra unit of future consumption than is 
required by production conditions then there clearly exists a 
possibility that a higher level of investment will enable every­
one to become better off in their own estimation. 

It can be seen from (2) and (3) that if a11 individuals face 
the same interest rate in the market then their own wealth 
and utility-maximising behaviour will lead to the attainment 
of these conditions. This result, however, depends crucia11y 
on the previously made assumptions, e.g. that a11 markets are 
perfectly competitive. It thus fo11ows that Pareto efficiency 
in inter-temporal resouree alloeation will only result from 
market proeesses in a world of the imagination.8 Some of the 
reasons for 'market failure' are eonsidered in Seetion 3.5. 

The rate of interest has so far been viewed as an exogen­
ously determined factor to whieh individ uals in the market 
adapt their behaviour. Like any other priee, however, the rate 
of interest is itself determined by the forees of supply and 
demand. We have examined the faetors which might underlie 
an individual's desire to lend or borrow - the fact that 
ineome may fluctuate overtime orthat produetive investments 
may be undertaken. However, one important matter has still 
to be diseussed - the issue of 'impatienee'. 
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The degree of 'impatience' is usually referred to as the 'pure 
time-preference rate' or 'the rate of time-preference proper'. 
It refers to the rate at which individ uals discount future 
utility not the rate at which in equilibrium they discount 
future consumption at the margin. Pure time preference is a 
characteristic of the individ ual's utility function and in terms 
of the usual indifference curve diagram it is measured by the 
marginal rate oftime preference where consumption is equally 
divided between the two periods. Where there is no 'pure 
time preference' a consumption stream of (say) 10 units 
followed by 5 units should confer equal utility to the stream 
5 units followed by 10 units. The first will not be preferred 
simply because thelarger consumption basket occurs sooner. 
In these circumstances indifference curves will be symmetrical 
about the two axes and will have a slope of minus unity along 
a 45° line drawn from the origin, see Figure 3.3 

Considerable discussion has occurred on the question of 
whether individuals 'ought' to discount future utility in this 
way. Ramsey and Pigou9 both regarded such a procedure as 
irrational in the case of an individ ual and, if the utilities being 
discounted were those of individuals living in future periods, 
as morally unjustifiable. Our purpose in discussing this issue 
here is merely to highlight the possible differences in inter­
pretation which can be given to a particular discount rate, 
differences which in the context of energy policy become 
rather significant. In particular it is often asserted that high 
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interest rates 'favour' the present over the future and vice 
versa. 

It is as weil at this point to distinguish between the dis­
count rate as a policy instrument and the discount rate as a 
market-determined price. The use of a lügher rate of discount 
to appraise a particular project will, all other things remaining 
constant, certainly tend to favour those whose benefits occur 
at an earlier date. On the other hand a rise in the market­
determined rate of discount is much more difficult to inter­
pret. In the perfectly competitive traditional textbook model 
the interest rate is merely an equilibrium price which emerges 
from the transactions of many individuals attempting to solve 
the inter-temporal maximisation problem sketched above. 
Just as price ratios enab1e rates of substitution and transform­
ation to come into line in the static model, so in the inter­
temporal case the interest rate performs the same function. 

A rise in the market rate of interest will therefore rej7ect 
changes which have occurred either in production possibilities 
or in preferences. Whether these changes militate against 
future consumption cannot be inferred simply by looking at 
the change in the interest rate itself. As an example consider 
three possible interpretations of an observed increase in tile 
interest rate in a hitherto perfect market. 

(a) The rise in the interest rate is the result of the introduc­
tion of a proportional tax on the returns to investment. 
Individ uals are less willing to lend for lower after-tax returns 
and an 'inefficient' gap now yawns between the marginal rate 
of transformation (the before-tax return) and the marginal 
rate of time preference (the after-tax return). The increased 
market rate of interest faced by the producer causes him to 
cancel investment projects while the lower returns to the 
lender induce him to substitute present for future consump­
tion. We conclude that the new situation is: 

(i) Pareto inefficient. 
and (ii) encourages present consumption at the expense of 
the future. 

(b) The rise in the rate of in terest stems from the success 
of a social movement which preaches that life becomes 
progressively more miserable with advancing age. Goods are 



The Depletion of Energy Resourees 37 

less enjoyable at retirement than they are in youth. A section 
of the population begins to exhibit 'pure time preference' 
and decide to enjoy life while it is still possible. The higher 
interest rate is conseq uently: 

(i) Pareto efficient, 
and (ii) by definition encourages present consumption at 
the expense of the future. 

(e) The rate of interest has risen because a new discovery 
has raised the productivity of capital and caused businessmen 
to compete for scarce funds to invest. The marginal rate of 
transformation between present and future goods has in­
creased, and an increased rate of interest is necessary to 
achieve efficient intertemporal allocation in the new situation. 
A higher interest rate is therefore 

(i) Pareto efficient, 
and (ii) evidence that the future will be richer than the 
present. 

It has seemed worth while to spell out the above possibilities 
since this issue is of considerable importance in the field of 
energy economics. As will be seen, the rate of discount enters 
into the depletion-rate decision in a particularly significant 
way and the question of whether prevailing rates are 'correet' 
is of central concern. Those theorists and others who are 
pessimistic and doubt the capacity of markets to provide for 
the future emphasise the possibilities of market failure and 
pure time preference (points (a) and (b) above). Those who, 
on the contrary, take a more optimistic view emphasise that 
the future will be better provided than the present with 
capital and that this future wealth is reflected in a positive 
discount rate. 

3.3 Resource Depletion: Some Positive Theory 

A number of elementary theorems of the 'pure theory of 
exhaustion' are outlined in this section. This theory 
attempts to deduce the behaviour of resource owners under 
conditions of certainty with respect to how fast they will 
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deplete their stock. IO We start with the simplest case in 
which a firm has the rights to a fixed stoek of a homogeneous 
resomce (q) which it can extraet at a constant cost per unit 
(C). Consideration of this case leads to the 'fundamental 
principle of the economies of exhaustible resomees'll - the 
market price 01' the resomce net of extraction costs must rise 
at a rate equal to the rate of interest. 

That the 'fundamental prillciple' must hold is perhaps 
most easily seen by imagining a case in which market priee 
minus extraction cost rose at a rate lower than the interest 
rate. In such a case, a profit-maximising firm would extract 
and seIl its whole stock as soon as possible, investing the 
proceeds in alternative areas whieh yield the market rate of 
interest. Any delay eould only reduce the present value of 
the firm 's profits. On the other hand a firm facing a 'net 
price' which is rising faster than the rate of interest would 
have every ineentive to leave the resomee in the ground since 
it would in effect represent a superior investment to any 
alternative. A net priee rising at the rate of interest is therefore 
an eq uilibrium condition in the asset market as weil as the 
market for output. Only such a trend in net price is compat­
ible with a positive output in every period (firms will be 
indifferent as to the time at which they seil) while resomce 
owners will, at each period, be just content to hold the stock 
available. 

The model can be set up more formally as folIows. Let 
profit in eaeh period be represented by 1ft. Then, in a com­
petitive market, 

1f t = Ptqt - Cqt, (3.1) 

where Pt = market price of resomce, qt = output in period t, 
C = marginal cost of resomce (assumed constant). 

The firm will then attempt to maximise the discounted value 
of its profit subject to the constraillt that 

T 

L qt =q, (3.2) 
t= 0 

where q is the given stock of ~esomce, and T is the time 
horizon which we here assume to be exogenously determined. 
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The final problem may therefore be written, 

T T 

Max 2: 7Tt(l+r)-t=2: (Ptqt-Cqt)(l+r)-t, 
t=O t=O 

subject to (3.2) above. We now form the Lagrangean expres­
sion 

Differentiating with respect to each q t we then obtain the T 
first-order conditions 

aL _ _ t 
- - (Pt - C)(1 + r) = A, (t = 0, 1, ... , D. 
aqt 

or 

(3.3) 

Price in period t m ust eq ual marginal extraction costs plus an 
expression A( I + r)t. Scott 12 has suggested that this be termed 
a 'user cast' since it arises from the fact that using the resource 
in the present eliminates the possibility of its use in the 
future. Equation (3.3) then indicates that price in each period 
will eq ual marginal extraction cost plus user cost 

Writing R t = Pt - ewe can now easily obtain 

R t + I - R t b.R t 
----- =-- =r 

R t R t ' 
(3.4 ) 

which is, of course, the 'fundamental principle'. The term R t 

has been referred to above as 'net price', often it is called 
'royalty', 'profit', or 'rent'. Probably 'royalty' or 'rent' come 
closest to accurately retlecting its nature. In a competitive 
ind ustry with free entry it would be surprising to discover a 
condition which implied rising profits accruing to firms over 
time. In fact, of course, the profits represent returns to the 
owner of the resource deposits who can charge the com­
petitive firms for the privilege of working them. 
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The Depletion Time 

In the preceding analysis the time of depIction T was imposed 
by assumption on each firm. This is c1carly unsatisfactory 
since presumably resource owners will have to determine thc 
rate of output and thc depletion time T simultaneously. Of 
course, if it can be assumed that price may rise without limit, 
the date at which all stocks of the resource are exhausted 
may never be reached. Analysis usually proceeds, howevcr, 
on the assumption that at some limiting market price the 
quantity of the resource demanded declines to zero, and it is 
this price together with the rest of the resource demand curve, 
total resource availability and the 'fundamental principle' 
that between them determine the path of ind ustry output 
and market price over time. 

The argument is best illustrated using figure 3.4. 13 The 
curve on the right-hand side represents the demand for the 
resource at various prices per unit. It is assumed that the 
upper limit on price is given by point p*. A common justi­
fication for this is the idea that some alternative source of 
suppIy will become available when the price reaches a suf­
ficientIy high level. On the Ieft-hand side the curve with the 
arrows (ab) represents the price at each point in time, a path 
which, given the demand curve, must impIy a given path of 
output. The determination of curve ab can be envisaged as a 
process of trial and error. Given a certain value of A a path 
similar to ab will be determined. If before it reaches price p* 
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the stoek of resourees is exhausted there is c1early seope for a 
lügher priee at eaeh point in time and resouree owners will 
see the possibility of reeeiving higher royalties. If, on the 
other hand, resourees remain unexploited at priee p* the 
owners of the deposits will, in a eompetitive market, be under 
pressure to red uee their royalties. Eventually, some path ab 
will be diseovered whieh obeys the 'fundamental principle' 
and traeks to the maximum priee p* just when exhaustion 
oeeurs. 14 

It is worth noting that a path sueh as ab in Figure 3.4 is 
attained only beeause the future is assumed to be certain. 
The size of the resouree stoek is known, its eontent is homo­
geneous, the shape of the demand eurve is known and, most 
important, there are futures markets whieh operate perfeetly. 
Contraets are made now to deliver or purehase the resouree 
at specified priees and dates. Thus although the figure shows 
a path of priees alte ring through time, they are all detcrmined 
at time zero. The absence of such conditions in reality is 
c1early a major obstac1e to such a smoothly operating market. 

Comparative Staties 

It is now necessary to review briefly the effects upon the 
model of changing conditions. The most important of these 
inc1ude changes in the rate of interest, resource availability, 
costs of extraction and demand for resources. 

(a) Interest rates 
The rate of interest is c1early of central importance in deter­
mining the path of prices over time. Suppose to begin with 
that the rate of interest falls. From Figure 3.5 it is seen that 
if the price of the resource at the outset remains unchanged 
at a the curve showing the time path of price in the new 
conditions would lie below the curve ab. However, if this time 
path actually materialised, stocks of resources would c1early 
be exhausted before price p* is reached. J ust as resource 
prices cannot lie everywhere below ab, they equally cannot 
be everywhere above since in this case unexploited resources 
would remain. The conc1usion therefore must be that a fall in 
the rate of interest raises the initial royalty and market price, 
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reduces the rate of increase in the royalty, but extends the 
date of depletion beyond T. In Figure 3.5 the time path 
might be represented by a curve such as a1 b 1 • 

It should be recognised that while the above argument 
provides reasons to expect lower in te rest rates to slow down 
depletion rates, thus acting in a 'conserving' manner, the 
analysis fails to take into account changes in costs which 
might result from alterations in the rate of interest. Gordon1 5 

has examined this possibility and shown that where lower 
rates of interest result in lower capital costs there is no longer 
an assurance that depletion will be delayed. 

(b) Costs 
As may be inferred from the preceding paragraph, a fall in 
marginal extraction costs will, ceteris paribus , lead to precisely 
the opposite results of a fall in the interest rate. 16 A dec1ine 
in costs with the initial price unchanged will c1early lead to a 
rise in the initial royalty. This higher royalty rising at a rate 
equal to the interest rate will result in a time path of prices 
lying everywhere above the preceding path and hence in 
unexploited stocks of resources when price p* is reached. By 
a precisely parallel process of reasoning to case a it must be 
conc1uded that market price will start out lower but finish 
higher after costs have fallen. The depletion time will there­
fore be brought forward. A converse argument establishes 
that a rise in extraction costs williower the royalty, increase 
initial prices and lower later prices thereby red ucing the 
quantity demanded in the earlier periods and increasing it 
later. This has an important bearing on tax policy. Since a tax 
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on each unit of the resource is equivalent to a rise in marginal 
costs, the above reasoning suggests that such a policy instru­
ment will slow down the rate of depletion. These conc1usions 
are summarised in Figure 3.6. Curve a, b, corresponds to cost 
conditions MC" while curve a2 b 2 corresponds to cost con­
ditions MC2 • 

(c) Additions to resource stocks 
It is unnecessary to trace the argument in detail here, since 
the method is similar to that used in eases (a) and (b). If 
resource stocks rise the original time path will leave them 
unexploited. Royalties must therefore fall and the final result 
will be a path of prices everywhere below the original. More 
resourees will be used at each point in time but resource 
exhaustion will nevertheless be delayed. 

(d) Changes in demand 
Assuming that p*, the price at which demand falls to zero, is 
unchanged a rise in demand will increase royalties and reduce 
the length of time to exhaustion.! 7 

Variable 'Quality' 

Until this point the analysis has been greatly facilitated by 
the assumption that marginal costs of extraction are constant. 
In reality, of course, mineral deposits vary greatly in terms of 
mineral content and accessibility. The production of a barrel 
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of oil may vary greatly in extraction cost not only between 
fields but between points in time in the same field. 18 The 
'pure theory of exhaustion' as outlined above is therefore 
limited in its applicability, and although simple alternative 
rules to the 'fundamental principle' cannot be derived it is 
evident that incorporating differing cost conditions into the 
analysis can lead to conclusions quite distinct from those 
derived earlier. It turns out that the 'fundamental principle' 
does not go into abeyance in the more complex setting how­
ever, but operates in a more subtle way. 

Suppose that there are two sources from which it is 
possible to obtain oil. This oil, it will be assumed, is of 
identical type and quality when produced but cost conditions 
vary between locations because of communications problems, 
geologie al differences, climatic conditions and so forth. The 
first thing to note is that, in the presence of differing costs, 
theory would predict that only one source would be exploited 
at any one time and that the lower-cost source would be 
exploited first. To simplify the problem as much as possible 
assume that marginal costs of production are constant at 
each location. 19 Marginal costs at the more accessible deposit 
are designated CI and costs at the less accessible deposit C2 

where C2 > Cl. Suppose furt her that, as before, the extraction 
industry is competitive in both locations. It is very simple to 
show that, in these condi tions, no single rate of price increase 
can simultaneously satisfy both sets of prod ucers and resource 
owners. 

For the owners of the low-cost deposits the net price of 
output must rise, as we have seen, at a rate equal to the 
interest rate if positive production is to occur in each period 
from this source and eq uilibrium is to prevail in asset and 
product markets. Assuming that this is the case, what would 
be the impact on resource owners of the high-cost deposit? 
For the low-cost source we know that: 

or 

Hence 

(Pt - CI ) e - rt = A 

Pt - Cl = Aert . 

d 
- (Pt - Cl) = rA(/t 
d! 
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d 
- (Pt - Cl) 
dt 

Pt - CI 
= r. 

45 

This result is, of course, the equivalent of equation (3.4) 
only here expressed in terms of continuous time rat her than 
discrete time intervals. The net price on the best deposits is 
increasing at the interest rate. In such a case, however, the 
net price on the poorer deposits would be given by; 

Pt -C2 =Xert+C I -C2 • 

d 
Thus - (Pt - C2 ) = rXert 

dt 

d 
d- (Pt - C2 ) rt 

t rXe ----- = t >r. 
Pt - C2 Xer - (C2 - Cd 

and (3.5) 

Since (C2 - CI) > 0 the above expression must be greater 
than r because the denominator is less than Xert . A net price 
rising at the rate of interest for the output from the low-cost 
deposit implies therefore a net price rising at a faster rate in 
the case of the high-cost deposit. In these circumstances, as 
we have seen, the owners of high-cost deposits would prefer 
to leave them unexploited. 

The question then arises, what would happen if the price 
of oil rose in such a way that the royalty on high-cost deposits 
increased at the rate of interest? In such a case it is easily 
verified that the net price of low-cost deposits would rise 
according to eq uation (3.6). 

d 
d- (Pt - CI) '\ rt 

t rl\e 
-----= t <r. 

Pt - CI Xer + (C2 - Cd 
(3.6) 

Thus the net price on low-cost deposits would be rising at a 
rate below the rate of interest. This situation is untenable, 
however, because owners of the low-cost resource would 
deplete as so on as possible rather than eam less than the rate 
of interest on their assets. 
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We conc1ude therefore that a perfectly functioning market 
must result in the lower-cost deposits being exploited first 
with the net price rising at the interest rate rand owners of 
higher-cost resources being content to leave them untouched. 
At the point of exhaustion of the first deposits the poorer 
ones will then come into production again with the net price 
increasing at the rate of interest. This time path of prices is 
ill ustrated in Figure 3.7 once more on the assumption that p * 
represents a limit on the price of the resource. Low-cost 
deposits are exhausted at Tl and the rest at T2 • Herfindahl,20 
who first introduced this analysis of the two-grade case, 
investigates the effect of varying the proportions of high-cost 
to low-cost sources on the time to depletion and the path of 
prices. Here we simply note two basic points: 

(a) It is no longer true that the observed net price will, 
between any two dates, have grown at the rate of interest. 
The 'net price' at time TL for example, is ab, whereas at 
time Ti it is cd. Measured between these two points in time 
therefore it might appear that the net price is falling. 

(b) On the other hand it remains true that the net price on 
the grade 0/ resource curren tly being exploited must be rising 
at the rate of interest. 

(c) It is important to distinguish between the 'net price' of 
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a resource in the product market, Le. the difference between 
market price and extraction cost, at a given point in time, 
and the 'royalty' which may now be conveniently defined as 
the price of the resource deposit in the asset market. In the 
case of a homogeneous resource they tend to amount to the 
same thing. When we allow for differing grades of resource 
there are so me subtle differences. The net price and the 
royalty as defined above will be the same only when the 
deposit is actually being worked. In the case of the high-cost 
grade in the example above, it has already been noted that 
'net price' is rising at a faster rate than the rate of interest 
before time TI. Indeed at time To the 'net price' of this 
grade would be negative since the market price falls short of 
marginal extraction costs. It obviously does not follow, 
however, that the price of this grade as an asset to hold at 
time To is negative. Clearly operators in the asset market will 
realise that after time TI the deposit may be worked at a 
profit and will be willing to pay a price or 'royalty' equal to 
the present value of those future profits. The asset value of 
the low-cost grade per unit at time To is given by the distance 
gh while 'net price' is the negative distance gf. This distinction 
enables us to clarify the operation of the 'fundamental 
principle' in the case of differing extraction costs. Although 
the 'net price' of both resources cannot increase at the rate of 
interest it remains true that the 'royalty' or the asset value of 
both grades increases at the rate of interest. 

Rising Costs with Cumulative Extraction 

The last observation carries over into the more general analysis 
of cost conditions. In principle we might imagine a case in 
which the number of deposits rises and all face different cost 
conditions. Indeed we might then go on to allow for varying 
grades and types of resource within a single deposit, arguing 
that it is possible to think of these grades conceptually as 
different deposits. And finally we might allow costs to rise 
continuously with cumulative output - perhaps as recourse is 
had to lower grades or less accessible deposits, or as press ure 
declines in an oil reservoir. 

Although the analysis of such a model is more complex 
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than the simple two-grade ex am pie above the basic eonclu­
sions are unaltered. At eaeh point the resouree owner asks 
the question: given the future trend of priees and given the 
eost eonditions will the net priee of this marginal unit of 
resouree inerease at a faster rate than the rate of interest? 
If the answer is 'yes' he willleave it where it iso At eaeh point 
of time, however, the rate of inerease in the net priee earned 
on the unit of resouree eurrently being produeed will be 
precisely eq ual to the rate of interest. Further the royalty or 
asset value of eaeh unit of unworked resouree will be eon­
tinuously inereasing at the rate of interest. The absolute size 
of the eurrent observed net priee no longer neeessarily rises 
over time as we noted in the simple two-grade example. Indeed 
if eosts of extraetion ean rise up to and above p* it is evident 
that the final units of production might seIl at priees equal to 
extraetion eosts, thus reducing the net price to zero.21 

In the ease of a homogeneous resouree produeed under 
eonditions of eonstant eosts the importanee of adequate 
futures markets to the attainment of the time path of priees 
and outputs was emphasised. Clearly the burden placed on 
this assumption is even greater in the eontext of varying 
extraetion costs. Futures markets will have to operate in eaeh 
separate grade of resouree, and where eosts rise with eumu­
lative extraetion eaeh unit of output must eoneeptually be 
regarded as a separate grade of resouree.22 

3.4 Resouree Depletion: Some Formal Normative 
Approaches 

Thus far the analysis has coneentrated on the question of 
how fast a perfeetly eompetitive extraetive ind ustry will 
deplete an exhaustible resouree. In this seetion we turn to 
the eontroversial question of how fast a given stock of 
exhaustible resourees 'ought' to be depleted. 

(A) Pareto Efficiency 

In static analysis the notion of 'efficieney' gained in influence, 
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partly at least because it appeared more 'scientific' than its 
predecessors. It specifically eschewed inter-personal com­
parison of utility and relied on what were thought to be 
rather weak value judgements - that individuals knew their 
own interests best, that individual valuations were those to 
appear in the 'social welfare function' and that the latter was 
specified in such a way that social welfare would be improved 
if at least one person could be made better-off in his own 
estimation without making another worse-off. Extending the 
criterion to the inter-temporal case poses substantial prob­
lems, practical and philosophical if not formal. 

Adopting Pareto efficiency as a social objective in no way 
avoids the problem of deciding whose utilities are to count in 
determining an efficient state. In the static allocation case the 
problem, although still present, is more tractable. Usually it is 
asserted that everyone's utility is to count. In the inter­
temporal case more difficulties arise. If literally everyone's 
utility is to count, no doubt the model might be extended to 
incorporate this value judgement in a purely formal sense and 
sets of efficiency conditions could be derived which would 
characterise an efficient inter-temporal allocation. 23 But this 
would still leave to the imagination the task of envisaging 
institut ions - markets or otherwise - which might have some 
chance of attaining these conditions. 

The importance of perfectly functioning futures markets 
in the context of resource depletion has already been empha­
sised. The model of Section 3.2 with its assumption of perfect 
certain ty req uires that a society of individ uals meets together 
at time zero with given factor endowments, well-established 
property rights and known production possibilities, to form 
contracts with one another to supply goods or factors at 
differing times in the future at market-clearing prices. All 
individ uals must be assumed to know with certainty the state 
of technology now and in the future, as well as the size of the 
stock of any exhaustible resources. Where the society of 
individ uals is to include generations yet unborn the difficulty 
of achieving efficiency, even where futures markets exist, is 
obvious. Future generations can bring no endowment of their 
own to operate in existing futures markets. Such markets 
may allocate a depletable resource efficiently among the 
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members of a given generation, but there might seem little 
hope that the members of future generations will be consid­
ered. 

This condusion is, however, open to criticism.24 Markets, 
it can be argued, may not behave quite as inefficiently from 
the point of view of future generations. Clearly owners of an 
exhaustible resource will not be unaware of a potential 
demand for its services in the distant future even if no 
contracts for future delivery have been obtained, and may 
calculate that higher prices in the future will make conserva­
tion worth while. Thus the future does influence present 
markets, not by bidding in them and confirming with certainty 
that the world will continue, but by the expectations of the 
future which are held by the present generation. Markets will 
exist in the future, and future generations will bring endow­
ments to bid in them. Whether these endowments will be 
'fair' relying as they do on the behaviour of the present is not 
a matter on which the Pareto criterion can enlighten us any 
more than it can about the distribution of income among 
individ uals existing at a given time. The issue, as far as the 
efficiency criterion alone is concerned, then becomes one of 
deciding how dose to the 'efficient' path an economy will 
track relying on accurate expectations rather than perfect 
futures markets. 

An alternative approach to efficiency is to define it in 
terms of those individuals now existing and to ignore the 
utility of future generations, except in so far as knowledge of 
the latter has an effect on the wellbeing of the former. Defined 
in this way it can be shown25 that a perfectly competitive 
industry in the presence of perfect futures markets will result 
in efficient inter-temporal allocation of an exhaustible 
resource providing that all other sources of market failure are 
absent. Ignoring the wellbeing of the future is astandpoint 
which will be mo rally unacceptable to many. Even those who 
argue that, if historical evidence is anything to go by, the 
future will be able to take care of itself, are not necessarily 
suggesting that future generations ought not to be considered, 
but rather are making optimistic assertions about their likely 
condition. In the following section therefore we briefly 
discuss the implications of so me 'stronger' welfare criteria. 
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(B) Utilitarian Objectives 
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In Section (A) it was observed that by adopting efficiency as 
an objective or criterion for evaluating inter-temporal alloca­
tion the analyst is effectively remaining 'neutral' about the 
inter-temporal distribution of income. The future may be 
rich relative to the present or it may be poor, but for 'effic­
iency' the only question is whether a different allocation of 
inputs and outputs over time could make any person better­
off without making another person (living perhaps at another 
time) worse-off. An alternative approach is to make quite 
explicit value judgements about distribution. 

Suppose that each person living at a given time receives 
utility from consumption according to the function 

Uj = Uj(C;). 

It is assumed that utility here is cardinally measurable and is 
not simply a means of ranking alternatives applicable to a 
particular individual as in usual consumer theory. Thus if 
individual A obtains three utils of satisfaction from a given 
level of consumption and B obtains four utils we are permitted 
to deduce that individual B is more satisfied than individual 
A and that the sum of satisfactions is 4 + 3 = 7 utils. 

Plausible properties are now asserted to characterise the 
function Ui ( C;). In particular U;( C;) > 0 and U/ (C;) < o. That 
is, an addition to an individual's consumption always increases 
his utility but at a diminishing rate. A sequence of important 
assumptions then establishes the form of an inter-temporal 
social welfare function (SWF). 

(i) All individ uals are identical. 
(ii) Total social welfare at any one time is defined to be 

the sum total of individual utilities. 
(iii) Total social welfare over all time is the discounted 

sum of social welfare at each point in time. 

For the purposes of analysing resource depletion so me further 
assumptions are usually made: 

(iv) Total population is the same in each period. 
(v) Governments are assumed to undertake any necessary 
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intra-temporal redistribution measures so that aggregate 
consumption at a given time is related to total welfare by 
W = U(Ct ). Since all individuals are identical we are left with 
an inter-temporal SWF of 

W* = L ötU(Cr), 
t=O 

I 
O~ö=--~I, 

I + r 
(3.7) 

where r is the rate of discount. We are now in the position to 
investigate an optimal consumption path for a non-renewable 
resource. 

The 'Cake-eating' Model 

The simplest possible case is to imagine a situation in which a 
given stock of a consumption good R exists, there are no 
production possibilities and the problem is to use the stock in 
such a way as to maximise (3.7). Thus 

T T 

Max W* = L ötU(R t ) subject to L R t = R. 
t=O 

where R is the given stock of the resource. 

We now form the Lagrangean 

Hence 

or 

aL 
-=ötU'(Rt)-X*=O 
aRt 

U'(R t )=X*8- t =X*(1 tl')t. 

t= 0 

(3.8a) 

Equation (3.8a) indicates that the marginal utility of con­
sumption of R should optimally increase at a rate eq ual to 
the discount rate. 

Le. 
U'(Rttd -~'(Rt)=X*[(1 +1')t+1 -(1 +r)t] =1'. 

U'(R t ) X *(1 + I')t 

(3.8b) 
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The implication of a rising marginal utility. must be a declining 
consumption of R over time. In the case where the moral 
strictures of Ramsey and Pigou are taken to heart and future 
utilities are not discounted (l> = I or r = 0) equation (3.8a) 
tells us that the marginal utility of consumption must be 
constant over time, implying a constant level of consumption. 
The two time paths of consumption of Rare shown in 
Figure 3.8. 

r-----~~------------~r=O 

o T Time 

FIGURE 3.8 

In the above example the period of time T over which the 
allocation problem stretches is fixed by assumption. A more 
general case would be one in which the time horizon stretches 
to infinity. In fact it can be shown that the qualitative 
characteristics of the time path will be unaltered. Obvious 
problems arise, however, if positive quantities of good R 
require to be consumed per unit of time in order to achieve 
subsistence. Clearly in these circumstances the stock cannot 
be made to last indefinitely, and the inter-temporal allocation 
problem involves fixing a date for the end of the world. As 
one would expect, the existence of pure time-preference 
advances this fateful day while a zero pure time-preference 
rate recommends a policy of equal consumption per period. 
Whether this equal consumption level implies continuous 
subsistence consumption (the so-called Inter-temporal Cal­
cutta solution) depends upon the properties of the assumed 
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utility function V(R t ). That it might not do so can be illus­
trated by considering the decision to move away from a pure 
subsistence regime. By surviving for one period shorter, that 
periods subsistence stock of R can be redistributed equally 
across the remaining periods. Suppose that there are n remain­
ing periods and suppose that the subsistence of stock of R say 
(S*) is divided equally among them. Clearly the utility gain 
will be 

, S* , 
IIV (R) - = V (R)S*, 

n 

while the utility loss will be V(S*). 
Tht' duration of survival should evidently be shortened as 

long as 

or 

S*V'(R) > V(S*) 

V(S*) 
V'(R) > --

S* ' 

i.e. as long as the marginal utility of consumption of R 
exceeds the average utility gained from present consumption 
levels.26 

Introducing Production 

The 'cake-eating' model is of only limited interest since the 
problem posed leaves out of account some of the most 
significant factors in the debate about resource depletion. 
Here an attempt is made to outline the effects of allowing for 
prod llction and the possibility that a resource R in fixed 
sllpply may nevertheless have substitutes. The great merit of 
the lltilitarian models of the depletion problem incorporating 
prodllction is that they fOCllS attention on the possibilities of 
factor sllbstitlltion.27 

As above it is supposed that the utilitarian social welfare 
function (SWF) takes the form 

T 

W = Lot V( er ). 
t= 0 
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But in this ease utility is a funetion not of direet resouree 
eonsumption, but of aseparate eonsumption good. Output is 
assumed to be in the form of a good whieh ean either be 
eonsumed direetly or alternatively used aseapital along with 
another faetor (resouree R) in the produetion of itself.28 The 
prod uetion funetion relating total output in period t, Q t to 
inputs of eapital and resourees K t and R t may be written 

(3.9) 

This output may be used either for eonsumption or for adding 
to eapital, henee 

Qt = Ct + I:lK, 

where I:lK=Kt + 1 -Kt . 

Putting (3.10), (3.11) and (3.12) together we obtain 

F(Kt , R t ) = Ct + Kt + I - Kt . 

(3.10) 

(3.11 ) 

(3.12) 

As before we now im po se a limitation on the stoek of R 

T 

L R t =R. 
t= 0 

The inter-temporal alloeation problem ean now be written 
formallyas 

T 

Max W* = L üt U(Ct ), st F(Kt , R t ) = Ct + Kt + I - Kt , 
t= 0 

T 

and L R t = R, (t = 0, 1,2, ... ,T). 
t= 0 

This formulation is identieal to that used in the 'eake­
eating' example, but in addition there is now a produetion 
eonstraint. The Lagrangean expression ean be written 

T T 

L = L ütU(Cd + L AdF(Kt , R t ) - Ct - Kt + 1 + Kt ] 
t=o t=O 
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First-order eonditions may then be derived as folIows: 

r/V'(Ct)=At 

AtFkt = At- I - At 

AtFRt =A*, 

(3.l3a) 

(3.14) 

(3.15) 

where for notational eonvenienee Fkt rep'resents the partial 
derivative of the funetion F with respect to K t . Assuming 
that seeond-order eonditions for a maximum are fulfilled we 
obtain the following properties of an optimal time path. 

From 3.l4a 

V'(Ct ) 
A =--­

t (1 + r)t 

From 3.16 

A* =FRtV'(Ct ). 
(1 + r)t 

(3.l3b) 

(3.16) 

In equation (3.16) the numerator is the marginal prod uct of a 
unit of resourees R multiplied by the marginal utility of 
eonsumption. This quantity might he termed the 'marginal 
utility produet of resources', Le. it is the extra utility which 
ean be derived at period t from using an extra unit of resourees 
in produetion. The denominator is the familiar discount 
factor. Thus at eaeh point in time the discounted marginal 
utility produet of resourees must be eonstant. The condition 
corresponds preeisely to equation (3.8a) in the 'cake-eating' 
model without production. From equation (3.14), 

At - At- I - F 
- - kt· 

At 

Substituting from equation 3.13b 

1 _ V'(Ct _ d (1 + r)t =-F 
V'(Cr) (1 + rl- I kt 

or V'(Cr) - V'(Ct - I) = r _ F [~'(Ct) J. (3.17) 
V'(Ct _ I) kt V (Ct - I) 
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On ce again this expression is the exact counterpart of (3 .8b) 
in the 'cake-eating' model. The marginal utility of con­
sumption should optimally increase at a rate equal to the 
pure rate of discount minus the second expression on the 
right-hand side. In order to avoid the full complexities of 
dynamic programming we have outlined the problem in 
terms of discrete time intervals. We might imagine, however, 
those time intervals becoming progressively shorter. It can 
then be shown that equation (3.17) may be written: 

!!.- U'(C) 
dt = r _ F 

U'(C) k· 
(3.18) 

This is the famous Ramsey Rule29 of optimal growth. Ramsey, 
as we have indicated, argued that a positiv~ pure time-prefer­
ence rate was unjustifiable, in which case r disappears from 
the eq uation. 

Before examining in more detail the consequences of these 
results, one more relationship of importance can be derived. 

From 3.16 we have: 

A*(l +rl =FRtU'(Ct ) 

A[A*(l +r)t] = A[FRtU'(Cr)] 

or A*[(1 +r)t+1 -(1 +rn ="" FRt [AU'(Ct )] 

+ U'(Cd [AFRt ]. 

Hence A*(l +r)tr ="" FRt [AU'(Cr)] + U'(Ct)[AFRt ]. 

Substituting from (3.16) and dividing throughout by 
FR tU'(Ct), 

A[U'(Ct )] A[FRt ] 
r="" + ---'--

U'(Cr) FR t 

As before, the shorter the time intervals become the more 
accurate the approximation until in the limit we may write 

d d 
dt U'(C) dt (FR) 

r= +---
U'(C) FR 
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Substituting from equation (3.18) we then obtain 

(3.19) 

The optimal time path will be such that the marginal product 
of capital will equal the rate oi increase in the marginal 
product ofthe resource. From the discussion of the depletion­
rate decision in Section 3.3 this result is not unexpected. The 
return from holding physical capital assets (the additional 
output) must be the same as the return from holding resources 
(their capital gain, or in this case the increase in their marginal 
productivity). Equation (3.19) is in effect a condition for 
optimal resource use viewed from the stand point of the asset 
market rather than the flow of output. 

Eq uations (3.18) and (3.19) only give us some qualitative 
indication of the properties of an optimal time path of con­
sumption and depletion. As long as the marginal product of 
capital exceeds the pure time-preference rate it follows from 
(3.18) that the change in the marginal utility of consumption 
must be negative and, hence, given the properties of U(er ) 

that consumption will optimally be rising. To be more 
specific about the time paths of consumption, capital accum­
ulation and resource depletion requires, of course, more 
detailed assumptions about the nature of the production 
function F(Kr, R,). 

In the context of resource depletion, as distinct from the 
study of optimal growth in the absence of natural resource 
constraints, attention has naturally been focused on the 
question of how the model behaves as the time horizon 
studied gets progressively longer. In particular it is interesting 
to know whether consumption must eventually decline 
towards zero as natural resources are depleted, or whether 
continual growth is possible. It turns out, as might be expected, 
that the answer turns crucially on the degree to which natural 
resources and capital inputs are substitutes for one another in 
production. The production function most usually used to 
illustrate this point3 0 is the constant e1asticity of substitution 
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(CES) funetion, whieh may be written 

Q = A [ <t> K- P + (1 - <t> )R - P 1 - I / P 

(A > 0;0< <t> < l;p> -1), 

where the elasticity of substitution 

0=--
1 + p . 
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(3.20) 

(3.21 ) 

The signifieanee of the value of 0 ean be seen more cleaJ'ly by 
rewriting this funetion 

or (Q) -P 
<t> K- P = A - (1 - <t»R - P . (3.22) 

Taking Q as a fixed level of output it is possible now to 
investigate how eapital input K will have to respond to a 
decline in resourees R. Clearly if -1 < P < 0, i.e. 0> 1, the 
seeond term on the right-hand side tends to zero as R tends 
to zero. Even with no resouree inputs, therefore, output Q 
eould be produeed by using a sufficient quantity of eapital. 
Indeed in the limit we have 

or 

( Q )-P 
<t> = AK ' (R 4 0) 

Q =A<t>-I/p =A<t>a/a-I. 
K 

A typical isoquant for output Q is indieated in part (a) of 
Figure 3.9. In such a ease, therefore, resourees are not 
'essential' in the sense that output eannot be produeed 
without them,31 while as the input of resourees declines 
towards zero the marginal and average produet of eapital 
tend to a positive limit and do not decline to zero. It is seen 
from equation (3.18) that as 10ng as this limiting value of the 
marginal produee of eapital exeeeds the pure time-preference 
rate, eonsumption will optimally eontinue to grow and the 
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limited resouree R imposes no barrier to the onward march 
towards 'bliss'. 3 2 

Returning to expression (3.22) again it is seen that if 
p> 0, Le. a< 1, the second term on the right-hand side 
becomes larger as R tends to zero. Indeed there will co me a 
point even before R reaches zero at which the right-hand 
side of equation (3.22) disappears or becomes negative. By 
increasing K the left-hand side can beeome arbitrarily c10se 
to zero, but no increase in K can make it negative. In short 
for each value of Q there is so me smallest quantum of R 
whieh is required to make produetion possible, even with 
the assistanee of an indefinitely great amount of capital. 
The typical isoquant is shown in part (b) of Figure 3.9. 
Evidently with the substitution possibilities available in this 
seeond ease the future is bleak. Even with an infinite capital 
stock there is a limit on the amount of output which ean be 
produeed with a given quantum of resourees R. In these 
cireumstances it is evident that eonsumption must eventually 
dec1ine over time as with dec1ining resource inputs, the 
marginal product of eapital falls towards zero. 

The final possibility is to eonsider the ease in which a = 1 
or p = O. It ean be shown 33 that the Cobb-Douglas produe­
tion funetion 1S a special case of aCES function with the 
property that a = 1. The Cobb-Douglas fllnetion takes the 
form: 

Q =AK<f> R1-<I>. 

In this case, althollgh the resouree R is 'essential' in that 
production falls to zero withollt it, there is no lIpper limit to 
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the productivity of resources as there was in the last example. 
Any amount of output can be produced, however small the 
quantity of resources used in the process as long as a sufficient 
quantity of capital is available. The typical isoquant is shown 
in part (e) of Figure 3.9. It can be demonstrated, however, 
that although resource productivity can rise indefinitely the 
marginal prod uctivity of capital will eventually fall below 
any positive time-preference rate and consumption will 
optimally dec1ine towards zero after this point. 34 

The utilitarian analysis of optimal depletion as outlined 
above concentrates only on a few of the major issues. It 
ignores extraction costs, assurnes away technical progress 
and population growth and pays no attention to environ­
mental costs or uncertainty. To incorporate such factors into 
an analysis would add enormously to its complexity although 
work along these lines is being done. Solowand Wan,35 for 
example, investigate the impact of differential extraction 
costs on optimal depletion rates, Schulze36 examines environ­
mental damages and dec1ine in resource quality, Dasgupta 
and HeaP7 extend their model to incorporate the prob ability 
of the perfeetion of a backstop technology. The basic utilit­
arian approach incorporating production does highlight, 
however, the importance of substitution possibilities between 
capital and natural resource inputs in the determination of 
the 'optimal' consumption and depletion path. This issue is 
central to the debate between 'optimists' and 'pessimists' on 
the depletion-rate problem, the former emphasising past 
evidence that substitution elasticities are high, and the latter 
arguing that whatever may have been the case in the past 
there is no assurance that it will remain so in the future.3 8 

(e) The Maxi-Min Criterion 

The value judgements embodied in the additive utilitarian 
SWF have been severely criticised by followers of the liberal 
philosopher lohn Rawls. These criticisms are not aimed at 
the justification for 'pure time preference' or at the assump­
tion of inter-personal comparability of utility. They stern 
instead from a different conception of justice.39 Rawls 
suggests that we can gain insights into the nature of justice by 
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envisaging individuals behind a 'veil of ignorance' drawing up 
an agreed contract or set of rules for the operation of a just 
society. Since individuals cannot know the characteristics of 
the state into which they will be born, or personal character­
istics such as colour, sex, intelligence and so fourth, they 
will have no incentive to make choices in favour of narrow 
personal interests (since they will not know what they are). 
Personal interest can be pursued only by agreeing to just rules 
for the conduct of society. One of the most celebrated of 
these rules which Rawls asserts would be adopted is the 
maxi-min criterion for assessing the justice of inequality. 
No inequality is just unless it is to the advantage of the most 
unfortunate individual. 

This principle of justice is most easily applicable to intra­
temporal distribution questions,40 and Rawls himself 
renounced the use of the criterion for problems of inter­
generational equity in favour of alternatives. The reason for 
this rejection is evident - it would seem to rule out all capital 
accumulation as inter-temporally unjust. Such a rule might 
therefore be seen as a perpetuater of poverty. 

Solow,41 however, has attempted to discover the implica­
tions of adopting the maxi-min criterion where some natural 
resource endowment acts as a constraint. The criterion calls 
for equal consumption per head across generations since a 
rising/falling consumption path would give rise to the pos­
sibility that less/more saving by an earlier generation would 
improve the consumption of the least-well-off. Using a Cobb­
Douglas production function Solow concludes that, with a 
given capital stock to start things moving42 and a constant 
population, a constant consumption level is sustainable for 
ever provided that the share of capital in total output is 
greater than the share of resources.43 This solution is con­
trasted with the additive utilitarian solution which, in the 
absence of pure time preference, will aim for rising consump­
tion over time (see above), using the stock of resources at a 
slower rate but requiring a higher rate of saving. 

It is in the presence of technical progress that faith in the 
maxi-min principle is tested most, for it implies that society 
will opt Uustly) to run down its stock of physical capital and 
resources allowing technical progress to permit the achieve-



Tlze Depletion 01 Energy Resources 63 

ment of eonstant eonsumption levels when a small saerifiee 
by an earlier generation might permit higher (possibly expon­
entially higher) eonsumption levels by future generations. 
Nevertheless, the Rawlsian approach ean have many inter­
pretations and that of a eonstant eonsumption path aeross 
generations is very austere. Other writers have appealed to 
the Rawlsian experiment of the veil of ignoranee to justify 
alternative eoneepts of inter-generational equity. 

(D) The Conservation Criterion 

The maxi-min eriterion, as diseussed above, was eoneerned 
with identifying a 'just' rate of savings. Inter-generational 
equity in the eontext ofresouree depletion, however, embraees 
more wide-ranging issues. The present generation may 
bequeath physieal eapital assets to the future, but at the same 
time it may ereate enormous waste disposal and environ­
mental problems, and irrevoeably destroy assets whieh might 
otherwise have yielded benefits for all future generations. 
Considerations such as these have led to the rise of the 
'eonservation ethie', a moral position the praetieal impliea­
tions of whieh are often diffieult to pin down. Here we 
merely outli'i-Ie briefly three interpretations whieh have been 
suggested and whieh are derived either speeifieally or indireetly 
from Rawls's notion of justiee. 

(i) Preservation 01 the Resource Base 

A principle of intergenerational justice foeusing on the 
preservation of the 'resouree base' is obviously dependent on 
how the term 'resouree base' is defined. In the extreme version 
it would be regarded in physieal terms so that any depletion 
of a non-renewable resouree would fall foul of this eriterion. 
Mankind would have to return to astate in whieh survival 
was possible from the yearly harvest of renewable resourees. 
Eeonomists writing in this field have tended to regard such a 
eriterion as unneeessarily severe.44 The important faetor, it 
might be argued, is not the physical size of the resouree base, 
but its ellective size in terms of what ean be produeed from 
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it. This has led to an alternative eriterion - 'maximum 
sustainable yield'. 

(ii) Maximum Sustainable Yield 

The maximum sustainable yield eriterion is most easily 
illustrated for the use of an exhaustible but replenishable 
resouree such as timber or fish. Justice then demands that the 
resouree should be managed in such a way that the harvest 
per unit of time ean be maintained indefinitely. From the 
eeonomists' point of view this definition req uires some added 
sophistications in order to take into aeeount any natural or 
prod uetion eyc1es, and in order to ensure that the yield is 
defined after the eosts of produetion and management have 
been subtraeted. 

In the ease of non-renewable resourees the problem 
immediately arises of deciding wh at eonstitutes the 'yield'. 
Any rate of extraction must inevitably deplete the stock 
in physieal terms so that no eonstant rate of extraction is 
maintainable for ever. In so far as these non-renewable 
resourees are inputs to the produetion proeess, however, the 
possibility suggests itself of defining yield in terms of the 
total output which is notionally producible from the remain­
ing stock. Viewed in this way, therefore, depletion would be 
aeeeptable in so far as the produetivity of the resourees 
remaining rose sufficiently, either by teehnical progress or 
eapital aeeumulation, to maintain the resouree 'yield' in 
terms of potential output. Alternatively the 'yield' might be 
viewed simply as the total output produeed per unit of time 
and a just depletion rate would be one wh ich led to the 
maximum sustainable output. This latter eoneeption would 
appear to have little in eommon with maxi-min justiee, how­
ever, sinee it would appear to impose enormous burdens on 
earlier generations, who would be required to build up the 
eapital stock so that later generations eould enjoy maximum 
sustainable output levels. 

A more practical version of the sustainable yield eriterion 
as applied to non-renewable resourees is suggested by Talbot 
Page.45 , He argues that the objeetive should be to maintain a 
priee index of 'virgin material resourees' at a eonstant level 
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vis-a-vis the G. N.P. priee deflator. The real priee of resourees 
eonsidered as a group should therefore remain eonstant over 
time. This idea has so me attraetive features, not the least of 
whieh is the faet that it is operational. However, as Page 
hirnself reeognises, it suffers from diffieulties inherent in the 
use of index numbers. Teehnieal innovations might render 
obsolete the initial 'basket' of resourees upon which the index 
number is based, and quality ehanges, Le. in this eontext 
ehanges in the produetivity of resourees, might seriously bias 
the index in an upward direetion. A rising priee index of 
resourees is q uite eompatible with a eonstant or even declining 
share of ineome originating in the resourees sector; indeed 
Solow's models of optimal depletion diseussed in part C 
above (whieh is clearly a sustainable yield model) involves the 
priee of resourees rising eontinuously over time while the 
assumption of a Cobb-Douglas produetion funetion involves 
eonstant factor shares. Page suggests that, should the level of 
real expenditure on the extractive sector decline over time, 
the index number criterion might be relaxed a little. 

(iii) Permanent Livability 

The concept of a maximum sustainable yield concentrates on 
the effect of present policies on future consumption levels. 
It would not in itself ensure the maintenanee of 'permanent 
livability' through the protection of the environment. There 
would probably be little dispute that from a Rawlsian per­
speetive 'permanent livability' would be likely to emerge as 
an agreed eondition of inter-generational justiee. Praetical 
rules for achieving this end are, however, more diffieult to 
derive. Herfindahl and Kneese,46 to take one example, 
tentatively suggest the principle that no action should be taken 
by the present generation which 'forecloses return to the 
prior situation'. Present society, that is, should avoid taking 
decisions which entail results wh ich are irreversible. Such a 
prineiple would forbid the present generation from (say) 
hunting the blue whale to extinction, but many issues are 
inevitably less clear-cut. The consequences of present actions 
are often uncertain so that differing attitudes to this uneert­
ainty ean give rise to differing preseriptions. Whether to leave 
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the future with a legacy of radioactive waste, for example, 
which would contravene the principle of 'irreversibility' 
might no doubt be debated for a long time. 

In this seetion we have outlined the major normative 
approaches to depletion-rate theory - Paretian, Utilitarian 
and Rawlsian. Ofthese, the Paretian and Utilitarian approaches 
are formally the most developed, perhaps because they lend 
themselves more readily to mathematical modelling. On the 
other hand the Rawlsian framework focuses attention most 
vividly on the broadest issues of inter-generational eq uity, 
issues which the Paretian approach ignores and which tend to 
be submerged in the form of the inter-temporal utility func­
tion in utilitarian analysis. The section wh ich follows explores 
the efficiency criterion in more detail and examines how 
resource depletion might be affected by various types of 
market failure. This is done on the assumption that environ­
mental problems, in so far as they affect the present or the 
future, may be adequately treated by specific measures 
directed to this end, measures which are explored in so me 
detail in Chapter 5. Further, although the efficieney eriterion 
is silent on the inter-temporal distribution of income the 
utilitarian and maxi-min models described above stipulate 
time paths for depletion which are efficient in the Paretian 
sense. Efficiency tends therefore to be a necessary condition 
for an optimal depletion rate even if the imposition of 
specific distributional judgements means that it is not 
sufficient. 

3.5 Is Depletion Too Fast? 

From the preceding discussion in Section 3.4 it will be evident 
that the answer to this question cannot be given in isolation 
from astated objective. By emphasising efficiency it is not 
intended to convey the impression that other objectives are 
not important, but 'market failure' has been the subject of 
much comment by economists, as might be expected, and it 
is to the main suggested sources of this failure that we now 
turn. 
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(A) The Rate 01 Discount 

The importance of the rate of discount in public expenditure. 
appraisal generally has resulted in an enormous literature on 
this topic.47 From Section 3.3 it is seen that, if anything, the 
question of the discount rate is even more important in the 
field of resource depletion. Here we merely outline the major 
arguments adduced for thinking that market rates of discount 
will not represent the 'efficient' rate. 

(a) Social v. Private Risk 

It can be argued that rates of discount used in the market are 
likely to be too high if there is inadeq uate provision for 'risk 
pooling'. Suppose two individuals are contemplating risky 
projects. Both projects have a positive present value when 
expected returns are discounted at a 'riskless' rate of interest. 
Neither project is undertaken, however, because both indi­
viduals discount at a higher rate to take account of the risks 
which they face. Suppose now that the pay-off on each 
project is identical in size and depends simply on whether or 
not a particular state of the world occurs at a given future 
point in time. Suppose further that the probability of this 
state is known and that where one project succeeds the other 
must fai!. Clearly, although the projects considered singly are 
risky, the projects considered together will have a pay-off 
that is certain. If financial markets are operating efficiently 
this should not pose serious problems. The two individuals 
might simply decide to own a share in each project, thereby 
eliminating the risk. Equivalently they might each insure 
against the possibility of the 'wrong' state of the world 
occurring. 

B\lt markets it is argued do not operate so smoothly. Not 
only do brokerage and other administrative costs inhibit the 
growth of markets in 'state contingent claims' (Le. claims to a 
specified return contingent upon the occurrence of a partic­
ular state of the world), b ut problems of 'moral hazard' make 
the policing of such markets costly.48 It is therefore to be 
expected that the private market rate of discount will exceed 
the efficient rate as individuals allow for risks which, from 
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the point of view of society as a whole, may merely represent 
transfers from one person to another. 

The absence of weII-developed futures markets is perhaps 
the most powerful reason to expect 'market failure' in the 
aIIocation of natural resources. Individual owners of resource 
deposits face the possibilities that technical change will result 
in substitutes, that new deposits will be discovered adversely 
affecting the value of their asset, and that governments may 
take over the resource with inadequate compensation. Some 
of these risks are negligible from a social point of view. True, 
it might be argued that if a 'backstop teehnology' is invented 
when some unused deposits of fossil fuel remain unexploited 
the population will have lost the benefit that they might have 
experienced by using these deposits more quickly. But, as 
Ivor Pearee argues, this risk is negligible in eomparison with 
the risk to the owner of the resouree who finds the value of 
his asset wiped out. On the other hand if the resouree owp.er 
had a sufficiently diversified portfolio of assets, as was sug­
gested earlier, the loss of wealth to any individ ual might still 
be small and perhaps cOlnpensated far in ather areas. Assum­
ing insufficient diversifieation it would appear that risk-averse 
resouree owners will discount the future at too high a rate 
and that the expeeted trend in priees must inerease at this 
rate. The implieation is clearly that resourees will be depleted 
too quickly in these cireumstanees.49 

(b) The Isolation Paradox 

The isolation paradox, propounded by Sen50 (1961) and 
Marglin51 (1963), arises from a form of eonsumption extern­
ality. It is suggested that individuals living now will gain 
satisfaetion from eontemplating the weIIbeing of future 
generations. Sinee an individ ual act of saving (and investment) 
will benefit the future it eonfers also an external benefit on 
eontemporaries. Saving will therefore be sub-optimal in the 
sense that aII would agree to save more if the institutional 
arrangements were available, but no one individ ual has an 
ineentive to inerease his saving rate (henee the paradox). 
Each individual will be willing to save more providing aII 
other members of the eommunity join hirn. It is then inferred 
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that, sinee investment is sub-optimal, the rate of in te rest in 
the market must be inefficiently high. 

(e) Taxation 

Taxation of ineome from eapital will lead to an inefficient 
divergenee between the post-tax return and the pre-tax 
return on investment as we have already indieated in Seetion 
3.2. Again the eonclusion is drawn that market in te rest rates 
are too high, investment sub-optimal and depletion eon­
sequently too fast. 

However, eompanies operating in natural resouree indus­
tries are typically treated rather differently from those 
operating in other spheres and this eomplieates matters 
eonsiderably. Full diseussion of tax poliey with referenee to 
energy resourees must be deferred to Chapter 6. Here we 
observe that in the United States tax measures such as 
pereentage depletion, the importanee of eapital gains tax 
rates to mining eompanies, and the 'expensing' of exploration 
and other eosts, have probably resulted in a more rapid 
depletion of energy resourees than would otherwise have 
oeeurred. In the Uni ted Kingdom eoal has been historically 
the most important indigenous fossil fuel. Sinee nationalisa­
tion in 1946 output levels have declined enormously as a 
result of eompetition from alternative fuels so that depletion 
has hardly been an important issue. In re cent years, however, 
the diseovery of oil and gas deposits in the North Sea has put 
the U.K. Government in the unfamiliar position of having to 
eonsider the implieations oftheir tax policies for development 
and depletion. 

(B) Property Rights 

(i) Effects on production Drilling for oil and gas is 
particularly vulnerable to the problem of establishing a clear 
property right in the resouree being exploited. Where property 
rights are not clearly defined exeessive use of the resouree is 
predietable (air or water pollution and over-fishing are other 
examples of the same problem) and eompetitive drilling in a 
single reservoir of oil presents a classie ease of an externality. 
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It is clearly not in the interests of a single well-owner to 
eonserve output in the manner deseribed in Seetion 3.3 if by 
delaying produetion it is for ever lost to so me other loeal 
eompetitor. The result will be a seramble to drill a large 
number of wells and deplete the souree as q uiekly as possible. 
Reeognition of this problem has led in the United States to 
eomplex regulations limiting well-spacing and produetion, 
and permitting 'unitization', Le. agreements between owners 
to run oilfields as single units. 52 

(ii) Ellects on Exploration Similar problems to those 
above arise with respeet to the exploration decision. Two 
possibilities are usually suggested, one leading to too low and 
the other to too high a level of exploration. 

(a) It ean be argued that sinee knowledge is itself a good 
over whieh it is exeeptionally diffieult to establish a property 
right, geologieal investigation will not be earried to a socially 
optimal level. A survey of a relatively unknown area may 
provide information of eonsiderable value not only to those 
undertaking the survey but to other enterprises with interests 
in natural resourees. 

(b) A eonsideration militating in the reverse direetion is 
the system used in the United States for establishing the right 
to work a particular deposit - the 'loeation system'. At least 
for eertain minerals this entails aetually diseovering a souree 
and then claiming the mineral rights. In a eompetitive environ­
ment the tendeney will therefore be to explore for new 
deposits as soon as the expeeted present value53 of the find 
is positive, even though there may be no intention of exploit­
ing it for several years. It is evident that this premature 
exploration will entirely remove the 'user eost' or 'royalty' 
element whieh would otherwise have arisen. The effident 
poliey would involve the sale of mineral rights by eom­
petitive bidding thus enabling the Government to reeeive the 
royalty (or at least its expeeted value) and permitting thc 
eompany with the rights to delay exploration until the 
appropriate time. The eompetitive bidding system has been 
used in the United States for the Federal offshore drilling 
programme. In the United Kingdom, on the other hand, the 
lieensing system in the North Sea has been somewhat different, 
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with an emphasis, especially in 'the early years, on specifically 
encouraging exploration. 54 

(C) Stability 

The absence of perfectly functioning futures markets results, 
as has been noted, in individual operators having to rely on 
their 'expectations' about future prices rather than definite 
information from forward contracts. The question then arises 
as to how elose to the efficient path the economy will follow 
relying on these expectations. Suppose, for example, that at 
each period expected prices are rising at the appropriate rate 
to keep capital markets in equilibrium and that these expec­
tations are always confirmed in the following period. If the 
initial price of the resource was too high or too low the 
economy might continue along such a path for a very long 
time before any mechanism revealed the 'mistake' .55 

Alternatively less placid circumstances might be envisaged 
in which expectations of future price increases became higher 
or lower than the rate of interest. If expected prices are rising 
at too slow a rate the analysis of Section 3.3 indicates that 
output will be increased in the present period since unworked 
deposits are a bad investment. Such an increase in production 
will depress the current price a factor in itself which might 
tend to restore equilibrium. However, everything will depend 
on the response of expectations to this fall in price. If expec­
tations are rather elastic and expected future prices fall along 
with current prices the market will still be out of equilibrium 
and a cumulative downward spiral of spot prices could 
continue. This somewhat pessimistic analysis suggests that 
markets in natural resources might be prone to explosive 
price movements either up or down as a result of fairly small 
changes in expectations. However, the precise properties of 
any model obviously depend crucially on how expectations 
are formed. Instability in the case above occurred because no 
one was willing to take a long view and stick to a particular 
opinion in the face of current fluctuations. Where there exist 
individuals whose expectations are governed by longer-term 
considerations than changes in the current price, transactions 
in asset markets, i.e. the market for deposits, will act as a 
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stabilising force, as Solow points out.56 In this case a small 
change in the expected rate of price increase might result in 
an adjustment in asset values sufficient to make the new 
expected, price regime consistent with the 'fundamental 
principle' . 

An alternative view put forward by Kay and Mirrlees57 
suggests that price predictions are unlikely to be too difficult 
as long as the reserves of a particular resource are sufficiently 
large. Again in Section 3.3 it was noted that larger reserves 
will increase the time to exhaustion and reduce the royalty. 
Kay and Mirrlees point out that, with areal interest rate of 
5 per cent, reserves of 250 times current consumption and 
an assumed price elasticity ofunity, the royalty would remain 
below I per cent of marginal extraction costs for 130 years 
and for all practical purposes might as weIl be ignored. The 
argument, however, is very sensitive to the interest rate used. 
A real rate of interest of 2 per cent, for example, would be 
sufficient to eliminate the 130-year period prior to the 
emergence of a 'user cost' of any significant size. 

(0) Monopoly 

Markets in energy resources bear little relation to the perfectly 
competitive model of textbook theory. Oil production, for 
example, is dominated by a cartel of producing countries -
OPEC - and the structure of the refining industry is oligo­
polistic. Predictions about the behaviour of cartels and 
oligopolies are notoriously difficult to make, but assuming a 
fairly 'tight' organisation and a joint profit-maximising 
objeetive it would be expeeted that output would be lower 
at any given time eompared with a eompetitive environ­
ment. Kay and Mirrlees rely heavily on this argument when 
they eonclude that 'resouree depletion often takes plaee too 
slowly beeause of monopoly power exerted by resource 
owners'.58 

3.6 Conclusions 

One thing at least ean be inferred from the preeeding diseus­
sion: there is most unlikely to be agreement about how fast 
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resourees ought to be depleted. Ideas on this issue will vary 
with value judgements eoneerning the weight to be given to 
the wellbeing of future generations and with views about the 
nature of the eeonomic system itself - whether substitution 
possibilities are extensive and growing or whether ehoices are 
beeoming inereasingly limited and teehnical progress less 
likely. 

Even aeeepting the inter-generational distribution of ineome 
as given, and eoneentrating in true Paretian fashion on inter­
temporal efficieney as an objeetive, we have noted many 
reasons to expeet markets to funetion inefficiently. On the 
other hand no attempt has been made to investigate alter­
native institutional arrangements. It would be easy to sueeumb 
to the 'nirvana faIlaey' at this point and reeommend extensive 
government intervention to eorreet the inadequacies of the 
market. We shall argue that there are important areas for 
government intervention, but it should always be remembered 
that governments too suffer from most of the limitations of 
the market-plaee.59 If future generations do not bid direetly 
in existing markets, neither do they vote in present eleetions, 
and indireet influenee may weIl be stronger in the former 
than the latter case. If market operators are risk-averse and 
deplete resourees too quickly governments will have their 
own special reasons to prefer cheaper to more expensive 
energy, especially in representative democracies. It is also as 
weIl to note that most abstract theorising views energy as a 
world problem, whereas aetual policies are implemented by 
national governments eoneerned with something less than 
world welfare. 

Ultimately therefore the depletion-rate issue becomes a 
complex problem in political economy in which institutional 
factors as weIl as abstract models play their part. The type of 
analysis described in this chapter is required, however, to 
clarify the logical implications of given objectives and to 
highlight the role played by particular factors such as sub­
stitution possibilities. 



4. ENERGY PRICING 

4.1 Introduction 

The choice of an energy pricing policy is concerned with the 
answering of a number of interrelated questions such as: On 
what basis should energy prices be set? What should be the 
relationship between the prices of the various forms of 
energy? At what rate should a fossil fuel be depleted? To 
what extent should energy prices be used to achieve equity 
objectives? Should energy prices reflect associated environ­
mental costs? It is thus clear that the subject-matter of this 
chapter in inextricably linked with that of the preceding and 
following chapters. 

Questions such as these can only be answered in the con­
text of a specific choice criterion which allows the ranking 
on a scale of better and worse of the various consequences 
associated with different pricing policies. In addition they 
can only be answered in a specific institutional setting. This 
will define the circumstances within which energy pricing 
decisions have to be taken, such as whether the industries are 
in the public sector or in the private sector but subject to 
regulatory control, and any constraints which may limit the 
freedom of choice. 

The determination of 'optimal' energy pricing policies is 
complex. These policies have to be formulated for multi­
product industries (e.g. different grades of coal, high- and 
low-voltage electricity, different types of oil) which supply 
both final product and intermediate poods. While some of 
these outputs are storable at economic cost levels (coal, gas 
and oil), electricity tends to be non-storable at such levels, 
and pricing policies must allow for whether the product is 
storable or non-storable. Energy prices must also allow for 
the different possible uses of primary energy resources. Thus 
natural gas can be used in either the premium or non-premium 
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heating markets or, for example, as an input into the manu­
facture of fertilisers. 

This chapter is in eleven sections, as folIows. Some aspects 
of the interdependency of pricing and investment decisions 
are considered in Section 4.2. The specification of objectives 
and constraints is considered in Section 4.3. Marginal cost 
pricing is considered in Section 4.4, while Section 4.5 considers 
peak-load pricing. The analysis of Section 4.5 is modified in 
Section 4.6 by allowing for feasible storage and system 
effects. Some aspects ofthe practical relevance of the analysis 
of the preceding sections is considered in Section 4.7, and 
so me problems relating to the measurement of marginal costs 
are considered in Section 4.8. Sections 4.9 and 4.10 are 
respectively concerned with the modification of energy prices 
to achieve financial targets and income distribution objectives. 
Finally, some conclusions are presented in Section 4.11. 

4.2 Interdependence of Pricing and Investment Decisions 

Although this chapter is concerned with pricing problems it is 
important to remember that pricing and investment decisions 
are interrelated. This is illustrated in Figure 4.1. Providing 
that the own price elasticity of demand is not equal to zero 
different prices (for example, relating them to either average 
or marginal costs when these are unequal) will lead to dif­
ferent demand forecasts, different optimal investment pro­
grammes, different cost estimates and hence prices. In 
principle it is possible to use an iterative process to ensure 

Cost 
estlmates 

Investment 
programmes 

FIGURE 4.1 

Dem"nd 
forecasts 
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consistency between the values of prices, demand forecasts, 
etc. But in practice there are frequently relatively long time 
lags in the energy industries between, for example, changes in 
prices and consequent changes in demands because of the 
time required for consumers to adjust their stocks of energy­
using appliances. In that case it is reasonable to calculate an 
'optimum' (for given objectives) set of prices for an assumed 
investment programme. 

While this may be a satisfactory basis for the setting of 
prices and the choice of investment programmes, the factor 
of interdependency is of crucial importance. The relating of 
prices to different bases will have a number of important 
effects. Thus the use of different bases will lead to different 
allocations of resources, to different distributions of incomes 
(since all pricing policies have distributional implications), to 
different financial outcomes for the ind ustry, to different 
effects on a country's balance of payments and on the level 
and structure of its employment, etc. It thus follows that 
before decisions can be taken on what constitute appropriate 
energy pricing policies the objectives and any relevant con­
straints for the energy utilities must be specified. Before we 
consider this specification it is worth considering whether 
energy prices have allocative significance. 

To pose this question is basically to ask whether the evid­
ence on energy price elasticities shows them to be different 
from zero. Neoc1assical demand theory predicts that an 
increase in the general price level of energy relative to other 
prices would reduce its consumption, and similarly that 
a relative increase in the price of one fuel would tend to 
reduce its share of the energy market. Time trend data for 
the United Kingdom for the 1960s and 1970s shows that in 
domestic and industrial markets there was a substantial shift 
away from coal to gas and oil, and that this shift was accom­
panied by a substantial change in the relative prices of these 
fuels against coal. The use of this data to calculate energy 
price elasticities presents a number of difficult problems. I 
These inc1ude that for the United Kingdom until the early 
1970s changes in energy consumption were dominated by 
changes in income since, with the exception of gas prices, 
energy prices exhibited only smooth fluctuations about 
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smooth time trends. 'It is thus impossible to distinguish 
meaningfully the effects of any long-term change in prices 
from the effects of income .... '2 In addition, the elasticities 
are unlikely to have remained constant over time since for 
the Uni ted Kingdom there have been marked changes in the 
availabilities of different fuels, especially the availability of 
off-peak electricity and natural gas in the 1960s. These 
changes in availabilities will have affected the price elasticities 
of other fuels. 

These and other problems have been compounded in the 
1970s by the large increase in relative energy pnces in and 
since 1973. These price increases cast considerable doubt 
on the applicability to the post-1973 period of energy price 
elasticities calculated for periods before 1973. While it is 
acknowledged that the numerical estimates of elasticities 
calculated for periods pre-1973 are alm ost certainly not 
applicable to periods post -1973 this evidence is relevant to 
the question posed above.3 

For illustrative purposes Table 4.1 presents so me estimates 
of own and cross price elasticities for the United States. The 
estimates were calculated using cross-section data for 49 
states for the period 1968-72 and are averages for the 
different states. These estimates have the expected signs and 
they indicate that energy prices do have allocative significance. 
They are broadly consistent with those of a number of other 
authors. For example, using time-series data for 1961-9 for 
48 states R. Halvorsen4 estimated the long-run elasticity for 
residential electricity to be between -1.0 and -1.21. Rather 
lower estimates were produced by J. M. Griffin.s Using time­
series data for 19 ~ 1-71 he estimated the long-run residential 
elasticity for the United States to be -0.52. 

The qualitative importance of these estimates is supported 
by data far a number of other countries. Thus using time­
series data for 1954-72 A. S. Deaton6 estimated the residen­
tia1 short-run elasticity for e1ectricity in the United Kingdom 
to be between -0.30 and -0.96 for 1970, and for residentia1 
gas to be between -2.64 and -2.90. For New South Wales 
and the Australian Capital Territory R. G. Hawkins,7 using 
cross-section data, estimated the 10ng-run price e1asticity for 
residentia1 electricity demand to be -0.55 in 1971. 
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TABLE 4.1 

Energy Price Elastidties for the United States, 1968-72 

Residential and Price Price Price Price 
commercial Gas OU Electricity Coal 

Gas consumption SR -0.15 0.01 0.01 n.a. 
LR -1.01 0.05 0.17 n.a. 

Oil consumption SR 0.04 -0.18 0.01 n.a. 
LR 0.19 -1.12 0.16 n.a. 

Electricity consumption SR 0.05 0.01 -0.19 n.a. 
LR 0.17 0.05 -1.00 n.a. 

Industrial 

Gas consumption SR -0.07 0.01 0.03 0.01 
LR -0.81 0.14 0.34 0.15 

Oil consumption SR 0.06 -0.11 0.03 0.01 
LR 0.75 -1.32 0.34 0.14 

Electricity consumption SR 0.06 0.01 -0.11 0.01 
LR 0.73 0.13 -1.28 0.14 

eoal consumption SR 0.06 0.01 0.03 -0.10 
LR 0.75 0.14 0.33 -1.l4 

SR = short-run (one-year) elasticity. 
LR = long-run elasticity. 

SOURCE: P. 1. Joskow and M. L. Baughman, 'The Future of the V.S. Nuclear 
Energy Industry', Bell Journal 01 Economics (Spring 1976). 

This and other evidence on elasticities suggests that relative 
energy prices do have allocative significance and that they 
play an important role in determining both the pattern and 
level of energy consumption,s Thus if in some sense energy 
prices are too low energy consumption will be too high. 

4.3 Objectives and Constraints 

The energy utilities are typically multi-product enterprises 
and their pricing policies are concerned with both the level 
and structure of their tariffs. We have already observed that 
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different pricing policies for energy will have different effects 
on, among other things, the a11ocation of resources, the 
distribution of income and on the financial performance of 
the utility. Traditionally in most countries energy pricing 
policies have been judged solely in terms of their effect on 
the financial performance of the enterprise. The so-ca11ed 
'energy crisis', with its emphasis on the relative scarcity of 
many energy resources, has brought to the fore the need to 
consider the a110cative effects of different pricing policies. 

For most of this chapter we sha11 assume that the relevant 
objective is economic efficiency in the a11ocation of resources. 
This is defined in the Paretian sense, so that an a11ocation of 
resources will be said to be efficient if it cannot be rea110cated 
to make one consumer better-off without making another 
consumer worse-off. In Sections 4.9 and 4.10 we consider the 
introduction of financial and income distribution objectives. 
Note that the efficient a11ocation of resources between the 
different energy industries in a country will require that they 
a11 pursue a common set of objectives.9 

Energy prices must be formulated given certain constraints. 
These include the usual on es of available resources, the state 
of technology, etc. Another, and important, constraint is that 
price structures must be sufficiently simple for consumers to 
be able to understand, and hence react to, them. The role of 
prices as signa11ing devices would be lost if price structures 
were so complicated that consumers could not understand 
them. In addition the price structures and levels must be 
socially acceptable and equitable. 

4.4 Marginal Cost Pricing 

The recommendation that energy prices should be related to 
their marginal social costs given the efficiency objective can 
be derived from economic models which are formulated in 
either general or partial equilibrium terms. Since the analysis 
of this book is couched in partial equilibrium terms we sha11 
use that framework for the derivation of the marginal cost 
pricing rule. The fo11owing analysis assumes that a11 the 
Pareto-optimal conditions are satisfied elsewhere in the 
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economy, and thus we retain the assumptions made in 
Section 3.2. The optimal pricing rules for any particular 
energy utility can then be derived as follows. 

For any energy utility the social welfare function (SWF) 
can be written as the maximisation of 

where 

w= TR +S - TC, 

W = net social welfare 

TR = total revenue 

S = consumers' surplus 

TC = total costs. 

Thus welfare is equal to social benefits minus social costs, 
and on the assumptions made to the maximisation of the sum 
of consumers' and producers' surpluses. It is thus concerned 
with questions of economic efficiency rat her than of equity. 
Ifthe supply offactors ofproduction to the utility is perfectly 
elastic there will be no intra-marginal rents. Total costs will 
then be total money costs. To maximise this function differ­
entiate it with respect to output and set the result equal to 
zero: 

aW d d 
- = - (TR + S) - - (TC) = O. 
aQ dQ dQ 

Now TR + S is equal to the area under the demand curve. Let 
P(Q) be the demand curve, so that TR + S = fP(Q)dQ. 
Differentiating this expression with respect to Q: 

d d 
- (TR + S) = - fP(Q)dQ 
dQ dQ 

= P(Q). 

Since P(Q) is price and d/dQ(TC) is marginal cost we have the 
result that P - MC = o. Differentiating with respect to Q a 
second time shows that when price equals marginal (social) 
cost welfare is maximised. 

It is clear that this derivation depends on the making of a 
number of very restrictive and unreal assumptions about the 
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real world. If allowance is made for the fact that not all the 
Pareto-optimal conditions are satisfied throughout the 
economy (because of the existence ofmonopolies, non-Iump­
sum taxes, external effects, etc.) then the previous first-best 
optimisation model must be replaced by a second-best 
optimisation model. In that case it turns out that usually (but 
not always10) the simple prescription that the efficiency 
objective can be achieved (or welfare maximised) if all energy 
prices are set equal to their marginal costs has to be replaced 
by a number of sometimes very complicated pricing rules.!1 
However, the purpose of most of these rules is to determine 
how energy prices should deviate from their marginal costs 
when, for example, some other prices in the economy are not 
set eq ual to their marginal costs. This suggests that a workable 
approach to the determination of the set of energy prices 
given the efficiency objective is, first, to calculate the relevant 
set of marginal costs and, second, to consider how prices 
based on these costs may need to be adjusted given various 
distortions existing within the economy and for the attain­
ment of other objectives. This is the approach which is 
adopted in this chapter. 

Ideally marginal cost is a measure of the value to society of 
the extra resourees req uired to produce another unit of out­
put in a particular time period. It is a money measure of the 
value of the output saerificed elsewhere by producing another 
unit of the good. As we have seen in Chapter 3, for a deplet­
able resource it will be given by the sum of two separate 
costs: (i) the marginal extraetion cost and (ii) the present 
value of the net earnings forgone per unit of the resouree by 
not leaving it in the ground. In terms of the effieieney 
objective the general presumption is that if the price which a 
consumer is willing to pay for another unit exeeeds the value 
of the extra resourees req uired to make it, then the alloeation 
of resources will be improved if that unit is produeed, and 
viee versa. The consumer's purehase decision is then based 
upon a consideration of relative resouree eosts. Energy prices 
based on marginal eosts inform eonsumers of which forms of 
energy ean be used to satisfy their demands at relatively low 
resouree eosts and whieh ean only do this at relatively high 
resouree costs. 
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Notice that energy prices based on marginal costs are 
concerned with the resource commitments to meet a change 
in demand, are forward-Iooking and are related to forecasts. 
This is in contrast to prices which are based on average 
accounting costs, which are backward-Iooking and generally 
related to historie measurements. 

In both theory and practice the relating of prices to 
marginal costs poses a number of difficult problems. These 
inc1ude problems associated with the measurement ofmarginal 
costs (Section 4.8), and the choice of price structure when to 
have prices at all times equal to marginal costs would involve 
structures which were too difficult for consumers to under­
stand and too expensive to administer (Section 4.7). At this 
point we shall content ourselves with the consideration of a 
simple question, namely whether marginal cost is unique, the 
analysis of which provides some useful inputs into later 
sections of this chapter. 

Is Marginal Cast Unique? 

The ans wer to this question is c1early 'no'. Marginal cost is a 
multi-dimensional concept; it typically varies with the period 
over which it is measured (short or long run); whether a 
demand increment which is being costed is permanent or 
temporary; with the length offorewarning which an enterprise 
has of a demand change since this affects its ability to und er­
take the optimal investment programme, etc. In terms of the 
analysis of the following two sections it will be useful to 
illustrate the non-uniqueness of marginal cost with respect to 
whether a utility has either an excess or a shortage of inherited 
capacity. 

In Figure 4.2 we consider a utility which has an inherited 
capacity of Oq\ from plants with a homogeneous production 
technology each of which exhibits a rigid output limit and 
constant returns to scale. Technology and relative prices are 
assumed to be unchanging and there is perfeet knowledge. 
The unit running cost (short-run marginal cost (SRMC)) of 
this inherited capacity is constant at Ob up to the output 
limit, when it in effect becomes infinite. (For the present 
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ignore the line designated long-run marginal cost (LRMC) 
(b + ß) and capacity Oq2 .) 

There are two cases to be considered. First, that when the 
utility has excess capacity and the demand curve is that 
shown as DIDI . The optimal price is then equal to PI = Ob. 
All the consumers are 'free riders' and make no contribution 
towards the financial charges of the inherited capacity Oq I . 

In this case the optimal price is set equal to short-run marginal 
cost measured with reference to resource opportunity costs. 
The second case is that when the utility ha.s a shortage of 
capacity and the demand curve is that shown as D 2 D 2 • In 
this case the price that maximises the sum of consumer and 
producer surpluses is P2 , and it rations available output 
among potential consumers on the basis of willingness to pay. 
Clearly price P2 is not equal to the resource marginal 
opportunity cost of supplying another unit, since this is 
undefined at output Oql. However, there is an alternative 
and sympathetic concept of opportunity cost wh ich can be 
used and which permits us to say that P2 is also equal to 
short-run marginal cost. This concept is that of marginal user 
opportunity cost,12 and it measures the willingness to pay 
for the q I + I unit by the marginally exc1uded consumer. 
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Case 2 clearly raises the question of whether the inherited 
capacity is optimal. Assume that capacity is perfectly divisible 
and that the capital cost of one unit of capacity is $K, with a 
unit running cost of Ob. This capacity will have a life which 
extends over many years, but in Figure 4.2 output is measured 
on an annual basis. It is thus necessary to express K on an 
annual equivalent basis so that it can be added to the unit 
running cost to give a measure of long-run marginal cost. The 
use of the unit of capacity for one year involves two costs, an 
interest cost and a depreciation cost. If we assume unchanging 
technology and prices then the first-year eq uivalent cost of 
the unit of capacity can be written: 

ß=rK+A, 

where r is the annual rate of interest, and rK is thus the first­
year interest cost, and A is the first-year depreciation, which 
is measured by finding the net present value of the unit of 
capacity at the beginning of the first year and again at the 
beginning of the second year and taking the difference (i.e. 
A = NPV 1 - NPV2 ). 

For the assumed social welfare function capacity will be 
optimal when P = b + ß (the willingness to pay for a unit of 
output eQuals the long-run marginal cost of supplying that 
unit) and investment should occur ifP > b + ß, and disinvest­
ment In tne opposite case. 

In Figure 4.2 at output Oq 1 P2 > b + ß and thus the capacity 
is sub-optimal and investment should occur. The optimal 
capacity is Oq2 and the optimal price P3 • Notice that if short­
run marginal cost is defined in the marginal-user opportunity­
cost sense then P3 is simultaneously equal to short- and 
long-run marginal cost. This result is not peculiar to the 
specific assumptions which have been made. In the absence 
of indivisibilities it is a common result. 

The preceding analysis has been based upon the assumption 
that there is a single demand function per demand cycle, 
which in this case lasts for one year. This assumption is 
unrealistic for many of the energy utilities and it is necessary 
to extend the analysis to allow for the division of the demand 
cycle into a number of sub-periods. 
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4.5 Peak-load Pricing 

The demands for the products of the various energy industries 
typically vary in a systematic way over time. Thus in temper­
ate countries such as the United Kingdom the demand for 
coal is higher in the winter than in the summer months. The 
demand for electricity and gas typically varies over the day, 
week and year (seasonal factor). Taken by itself this feature 
of variable demands may not be very important, since if the 
output can be stored at economic cost levels the variations in 
demand can be met by adjusting inventory levels - but see 
Section 4.6, below, on feasible storage. If, however, storage is 
not possible at economic cost levels then these variations in 
demand may be important. In these circumstances if the 
output capacity of the industry cannot be continually 
adjusted to keep price continually equal to short-run marginal 
cost the so-called peak-load problem is encountered. 13 

A number of separate cases can usefully be distinguished in 
the analysis of this problem. One major division is between 
what are termed the firm-peak case and the shifting-peak case. 
The essential difference between these two cases is simply 
that a change from a uniform to a time-differentiated tariff 
in the former ca se does not change the period responsible for 
the peak demand, whereas in the latter ca se for so me set of 
prices the previous off-peak demand may become the peak 
demand. It has been found that the shifting-peak case is 
particularly pertinent to electricity supply (see Figure 4.6). 

The peak-:load problem is essentially concerned with the 
allocation of joint costs and arises from a problem of indi­
visibility. A unit of capacity , such as a power station, which 
is provided to meet the peak-period demands will also be 
available to meet the off-peak demands. This poses a number 
of problems, namely: 

(i) what prices should be charged for energy? 
(ii) how many separate pricing sub-periods should be 

distinguished in a given demand cycle (the structure 
of prices)? 

(iii) what is the optimal capacity? 

Questions (i) and (iii) will now be considered for both the 
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firm- and shifting-peak cases. We continue to assurne the 
satisfaction of all the first-best optimum conditions. Con­
sideration ofquestion (ii) is deferred to Section 4.7. 

Firm-peak Case 

This can be analysed using Figure 4.2 (p. 83). We retain all 
the previous assumptions with the exception that it is now 
assumed that the demand cycle lasts for 24 hours with two 
equal duration sub-periods I and 2, off-peak and peak 
respectively with demand curves D l and D2 (the analysis can 
easily be extended to any number of sub-periods). The sub­
period demands are independent of each other14 (the cross­
price~lasticity equals zero). A single price is to be charged in 
each sub-period. Previously ß represented the annual equiv­
alentcost of a unit of capacity. Since the demand cyc1e is 
now assumed to last for 24 hours we 1et ß' represent the daily 
equivalent cost of a unit of capacity (ß' = ß/365). However, 
if output and unit operating costs are to be measured in 
terms of the duration of each sub-period (12 hours), then 
capacity costs must also relate to this time period. The 
req uired figute is given by dividing ß' by 2 to give ß". The 
daily cost of the utility is then: 

C b "0 0 ° 1 = ql + ß ql ~ ql ~ ql 

C2 = bq2 + ß"q~ O~ q2 ~ q~ 

C=Cl +C2 =b(ql +q2)+2ß"qO =b(ql +q2)+ß'qO, 

where Cl is total cost in period I 

C2 is total cost in period 2 

q? is the capacity limit in period I 

qg is the capacity limit in period 2 

and q? = qg since the installed capacity is the same in 
both periods. 

In Figure 4.2 inherited capacity is Oq 1 • The capital charges 
associated with this capacity are irrelevant to the determina-
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tion of the optimal set of prices, since they do not involve 
any resource costs, bygones are bygones. The optimal prices 
are PI and P2 for the off-peak and peak periods respectively. 
While the off-peak price is equal to short-run marginal cost 
in the resource opportunity cost sense the peak-period price 
is eq ual to it in the user opportunity cost sense since it is set 
at the level required to ration available output among poten­
tial consumers. 

For the given assumptions and a single demand function 
per demand cycle we have previously seen that capacity is 
optimal when P = SRMC = LRMC and that investment is 
warranted if P = SRMC > LRMC. The extension of these 
results to the firm peak pricing case is straightforward. 

Capacity extensions are worth while if the in cremen tal 
benefits exceed the incremental costs. Investment is thus 
warranted if the sum of the two period prices exceeds the 
sum of the capacity's marginal operating costs in the two 
sub-periods and its marginal investment cost over the demand 
cycle. That is if PI + P2 > 2b + 2ß", and capacity is optimal 
when this inequality becomes an equality. In Figure 4.2 
optimal capacity is Oq2. 

Notice that in this case the utility j ust breaks even (since 
average and marginal costs are equal by assumption) and that 
all the capacity costs are borne by the peak-period consumers. 
Although this latter result has been derived assuming a 
homogeneous production technology it can be shown that it 
continues to hold with heterogeneous production technology 
providing that the optimal running times of the different 
types of capacity are equal to the specified demand sub­
periods. 15 

The preceding analysis can be simply extended to allow for 
uncertainty when this is catered for by the provision of a 
reserve plant margin (as is usually the case in electricity 
supply). Let the size of the margin as a proportion be 
cx = q I q2 /Oq2, where q2 is the inherited capacity and q I is 
the available capacity net ofthe reserve plant margin. Capacity 
will be optimal when PI + P2 = 2b + 2ß" /1 - cx. In the firm­
peak case with PI = b then P2 = b + 2ß" /1 - cx. That is, 
peak-period consumers bear all the costs associated with the 
provision of the reserve plant margin. 16 
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Shi/fing-peak Case 

If the foregoing pricing solution was applied to the conditions 
illustrated in Figure 4.3 the lower price would be charged to 
the demands which made the peak demand on capacity! The 
pricing solution of the firm-peak case would in these con­
ditions make the previous off-peak demand become the peak 
demand. 

" u 
';: 
a. 

2b + ß'r-------~------~c______'I<c__--- LRMC 

br-------------------~ 

o q, 

Output per 12 haurs 

FIGURE 4.3 

In these circumstances the optimal prices and capacity can 
be determined as follows. Since the capital cost of a unit 
increase in capacity is joint to the two periods in which it will 
be used, investment can be justified by either the demand in 
any single period or by the sum of the separate period 
demands. The demands of the various periods are thus 
complementary. The factor of jointness in supply means that 
the total demand for capacity can be obtained by summing 
the individual demand curves vertically, which gives the 
demand curve De. The optimal capacity can then be deter­
mined by equating the sum ofthe demand prices (Pt + P2 ) to 
the cost of providing an increment in output over the entire 
demand cyc1e, 2b + ß'. This cost exceeds that of providing 
for an increase in either period alone, which is b + ß'. 
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In Figure 4.3 the optimal capacity is Oq, since P, + P2 = 
2b + ß' (where the latter equals the long-run marginal cost of 
providing for an increase in output in both periods). Rearrang­
ing this equality, capacity is optimal when (P, - b) + (P2 - b) 
= ß', and investment is warranted when (P, - b) + (P2 - b) 
> ß'. 

Comparing this solution with that of the firm-peak case it 
can be seen that both prices now exceed the unit operating 
cost (b) and that capacity is fully utilised in both periods. 

4.6 Feasible Storage with a Heterogeneous Production 
Technology 

Some forms of energy for which the demands fluctuate 
systematically over time can be stored at economic cost 
levels, for example coal and gas. We will now consider what 
effect feasible storage has on the optimal peak and off-peak 
prices.! 7 

We continue to assume two 12-hour independent demand 
functions, certainly, that all capacity exhibits rigid output 
limits and that the unit operating cost of each item of cap­
acity is constant up to the capacity limit. However, we now 
assume a heterogeneous production technology; that is, the 
industry has an inherited stock of rigid plants of different 
vintages and technical types which are operated as an inte­
grated supply system. The marginal running costs of newer 
plants will be assumed to be lower than those of older 
plants, and to minimise the cost of meeting demand in any 
sub-period they will be operated in merit order. This means 
that in any period plants will be brought into operation in 
inverse order of their short-run marginal costs, low-cost 
plants being run for longer than high-cost plants. Although 
the plants are assumed to exhibit rigid output limits it is 
assumed that relative to the size of the system there are so 
many plants that all cost curves can be drawn without any 
discontinuities. In such a system if the pattern and annual 
rate of output is held constant the introduction of a new 
unit of capacity with a lower marginal operating cost than 
any inherited capacity will lead to a saving in system running 
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costs. This is because low-cost output from the new plant will 
replace high-cost output from inherited plant. This potential 
saving in system running costs should be credited to the new 
capa city in the investment appraisal calculations. We will now 
show that in an integrated supply system providing price in 
each sub-period is set equal to the system short-run marginal 
cost in that sub-period (the marginal operating cost of the 
highest cost plant wh ich is operating in merit order in that 
sub-period), then when capacity is optimal the sum of these 
prices will eq uallong-run marginal costs .18 

Assurne two equal-duration sub-periods with associated 
demand functions D, and D 2 (off-peak and peak) and con­
sider the merit of constructing a new plant with an output of 
Q units per 12 hours. Let the capital cost of this plant be K 
over the 24-hour demand cycle and its constant unit running 
cost be b'. Assurne that prices are always set eq ual to the 
short-run marginal cost on the system (m), so that p~ = ml 
and pr = mr, where the subscripts denote the demand sub­
period and the superscripts refer to the periods before and 
after the construction of the new capa city . Finally, assurne 
that each demand curve and the system short-run marginal 
cost curve are linear. 

Let the increment in peak-period output following the 
construction ofthe new plant be Vand for the off-peak period 
be W. The consumers' willingness to pay for the extra output 
will thus be: 

Hpl +pj)W+Hp! +p~)V. 

The cost of operating the new capacity in each sub-period 
will be b' Q, but this does not represent the increase in system 
costs since the capacity will earn running cost savings. Allow­
ing for this the change in the off-peak period operating costs 
will be b'Q - Hml + mI)(Q - W) and in the peak period 
b'Q - Hm! + m~)(Q - V). 

The new capacity is worth constructing if the associated 
increase in benefits exceeds the associated increase in costs, 

Hpl +pj)W+Hp! +p~)V>K+2b'Q-Hml +mj) 

(Q - W) -Hm~ +nd)(Q - V). 
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That is investment is worth while if the incremental benefits 
are greater than the capital and operating costs of the new 
capacity over the demand cyc1e minus any operating cost 
savings. With prices set eq ual to system short-run marginal 
cost in each sub-period the previous expression simplifies to: 

Hml + mi)Q + Hmi + m~)Q > K + 2b'Q. 

Since capacity is assumed to be perfectly divisible the 
previous expression can be divided through by Q to give: 

where k = K/Q. 

When capacity is optimal this inequality becomes an equality. 
Capacity is thus optimal when the sum of the short-run 
(system) marginal costs equals the long-run marginal cost of 
increasing output by I unit in both sub-periods. An alternative 
presentation of this result is that capacity is optimal~when 

(mI - b') + (m2 - b') = k, 

that is, when the system short-run marginal cast in each sub­
period exceeds the short-run marginal cost of the new capacity 
(a q uasi-rent) by an amount just sufficient to cover the 24-
hour unit capital cost of the new capacity . 

In Figure 4.4 the optimal capacity is assumed to be Oq, 
with optimal prices PI and P2 . The question to be cansidered 
is whether these prices would be optimal if storage was 
feasible. In order to consider this question let the cost of 
storing I unit of output for 12 hours be c. It then follows 
that storage will only be efficient if P2 - PI > C, since storage 
will only be from the lower cost to the higher cost period. 
This inequality is satisfied in Figure 4.4. 

The introduction of feasible storage will mean that produc­
tion and consumption levels in each sub-period for the circum­
stances illustrated in Figure 4.4 will be different. The transfer 
of 1 unit of output from period 1 to period 2 will constitute 
a potential Pareto improvement (an efficiency gain) since 
P2 > PI· With feasible storage the optimum prices are P2 and 
PI, where P2 - PI = c. Production in the off-peak period will 
be Oq j and consumption Oq 2, and in the peak period will be 
0- d 0* . 1 h 0* - * * q an q3 respectIve y, w ere q3 - Oq = Oqj - Oq2. 
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FIGURE 4.4 

Notice that it is assumed that no wastage occurs while the 
product is in store. 

The introduction ofstorage reduces the differential between 
both the peak and off-peak prices and their respective prod­
uction levels but increases the difference between the con­
sumption levels. It can be seen that if D I had been suitably 
drawn to the right the production peak could have been 
entirely eliminated, although compared with the non-storage 
case consumption differentials would have been increased . 

An interesting result from the introduction of positive 
optimal storage is that optimal prices can be set solely by 
reference to cost conditions and thus without any information 
on demand functions ,19 as with the firm-peak case. It c~n 
be shown that for the assumptions made the optimal prices 
will be 

P2 = k + b' +!c 

PI =k+b' - -!c. 

The peak price should exceed and the off-peak price fall short 
of long-run marginal cost by half the marginal storage cost.2 0 
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4.7 Evaluation 

The application of the foregoing analysis to the determination 
of actual energy prices poses many problems. These include 
the definition of the appropriate number and duration of the 
pricing sub-periods, the measurement of the marginal costs, 
the measurement of the relevant demand functions, the 
allowing for transaction costs (and especially metering costs 
for electricity and gas) and the possible incorporation of 
equity considerations into prices. Various matters relating to 
these issues are taken up in this and the following two settions 
of this chapter. 

Before we consider these issues it is important to note that 
the inforrnational req uirements of the firm-peak case are 
much less difficult to satisfy than those of the shifting-peak 
case. This is because only cast information is required if 
capacity is optima1.21 

The essen ce of the previous analysis is that the resource 
costs of meeting an increment in demand will be different 
depending on (a) whether it can be met without requiring 
any additional investment, when it will involve only incre­
mental operating costs, and (h) whether it will req uire 
additional investment, when it will involve both incremental 
capacity and operating costs. 

If the number of sub-periods within the day is kept to two 
or three (and similarly for seasonal sub-periods) then for both 
electricity and gas in integrated supply systems the incremental 
costs within each sub-period will not be unique. Thus in an 
integrated electricity supply system which has a mix of plants 
of different vintages and technical types which are operated 
in merit order to enable demand per period to be met at least 
cost, the incremental system cost will vary with the precise 
timing of the demand increment. In these circumstances 
there may weIl be literally hundreds of marginal costs in any 
day, varying with the time, location and voltage level of the 
demand increment. Relevant questions thus concern the 
extent to which these cost differences should be reflected in 
the tariffs ofparticular consumer groups, how the price within 
each part of a tariff which is to reflect these cost differences 
should be calculated, and how the uniform price should be 
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calculated for those consumer groups for whom it is decided 
for one reason or another that time-differentiated tariffs 
would be inappropriate? 

Simple versus Camplex Tariffs 

The determination of the extent to which tariffs should 
reflect cost differences, given the efficiency objective, depends 
largely on three factors. First, the costs of implementing and 
administering time-differentiated tariffs with different 
numbers of subdivisions, and for gas and electricity the most 
important item here will be the costs of meters with different 
numbers of dials and time switches. Second, the benefits 
derived from time-differentiated as compared with uniform 
tariffs. Third, the ease with which consumers can understand 
and thus react to the cost information contained in more 
complex tariffs. 

The design of tariffs22 must typically be considered at two 
levels, namely bulk supply and retail. The second and third of 
the points mentioned in the previous paragraph are unlikely 
to be important at the bulk supply level, and thus the design 
of these tariffs can concentrate on their incentive effects. At 
the retail level, since the costs of muIti-dial meters do not 
vary with the amount of a consumer's consumption, it follows 
that the larger is the consumer the more likely it is that the 
in cremen tal benefits of moving from single-price to time­
differentiated tariffs will exceed the incremental costs. Thus 
there is likely to be a strong case for having such tariffs for 
ind ustrial consumers and for the larger domestic and com­
mercial consumers. Notice that consumers could be given the 
option of being on either simple or complex tariffs.2 3 If they 
voluntarily choose to move to the latter this would constitute 
a Paretian improvement. 

When determining the number of rates to include in ä 
tariff account must be taken of its desired incentive effects. 
Predominant among these is the need to inform consumers 
when an increment in demand would involve the use of a 
relatively large q uantity of resources and when it would 
involve relatively little. The greater the number the more 
accurately can the tariff reflect the structure of costs, but the 
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greater will be the costs of implementing the tariff and the 
more difficlilt will it be for consumers to understand it. 
Whatever number is chosen, it will be necessary to group 
together times within a season or year when demand is 
approximately at the same level. The weighted average 
incremental cost must be calculated for each leveJ.24 

The problem of determining whether it is worth while 
chan ging consllmers from simple to complex tariffs can be 
illllstrated as folIows. As before , let the objective be the 
maximisation ofthe sum of consumer and producer surpluses . 
Again assurne that there are two 12-hour independent demand 
fllnctions. Let there be a single-price tariff with the price set 
as a weighted average25 of the marginal cost prices in the two 
sub-periods; call this price s. Let the constant marginal cost 
be m in the peak period and n in the off-peak period, as 
shown in Figure 4.5. 

If the uniform price s is charged over the demand cyc1e the 
peak and off-peak outputs would be Oq2 and Oq\ respectively, 
and the off-peak consumers would be cross-subsidising the 
peak-period consumers. If a time-differentiated tariff was 
used with price eq ual to marginal cost in each period , then 
the outputs would be Oq3 and Oq4 respectively . Thus if the 
tariff was changed there wOlild be a net increase in output in 
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the off-peak period of qt q4 and a net decrease in the peak 
period of q2 q3. In the peak period the industry's costs would 
be red uced by Om x q 2 q 3, and in the off-peak period they 
would be increased by On x q t q4. The consumers' willingness 
to pay for the change in their off-peak consumption would 
be HOn + Os)qt q4 and for their peak consumption HOs + 
Om)q2q3. Thus the net change would be: 

[(Om x q2q3) - !(Os + Om)q2q3] + [!(On + OS)qtq4 

-(Onxqtq4)] 

The net gain is thus equal to the sum of the areas ABC and 
FGH (=EFG). The change to the more complex tariff is thus 
worth while if the sum of these areas exceeds the additional 
metering and administrative costs per demand cyc1e associated 
with this tariff. 

In the case of electricity, empirical evidence from England 
and Wales suggests that even for fairly large domestic con­
sumers (with an annual consumption of 3000 kWh or more) 
the incremental benefits of moving to more complex tariffs 
will only exceed the incremental costs if the form of the 
tariff is kept relatively simple, such as containing a 'day' and 
'night' differentiaI.26 

Time-differentiated tariffs for electricity, both bulk supply 
and retail, are in use in a number of countries, inc1uding 
France, Sweden, and the United Kingdom, and in part of 
Wisconsin in the United States. The National Energy Plan for 
the United States which was presented to Congress by 
President Carter proposed to make it mandatory for electric 
utilities to offer peak/off-peak tariffs to those consumers 
who were prepared to bear the associated mete ring costs.2 7 

In England and Wales the introduction oftime-differentiated 
tariffs has had a substantial effect on the shape of the demand 
curve on the Central Electricity Generating Board's supply 
system. 28 lt has been estimated that between 1960/1 and 
1972/3 the use of such tariffs led to an improvement in the 
average daily load factor on that system from 72 per cent to 
86 per cent, and to a reduction in the latter year of 4700 
MW29 in the peak demand on the average winter weekday)O 
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Similar effects have been reported by Electricite de France 
d ue to its Green Tariff. It has been estimated that the system 
peak demand has been reduced by approximately 800 MW.31 
In France about 20 per cent of domestic consumers are on 
time-of-day tariffs. In 1973/4 22 per cent of all sales to 
domestic consumers in England and Wales were made under 
the terms of time-differentiated tariffs. 

4.8 Measures of Marginal Cost 

The measurement of marginal costs poses many problems. 
But there is one supposed problem which it is important to 
dismiss. This relates to the variation of marginal cost with 
respect to the period over which it is measured. In general 
the measure of marginal cost will differ depending on 
whether it is measured with reference to a short or long 
period of time. There is a considerable literature in wh ich 
economists debated the advantages of setting prices eq ual to 
either long- or short-run marginal cost. Apart from the fact 
that in equilibrium situations prices can simultaneously 
equal short- and long-run marginal costs many economists 
would now agree that this discussion misses the essential 
point. That is in the formulation of actual prices the period 
over which marginal cost should be measured should be 
determined by the length of the period to which the tariff 
will relate. 32 

For the energy industries there are a number of arguments 
in favour of this period being relatively long and generally 
measured in years. These include the fact that frequent 
changes in energy prices are expensive to administer and that 
it takes consumers time to adjust to them. In addition con­
sumers of energy partly base their investment decisions for 
energy using complementary products on their views of the 
expected future prices of the different forms of energy. Thus 
prices relating to the long period are those req uired for the 
making of efficient investment decisions. But note that in 
times of inflation the level of charges may have to be changed 
fairly frequently; however, these changes should leave the 
structure of the tariff unchanged. The relevant question is 
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thus, how do the energy utility's total costs vary with changes 
in its output d uring this chosen period ? 

Whatever time period is selected the measurement of 
marginal costs in the energy industries will often be complex 
because their operations need to be considered on a total 
systems basis (Section 4.6, p. 89). This is often c1earest in the 
case of interconnected supply systems operated by electricity 
and gas utilities, but it also applies to coaP3 In these cases 
the set of req uired marginal costs can be obtained from the 
system optimisation model which is used for investment 
planning. 34 

In the case of electricity with a least-cost objective this 
model will rank inherited plants in any day in order of merit. 
It can then be used to read off the system marginal operating 
cost once the precise timing of any demand increment for 
electricity is known. The investment problem is to choose 
that mix of plant with different cost characteristics, e.g. 
nuc1ear, oil-fired, coal-fired, hydro, which will enable forecast 
demand to be met at least-discounted cost. The solution of 
this problem must allow for the interdependence between the 
outputs of inherited and newly constructed capacity in any 
period, since the marginal operating costs of the latter plant 
will affect the number of hours for which the former plant is 
operated in each period. 35 If an increment in demand for 
electricity required the construction of new capacity then its 
associated marginal cost should in principle be calculated by 
taking the difference between the present value system costs 
associated with the new demand forecast and the equivalent 
figure for the previous demand fore cast. This will give dis­
counted marginal investment cost.36 The marginal cost of 
an increment of peak load is thus equal to the sum of this 
discounted marginal investment cost, the system incremental 
running costs at that time and the incremental manning and 
maintenance costs. Notice that in the absence of spare 
capacity in all future periods the marginal costs of meeting a 
demand increment will vary with the length of the period of 
forewarning which is given to the affected utility. This is 
because there will be a minimum length of time required for 
the construction of the optimal (least-discounted cost) 
capacity . If the period of advance notice is less than this 
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minimum period, then higher-cost non-optimal capacity must 
be constructed to meet the demand increment. 

An interesting question which it is worth considering briefly 
at this point concerns the implication of the efficiency 
objective for the calculation of marginal generating costs in 
mixed hydro/thennal systems when the extra output would 
be produced by hydro capacity . In general it would not be 
correct to argue that since this capacity would have a zero 
fuel cost its marginal generation cost would be given by 
reference to its marginal manning and maintenance costs. The 
marginal generation cost should be calculated with reference 
to the marginal value of the water which would be used. In 
the absence of any alternative uses for this water (such as for 
irrigation) it should be valued in terms of the kilowatt hours 
which it could be used to generate. If an investment planning 
model is available then these figures can be obtained from 
it.37 While it is not possible to generalise, the basic idea 
underlying the calculation of these figures can be' explained 
by the use of two simple examples. First, if there is spare 
generating capacity and if the water wa~ not used to generate 
electricity it would be spilled, then the marginal generating 
cost would be simply the hydro capacity's marginal manning 
and maintenance costs. Second, if there is spare capacity and 
if the water was not used to generate electricity it would be 
stored in a reservoir to replace potential thennal output, then 
the marginal gene rating cost is the marginal generating cost of 
this thermal plant plus the hydro station's marginal manning 
and maintenance cost (the resources which would be saved if 
the unit was not produced). 

Considering the second of these examples it is clear that a 
prerequisite for the appropriate calculation of the marginal 
cost of the hydro station is that the marginal cost of the 
thennal station has been properly calculated. Since the 
justification for a set of prices based on marginal costs is the 
promotion of an efficient allocation of resources it folio ws 
that the relevant price base for the measurement of marginal 
costs is social oppoiiunity cost. Because of the existence of 
external effects such as pollution, of transfer payments such 
as taxes and subsidies and of various governmental policies 
such as minimum wage laws and foreign exchange controls, 



IOD Tlze Ecollomics O[ Energy 

market prices may be poor indicators of social opportunity 
costs. In that case the estimates of marginal costs should be 
based on the use of shadow or accounting prices. The use of 
these prices represents the formal introduction of second-best 
considerations into the analysis. 38 

Shadow prices can be calculated in various ways which 
differ with the objectives and constraints of a particular 
country. Our preference is to base them on border prices as 
suggested by Professors Little and Mirrlees. 39 For illustrative 
purposes the problem of calculating the marginal running 
cost of the thermal plant (which is assumed to be oil-fired) 
will be considered in a country such as the Uni ted Kingdom 
or Mexico where it is assumed that oil has recently been dis­
covered. We ass urne that these discoveries will give an annual 
output (from the optimal depletion-rate decision) which is a 
small proportion of oil which is traded on the world market. 
The country is thus a price-taker. Let the marginal extraction 
costs of this oil be $2 a barrel and the investment costs be 
zero, so that it is worth exploiting at any price above $2 
barrel. The basic question is how should the oil be valued? 

The basic principles required to answer this question are 
the same as those used to determine the marginal cost of the 
hydro station. That is, the social opportunity cost of the oil 
must be ca1culated. Assurne that the country places no restric­
tions on foreign trade and that its foreign-exchange rate is 
market determined. Under these circumstances the alternative 
to using the oil domesticaIly is to export it at the world 
market price, which may be determined by a cartel as at 
present. If this price :s $14 barrel for the grade of oil being 
considered, then although the marginal extraction costs are 
$2 this would represent the social opportunity cost of using 
the oil to generate electricity in the thermal station.40 If 
there are restrictions on foreign trade this cost could be 
greater than $14 barrel. Thus suppose that there are quotas 
on a number of imports which could be released if some of 
the oil was exported. The value to consumers of a marginal 
relaxation of a q uota restriction may weIl be considerably in 
excess of $14, and it would be their willingness to pay for the 
additional items which could be imported (measured in terms 
of border prices) which would represent the social cost of 
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using the oil domestically rather than exporting it. It follows 
that the border price of oil may be taken as a minimum 
measure of its social opportunity cost to the power station. 

The problem of the pricing of other domestic deposits of 
energy, such as coal or natural gas, can be determined using 
the same basic principles. In each case the social opportunity 
cost of the resource must be calculated along with adecision 
on the optimal depletion rate . This is illustrated for a particu­
larly simple case involving the pricing of domestic gas -and 
crude oil in Figure 4.6. Figure 4.6A shows the marginal 
extraction costs for natural gas deposits and Oq \ is the annual 
output limit set by the depletion-rate decision. Similarly 
Figure 4.6B shows the same data for domestic oil with the 
output limit of Oq2. It is assumed that natural gas and oil are 
perfeet substitutes for each other (in fact natural gas is a 
better substitute for distillate fuel oil than for crude oil). In 
Figure 4.6C we have the demand curve for energy (measured 
over all potential uses of the energy , including its use as a 
feedstock in various industries), which is measured in therms, 
on the assumption that there are only the two fuels oil and 
gas. The figure also includes the border price of traded crude 
oil and the aggregate marginal e~traction cost curve for the 
two fuels. 

The optimal outputs are Oq\ and Oq2 for gas and oil 
respectively, while oil imports will be qm qt. In this case, with 
oil and gas being perfeet substitutes , and the country being a 
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price-taker for oil, the function of the energy prices is to 
subdivide the total energy market between the three energy 
sources. The solution prices maximise the sum of consumers' 
and producers' surpluses. 

In reality energy prices have to be determined allowing for 
various constraints set by the production technology, for 
objectives other than the efficiency objective, for the fact 
that different forms of energy are imperfect substitutes for 
each other; and that the relevant set of energy prices are 
delivered to the consumers' prices wh ich must allow for 
transport and storage costs. Considering this last factor, the 
price Pg in Figure 4.6A must be interpreted as net of pipeline, 
storage and other related costs, i.e. for offshore oil it is a 
beach price. As mentioned, different forms of energy are 
imperfect substitutes for each other (in Table 4.1, p. 78, the 
cross-elasticities would have a value of I if gas and oil, etc., 
were perfect substitutes for each other). In certain markets, 
such as domestic heating, natural gas has advantages over coal 
and oil in terms of its characteristics of ease of handling, 
cleanliness and convenience, and these markets are generally 
referred to as being 'premium markets'. In these cases the 
price of gas per therm will exceed that of oil or coal. Pg can 
then be interpreted as a floor price for gas.41 

4.9 Financial Targets 

The analysis in this chapter has so far been concerned solely 
with the maximisation of social benefits minus sodal costs 
subject to the constraints given by the community's available 
resources and the state of technology. Many energy utilities, 
however, have to formulate their prices subject to an additional 
constraint, namely they are required to achieve pre-set 
financial targets. These may be expressed in a number of 
alternative ways; for example, as lump-sum cash targets or as 
rates of return. For regulated private utilities in the United 
States the targets are usually expressed in the form of maxi­
mum permitted rates of return.42 For the nationalised 
energy industries in the United Kingdom the targets are 
expressed as minimum rate of return requirements. The 
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incorporation of this additional constraint into the analysis 
means that the pricing problem is one of second-best optim­
isation. 

For public sector energy utilities financial targets are 
equivalent to the im position of a set of indirect taxes on their 
outputs. In such cases there are a number of reasons for 
preferring targets which are expressed in lump-sum rather 
than rate-of-return form. Predominant among these are that 
the resulting pricing mIes are simpler and req uire less informa­
tion. 

The basic question which must now be considered is how 
should the pricing mIes based on the efficiency objective be 
changed to achieve a financial target while minimising the 
resulting distortion to the allocation of resources? In con­
sidering this question we ass urne that the target has been 
expressed as a cash lump sumo A related question concerns 
the optimal way in which the targets should be set to the 
individ ual energy utilities. 

The essence of the answer to the first of these questions 
can be gleaned from the following simple example. Assurne 
that a financial target has been set to agas utility which is 
selling gas on a time-differentiated tariff, peak and off-peak. 
For simplicity ass urne that the two demand curves are 
independent of each other and that the marginal cost of 
either product is unaffected by variations in the output of 
the other one. Finally, assurne that over the expected range 
of prices the own price elasticity of demand for peak gas is 
equal to zero and for off-peak gas equals infinity. It is evident 
that in this case the whole of the target should be allocated 
to consumers of gas in the peak period. Since their demand is 
totally unresponsive to changes in price the implementation 
of this pricing policy will not change the allocation of 
resources (except at a second stage via associated income 
effects). 

This example suggests that with the im position of a lump­
sum financial target the deviation of price from marginal cost 
should vary inversely with the own price elasticities of demand 
for the various products.43 One interpretation of this is that 
the target should be allocated to the different products 
produced by a multi-product enterprise according to 'what 
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the market will bear'. The efficiency loss associated with the 
imposition of the target will be minimised when the marginal 
efficiency loss per dollar contribution towards the target is 
the same for all products. Since the efficiency loss equals the 
difference between the price paid and the marginal cost of 
the product and the dollar contribution to the target is 
measured as the difference between the marginal revenue and 
the marginal cost of the prod uct, this condition can be 
expressed as: 44 

PI - MC I P2 - MC2 ----- = ----- = '11. 

MR I - MC I MR2 - MC2 ' 

where '11. is a constant with a negative value determined by the 
size of the financial target.4S 

In reality the various products of an energy utility are 
often substitutes for each other and thus the demand curves 
are interdependent. This means that the deviation of price 
from marginal cost must allow for both own and cross price 
elasticities. The optimising condition given in the last para­
graph must still hold, although the measurement of the 
marginal dollar contribution must allow for both the direct 
and indirect effects ofthe price change on the utility's revenue. 
In the case of two goods we have :46 

PI - MC I P2 - MC2 ---------- = --------- = '11., 

MR I I + MR I 2 - MC I MR22 + MR2 I - MC2 

where MR I I + MR I 2 measures the total effect on the enter­
prise's revenue of a change in output of good I, and MR2 2 + 
MR2 I measures the total effect of a change in output of 
good 2. 

A simple extension of the preceding analysis will enable us 
to answer the second question which was posed above. Given 
an aggregate financial target for a set of energy utilities the 
target for each individual utility should be set so that the 
required aggregate lump sum is raised with the resulting 
marginal efficiency loss being eq ual for each utility. If this 
was not the case then the individ ual targets could be changed 
so as to impose a sm aller aggregate efficiency loss. For 
example, suppose that the ratio of marginal efficiency lost 



Energy Pricing 105 

per dollar of surplus produced for a given allocation of the 
financial targets was 3 units in the electricity industry and 2 
units in the gas ind ustry. A red uction in the target for 
electricity by one dollar would lead to an efficiency ga in of 
3 units while an increase in the target for the gas ind ustry by 
one dollar would lead to an efficiency loss of 2 units. Thus 
for the same aggregate surplus but a different sub division 
there would be an efficiency gain of one unit. Only when the 
marginal efficiency losses per dollar of the lump-sum financial 
target were the same for a11 industries would it be impossible 
to make efficiency gains by marginal reallocations of the 
targets among the various industries. 

The practical significance of this result is that the financial 
targets should be higher for those energy industries which 
face relatively inelastic demands over the current range of 
prices and relatively lower for industries with relatively elastic 
demand curves. 

4.10 Equity 

All pricing systems and changes in relative prices have dis­
tributional or equity implications. Thus, considering the 
change from a uniform to a complex tariff in Figure 4.5, 
p. 95, it can be seen that the peak-period consumers suffer 
a welfare loss while the off-peak consumers make a welfare ' 
gain. This raises the general question of what are the redistri­
butional effects ofpeak-load tariffs? We know of no empirical 
evidence on this question. However, recognising the existence 
of these effects it is necessary to ask (i) whether they should 
be allowed for in the design of tariffs (a normative question) 
and (ii) if they should be then what redistributional schemes 
might be used to minimise efficiency losses. 

At a first glance it would appear that at least in some 
countries or states the answer to (i) is 'yes'. For example, in 
the United States regulatory commissions are often required 
by statute to set rates which are 'just and reasonable' as weIl 
as non-discriminatory. However, this merely pushes the 
question back one stage to the definition of what is 'just and 
reasonable' and thus to the basic concept of equity. Now 
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c1early there are many possible definitions of eq uity. To 
some eq uity is achieved if different consumers are chargcd a 
similar amount for a similar quantity of energy consumcd, 
irrespective of any differences in the (marginal) cost of the 
supply of those services. This definition is obviously incon­
sistent with the efficiency objective. But equity can be defined 
to be consistent with that objective. Thus it can be defined so 
that all consumers placing the same costs on an energy utility 
should be faced with the same set of charges. (This definition 
of fairness was used in President Carter's National Energy 
Plan - see Chapter 9, Section 4.4.) The .former type of 
definition involves an element of crass-subsidisation which is 
absent from the latter. A fundamental difference between 
these two appraaches as to what constitutes equity is that the 
former one implicitly assurnes that it is the responsibility of 
the energy utility to redistribute income while the latter 
definition assurnes the opposite. 

Utility prices, whether the utility is in the public sector or 
in the private sector but subject to regulatory controL are 
c1early a policy instrument which is available to a government 
to achieve equity goals. Some recent contributions to the 
literature have shown how the distributional effects of utility 
prices can, at least in principle, be measured.47 While we 
fully recognise the potential distributional implications of 
different energy prices we have strang doubts as to the 
general desirability of using these prices to achieve equity 
objectives. For multi-product utilities operating in a second­
best world the informational requirements are immense (this 
is because the marginal social utility of income must be 
estimated for all consumers). In addition, the use of this 
instrument involves transaction costs (which are usually 
omitted in the literature) which are in addition to those 
associated with the existing taxation and social security 
system. We can illustrate our views on this question by con­
sidering some aspects of the so-called 'inverted' or 'lifeline' 
tariffs. 

The implicit assumption of the social welfare function 
which we have used in the derivation of the marginal cost 
pricing policy is that a dollar of benefit or cost has the same 
value irrespective of who receives or pays it. A set of energy 
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prices which are related to marginal costs and weighted against 
those demands which are relatively price inelastic in order to 
realise financial targets may have what are considered to be 
adverse effects on the distribution of income. The increase in 
energy prices since 1973 has focused attention on this ques­
tion in many countries because of their adverse effects on the 
budgets of low-incomeconsumers.48 

The response of some governments and ob servers to this 
situation has been to suggest (sometimes implicitly) that the 
energy industries should be treated as social services. Thus 
there have been suggestions that low-income consumers 
should receive a free allowance of, say, gas or electricity per 
period.49 A more common suggestion has been that gas and 
electricity utilities should introd uce what are known as 
inverted or lifeline tariffs.50 These are tariffs in which there 
is no standing charge and in which the unit price is higher for 
large consumers than for small consumers. A simple form of 
such a tariff is to have an initial block of fuel (say 1500 kWh 
per quarter) priced below marginal cast and to charge all 
additional units at that rate which is req uired to enable a 
financial target to be met. Larger consumers would thus cross­
subsidise smaller ones, and in effect they would by paying an 
indirect tax on each unit of their consumption which is 
charged at the higher rate. 

The redistributional success of such tariffs requires that 
the level of electricity and gas consumption should be a good 
index of a consumer's income. Empirical evidence from a 
number of countries shows that this is not always the case 
and that the poor are often relatively large consumers of 
these products.51 1t is also worth noting that empirical 
evidence from the United States shows that average unit costs 
in electricity supply fall as consumption per consumer 
in creases. 52 

This evidence is also relevant to the proposal that two-part 
tariffs should be replaced by uniform-rate tariffs. The latter 
are tariffs with no standing charge and und er which every 
unit is sold at the same price. These tariffs also involve the 
cross-subsidisation of smaller by larger consumers. 

A common feature of such schemes is that they involve the 
introduction of additional distortions into the price system, 
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and in addition they are discriminatory in their treatment of 
large and small consumers. By opting for schemes which 
involve the cross-subsidisation of small consumers rat her than 
granting them offsetting cash increases in social welfare 

. payments53 which they could spend how they liked, it could 
be argued that energy is being treated as a merit want and 
that consumers are not being treated as the best judges of 
their own welfare. 54 In market-type economies there is a 
general presumption that consumers do know what is best for 
themselves. It thus follows that a special case should be made 
out (and widely accepted) for treating energy as a good 
satisfying a merit want. 

Note that the redistribution of income via the manipulation 
of relative energy prices involves the use of a set of hidden 
indirect taxes on the consumption of large consumers. The 
embodying price/tariff changes would probably not require 
the introduction of legislation and thus these implicit taxes 
would not be subject to the same scrutiny or assessed against 
the same criteria as other taxes. We prefer systems of income 
transfers and taxes which are explicit, since they can then be 
subject to economic and political debate. 

Compared with policies which tackle poverty at its root 
causes by increasing old-age pensions and the like ,55 income 
redistribution policies based on the use of inverted tariffs and 
their like suffer from the disadvantage that they are non­
selective. It is difficult to limit the increases in real income to 
the target group (small consumers who are rich will also 
benefit), and in addition these schemes give large consumers 
an incentive to try and beat the system if they are limited to 
some fuels. Thus if the price changes were limited to gas and 
electricity, with coal and oil prices being related to their 
marginal costs, then the change in relative prices would give 
large consumers an incentive to reduce their consumption of 
gas and electricity, which would bring them benefits as small 
consumers, and to increase their consumption of coal and oil 
which are now relatively cheaper. Since this adjustment may 
req uire consumers to change their stocks of appliances its 
effects would probably be long-term. 

If the problem of income distribution is tackled by using 
energy prices as a target variable there is a danger that the 
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underlying causes of poverty will be left untouched. Our 
preference is thus to deal with the question of income distri­
bution (at least in developed countries) through the adoption 
of appropriate social security policies, and to relate energy 
prices, for given depletion-rate policies, to the efficiency 
objective. However, we also support the use of payment 
schemes for energy which spread the costs over the year as a 
series of relatively small payments (use of energy stamps, the 
making of constant weekly or monthly payments to the 
energy utility). This is because even if poverty could be 
eliminated through the adoption of appropriate social security 
policies family budgeting problems would probably mean 
that the payment of relatively large fuel bills (especially for 
gas and electricity in the winter when these are metered and 
billed quarterly) could still cause genuine hardship and distress. 

4.11 Conc1usions 

In this chapter it has been argued that the set of relative prices 
in the energy sub-sector ofthe economy should be determined 
with reference to a common set of objectives for the indi­
vidual energy utilities. Assuming an objective of an efficient 
allocation of resources it was shown that these prices should 
be related to their marginal costs. The term 'related to' 
rather than 'equal to' was used to allow for the costs involved 
in implementing and administering complex price systems, 
for the ease with which consumers can understand them, for 
the meeting of any financial targets, and for any significant 
price distortions which might exist elsewhere in the economy. 

In conditions of limited information, risk and uncertainty 
(factors which have been under-emphasised in this chapter) 
the instruction to a multi-product energy utility to relate its 
prices to marginal costs will not determine a unique set of 
prices. The structure and level of these prices will depend to a 
large extent on the judgement of the price-setter. This will 
clearly make for difficulties for the implementation of any 
monitoring system which might accompany such a pricing 
instruction. Nevertheless, while there will always be room for 
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argument it should be possible to determine whether prices 
are reasonably related to marginal eosts. Simple tests of this 
may have to suffice, such as whether the measures of eosts 
are forward-Iooking and based on foreeasts rat her than 
backward-Iooking and related to average historie costs. 



5. ENERGY AND THE 
ENVIRONMENT 

5.1 Introduction 

In Chapter 4 it was argued that for an efficient allocation of 
resources energy prices should be related to their marginal 
social costs. In this chapter we consider one of the principal 
causes of the divergence of private from social costs in this 
sector of the economy. This is the external environmental 
costs associated with the production and use of energy. Some 
of these external costs are associated with the emissions of 
particular pollutants, such as sulphur dioxide and particulate 
matter, while others are associated with the loss of visual 
amenity, such as open cast (or strip) mining and overhead 
power lines. In addition some of these externalities are local 
in their effects while others involve transfrontier pollution. 

This chapter is in seven sections. The various types of 
environmental damage associated with energy are considered 
in Section 5.2. So me evidence from various countries on the 
quantitative significance of various pollutants associated with 
energy is considered in Section 5.3. Some of the instruments 
which could be used for the control of these pollutants are 
discussed and analysed in Section 5.4. Various problems 
relating to the application of these instruments are considered 
in Section 5.5, and Section 5.6 considers some examples of 
control policy in practice. Finally, some conclusions are 
presented in Section 5.7. 

5.2 Energy-associated Environmental Effects 

For any particular type of energy environmental costs may 
arise at the stage of its production, transportation, or con-
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sumption, or at any two or all three of these stages. In this 
section the nature of the environmental effects associated 
with some forms of energy are considered briefly. 

Coal 

The production and use of coal is a major source of environ­
mental pollution in many countries. The generation of 
electricity using coal causes significant air pollution due to 
emissions of carbon dioxide, sulphur oxides, particulates and 
nitrogen oxides. It has been estimated that in the United 
States a 1000-MW coal-fired plant using 10,000 tons of coal a 
day would each year emit into the atmosphere about 8 million 
tons of carbon dioxide, 50,000 tons of sulphur oxide, 20,000 
tons of nitrous oxide, and between 25,000 and 250,000 tons 
of particulate matter depending on how well stack emissions 
are c1eaned before they are released.1 Such a plant would 
also req uire the strip mining of approximately 1600 acres 
each year. 

The control of sulphur oxide emissions from coal is difficult. 
It can be scrubbed from stack gases, but this tends to be 
expensive and reduces the thermal efficiency of the plant. 
The scrubbing of stack gases to remove sulphur dioxide 
produces sulphuric acid and unless this is collected it may be 
washed into water courses (the washing of the stack gases at 
the Fulham and Battersea power stations in London had to 
be abandoned because sulphuric acid was being washed into 
the river Thames). For the future the most promising method 
of reducing sulphur. emissions is to change the combustion 
process from the use of pulverised-fuel firing to that of 
fluidised-bed. With fluidised-bed combustion ash is no longer 
emitted from the smoke stack and the volume of emitted gas 
is so low that c1eaning it would be relatively cheap. 

The use of tall stacks to disperse emissions from coal-fired 
power plants can lead to problems of transnational pollution. 
Thus, Britain has accepted responsibility for some of the 
airborne pollution falling as diluted sulphuric acid over 
Northern Europe. In Sweden acid levels in many lakes are so 
high that all vertebrate life has been killed. An O.E.C.D. 
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report blamed Britain for 40 per cent of the pollution which 
is slowly killing Scandinavian lakes, forests and vegetation.2 

It is well known that air pollution is a contributory factor 
to a number of respiratory diseases. Lave and Seskin3 com­
pared total and infant mortality rates for 114 standard 
metropolitan statistical areas in the Uni ted States with a 
measure of the minimum concentration of either particulates 
or total sulphates in micrograms per cubic metre. Their 
results showed that a 10 per cent decrease in the minimum 
concentration of measured particulates would decrease the 
total death-rate by 0.5 per cent, while a 10 per cent decrease 
in the minimum concentration of sulphates would decrease 
the total death-rate by 0.4 per cent. 

The adverse environmental effects associated with the 
mining of coal differ significantly between deep mining and 
strip (or opencast) mining. With deep mining the most impor­
tant environme"ntal problems are those of disease and death 
of miners. In the Uni ted States about 4000 miners a year get 
pneumoconiosis (black lung disease), and about 25 per cent 
of all coal miners become infected during their working lives. 
In Great Britain stringent control measures have reduced the 
incidence of this disease from 8.1 new cases per 1000 miners 
in 1955 to 1.9 per 1000 in 1967.4 Inthe 1960sandearly 
1970s about 200 miners died each year in pit accidents in the 
United States. In the United Kingdom 59 miners were killed 
in 1975/6 and 38 in 1976/7.5 Other environmental effects 
related to the deep mining of coal include those of subsid­
ence, run-off of acid water and the visual disamenity and 
potential danger of coal tips. 

The environmental costs associated with strip mining are 
more obvious than those of deep mining. Thus there are 
those of visual disamenity and of rain fall carrying acid into 
water courses. The restoration of land following strip mining 
can be expensive. Thus it has been estimated that in Maryland 
the simple restoration of this land cost $1075 per hectare in 
1967 and had increased to $1248 per hectare in 1970. In 
England the full reclamation of such land (defined to include 
all associated engineering work, etc.) was estimated to vary 
between f.4885 per hectare in the west Midlands to f.9937 
per hectare in the northern region in 1976.6 
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Oi! 

The main environmental effects associated with the extraction 
of oil relate to blowouts and seepage (especially for offshore 
drilling), and at the transportation stage to oil spills, tanker 
fires and explosions. In recent years there have been spectac­
ular examples of each of these occurrences. Thus in January 
1969 a leak occurred in a well owned by Union Oil at Santa 
Barbara, California. In the first hundred days of the leak over 
78,000 barrels of oil spilled into the local ecosystem, at an 
estimated cost to society of $16.4 million.? In 1967 the oil 
tanker Torrey Canyon ran aground off the Scilly Is1es, spilling 
over 30,000 tons of crude oil into the ocean, while in March 
1978 the Amoco Cadiz went aground off Brittany, spilling 
over 200,000 tons of crude oil. The most serious accident to 
date involving a tanker explosion occurred in J anuary 1979 
when the Betelgeuse exploded and burnt out while unloading 
at the oil terminal at Bantry Bay in Ireland, killing 50 people.8 

Most oil is not spilled in large accidents such as these, but 
in the succession of relatively small spills which appear to be 
an alm ost inevitable accompaniment to the production and 
transportation of oil. However, the ecological consequences 
of these small spills are generally much less severe than those 
of the large spills. For example, it is the large spills which can 
end anger whole species offish by the destruction ofhatcheries. 

Arecent interesting case concerning the environmental 
conseq uences of the route chosen for the transportation of 
crude oil concerns the Trans-Alaska Pipeline (T AP). This 
pipeline runs south across Alaska through two major mountain 
ranges and in its southern seetion it crosses the most seis­
mically active region in North America. The pipeline termin­
ates at the port of Valdez, from where the oil is shipped to 
final markets on the west coast. An alternative Trans-Canadian 
Pipeline (T.C.P.) was rejected. The relative merits of these 
alternative routes were the subject of a cost-benefit study 
undertaken by C. Cicchetti and A. Myrick Freeman.9 These 
authors judged the T.c.P. to be environmentally less hazard­
ous than the TAP. Using pre-1973 oil crisis relative prices 
they ca1culated that the net economic benefit (using a 10 
per cent discount rate and a 25-year life) to the United States 
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of the project had a median value of $1.48 per barrel for the 
TAP and of $1.65 per barrel for the T.C.P. (the net benefits 
would be even greater using post-1973 prices). They also 
calculated that the use of the T.c.P. route would give higher 
profits to the oil companies and higher royalties to Alaska. 
Thus on economic, environmental and profitability grounds 
the T.c.P. route appeared to be superior. Why then was the 
TAP route chosen? One very important reason appears to 
have been that the TAP route was the fastest to develop, and 
this was of crucial importance to B.P., which had an 
agreement to produce 600,000 barrels of oil a day by the end 
of 1977. While there were other reasons for the choice of 
TAP it is important to note that as the basis of the available 
evidence the chosen route was not consistent with the maxi­
misation of V.S. and Canadian welfare. 

Nuclear Power 

Nuclear power stations and their supporting plants (such as 
those for fuel reprocessing) are associated with a number of 
environmental effects. These stations, however, avoid many 
of the routine environmental effects associated with fossil­
fuelled power stations. Thus there is no thermal pollution 
from the emission of carbon dioxide and associated long-term 
threat to the world's c1imate; there are no emissions of 
sulphur dioxide or fly-ash; no coal tip; and the power station 
is sm aller. 

Environmental dangers related to nuc1ear power vary from 
low-Ievel radiation emissions to reactor explosions. The 
principal environmental effect is that of radiation. Unlike 
many of the environmental hazards associated with fossil 
fuels, radiation effects are mostly restricted to man. These 
effects are both somatic (to the individuals exposed to the 
radiation) and genetic (to their offspring). Because of these 
dual effects it is usual to measure radiation dose rates for 
both the bone marrow and far the reproductive organs. 
Table 5.1 shows the radiation doses received by an average 
member of the V.K. population in the mid-1970s. 

This table shows that at the present time the radiation 
doses received as a result of nuc1ear power production in the 
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TABLE 5.1 

Dose Rates in the United Kingdom from Ionising Radiation 

Bone marrow Reproductive cells: 
genetically significant 
dose (G.S.D.) 

mrem/yr mrem/yr 

NaturaIly-occurring 

FlOm cosmic rays 33 
FlOm soil and airborne 44 
Within the body 24 

Man-made 

Medical, diagnostic X-rays 32 
Medical, radiotherapy 12 
Medical, radioisotope use 2 

Fallout {rom bomb tests 6 
Occupationa1 doses (not nuclear power) 0.4 
Nuclear power industry 0.25 
Miscellaneo us 0.3 

154 

N.B. The radiation dose is measured in terms of millirems (mrem). 
The allowable dose Jf radiation for a given organ of the body 
is usually measured in terms of rems, which is a unit of 
measurement wh ich allows different sources of radiation to be 
compared 

33 
44 
28 

14 
5 
0.2 

4 
0.3 
0.2 
0.3 

--
129 

SOURCE: Royal Commission on Environmental Pollution, Sixth Report, Nuelear 
POlI'erand tlle Enl'irol/lIlem, Cmnd 6618 (London: H.M.S.O., 1976) 
table 2, p. 16. 

United Kingdom are smalI. But in early 1977 the U.K. nuc1ear 
industry was relatively smalI, with a total installed nuc1ear­
gene rating capacity of 4600 MW. It has been forecast that in 
the year 2000 this installed capacity could be increased to 
40,000 MW.10 This large increase in installed capacity may 
mean that although at the present time radioactive emissions 
to the atmosphere are not a problem they could be in the 
future. The Royal Commission on Environmental Pollution, 
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considering this issue, believed that a more systematic control 
of these emissions may be req uired in the future.! 1 

One of the problems involved with the assessment of the 
dangers from radiation is that the doses which will cause 
particular medical effects are not known for certain.!2 The 
principal long-term effect of radiation is the induction of 
cancers. On this the Royal Commission concluded: 

A reasonable estimate of the number of fatal cancers that 
would be induced by a dose of 1 rem given to each of a 
million people would be of the order of 100, of which 
perhaps one quarter might be leukaemias. This means that 
radiation workers who receive an annual dose of 1 rem are 
running a risk of about 1 in 10,000 that they will eventually 
die of cancer as a result of each year's dose. This is approxi­
mately as dangerous as regularly smoking three cigarettes a 
week,12 

Some of the main worries concerning the large-scale devel­
opment of nuclear power relate to the problems of storing 
radioactive wastes; the security measures required to ensure 
that plutonium is not acq uired by terrorists and criminals; 
the proliferation of nuclear weapons; and the probability of 
catastrophic nuclear accidents. 

Nearly all the radioactive material produced by nuclear 
power stations is in concentrated form and must be isolated 
from man's environment. Whjle the Royal Commission con­
sidered that present methods oftreating wastes were adequate 
for the current size of nuclear programme it concluded that 
there should be no commitment to a large nuclear programme 
until a method for the indefinite containment of these wastes 
had been demonstrated beyond reasonable doubt. Since the 
half-lives of many of the fission products are very long (for 
plutonium 24,600 years) their production and storage raises 
important questions of inter-generational inheritance. In this 
context the nuclear process is best viewed as being irreversible 
and thus future generations will have no choice but to use 
resources monitoring and containing the nuclear waste of 
their predecessors. 

The question of the probability of large-scale nuclear 
accidents is very controversial. Various estimates have been 
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prepared. For example, Professor N. C. Rasmussen, who 
supervised the U.S. Atomic Energy Commission's Reactor 
Safety Study,14 estimated that in the United States in 1969 
the prob ability that a person would be killed by a motor 
vehicle was 1 in 4 x 103 , while the probability ofbeing killed 
by a nuclear power plant was 1 in 5 x 109 for persons living 
within twenty-five miles of apower plant. 15 Critics disputed 
this latter figure and pointed out that it applied to one person 
for one plant for one year, while by the year 2000 some 
hundreds of plants would be in operation. To date reactor 
accidents have been rare. Only one accident is known to have 
caused fatalities, three workers died at the U.S. Atomic 
Energy Commission's SL-l plant in Idaho in 1961 (although 
there may have been a large-scale aceident in the U.S.S.R. 
in the late 1950s). The only known large-scale escape of 
radioactivity to the surrounding ecosystem occurred as a 
result of a fire at the U.K. Atomic Energy Authority's No. 1 
pile at Windscale in 1957.1 6 

While it would be foolish to ignore the environmental 
dangers associated with the development of nuclear power it 
is important to remember that the use of fossil fuels is assoc­
iated with their own set of dangers. Thus from society's 
point of point the crueial question relates to the acceptable 
trade-off between these fuels. 

Hydroelectric Power 

Reservoir-type hydroelectric power schemes are often regarded 
as being among the least harmful in terms of related environ­
mental damage of all energy-produeing projects. These 
schemes replace a single ecosystem with two new, and smaller, 
systems, one above and one below the dam. Hydro projects 
are often associated with favourable environmental effects; 
for example, with the development of good-quality fisheries 
(as with the development of trout fishing at the Hoover Dam 
in Nevada) and of recreation facilities. However, these 
projects are sometimes linked to substantial environmental 
costs. Thus, unless special 'fish ladders' are constructed they 
can prevent fish such as salmon from reaching their traditional 
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spawning grounds. The conversion of a relatively rapidly 
flowing river into a much slower one into the lake behind the 
dam not only brings problems of siltation but mayaIso 
increase the incidence of water-borne and related diseases. 
Thus malaria, bilharziasis, snail fever (schistosomiasis), liver 
fluke infections, etc., may increase in the region of the dam, 
especially in areas with tropical or sub-tropical c1imates. For 
example, schistosomiasis (which is a serious debilitating 
disease) increased dramatically in Egypt following the building 
of Aswan Dam. 

Other environmental costs associated with the construction 
of storage-type hydroelectric projects may inc1ude the 
flooding of forests and the loss of wild-life sanctuaries; the 
deprivation of downstream farm land of its annual (fertile) 
silt deposits as a result of the red uction in the number and 
frequency of floods; and an increase in the loss of human 
and animal life as a result of accidents involving failure of the 
dam. With regard to the latter it has been estimated that in 
the United States about one dam gives way every year. 17 

While most of these failures cause very few deaths18 large 
failures co me into the category of major disasters. Thus in 
1962 two thousand people were killed in Longerone in Italy 
when a mountainside fell into the Vaiont reservoir and flooded 
the valley. Wilson and J ones have estimated that in the 
United States there is one major failure of the Vaiont size 
every fifty years. 19 

Geothermal Energy 

Geothermal energy is used in the generation of electricity in a 
number of countries, inc1uding Italy, Ieeland, New Zealand, 
Japan, the United States, and the U.S.S.R. The electricity is 
generated using natural underground streams, as for example 
at the Geysers Power Plant in Sonoma County, California. 
Unlike fossil fuels, geothermal energy does not produce 
atmospheric particulate pollution. However, it is associated 
with relatively large emissions of hydrogen sulfide, sulphuric 
acid mist and arsenic. In addition it is associated with damage 
to vegetation and scenery, with the possibility of subsidence, 
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and with the possibility of earthquakes due to the reinjection 
of the cold condensed steam into the fault zones. 

The Japanese Environment Agency judged the adverse 
environmental effects associated with the development of 
geothermal energy to be sufficiently serious for it, in 1974, 
to reverse adecision made in November 1973 at the height of 
the 'energy crisis' to permit the sinking of fourteen geothermal 
wells after only six wells had been sunk.20 

Thermal Pollution 

Energy production and consumption can be associated with 
the thermal pollution of both water courses and the atmos­
phere. The burning of fossil fuels has led to a significant 
increase in global concentrations of carbon dioxide. At the 
present time there appears to be no practicable way of con­
trolling CO2 emissions and thus these concentrations will 
continue to increase. They could have the effect of making 
the earth's climate much warmer through the so-called 
'green-house effect'. This simply refers to the fact that an 
increase in CO2 in the atmosphere, other concentrations 
unchanged, would increase the amount of infra-red radiation 
from the earth's surface which is reflected back. This would 
increase the earth's temperature (it has been estimated that 
every 10 per cent increase in CO2 concentration will lead to 
a 0.2 per cent Centigrade increase in temperature) and could 
lead to significant climatic changes. At the present time there 
is no firm evidence that such an effect has occurred globally.2 I 
But various projections show that there is cause for concern 
about possible local climatic changes. 

Heat release from the earth's surface is not uniform. In the 
early 1970s it was estimated that while the heat released over 
the United Kingdom was equivalent to I per cent of the solar 
input, in the London area it was 17.8 per cent. It has been 
estimated that if the fuel consumption in the London area 
was to increase to the level which would give the area a heat­
release equivalent to a solar input of 50 per cent (which 
could happen in forty years' time), then this would certainly 
change the local climate substantially.22 
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5.3 Some Evidence on Energy-related Pollution Emissions 

In this section we consider some evidence on the magnitude 
and relative importance of various emissions of pollutants 
associated with energy. For the sake of brevity attention will 
be confined to emissions of air pollutants. These may be 
measured in a number of ways. One measure which is fre­
q uently used is to calculate the amount of pollutants emitted 
on a ton/day or ton/year basis. A problem with this measure 
is that it does not take into account the assimilative capacity 
of the environment. Thus it ignores the factors, such as wind 
and climate, which govern the dispersion of pollutants once 
they are emitted. In addition the weight of pollutants does 
not measure their environmental impact. For example, in 
terms ofhealth hazard and visibility the environmental impact 
of smaller particles is much greater than that of larger particles. 

An alternative measure which is in ccfmmon use is that of 
ambient measurement. This attempts to measure the concen­
trat ion of particular pollutants, such as sulphur dioxide, 
particulates, in a given airshed. While this measure allows for 
the assimilative capacity of the local environment it may be 
defective in measuring the amount of pollution which is 
absorbed by particular individuals. This is because it does not 
allow for differences in population density and therefore for 
the number of people exposed to a particular pollutant. The 
effect on individuals is sometimes measured using human 
'immissions', wh ich is the quantity of pollution absorbed by 
an individual in the course of his normal activity multiplied 
by the number of people exposed to the pollution. This 
measure is frequently used in the measurement of the effects 
of radiation. 

Air quality standards are often specified in terms of 
ambient measures. Thus both the V.S. national and the 
Californian air q uality standards are defined in this way (see 
Table 5.2). California introduced air quality standards in 
1959, and it was the first American governmental jurisdiction 
to set them. The Federal standards were set in 1971. They 
act as goals for the air pollution control programmes. The 
Federal standards are subdivided into primary and secondary, 
the former being set to protect health and the latter welfare. 
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TABLE 5.2 

U.S. Ambient Air Quality Standards 

Pol/utant 

Photoehemieal 
oxides 
(correeted 
for N02) 

Carbon 
monoxide 

Nitrogen 
dioxide 

Sulphur 
dioxide 

Suspended 
partieulate 
matter 

Hydrogen 
sulphide 

Hydrocarbons 
(non-methane) 

A veraging time Californian 
standards 

1 hour 0.10 ppm 

12 ho urs 10 ppm 
8 hours 
1 hour 40 ppm 

Annual average 
1 hour 0.25 ppm 

Annual average 
24 hours 0.4 ppm 

3 hours 
I ho ur O.S ppm 

Annual geometie 
mean 60 mg/m3 

24 hours 100 mg/m3 

1 hour 0.03 ppm 

3 ho urs 
(6-9 a.m.) 

Federal standards 

Primar)' Secolldary 

0.08 ppm 0.08 ppm 

9 ppm 9 ppm 
35 ppm 35 ppm 

0.5 ppm 0.5 ppm 

0.3 
0.14 

0.5 ppm 

75 mg/m3 60 mg/m3 

260 mg/m3 ISO mg/m3 

0.24 ppm 0.24 ppm 

Notes: (a) The Californian standard is not met when it is equalled or exeeeded. 
(b) The Federal standards, other than those based on annual averages or 

annual geometrie means, are not to be exeeeded more than onee a 
year. 

(c) ppm = parts per million. 
(d) mg/m3 = mierograms per eubie metre. 

The Californian standards are solely concerned with hea1th. 
Total V.S. emissions in 1973 of major pollutants are given 

in Table 5.3. 
Table 5.3 illustrates the dominant importance in 1973 of 

energy uses as the source of su1phur oxides, nitrogen oxides, 
hydrocarbons and carbon monoxide. The relative importance 
of energy uses as sources of air pollution is even more marked 
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in some local areas of the United States. Thus in 1970 in 
New York City energy sources accollnted for about 59 per 
cent of emissions of particulates, 100 per cent of sulphur 
oxides, almost 100 per cent of carbon monoxide and nitrogen 
oxides, and 82 per cent of hydrocarbons. Transportation 
accounted for 98 per cent of the carbon monoxide emissions 
and 66 per cent of the hydrocarbons. Stationary energy uses 
accounted for 47 per cent of the particulate and 95 per cent 
of the sulphur oxide emissions. The most significant non­
energy source of air pollutants was solid waste disposal, 
which accounted for 40 per cent of partkulate emissions. 23 

Unlike most major cities of the world New York is character­
ised by the almost complete absence of pollutants emitted by 
industrial sourees. 

The relative importance of transportation to air pollution, 
and in particular to the creation of smog, i~ weil known in 
Los Angeles. The Los Angeles smog is quite different from 
that of London in the 195 Os, and is known as 'photochemieal' 
smog. It is formed by reactions in the atmosphere of hydro­
carbons and oxides of nitrogen in the presence of sunlight. 
The majority of these reactants are contributed by the use of 
gasoline-fuelled motor vehicles. 

In 1973 transportation was responsible for over 90 per 
cent of the air pollution problem in Los Angeles county. The 
principal emissions in 1973 by source are given in Table 5.4. 
The overwhelming importance of gasoline-fuelled vehicles in 
the emissions of hydrocarbons and carbon monoxide is 
clearly brought out in Table 5.4. In Los Angeles county the 
most important users of fossil fuels after motor vehicles are 
power stations. In 1973 they were responsible for 44 per cent 
of a11 the emissions of <;ulphur oxides, 13.8 per cent of partic­
ulates and 10.2 per cent of oxides of nitrogen.24 

Los Angeles county is in the SOllth Coast Air Basin. Air 
pollution is not equa11y bad throughout the Basin, but exhibits 
marked locational differences. If the severity of pollution is 
measured by the number of days in the year that air q uality 
standards are violated, then in 1970 the pollution was worse 
in the areas located along the San Gabriel Mountains (200 
days or more) and was least serious in the areas near the 
coastline (less than 100 days).25 
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This picture of the relative importance of energy use and 
production as a source of air pollution is confirmed by data 
from many other countries. Thus the famous London smogs, 
such as that of Oecember 1951 wh ich was estimated to have 
been the cause of more than 4000 deaths, were principally 
d ue to emissions of sulphur oxides and particulate matter 
from the combustion of coal and petroleum by ind ustrial and 
household consumers. In Tokyo it has been estimated that in 
1973 motor vehicles discharged 69.0 per cent of nitrogen 
oxides and power plants 16.3 per cent.26 Unlike New York, 
industry (other than power plants) is a major source of air 
pollution in Tokyo, in 1973 1t was responsible for 59 per cent 
of the emissions of sulphur oxides and 58 per cent of partic­
ulates. 

5.4 Pollution Control Policy 

There are a number of possible policy instruments available 
to governments wishing to reduce levels of pollution. These 
include the use of economic instruments, such as pollution 
charges or taxes, and regulatory instruments, like the laying 
down of emission standards, the control of firms' locations 
and the prohibition of the use of some fuels. Recognising 
the reciprocal nature of the external effects associated with 
energy production and use (that is, while the firm's economic 
activity unintentionally imposes uncompensated costs on 
third parties the removal of these costs imposes costs on the 
firm, as was stressed by Coase27 ), many governments appear 
in general to have accepted what the O.E.C.O. has termed 
'the polluter pays principle' (P.P.P.).28 That is, the polluter 
should bear the costs of measures set to achieve desired 
environmental standards, and these costs should be reflected 
in the prices of goods and services. There are, however, some 
important !imitations to governments acceptance of this 
principle, and an important one refers to the measures which 
they initiate (or fai! to initiate) to deal with trans-fron tier 
pollution. 

A problem which is comlTIon to the use of economic and 
regulatory control instruments is that air qua!ity standards 
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are generally specified using ambient measures, as in the 
United States, Japan and the German Democratic Republic. 
However, if charges and standards are related to the level of 
emissions then, if desired air quality standards are to be 
achieved, it is necessary to know the functional relationship 
between the level of emissions and their concentration in the 
air. We have previously noted that many factors, such as wind 
and climate, will affect this function and thus that it will be 
complex. The important point to note is that the determina­
tion of optimal standards, taxes, etc., will require the use of 
air diffusion models.29 Henceforth in this section we shall 
assume that the form of this function is both known and 
specified. 

Standards and Charges for Pollution Control 

Given sufficient information, desired levels of pollution 
abatement can be achieved, using either pollution charges or 
emission standards. To illustrate this we assume a perfectly 
competitive industry in which all firms are identical and 
which are operating in an airshed with a homogeneous air 
q uality. Asslime that one of the inputs lIsed by the firms is 
coal and that this causes emissions of sulphur dioxide which 
cause unintended, uncompensated damage. For simplicity we 
assume that the pollution production function is proportional 
to the firm's level of output. 

The top diagram in Figure 5.1 shows the perfectly com­
petitive ind ustry in long-run eq uilibrium prod ucing output 
OQ, at price OP, . The bottom diagram shows the associated 
discharge of sulphur dioxide and the aggregate marginal 
control cost (MCC) and marginal damage cost (MDC) func­
tions (which on the assumptions made will be the same for 
each firm). The MCC curve is drawn on the assumption that 
the marginal cost of reducing emissions increases monotonic­
ally with the level of planned reduction, while the MDC curve 
is drawn on the assumption that the marginal damage assoc­
iated with the level of emissions increases monotonically with 
the level of emissions (some problems relating to the measure­
ment of damage cost functions are considered in Section 5.5). 
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LMC,. t 

rMC 

Output 

MDC 

Sulphur dioxide Ilb.1 

FIGURE 5.1 

The benefits to society of pollution control consist of averted 
costs, and thus benefits are potentially measured by the MDC 
curve. It is clear that the level of output OQl , with sulphur 
dioxide emissions of OE 1 , is not socially optimal. A marginal 
reduction in output from OQl produces positive net benefits 
to society since MDC> MCC. This is true for all reductions 
in output to OQ2 and of emissions to OE2 . This latter is, for 
the assumed functions, the optimal level of pollution. The 
industry can be induced to reduce its output to OQ2 in a 
number of ways. One is to impose a Pigovian tax at the rate t 
on each pound of sulphur dioxide emitted. 30 This will give 
the industry a new aggregate marginal cost curve MC + t. The 
profit-maximising output is then OQ2 , which gives the socially 
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optimal level of pollution OE2 . At the optimal level of 
pollution the marginal cost of reducing pollution concentra­
tion is eq ual for all emitters. (In the case considered this result 
follows directly from the assumption that all firms are 
identical, but it can easily be shown that it is a necessary 
condition for the achievement of the desired level of air 
q uality at least cost.) 

To set the optimal tax information is required on both the 
MCC and MDC functions. If this information is available it 
can be used to set the optimal emission standard. If there are 
n firms then the standard for the individual firm will be 
OE2 /n. 

Although the same red uction in the level of emissions can 
be achieved, using either of these policy instruments, there 
are some important differences in their associated effects. 
First, their distributional effects are different. The use of the 
tax involves each firm in making a payment of t multiplied 
by the number of pounds of S02 which it continues to emit. 
In contrast the use of the standard involves no such payment. 
Second, the implementation and enforcement costs of the 
two policies will be different. While both req uire the monitor­
ing of emissions and the use of legal powers (in the one case 
to enforce the standard and in the other to ensure that d ue 
tax payments are made) the tax solution also req uires the use 
of resources for the collection of the appropriate taxes.3 1 

Note that in terms of Figure 5.1 the case on efficiency 
grounds for the introduction of either the tax or the standard 
req uires that in each case their associated non-marginal 
implementation and administrative costs be less than abE) 
(the net increase in social benefits as a result of the abatement 
of pollution). 

Policy in the Absence 01 Da ta on MDC 

In general for emissions associated withenergy there is a lack 
of data on marginal damage cost functions. 32 In that case, as 
Baumol and Oates33 have argued, 'politically acceptable' 
rather than optimal levels of pollution are likely to be the 
objectives of public policy. They have showed that the least-



130 The Economics of Energy 

MCC 

MCC 

/1 ------ ----------------- /1 --

, , , , 
, ' , , , , 

O~--~;3~E~' 2----~E~I--- o 
Emis.sions 

Firm A 

FIGURE 5.2 
FormB 

E4 
Emissions 

cost method of attaining a particular standard will be a tax 
per unit of pollution equal to the long-run marginal costs of 
abatement at the 'acceptable' level. 

Figure 5.2 shows the MCC curves for two firms operating 
in a given airshed. The two policies to be considered are the 
imposition of a uniform tax or a uniform standard, both of 
which are set so as to reduce total emissions by 50 per cent. 
The imposition of the standard req uires firm A to abate 
emissions by EI E 2 and firm B by E4 E 6 . With this solution 
the marginal cost of red ucing emissions is different for the 
two firms, and is lower for firm A than for B. This means 
that the total cost of red ucing emissions by the req uired 
amount can be lowered by increasing the abatement in A 
from E2 to E 3 , and reducing that in B from E6 to Es. At 
these emission levels the total cost of achieving the desired 
abatement is minimised and this is the solution achieved by 
imposing the uniform tax rate Ot I . This constitutes the usual 
economic case for the claimed superiority of the pollution 
charge over the standard. 34 

Technological Change 

Pollution charges are also superior to regulatory standards in 
terms of the incentive which they give to firms to seek new 
methods for red ucing emission control costs. In Figure 5.3 
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Standard 

MCC t 

O'~--~E2------~--~~E------

EmISSIons 

FIGURES.3 

we show an initial standard at the level EI, and an eq uivalent 
emission-red ucing tax rate of tl. The original and new 
marginal control cost functions are designated MCC land 
MCC2 respectively. With the standard the firm's incentive to 
seek the cost-red ucing method of contral is limited to the 
reduction in contral costs shown as Eba. With the tax, how­
ever, this incentive is given by the sum of Eba and E 2 eaEI 
(the latter being the saving in tax payments). Not only is the 
incentive to reduce emission contral costs stranger with the 
tax, but in addition its use leads to a reduction of emissions -
to E 2 - a result which does not occur if the standard is used. 

Locational Factors 

A major deficiency of the preceding analysis is that it assurnes 
that the q uality of the airshed is the same for a11 po11utant­
discharging firms. In reality, as we have seen in the case of 
the Los Angeles airshed, this is not the case. There will be 
important locational differences in the damage costs associated 
with particular emissions. Thus they will be different in urban 
and rural areas, and for firms irl urban areas they will be 
different for those areas which are subject to frequent 
temperature inversions (such as Los Angeles) from those 
which are not. We will now extend the previous analysis to 
allow for local variations in damage costs. 35 

In Figure 5.4 are shown two firms with identical MCC 



132 The Economics 01 Energy 

~ I 

a 

Emissions o 
Urban Rural 

FIGURE 5.4 

funetions but different MDC funetions due to loeational 
faetors. One firm is assumed to operate in an urban area and 
the other in a rural area. The optimal level of pollution 
reduetion in the urban area is EI E2 and in the rural area 
E3 E4 . These reduetions ean be aehieved either by the appliea­
tion of the unit taxes t 1 and t2 on the urban and rural firms 
respeetively, or by imposing the individual standards at the 
levels E2 and E4 • 

We have previously noted that standards and tax es have 
different distributional implieations. Considering Figure 5.4 
it is important to note that a system of differential taxes also 
has some (unintended) distributional eonsequenees. To see 
this assurne that all firms are perfeet1y eompetitive and that 
before the imposition of the correetive taxes the priees of 
all inputs, and their q uality, was identieal for all firms. The 
introduetion of the system of differential taxes is equivalent 
to ehanging the relative priee of land in the two areas in 
favour of the rural area. This will result in the laHer land 
earning an eeonomie rent, sinee firms will take the tax into 
aeeount when making their loeation decisions. Thus as a 
result of the government tax poliey to internalise the external 
eosts there will be an unintended redistribution of ineome 
towards the owners of rural land. 

Timing 01 Control Measures 

The preceding analysis has assumed that governments are 
only interested in the quality of the environment and not in 
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the date at which a particular quality target will be achieved. 
But this is clearly incorrect; in general governments (as with 
the United States and J apanese Governments, in setting the 
emission standards for cars) are interested in both of these 
variables. The introduction of the timing of abatement means 
that there will be two policy targets, q uality and timing. 
Their achievement will require the use of two policy instru­
ments, since with a single-policy instrument the Government 
can control either the amount of abatement or thewtime of 
abatement, but not both. 36 

5.5 Problems of Application 

Whether it is decided to control pollution by the setting of 
regulatory standards or the use of pollution charges there are 
a numberofproblems involved in formulating and implement­
ing the chosen policy. These include problems associated 
with the measurement of emissions, the measurement of 
damage-cost functions and the setting of optimal taxes or 
regulations when energy production or use is associated with 
the emission of a number of pollutants. 

Measurement oi Emissions 

There are a number of problems associated with the measure­
ment of emissions. The use of either standards or charges 
req uires that changes in environment al q uality can be related 
to specific discharges; that means are available for the accurate 
measurement of emissions; that the chosen control method 
can be easily understood by the affected parties; and that it 
is reasonably cheap to implement and administer. In practice 
problems occur with each ofthese requirements. 

In many cases there is incomplete scientific knowledge of 
the function relating changes in environmental quality to 
particular emissions. In so me areas little information is avail­
able on the environmental impacts or effects of particular 
emissions. Examples include the long-term climatic effects 
of carbon dioxide emissions and the somatic and genetic 
effects of radiation. The absence of complete information on 
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the physical effects of particular emissions c1early precludes 
their accurate expression in monetary terms . 

. At the present time not only is information often incom­
plete on the reaction function between emissions and changes 
in environmental quality, but, in addition, available equip­
ment for measuring emissions is sometimes both expensive 
and inaccurate. Thus it has been estimated that equipment 
for the automatie measuring of S02 emissions has typically 
an error of 15 - 20 per cent. 3 7 

Even if the necessary eq uipment was relatively cheap and 
accurate there could still be a major problem of implementa­
tion in the case of pollution caused by a large number of 
small emitters, as with the infamous London and Los Angeles 
smogs. At the time of the 1952 London smog about 43 per 
cent of the smoke and 18 per cent of the sulphur dioxide in 
the air in the United Kingdom came from chimneys of 
houses. 38 The control of these emissions, using the tax 
instrument, would require the installation of an emission 
meter in each house, its periodic reading and billing of the 
occupant. Clearly in this case the transactions costs associated 
with the use of the tax, and the problems which individual 
emitters would have in understanding it, mean that the tax 
solution is alm ost certainly non-optimal.3 9 Similar problems 
can arise with the use of 'reasonable' standards, although 
they can be set in such a way that they are both easier to 
understand and involve lower transactions costs than the use 
of the tax instrument. This is the case, for example, when the 
standard for a partiClilar emission is set at zero. This was the 
solution adopted in the Uni ted Kingdom for the control of 
smoke emissions. The 1956 and 1968 Clean Air Acts gave 
local authorities powers to create smoke-control areas (smoke­
less zones) in which it is an offence to emit smoke from any 
chimney unless the premises concerned have been exempted.40 

The fact that there are a large number of small polluters 
does not necessarily mean that the tax solution is inapplic­
able. Thus an ingenious sehe me for taxing smog-contributing 
motorists has been put forward by economists at the Rand 
Corporation .41 One version of their proposed smog tax 
involved the periodic testing of cars and the assignment of a 
smog rating which could be indicated by a seal attached to 



Energy and the Environment 135 

the car. This would be used to determine the tax which the 
motorist would pay when he purchased gasoline. The tax 
cOlild be varied by area or airshed. 

This proposal raised an important question relating to the 
policing of the tax revenue collected by garages. Presumably 
to avoid fraud they would have to issue registered smog tax 
tickets (which could be monitored) to motorists. 

Damage-cost Functions 

The determination of optimal pollution taxes or standards 
requires data on both marginal damage-cost and control-cost 
functions. The estimation of damage-cost functions involves 
two steps. First, the estimation of the physical effects of the 
pollutants, and second their valuation in monetary terms. 
Many problems are involved at each of these steps. Many of 
the problems at the second stage arise from the absence of 
markets for many environmental goods; for example, property 
rights do not exist for items such as clean air. In addition the 
relevant measure of damage costs is the present value of the 
damage over all future time periods. This means that many of 
the problems which were discussed in Chapter 3 on depletion 
rates are eq ually applicable to the problem being discussed 
in this section, namely the absence of a complete set of 
futures markets. risk and uncertainty, and the choice of the 
optimum discount rate. Some of the difficulties in measuring 
damage-cost fllnctions will now be considered bricfly. 

The physical damage resulting from a change in emissions 
and ambient air quality will depend on the assimilative 
capacity of the environment. When it occurs this damage may 
take many forms. 42 Thus there may be adverse effects on 
climate and weather d ue to an increase in the concentration 
of carbon dioxide; adverse effects on natural resources, such 
as the loss of recreation benefits d ue to visual disamenity 
caused by strip mining, or the loss of agricultural output due 
to an increase in soil acidity; adverse effects on flora and 
fauna, and on materials such as the corrosion of buildings; 
and, finally, adverse effects on human health.43 Physical 
damagc may be separated by both time and space from the 
source of an emission. Examples include the possible genetic 
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effects resulting from exposure to radiation and sulphur 
dioxide emissions from industrial firms in the Ruhr (West 
Germany) which, given certain weather conditions, spread to 
Scandinavia where they cause air pollution and increased 
acidity in lakes. The second of these examples raises a familiar 
problem in cost-benefit analysis, namely where to draw the 
boundary for the costs and benefits which are to be counted. 
Typically this is drawn on national lines. Thus the solution 
to problems of trans-fron tier pollution requires international 
co-operation. Other problems relate to the choice of the units 
in which physical damage is to be measured and allowing for 
risk and uncertainty. 

Assuming that the relevant objective is an efficient alloca­
tion of resources, that the initial distribution of income and 
wealth is judged to be acceptable, then possible policy 
changes can be evaluated in terms of potential Pareto improve­
ments. In that case damage-cost functions should be valued in 
terms of Hick's compensating variations.44 The compensating 
variation measures the money transfers to and from an 
individ ual which will keep hirn in his initial welfare position. 
It can be defined as either the minimum sum of money 
required to compensate an individual for a change wh ich 
affects him adversely, or as the maximum amount which he 
would be willing to pay to derive the benefits from a change 
which affects hirn favourably. 

Unless income effects of price changes are equal to zero 
valuation in terms of compensating variations requires the 
use of compensated demand curves (demand curves which 
are measured solely in terms of substitution effects).45 Oue 
to data limitations in empirical work on the estimation of 
damage-cost functions it may be impossible to estimate 
compensated demand curves whence it would be necessary to 
work with ordinary demand curves. But this need not lead to 
a great loss of accuracy; it all depends on whether or not the 
income effects associated with environmental changes are 
significant. If a large number of individuals are each affected 
in a small way by the damage caused by a pollutant then it is 
unlikely that income effects will be significant. On the other 
hand the smaller the number of persons who are affected 
significantly by a change in the environment the less severe 
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are the estimation problems associated with compensated 
demand curves. 

A change in environmental quality may alter the probability 
of certain events. Thus an increase in the concentration of 
sulphates in the atmosphere may increase the probability of 
a person dying from various respiratory diseases. The damage­
cost estimate should then be in terms of the sum required to 
compensate the individ ual to make hirn indifferent between 
the two prob ability distributions. To state this principle is to 
raise many problems. A well-known one relates to the com­
pensation required to offset an increased probability of death, 
and this relates to the problem of valuing life. In the present 
context this valuation problem is complicated by the fact 
that many individ uals will not perceive the relationship 
between an increase in the emissions of particular pollutants 
and an increase in the probability of their death in each future 
year of their expected life. Clearly what is not perceived can­
not be valued in terms of compensating payments. A pertinent 
example of this relates to the risk of catastrophic accidents 
from the construction of nuclear power stations, for which 
the probability distribution is not known. 

Estimates of air pollution damage costs from all sources 
(not merely energy) are available for the United States and 
are given in Table 5.5. This table must be interpreted with 
great care. Many ofthe damage-cost categories are not additive. 
Thus changes in property values almost certainly include 
damage to the fabric of domestic properties, which is included 
under materials, and mayaIso include part of the soiling cost. 
With available data it is not possible to determine to what 
extent some costs are included in other costs. Further, 
changes in property values have to be interpreted with very 
great care if they are to be used as measures of the monetary 
value of damage. The principal problem is to determine 
whether observed changes in market prices measure either the 
compensation property owners req uire to accept air pollution 
or their willingness to pay for the removal of air pollution.46 

Problems 01 Multiple Emissions 

The analysis of Section 5.4 was in terms of a particular 
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activity generating emissions of a single pollutant. But, as 
was pointed out in Section 5.2, energy production and use 
is gene rally associated with the simultaneous production of a 
number of pollutants. This factor must be incorporated into 
the preceding analysis. 

If equipment can be assumed to be available to measure 
each of the emissions then, providing the relevant marginal 
damage and control functions are known, the optimal tax can 
be set on each emission.47 This can be illustrated using 
Figure 5.4 (p. 132), which must be interpreted as showing two 
separate emissions from a particular activity. If the tax 
policy is to be optimal the sum of the associated transaction 
costs (which inc1ude the costs of the req uired metering 
equipment) must be less than the sum of the areas EI ab and 
E3 cd in Figure 5.4. 

Suppose, however, that the sum of the transactions costs is 
greater than the sllm of these areas. This would suggest that 
the optimal policy is not to control some of the emissions, 
since although the marginal benefits from control exceed the 
marginal costs, the total benefits from control are less than 
the associated total costs. However, the question is posed as 
to whether there might be a single weighted average tax for 
the various emissions for which the associated transactions 
costs are less than the sum of the net benefits arising from 
the imposition ofthe tax. If the various emissions were always 
(for all production functions) produced in fixed proportions 
then the optimal policy would be to monitor the emission 
which could be measured most cheaply and to levy the tax 
on it, assuming that the transactions costs are less than the 
sum of the associated net benefits. Technological change 
which would alter the emission proportions would require 
the reca1culation of the optimal tax. The principal problem 
with the suggested weighted average tax is that information 
is required on all the marginal damage and control-cost 
functions for its ca1culation. 

5.6 Policy in Practice 

We have been unable to find examples of pollution taxes 
which are applied to emissions into the atmosphere (they are, 
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however, used in some countries for emissions into water 
courses).48 Two examp1es which appear at first sight to 
involve pollution taxes on doser examination prove not to 
be examples of the type of taxes considered earlier in Section 
5.4. These examples relate to the control of sulphur emissions 
in Norway and the Netherlands. 

Since 1971 Norway has had a tax on the sulphur content 
of fuels derived from petroleum. This tax has two objectives, 
first to reduce S02 emissions and second to raise revenue. 
The tax does not take account of any treatment which firms 
may undertake to reduce sulphur emissions from fuel used, 
does not vary regionally with pollution concentrations in the 
atmosphere, and is not levied on emitters but on oil suppliers. 
The tax consists of two parts: first, a basic charge of I öre 
per litre of oil regardless of sulphur content (revenue-raising), 
and second acharge based on sulphur content which varies 
from zero for a sulphur content of up to 0.5 per cent by 
weight to acharge of 1.2 öre per litre for a content of 3.0 to 
3.5 per cent by weight.49 The first part of the tax is not 
applicable to aB users of oil; for example, power stations are 
exempt. It is dear that this tax, since it is not levied on 
emitters and does not take account of treatment undertaken 
to reduce emissions, is at best a third-best approximation to 
the type of tax discussed earlier in this section. However, it 
should be borne in mind that Norwegian policy for abating 
S02 emissions relies mainly on direct regulation. This takes 
the form of setting product standards for the sulphur content 
of different fuels according to the purpose for which they are 
used. 

The control of S02 emissions in the Netherlands is also 
largely based on the setting of product standards and the use 
of licensing procedures.50 The former of these are aimed 
principally at red ucing total S02 concen trations, while the 
latter are aimed at red ucing local concentrations. The Nether­
land's Air Pollution Act stipulates that the costs of imp1em­
enting this legislation should be financed by acharge, which 
came into effect in 1972. This charge is related to the type of 
fuel and not to its sulphur content. It plays no incentive role. 

Many countries attempt to control sulphur oxide emissions 
by setting permitted standards for the sulphur content of 
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TABLE 5.6 

Permitted Sulphur Content o[ Fuels in France 

Fuel Prior to 1974 1974 1978 or 1980 
% % % 

Domestic fue! oi! 0.70 0.55 0.3 

Light fue! oi! 2.0 2.0 cancelled !975 

Ileavy fue! oi!, No. ! 2.0 2.0 2.0 

Heavy fue! oil, No. 2 4.0 4.0 4.0 

fuels. The maximum sulphur content by weight for different 
liquid fuels in France are given in Table 5.6. 

Policy in Japan emphasises the control of sulphur content 
of heavy fuel oils. Similarly, control of sulphur emissions in 
the United States has relied on the use of regulations and not 
on the use of pollution taxes. Thus we have previously 
noted that in Los Angeles county power stations both have 
been and are an important source of emissions. They have 
been controlled via the enactment of certain regulations. 
Be fore 1967 these concentrated on the substitution of 
natural gas for high sulphur fuel oil. In 1968 a rule was 
enacted (Number 62.2) requiring a11 users of fuel oil to burn 
low-sulphur fuel oil whenever natural gas was not available. 
At that time oil from Indonesia and Alaska was becoming 
available in substantial quantities, and its sulphur content was 
0.5 per cent by weight, or less. 

Although the possibility of a smog tax on cars has been 
considered (p. 134), those countries which attempt to control 
emissions from mobile sources rely on a range of non-price 
control measures, such as the setting of vehicle emission 
standards (as in the United States and Japan) and the use of 
controls aimed at reducing vehicle miles travelled (V.M.T.). 
A reduction in V.M.T. would not only cause an improvement 
in air quality (see Table 5.7), but in addition it would reduce 
congestion and aid energy conservation. The range and type 
of measures which have been proposed to reduce V.M.T. can 
be illustrated with the Short-Range Transportation Plan which 
was adopted on 11 April 1974 by the Southern California 
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TABLE 5.7 

Average United States Emissions per Mile Travelled 

(in grams per mile) 

Pollutant 1965 1970 1971 1972 1973 

Carbon monoxide 89 78 74 61\ ~2 
Hydrocarbons (exhaust) 9.2 7.8 7.2 6.6 1.;. 1 
Hydrocarbons (crankease 

and evaporation) 5.8 3.9 3.5 2.9 2.4 
Nitrogen oxides 4.8 5.3 5.4 5.4 5.4 

sou RtE: Environmental Protection Agency, Monitoring and Air Quality Trellds 
Report (1972.1973) table 4-13. . 

Association of Governments (S.C.A.G.).51 This plan empha­
sised the development of incentives for the formation of 
carpools and for vehicle users to transfer to buses. Thus it 
involved an expansion of the bus system and the granting of 
preferential treatment for buses and carpools on freeway lanes 
and major arterial roads with the aim of reducing journey 
times. 

5.6 Conclusions 

In this chapter we considered the nature and quantitative 
significance of various pollutants associated with the produc­
tion, distribution and use of energy. It was seen that such 
pollutants are pervasive and sometimes involve problems of 
transfrontier pollution. The relative merits of regulations and 
pollution taxes as control instruments were analysed52 and 
the types of control policies which are used in practice were 
considered briefly. It was noted that at the time of writing no 
country appeared to be using taxes for the control of emis­
sions or resid uals associated with energy. 

There are a number of problems which must be overcome 
before optimal taxes or regulations can be used as control 
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instruments. Many of these relate to the problems of measur­
ing and valuing the relevant damage-cost functions. These 
include problems of relating emissions to particular dis­
chargers, problems of determining the functional relationship 
between the ambient air quality in an airshed and particular 
emissions, the problem of determining optimal taxes or 
regulations when the pollution production function is multi­
product, the problem of valuing emissions when the effects 
are irreversible and will mainly effect future generations, and 
so on. 

To recognise these problems is not to argue that energy 
prices should be related to their marginal private costs and 
that the social costs associated with environmental damage 
should be ignored. Rather it is to argue for more research 
into the estimation of the relevant damage-cost functions and 
for the implementation of second-best pricing policies based 
upon such information about the relevant functions as is 
available. This is a policy area in which there appears to ce 
no practical alternative to the adoption of piecemeal optimisa­
tion policies. 



6. FISCAL INSTRUMENTS 
OF ENERGY POLICY 

6.1 Introduction 

An elementary theorem in the theory of public policy 
indicates that if the Government wishes to achieve certain 
values of given 'target' variables, for example a particular 
level of employment or size of balance-of-payments surplus, 
it must have at its disposal at least as many different policy 
instruments.! In the field of energy economics this restriction 
is particularly important because of the extreme complexity 
and range of objectives which are frequently involved. In 
Chapter 3 we noted some of the problems in efficiency such 
as information externalities, and ill-defined property rights 
(Le. common pools) which could lead tosub-optimal levels 
of exploration and too rapid a rate of depletion of known 
resources. Chapter 4 made reference to the effects on income 
distribution of energy pricing policies, while in Chapter 5 the 
problems of pollution externalities which arise from energy 
use were examined. The development of energy resources may 
have important consequences for employment and regional 
policy, as weIl as for other macro-economic aggregates such 
as the balance of payments. Governments are also observed 
to be interested in the extent of foreign control over energy 
resources and the implications for national security of relying 
on various sources of supply. Exploitation of energy resources 
mayaIso enable companies to receive large elements of 
economic rent which governments often judge should more 
properly accrue to the state. 

This variety and breadth of policy interest inevitably makes 
energy policy a very complicated problem in public finance. 
As an example, consider a tax introduced to control the rate 
of depletion of an indigenous energy source. ·In certain 
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circumstances it may succeed only at the cost of encouraging 
imports which now replace domestic supplies. This result 
would be counter to any balance-of-payments or national 
security objective. A tariff or quota might then reduce 
imports, but the resuIting protection and higher domestic 
prices could run foul of income distribution objectives. They 
would also, ceteris paribus, increase the profitability of 
domestic production and thwart any attempt at taxing excess 
profits. Further there is no assurance that the prevailing price 
would be appropriate on environmental grounds. The resource 
might have a high 'user cost' but rather low associated 
environment al costs. This is the type of dilemma which occurs 
in the case of natural gas, which is a relatively 'clean' fuel. 

In the following sections it is assumed that pollution prob­
lems are tackled by fiscalor other means as described in 
Chapter 5, that production externalities stemming from 
resources held in common are resolved by field unitisation 
or, where appropriate, international agreement,2 and that 
aggregate monetary and fiscal policies are capable of solving 
problems of macro-economic adjustment. Two major issues 
are investigated: the effects of various tax instruments on the 
depletion rate, and the various methods available for taxing 
economic rent. 

The latter problem has taken on increasing significance in 
recent years with the higher prevailing prices of energy 
resources creating windfall gains for many producers. Whether 
such gains 'ought' to be taxed at higher rates than apply to 
normal income is entirely a matter of equity. When the 
resources concerned are located offshore under the continental 
shelf or are discovered on federalland the usual judgement is 
that any economic rent should accrue to the state. Where 
resources are discovered on private land opinions vary. In the 
Uni ted Kingdom many mineral rights are vested in the Crown 
whereas in the United States, where property rights are per­
haps less restricted, gains to private owners are treated as 
capital gains for tax purposes. Apart from considerations of 
what is 'just', the taxation of economic rent has the theo­
retically attractive feature that it willleave resource allocation 
unaffected. The practical difficulties of realising this ideal, 
however, will become apparent in later sections. 
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Seetions 6.2 and 6.3 present a primarily theoretieal analysis 
of the effeets of various poliey instruments (sueh as severanee 
taxes, property taxes and ineome taxes) on the rate of 
depletion of natural resourees, and a diseussion of the prob­
lems involved in attempting to tax eeonomie rent. Seetion 
6.4 briefly reviews some non-fiseal alternatives sueh as priee 
regulation. In Seetions 6.5 and 6.6 some praetieal examples 
are introdueed. We have ehosen the British system of taxation 
in the North Sea and the graduated uranium royalty in 
Saskatehewan as illustrations of the problems involved in 
designing praetieal tax measures whieh ean be expeeted to 
aehieve speeified objeetives. Seetion 6.7 reviews so me reeent 
developments in the United States with respeet to the taxation 
of energy resourees, in partieular the reduetion in 1975 of 
the tax allowanees available to the oi! and gas ind ustries. A 
few eonduding eomments make up Seetion 6.8. 

6.2 Taxes and the Depletion Rate 

This mainly theoretical seetion eoneentrates on a number of 
tax instruments eommonly used in the field of energy poliey 
anO theIr Impact on the rate of depletion of natural resourees. 
Severanee taxes, property taxes, ineome taxes and eapital 
gains taxes will be investigated in turn. 

( 1) Severance Taxes 

Severanee taxes are simply exeise taxes plaeed on the output 
of extraetive industries. Like other excise taxes they may be 
'specifie', i.e. levied at a eertain rate per unit of physieal 
output, or ad valarem, i.e. levied on the priee of each unit. 
In the ease of oil, for example, the former might also be ealled 
a 'barrelage tax' while the latter would include payments of 
'royalty', usually a given pereentage of the value of oB 
produetion at the wellhead. 

To understand the ways in whieh these taxes might affeet 
the depletion rate it is neeessary to return to the model 
developed by Herfindahl and deseribed in Chapter 3. In the 
simplest ease a given known stoek of oi! extraetable at eon-
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stant marginal cost is available to the community. It was then 
established that the depletion rate would be determined from 
the 'fundamental principle' that the 'net price' of the resource 
must rise at a rate equal to the rate of interest or 

Pt - C = X(l + r)t , (6.1 ) 

where Pt = price of resource at time t 

C = marginal extraction cost (assumed constant) 

r = rate of interest. 

Using this very simple apparatus the impact of a specific tax 
on output was investigated on the assumption that a ceiling 
price existed at which demand would decline to zero­
perhaps as a result of the availability of some elose substitute. 
The conelusion, illustrated in Figure 3.6 (p. 43), was that a 
specific tax would lower the rate of depletion and extend the 
time to depletion. It would also lower the present value of 
the unworked deposits (or royalty3 as we termed it). This 
result seems intuitively reasonable. Because the tax is a fixed 
sum per unit of output it is elear that the present value of the 
tax paid will be reduced as the output is delayed. 

The case is somewhat different, however, for an ad valorem 
tax. Suppose, for example, that a tax is imposed at 20 per 
cent of the value of sales. According to our model lowering 
the rate of depletion is less likely to be such an attractive 
proposition compared with the specific tax case. The basic 
reason is simply that any delay in tax payment is now to 
some extent counterbalanced by the fact that future sales 
will be made at lligher prices and that the absolute amount of 
tax payable on these sales will therefore be lligher. 

To be more specific. it is known that before the introduc­
tion of the tax. equation (6.1) describes an equilibrium time 
path of prices. After the imposition of an ad ralorem tax at 
rate l' howewr it is found that 

Pt - C - rPt = X( 1 + r)t - I'Pt 
or 

Pt - C - l'Pt . lPt 
~---~ = X - ---

(1 + r)t (l + r)t 
(6.2) 
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The present value of the 'net price' (i.e. price net of both 
extraction costs and taxes) is no longer constant. If the price 
of the output were to follow the same course as it did prior 
to the tax then (again from eq uation (6.1 )) 

t1(Pt - C) 
=r 

Pt - C 

or 

t1Pt=r(l_~). 
Pt Pt 

(6.3) 

From 'equation (6.3) it is seen that prior to the tax the price 
of the resource in the market is increasing at a lower rate than 
the rate of interest. The rate of increase of the market price 
would in fact te nd towards the rate ofinterest as the (constant) 
marginal extraction costs became an ever smaller proportion 
of the price, or would equal the rate of interest if extraction 
costs were zero. It follows that with positil'e extraction costs 
the second term on the right-hand side of equation (6.2) 
must become smaller over time and that hence the value of 
the whole expression will increase. Resources will become 
more valuable in present-value terms the longer their extrac­
tion is delayed and the existing time path of prices can there­
fore no longer achieve equilibrium. Prices must adjust to the 
new eq uilibrium condition 

Pt - C - l'Pt 
-----=\* 

(1 + ,y , 

which will involve higher present prices but a slower rate of 
increase. Theory therefore suggests that severance taxes of 
both specific and ad l'alorem varieties will reduce depletion 
rates but that the strength of this force will be less in the case 
of the ad mlorem tax. In the limiting case of zero extraction 
costs the price of the resourceprior to the tax must be 
increasing at the rate of interest and the right-hand side of 
eq uation (6.2) will therefore be constant. Thus the same time 
path of prices will suit the situation both with and without 
the tax, and in these rather unrealistic conditions the ad 
l'a/orem tax would be entirely neutral with respect to the 
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depletion rate. With C = 0 and letting Pt = X(l + r)t equation 
(6.2) eould then be written 

Pt . - vPt -'---'- = X(l - v) = A *. 
(l + r)t 

The value of the resouree is redueed by the rate of tax and 
no change in depletion poliey on the part of resouree owners 
can reduee the burden. 

(2) Property Taxes 

A tax levied eaeh year on the value of mineral deposits will 
te nd to advanee the rate of depletion. As was shown in 
Chapter 3 the value of deposits in the asset market (the base 
of the property tax) will be the present value of the future 
net profit from extraeting and selling them. In equilibrium 
this value will be inereasing over time at the rate of interest, 
thus providing resouree owners with the ineentive to hold 
them. Clearly an annual tax on property will greatly red uee 
this ineentive sinee the longer a deposit is held the greater 
will be the tax paid on it. 

To see in more detail how depletion rates will be affeeted 
by a property tax eonsider the position of the owner of a 
resouree deposit who is deciding whether to hold the deposit 
for a further period or to ,extraet the resouree and seIl it in 
the produet market. Suppose that before the property tax is 
introdueed the owner is indifferent between these two 
prospeets as the simple model of Chapter 3 suggests he will 
be if equilibrium prevails. If X represents the asset value of 
the resoutee at time zero and g is its rate of inerease then, 
following the introd uetion of the tax at rate p, adecision to 
eonserve the asset will result in wealth next period of 

wf = X(l + g) (1 - p). 

Extraeting the resouree and investing the proeeeds at the 
prevailing rate of interest r however will yield 

wf = X(l + r). 

The post-tax equilibrium in whieh resouree owners are onee 
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more indifferent between holding and exploiting deposits will 
therefore be characterised by the relationship wf = wf or 

hence 

(1 + g) (1 - p) = I + r, 

I + r 
(1 +g) =--, 

I-p 
(6.4) 

which for 0< P < I implies g> r. Deposit-holders must be 
compensated for the property tax by a larger expected rate 
of increase in the value of their asset. This is equivalent to 
saying that the rate at wh ich asset-holders discount future net 
revenue from exploiting their deposits rises with the intro­
duction of the property tax. The result of such an increase in 
the rate of discount applied to future net revenues is a rise in 
the depletion rate and a fall in the asset value of the deposits 
(X) compared with the situation prevailing before the tax was 
introduced. 

It is worth noting, however, that the above analysis assurnes 
that the property tax is not integrated into a more general 
system of wealth taxation. If, for example, all wealth includ­
ing financial assets as weIl as physical property were taxed at 
the same rate there would be no possibility of avoiding tax 
by switching assets. Such a tax would therefore leave the 
depletion rate unaffected.4 

(3) Income Taxes 

The incidence of income taxes, especially corporate income 
taxes, has been a matter of great controversy for many years 
now and is still far from resolved. Perhaps the simplest 
approach at the beginning is to assurne an income tax is 
imposed on the natural resource companies alone. lt is then 
fairly straight forward to show, once more using the basic 
model of Chapter 3, that providing the tax is on net income 
and providing it is a flat-rate tax and not expected to alter in 
the future, depletion rates will be unaffected. 6 The reason 
for this lack of 'leverage' is that a 'net price' of the resource 
rising at the rate of interest will imply a tax take also rising 
at the rate of interest. Altering the date of production will 
not therefore change the present value of the tax paid. 
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Multip1ying both sides of equation (6.1) by (1 - y) where y 
is the rate of income tax we obtain 

(Pt - C)(1 -y) =A(1 _y). 
(1 + r)t 

(6.5) 

A time path of prices which satisfies eq uation (6.1) will also 
satisfy equation (6.5) and the present va1ue of the after-tax 
return remains independent of the time at which production 
occurs. The tax falls entire1y on the resource-owner the value 
ofwhose deposits fall from A to MI - y). 

If the tax is imposed on net business income generally , 
however, we cannot avoid the question of whether such a tax 
has a differential impact on the mineral industries vis-a-vis 
the others. Let us suppose that a general tax on business 
in co me is not shifted forward. The implication is that post­
tax rates of return will now be lower than the r per cent 
previously obtained on productive investments. However, as 
we have seen, the return to holding mineral deposits remains 
at r with the depletion rate unaffected in the first instance by 
the income tax. Clearly this situation cannot continue, and 
in the long run the expected response would be an increased 
demand to hold mineral deposits, thereby bidding up their 
price, with future net revenues from extraction discounted at 
the now lower prevailing post-tax rate of return. A lower rate 
of discount then suggests the familiar result that the rate of 
depletion will be retarded compared with the initial no-tax 
position. 

This result is perhaps counter-intuitive at first sight. We 
seem to have demonstrated that far from being neutral a 
business income tax which is not shifted will slow down the 
rate of depletion. The reason lies in the implied treatment of 
capital gains. Although the tax is levied on business 'income' 
we have not included capital gains on the holding of mineral 
deposits in the tax base and it is this favourable treatment of 
capital gains which leads to the slower depletion rate. 

( 4) Capital Gains Taxes 

The relationship between the time path of asset prices and 
the income tax and capital gains tax rates can be illustrated 
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by eonsidering the problem faeed by resouree owners in 
deciding whether to extraet or eonserve their deposits. An 
equilibrium time path of depletion requires that the owner is 
indifferent between extracting an extra unit of resouree and 
selling it now, or holding it until the next time period. Ifthe 
owner decides to exploit the resouree immediately, he ean 
seIl for a net priee Po - C ="A leaving hirn (I - y)"A after 
ineome tax. By the next period his wealth will have inereased 
to (I - y) A( I + r) if invested at the rate of interest, but he 
will also have to pay ineome tax on the interest eomponent. 
Henee the owner's wealth in period one (Wf) ean be written 

wf = (1 - y)"A(1 + r) - yr(1 - y)"A 

or wf = (1 - y) "A(1 + r - yr). 

If, on the other hand, the resouree-owner decides to eonserve 
hIS deposit until period one it will have grown in value to 
(I - y) "A( I + g), where g is the rate of inerease in asset priees. 
Capital gains tax at rate k will be levied on this inerease, 
however, and in these cireumstanees the owner's wealth 
(Wf) ean be written 

wf = (1 - y) "A(1 + g - kg). 

Equilibrium requires therefore that wf = wf 
or I + g - kg = I + r - yr 

or 
r(l - y) 

g= l-k . (6.6) 

If k< y it follows that g < rand asset prices rise more slowly 
than the market rate of interest. This is not unreasonable. If 
capital gains are treated more favourably than other gains, 
people will try to achieve income in this favoured form. In 
the present context this implies holding mineral deposits as 
assets, i.e. conservationJ 

(5) Tax Allowances 

Some of the major controversies in energy tax policy centre 
around the impact of tax allowances in the context of 
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corporate income taxes. As we have seen, the objective of the 
corporate income (or profits) tax is to tax the net revenue of 
an operation, i.e. that revenue remaining after all the costs 
incurred in earning it have been subtracted. Enormous 
practical difficulties arise, however, in defining what 'allow­
able' costs should be in any particular year. 8 For present 
purposes, however, it is sufficient to concentrate on two 
major issues - the effect of 'expensing' provisions and 
'depletion allowances'. 

(a) 'Expensing' 
The traditional treatment of durable assets is that their 
historie costs should be written off grad ually over their 
working lives. 'Expensing' refers to the practice of treating 
certain durable assets as if they were current expenses and 
allowing their cost to be written off against tax immediately. 
This results in a benefit to the producer in so rar as his tax 
payments are delayed until future periods.9 When investigat­
ing the impact of capital allowances on depletion rates it is 
obviously necessary to have a 'norm' or standard against 
which any change can be measured. In his paper on petroleum 
conservation, McDonald 1 0 takes as his point of reference the 
optimal depletion rate prior to the introduction of an income 
tax and then looks at the combined effects of the tax and 
expensing provisions. He argues that such a package is neutral 
with respect to known and already developed deposits. 
Clearly as far as existing capacity is concerned the related 
tax allowances will be uninfluenced by changes in the rate 
of depletion, providing that the allowances are dependent 
only on the passage of time. Whether immediate write-off or 
more traditional depreciation proced ures are adopted for tax 
purposes cannot affect the optimal time path of production 
on already developed resources. 

However, an important policy dispute in the United States 
concerns the likely results of expensing provisions which 
favour petroleum companies over other firms. Expensing in 
this debate refers to the ability of petroleum companies to 
write down 'intangible costs of drilling' (mainly labour costs) 
immediately, when they should more properly be regarded as 
an investment necessary to acquire a durable capital asset 
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(i.e. a productive weH). This privilege, by increasing the rate 
of return in the mineral industries relative to that obtainable 
in other sectors would be expected to induce a flow of 
resources towards finding and developing petroleum assets 
until post-tax returns were equalised. In consequence the 
special tax provisions might result in an over-intensive use of 
natural resource deposits. In the case of our simple model of 
depletion with known and fixed stocks of resources, however, 
the main impact would be on the price of resource deposits 
with resource owners benefiting from the tax advantages 
through higher asset values or 'royalties', as we termed them 
in Chapter 3. 

(b) Depletion Allowances 
A depletion allowance is theoreticaHy no more than the 
equivalent of anormal depreciation aHowance designed to 
aHow for the fact that the extraction of mineral deposits 
inevitably reduces the total value of those remaining. The 
mine or weH is regarded as a capital asset which must be 
depreciated as the stock of resource and physical capital 
is used up. The tax instrument which has given rise to con­
siderable controversy in the United States is the 'percentage 
depletion deduction'. Until it was substantiaHy withdrawn in 
1975 percentage depletion enabled oil and gas producers to 
deduct 22 per cent of their grass income from sales as a 
depletion aHowance. More details ofthe history of percentage 
depletion are given in Seetion 6.8. Here we are merely 
concerned with the likely impact of this kind of production­
related allowance on the rate of depletion. 

It is fairly easy to show that the percentage depletion 
deduction is equivalent in nature to an ad valorem sales 
subsidy. Post-tax income from a unit of production where 
percentage depletion is available can be written 

Vii = (Pt - C) - y(Pt - C - oPt ), 

where, as be fore , Pt = price of output, C = marginal cost, 
y = in co me tax rate, and 0 = percentage depletion allowance. 
If, instead of the depletion allowance, a sales subsidy were 
available, post-tax income could be written 

Vs = (Pt - C + sPt ) - y(Pt - C), 
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assuming that subsidy receipts are not themselves subject to 
income tax and where s = subsidy rate. 

Setting Vii = Vs it is then found that 

sPt = yöPt 

or S = yö. (6.7) 

An ad valorem sales subsidy of yö would leave a mining firm 
in exactly the same position as a percentage depletion allow­
ance of ö. If subsidy receipts are subject to income tax the 
equation must be modified to 

yö 
s=--. 

l-y 

With the equivalence of the percentage depletion allowance 
to a negative ad valorem sales tax established, its effect on 
the rate of depletion can be investigated using the same 
apparatus as that developed above for severance taxes. It was 
argued there that an ad valorem severance tax would tend to 
retard the rate of depletion and red uce asset values. By 
symmetrical reasoning it can be established that a percentage 
depletion allowance based on the gross value of sales will 
tend to advance depletion and raise asset values. It is worth 
pointing out, however, that the strength of this force towards 
increased present production is not as great as might be 
expected from considering the impact of a sales subsidy in 
traditional static analysis. If depletion rates are ultimately 
related to the 'fundamental principle' and future prices are 
expected to be higher than current prices the nominal value 
of future allowances linked to these future prices will also be 
higher. In the limit, with zero extraction costs and prices 
rising at the rate of interest, the percentage depletion allow­
ance would be neutral with respect to the depletion rate. 

Limitations 01 the Simple Model 

The analysis above has yielded some fairly definite theoretical 
predictions but, as is often the case, only at the cost of making 
so me important assumptions. It will be recalled that in the 
simplest model of Chapter 3 (p. 37) the total resource stock 
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was assumed known, property rights were weU-established, 
the resource was homogeneous, marginal costs were constant, 
markets were assumed competitive and futures markets 
worked efficiently. Relaxing these assumptions adds consider­
ably to the complexity of the analysis. The most obvious 
point is that resource stocks are not known but must be 
discovered and developed, and that the tax instruments 
discussed above will have an effect on exploration activity 
and investment in reserves, and not merely on depletion. 
'Expensing' and low capital gains tax rates, for example, will 
make searching for mineral deposits an attractive proposition 
as has already been noted, and in conditions of great uncer­
tainty we can no longer deduce that the major beneficiaries 
of favourable tax provisions will inevitably be the land­
owners. 12 Further, resource stocks are not fixed in supply 
but rather are available in varying grades and q ualities and at 
varying extraction costs. As we note in Chapter 2 (p. 24), oil 
is available in very large quantities from shales and tar sands, 
but only at higher costs than more conventional sources. Tax 
measures which raise rates ofretum in the petroleum industry 
relative to other industries may therefore have an effect on 
depletion rates by making the exploitation of hitherto 
marginal deposits profitable and thus effectively increasing 
the total stock of the resource economically recoverable. 
This would apply both at the extensive margin (e.g. rendering 
the exploitation of shales attractive) and at the intensive 
margin (e.g. making profitable the installation of eq uipment 
in existing weHs to improve recovery ratios). 

With these reservations in mind the basic results of this 
section can now be briefly summarised. severance taxes of 
both specific and ad J'alorem varieties tend to delay depletion 
with the former being more effective from this point of view. 
Favourable capital gains provisions relative to the taxation of 
other forms of income will also tend to encourage conserva­
tion. A tax on net income which is not shifted 13 will be 
neutral with respect to existing deposits, but combined with 
adepietion aHowance based on gross sales will increase the 
depletion rate. 'Expensing' provisions and other favourable 
tax allowances may encourage exploration and investment 
in 'reserves'. 
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6.3 Taxes and Economic Rent 

As was argued in Seetion 6.1 governments have beeome 
inereasingly eoneerned to tax the very large eeonomie rents 
which ean arise in minerals industries, more especially of 
course in the production of erude oil. Before going on to 
investigate the ability of various tax measures to appropriate 
this rent it is important to understand how this 'surplus' 
arises. 

In the ease of our simple depletion model of Chapter 3 
(p. 37) with a fixed stock of a homogeneous resouree the 
analysis approaehes most closely the classic view of rent as 
the return to a faetor in inelastic supply. Suppose that a 
fixed supply of a non-depletable resouree existed. Its price 
would be dependent entirely on its value in produetion at the 
margin, and in the absence of maintenanee eosts the entire 
priee would represent eeonomie rent. 14 Where the stock is 
depletable, as in the ease of energy resourees, the analysis is 
more eomplieated, as we have seen, but the prineiple is 
unaltered. The priee of the resouree will refleet its marginal 
value in produetion, but now this value must include the 
possibility of using the resouree in various time periods and 
not merely in various uses at a given point in time. An excess 
of priee over marginal extraction eosts will represent rent 
which in equilibrium will rise at the rate of interest. The 
aetual rent reeeived by the producer or owner will therefore 
depend upon the time at whieh the resouree is exploited, but 
its present value is independent of this date. 

Where costs of produetion differ, so also will the rents 
derivable from the mineral deposits. Here the analysis mirrors 
closely the tradition al treatment of differential rents stemming 
from the varying fertility of land or the more convenient 
loeation of markets. As we saw in Chapter 3, higher-cost 
deposits will yield rents of a lower present value than lower­
cost deposits. This may be because nominal rents are lower 
when exploitation occurs, but a more important factor is that 
the higher-eost deposits will be exploited later (see Figure 
3.7,p.46). 

Casual observation suggests, however, that our basic theory 
is defieient. Low-cost sources of oil [rom the Middle East are 
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produced along with oil from inhospitable regions of Alaska 
and offshore deposits in the Gulf of Mexico or the North Sea. 
It seems that other considerations influence resource exploita­
tion decisions than the profit-maximising behaviour of 
competitive oil companies. Two important possibilities are 
the desire for security and the existence of monopoly. 

Importing oil from low-cost regions has the obvious 
political disadvantage that such dependence could be used as 
a bargaining counter in negotiations on quite unrelated 
topics - the recent Middle East oil embargo is a clear example. 
The problem is inevitably accentuated if the low-cost areas 
are very concentrated geographically and organised in a 
tightly knit cartel such as OPEC (the Organisation of Petroleum 
Exporting Countries). From the point of view of any indi­
vidual country the financial costs of obtaining oil are not 
therefore the only costs to consider and there may exist an 
incentive to place a tariff or other restriction on imports in 
order to encourage domestic production of higher-cost 
reserves. This will have the "added effect of increasing the 
rents derivable from the more favourable domestic sources. 

Monopoly control of all oil deposits would not be expected 
to result in these deposits being exploited in an inefficient 
sequence. They would simply be exploited more slowly with 
higher present prices. In present conditions, however, OPEC 
does not control all oil deposits, merely the least-cost ones. 
By setting prices lügher than a competitive market would 
produce, OPEC thereby open up opportunities for hitherto 
rather marginal deposits to be exploited profitably. It should 
be noted, however, that higher prices per se will not neces­
sarily lead to exploitation of the higher-cost resources. If the 
rents from OPEC oil were expected to continue to rise in the 
future at the rate of discount used by the owners of high-cost 
reserves then the analysis of Chapter 3 indicates that the latter 
will still find it expedient to delay production. If on the other 
hand the expectation was that the OPEC price was 'too high' 
in the sense of being above a sustainable equilibrium time 
path, and that it was unlikely to rise much further for several 
years, there would be a clear incentive to deplete high-cost 
reserves as quickly as possible. 

Thus, for the purposes of analysing the effects of various 
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taxes on rents it is useful to distinguish between a framework 
in the traditions of the simple depletion model of Chapter 3 
and a framework which regards rent as primarily the outcome 
of tariff protection or monopoly pricing. 

Rents in the Depletion Model 

Although only passing reference was made in the last section 
to the effects of the tax measures investigated on asset values 
or 'royalties', it is evident that these indicate the extent to 
which taxes are borne by resource-owners (i.e. the extent to 
which they reduce the present value of the rents). Briefly the 
results indicated that severance taxes would reduce rents and 
in the limiting case of an ad valorem tax with zero extraction 
costs would be fully paid out of rents. Similarly, taxes on 
wealth and net income (in the absence of special expensing or 
depletion provisions) will fall entirely on the owners of 
resource deposits. Property taxes are also predicted to result 
in a drop in asset values, but the fact that this tax is not 
neutral with respect to the depletion rate even in the simplest 
of models suggests that the final incidence is more compli­
cated. 15 

Rents in a Stable Prices Model 

In this section the price of the extracted resource is assumed 
to be set by a cartel outside the control of the producing 
companies. This price is expected to remain constant and 
there is therefore a strong incentive to deplete q uickly. Faster 
depletion is costly, however, requiring more wells and lower 
ultimate recovery and companies therefore select a rate of 
depletion which maximises the net present value of their 
assets. It is further assumed, not unrealistically, that the 
q uality of deposits within the boundaries of the country 
concerned vary widely and that higher outputs per unit of 
time can only be obtained by resorting to more costly sources 
of supply. More definite examples of cost variations in the 
North Sea are given in Section 6.5. In these circumstances the 
supply curve of output will be upward-sloping as represented 
in Figure 6.1. 
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FIGURE 6.1 

With the demand curve DD and the import price fixed 
at p* output will be OQ! and imports will amount to Q! Q2. 
Total rent from production per time period will be given by 
the area AP* B. Standard supply and demand analysis can 
now be used to demonstrate the effect of a specific severance 
tax. Following Kemp l6 we first assume that the tax is placed 
both on domestic and imported sources. The supply curve 
shifts as a result to S2 S2 and the import price to P**. It is 
evident that such a measure does not hing to capture the 
economic rent. The main effect is to reduce total demand 
and imports by the same amount. A tax on domestic supplies 
only, however, is different. In this case the market price 
remains fixed at p* and the revenue raised (P*e/g) comes 
entirely from domestic producers. Imports rise from Q! Q2 
to Q4 Q2 . A severance tax will fall on rent therefore, providing 
that imports are not taxed. 17 

As with the model of Section 6.2 a profits tax fn the stable 
prices case would fall substantiallyon rent since the assump­
tion of a fixed import price ensures that the tax cannot be 
shifted forwards. In principle such a tax should prove a much 
more efficient 'rent extracter' than a severance tax and would 
avoid pricing the most costly sources out of the market. In 
practice it is doubtful whether profits taxes exhibit this 
degree of neutrality.18 Allowances for capital depreciation, 
for example, will often favour certain projects over others. A 
more direct way of taxing net present values would be to do 
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so via a property tax. The analysis here is liHle different from 
that of Section 6.2. The tax would fall on resource rents, but 
there would be additional effects associated with speeding up 
the rate of depletion. 19 

Criticisms of these tax measures can be made on several 
grounds. The severance tax on domestic production alone 
has associated efficiency losses in that the resulting increase 
in imports could have been produced from domestic reserves 
at lower resource cost; the property tax hastens depletion 
rates; while both taxes will have adverse effects on company 
liq uidity at the early stages of development when they could 
become payable before positive net revenues are achieved.20 

Unless these effects are desired for quite separate reasons of 
policy they obviously suggest the possibility of improved 
means of taxing rent. In principle after all, as was pointed out 
in Section 6.1, the advantage of taxing rent is that it can be 
accomplished without inducing efficiency losses through the 
reallocation of resources. Further, a major criticism of all the 
tax measures so far discussed is that they are capable of 
yielding to the exchequer only a proportion of the total 
rents available. A profits tax levied at a flat rate of 50 per 
cent, for example, would stillleave 50 per cent of the rents in 
the hands of the companies and would therefore still imply 
the existence of higher post-tax rates of return on low-cost 
deposits relative to high-cost deposits. 21 These considerations 
have led a number of economists to consider alternative ways 
of taxing rent. 

Progressive Rent Taxes 

The first possibility to consider is that a profits tax could be 
levied at increasing marginal rates instead of being levied at a 
flat rate. Unfortunately this does not solve the problem. It is 
quite possible for higher absolute profit levels to be achieved 
on high-cost reserves requiring very large quantities of capital 
investment if the volume of these reserves is great. Sm aller 
deposits, on the other hand, yielding smaller flows of net 
revenue might nevertheless produce much larger profits per 
unit of production, or per unit of capital invested. Thus there 
is no assurance that a profits tax levied at increasing marginal 
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rates would achieve the objective of appropriating economic 
rent. 

Economists have not, however, been slow to suggest refine­
ments. If profits per unit of production vary a great deal it 
has been suggested that the rate of tax could be determined 
with reference to this ratio. Thus a deposit with a higher 
ratio of profits to output in any year would be required to 
pay a higher rate of tax on the profits. Alternatively, Kemp 
proposes to link the tax rate to the ratio of profits to total 
capital expenditure.22 In either case the objective is to tax 
more heavily those projects yielding a higher rate of return, 
with profits per unit of output or profits per unit of capital 
expenditure as a rough guide. 

The extreme difficulty of devising a scheme able to cream 
off economic rents from oilfields of greatly differing sizes 
and capital requirements in the North Sea without simul­
taneously jeopardising the development of marginal fields has 
led so me researchers to the conc1usion that the effective rate 
of tax might be better decided ex post by setting ,an 'accept­
able' rate of return and then 'ensuring that this return is met 
on each "field'. 23 In fact this idea amounts to a special case of 
a more detailed proposal by Garnaut and Clunies Ross24 for 
a resource rent tax in which the tax rate would vary with the 
rate of return. Their proposal, put forward as a device for 
developing countries to benefit from high natural resource 
prices, is that profits should be taxed after a 'threshold 
internal rate of return' has been achieved. 

Consider, for example, a project involving a base year 
outlay (Ko) and then a stream of net revenue (R j ) over n 
years. Its net present value (V) will be 

" R I R 2 R 3 Rn 
V=-Ko +--+ + + ... +---

1 + r (1 + r)2 (1 + r)3 (1 + rt 

where r is the rate of discount applied by the company und er­
taking the project. Now suppose that the Government 
announces its threshold internal rate of return PI. Further 
suppose that, when discounted at rate PI, we have 

R I R 2 
Ko =--+ . 

1 +PI (1 +pd2 
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In this situation net revenue in the first two years of the 
project would suffice to yield the req uired internal rate of 
return P I on the capital investment. The objective would 
then be to leave these revenues untaxed. Tax (say at rate t l ) 

would become payable only on the later revenues R 3 • R 4 , . .. , 

Rn, i.e. those causing the rate of return to exceed PI. The tax 
could be made progressive by dec1aring in advance several 
threshold rates of return along with the tax rates applicable 
to them. It might happen, for example, that at discount rate 
P2 > PI 

Revenues R 4 • R 5, ... , Rn, i.e. those causing the rate of 
return to exceed P2 could then be taxed at t2 . After repeating 
this exercise at each threshold rate the final result would be 
to leave R I and R 2 tax free, to subject R 3 to a tax of t l , and 
to tax R 4 and future net revenues at tl + t2 .25 

There are unfortunately major problems associated with 
most schemes for progressive rent taxes. As thc proponents 
of the various ideas a11 recognise, setting an 'acceptable' rate 
of return and taxing excess profits at very high rates removes 
the incentive to adopt economica11y efficient techniques. 
This can be seen most c1early in the case of a 100 per cent 
tax on profits above a given rate of return. If this rate is set 
below the company's discount rate then no resource deposits 
will be developed. If, on the other hand, it is set higher than 
this the company will have an incentive to avoid tax and 
appropriate the available rent in the form of an 'acceptable' 
rate of return on tota11y unproductive investment. For similar 
reasons Sumner26 has recently shown that a progressive rent 
tax of the variety described earlier will not usua11y be neutral 
with respect to the rate of depletion. Assuming for a moment 
that the Government was vigihnt in preventing tota11y 
unprod uctive investment, it would still be open to the com· 
panies to invest extra capital in advancing production and 
increasing the rate of output. It would appear therefore that 
progressive rent taxes will often require extensive government 
surveillance of mineral company policy and that although 



164 Tlze Economics 0/ Energy 

specifically designed to tax rent they lack the neutrality 
which would characterise the ideal tax instrument. 27 

Competitive Bidding 

At first sight it might be supposed that the design of sophisti­
cated tax measures is unnecessary because simpler and more 
dir,'ct measures for appropriating rent exist. Theoretically at 
least, all the rent could be obtained by a process of compet­
itiw bidding. Firms would be required to obtain alease from 
a public licensing authority before they were permitted to 
develop aresource. This lease would be granted to the firm 
off ~ring the largest 'lease bonus', i.e. a lump-sum payment to 
the public authority. The maximum sum competitive firms 
would be willing to pay would be that which reduced the 
present value of the project to zero when evaluated at their 
own discount rate. In a competitive auction this sum would 
be obtained and the full present value of the economic rents 
from the project would immediately accrue to the exchequer. 
The system would have the added advantages that it would 
not discourage the development of marginailligh-cost deposits 
(these would simply yield lower or zero lease bonuses), and 
that control over mineral deposits would be in the hands of 
the most efficient firms (those able to offer the highest bids). 
The lump-sum payment would clearly not affect the rate at 
which the firm found it profitable to deplete the resource. 

It is evident that the competitive-bidding approach has 
great theoretical attractions but its operation in practice will 
dcpend on how closely conditions approach the implicit 
assumptions underlying the theory. For an auction system to 
be perfeet1y efficient the usual assumptions of perfectly 
eompetitive analysis are req uired to hold, most notably 
perfeet knowledge, the absence of uncertainty and no 
co11usive behaviour. However, to rule out a sehe me on the 
grounds that these conditions are not fulfilled would be to 
eompare a working possibility with a textbook ideal, when 
the real choice is between various institutional arrangements 
a11 with associated praetical difficulties. There exists eonsider­
able disagreement on the relative effectiveness of auction 
systems. Crities point to several problems. 

(a) Competitive bidding is a possibility only ifthe resources 
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concerned are located in public land. If rents can be approp­
riated by landowners alternative fiscal measures will be 
required to return them to the exchequer.28 In practical 
terms this is not such a severe problem as it might at first 
appear, especially in the case of petroleum reserves. Offshore 
oil reserves, which are becoming increasingly important, are 
under the control of the littoral states,29 the extensive oil 
discoveries in Alaska are on federalland, while shale..deposits 
in Colorado, Utah and Wyoming are mainly Federally 
owned. 30 Similar comments apply to natural gas resources in 
Canada where large q uantities have been discovered in the 
Mackenzie Delta and the Arctic Islands. 

(b) Collusion on the part of companies bidding for leases 
might c1early reduce the rent which the state could obtain. A 
vigorous restrictive practices policy would therefore have to 
be an accompanying feature of an auction system. Whether 
petroleum companies are sufficiently competitive is ultimately 
an empirical question concerning which there is much disa­
greement. 31 

(c) Lease bonuses are payable immediately and therefore 
put considerable strains on a firm's 'cash flow'. Fears have 
been expressed 32 that this might inhibit exploration and 
development. This criticism is c1early identical to that levelled 
at property taxes and ad valotem sales taxes which we 
encountered earlier. As before it depends for its validity on 
imperfectly operating capital markets. Supporters of com­
petitive bidding33 make two basic points in reply. 

(i) Companies are observed to be willing to pay large sums 
for exploration, and development rights, for example in the 
Gulf of Mexico and Alaska, without any obvious retarding 
influence on the rate of development. Indeed it is sometimes 
argued that the greater the lease bonuses paid the larger will 
be the incentive to avoid unnecessary delay. 

(ii) Immediate cash bonuses are not an inevitable part of a 
bidding system. Bids might be accepted in the form of a 
royalty on future production, a device which would have the 
advantage of enabling smaller firms to tender thereby increas­
ing the competitiveness of the auction. It would also, of 
course, have the disadvantages associated with barrellage or 
ad valorem sales taxes analysed above. 
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(d) Probably the most telling criticism of competitive 
bidding is that it is inappropriate in conditions of extreme 
risk or uncertainty. When exploratory drilling is about to 
take place in a new location, oB companies may have only 
the haziest idea of the probability of finding a deposit, much 
less of its size and commercial value. In these circumstances 
bonus bids are unlikely to bear much relation to the final 
rents (if any) which aCCflle to the firm. 34 On the other hand 
it could be argued that the Government itself could improve 
information by undertaking or subsidising geological surveys 
and that in any case it does not have to license a11 areas at 
once but can issue them gradua11y as new knowledge becomes 
available. The effects of such knowledge can be startling, as 
Table 6.1 below on lease bonuses paid on the North Slope of 
Alaska demonstrates. Bonuses paid per acre rose from $39 to 
$2182 between the 1967 and 1969 sales. 

Date of sale 

9 Dec 1964 
15July1965 
24 Jan 1967 
10 Sep 1969 

TABLE 6.1 

Results o[ North Slope Lease Sales 

Acres leased 

466,180 
403,000 

37,662 
412,548 

$/acre 

9 
15 
39 

2182 

Bonuses paid 
$ 

4,376,523 
6,145,473 
1,469,645 

900,218,590 

SOUKCE: 35 Gregg K. Ericksan. 'Alaska's Petroleum Leasing Palicy', Alaska 
Review o[ Business G/ld Ecollomic Conditiolls, val. VII, na. 3 
(J uly 1970) p. 4. 

Further. other mechanisms exist within the structure of 
licensing arrangements to recoup at least a portion of any 
unexpectedly large rents obtained. Most licensing systems 
inc1ude 'surrender provisions' by which, after a lapse of time, 
a proportion of the licensed area is returned to the Govern­
ment amI may be relicensed. The proportion is usua11y 50 
per cent, but the detailed provisions can vary a great deal 
from being entirely at the discretion of the licensee to 
Alberta's checker-board system by which the retained portion 
must be arranged in blocks which touch each other only at 
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the corners or are separated by at least one mHe. Surrender 
provisions may have the additional effect of speeding up 
exploration by giving licensees an incentive to discover the 
most valuable portions of the licensed area before the sur­
render date. 

Even assuming sufficient knowledge of geological and 
other conditions to permit a fairly objective assessment of 
the probabilities of various outcomes, the existence of risk 
still raises difficulties for a competitive auction. Basically the 
problem is one of risk-spreading or risk-pooling. Ifprobabilities 
of success or faHure really are objectively known, a sufficiently 
diverse portfolio of 'prospects' should enable a firm to offer 
as a lease-bonus the expected value of the rents derivable 
from each project. In some areas it would lose perhaps the 
whole of the bonus if holes proved to be dry; in others it 
might strike a rich deposit. The overall result, however, 
would be that the state would receive the present value of all 
the future rents. This happy result requires, however, not 
only that probabilities be known, but also that firms are 
large enough to undertake a sufficient number of ventures to 
spread their risks widely, or, if not, are able to join with 
other firms in developing a similarly wide range of options. 
Clearly both the existence ofvery large firms and joint bidding 
arrangements could pose problems for maintaining a com­
petitive auction. 36 

Supposing now that there are institutional limits to the 
amount of risk-pooling possible. Each firm cannot avoid 
bearing some risk and must be compensated for doing so if 
exploration is to take place. It is evident that the bonus they 
would be willing to offer would be lower than those in the 
risk-pooling case and the Government will receive less than 
the expected present value of future rents (or put differently 
it will receive the expected present value of future rents 
evaluated at the firm's new 'risky' discount rate). In these 
circumstances both Government and firm could benefit from 
a rather different form of 'risk-sharing'. By accepting lower 
lease-bonuses but levying higher taxes later in the event of a 
successful outcome, the Government would reduce the risk 
to the company by lowering the prob ability of either very 
high or disasterously low returns. Such a measure could 
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increase the present value of the Government's take and 
make marginal prospects more attractive to the firm once 
more. 37 Thus it appears that competitive bidding in the 
form of cash bonuses may be inappropriate in the presence of 
risk since any lump-sum payment made before the beginning 
of a project can only increase the chance of receiving very 
low or even negative returns. 

(e) A criticism related to point (d) above Is that any unan­
ticipated rise in the resource price and hence in resource 
rents would remain untaxed under a competitive bidding 
system. Apartfrom the effect of'surrender provisions' already 
described there is c1early so me force in this argument. The 
most celebrated example is, of course, the enormous increase 
by OPEC in the posted price of oil at the outbreak of the 
Arab-Israe1i war in October 1973 and January 1974. It 
should be remembered, however, that a lower than expected 
rate of increase in resource prices would have precisely the 
opposite effect, the Government receiving in such a case a 
larger sum than the total rents eventually gained by the firms. 

It is evident that no single scheme is appropriate for all 
possible cases as a device for taxing rent. Income taxes and 
severance taxes will fail to appropriate all rents and may 
discourage the development of marginal resources. Most 
schemes for a progressive rent tax have the side-effects of 
encouraging waste and altering the rate of depletion. Com­
petitive bidding is attractive theoretically but may be inferior 
to alternatives in conditions of extreme uncertainty, monop­
oly practices or imperfect capital markets. These possibilities 
are not mutually exclusive, however, and elements of com­
petitive bidding can be retained in conjunction with other 
measures. Firms could be invited to bid for leases, for example, 
on the understanding that successful projects will be req uired 
to pay an 'excess profits tax' or a royalty on production at a 
specified rate. 38 The final instrument or combination of 
instruments chosen will therefore depend on the Government's 
assessment of conditions prevailing in the relevant markets 
(e.g. with respect to uncertainty), its estimates of the likely 
quantitative importance of some of the qualitative results 
derived above (e.g. on the question ofthe discoüragement to 
the development of marginal deposits), and the importance 
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uf other objectives that it may be pursuing in addition to the 
simple appropriation of economic rent. 

6.4 Non-Fiscal Instruments 

Before considering some of the attempts which have been 
made at overcoming these problems it is worth casting a 
sidelong glance at some of the alternative non-fiscal instru­
ments at a government's disposap9 We shall look in turn at 
price regulation, monopoly purchasing agencies and 'participa­
tion agreements'. 

(a) Price Regulation 

If producers are expected to receive large rents from minerals 
exploitation one possible approach is to regulate the price. 
Elementary economic theory is enough to predict the conse­
quences. If the regulated price is set below the market price 
some of the rent will be passed on to consumers, but the 
lower price will also increase the q uantity demanded and 
lower the quantity supplied thereby creating a 'shortage'. 
In Figure 6.2 a reduction in price [rom the equilibrium level 
of PE to a regulated level PR enables consumers to gain the 
rent PR abPE, but also creates excess demand of q\ Q2. 

s 

o 

FIGURE 6.2 
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In practice these effects may take some time to work 
themselves out. Energy resources tend to be in rather inelastic 
supply in the short run, while demand for a particular resource 
mayaiso be inelastic in the short run since domestic appliances 
or ind ustrial plant can be adapted to take different fuels only 
to a limited degree. Variations in the rate of output are very 
costly in the case of oil after production from a particular 
field has commenced, while in the case of natural gas the 
necessity of building pipelines to take the gas to the consumer 
implies that it is sold under long-term contracts committing 
the producer to maintaining a certain rate of flow to a given 
pipeline. 

Experience in the United States suggests, however, that 
price controls can have very serious effects in the long term 
(see Chapter 9, Section 9.4). In 1960 the Federal Power 
Commission began imposing ceiling prices on prod ucers of 
natural gas selling in the interstate market. By the early 1970s 
shortages had begun to develop, showing themselves in the 
form of increasing waiting lists of customers, and a rising 
incidence of supply interruptions where contracts permit­
ted.40 The ratio of proven reserves to production declined 
substantially as producers failed to replace their 'inventories'. 
Inevitably discussio.n was stimulated on the question of how 
far price regulation was responsible for the shortage, and a 
number of models developed in the United States tend to 
verify its importance.41 

(b) Monopoly Purchasing 

By stipulating that mineral supplies may be sold only to a 
state agency this agency will be able to red uce the price at 
which it agrees to purchase until it relieves the producer of all 
rent, leaving the latter with a normal rate of return. In the 
United Kingdom, for example, natural gas must be offered to 
the British Gas Corporation (unless it is to be used for non­
fuel purposes such as a petrochemical feedstock). The system 
differs from simple price regulation in that the price the final 
consumer pays is dependent upon the policy of the monopoly 
buyer (or monopsonist). If the Gas Corporation charges 
market prices for its gas, any rent it captures from the prod-



Fiscal Instruments 0/ Energy Policy 171 

ucers will appear as profit in its accounts. On the other hand 
if it seIls at lower prices some or all of the rent will accrue to 
consumers and the effeets would be expeeted to be rather 
similar to those of priee regulation. 

How far exploration for new deposits has been affeeted by 
the purehasing poliey of the British Gas Corporation in the 
partieular case of the North Sea is diffieult to judge. Profes­
sor Dam,42 for example, argues that the priees paid in the 
late 1960s probably did have a substantial disineentive effeet 
although eonclusive evidenee is diffieult to obtain sinee 
observed ehanges in exploration aetivity, most notably a shift 
to more northerly waters where gas is more likely to be 
found in association with oil, are eompatible with purely 
geological explanations. Certainly there has been none of the 
obvious symptoms of shortage mentioned in subseetion (a). 

Whatever may have been the ease in this partieular example, 
the principal point at issue is that adeparture from market 
priees whether by regulation or monopsony power inhibits 
the eventual priees agreed in one of their main funetions -
aIloeating resourees to future development. The return to a 
mineral resouree producer is not a 'pure' rent in the sense of 
being areturn to a faetor in totally inelastie supply. Resourees 
are used up and req uire replacement, and it is prices, both 
present and those expeeted in the future, wh ich , as we have 
seen, determine the rate at whieh deposits are diseovered and 
developed. It is for this reason that some analysts prefer the 
term 'quasi-rents' when applied to the returns from minerals 
exploitation. The danger is that, by fixing priees at too low a 
level relative to those expeeted to prevail in the future, or by 
simply adding an extra element of uneertainty to the proeess 
of priee-formation, a regulatory ageney or monopsonist will 
ad versely effeet the ineentive to develop new and possibly 
higher-eost deposits. 

(c) Participation 

One straightforward way for the state to reeeive the rents 
from the development of mineral resourees is for the state 
to provide the capital and undertake the development. The 
praetical objeetion to such a proposal is that the teehnical 
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expertise is usually in the hands of private corporations and 
that to re1y on state enterprise wou1d lead to de1ay. A con­
venient compromise is the 'participation agreement' in which 
the state agrees to provide a proportion of the capita1 in 
conjunction with private corporations and then receives the 
same proportion of the profits. The ability to extract rent by 
this means thus depends on the extent of the participation. 

Since participation involves an agreement between Govern­
ment (or their agents) and private companies their precise 
form can obviously be very varied. In the North Sea, however, 
the system used in both Norway and the United Kingdom is 
the so-called 'carried interest' system. A company is licensed 
to explore in certain areas on the understanding that, in the 
event of a commercial discovery, the Government may take 
an interest (say 51 per cent) in the project. Until that time 
the Government's interest is 'carried' by the oil company 
concerned. In both the United Kingdom and Norway public 
corporations have been set up to oversee the state's interest 
in offshore projects (Statoil in Norway and the British National 
Oil Corporation (B.N.O.C.) in the United Kingdom). For the 
purpose of ensuring that the state has a financial interest in 
offshore ventures these companies would require only 
managerial and financial expertise, but in fact both Statoil 
and B.N.O.C. have wide powers to enter the fields of explora­
tion, production, refining and marketing.43 

Whether participation has any disincentive effect on 
exploration and development by private companies is impos­
sible to judge apriori. In principle, a share by a partner in the 
financial costs should not affect the rate of return on the 
capital invested and if the Government also shared the 'dry 
hole' costs there could even be an incentive effect via the 
reduction in risk and a wider spread of activity. However, the 
'carried interest' system is specifically designed to relieve the 
state from contributing to unproductive ventures. Further, a 
51 per cent share by astate agency gives the latter wide 
control over such matters as depletion policy which might 
conceivably be of great significance in determining the 
profitability of any given project. It is this factor of control 
which is probably the most unpalatable aspect of participation 
from the point of view of the private companies. On the 
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other hand they may not have to worry. As· Professor Dam 
perceptive1y comments: 'the state oil company may come to 
see its interests more near1y congruent with the private 
companies than with the Government'.44 

6.5 U.K. Taxation in the North Sea 

Exploration of the continenta1 shelf under the North Sea was 
precipitated by the discovery in 1959 of one of the largest 
gas fields in the world at Slochteren in the Netherlands. 
Activity was concentrated initially in the southern basin and 
the first discovery in the British sector occurred in 1965. The 
major advances took place in 1966, however, with the dis­
covery of the Leman Bank, Indefatigable and Hewett fields. 
By the end of 1976 total provengas reserves in the British 
sector amounted to 809,000 million cubic metres. Produc­
tion from the fields in 1976 is recorded in Table 6.2. 

In the 1ate 1960s interest turned to more northerly waters 
following the discovery of the Ekofisk oilfield in the Nor­
wegian sector in 1969. By November 1970 B.P. had an­
nounced the Forties field off the east coast of Scotland, and 
the next few years saw equally large discoveries still further 
north in the East Shetland Basin - most notably the Brent 
and Ninian fields. Proven reserves in 1977 are estimated to 

TABLE 6.2 

Gaslields in production, British Sector 01 North Sea 

Discovery Initial production Production in 1976 
Field name date date (million eubie metres) 

Leman Bank April 1966 Aug 1968 15,920 
Hewett Oet 1966 Ju1y 1969 8,190 
Indefatigable June 1966 Oet 1971 6,560 
Viking May 1968 Ju1y 1972 6,180 
West Sole Oet 1965 Mar 1967 2,040 
Rough May 1968 Oet 1965 520 
Frigg (U.K.) May 1972 Sep 1977 

SOURCE: Energy, Central Office of Information Reference Pamphlet 124 
(London: H.M.S.O., 1977) table 5. 
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be 1380 million tonnes a1though total reserves may prove to 
be substantially higher. 45 Estimated peak prod uction from 
the fields presently under development is given in Table 6.3. 

For our present purposes three important points require 
emphasis. First, exploring for petroleum in the North Sea is 
an activity subject to great uncertainty. The probability of 
discovering a commercially viable deposit at any given location 
is exceedingly difficult to judge45 although experience and 
increasing knowledge of the geological structure of the North 
Sea obviously help. Second, extracting oil and gas from 
beneath the North Sea is techno10gically very demanding, 
thus adding considerably to the uncertainties surrounding 
development costs. Third, fields can vary considerably both 
in terms of reserves and the capital requirements for develop­
ment. Fields like Ninian and Brent, for example, are 'front­
loaded " that is, they req uire very large capital outlays at the 
beginning while revenue from production may not commence 
until the fourth year, building to a plateau in perhaps the 
sixth. The req uirement for large prod uction platforms and 

O[[shore oil[ields 

Forties 
Auk 
Argyll 
Beryl 
Brent 
Piper 
Montrose 
Ninian 
Thistle 
Claymore 
Dunhn 

TABLE 6.3 

Statfjord (United Kingdom) 
Cormorant 
Heather 

* As estimated by operators. 

Peak production* 

(million tonnes/year) 

24.0 
2.5 
1.1 
4.0 

23.0 
12.0 
2.4 

16.5 
lO.1 
8.5 
7.5 
4.2 
3.0 
2.5 

SOURCE: Energy, Central Office of Information Reference Pamphlet 
124 (London: H.M.S.O., 1977) table 3. 
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long submarine pipelines to transport the oil to shore46 

implies the commitment of massive funds at an early stage, 
funds which when discounted at a positive rate appear even 
more significant in relation to the future net revenues. The 
net present value of projects such as these is understandably 
sensitive to changes in expected future price levels and to the 
rate of discount applied. In contrast, fields such as Auk and 
Argyll are small by comparison but are developed more 
quickly with low capital costs per unit of peak production 
and higher operating costs as a result of using offshore loading 
into tankers. Their shorter lives and the relatively fast attain­
ment of positive net revenues make these fields far less 
sensitive to price and interest-rate changes.47 

These conditions of uncertainty and of considerable varia­
tion in the financial outlays required for development make 
it extremely difficult to devise a tax regime which could be 
expected to achieve all the objectives that governments appear 
to have had in mind. The major objectives, according to 
official statements, are as follows: 

(a) 'To secure that exploration continues as fast as reason­
ably practicable.' 

(b) 'The attainment as early as practicable of net self­
sufficiency in oil' for balance-of-payments and security 
reasons. 

(e) To avoid any discouragement to North Sea invest­
ment48 but 

(d) To ensure that the oil companies do not 'reap enormous 
and uncovenanted profits on their investment' .50 

(e) To favour British interests and to secure for British 
ind ustry 'a greater share ... of the f.1200 million-a-year 
onshore/offshore supplies market' .51 

The instruments at the Governments' disposal for achieving 
these objectives include licensing, participation, royalties, the 
petroleum revenue tax and the corporation tax. 

The u.K. Lieensing System 

For the purposes of licensing the U.K. sector of the North 
Sea is divided into blocks. Each block is about 100 square 
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miles in area. With the exception of 16 blocks awarded by 
competitive tender during the fourth round of licensing 
as an 'experiment' alllicences have been issued by ministerial 
discretion. Thus, in the United Kingdom, licensing has not 
been used as a device for appropriating economic rent, but 
has been viewed much more as an instrument of control. 
Payments are purely nominal - an application fee of f: 1250 
and some additional periodic payments related to the area 
licensed.52 In addition a royalty of l21h per cent ofthe value 
of any future production is imposed. Receipt of a licence 
depends on the potential licensee agreeing to a number of 
conditions.53 

(a) The British National Oil Corporation must be a co­
licensee with a 51 per cent equity interest in each 
licence. 

(b) All licensees and the Secretary of State must agree on 
a 'work programme'. 

(e) An applicant must also satisfy the Secretary of State 
with respect to no less than 14 other 'criteria' such as 
the applicant's past performance 'in providing full and 
fair opportunity to U.K. industry to compete for orders 
of goods and services. '54 

Licensing policy has therefore concentrated on encouraging 
exploration by insisting on work programmes, on protecting 
British interests both in the granting of the licences themselves 
and in encouraging the offshore supplies industry, and, since 
the fifth round, on enforcing state participation. As we have 
seen, state participation is a means of securing some of the 
re nt accruing from oil production, but it still leaves the 
private companies with a share according to the extent of the 
participation. The l2Y2 per cent royalty on the gross value 
of production is aimed at this share, but, as the discussion of 
Section 6.3 demonstrated, such a tax may adversely affect 
marginal fields. For this reason the Secretary of State has the 
power to refund royalties 'for the purpose of facilitating or 
maintaining the development of the petroleum resources of 
the United Kingdom'.55 As a more explicit and carefully 
tailored means oftaxing excess profits the Petroleum Revenue 
Tax was introduced in 1975.56 
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The Petroleum Revenue Tax 

Petroleum Revenue Tax (P.R.T.) is levied at a rate of 45 per 
cent on the assessable profit from each oilfield. It is levied 
prior to corporation tax. Assessable profit is the gross market 
value of oil sales minus a number of allowances far royalty 
and periodic licence payments, operating costs and capital 
costs. Interest payments are not allowable. Additional 
allowances may be claimed for abortive exploration expen­
diture or for a loss on an abandoned field (these being an 
exception to the general rule that the tax should be applied 
on a field-by-field basis). Losses from previous years may be 
allowed in computing assessable profits in future years. Three 
special provisions are particularly important: 

(l) In cakulating assessable profits companies may immed­
iately deduct all capital expenditure incurred in discovering 
and developing a field together with an additional 75 per 
cent of this amount (the so-called 'uplift' provision). 

(2) An 'oil allowance' is available equivalent to the value of 
one million long tons per year on each field. The total oil 
allowance claimed for each field cannot exceed ten 
million long tons over the life of the field. 

(3) An annuallimit is placed on the amount of tax payable -
the 'safeguard' and 'tapering' provisions. In particular, if 
an 'adjusted profit' figure falls below 30 per cent of 
accumulated capital expenditure, P.R.T. liability declines 
to zero. If adjusted profit exceeds 30 per cent of capital 
expenditure P.R.T. liability must not be greater than 80 
per cent of this excess. Adjusted profit is gross revenue 
minus royalties and operating costs. 

As already noted, the operating companies must also pay 
corporation tax on their profits. Profits in this context are 
net of P.R.T., i.e. for corporation tax purposes the P.R.T. is 
treated as an allowable cost. North Sea activities are treated 
rather differently from others, however, in that they are 
subject to the 'ring fence'. This 'ring fence' prevents a com­
pany from using losses or allowances from other activities to 
set against profits from its oil interests in the North Sea. 
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However, any losses on North Sea operations can be set 
against profits elsewhere. 

The P.R.T., corporation tax and l2V2 per cent royalty 
payment between them may be considered the 'fiscal package' 
affecting petroleum production in the United Kingdom. 
Although only empirical work can demonstrate the impact of 
the whole package on profitability and production a few 
observations are sufficient to indicate the likely results.57 

(a) The P.R.T. is levied at a flat rate, a fact wh ich would 
be expected to limit its success as a rent-extracting instrument. 
Any progressivity in the 'take' from fields of varying profit­
ability is possible only via the structure of 'allowances' -
rat her as a flat-rate personal income tax can be made progres­
sive by tax-free allowances. 

(b) As a me ans of helping marginal fields the three major 
provisions concerned are arguably slightly off-target. 

(i) The 75 per cent capital uplift is a help to all· fields, 
especially the most capital intensive, but not necessarily the 
least profitable. There is no doubt, however, that the ability 
to write off 175 per cent of capital expenditure before paying 
P.R.T. is of great assistance to large front-loaded projects 
which might otherwise be more sensitive to price and interest­
rate changes. This illustrates in stark form the dilemma facing 
a Govemment wishing to tax resource 'rents' in conditions of 
uncertainty. In order to be conlident that a project will not 
be discouraged it may be necessary to offer allowances which 
make it probable that large amounts of rent will remain in 
the hands of the private companies. A progressive rent tax of 
the type described in Seetion 6.6 would be required to over­
come this dilemma. 

(ii) The 'oil allowance' is open to a similar criticism. The 
limitation of this allowance to one million long tonnes per 
year implies that it is aimed at helping sm all fields relative to 
large ones. However, small fields can be exceptionally profit­
able as the experience of Auk and Argyll indicate.58 

(iii) The 'safeguard' and 'tapering' provisions are clearly 
intended to assist proj~cts on the margin of profitability and 
may be seen as a crude application of Kemp's idea that the 
tax rate should be related to the ratio of profits to accum­
ulated capital expenditure (see Seetion 6.3 above). However, 
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whether the provisions succeed in their objective depends a 
great deal on whether the companies and the Government 
agree on what is 'marginal'. According to estimates by Kemp 
in 1976, removal of the 'safeguard' and 'tapering' provisions 
would make virtually no difference to the net present values 
of existing fields given his assumptions about future prices 
and costs. 59 The implication is presumably that the Govern­
ment feit that no marginal fields existed in 1976. 

Section 6.5 may be summarised as folIows. The principal 
instruments of U.K. Government policy in the NOlth Sea are 
licensing and state participation through the B.N.O.C. Dis­
cretionary licensing inevitably results in rents passing to the 
oil companies, and the P.R.T. is the instrument intended to 
redaim them. The desire to avoid any discouragement to the 
development of marginal fields and the fact that it is levied at 
a flat rate probably reduce its effectiveness in achieving this 
objective. 

6.6 Uranium Royalties in Saskatchewan 

As an example of an alternative system of taxing natural 
resource companies, and as areminder that petroleum is not 
the only important energy resource, it is instructive to con­
sider the scheme introduced in Saskatchewan in 1976. The 
rising price of oil in the early 1970s led to a sympathetic rise 
in the price of possible substitutes such as uranium, and the 
Government of Saskatchewan, a province containing some 
rich deposits, was placed in a position rather similar to that 
of the U.K. Government contemplating the development of 
North Sea oil. As the statement made to the Legislative 
Assembly of Saskatchewan60 makes dear, the objectives 
were 'to ensure that a fair share of the excess profits from 
uranium minerals is captured by the province as owners of 
the resource' and 'to leave marginal production decisions as 
unaffected as possible'. 

The scheme finally adopted 61 provides us with a practical 
example of a progressive rent tax, albeit not of the theoretical 
purity of those suggested by Garnaut and Clunies Ross or by 
Sumner (see Section 6.3 above). It contains elements of 
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several of the schemes discussed. The system can be briefly 
described as folIows: 

(1) Just as the P.R.T. applies to a partieular oilfield, so the 
uranium royalty system applies to a single mine complex. 

(2) A basic royalty of 3 per cent of the gross value of sales is 
levied each year. 

(3) A graduated royalty is payable depending on the ratio of 
operating profit to capital investment - none below 15 
per cent, a 15 per cent tax on profits between 25 per cent 
and 45 per cent of investment, and a 50 per cent tax on 
profits above 45 per cent of investment. 62 This aspect of 
the system cIearly bears a dose resemblance to that 
suggested by Kemp for the North Sea. 

(4) Expenditures on 'exploration, development and construc­
tion' of amine complex constitute capital investment. 
However, in determining the sum of investment expen­
diture which becomes the denominator of the ratio of 
profits to investment, each year's expenditure is 'grossed 
up' by an interest-rate factor until commercial production 
begins. The beginning of commercial production is defined 
as the date at which amine reaches 60 per cent of its 
design output. 

(5) Operating profit is defined as gross sales minus produc­
tion costs and a number of other allowances, the most 
significant of which is the capital recovery allowance. 
For the first year of production the capital recovery 
allowance is precisely the figure for investment expendit­
ure derived under para. (4). The impol1ant point, however, 
is that any unclaimed capital recovery allowance is grossed 
up by the interest-rate factor and is available for use in 
the following year. This process contil1lles until the capital 
recovery allowance is exhausted, and effectively ensures 
that the full present mIlle of capital investment is allow­
able against royalty payments and that no royalty is 
payable until this present value is recovered by the com­
pany. 

(6) The interest-rate factor is the relevant year's average of 
the prime rate63 plus 10 per cent of that rate (i.e. if the 
average rate were 10 per cent the interest rate factor 
would be 11 per cent). 
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The scheme is 1ess complicated than it may appear at first. 
Suppose that investment of Ko takes p1ace in a single year 
and that production starts in the following year. Suppose also 
that net revenue in each year is R j where net revenue is gross 
revenue minus operating costs and all allowances except the 
capital recovery allowance. A hypothetical course of .events is 
illustrated in Table 6.4 with t representing the rate of tax 
applying to operating profit R 4 • 

TABLE 6.4 

Operating 
Year Capital recovery allowance Net revenue profit Tax 

0 Ko 
1 KoO + r) > RI 0 0 
2 KoO +r)2 -RIO +r) >R2 0 0 
3 KoO + r)3 - RIO + r)2 - R20 +r) =R3 0 0 
4 0 R4 R4 tR4 

It is seen that no royalty is payable until year 4. Further, by 
dividing the entries in line 4 (year 3) by (1 + r)3 and rearrang­
ing we obtain 

R I R 2 R 3 
K o = --- + + ---=-~ 

(1 + r) (1 + r)2 (1 + r)3 

By failing to tax the net revenues R I, R 2 and R 3 the company 
is assured of a rate of return (r) on its investment. If r is the 
company's rate of discount it also ensures that the project 
has a non-negative net present value. Only returns resulting in a 
positive net present value (or a rate of return greater than r) are 
taxed. The aSSOClatlon between this scheme and the Garnaut 
and Clunies Ross suggestion is now apparent. In this case, 
however, progressivity is achieved not by recalculating Table 
6.4 for different values of rand applying additional rates of 
tax, but simply by taxing operating profit, when it occurs, at 
a progressive rate related to the ratio it bears to capital invest­
ment (in the hypothetical case above Ko (1 + r)). 

The 'grossing up' of the capital recovery allowance year by 
year in the way described and the exemption from graduated 
royalty of operating profits below 15 per cent of capital 
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expenditure clearly reflect the authorities' concern not to 
discourage marginal projects, while linking the tax rate to the 
ratio of profit to investment avoids the discrimination 
against large projects which a progressive tax regime might 
otherwise entail. Indeed if net revenues were expected to 
remain positive throughout the life of the mine, if the interest 
rate used were equal to the firm's rate of discount, and if the 
tax rate were simply proportional to operating profit the tax 
would amount to a proportional tax on net present value and 
hence would be allocatively neutral. 

In the case of our example the net present value of the 
project can be represented by 

R 4 R s RN 
V= + + ... +---

(l + r)4 (l + r)s (l + r)N ' 

where N is the project life. Taxing the R j at rate t willleave a 
post-tax net present value (V,) of 

[ R4 R s RN ] 
Vt = (I - t) (1 + r)4 + (1 + r)s + ... + (1 + r)N 

Clearly the capital expenditure and revenue flow which maxi­
mise V will also maximise Vt so that no distortion of choice 
is involved. 

These conditions do not apply in practice, however, and 
some reallocation of resources would be expected to occur. 
In particular, with a progressive rate structure there will, in 
theory, be some incentive to adopt more capital per unit of 
output or to reduce the rate of exploitation for any given 
level of capital investment. This will not only delay the date 
at which tax becomes payable but will result in a lower 
average rate of tax applied to the net revenues since they will 
be ar a sm aller proportion to capital investment. A sufficiently 
progressive tax schedule might then induce 'wasteful' capital 
expenditure or a slower rate of output. The quantitative 
significance of this effect in the case of the grad uated royalty 
is impossible to predict apriori, although the fact that the 
top rate of tax is 50 per cent suggests that the authorities 
wished to avoid it. On the other hand, a top rate of 50 per 
cent implies that a large proportion of the rent on particularly 
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rich deposits of uranium will remain with the mining com­
panies. The conflict between a large government 'take' 
(progressivity) and neutrality is therefore still in evidence. 

6.7 Some Issues in North American Tax Policy 

Tax policy towards natural resource industries in North 
America is a large and complex toptC in its own right, and 
only abrief survey can be offered here. 64 It is hoped that 
some of the important issues can be identified and related to 
the theoretical discussion of Sections 6.2 and 6.3. Controversy 
centres around a number of important tax provisions­
percentage depletion, 'expensing' and the treatment of capital 
gains. 

As explained in Section 6.2 percentage depletion permits a 
company to claim as a tax allowance a certain percentage of 
the gross value ofoutput. For integrated oil and gas producers 
(i.e. those with refineries or retail outlets), percentage deple­
tion was abolished by the V.S. Tax Reduction Act of 1975. 
It remains intact, however, for other minerals such as uranium, 
where the rate is 22 per cent. It also remains, though at a 
reduced rate, far unintegrated sm all producers af ail ar gas.6 5 

The original intention of the Internal Revenue Act 1913, 
which introduced the Federal Income Tax, was that mineral 
producers should be permitted a deduction to allow for the 
depletion of their resources, and that the total deduction, as 
with other business assets, should equal the cost of acq uiring 
them. During the First World War, however, a new principlc 
began to gain acceptance, that the depletion allowance should 
be related to 'discovery value' - a value which for a successful 
venture could be greatly in excess of the exploration and 
development expenditures incurred. Percentage depletion, 
introduced in 1926, was intended to be a 'rule of thumb' for 
estimating the required allowance after it had become appar­
ent that ascertaining discovery value was subject to much 
uncertainty and liable to give rise to interminable disputes.66 

The end-result was that total allowances available under 
percentage depletion greatly exceeded the sums which would 
be implied by a 'cost-depletion' regime. Mineral industries 
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were favoured still further by the ability to 'expense' develop­
ment and exploration expenditure. In the case of oil and gas, 
'intangible' costs of drilling may be expensed as soon as 
prod uction begins, as we have seen, so that a large proportion 
of a firm's outlay on bringing a deposit into production is 
allowed against tax immediately. This fact has no effect on 
the percentage depletion deduction available, however, and 
mineral firms are therefore effectively receiving two allow­
ances for the same investment - the so-called 'double-dip'. 
The tax benefits from these two provisIons were estimated 
as $2.6 billion in 1977.67 

The provisions of the capital gains tax also tend to favour 
the owners of energy resources. In the case of an owner of 
industrial machinery it may happen on occasion that, in the 
event of sale, a price will be realised considerably in excess of 
that expected on the basis of its historie cost and the deprec­
iation allowances permitted for tax purposes. Where such an 
event occurs, the gain (up to the amount of depreciation 
previously taken) is taxed as if it were ordinary income to the 
firm, i.e. at 48 per cent. In the case of natural resources, 
however, any gain in the value of a property on sale is taxed 
at the lower capital gains tax rate of 30 per cent - irrespective 
of the investment outlays 'expensed' or any percentage 
depletion allowance taken. A further advantage sterns from 
the fact that abortive exploration expenditure may be 
written offimmediately against ordinary income. The Govern­
me nt therefore shares 48 per cent of the losses but only 30 
per cent of the gains on exploration activity, a circumstance 
likely to favour riskier undertakings as Page emphasises. 67 

Similar advantages of 'expensing' and percentage depletion 
are accorded to the Canadian extractive industries. Percentage 
depletion in this case however amounts to 331 per cent of 
the taxable income rather than gross income and, as in the 
United States, the privilege has been curtailed in re cent 
years. 69 In the light of these tax provisions debate in North 
America has centred around their likely effects and objectives. 
Unlike the specific instances of the petroleum revenue tax in 
the United Kingdom and the uranium royalty. in Canada, 
wh ich whether they succeed or not, are aimed at c1ear policy 
objectives, the fiscal measures described above have tended 
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to evolve gradually as the result of eh anging pressures and 
eireumstanees so that their underlying rationale is obseure. 
The dominant issues have eoncerned the effects of the tax 
advantages on efficiency in resouree allocation, and their 
impact on national security. 

Efficiency Implications 

All commentators are agreed on one point, percentage deple­
tion and the other provisions, by lowering the effective rate 
of tax on the discovery and extraction of minerals relative to 
other activities, encourage capital to move into the favoured 
occupation. The precise ways in which this in turn effects 
crucial variables such as mineral prices, depletion rates, asset 
prices, exploration activity and so forth is still a matter of 
controversy. In Section 6.2 the impact of various tax pro­
visions was investigated using a simple model of depletion 
and it is not intended to recover that groynd here. We noted, 
however, that a11 tax advantages were likely to raise the value 
of resource deposits and hence rents or 'royaIties', while 
capital gains privileges and percentage depletion might be 
expected to pull in opposite direetions, the former raising 
present prices and retarding depletion, and the latter reducing 
present prices and advancing depletion. 

During the 1960s opinion on the efficiency effects of the 
tax system divided broadly into two schools. On the one 
hand it was argued 70 that efficiency in resource allocation 
required before tax rates of return to be equal across sectors 
and that special privileges to the minerals industry induced 
capital to move from more to less soeially productive purposes 
until after tax rates of return were equalised. On the other 
hand it was asserted that percentage depletion could be 
regarded as a way of correcting for the distortions introduced 
by the corporation tax itself. 71 In essen ce the argument was 
that the corporation tax represented a tax on capital which was 
fully shifted forwards to consumers. The more capital inten­
sive the industry the greater the tax paid per dollar of output 
and the greater the percentage rise in product price necessary 
to fully pass forward the burden. The petroleum industry was 
just such a capital intensive industry, and the percentage 
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depletion allowance wh ich could be regarded, as we have 
seen, as a sales subsidy was required to restore petroleum 
prices to their pre-corporation tax levels relative to the prices 
of other goods. This ingenious view of percentage depletion 
as being consistent with a 'neutral' tax system gave rise to 
considerable comment - that the forward shifting assump­
tion was too strong, that the observed capital intensity of 
petroleum extraction was itself due to state regulations which 
encouraged overdrilling, and that the tax benefits were more 
likely to result in higher rents than lower prices,12 

From the perspective of more re cent developments in the 
theory ofefficient taxation, however, it may be that the focus 
of debate was misplaced. Lump-sum taxes and rent taxes 
apart, there are sure to be efficiency losses generated by the 
raising of revenue. The question is, given the sums to be 
raised, and given the constraints under which the Government 
is operating, what tax structure will minimise these efficiency 
losses? It transpires that where there are constraints on the 
ability of the Government to tax all commodities (one 
obvious example is the difficulty of taxing leisure) an optimal 
tax structure will involve loading a relatively heavy burden on 
those commodities for which there is a relatively inelastic 
demand. We have in fact already met this result in Chapter 4 
(p. 105) when discussing public utility pricing in the presence 
of a financial target. Thus an efficient tax regime does not 
necessarily imply that relative product prices should not alter, 
and a relatively heavy tax on certain commodities may be 
q uite consistent with efficiency. Neither is it necessary for 
capital to be taxed at the same rate in every sector. As 
Stiglitz73 argues, where commodity taxes cannot be varied 
sufficiently between sectors a capital tax may act as a substi­
tute. Where elasticities of substitution between capital and 
labour are very low a tax on capital will approximate a tax on 
output. Thus in this particular situation an efficient tax 
regime, given the constraints, may involve taxing capital at 
differential rates in different sectors, with higher rates apply­
ing to those sectors facing low demand elasticities and with 
low levels of capital intensity. Where precisely this leaves the 
petroleum industry is an unsettled question, although Stiglitz 
suggests that there is little reason on grounds of efficiency to 
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tax the industry at lower rates than in manufacturing. In any 
event the justification for 'expensing' and percentage depletion 
as aids to economic efficiency is thus seen to depend on more 
than relative capital intensity. 

A somewhat related question concerns the riskiness of 
minerals exploration and development. An important strand 
in the argument for a lower tax rate on mineral projects is 
that they face unusual risks. It is certainly true that for a 
given exploration project the 'risk' as measured by the 
standard derivation (say) of possible returns may be very 
great. But there are at least three reasons why economists are 
gene rally reluctant to accept the case that such risky und er­
takings require encouragement. 

(a) As we saw in Section 6.3 a sufficiently diversified 
port folio of risks, Le. through risk-pooling or risk-spreading 
will reduce the overall risk of mineral company operations. 

(b) If there are institution al constraints on the ability of 
markets to spread risks, constraints which cannot be overcome 
by improvements in insurance markets or markets in financial 
assets, there is no case on efficiency grounds for subsidising 
risk-taking. Risk which is borne by individuals is a cost of 
production. The fact that in an ideal world this cost might be 
lower through greater provision for risk-spreading is of no 
consequence for public policy if, in the nature of things, the 
ideal cannot be achieved. 

(e) Where the tax code makes provision for loss-offsets 
(Le. taxes are paid on gains but may be rec1aimed on losses) 
the corporation tax is likely to stimulate risk taking in any 
case.1 4 This is all the more probable, as we have already 
noted, if the Government as a 'silent partner' shares a greater 
proportion of the losses compared with the gains. 

National Seeurity 

In Section 6.3 the desire for security was identified as an 
important influence on the allocation of resources in the 
field of energy. Given the difficulties of explaining the special 
tax provisions by reference to efficiency considerations the 
other possibility is that they are aimed at providing the United 
States with sufficient 'reserves' to prevent any foreign supplier 
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becoming a threat to national independence. The issue, whieh 
has been extensively debated in the Uni ted States, may be 
divided into two. First it is necessary to know whether the 
tax concessions concerned actually increase proven petroleum 
reserves, and second, if so, w hether the method is cost-effective 
relative to alternatives such as quotas, tariffs and strategie 
stock piles. A detailed appraisal of these different instruments 
would take us beyond the scope of this chapter.7 5 However, 
empirical work undertaken in the United States76 indicates 
that the percentage depletion allowance and the expensing of 
intangible drilling costs do increase the investment of the 
petroleum industry in proved reserves,· but that these tax 
measures appear to be an expensive method of achieving the 
objective. 

The Tax Reduction Act 1975 

Increasing scepticism about the relevance of the percentage 
depletion allowance for achieving any desired objective, and 
indeed the general view that it led to inefficient resource 
allocation played an important part in its partial 
removal in 1975. Concern about the use of special tax prefer­
ences to shelter large amounts of income had already led in 
1969 to the introduction ofthe 'minimum tax'. By 1976 this 
tax was levied at a rate of 15 per cent on preference items 
above an exemption level of $10,000 or regular income tax 
paid, whiehever was greater. Thus percentage depletion in 
excess of cost depletion; l8/48ths of long-term capital gains 
(a 30 per cent tax rate on capital gains is equivalent to a full 
48 per cent on 30/48ths of the gains thus implying that 
l8/48ths are untaxed); and the excess of intangible drilling 
costs expensed over the allowance permitted if they were 
depreciated under normal procedures, are all preference 
items on which the 15 per cent tax is levied. The removal of 
the percentage depletion allowance for integrated oil and gas 
producers can thus be seen as part of a general 'tightening up' 
of tax allowances and not merely as a move dietated solely 
by considerations of energy policy. 

The effects ·of removing the percentage depletion allowance 
should be equivalent to introducing an ad valorem severance 
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tax analysed in Section 6.2. Present prices will rise, royalties 
will fall and depletion will be delayed. Alternatively, the 
analysis can be conducted using the more traditional approach 
of Figure 6.1. Given that the OPEC price defines an upper 
limit for domestic supplies, abolishing the allowance shifts 
the supply curve to the left and, as we saw in Section 6.3, 
implies a rise in imports. In itself, therefore, removing per­
centage depletion would seem to be inimical to the achieve­
ment of anational security objective defined in terms of a 
limitation of imports. A tariff or quota which raised import 
prices would restore the situation and the policy package 
would then represent the substitution of a price-incentive for 
tax-incentives to the V.S. petroleum industry. It is this 
analysis which led McDonald77 to re mark that 'most Ameri­
cans will gain as taxpayers what they lose as consumers of 
higher priced oil and gas'. 

6.8 Conc1usion 

The use of tax and subsidy instruments in the field of energy 
policy is a very extensive subject, and inevitably we have had 
to focus on a few major areas. It is evident from our analysis, 
however, that the achievement ofeven a fairly straight forward 
objective such as the taxation of excess profits or rents from 
minerals exploitation is fraught with considerable difficulty. 
When combined with additional objectives relating to the rate 
of development and exploration, the rate of depletion, 
national security, distributional eq uity and so forth, the 
problem is complicated still further. This complexity may go 
some way to explain the increasing use of regulatory rather 
than purely fiscal instruments. In spite of the possibility of 
introducing measures such as those discussed in Sections 6.2 
and 6.3, the U.K. Government has on the whole opted for 
direct contro!. Thus we noted in Section 6.5 the preference 
for ministerial discretion in the allocation of licences com­
pared with competitive bidding, the use of 'participation 
agreements' rather than exc1usive reliance on the petroleum 
revenue tax, and the taking of direct power to control 
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depletion rates 77 instead of introd ucing an appropriately 
designed severance tax. 

Conditions in North America provide a contrast although 
even here price controls play an important role as was noted 
in Section 6.4 (see also Chapter 9, Section 9.4). In general, 
however, much greater reliance is placed on lease bonuses to 
appropriate rent from the development of resources on 
Federal land or on the continental shelf, and recent changes 
in tax policy described in Section 6.7 have been specifically 
aimed at reducing the rate at which indigenous sources of 
supply are depleted. 



7. UNCERTAINTY AND 
ENERGY POLICY 

7.1 Introduction 

At many points in earlier chapters we have had occasion to 
draw the reader's attention to the problem of uncertainty. 
Uncertainty concerning stocks of fossil fuels, future price 
trends, technical changes and the appearance of a 'backstop 
technology' were referred to in Chapters 2 and 3. In Chapter 
4 uncertainty about future demand for energy was observed 
to create problems for pricing and investment policy. Uncer­
tainty about the hazards associated with various environmental 
pollutants is c1early important in the context of the analysis 
in Chapter 5, while uncertainty about future price and cost 
trends and the prob ability of discovering deposits of fossil 
fuel was observed to playa large part in determining policy 
towards taxation in Chapter 6. 

In this chapter a more systematic attempt is made at 
drawing some of these issues together. The objective is to 
outline the various theoretical models of uncertainty devel­
oped by economists, and to comment on the extent to which 
they can be used to assist decision-making. Inevitably much 
of the chapter will appear to be of more theoretical than 
practical interest. However, the problem of coping with 
uncertainty is one of the most difficult that economists face. 
As William Vickrey has written: 'while choice among alterna­
tives is an everyday matter, it is the particular province of 
political economy to choose among methods of choice'. Only 
through the development of theoretical models can the full 
implications of various choice criteria be appreciated and 
their various strengths and weaknesses be identified. 

It is common to distinguish situations of risk from situa­
tions of uncertainty. In the fonner case the decision-maker is 
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assumed to have some knowledge about the probabilities 
attached to the possible outcomes, whereas in the latter 
case no such knowledge is presumed. Although widely 
accepted it is not usual to stick slavishly to these definitions 
and in the following pages the term 'uncertainty' will be used 
to describe both situations. 

The rest of this chapter is divided into eight further 
sections. Section 7.2 introduces the state-preference approach 
to uncertainty and derives some basic results. In the following 
section some space is devoted to further illustrating the 
concepts involved by the use of a simple numerical example. 
In Section 7.4 the applicability of the Arrow-Lind theorem 
to the analysis of energy projects is discussed, and Section 
7.5 provides an explicit treatment of 'irreversibilities' which 
are of considerable importance in some areas of energy policy. 
A short general critiq ue of the state-preference approach 
follows in Section 7.6 and Section 7.7 introduces alternative 
approaches to decision-making which do not rely on knowl­
edge concerning probabilities. Section 7.8 attempts to high­
light the philosophical political and ethical quest ions raised 
by the earlier theorising. In particular, consideration is given 
to the derivation of subjective probability estimates when 
relative frequency information is unavailable, and the use of 
'experts' in providing these estimates, setting standards and 
collecting information. Some conc1uding comments make up 
Section 7.9. 

7.2 Markets and Uncertainty 

This section attempts to provide abrief introduction to some 
of the concepts and methods which have been developed in 
the economics literature to cope with the problem of uncer­
tainty.1 It is assumed at the outset that so me objective and 
agreed upon probabilities can be assigned to the occurrence 
of various events, and the .immediate aim is to discover how a 
perfectly operating market system might be expected to 
respond to these circumstances. Even at this early stage it 
might be questioned how relevant such a model is likely to 
be to the understanding of resouree allocation in the field of 
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energy. However, it is introduced here not as a description of 
the way the world operates, but as an aid to the understanding 
of certain important results which will be developed in later 
sections. 

Aprerequisite of any theory of individual behaviour is a 
statement of the objectives which it is assumed the individual 
is pursuing. In the traditional case of consumption behaviour 
under certainty the individual is supposed to maximise a 
utility function defined over bundles of consumption goods. 
The generalisation of this case to inter-temporal choice, 
which was explored in Chapter 3, entailed modifying the 
utility function to take account of the existence of several 
time periods. A further generalisation to the case of uncer­
tainty is more difficult, but formally at least we might 
proceed by modifying the utility function once more, this 
time allowing for the existence of several possible 'states of 
the world'. Suppose, for example, an individual is planning 
his consumption decision but is unsure which of two mutually 
exclusive states of the world exists. His utility function could 
then take the general form 

(7.1 ) 

where Cl a = consumption in period 1 in the event of state of 
the world a occurring and n I b = probability of state of the 
world b occurring in period I. Note that either state a or 
state b must occur, but not both; for example, the individual 
may win money on a public lottery or he may not. It follows 
that the arguments in the utility function do not refer to ex 
post consumption levels. If state of the world a occurs (the 
individual wins a bet) then he will actually consume CI a. 

Utility, however, is dependent here not on the actual out­
come, since this cannot be known, but on the distribution of 
all possible outcomes. 

Clearly this formulation is somewhat vague, and it is 
desirable to know more details about the form of the utility 
function. One suggestion might be that individuals are inter­
ested in maximising the expected value (V) of the out comes 
where 

v = n I a CI a + nl b CI b· (7.2) 
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This simple proposition can be shown, however, to have 
certain 'unreasonable' implications. In particular it implies 
that an individual will always be willing to accept a favourable 
bet, Le. a bet with a positive expected value, and will be indif­
ferent between taking and not taking actuarially 'fair' bets. 
Such a person is described as being 'risk-neutral'. 

As an example, consider agame involving the toss of a fair 
coin. Our individual is invited to participate and will receive 
f,6 if a 'head' occurs but must pay f,2 in the event of a 'tail'. 
The expected value ofthe bet is therefore (! x 6) - (! x 2) = f,2 
and the individual will hasten to play the game. Indeed he 
would be willing to pay up to f,2 for the privilege of partici­
pating, since at any sum less than this the game will still add 
to the expected value of his consumption claims. Where small 
sums of money are involved, or where such agame can be 
repeated, very large numbers of times such 'risk-neutrality' 
may not appear startling. A casino survives by offering just 
such 'fair' or slightly 'unfair' bets for relatively sm all sums. 
Severe problems arise, however, when large variations in out­
comes are possible and the game is to be played only once. 
The classic example of this situation is that of the 'St Peters­
burg Paradox', analysed by Daniel Bernoulli, the eighteenth­
century mathematician. 

Consider once more the tossing of a fair coin. Suppose that 
the individual's winnings depend on how many times the co in 
must be tossed before a 'head' appears. Further let the win­
nings be f,2n, where n is the number of trials required. Given 
that the chance of obtaining the first 'head' on the first toss 
is !, on the second toss !, on the third i, etc., the expected 
winnings from this game will be given by the following 
expression: 

G x 2) + (l X 22 ) + (i X 23 ) + ... + (2~ x 2n ) + ... , 

Which sums to infinity. It seems inconceivable that anyone 
would be willing to pay even f, 1 000 for a single game much 
less an infinite amount. The random variable upon which 
'winnings' depend is in fact geometrically distributed with 
the expected number of trials required to obtain a head equal 
to two! 
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The implication of an unwillingness to commit substantial 
funds in return for playing this game is obviously that the 
infinitesimally small probability of obtaining astronomically 
large gains does not compensate for the near certainty of 
substantial losses. Individuals, it appears, are not concerned 
with the pay-off which various states of the world imply 
simply in terms of money or consumption claims. They are 
interested in the satisfaction or utility which that consumption 
will confer if experienced. Assuming that the marginal utility 
of consumption declines as consumption rises, it then follows 
that a given loss will be fdt more keenly than a gain of the 
same amount, and that even an actuarily 'fair' bet in terms of 
money will result in a loss when evaluated in terms of 'ex­
pected utility'. Thus, if we assume that individual decision­
makers wish to maximise 'expected utility' and that they 
have utility functions exhibiting diminishing marginal utility, 
they will reject fair bets and hence will be 'risk-averse'. The 
riew formulation of the individual's objective function is 
therefore 

E(V) = n la V(Cla ) + nlb V(Clb ) (7.3) 

with V'(Cla ), V'(Clb ) > 0 

V"(Cla ), V"(Clb ) < o. 
It might be objected that this objective function is arbitrary 

and that there is no more reason to suppose that consumers 
maximise expected utility than expected money returns. 
They might be concerned with the variability of utility out­
comes and not simply the expectation. It can be shown 
however, that providing the consumer's preferences accord 
with certain axioms of choice - the von Neumann and 
Morgenstern axioms - a utility function can be constructed 
which permits the prediction of choice under uncertainty on 
the basis of expected utility. 2 

Figure 7.1 illustrates the case of a risk-l!verse consumer 
with utility function V( Cl). Suppose that this individual is 
able to consume C with certainty, but also has the opportunity 
of taking a fair bet with a chance n l 0 of increasing his con­
sumption level to Cl a and a chance n l b = 1 - n l a of 
finishing up with CI b. Since the bet is 'fair' the expected 
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consumption of the individual remains at C. This, however, 
is a mathematical statement and the consumer knows that if 
he takes the bet C cannot actually occur. This uncertainty 
over wh at the final outcome in fact will be represents a cost 
to a risk-averse individual, and it is seen from the figure that 
the expected utility of the bet n la V(C la ) + I1 l b V(C lb ) is 
less than the utility derivable from the certain option V( C). 
Providing that the utility function is concave, as in Figure 7.1, 
it is evident that the consumer will always reject a fair bet. 

A corollary of this observation is that a risk-averse individ­
ual will always be willing to take 'fair' insurance. Again with 
reference to Figure 7.1, if the consumer starts out facing the 
uncertain prospect he will be willing to pay the amount tC I a 

to an insurance company in return for the amount CI b CI a 

in the event of the unfavourable state b occurring. In this 
way he will be sure of a consumption level t whichever state 
of the world prevails and his utility will increase from E( V) 
to V(C). For its part the insurance company would be taking 
a fair bet since it would stand to gain tC I a with probability 
n l a and lose tCI b with probability n l b. The implied risk­
neutrality of the insurance company can then be justified by 
pointing out that it pools many similar but independent risks; 
just as an individual may exhibit risk-neutral behaviour when 
agame of chance can be repeated many times. 

F rom Figure 7.1 it is also possible to demonstrate the 
concept of 'certainty eq uivalence'. Suppose the individual 
faces the uncertain prospect of CI a or Cl b with expected 
outcome C and expected utility E( V). There will exist some 
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amount of consumption which, if offered to the consumer 
with certainty, will confer the same utility as the uncertain 
gamb1e. This certain sum is termed the 'certainty eq uiva1ent' 
of the gamble and in the figure is represented by C*. The 
distance C*C - that is, the difference between the expected 
va1ue of the gamb1e and its 'certainty equiva1ent' - can be 
regarded as the 'cost of risk-bearing', a concept which turns 
up in various disguises in the literature on uncertainty. Thus 
a consumer will be willing to purchase insurance even at 
slight1y 'unfair' rates as 10ng as the outcome is to ensure the 
enjoyment of a sum greater than the certainty equiva1ent of 
the gamb1e (Le. remaining uninsured). 

It is worth noting that risk-aversion implies a disinclination 
to take fair bets; it does not imp1y that a risk-averse person 
will never bet. Suppose, for examp1e, that a consumer has a 
stock of consumption claims C but is offered a gamb1e still 
invo1ving Cl a and Cl b but with the odds sufficiently improved 
to resu1t in an expected outcome C2 • From Figure 7.1 it is 
seen that the expected utility of the gamb1e exceeds V( E) 
and the consumer, wishing to maximise expected utility, 
wou1d take the risk. We cou1d express the same thing in 
alternative termino10gy by saying that the certainty equiva1ent 
of the gamble, Cf in the figure, exceeds C. 

State Preference Theory 

The paragraphs above implicitly represent an exercise in state­
preference theory and it will prove useful to re cast the analysis 
explicitly in this form. This will have the advantage of provid­
ing greater generality as wen as illustrating the close association 
with more conventional consumer theory. So far we have 
looked closely at the problem of specifying an objective 
function for the individual under conditions of uncertainty 
but have yet to explicitly consider the constraints. From 
equations (7.1), (7.2) and (7.3) it is seen that the individual's 
utility depends upon the probability of various states of the 
world occurring and the consumption that will be possible in 
those states. To carry the analysis further it is assumed that 
it is possible to purehase and sen claims to units of consump­
tion or income in all future time periods and contingent upon 
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the occurrence of given states of the world. These claims, 
which are tradeable on present markets, are called 'state­
contingent claims' and will have market determined prices 
PI a, P 2 b, etc. Thus P 2 b would be the price today of a claim 
to ,t 1 in period 2 contingent upon the occurrence of state of 
the world b. If state of the world a occurs the claim will, ex 
post, turn out to be worthless. 

The Consumption Decision 

Ignoring for the present the possibility of incorporating 
differing time periods and concentrating on the simple two­
state example introduced earlier, the consumer's choice 
problem can be set up formally in the familiar way 

Max n la V(Cla ) + nib V(Clb ) 

subjectto W=PlaCla +PIbClb 

where W = PI a YI a + PI b YI band e.g. YI b = income in the 
event of the occurrence of state b. Thus W is the equivalent 
of the income constraint in traditional consumer theory.3 
The Lagrangean function is simply 

L = nl a V(C I a) + nl b V(C I b) 

+A(W-PlaCla -PlbClb ) 

and the first-order conditions are therefore 

[JlaV'(Cla)-XPla =0 

n l b V'(C I b) - XP I b .= 0 

W-PlaC la -PlbClb =0. 

From the first two of these conditions we then obtain 

11 1 a V' (C la) 
---

IIlb V'(C lb ) 

(i) 

(ii) 

(iii) 

(7.4) 

Figure 7.2 illustrates this position of equilibrium with the 
consumer holding CI a, claims to consumption contingent on 
state of the world a and Cl b claims contingent upon b. It can 
be shown that in the case of a function such as expression 
(7.3) with V concave, indifference curves can be derived 



Cl;' 

Uncertainty and Energy Policy 

1 
I 
I 
I 
I 
1 
I 
I 
I / 
1 / 
1/ 

/ 

/ / 
/ 

/ 
/ 

/ 
/ 

/ 

/ 

/ 
/ 

/ 

/ 

/ Cert ainly linc 
/ 

___ Siope 01 indifference curve 01 

lhe certo inty line = • .!.!.tt; 
"-- -- 11 1• /1 

/ I 

/ / : ~SI f P lb 
/ 45" : ope 0 const ra int = - P 

O~--'C-~--------~------------~C~t/,l' 
11> 

FIGURE 7.2 

199 

which are convex as in Figure 7.2 and the first-order con­
ditions are sufficient for a maximum. 

An important result follows from expression (7.4). If the 
function V does not depend on the state of the world that is 
realised , as has so far implicitly been assumed, and if the 
relative prices of state contingent claims are equal to thc 
ratio of state probabilities, the consumer will opt for cert­
ainty. Thus from expression (7.4) if 

PI a n la, . , 
- = - , V (CI a) wIll eq ual V (CI b ) 
P lb II l b 

and hence CI a = CI b. The consumer will wish to ensure the 
same level of consumption whichever state of the world 
pertains. This result is, of course, equivalent to OUf earlier 
observation that risk-averse individuals would reject fair bets 
and always accept actuarially fair insurance. 

A solution implying unequal consumption between the 
two states may occur if utility is itself contingent on the state 
of the world. An extreme example of this possibility would 
occur if the states were 'alive' and 'dead' respectively. A 
person with many dependants might still value fairly highly 
claims to consumption occurring in the event of his death, 
but someone with fewer family responsibilities would be 
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expected to value such claims at very little. Expected utility 
should therefore more generally be written as 

The case illustrated in Figure 7.2 does not, however, depend 
upon state-contingent utility functions. Willingness to opt for 
a 'risky' solution is here the result of the ratio of claims prices 
diverging from the ratio of state probabilities. The latter ratio 
is given by the slope of the indifference curve at its point of 
intersection with the certainty line,4 whereas the former 
ratio is given by the slope of the constraint. Thus, as drawn, 
we have 

I I 
or n l b • - < n I a • -- . 

PI b PI a 

Recollect that PI b is the price of a unit of consumption 
contingent upon state b occurring. It follows that I/PI b will 
represent the number of contingent consumption units that 
can be purchased for 1: 1. Hence n l b • I/PI b equals the 
expected number of consumption units purchased for 1: I if 
state b contingent claims are held. Similarly, n l a· I/PI a will 
be the expected number of consumption units purchased for 
{} if state a contingent claims are held. It is evident that 
from the point of view of expected returns state a contingent 
claims are a better bet and this is reflected in a larger holding 
of such claims. Note that were the individual consumer risk­
neutral and hence interested only in expected returns he 
would opt to hold state a claims exclusively. Indifference 
curves in such a case would be straight lines and not convex 
curves, and a 'corner solution' would result. In the risk-averse 
case the consumer can be induced to move to less certain 
positions involving more Cl a and less Cl b by increasing n l a 

and hence altering the shape of the indifference curve or by 
reducing PI a and hence steepening the slope of the con­
straint. This result accords with our earIier deduction from 
Figure 7.1 that the consumer could be induced to move from 
a certain position C to take a gamb1e, providing that the odds 
were sufficiently favourable. 
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The Investment Decision 

In Chapter 3 (p. 32) it was noted that when making inter­
temporal consumption and production decisions the decision­
maker will attempt to maximise the present value of his 
wealth, evaluated at the prevailing riskless rate of interest. In 
perfeet capital markets with no uncertainty, therefore, the 
investment criterion is to accept a project if the net present 
value is positive, i.e. 

R 1 R 2 Rn 
W = -K + -- + + ... + > 0, 

o I + r (1 + r)2 (1 + rt 

where W = net present value, 

Ri = net returns in period i, 

r = interest rate, 

K o = initial investment outlay in period zero. 

(7.5) 

The same criterion can be expressed in rather different nota­
tion as folIows: 

where Pi = presen t price of a claim to tl in period i. 

Clearly if an asset promises to pay the bearer t I in the 
next period its price in aperfeet market will be 1/( 1 + r). 
Similarly, if the payment date is not until two periods henee, 
its priee will be 1/0 + r)2 . Thus expressions (7.5) and (7.6) 
are entirely equivalent in these cireumstanees. Expression 
(7.6) is easier to generalise to the ease of uneertainty, however, 
for in this ease a market exists not simply in claims to be 
redeemed in speeified time periods but also in claims redeem­
able only in speeified 'states of the world'. Suppose, for 
example, a projeet involves investment now, i.e. period zero, 
and produces returns next period, i.e. period I. Suppose also 
that these returns are dependent upon whieh of two mutually 
exclusive states of the world prevail when period I arrives. 
The investment eriterion eould in these eireumstanees be 
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written 

W* = ~PoKo +PlaR la +PlbR lb > 0, (7.7) 

where PI a = priee of claim to f.1 in period I eontingent 
upon state a, 

R I b = net returns in period I eontingent upon state 
b, ete. 

If expression (7.7) is positive the individual investor will 
adopt the projeet. Sinee the projeet produees returns of R la 

if state a oceurs, claims to these returns could be sold in the 
market for PI aR la. Similarly, since returns of R I b will result 
if state b occurs, claims to these can be sold now for PI bR I b. 
If the sum total of these receipts exceeds PoKo, the required 
outlay, it is clearly worth while to proceed with the projcct. 
W* is termed the 'present certainty-equivalent value' of the 
project. 5 

It may appear strange that in expression (7.7) no explicit 
mention is made of discount rates or of attitudes to risk. 
These faetors are taken into aeeount. by the fact that they 
determine the prices of the time and state-eontingent claims. 
It can be seen, for example, that since either state a or state 
b must oecur, we ean only be certain of having f.1 in period I 
if we possess two claims, one contingent upon state a and the 
other on state b. Thus the present price of a certain pound in 
period one must be PI a + PI b. But we already know that 
this price equals 1/0 + r), where r is the riskless rate of 
interest. Hence we deduce that 

I 
Pla +Plb =--. 

I + r 
(7.8) 

Further it would appear reasonable, if rather trivial, to sup­
pose that Po = I. 

With the theoretical apparatus now available it is possible 
to make some preliminary comments about the appropriate 
rate of discount to apply under conditions of uncertainty to 
the evaluation of a given investment project. It has been seen 
that in the 'textbook' conditions assumed thus far, with 
perfect markets operating in state-contingent claims, the 
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appropriate investment criterion is given by expression (7.7). 
We now define the 'risky' rate of discount (p) as that rate 
which, when used to discount the expected returns from an 
investment project, produces the correct present certainty­
equivalent value. Suppose, for example, that state a will 
occur with probability n 1 a and state b with probability 
n1 b = 1 - n 1 a' In this case the expected return in period 
one from the investment project will be given by 

E(R I) = n1 aR la + (1 - n1 a) R I b . 

Discounting expected future returns at rate p gives a present 
value ( V) as follows 

V - K n 1 aR 1 a + (1 - n 1 a) R I b 
- - 0 + --------'---

l+p 

The discount rate p is to be chosen so that V = W*, hence 

n1aR Ia +(1 - n1a)R 1b 
-Ko + =-Ko +P1aR la +P1bR 1b , 

or 

l+p 

n 1 aR la + (1 - n 1 a) R I b 
I + p = ----------'-

P1aR Ia +P1bR lb 
(7.9) 

Thus in this simple two-state two-period example the invest­
ment criterion (7.7) is eq uivalent to discounting expected 
returns at a rate p given by equation (7.9). It is evident, 
however, that general statements about the magnitude of p 
are difficult since each project will have its own particular 
state-contingent revenue flows R 1a , R 1b and hence its own 
particular 'risky' rate of discount p. A few special features of 
eq uation (7.9) nevertheless deserve attention. 

(i) Clearly if R 1 a = R 1 b , that is, if returns to the project 
are independent of states of nature a and b, expression (7.9) 
becomes simply 

1 
1 +p = = 1 +r(from (7.8)). 

P 1a +P1b 

Hence in these circumstances p = r. Not surprisingly perhaps, 
if the project is riskless it will be evaluated at the riskless rate 
of interest. 
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(ii) If two projects are being compared and each project 
has the same relative pay-off in the various states, the same 
rate of discount will be applied. Thus if Rj a = kR la, and 
Rjb = kR I b, where R* and R represent state-contingent 
returns in two different projects and k is some constant, 
equation (7.9) will give the same 'risky' rate of interest for 
both projects. The two projects would be said to be in the 
same 'risk class'. 6 

(iii) Suppose that the ratio of the prices of state-contingent 
claims is eq ual to the ratio of state probabilities, i.e. let 

Pla =n la 

P lb n lb 

It follows that n l a /P I a = n l b /P I b = k* where k* is a con­
stant, and hence n l a = k*P I a, n l b = k*P I b. Substituting for 
n l a and n l b in equation (7.9) we obtain 

I k*PlaRla +k*PlbR lb * 
+p= =k . 

PlaR la +PlbR lb 

But n l a + n l b = k*P I a + k*P I b = 1. 

Hence k* = = I + r. Thus we find that 
Pla +Plb 

I + p = k* = I + r 

and the 'risky' rate of discount p equals the 'riskless' rate r. 
Where claims prices are proportional to state probabilities, 
investment criterion (7.7) therefore implies the use of a risk­
less rate of interest to discount expected returns. The reason 
behind this result can better be understood by considering 
once more expression (7.4). If n l a In I b = PI a /P I b the first­
order conditions for the consumer imply that the marginal 
utility of consumption is the same whichever state of the 
world occurs. The expected utility conferred by the returns 
of the investment project can therefore approximately be 
written 

E( V) = n l a V'(R) R I a + nl b V'(R)R I b, 

= V'(R) [nlaR la + nlbR!b], 



Uncertainty and Energy Policy 205 

where V' (R) = marginal utility of returns. Clearly the maxi­
misation of expected utility in these circumstances implies 
the maximisation of expected returns and, as has already 
been seen, this in turn implies risk-neutral behaviour. The 
above expression is approximate in the sense that the invest­
ment project must be assumed to be sufficiently small not to 
alter the marginal utility of the returns. 

(iv) Finally we inquire what are the consequences for p, 
the risky rate of discount, if claims prices and state proba­
bilities are not proportional. Suppose that n l a /PI a < 
n 1 b IPI b. This implies that the price of state b claims is 
rather lower and the price of state a claims rather higher than 
would be expected merely on the basis of their respective 
probabilities. One explanation could be that utility functions 
differ between states, in this case resulting in a preference for 
consumption in state a. Another possibility is that the two 
states imply greatly differing consumption prospects. Thus 
state a might be 'famine' and state b a 'good harvest'. What­
ever the reason, intuition and expression (7.4) confirm that 
the marginal utility of returns in state a exceeds the marginal 
utility of returns in state b. If investment projects are being 
undertaken, people would prefer the returns to be loaded in 
favour of state a rather than state b, as witnessed by the 
relatively high price they are willing to pay for state a con­
tingent claims. It transpires therefore that any investment 
project which accords with these preferences, that is for 
which R la > R 1 b will be evaluated at a 'risky' rate of dis­
count lower than the riskless rate, while any project which 
produces returns predominantly in the lower-valued state will 
be evaluated at a rate of discount greater than the riskless 
rate. 

This completes our excursion into state-preference theory. 
Individuals are considered to be risk-averse and to maximise 
expected utility rather than expected money returns. Risk to 
the individual can be reduced through the buying and selling 
of time and state-contingent claims. A perfectly operating 
market in these claims may in special cases avoid private risk 
altogether (marginal utility of consumption being constant 
whatever 'state of the world' occurs) and the present certainty­
equivalent value criterion for investment projects would then 
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imply the use of a riskless rate of interest to discount expected 
returns whatever the distribution of these may be between 
the various states. Where some 'social risk' cannot be avoided, 
as in the case of drought or famine, a risky rate of discount is 
implied which may be larger or sma11er than the time-prefer­
ence rate or riskless rate, according to the state-contingent 
distribution of returns from the project concerned. Where the 
project itself is riskless or, as will be seen later, where the 
returns are statistica11y independent of the returns from 
existing investments, the riskless rate of interest is still 
implied. 

7.3 Exploration for Oil - A Numerical Example 

Some of the issues raised in Section 7.2 may be clarified by 
the use of a simple numerical example. This example is not 
meant to be 'realistic' but does help to illustrate some impor­
tant principles. Suppose that an oil company is about to 
embark on a project of exploratory drilling in a particular 
area offshore. Suppose also that the prob ability of striking 
oil in commercial quantities and the probability of a11 holes 
being dry are both one-half. In the event of a successful 
outcome the present value of returns will be 1:44 million 
when evaluated at a riskless discount rate. Where no oil is 
discovered a loss of 09 million will be experienced. The 
decision-makers at the company, whether private owners, top 
executives or majority shareholders, are assumed to be risk­
averse and to have a lItility of wealth function V = vi W. The 
e xisting vaille of the company is 000 million which for 
simplicity is assllmed to be certain. We ignore the difficult 
and important questions of how a firm 's utility function 
might be derived from the individual preferences of managers 
or owners, or indeed why a firm should be risk-averse if 
shareholders hold diversified portfolios of claims, as discussed 
in Section 7.2. Risk-averse behaviour, however, would appear 
to be q lIite consistent with modern 'managerial' theories of 
the firm.? 

Figure 7.3 reprodllces the information given above. If the 
project is undertaken, expected wealth will be 012.5 million, 
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i.e. the project is expected to increase the value of the com­
pany by f.12.5 million. E( V) = 10,500 and the certainty 
equivalent of the risky project is f.l10 .25 million. Since this 
exceeds f.lOO million we deduce that the company will go 
ahead with the exploration activity . The cost of risk as defined 
in Section 7.2 (i .e. expected wealth minus its certainty 
equivalent) will be f.( 112.5 - 110.25) million = f.2.25 million. 

Now consider the same company eva1uating the very same 
investment opportunity , but this time in the know1edge that 
it must purchase an exploration licence from the Government. 
In Chapter 6 it was noted (p. 168) that under conditions of 
risk the sa1e of licences cou1d discourage exploration and we 
are now in a better position for seeing why this is so. Suppose 
the Government , aware that the expected return is f.12.5 
million , charges {12 million for the licence . This will still 
leave the project with a positive net present value when 
evaluated at the riskless rate of discount. However, the 
certainty eq uivalent of this new gamble, the outcomes of 
which are now {(l00 - 31) million and {(100+32) million 
will be only f.97.9 million and the firm will reject it. Being 
risk-averse the firm does not undertake a11 projects with a 
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positive present value at the riskless rate of interest, it assesses 
the risks involved and makes some adjustment for them in its 
calculations. This adjustment may take the form of a higher 
discount rate than the riskless one for discounting expected 
future net benefits, a down ward revision of expected net 
present value figures, the adoption of a minimum 'pay-back 
period' and so forth, but whatever the method the effect is 
to render unacceptable the exploration project. Some simple, 
if tedious, calculations will soon confirm that the maximum 
the firm would be willing to pay for a licence is approximately 
LIO million. Again with reference to Chapter 6 it is of interest 
to note that a system of royalty bidding, requiring the firm 
to pay only in the event of oil being discovered, would 
produce different results. In this case the firm would be 
prepared to offer L23 million, the expected value to the 
Exchequer therefore being 01.5 million,s Assuming risk­
neutrality on the part of the Exchequer, a position for which, 
as will be seen, there is some theoretical justification, this 
would appear to be a preferable system. The result is achieved, 
of course, because the Govemment shoulders some of the 
risks of the project. In the former case the firm requires L2.5 
million as compensation for risk-taking, in the latter case this 
figure has dropped to L I million. 

It was further remarked in Chapter 6 (p. 167) that one 
important criticism of the competitive bidding solution to 
the allocation of exploration licences was that under con­
ditions of risk it relied upon the existence of efficient capital 
markets. Suppose aperfeet market in state-contingent 
claims existed. The firm in our example eould in this case 
insure against an unfavourable outeome. It could do so by 
selling claims to 01.5 million eontingent upon oil being 
discovered and, with the proceeds, purchasing claims to 01.5 
million eontingent upon no oil being discovered. If claims 
prices were proportional to state probabilities both sets of 
claims would have the same price (sinee the probability of 
both events is 0.5) and the firm could thereby achieve a 
certain return of L 12.5 million. This sum would then repre­
sent the maximum the firm would be willing to pay for an 
exploration lieence, and the firm would have managed to 
avoid risk eompletely. 
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Finally, this numerical example provides an opportunity 
to illustrate the effects of risk-spreading. The possibility of 
risk-pooling and risk-spreading was mentioned in Chapter 6 
but no detailed attention was paid to the distinction between 
them. Thus risk-pooling occurs when a given investor under­
takes many independent risks, or risks which are dependent 
in such a way as to reduce the overall risk associated with the 
total pool. Risk-pooling is the principle underlying the popular 
saying that 'you should not have all your eggs in one basket'. 
Risk-spreading, on the other hand occurs, when the risk from 
a particular project is shared by several individuals. 

In the particular case that is being considered in this sec­
tion the private cost of risk has been calculated already as 
[2.25 million in the absence of insurance possibilities and 
assuming no exploration licence is required. Now suppose 
that another identical firm with the same utility of wealth 
function offers to share equally in the costs and revenues of 
the project. Each firm now faces a gamble, with outcomes of 
t90.5 million and :022 million. The expected outcome will 
be 006.25 million for both firms; that is, they both expect 
to add t6.25 million to the present value of their profits. 
This is unsurprising. The project as a whole still has an 
expected return of t 12.5 million and the two firms now 
share this expectation between them. A more interesting 
conclusion emerges, however, when we look at the cost of 
risk-bearing associated with the project. For each firm the 
certainty equivalent of this new gamble is t105.66 million 
and hence the private cost of risk is t(l06.25 - 105.66) 
million = tO.59 million in each case. For the two firms com­
bined therefore the total risk-bearing costs will be 2 x 0.59 = 
tl.18 million. Spreading the risk over two firms has reduced 
total risk-bearing costs by nearly one half from [2.25 million 
to t 1.18 million. The interested reader should soon confirm 
that a consortium of ten companies sharing equally in the 
costs and revenues of the project would yet further reduce 
the total cost of risk-bearing to tO.25 million.9 It turns out 
that this tendency for risk-bearing costs to decline as they 
are spread over increasing numbers of firms is a special case 
of a more general theorem concerning risk-spreading - the 
Arrow-Lind Theorem - to which we turn in our next section. 
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7.4 Public Policy and the Discount Rate 

In Section 7.2 the consumption and investment decisions of 
individ uals and firms were discussed under the assumption of 
a perfectly operating market in state-contingent claims. If 
such a world existed the problem of the appropriate treat­
ment of risk in public investments would hardly arise. The 
market prices of state-contingent claims, as with other prices 
in a first-best world, would suffice for the guidance of public 
investment decisions. IO There is no case, as is sometimes 
argued, for the more lenient treatment of risk in the public 
sector on the grounds that the public sector is a more effective 
pooler of risks than the private sector, for, as Sandmoll 
points out, with properly functioning markets 'there are 
perfect opportunities for pooling of risks in the private 
sector, and the market risk margins represent a social evalua­
tion of the risk associated with each type of investment'. Any 
argument for differing treatment of public and plivate invest­
ment is therefore dependent upon 'market failure' and is 
part of the theory of the second-best. 

All market exchanges incur transactions costs and policing 
costs, but the market in insurance contracts or state-contin­
gent claims faces particularly severe problems in these respects. 
It can be argued that private markets are not efficient because 
transactions costs inhibit exchanges of claims which would 
be mutually beneficial, or because some markets do not even 
exist because of the difficulty of policing agreeements. As 
already mentioned in Chapter 3 high policing costs stern from 
the existence of 'moral hazard'; that is, the possibility of a 
person buying a claim to resources contingent upon a given 
state of the world and then, by their actions, influencing the 
probability of that state of the world occurring. Celebrated 
examples occur in the fields of fire and motor insurance 
where the insured person may no Ionger take the care to 
avoid fire or accidents which he might otherwise have done. 
It should be emphasised that whether the existence of 'moral 
hazard' constitutes market failure is still a contentious issue. 
Transactions and policing costs exist in any resource-allocat­
ing system and cannot be assuined away. In the public sector 
there is no guarantee that administrators will behave as a 
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benevolent despot would like. They may have their own 
reasons to be more risk-averse than is appropriate for society 
as a whole. The career prospects of an administrator who 
has been associated with several notable investment disasters 
are unlikely to be improved even if he correctly points out 
that he was simply implementing the appropriate investment 
criterion for the cases in point. 

Ignoring these important problems of how decisions in the 
public sector will in fact be made it is still possible to ask 
whether in principle the public sector could improve on the 
allocation of resources to investment, especially under 
conditions of risk. Two possible lines of argument have been 
suggested. First, in the absence of perfeet pooling possibilities 
in the private sector risk-aversion on the part of individuals 
may imply the rejection of projects which, if undertaken as 
part of a large public sector pool, could prove to be socially 
desirable. If the public sector is seen as undertaking a large 
number of statistically independent projects the 'Law of large 
numbers' will ensure that there is very little risk attached to 
the average returns per project in the total pool and that 
therefore the Government can adopt a risk-neutral attitude 
in project appraisal. l2 Second, and more recently, Arrow and 
Lind have shown that, under certain conditions, the social 
cost of risk associated with a given project dec1ines to zero as 
it is spread over increasing numbers of people) 3 

The conditions attached to the Arrow--Lind theorem are 
c1early of central importance. The risk from a given invest­
ment must be capable of being spread over a very large 
population and, as with the 'pooling' argument, the returns 
to the project must be independent of the returns from exist­
ing investments. It is perhaps worth noting that in the simple 
example developed at the end of Seetion 7.3 this latter 
condition is fulfilled, since there the returns to existing invest­
ments are assumed certain. In the context of resource alloca­
tion in the field of energy, however, the Cl uestion arises as to 
how far the Arrow-Lind theorem is applicalJle. There are at 
least four important arguments to consider. 

(i) If the Arrow-Lind case for ignoring risk in the public 
sector is to be accepted, mechanisms must be found which 
ensure the widest possible spreading of risk over the popula-
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tion. In their article Arrow and Lind envisage a government 
with a given budgetary target. An investment project brings 
to the Exchequer a flow of net revenue and the tax system is 
used to maintain the target. Thus if net returns are positive, 
taxes will be reduced, and vice versa. 14 Assuming that the 
taxes involved are broad-based and do not impinge on a small 
section of the population the effect is to spread the risk 
widely, as required. 

Some risks, however, are of a type which, from both prac­
tical and theoretical stand points, would appear very difficult 
to spread. The risk to life and limb of transporting highly 
flammable materials, for example, is not something wh ich 
can be ignored in project appraisal. Those assuming such a 
risk may be able to be compensated, but it is not easy to see 
how the fiscal system could be used to effectively eliminate 
the risk from a sodal point ofview. 15 

Further, even in simpler cases where the risk takes the 
form of differing possible revenue flows, the spreading 
mechanism relies upon compliant politidans willing to take 
the required fiscal action. If they decided that positive net 
revenues from a project provided an opportunity to increase 
public expenditure, rather than to decrease taxation, the 
nature of that expenditure would be of considerable impor­
tance. A dedsion to use net revenues to raise a particular 
sodal security benefit , for example, would clearly concentrate 
the risk of the project on a sm all group of people relative to 
the total taxpaying public. 

(ii) Where the costs and benefits from a project take the 
form of 'public goods' or 'public bads' then any uncertainty 
concerning the magnitude of these costs and benefits clearly 
cannot be spread across the individuals affected. Since, by 
definition, all individuals experience the cost stemming from 
a 'public bad', all individ uals will bear some risk if the magni­
tude of this cost is not certain. Possible environmental 
damages associated with energy projects, many of which have 
been discussed in Chapter 5 (p. 111), are clearly of relevance 
here. Examples would include the possibility of widespread 
atmospheric or water pollution stemming from various types 
of electricity generation. 

It might be objected that much environmental damage is 
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of a local rather than national variety and that in principle 
there exists a possibility of transferring any risk from the local 
people to the nation as a whole. The administrative costs of 
such a scheme could be substantial, however, even were it 
conceptually possib le, and these costs would have to be 
compared with the benefits from risk-spreading. Further, 
many readers may find that it stretches credulity too far to 
believe that the political system will, in fact, operate in this 
way. If it does not, then whatever may be the case in principle, 
in fact the risk will be born by the individuals directly affected. 

(iii) In the field of energy there mayaiso be some doubt 
as to how far the statistical independence assumption is likely 
to hold. Ultimately this question is an empirical matter and 
cannot be settled by apriori reaso1}ing; however, the precise 
meaning of the independence condition is not obvious and a 
simple example may be of assistance. Table 7.1 contains 
entries for eight possible 'states of the world'. It is assumed 
that each state of the world is made up of a combination of 
possible events and that the probabilities attached to these 
events are objective and agreed. Thus the prob ability of new 
fossil fuel discoveries is assumed to be! while the prob ability 
of technical advance is taken to be ~ in the field of conven­
tional fuel use and ! in the field of n uclear energy. The 
occurrence or non-occurrence of each of these three events 
permits the identification of eight possible 'states of the 
world' with a probability distribwtion given in column 5 of 
the table. Note that the prob ability of each event is assumed 
independent of the others. Thus the probability of 'state of 
the world' A, i.e. no new discoveries or technical advance, is 
simply j x! x i = 4\. Columns 6 and 7 of the table give the 
net returns to existing investments and to a proposed invest­
ment in nuclear energy respectively, for the various possible 
states of the world 'next period' . The precise magnitudes of 
these figures are of no significance and are intended merely 
for illustrative purposes. We have assumed, however, that net 
returns will be greater the more generally 'favourable' circum­
stances turn out to be. 

Inspection of Table 7.1 reveals that the returns to the 
nuclear investment project are independent of existing returns 
in the following statistical sense. Whatever the outcome of 
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existing investment, i.e. whether returns are SOor 100 or 
150, etc., the probability distribution of X is unaffected. If 
Y turns out to be 100, X can take a va1ue of 10 or 20 with 
the probability of the former being three times that of the 
1atter. Similarly if Y is 200, the distrib ution of X is still 10 
with probability i and 20 with probability !. Knowledge of 
the Y outcome in no way changes the probability distribution 
of the X outcomes. The returns to existing investment are 
not related to the returns that may accrue from nuclear 
investment, and vice versa.1 6 This result sterns, of course, 
from the fact that in Table 7.1 the returns to nuclear invest­
ment depend entirely upon whether or not there is technical 
advance in the field of nuclear energy, whereas the returns 
to existing investments are not influenced at all by this event. 
In the case illustrated therefore the independence condition 
holds, and, if investment X is to be undertaken in the public 
sector, evaluation should proceed on the basis of a riskless 
rate of interest.' 7 

It is clear, however, that statistical independence of returns 
is not something that can be relied upon. If we assumed, for 
example, that the prob ability of technical advance in the 
field of nuclear energy was not independent of technical 
advance elsewhere or was related to fossil-fuel discoveries 
(perhaps because large finds could retard research and develop­
ment) the entries in Table 7.1 would no longer be statistically 
independent. Similarly, if the returns from the investment in 
nuclear power depended not only upon technical factors in 
that industry, but also upon the occurrence or otherwise of 
the other events making up the state of the world, there 
would again be no reason to expect statistical independence 
to prevail. Thus we might expect the returns from an invest­
ment in nuclear energy to be greater in state of the world B 
where conventional sources are failing, compared with state 
of the world H where they are abundant. 

Much hinges therefore on the assumptions made about the 
nature of public investments. If the statistical independence 
condition is considered plausible then the Arrow-Lind result 
follows, but if, following Sandmo,18 the Government is seen 
as investing in many industries alongside the private sector 
then it can be shown that 'the public sector's discount rates 
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should always contain a risk margin, and that this margin 
should correspond to the one used in the private sector for 
investment in the same risk class'. Where nationalised ind ustries 
and private corporations are engaged in similar projects as, 
for example, in the oil industry, Sandmo's approach would 
appear to be more appropriate. 

(iv) A final objection to risk-neutrality in the appraisal of 
public investments in the field of energy concerns the fact 
that some of them may involve 'irreversibilities'. Section 7.5 
provides a brief review of this problem. 

7.5 Irreversibility and 'Option Value' 

Some decisions involve consequences which are very costly 
to reverse. In an extreme case it may even be technically 
impossible to revert to some preferred prior situation. These 
decisions are termed 'irreversible' decisions. Adecision to 
develop the agricultural potential of parts of Florida by 
draining the Everglades, for example, would involve significant 
irreversibilities since, as Fisher and Krutilla 19 argue, a lower 
water table would irretrievably alter the aq uatic plant and 
animal life of the area as weIl as the chemical constituents of 
the soil. Another celebrated example concerns the develop­
ment of hydro-electric capacity at Hell's Canyon on the 
Snake River which would preclude areturn to recreational 
use. Henry20 cites as irreversible a hypothetical decision to 
demolish Notre-Dame cathedral in order to build a parking 
lot. This case illustrates the point that an important considera­
tion is the 'authenticity' of any attempt to replicate the 
original position. Landscaping, for example, may be sufficient 
to restore an industrial or mining site for leisure purposes, 
but it will rarely be able to reintroduce the full range of flora 
and fauna which may be uf great significance for the naturalist. 

Many pollutants are degradable and may be rapidly assimi­
lated by the appropriate environment. Others such as DDT, 
mercury or lead are nondegradable and may persist for many 
years. Thus adecision involving the disposal of these sub­
stances is essentially 'irreversible'. A particularly extreme case 
of this type is the problem of the disposal of radioactive 
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wastes especially 'high-level' waste containing the 'actinides' .21 

These substances are lethaI if inhaled in the minutest q uantities 
and must be contained in the utmost security effectively for 
ever. Suggested methods of disposal themselves involve varying 
degrees of irreversibility. Üne possibility is that nuc1ear wastes 
could be buried in natural salt deposits which are geologica11y 
very stable formations free of circulating ground water. The 
problem is that once buried they rapidly become irretrievable 
and the option of using alternative containment methods in 
the future is lost. 22 

Recent work in the field of environmental economics has 
demonstrated that decisions which involve the loss of future 
'options' have an economic cost which must be inc1uded in 
project appraisal. The flooding of an important geological 
formation may remove the option of using it in the future for 
different purposes, the decision to delay keeps a11 the options 
open. The existence of 'option value' was first suggested by 
Weisbrod23 and later developed by Cicchetti and Freeman.24 

As presented by the latter, 'option value' turns out to be 
what was termed the 'cost of risk-bearing' in Section 7.2, i.e. 
the amount that individ uals would be prepared to pay to 
avoid uncertainty. 

Imagine a person contemplating his demand for electricity 
in the next period. Suppose that there is sufficient capacity 
to supply so me 'normal' load but that consideration is being 
given to increasing this capacity to deal with severe weather 
conditions. The individual knows that in the event of warm 
weather he would not demand electricity from these reserve 
sources, but that in cold weather his demand for electricity 
would increase. Let the prob ability of cold weather 'next 
period' be 0.5. In Figure 7.4 the two curves UI(Y) and 
U2 (Y) represent the individual's utility of income functions 
for the cases in which electricity is available and electricity is 
unavailable respectively. In the absence of reserve plant the 
expected utility of this consumer will be E(U) = 0.5 VI + 0.5 
V2 assuming that his income level is Yo. 

Now imagine that the cold spell has arrived and that a 
monopoly supplier of electricity conducts an experiment. 
Specifically it asks the consumer how much he would be 
willing to pay to avoid a supply interruption. From Figure 
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7.4 it is seen that the consumer would countenance a drop in 
income to Yo - S, at which point he would be indifferent 
between having extra electricity available and not having it 
available. The amount S is therefore the consumer's surplus 
derived by the individual from consumption of extra elec­
tricity from reserve plant during the cold spell. Since the 
probability of the cold spell has been assumed to be 0.5 we 
deduce that the expected consumer's surplus from consump­
tion in cold weather will be E(S) = (0.5 x S). 

Suppose now that the monopoly supplier alters his experi­
ment. Instead of waiting for the cold weather to occur and 
inquiring about consumer's surplus the electricity company 
asks how much the consumer would pay for the 'option' to 
purchase electricity at the prevailing price in the event of 
cold weather. From Figure 7.4 it is seen that the consumer 
would be willing to accept a reduction in income to Yo - V 
if this ensured the availability of electricity in cold weather. 
Note that V, the maximum option price, is greater than E(S), 
the expected consumer's surplus from extra electricity con­
sumption in cold weather. Evidently the consumer is willing 
to pay more than the expected consumer's surplus for an 
assured supply. It is this excess of maximum option price V 
over expected consumer's surplus E(S) which Cicchetti and 
Freeman term 'true option value'. 
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Where individuals are unsure of what their demand for a 
commodity will turn out to be and where they are risk-averse, 
'option value' will exist. In the above example the 'option' 
removed the risk that the consumer would demand peak 
electricity and find it unavailable, and this was shown to have 
a value quite separate from the expected consumer's surplus 
from the electricity itself. Because 'option value' is so c10sely 
related to the cost of risk-bearing, however, and because, as 
discussed in Section 7.4 there are circumstances in which 
this cost can be ignored in project evaluation in the public 
sector, it is reasonable to inquire whether, from a social 
perspective, 'option value' is important. It is in this context 
that the existence of 'irreversibilities' plays its part. In par­
ticular, Arrow and Fisher25 haveshown that, even where 
decision-makers are risk-neutral, if an investment project 
involves irreversible consequences there will exist 'a "quasi­
option value" having an effect in the same direction as risk­
aversion, namely, a reduction in net benefits from develop­
ment'. 

The existence of this 'quasi-option value' can be illustrated 
using a simple model very similar to that of Arrow and Fisher. 
Suppose that some energy project involves irreversible con­
sequences, the flooding of land for hydro-electricity, the use 
of an area for strip mining, etc. Development involves both 
costs and benefits, but 'preservation' is assumed costless. It is 
assumed that there are two periods : 'now' (period 1) and the 
'future' (period 2). Ignoring uncertainty for the time being it 
is seen that society has three choices: to develop now, to 
preserve now and develop later, or to preserve in both periods. 
The option to develop now and preserve later is not available 
because of the 'irreversibility'. In the event of immediate 
development total social benefit Sj will be 

(7.10) 

where Bd 1 = gross social benefit from development in 
period I. 

Cd 1 = costs of develoPJ'!lent in period I. 

Bd 2 = gross social benefit from development in 
period 2. 
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Note that for simplicity we have assumed that no costs are 
involved in period 2 if development occurs in period 1. Also 
it has implicitly been assumed that society faces an all-or­
nothing choice. 'Partial development' is not possible.2 6 

I f society chooses to preserve the site in period I there are 
two possible outcomes: 

s;* =Bpl +Bp2 

or S;** = B p I + (Bd2 - Cd2 ), 

(7.11) 

(7.12) 

where Bp I = gross social benefit from preservation in period 
1, and the remaining notation can be read similarly. 

In the absence of uncertainty there is no problem. Society 
presumably selects the option yielding the greatest total 
social benefit. Note that option (7.11) will be chosen only if 
B p 2 - (Bd 2 - Cd 2) > 0, i.e. ifnet social benefits from preser­
vation in period 2 are positive. Similarly, option (7.12) will 
be chosen only if (Bd 2 - Cd 2) - Bp 2 > O. We can therefore 
rewrite eq uations (7.11) and (7.12) as a single expression 
representing total sodal benefits from options involving the 
preservation of the site in period I: 

S; =Bpl + Max [B p2 ,Bd2 - Cd2 1. 

Adecision to develop the si te in the first period will be made 
if Sd > S;, i.e. if 

Bdl -=- Cdl +Bd2 - B p 1- Max [B p2 .Bd2 - Cd2 1 > O. 

Let (Bd I - Cd I) - B p I = NI, where NI represents the net 
sociaI benefits from deveIopment during period I. The criter­
ion then becomes 

(7.13) 

The problem, of course, is that, by assumption, the magnitude 
of benefits and costs in period :2 is lIncertain. With risk-nelltral 
decision-makers the choice of whether or not to deveIop the 
site will depend on whether the expected l'alue of expression 
(7.13) is greater or less than zero. The site will be deveIoped 
if 

NI +E(Bd2)-E[Max(Bp2,Bd2 -Cd2 )]>0. 
(7.14) 
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It will be recalled from Seetion 7.2 that in the case of risk­
neutrality the 'positive present certainty-equivalent value' 
criterion for project appraisal simply required expected 
returns to be discounted at the riskless rate of interest. In the 
presence of 'irreversibilities', however, it can be shown that 
using expected values of benefits and costs in (7.14) will not 
yield the correct expected value for the whole project. 
Replacing B p 2 and Bd 2 - Cd 2 by their expectations we obtain 

NI +E[Bd21-E[Max(E{Bp2},E{Bd2 -Cd2 })1 >0.­
(7.15) 

Suppose it happened, for example, that E[Bp2 1 > E[Bd2 -
Cd 2 1. In this case expression (7.15) would simply become 

NI + E[Bd2 1 - E[Bp2 1 > o. (7.16) 

This is obviously no more than we might expect. Apart from 
the absence of discount factors, expression (7.16) is simply 
the usual 'positive expected present value' criterion for the 
development project. NI represents net social benefits from 
the project in period 1 and E[Bd2 1 - E[Bp2 1 represents 
expected net social benefits in period 2. 

Unfortunately, a moment's reflection will reveal that 
criterion (7.16) is not the same as criterion (7.14). Consider 
the expression Max [Bp 2, Bd 2 - Cd 2 1. Clearly this must 
either take the value of Bp 2 or, if not, it must be greater than 
Bp 2. As long, therefore, as there is some positive probability 
that Bd2 - Cd2 >Bp2 it must be concluded that E[Max 
{Bp2 , Bd2 - Cd2 } 1 > E[Bp2 1. It follows immediately that 
(7.16) overestimates the true expected net social benefit 
from the development project and that adopting a criterion 
such as (7.16) will be unduly favourable to the undertaking 
of projects with irreversible effects. 27 

7.6 Problems of Using Probabilities 

Although somewhat abstract, the analysis presented so far 
has permitted the identification of some important factors 
bearing upon the direction of any adjustment for risk in 
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project selection in the public sector. In particular three 
major factors stand out. 

(i) The degree to which an investment project produces 
'public goods' or 'public bads'. The risk associated with 
variations in these cannot be spread over the population as 
the Arrow-Lind Theorem requires. 

(ii) The extent to which returns are statistically dependent 
or independent of returns from other investments. 

(iii) Whether a project involves effects which are 'irrevers­
ible'. We have argued that the appraisal of some types of 
investment in the field of energy may involve adjustments 
for uncertainty under each of these headings, and that dis­
counting expected returns, at a riskless rate of interest will 
not yield the correct certainty-equivalent present value. 

These observations stillleave the rather substantial problem 
of deciding on the quantitative size of any reduction in net 
social benefits from a project due to risk. If statistical depen­
dence of the returns with other investments is the only 
problem, and if existing financial markets are considered 
sufficiently developed to permit the widespread, ifnot perfeet, 
pooling of risk in the private sector, one solution in principle 
is to observe what adjustments are made in the private sector 
on investments in the same 'risk-class'. Where, however, 
arrangements for risk-pooling in the private sector are undevel­
oped the problem is less tractable. 'Risk margins' for a given 
class of investment will vary across individ uals because the 
necessary markets do not exist to permit the exchanges 
necessary to bring them into equality.28 

Intuitively it seems plausible that, in the absence of a single 
market-determined adjustment for risk, some 'average' of 
those used in the private sector might be appropriate. It 
might even be surmised that the more any particular individ ual 
is affected by a project the greater should be the weight given 
to his preferences concerning risk or his 'risk margin' on the 
class of investment under consideration. Under certain 
conditions these suggestions can be demonstrated rigor­
ously,29 but the il1formatiol1aI requirements necessary to 
carry through such an analysis are obviously immense. They 
are, however, 110 more startling thal1 the informational 
req uirements theoretically necessary to determine the optimal 
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provlSlon of pure public goods, and it is clear that in both 
cases political institutions will playa large part in determining 
outcomes in practice. 

In addition to the problem of specifying the quantitative 
importance of the results obtained in the foregoing sections, 
it is possible to cast doubts on the validity of the whole 
approach. In particular, much of the analysis is dependent 
upon the existence of an objective probability distribution 
for states of the world. Such information is rarely available. 
Formally, the consumption and investment decision can be 
analysed using 'subjective probability estimates' which may 
differ between people. But in the sphere of public policy 
this gives rise to trouble. In the absence of objective data, 
whose probability estimates are to be used? Much disagree­
ment over policy issues has its roots in differing probability 
estimates, and statements about these estimates - for example 
concerning the safety of various forms of electricity genera­
tion, or the likelihood of extensive new discoveries of fossil 
fuel - are usually extremely contentious. 
. This problem is obviously most acute when the concept of 
prob ability as 'relative frequency' is most difficult to apply. 
Unfortunately this is clearly very often the case in the sphere 
of energy. The probability that the accumulation of carbon 
dioxide will result in serious climatic changes is not something 
which can be assessed from repeated experiments. The proba­
bility of a major disaster at a nuc1ear power station may be 
estimated using 'safety analysis', but from a relative-freq uency 
point of view all that is known is that such an accident is yet 
to occur. 30 As Hirshleifer comments, the state-preference 
approach provides a theory which contains uncertainty about 
future states of the world but it 'does not contain the "vague­
ness" we usually find psychologically associated with uncer­
tainty'.31 In the following section some alternative approaches 
to choice under uncertainty are outlined, approaches which 
do not rely on the existence of objective prob ability distri­
butions over states of the world. 

7.7 Decision Theory 

In the absence of objective knowledge concerning probabilities 
a number of decision rules have been formulated by econ-
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omists. The most celebrated ofthese approaches are illustrated 
below, using a very simple example.3 2 Suppose that a 
decision-maker is to choose between three mutually exclusive 
investment strategies. The pay-off associated with each 
strategy is dependent upon which of three mutually exclusive 
states of the world occurs. Thus in the matrix below, strategy 
1 produces a pay-off of 200 in state of the world a, strategy 3 
a pay-off of 150 in state of the world c, etc. 

Pay-o!! Matrix 

STATE OF THE WORLD 

Investment 
strategy 

1 
2 
3 

(a) The Maximin Criterion 

a 
200 

20 
15 

b 
o 

30 
90 

c 
50 
40 

150 

Faced with these prospects a very conservative strategist might 
assume that the worst will happen whichever strategy he 
chooses and that consequently he should pick the alternative 
which offers the largest pay-off in the least favourable state 
of the world. Making a list of the minimum pay-off for each 
strategy the decision-maker would obtain the following 
result. 

MINIMUM PAY-OFF 

Investment 
strategy 

1 
2 
3 

o 
20 
15 

Clearly in this case strategy 2 offers the 'highest safety net'. 
Whatever happens, if strategy 2 is chosen, the pay-off cannot 
fall below 20. 

One obvious criticism of the maximin criterion is that it 
concentrates entirely on the worst possible outcome for each 
strategy and ignores all the other possibilities. Looking at the 
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entire matrix of pay-offs a different decision-maker might 
note that by choosing strategy 2 the option of some very 
high returns (200 in the case of strategy I and ISO in the case 
of strategy 3) is ruied out. The worst that can happen if 
strategy 2 is chosen may be somewhat higher than is the case 
for the other strategies, but the best it can do is considerably 
Iess than is the case for the others. 

(b) The Minimax Regret Criterion 

Our new decision-maker may reformulate his choice criterion 
along the foIIowing lines. Consider strategy 2. If state of the 
worid a occurs the payoff is 20 and this more enterprising 
decision-maker is sure to note how much better it would 
have been in this case to choose strategy 1. Similarly, if state 
of the world b occurs, the decision-maker will reflect ruefuIIy 
on the pay-off he might have received had he chosen strategy 
3. In general, instead of considering the actual pay-offs 
accruing to a particular strategy, the decision-maker considers 
the 'regret' that is experienced at not having chosen some 
best-alternative strategy. 'Regret' in this context is simpIy 
the shortfall of the actual pay-off from the best alternative, 
given the state of the world. Thus, if strategy 2 is chosen and 
state of the world c occurs the regret will be ISO - 40 = 110. 
The fuII matrix of regrets is given beiow. 

STATE OF THE WORLD 

Jm'estment 
strategy 

1 
2 
3 

a 
o 

180 
185 

b 
90 
60 
o 

c 
100 
110 

o 

From this matrix of figures it is seen that the maximum 
regret associated with investment strategy 1 is considerably 
lower than the maximum regret associated with the two 
alternative strategies. Thus if the decision-maker wishes to 
mini mise his potential regret he will choose strategy 1. 

It remains true, however, that attention is still focused on 
a single outcome for each strategy instead of all possible 
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outcomes. Thus although the two criteria so far described 
have opted for strategies 2 and 1 in turn, it is evident from 
the regret matrix that strategy 3 does have some advantages. 
In particular it is the favoured strategy in terms of having the 
best pay-off and hence no regret for two out of the three 
possible states of the world. However, without so me knowl­
edge of probabilities it is difficult to derive choice criteria 
which take account of all possible outcomes. 

The Bayes Criterion 

One set of subjective probabilities for states of the world of 
which decision theory has made use is the set of equal 
probabilities. In astate of complete ignorance, it might be 
argued, we might as weIl assurne that aB states are equally 
probable and work out the expected returns on this basis. 
This type of approach has been graced with the term 'the 
principle of insufficient reason'. It enables us to ca1culate the 
strategy with the greatest pay-off 'on the average' assuming 
eq ually probable states of the world. The expected pay-off of 
each strategy E(P) is given in the following table. 

Investment 
strategy 

1 

2 

3 

Expected 
pay-oll 

G x 200) + (! x 50) = 83! 

G x 20) + (i x 30) + (~ x 40) = 30 

ß xIS) + (! x 90) + (! x 150) = 85 

This criterion recommends strategy 3 as the best alternative 
with an 'expected' pay-off of 85. 

From this cursory review of so me of the major approaches 
to decision theory it will be obvious that none provides a 
clearly superior choice criterion to each of the others. Every­
thing will depend on the individual decision-maker's attitude 
to uncertainty and it has been shown that any one of the 
three investment strategies investigated might be justified on 
quite 'reasonable' grounds. 
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7.8 Implieations for Poliey Formulation 

From the earlier sections in this chapter it is evident that any 
policy towards uncertainty requires solutions to three major 
problems. 

(i) Attempts must be made to define the 'states of the 
world' which are possible and the outcomes or 'pay-offs' 
which these states imply. Each section from 7.2 to 7.7 has 
depended upon explicit knowledge of the possible outcomes 
involved. In reality the co11ection of this type of information 
may involve substantial costs and req uire extensive research. 
The environmental effects of various po11utants, for example, 
are freq uently very difficult to estimate especially when 
'synergistic effects' are involved. Some toxic substances may 
vary considerably in the danger they represent, depending on 
the presence or absence of yet other substances. The enorm­
ous possible number of combinations of po11utants which 
may result from modem industrial activity c1early represents 
an information problem of great complexity. 

(ii) Probability estimates for the various 'states of the 
world' are required. In Section 7.6 we have already drawn 
attention to some of the problems involved. A fundamental 
decision must be made as to whether, in the absence of 
objective probabilities, so me subjective estimates are permis­
sible, and if so, who is to make them. The brief outline of 
attempts to devise decision rules ignoring probabilities given 
in the last section revealed their considerable shortcomings. 
Concentrating on one state of the world only and ignoring 
for the purposes of decision-making a11 other possible out­
comes, or altematively arbitrarily assuming a11 states of the 
world have an eq ual probability of occurring; these approaches 
it can be argued are unduly restrictive. In a powerful appeal 
for the use of subjective prob ability estimates in decision­
making, for example, the Committee on the Principles of 
Decision Making for Regulating Chemieals in the Environment 
argue as folIows. 'Probability theory provides an unambiguous 
and logically consistent way to reason about uncertainty. In 
fact, a forceful argument can be made that any logical process 
for reasoning about uncertainty is equivalent to prob ability 
theory'.33 
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On ce it is accepted that prob ability estimates are a useful 
tool for decision-making, even when information on relative 
frequency is unavailable, the difficuIty remains of deciding 
how they are to be derived. Clearly scientific experiments in 
the laboratory or statistical evidence from the past may 
provide so me useful guidance. 'Hazard analysis', which 
attempts to estimate the dangers involved in using various 
chemicals (usually by experiments on animals, or by observing 
populations already exposed to differing concentrations), is 
very important for improving information about heaIth 
costs. 34 The judgement of engineers and scientists conversant 
with the theoretical and practical problems involved would 
be required to derive probability estimates for the financial 
costs involved in developing new sources of energy such as 
wind, wave and solar power. Past experience and the opinions 
of qualified geologists might be sought when assessing the 
prospects of discovering deposits of fossil fuel in a particular 
area. The construction of models and prototypes of reactors, 
boilers, windmills, etc., can be regarded as investment in 
information concerning the probable performance and cost 
of the full-scale item. 35 Thus, if subjective probabilities are 
to be used they are usually seen as coming from 'experts'. 
As the Committee cited earlier explains, 'the probability, for 
example, that continued use of an aerosol propellant will 
affect the ozone layer must be taken as scientific judgement: 
nothing more or nothing less. The probability value acts as a 
summary of the scientific judgement of experts in a form 
useful to the policy maker. ... '36 

At least two objections are immediately apparent to the 
use of 'experts'. First, 'experts' do not always agree wi th one 
another, nor are they immune from the enthusiasms of less­
expert individ uals. Fluidised-bed boilers for the combustion 
of coal, tidal barrages, windmills, various types of nuclear 
reactor, all have their supporters and sceptics, and there 
would seem little reason to suppose that agreement could 
always, or even usually, be reached on probability estimates 
for various outcomes. Second, even where the 'experts' agree 
with each other, awkward ethical questions are raised in some 
circumstances if large sections of the population persist in 
disagreeing with them. The fundamental ethical postulate of 
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Paretian welfare economics that 'individual valuations count' 
would be violated -if probability estimates were imposed by 
experts. As we saw in Section 7.2 (p. 192), state probabilities 
enter into individ ual utility functions and thereby determine 
the certainty-eq uivalent value represented by a given state­
contingent flow of returns. It is the aggregate certainty­
equivalent value over all individuals affected by an investment 
project that is relevant in determining wh ether or not it 
should go ahead. 

Perhaps the strongest defence of including subjective 
prob ability estimates in project appraisal is similar to the 
familiar defence of attempting to value lives saved, noise 
pollution and other 'intangibles' in cost-benefit studies. 
Including such estimates forces the planners and politicians 
to be explicit about the assumptions upon which their 
decisions are based. It makes it easier for inconsistencies to 
be exposed in the assumptions underlying the evaluation of 
different projects, and it opens the way for 'sensitivity 
analysis', that is it enables us to ask the question 'what set of 
probabilities over states of the world would have the effect 
of reversing our provisional result?' 

(iii) The third major problem area, and the one to which 
we have devoted the most attention, is that of deciding on 
the appropriate adjustments to the expected returns wh ich 
will yield the certainty-equivalent value of the project. It has 
been noted in earlier sections that in the presence of perfect 
markets in state-contingent claims, or where risks are spread­
able and where the returns from ci particular project are 
statistically independent of returns elsewhere, fairly clear 
results can be derived to guide public policy. Where markets 
are imperfect, risks not spreadable and returns not statistically 
independent, however, simple exhortations to imitate the 
private sector or to use a riskless rate of discount are no 
longer appropriate. 

In principle, detailed knowledge of the effects of a project 
on each individual over all states of the world along with 
information about the preferences of all individuals affected, 
would be required to calculate the present certainty-equivalent 
value in these circumstances. Clearly some 'rules of thumb' 
are necessary if such enormous infcrmational requirements 
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are not to inhibit completely attempts at project appraisal. 
The most common suggestion is that the rate of interest used 
to discount expected net benefits should be raised, the precise 
extent of this increase being dependent upon an assessment 
of the 'riskiness' of the project. This in turn would depend 
upon the 'publicness' of the benefits and costs, the degree of 
risk-aversion experienced by the affected population, the 
presence or otherwise of 'irreversibilities' and so forth. A 
major theoretical difficulty here, however, is that increasing 
the rate of discount will discriminate against long-term 
projects. Considerations oftime-preference and risk-preference 
are being mixed up together when they are in principle quite 
separate. In the simple two-period analysis presented earlier 
it was possible to derive a single 'risky rate of interest'. In a 
multiple-period analysis there will theoretically exist aseparate 
'risky rate of interest' applicable to the discounting of each 
period's returns. Even if it is assumed, as is usual in project 
appraisal, that the pure time-preference rate remains constant 
from period to period, there is no reason to expect a constant 
increment in this rate to allow adequately for the risk assoc­
iated with the returns in each period. 

An alternative possibility is to discount expected costs and 
benefits from a project at a riskless rate but to adjust the 
present values of these streams, again according to a rough 
assessment of the importance of the elements discussed 
earlier. This has the advantage that the two procedures -
adjusting for time-preference and risk - are kept separate. It 
must be frankly admitted, however, that upward adjustments 
in the present value of cost streams and the reverse for benefit 
streams, or the use of lower discount rates for calculating 
present values of cost streams and higher ones for the evalua­
tion of benefit streams, both appear somewhat arbitrary 
when considered alongside the theoretical information 
req uirements. 

In Chapter 5 (p. 129) it was noted that lack of information 
concerning damage-cost functions created similar problems 
for achieving an optimal allocation of resources in the field of 
environmental pollution. Very frequently the political system 
lays down 'standards' which are deemed 'acceptable' for the 
time being but which may not be 'optimal'. Examples include 
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vehic1e exhaust emission standards and standards regulating 
water quality.37 It is perhaps not surprising that in the 
absence of sufficient information about individ ual preferences 
the problem of uncertainty can be tackled along similar lines. 
Instead of attempting to calculate certainty-equivalent values 
for varying profiles of state-contingent returns there may be 
circumstances in which it is expedient for the political system 
to lay down safety standards. These standards would take the 
form of requiring that the probability of certain states of the 
world occurring does not exceed a given level, or alternati~ely 
that the costs associated with a given state of the world are 
kept within stipulated bounds. No investment project with 
state-contingent returns or state probabilities outside these 
limits would be approved. 

A good example of this procedure occurs in the field of 
nuc1ear power. The design of reactors in the United Kingdom 
is undertaken with specific safety standards in mind. Figure 
7.5 illustrates the 'limit line' which plots the maximum 
permitted prob ability per year for a single reactor of various 
accidental releases of radioactivity. In particular the criterion 
suggested by F. R. Farmer and taken up by the Atomic 
Energy Authority is that there should be a probability of less 
than one in a million per year of arelease of one million 
curies of iodine -131.38 This criterion in itself will not 
enable most people to judge how 'acceptable' or otherwise it 
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may be and this type of information is usually put in a form 
nearer to everyday experience, or at least imagination, by com­
paring it with the probable number of yearly fatalities from air 
crashes, fires and dam failures. Howev~r, it is worth repeating 
that both for estimates of the likely consequences of various 
accidents and for estimates of the probabilities of those 
accidents great reliance is placed inevitably on the judgement 
of experts and the quality of their scientific and safety 
analysis. 

7.9 Conclusion 

There is no single method of coping with uncertainty which 
commands universal support. For 'commercial risks' - that 
is, spreadable risks involving cost and price changes - tech­
nological development and changes in demand conditions, 
the approach of identifying 'risk-classes' and using a risk 
margin on the discount factor equivalent to that used on 
other similar investments would seem appropriate. This 
approach does depend, however, on the assumption of reason­
able opportunities for risk-pooling in the private sector and 
on good information on state probabilities. Where the statis­
tical independence assumption is considered plausible the 
Arrow-Lind theorem might be invoked and a riskless rate of 
discount applied to expected returns. The theorem holds 
even in the absence of efficient markets in state-contingent 
claims, but in Section 7.4 (p. 210) we expressed doubts as to 
whether the other necessary conditions would hold in the 
field of energy policy. 

For risks involving public goods and bads, environmental 
effects and irreversibilities some qualitative results are deriv­
able from the literature. In particular, there is no question of 
the Arrow-Lind result applying in these circumstances, and 
some adjustment for the social risks involved must be made. 
Unfortunately, precise policy prescriptions founder on the 
problem of obtaining information about probabilities, states 
of the world and individ ual preferences. Decision rules 
requiring somewhat less information about state probahilities 
and assuming particular attitudes to uncertainty on the part 
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of decision makers were outlined in Section 7.7. The U.K. 
Government appear to have had so me such criterion in mind 
when supporting courses of action which 'may be described 
as "robust" or as producing "minimum regret'" in the 
context of long-term energy strategy.39 

Environmental and health risks are most likely to be tackled 
by the setting of 'politically acceptable' standards along the 
lines of those discussed in Chapter 5 (p. 129). These may 
involve limiting the discharge of various pollutants via taxes 
or regulatory instruments, or in cases where the discharges 
themselves are uncertain, for example in the transport of oil 
by sea or the generation of electricity from nuclear power, 
insisting on safety standards for the equipment and plant 
involved. 



8. ENERGY ANALYSIS 

8.1 Introduction 

The subject-matter of this chapter differs from that of others 
in this book in that it is only indirectly concerned with the 
economics of energy. This chapter is concerned with an 
analytical technique which is variously known as energy 
analysis, energy accounting, energy budgeting, or energy 
costing. The aim of energy analysis is to calculate the energy 
inputs required for any project, which could be anything 
from the development of oil shale resources, the construction 
and lifetime operation of a nuclear power station to the 
expansion of agricultural output} In this analysis the [ or 
dollar numeraire of economic analysis is replaced by an 
energy measure numeraire , such as joules, kilocalories or Btus 
(British thermal units). A variant of energy analysis, which is 
of special relevance to the general argument of this book, is 
known as net energy analysis. Net energy has been defined as 
the amount of energy that remains for consumer use after the 
energy costs of finding, producing, upgrading and delivering 
the energy have been paid. 2 

Energy analysts hold a variety of views on the role and uses 
of energy analysis. Some regard it simply as a techniq ue for 
gene rating information which can be used to improve policy 
decisions. For these analysts the technique has (correctly in 
our view) no normative significance. Others, however, are 
q uite explicit in claiming a normative significance for the 
technique. They regard it as an instrument which should be 
used in the evaluation of policy proposals. The V.S. Congress 
has endorsed this view of net energy analysis in Public Law 
93-577. Section 5(a) 5 of the Non-Nuclear Energy Research 
and Development Act of 1974 states that 'the potential for 
production of net energy by the proposed technology at the 
stage of commercial application should be analysed and con-
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sidered in evaluating proposals'.3 The V.S. Energy Research 
and Development Administration has stated that it plans to 
integrate the net energy analysis of alternative technologies 
into a national plan for setting research and development 
priorities. 

Since, at least in the Vnited States, energy analysis has 
been accepted by so me decision-takers as having an evaluative 
function, it seems to us important that the uses and limita­
tions of this technique should be widely appreciated. In this 
chapter special consideration will be given to some differences 
between economic and energy analysis. This is because some 
energy analysts have claimed that energy analysis provides 
superior information to policy-makers than that which is 
supplied by economic analysis.4 

Apart from this introd uction this chapter has six sections. 
The various methodologies of energy analysis are considered 
in Section 8.2, while the problem of the choice of numeraire 
is considered in Section 8.3. The general issue of the use of 
energy analysis in the formulation of energy policy is con­
sidered in Section 8.4. Seetions 8.5 and 8.6 consider, respect­
ively, so me matters relating to energy analysis and the goal of 
energy conservation, and the use of energy analysis in the 
determination of the 'desired' inter-temporal allocation of 
resources. Finally so me conclusions are presented in Seetion 
8.7. 

8.2 Methodology 

It is important to understand that, as generally practised, 
energy analysis is concerned with those forms of energy 
which exist as a stock rat her than as a flow resource. Thus it 
is basically concerned with fossil-fuels, and to a lesser extent 
with uranium. 

Energy analysis has been described as a 'systematic way of 
tracing the flows of energy through an industrial system so 
as to apportion a fraction of the primary energy input to the 
system to each of the goods and services which are an output 
of the system. Thus the result of an energy analysis is a set of 
energy requirements for all the commodities produced'.5 The 
basic idea of energy analysis can be illustrated as folIows. 
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Consider a product X, the production of which will require 
both direct and indirect energy inputs. Assurne that the only 
direct energy input is coal, which will be removed from the 
energy stock with an energy cost of Ex. The mining of the 
coal and its transport to the producer of X will have involved 
the use of energy. Similarly the extraction of other raw 
materials (which are treated as being free gifts of nature), 
their processing and transport to the prod ucer of X will have 
involved energy costs. This chain of energy costs can be 
represented as EM • 1 + ... + EM • N. Capital is made up of 
both energy and other inputs, and thus there will be a chain 
of energy costs, EK • 1 + ... + EK • M, describing the produc­
tion of capital in energy terms. This chain must be annuitised 
to allow for the durability of capital. (Notice that for ques­
tions of the type, how much energy would be required to 
produce another unit of X? the energy el~lbodied in capital is 
irrelevant. Many energy studies, however, have overlooked this 
fact.) Labour is sometimes treated like other inputs and given 
an energy value, EL • 1 + ... + EL • p, but in other cases it is 
excluded from the analysis. The former case gives a single­
factor model of the economy, while in the latter case there is 
a two-factor model. The total energy cost of producing X is 
then 

Ex + (EM • 1 + ... + EM • N) + (EK • 1 + ... + EK • M) 

+ (EL • 1 + .. ·+EL • p). 

Before we consider some of the analytical problems 
involved with energy analysis, such as the allocation of joint 
energy costs and the determination of the boundary which 
will separate those energy inputs which are to be counted in 
the analysis from those which are to be excluded, we will 
consider briefly the three principal methods which have been 
used in the evaluation of energy requirements.6 These are: 

( 1) Process analysis 
(2) Statistical analysis 
(3) Input-Output analysis. 

Process analysis involves the identification of the network 
of processes involved in the production of a good, the analysis 
of each process to determine its set of inputs, and the assign-
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ment of an energy value to each input. The aggregation of 
these energy costs gives the total energy cost of the good in 
question. 

Statistical analysis uses data from published statistics, such 
as the U.K. Census of Production to identify all the energy 
inputs to an industry. These data are then used to calculate 
the energy cost per unit of output. The use of national sjatis­
tics implicitly defines the system boundary, and energy 
analysts have put forward a number of methods for dealing 
with inputs which cross this boundary. 

The input-output approach involves taking an input­
output tab1e and using it to calculate the list and q uantity of 
commodities required to produce any given commodity. 
Since the information in the input-output table is in monet­
ary terms (the ajjth entry shows the amount of commodity i, 
in .f., required as a direct input to produce .f.l worth of com­
modity j) it is not in a form which is immediately applicab1e 
to energy analysis. For this purpose the monetary terms must 
be converted into physical terms so that the tables can be 
used to indicate the amount of primary energy per unit of 
output.? With the input-output method it is important to 
note that the calculated energy costs are based on financial 
data, and that imports are usually treated as having the same 
energy requirements as if they were produced domestically 
(and thus that the technology at horne and abroad is the 
same). 

The use of these different methods often leads to substan­
tially different estimates of the energy costs of particular 
products. Thus Chapman8 has reported that the use of the 
U.K. input-output table gave the energy required to produce 
I tonne of aluminium as 60 GJ, while a number of process 
studies gave results in the range 260 to 290 GJ. There are a 
number of reasons why different methods of analysis can give 
rise to such different results. These include the fact that both 
the allocation of energy costs and the choice of sub-system 
(to determine which inputs are to be counted) involve arbit­
rary decisions. 

Energy inputs are often joint to a number of different 
products. As with financial accounting, energy analysts have 
used a variety of conventions for the allocation of these joint 
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energy costs to specific outputs, such as allocation according 
to weights, prices or enthalpies9 of the different products. 
The problem of joint energy cost allocation is very important 
in some net energy analysis studies; for example, those of 
nuclear reactors. Uranium is often a joint product, as with 
gold in South Africa and phosphates in Florida. Economists 
have long recognised that joint costs can only be allocated in 
arbitrary ways. While recognising the truth of this, some 
energy analysts have argued that the cost-allocation conven­
tions should be chosen according to the aims of the study, 
and by doing this they claim that the allocation ceases to 
be arbitrary.1 0 Others, however, have concluded that the 
inability of energy analysis and net energy analysis to solve 
the joint cost allocation problem means that major energy 
systems - such as nuclear reactors - cannot be realistically 
analysed using these techniques.l 1 This is a position which 
we endorse. 

A related point concems the choice of the sub-system. 
Since energy inputs can be traced through an economic 
system virtually without end, costing requires the choice of a 
cut-off point. This choice is largely arbitrary and the choice 
of different cut-off points will result in different assess­
ments. 12 A similar point relates to the choice of the spatial 
boundary and to the energy costing of imports. Various 
conventions have been suggested: such as attaching a zero 
cost on the basis that the imports are not produced in the 
horne country, attaching a cost reflecting the energy content 
of'average' exports ofthe same monetary value, and attachirlg 
an energy cost equal to that which would be incurred if the 
same prod uct was prod uced domestically. It should be noted 
that while this lack of an agreed costing procedure does not, 
in our view, constitute a fatal criticism of the methodology 
of energy analysis and net energy analysis it does impose a 
severe limitation on its use as a practical tool for decision­
taking. 

8.3 Choice of Numeraire 

In both economic and energy analysis the problem is encoun-
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tered of how to add together different produets. The problem 
is solved in eeonomics by using a numeraire defined in terms 
of money, such as f: or dollars. In energy analysis, as we have 
already noticed, the usual praetiee is to use an energy unit of 
aeeount, such as joules. 

For energy analysis, however, it has been suggested that 
the adding-up problem ean be avoided by reeording all energy 
flows separately.13 Thus there would be separate flows of 
coal, oil, gas, ete., and eaeh type of energy eould be sub­
divided by a quality grade. The essential problem with this 
proeedure is clearly that it would make different eommodities 
and different teehnologies, using different mixes of energy, 
non-eomparable. How would a produet X using 2 kilos of 
eoal and I gallon of oil be eompared with a produet Y using 
10therrns of natural gas and 20 kWh of eleetricity? Reeog­
nising this problem, energy analysis studies generally use an 
energy unit of aeeount. 

If different types of energy are to be added together it is 
neeessary that they be normalised for quality. This may be 
done by defining quality in terms of ability to do work. A 
ealorie of eleetricity is able to produee more work than a 
ealorie of eoal or oil, whieh in turn is able to produee more 
work than a ealorie of sunlight.1 4 Higher-quality forms of 
energy are able to undertake work that is impossible for 
lower-quality forms; for example, eleetronie eommunieation 
is impossible without eleetrieity. Energy q uality ratios have 
been determined approximately for some forms of energy 
in a study at the University of Florida, and are given in Table 
8.l. 
These ratios suggest that 1 unit of eoal ean do the same work 
as 2000 energy units of sunshine. 'Thus, if we want to eom­
pare a solar eolleetor for heating water with a eoal-fired water 
heater ... we ean make the energy sources equivalent by the 
use'15 of the data in Table 8.l. It is important to notiee that 
these ratios do not distinguish those energy resourees whieh 
exist as a flow (e.g. solar energy) from those whieh exist as a 
stoek (e.g. coal). Thus, and this is something to wh ich we will 
return, the energy quality numeraire , as we would expeet, 
makes no referenee to the relative scarcity of different fuels. 
In the example q uoted it is explieitly stated that solar energy 
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TABLE 8.1 

Energy Quality Factorsa 

Sun Wood Coal Electrical 

Solar equivalents 1 0.001 0.0005 0.00014 
Sugar equivalents 100 0.01 0.005 0.0014 
Wood equivalents 1000 1 0.5 0.14 
Coal equivalents 2000 2 1 0.28 
Electrical eq uivalents 7200 7.2 3.6 1 

a These are preliminary values and are expected to change as improved data 
become available. 

SOURCE: C. D. Kylstra, 'Energy Analysis as a Common Basis for Optimally 
combining Man's Activities and Nature's, chap. 17 in G. F. Rohrlich (ed.), Envir­
onmental Management (New York, Ballinger, 1976) p. 274. 

and coal, once they are made comparable in quality terms, 
are equivalent. 

So me of the problems involved in using a common energy 
unit of account can be illustrated by a simple example which 
contrasts such a physical measure with the economist's con­
cept of opportunity cost.1 6 Assurne the existence of so me 
resource - call it 'oil' - which is homogeneous and in finite 
supply. In addition assurne that all the deposits of this 
resource are equally accessible, that technology is fixed, and 
thus that there is no change over time in the physical inputs 
required to extract I ton of this resource. Thus each ton can 
be obtained at a constant expenditure of energy. Finally, 
ass urne that there are no substitutes available for this resource. 

As the physical exhaustion of this resource approaches its 
energy cost (in joules), as measured in energy analysis calcula­
tions, will remain constant. In contrast economic analysis, 
using the ! numeraire, would show the price of 'oil' increasing 
to reflect its increasing scarcity. This would probably happen 
in two ways. Suppliers, seeing the coming exhaustion of their 
product and knowing of the absence of ~he possibility of 
substitution, would raise its price. Second, if there exists a 
futures market, dealers in this market would offer higher 
prices for it as the time of its physical exhaustion approached. 
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In the absence of a futures market the price will still rise 
because of the reaction of suppliers. The essential point is 
very simple; using economic analysis and the f. numeraire the 
price of this resource will rise over time to reflect increasing 
scarcity, whereas its energy cost would remain constant. 

It is important to understand that in making this point we 
are not claiming that market-determined prices for exhaustible 
resource are in some sense 'correct' (see Chapter 3, p. 66). 
Such prices may, for example, give too little weight to the 
interests of future generations. However, we do believe that 
economic analysis has a fundamental advantage over energy 
analysis in its recognition of the importance of relative 
scarcity. 

The example just considered is important in terms of the 
raison d'etre of both energy and net energy analysis. Thus it 
has been suggested that: 

there has been a growing realisation that the financial costs 
of materials and products do not provide an adequate 
description of the resources needed for their production. 
When there are no shortages of any inputs to the produc­
tion system finan cial analysis provides a convenient 
decision-making framework. However, if one input does 
become scarce, then the implicit assumption of substitut­
ability, inherent in financial systems analysis, leads to false 
conclusions. For a wide variety of reasons a number of 
investigators have focused their attention on the physical 
inputs, such as tons of steel and kWh of electricity, needed 
to make particular products. The forecasts of energy short­
ages coupled with the realisation that energy is an essential 
input to all production processes have concentrated 
attention on the inputs to, or energy cost of, various 
prod ucts. 17 

If financial analysis is interpreted to mean economic analysis 
using market price data, then this quotation would seem to 
imply that, because of deficiencies in the market mechanism, 
economic analysis will either fai! to identify changes in 
relative prices over time due to changes in relative scarcities, 
or else it will do so later than energy analysis.! 8 Now while 
we would certainly not claim that markets operate perfectly, 



242 The Economics of Energy 

we fai! to see how energy analysis can improve our knowledge 
of the situation. 

Because of the importance of this point it is worth noting 
that it has been claimed that an advantage of energy analysis 
over economic analysis is that in the absence of technological 
change net energy estimates will not change with changing 
dollar values. 19 This is a good example of the kind of mis­
understandings of the workings of the economy that can 
occur by viewing all inputs in terms of transformed energy. 
Clearly for constant net energy estimates it is not sufficient 
merely to hold technology constant. Net energy estimates 
depend not only on the state of technology but also on the 
structure of industry and the set of relative prices when they 
are made. A change in the structure of relative prices will 
alter the choice of inputs (factor proportions) and their total 
energy content. Changes in relative prices will lead to substi­
tution effects even in the absence of changes in technology. 

The valuation of fuels in terms of their relative heat content 
implicitly assurnes that this is their only attribute which 
consumers value. But this is not the case.20 Consider a 
producer's choice between several different types of energy 
inputs, such as the generation of electricity from coal, oi! or 
nuclear power. In economic analysis the inputs will be 
allocated efficiently when the marginal product of each unit 
in each output is the same. That is when the marginal rate of 
transformation is common between all units. 

Different types of energy may be used in various ways. 
Thus coal can be used directly, or it can be used indirectly by 
being converted into electricity. If the relevant objective is an 
efficient allocation of resources and the necessary set of 
conditions for this are satisfied, then one economic measure 
of how one fuel type should be converted into another is 
given by the marginal rate of transformation of factors in 
production. 21 In cost terms this means that the various fuel 
inputs should be valued at their marginal production costs. 
Where fuels are purchased by consumers the conversion factor 
is given by the consumer's marginal rate of substitution. If 
the conditions for an efficient allocation of resources are 
satisfied this will be measured by the marginal cost of fuel to 
the consumer. 
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What these concepts tell us is that in both production and 
consumption a calorie is not necessarily a calorie. Fuels have 
a number of attributes and heat content is but one. Two fuels 
with the same heat content but other different attributes (in 
terms of cleanliness, storability, etc.) would have different 
marginal costs. In terms of economics the fact that two forms 
of fuel have the same heat content does not make those fuels 
identical. But in energy analysis the use of the energy unit of 
account obscures this important difference. In our view the 
calculation of energy costs using the energy numeraire makes 
energy analysis irrelevant to the process ofresource allocation, 
both intra- and inter-temporally. If, however, the use of this 
numeraire is dropped then energy analysis has no foundation. 

In view of the fact that, for example, the U.S. Congress 
has mandated the use of net energy analysis, this argument 
that energy analysis has no relevance to resource-allocation 
decisions is of extreme importance. It precludes energy 
analysis from being used for many of the purposes claimed 
by energy analysts. For example it has been said that if the 
thermal efficiency of power stations is only 25 per cent then 
75 per cent of the energy input is lost.2 2 But within the 
economic system consumers are expressing a preference for a 
secondary fuel input over a primary fuel input. The price 
which they pay for electricity will reflect the opportunity 
costs of all the inputs, including coal, used to make it. This is 
true irrespective of how much of the potential energy in coal 
would be used in its alternative uses. Unless consumer prefer­
ences are not to count it is misleading to talk of the therms 
not directly converted into electricity as being lost. 

8.4 Energy Analysis and Energy Policy 

Most energy analysts are quite explicit in claiming that energy 
analysis is not an energy theory of va!ue. However, this claim 
has been made23 and further it ha~ been suggested that 
allocative decisions should be assessed using both monetary 
and energy units of account. 24 It is therefore pertinent to 
inq uire into the circumstances under which energy analysis 
and economic analysis would give rise to the same allocations 
of resources. 25 
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For simplicity we assurne a closed economy in which a11 
markets are perfectly competitive; that a11 producers are 
profit-maximisers and consumers are utility-maximisers. It is 
assumed that a11 production and utility functions are concave 
to the origin, continuous and twice differentiable. It is also 
assumed that a single homogeneous commodity 'energy', 
which is represented as Q and measured in kilocalories, has 
the production function 

where the Xi are the inputs and the partial derivatives are 

aQ > 0 
aXi 

a2 Q 
--2 < o. 
aXi 

With a11 input and output prices determined in competitive 
markets profits are simply total revenue minus total cost, 

1T =PqQ - ~ PiXi. 
I 

Substituting for Q we have 

1T =Pql(X1, ... ,Xn ) - ~ PiXi. 
I 

The f1rst-order conditions for prof1t maximisation are 

i = 1, 2, ... , n. (8.1) 

Rearranging this we have the usual condition for profit 
maximisation that the price of an input, Pi (which is common 
to a11 producers), should equal the marginal revenue product 
resulting from a marginal change in the employment of that 
input, Pq aQ/axi . 

For the case of net energy analysis we define (J.i as the 
total energy input (both direct and indirect) used to produce 
one unit of input i. Net energy, N, is simply the difference 
between energy produced and energy consumed 

N= Q - L (J.iXi. 
i 
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As before, substituting for Q 

N=f(X J , ••• ,Xn ) - ~ (XiXi. 
I 

245 

If the objeetive is the maximisation of net energy, then the 
first-order eonditions are 

fi - (Xi = 0 i = I, 2, ... , n (8.2) 

whieh says that net energy will be maximised when marginal 
energy produeed equals the marginal energy input. 

Comparing the first-order eonditions for the eeonomic and 
net energy eases we have 

Pi = fiPq 

Substituting for fi 

Pi = (XiPq. 

and fi=(Xi. 

This says that eeonomic analysis and net energy analysis 
would lead to the same alloeations of resourees if the priees 
of all inputs (including labour) were based on their energy 
content. 

As stated by Hannon, this would be an energy theory of 
value.26 The relative priees of all goods would be determined 
by their relative energy eontents, that is 

Pi = (Xi 

Pj (Xj 

In this model energy is a homogeneous eommodity and no 
distinetion is made between energy as a stock resouree or as a 
flow resouree. The only searee resouree is assumed to be 
energy and relative priees would only change if the values of 
the (XiS ehanged. Opportunity eosts eease to be measured in 
terms of what a resouree eould earn in its next best paid use, 
instead they are measured in terms of energy requirements. 

The previous analysis assumed a closed economy which 
was in equilibrium. It is now necessary to ask what would 
happen when the economy was in a disequilibrium situation, 
and to consider the effects of allowing for international trade. 
In the perfectly competitive model a change in demand andj 
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or supply conditions would lead to a change in the set of 
relative prices to reflect the changed relative scarcities of 
inputs and outputs. There will be time lags in the establish­
ment of th.e new set of equilibrium prices caused by the time 
required to adjust capacity and production methods to the 
new market coriditions. This means that in the short run 
q uasi-rents may be earned and prices will deviate from 
relative energy contents. The market is signalling to consumers 
the changed relative scarcities of inputs and outputs. The 
market would be unable to perform this function if relative 
prices were based on relative energy contents. As Huettner 
has said: 'energy content pricing is an inefficient short-term 
pricing or resource allocation method'.27 The market mech­
anism would have to be replaced by non-price-rationing 
systems, such as queueing and the use of points rationing 
systems. 

This disequilibrium analysis clearly identifies the central 
problem with a pricing system under which relative prices 
are determined solely by reference to relative energy contents. 
This is that in the real world energy is not the only scarce 
resource, and that relative scarcities are changing over. time. 
On ce allowance is made for international trade this latter 
point assurnes an even greater importance. Allowing for 
international trade causes no problems providing that there 
is universal perfeet competition and all markets are in equili­
brium. However, if so me markets are in disequilibrium then 
international trade flows would be different if so me countries 
established their relative prices via the market while others 
based them on energy inputs. In the international context, 
and allowing for problems of disequilibrium, it would prob­
ably be impossible for one country to go it alone and base its 
prices on relative energy contents.28 If it did attempt this 
then alm ost certainly there would be a cost in terms of 
potential gross national product forgone. While G.N.P. has 
many deficiencies as a measure of welfare this potential loss 
of G.N.P. would still be pertinent information for public 
policy decisions on the appropriate basis for the setting of 
relative prices. 

As previously mentioned, some energy analysts have sug­
gested that, for example, both net energy analysis and econ-
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omic analysis should be used in the assessment of decisions 
relating to the allocation of energy resources; for example, in 
the appraisal of energy research and development programmes, 

. conservation progtammes or proposals to develop new sources 
of fossil fuels. While it may be assumed that in many cases 
the same recommendation would be made, using both of 
these methods of analysis, it must also be assumed that in 
some cases they would conflict. Decision-making in those 
circumstances would req uire the allocation of weights to the 
alternative objective functions implied by the use of these 
different methods of analysis. In the absence of these weights 
there would be no consistent basis for the making of the 
req uired trade-offs. 

8.5 Energy Analysis and Energy Conservation29 

Although energy analysts in general recognise that energy 
analysis is a mechanistic technique without normative signifi­
cance, some of them have suggested uses for this technique 
which imply that it has this significance. It has been suggested 
that one of the possible uses of energy analysis is the ranking 
of alternative-energy conservation projects.3o These projects 
would be ranked in terms of the number of joules saved per !. 
invested. 

Fundamental to the choice between, or ranking of, alter­
native policies is the specification in an operational form of 
an objective function. A prime concern of net energy studies 
is to ensure that in the development of some energy resource 
(e.g. shale oil or nuclear power) more energy is not invested 
than will be produced. This concern is sometimes expressed 
in statements relating to energy conservation. It is therefore 
worth considering whether energy conservation can be con­
sidered to be the (or an) objective of public policy. 

Clearly when it is expressed in this general way the answer 
must be 'no' because it is non-operational. It does not specify 
whether all forms of energy are to be treated as equally 
scarce, or how much energy is to be conserved and over what 
time period and geographical area. Since all methods of 
production involve the use of energy should the economic 



248 The Economics of Energy 

growth rate be chosen to maximise the rate of energy con­
servation? Since even a zero growth rate involves positive 
production levels this would require that the chosen growth 
rate be negative. 3] It seems more likely"that the concern 
with energy conservation is to be interpreted in terms of 
maximising net energy, and therefore the selection of projects 
so as to mini mise the energy input of a given output. 

There are a number of problems associated with this 
approach, apart from the obvious one that it treats energy as 
the only scarce resüurce. One is that this type of energy cost­
effectiveness analysis makes no allowance" for social time­
preference. All energy conservation measures must have a 
time-dimension, in that they will both take time to implement 
and their effects will endure for a certain period. This immed­
iately poses the problem of the determination of the length 
of the planning period and the choice of the 'optimal' energy 
(and capital) stock which is to be bequeathed to following 
generations. This involves making value judgements. 32 Since 
the effects of any policy will be uncertain it is necessary to 
specify how risk and uncertainty are to be treated. In particular 
it must be decided whether an error of, say, + I 00 GJ in the 
estimate of energy requirements in any one year is to be 
considered as being no worse than an error of -100 GJ with 
the exception of the sign difference. This would be equivalent 
to saying that the social marginal utilities of eq ual size gains 
and losses were the same. But this seems unlikely to be the 
case given the view of energy as the ultimate limiting resource. 

We will now use a hypothetical example to illustrate some 
of the problems involved in ranking aIternative-conservation 
measures on the basis of joules saved per L invested. For 
simplicity we assume that a choice is to be made between 
three possible policies, all of which have zero operating costs, 
the relevant data for which is given in Table 8.2. 

Clearly policy Cis inferior to policy A since in each year it 
has higher-cost and lower-energy savings, and thus it can be 
rejected. Policies A and B have the same aggregate investment 
cost and the same aggregate energy savings. Their energy 
savings per L invested are identical. Does this mean that 
society would be indifferent between them? The answer is 
'no' unless society's marginal rate of time-preference is zero. 
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TABLE 8.2 

A lternative-Energy Conservation Policies 

Policy /year 1 2 3 4 5 6 7 8 9 10 
L L L GJ GJ GJ GJ GJ GJ GJ 

A 20 30 50 100 100 100 100 100 100 100 
B 60 30 10 50 50 50 100 150 150 150 
C 30 40 50 80 80 80 80 80 80 80 

A positive rate of time-preference means that society prefers 
eq ual-size energy savings which are made relatively earlier to 
those which are made relatively later. So me of the problems 
involved in the choice of this rate were discussed in Chapter 3 
(p. 67). For the present we shall arbitrarily assume that the 
time-preference rate is 10 per cent. Using this rate the dis­
counted costs in year I of policies A and Bare i88.57 and 
t95.53 respectively and their discounted energy savings are 
402.3 GJ and 369.75 GJ respectively.33 The ratio of dis­
counted energy saved to discounted costs für policies A and 
B is 4.54 and 3.87 respectively and thus for the given data 
policy A is preferred. But what can we say about the suggested 
choice criterion and the data used in its implementation? 

To return to a point we have made before, this criterion 
and data, with the use ofthe energy unit of account, implicitly 
assume that all forms of energy are equally scarce. That is, 
the choice criterion assumes that it is equally desirable to 
save 1 GJ of oB or 1 GJ of natural gas or 1 GJ of nuclear­
generated electricity. The estimated reserves of these fuels, 
their different potentials for substitution given known 
technology and their different potential uses (use of oB as a 
fuel or as a feedstock into plastics) are all ignored. 

In view of the alleged failings of market mechanisms which 
have been stressed by a number of energy analysts34 it is 
important to note that all their strictures apply equally to 
this suggested choice criterion. The ranking of policies and 
projects using this criterion clearly depend on prices and 
other market conditions. 

Allowing for the different relative scarcities of the various 
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fuels it seems to us that the most useful input which energy 
analysis can provide to the appraisal of alternative-energy 
conservation policies would be the identification of the 
consequences for each separate fuel of the different policies. 
Although this proced ure clearly encounters the adding-up 
problem it would have the advantage of providing decision­
takers with useful and relevant information. 

Clearly energy conservation can be furthered by switching 
from energy-intensive to non-energy-intensive products.35 

Energy analysis studies have, for example, shown that in the 
Vnited States the bus is about one-third as energy intensive 
as the private car in intra-city operation and that total V.S. 
energy consumption could be reduced by about 5 per cent by 
a complete shift to the use of buses in cities.36 As is typical 
with energy studies, products and services are assumed to 
have only one characteristic, in this case transportation 
between two places. Other characteristics, such as convenience, 
speed and comfort, are ignored. In addition, other inputs, 
such as travellers' time, are also ignored. However, the relevant 
point in the present context does not concern the character­
istics of products, but is the basic question: why is energy 
analysis required to further a change from more to less 
energy intensive products? If consumer preferences are to 
count (which we have assumed in this book) then the price 
system can be used to signal to consumers and producers the 
changing relative prices of energy inputs. The use of the price 
mechanism in energy conservation programmes offers so me 
indication of social preference for commodity switches, an 
indication which is not given by energy analysis. For an 
energy conservation programme information is required on 
how much energy costs would be saved by switching between 
products. This information could just as easily be obtained 
from a monetary input-output table as from the physical 
table of the energy analysis kind. 

8.6 Energy Analysis and Investment Appraisal 

The results of net energy analysis studies are sometimes 
presented in terms of the number of years which will elapse 
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before the energy produced by a project would equal the 
energy consumed. For example, this has been done for both 
individual nuc1ear stations and for programmes of such 
stations in the United Kingdom. 37 An implication of these 
studies has been that the shorter is the period before net 
energy production occurs the better is the project. Economists 
will recognise the use of what is generally called the pay-back 
criterion. 

This criterion has a number of deficiencies which must be 
understood before it is used in policy-making. These defic­
iencies apply equally whether the criterion is specified in 
value or in physical terms. In the latter case the criterion 
assumed that society is indifferent as to when energy con­
sumption and production occur, and thus that a nominal unit 
of energy has the same worth irrespective of when its expen­
diture or saving occurs. Thus the criterion would rank the 
following two projects equally. (The negative signs indicate 
net energy consumption by the project and the positive signs 
net energy production.) 

Each of these projects has a pay-back period of two years. 
However, even if society had a zero time-preference rate it 
would not be indifferent between them. With a zero or a 
positive rate of time-preference project B would be preferred 
to project A. The energy pay-back criterion ignores the 
timing of the net energy costs and benefits and in addition it 
ignores all the energy flows which occur after the pay-back 
date. This criterion is also unsatisfactory 'because it fails to 
normalise the alternative projects for their expected lives and 
capital outlays.38 We therefore conc1ude that the information 
on the net energy flows which is generated by net energy 
studies should not be presented in terms of pay-back periods 
since the implicit criterion is unsatisfactory. 

TABLE 8.3 

Megajou1es 

Project/year 2 3 45678910 

A -500 -300 -200 500 500 0 0 0 0 0 
B 0 0 -1000 500 500 500 500 500 500 500 
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8.7 Conc1usions 

In this ehapter we have eonsidered an analytieal teehnique 
whieh some authors have suggested should, as a very minimum, 
be used to supplement eeonomie analysis in the fonnulation 
of energy policies and in the making of ehoiees eoneerning 
the alloeation of energy resomees. As we have seen, some 
authors have suggested that net energy analysis provides 
superior information to eeonomie analysis for the making of 
these deeisions. Sinee the V.S. Congress has mandated the 
use of net energy analysis we have argued that it is very 
important that its implieations and limitations should be 
clearly understood. 

We have argued that the use of net energy analysis as a 
praetical tool for deeision-taking is greatly redueed by the 
problems posed in defining the relevant sub-system and 
boundary. In addition we have shown that this teehnique 
suffers from many ofthe same problems as eeonomic analysis; 
that its implicit objeetive funetion (maximisation of net 
energy) is very narrow and that it involves a view of the 
world in whieh for both the short- and long-term the only 
relevant resomee eonstraint is that of energy. Finally we have 
argued that energy analysis and its variants lacks normative 
signifieanee and thus should not be used to ehoose between 
alternative alloeations of resomees, whether they are presented 
as energy projeets, eonservation policies or in any other form. 



9. ENERGY POLICY 

9.1 Introduction 

In this chapter we consider the formulation of energy policies 
in practice and bring together the analysis and discussion of 
previous chapters to assess the possible contribution of 
economics to the formation and implementation of anational 
energy policy. A feature of the 1970s has been the increasing 
concern of many governments and international institutions 
for the development of coherent energy policies. One of the 
principal aims of these policies has been the conservation of 
energy. This has a number of aspects, but basica11y it is con­
cerned with the more efficient use of energy and a red uction 
in the amount of energy which is wasted. The stimulus for 
this concern would appearto have been partly the quadrupling 
of oil prices in late 1973 and early 1974 and the publication 
in the early 1970s of a number of computer-based simulation 
models of the future of the world) The principal conc1usion 
of these models was that the world 'system' will collapse in 
the twenty-first century due to overpopulation, resource 
depletion and pollution. Although the methodology and 
assumptions of these models have been soundly criticised by 
a number of economists2 they received wide publicity and 
appeared to be taken seriously by some policy-makers in a 
number of countries. 

The plan of this chapter is as follows. Some of the ques­
tions relating to the content and scope of an energy policy 
are considered in Section 9.2. Next, in Sections 9.3 and 9.4 
respectively, recent developments in energy policy in the 
United Kingdom and in the United States are considered as 
two case studies. Finally the possible contribution of eCOl1-
omics to the formulation and implementation of anational 
energy policy is reviewed and assessed in Section 9.5. 
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9.2 The Nature of Energy Policy 

Energy policy is essentially concerned with the co-ordinated 
development of the separate fuel and power industries. From 
the· economic point of view it is concerned with a number of 
interrelated question5, such as: How should the energy market 
be divided between the different available fuels, such as coal, 
oil, gas and electricity? What should be the relationship 
between the prices of the different fuels? At what rate should 
resources such as coal, natural gas and oil be depleted? How 
should related environmental factors be incorporated into 
energy policy decisions? What instruments should be used for 
the implementation of energy policy? These questions have 
been the subject of preceding chapters. 

Energy policy must be formulated and implemented in a 
given and particular framework with numerous constraints. 
Policy in this sub-sectorofthe economy cannot be formulated 
in isolation from a nation's social and other objectives. 
Decisions taken within the energy industries will affect non­
energy sector objectives. Thus the choice of pricing policy 
will affect the distrib ution of income; the planned balance 
between domestic and imported supplies will affect the 
balance of payments; the rate of run-down of a declining 
energy industry (such as co al in the United Kingdom in the 
1960s) will affect both the aggregate level of unemployment 
and its regional distribution; the rate of increase of energy 
prices will affect the rate of inflation; and the revenue derived 
[rom the taxation of energy resources will, given a govern­
ment's expenditure plans, have implications for other tax 
rates and affect the public sector borrowing requirement 
(with its implications for the growth of the money supply). 
In view of this interdependence between decisions taken in 
the energy industries and non-energy sector objectives, an 
important question concerns the extent to which these 
industries should be used to achieve these objectives. 

Ideally the choice of an energy policy involves the selection 
of a course of action which is designed to achieve a particular 
set of objectives within an overall plan for the development 
of the energy sub-sector and for the economy as a whole. 
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The choice of policy should be accompanied by decisions on 
how it is to be implemented. This in turn requires the identi­
fication of the various decisions which have to be made, the 
determination of who is to make them, and thus the division 
of responsibility between the Government, the individual 
industries and consumers. In addition a choice has to be 
made on the appropriate organisational structures within 
which the decisions relating to the determination and imple­
mentation of energy policy are to be taken with a view to 
making it operationaP 

There are many possible ways in which an energy policy 
could be operated. They vary from a complete reliance on 
the market mechanism with the implicit acceptance of the 
view that the allocation of resources should be determined 
by consumer preferences, to the other extreme where the 
state would determine the allocation through some adminis­
trative system which it substituted for the market. British 
energy policy has tended towards the former of these pos­
sibilities, but it has not relied on the unfettered workings of 
the market mechanism. 

9.3 Energy Policy in the United Kingdom 

Until the mid 1950s the British fuel economy was over­
whelmingly dependent on coal, which supplied 90 per cent 
of the country's energy requirements in 1950, and because 
of this dependence on a single fuel Britain neither had nor 
required an energy policy at that time. The need for such a 
policy arose as the economy first shifted to a two-fuel basis 
with the growth in the importance of oil from the mid-19 50s 
onwards, and to a four-fuel basis with the increased use of 
electricity from nucIear power stations and of natural gas 
d uring the 1960s. 

Four official publications are of special importance to the 
development of U.K. energy policy in the 1960s and 1970s. 
These are the 1965 National Plan, the 1965 White Paper on 
Fuel Policy, the 1967 White Paper on Fuel Policy, and the 
1978 Consultative Document on Energy Policy. 
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The National Plan 

The National Plan, which was published in September 1965, 
was in part concerned with the development of an energy 
policy for the situation which faced the country in the mid-
1960s.4 The Plan recognised the importance of consumer 
choice in energy policy, but stated that attention must also 
be paid to other 'vital national interests', such as the balance 
of payments, security of supply and the health of the national 
fuel industries. The predominant concern of the latter was 
with the coal industry. 

In 1954, because of doubts about the ability of the co al 
industry to meet demand, the Government had taken steps 
to encourage the use of oil, particularly in power stations.5 

But at the same time as these measures were being imp1e­
mented there was a sudden fall in the demand for coal, and 
the electricity industry was asked to stop the substitution of 
oil for coal. Licences were refused for the import of American 
coal6 and the 1961 Budget placed a duty of 2 old pence 
(-0.83 p) a gallon on oil used for burning. This tax was 
originally imposed for revenue reasons, but the main reason 
for its retention 7 was the protection which it gave to the coal 
industry, which in 1961 was approximately 40 per cent and 
eq uivalent to f: 1.15 per ton of coal used for steam-raising. 
These measures succeeded in halting the decline in the 
demand for coal between 1959 and 1963, although in those 
years most of the increase in the nation's fuel needs were met 
by oil, which increased its share in total energy consumption 
from 23 to 33 per cent. 

The National Plan contained the first set of official fore­
casts for inland energy demand for aperiod five years ahead. 
Based upon the Plan's assumption that G.N.P. would increase 
by 25 per cent between 1964 and 1970 it was forecast that 
total inland energy consumption would be 324 million tons 
coal equivalent in 1970, which compares with a realised 
figure of 329 million tons. Although this fore cast fortuitously 
(since the G.D.P. failed to grow at the forecast rate) turned 
out to be reasonably accurate, the forecasts overestimated 
the demand for co al by about 20 million tons. 
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1965 Fuel Policy 

In 1965 the development of energy policy took a notable 
step forward with the publication of a White Paper on Fuel 
Policy8 which set out to describe 'the principles which should 
govern a co-ordinated national fuel policy and the machinery 
and measures whereby the Government proposes to secure 
and maintain such a policy.'9 An appraisal of energy policy 
was said to be timely, due to the technological advances 
which had occurred in the gas and electricity industries (with 
the 10~-cost production of gas from oil and the nuc1ear 
generation of electricity) and the problems facing the co al 
industry . 

. The White Paper's demand forecasts were taken from the 
National Plan. It stated that the single most difficult problem 
in energy policy was the health and size of the cmd ind ustry. 
It noted a continuing trend in relative energy prices in favour 
of oil and concluded that even if the decline in the demand 
for coal was to slow down in the 1970s it would be unlikely 
to be reversed. In view of this the White Paper announced 
some additional measures to assist the coal ind ustry.1 0 These 
were the provision by the Government of special funds to 
speed the closure of uneconomic pits by assisting the rede­
ployment of labour in the industry and its resettlement in 
other industries; the write-off of ±:400 millions ofthe National 
Coal Board's ±:960 million debt to the exchequer; preference 
for coal over oil by the C.E.G.B. and the gas industry; and 
the promotion of the use of coal in public buildings. It is 
worth noting that the Government rejected the granting of a 
continuing subsidy to the coal industry, partly because, it 
was argued, this would reduce the incentive for the industry 
to be efficient and competitive. 

With regard to oil the White Paper argued that there was 
!ittle risk of oil supplies suddenly running out, although 
eventually oil prices could be expected to rise. The most 
serious problems associated with an increasing dependence 
on oil were seen as a potential risk to the security of supplies 
and increasing direct costs to the balance of payments. The 
Government stated that it proposed to lessen these potential 
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risks by ensuring that the country held adequate stocks of 
oil, by encouraging the domestic refining of oil and by 
encouraging the oil companies to diversify their sources of 
supply (in effect risk-pooling). 

Although the 1965 White Paper stated that it was concerned 
to set out the principles underlying the formation of energy 
policy, in fact it consisted basically of a review of the fuel 
industries while setting out some broad policy objectives. 

1967 White Paper 

The 1967 White Paper was in many ways a much more 
sophisticated document than its predecessor. The objective of 
energy policy was now stated as folIows: 

The Government's aim is to see that our growing energy 
requirements are supplied in the way which yields the 
greatest benefit to the country. Policy for the fuel sector 
must therefore have regard to economic and social policy 
in other fields. In particular, the Govemment must ensure, 
through fuel policy, that national considerations which 
individual consumers do not take into account in choosing 
between competing fuels are given their due weight among 
the factors determining the pattern of fuel supply and 
demand. Such national considerations include security of 
supply, the efficient use of resources, the balance of pay­
ments, and the economic, social and human consequences 
of changes in the fuelsupply pattern. I I 

It is to be noted that the objective now refers explicitly to 
the promotion of an efficient allocation of resources. 

The reason far the 1967 reassessment of energy policy 
only two years after the publication of the previous White 
Paper was the fundamental change in the pattern of energy 
supply and demand resulting from the discovery of natural gas 
in the U.K. sector of the North Sea in the autumn of 1965 
and the believed coming-of-age of commercial nuclear power. 
The stated aim of the new White Paper was to determine a 
set of long-term policy guidelines which might need to be 
modified if circumstances changed but which would provide 
a coherent framework for the taking of policy decisions. 
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The White Paper stressed that energy policy must be based 
on forecasts of what will happen on specified assumptions 
and with an appraisal of the alternative policy options. A 
notable feature of this White Paper was the considerable 
increase in the sophistication of the numerical techniq ues 
used by the Ministry of Power in the preparation of these 
forecasts. 12 The basic approach was to start with aseries of 
statistical forecasts of the future pattern of energy demand 
given certain assumptions. Costs were then attached to each 
of these forecasts and the choice between them was based 
on the expected costs and the other factors specified in the 
fuel policy objective. 

Two sets of estimates were presented in the White Paper, 
what were known as the 'January 1967 estimates' and the 
'April 1967 estimates'. The first set of estimates was based 
on what was known as 'the assumptions exercise'.13 The 
aim of this exercise was to produce unbiased estimates of the 
demand for fuel, using a set of assumptions which would 
embrace all the choices open to the Government. Variations 
were considered in two sets of assumptions. The first relating 
to the oil tax and the second to the quantity of natural gas 
which would be absorbed by certain dates. For example, with 
regard to the latter, it was assumed that either 2000 million 
cubic feet per day (mcfd) would' be available in 1975 or 
6000 mcfd. 

The basic set of estimates was derived by calculating the 
total demand for all fuels together and then calculating the 
total for individual fuels by subdividing the total, using a 
sector by sector approach. 

The 'J anuary 1967 estimates' indicated that whatever 
policy was followed further substantial falls in the demand 
for coal were inevitable. It was forecast that the coal industry 
would face a number of very difficult problems even if the 
then current rate of protection as provided by the 2 old 
pence agalIon oil tax was left unchanged. By April 1967 
additional information became available on the likely rate of 
absorption of natural gas. A new set of estimates was prepared 
(the 'April 1967 estimates') assuming the continuation of the 
existing oil tax and a 2000 mcfd supply of natural gas in 
1970 and of 4000 mcfd in 1975. A summary of these 
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TABLE 9.1 

The April 1967 Estimates o[ Inland Demand tor Energy 

1966 
(actual) 

Coal 174.7 
Oil 111. 7 
Nuclear and hydro-

electricity 10.2 
Natural gas l.l 

Total 297.7 

million tons coal equivalent 
(mtce) 

1970 

142* (154.5) 118 
127 (147.6) 146 

16 (I I. 7) 37 
25 (17.6) 49 

310 (331.4 ) 350 

* Assumed continued short-term support for coal. 

1975 

(118.1) 
(134.4) 

(12.7) 
(54.5) 

(319.7) 

SOURCES: Cmnd 3438, table D, and Digest o[ U.K. Energy Statistics 1977, 
Department of Energy (London: H.M.S.O., 1978) table 6. 

estimates, with the aetual out-turn figures shown in paren­
theses, is presented in Table 9.1. 

The Government aeeepted the long-term trends indieated 
in Table 9.1 as a basis for planning. However, it considered 
that the farecast rapid decline in demand for coal between 
1966 and 1970 would cause unmanageable problems for that 
industry, and it was decided to try. to hold the demand for 
eoal in 1970 to 155 million tons. Within the forecast total 
demand for energy of 310 mtce this was to be achieved by 
redueing the demand for oil to 125 mtce and for natural gas 
to 17 mtce. It was eoncluded that the only sector where it was 
practicable to plan for a significant increase in coal consump­
tion was electricity generation. The Government proposed to 
reimburse the eleetricity industry far an extra coalburn of 
approximately 6 million tons a year. This constituted an 
important change in Government policy because previously 
the costs of additional use of coal by the electricity industry 
had fallen on electricity consumers. 

The 'April 1967 estimates' had assumed that power stations 
would use 30 per cent of the available natural gas in 1970. 
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The decision to increase the total demand for coal in 1970 
meant that it was likely that only three-quarters of the gas 
which it was assumed would be available would be absorbed 
in that year. 

These estimates incorporated the results of certain decisions 
which had previously been made. The two most important of 
these concerned the Government's decisions on the planned 
depletion for natural gas from the North Sea and on the size 
of Britain's nuclear power programme. 

The Government had decided to bring North Sea gas into 
use rapidly. Investment choice calculations based on a dis­
count rate of 8 per cent had indicated that it would be more 
economic to convert existing appliances to use natural gas 
(with its higher he at content) than to convert it into town 
gas. Using a ten-year time-horizon it was estimated that the 
present value in 1968/9 of the capital costs of conversion 
would be BOO million, whi1e the present value of the costs 
of the new plant which would be required if the system was 
not converted, together with the reforming costs of natural 
gas, would be over f,600 million. Thus over a ten-year period 
conversion promised a present value saving of f,300 million, 
and over thirty years the Gas Council estimated the saving 
to be i1400 million,14 

The decision on which ,markets should be supplied with 
natural gas was t,aken by calculating where the resulting 
resourcesavings were likely to be greatest. Because of its 
characteristics of a clean, easy-to-control fuel which needed 
no storage by the consumer, manufactured gas had com· 
manded a premium over the eq uivalent amount of heat from 
co al or oil in the domestic, commercial and certain industrial 
markets. As a result of this price premium these markets 
became referred to as 'premium markets'. Studies showed 
that resource savings would be highest if natural gas was sold 
in these premium markets and lowest in the bulk he at markets. 
Since, however, more gas was expected to be available than 
could be absorbed in the premium markets a rapid depletion 
rate required that some of it should be used in the bulk 
industrial and other non-premium markets. 

Britain's first commercial nuclear power programme was 
announced in 1955, and after a number of changes it com-
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prised nine Magnox stations with a capacity of 5000 MW.15 
The second nuclear power programme was announced in 
1965 and was based on the Advanced Gas-Cooled Reactor 
(A.G.R.). Stations in this programme were estimated to have 
generating costs lower than those of the best coal-fired 
alternatives. This programme assumed that on average one 
nuclear station would be commissioned each year from 1970 
to 1975, giving a total of 8000 MW by 1975. Nuclearpower 
would then be providing 10 per cent of total energy require­
ments. 

In the event the second nuclear power programme ran 
into numerous difficulties and the first A.G.R. did not start 
to produce electricity until 1976.16 This accounts for the 
substantially lower-than-forecast contribution of nuclear 
energy to total energy requirements which is shown for 1975 
in Table 9.l. 

Before leaving this White Paper it is worth noting its view 
on the supply of oil to the United Kingdom. It concluded 
that there was sufficient oil in the ground to meet the world's 
demands for weIl beyond 1980. The principal danger was 
thought to be supply interruptions caused by political or 
other events outside of the control of the Government or the 
oil industry. However, it concluded that 'In the longer term 
this danger is limited by the fact that producing count ries 
are at least as dependent on trade in oil as we are ourselves. '17 
The White Paper noted that in the interest of security of 
supply the United Kingdom has diversified its sources of 
supply. 

1978 Energy Policy Consultative Document 

In the late 1970s the United Kingdom faced an energy 
situation which was in many ways very different to that 
considered in 1967 but which retained a number of the 
problems which were considered at that time. The most 
fundamental change concerned the discovery and exploitation 
of commercial quantities of oil in the U.K. sector of the 
North Sea. In February 1978 the Government set out its 
latest proposals in a Green Paper) 8 Compared with the 1965 
and 1967 White Papers the Consultative Document introduced 
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a number of important ehanges of both eontent and emphasis 
in energy poliey. 

First, recognising the long lead times associated with many 
energy projeets, it adopted a longer planning horizon and 
provided detailed foreeasts to the year 2000 and tentative 
ones into the twenty-first eentury. Seeond, leaming from 
past errors, it rejeeted the adoption of a single energy poliey 
and instead argued that the numerous uneertainties pointed 
to the need for a flexible strategy whieh eould be kept eon­
tinually und er review and adapted to ehanged cireumstanees. 
Third, it plaeed more emphasis on the importanee of global 
developments and the work of various international institu­
tions to the formulation of energy poliey in the United King­
dom. Fourth, although both the 1965 and 1967 White Papers 
had reeognised the importanee of the interdependenee 
between the objeetives of energy poliey and other poliey 
objeetives of Govemment this interdependenee was given 
greater emphasis in the 1978 Green Paper. Fifth, a wider 
range of poliey instruments for the implementation of energy 
strategies was diseussed. 

Broadly speaking the objeetive of energy poliey was still 
the provision of adeq uate 19 and seeure supplies of energy at 
least soeial eost and the effieient alloeation of resourees. The 
funetion of energy poliey was now stated to be government 
intervention to change the pattern of energy use, and henee 
the alloeation.of resourees, whieh would result from relying 
solelyon the working of the market meehanism in order to 
ensure that the energy eeonomy develops in aeeordanee with 
the national interest.20 Energy-pricing poliey was seen as one 
of the most important poliey instruments for exerting this 
influenee. This poliey was to have regard to both the level 
and strueture of priees, whieh should be related to long-run 
marginal eosts. 'Energy priees should therefore at least eover 
the eost at whieh supplies ean be provided on a eontinuing 
basis, while yielding an adequate return to investment.'21 
The Consultative Doeument stressed that eonsumers eould 
be misled about the social eosts imposed by their ehoiee of 
fuels if all energy priees were not determined and set on the 
same basis. 

The prime eoneern of the energy strategy set out in the 
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Consultative Document was to keep the options open. The 
need for taking a very long view of the future when planning 
energy strategy meant that the overriding concern was to 
take decisions which pointed the nation in the desired direc­
tion. The pervasive uncertainties surrounding energy policy 
meant that the approach of specifying a blueprint for the 
future (as in the 1967 White Paper) was rejected in favour of 
the adoption of a flexible strategy. As in 1967, however, this 
strategy had to be based on forecasts of energy supply and 
demand. Although the Green Paper emphasised the impor­
tance of measures designed to promote energy conservation it 
correctly concluded that even if these policies were successful 
and reduced the ratio of energy consumption to changes in 
G.D.P. total energy requirements would still increase along 
with increases in G.D.P. The need was thus to plan for 
increased energy requirements. 

This planning was to take place in the context given by 
various predictions of a future severe physical shortage of 
world energy supplies (see Chapter 2, p. 10). The Government 
argued that, given these risks, it was worth paying substantial 
insurance premia to ensure adequate energy supplies in the 
future. 22 The size of such premia had necessarily to be 
limited and it was not possible to keep all the options open. 
The Government argued that in these circumstances the best 
course of action was to act in such a way that would be least 
costly over a wide range of possible out comes, and would 
thus produce minimum regret. 23 

The proposed strategy which was set out in the Consultative 
Document repeatedly emphasised that the future was too 
uncertain for it to be possible to choose today a poliey whieh 
would minimise the resouree eosts of meeting the foreeast 
energy demands. It thus argued that those teehnologieal and 
manufaeturing decisions should be taken which would keep 
a number of supply options open. This poliey had impliea­
tions for all four primary sourees of energy in the United 
Kingdom. 24 

For the eoal industry it meant the undertaking of an invest­
ment programme whieh would produee an extra 4 million 
tons a year from new and replaeement eapacity in the latter 
part of this eentury. Associated with these supply ehanges it 
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was stated that action must be taken to ensure that markets 
exist for the coal, and in particular that the electricity-supply 
industry would continue to burn large quantities of coal. 

For the generation of e1ectricity from nuc1ear power 
stations it meant the maintenance of an adequate nuc1ear 
manufacturing industry which was capable of responding to 
a future demand for these stations. This capability was to 
encompass the construction of fast reactors since the Consul­
tative Document conc1uded that on balance it was likely that 
they would be needed. 

For oi! it meant the choice of a depletion rate for supplies 
from the North Sea which would minimise the problems of 
switching to alternative supplies as they were run down.25 
In this connection the Government was concerned to avoid 
too sharp a peak and rate of depletion for both oil and natural 
gas. 

The implementation of this strategy would involve a large 
investment in new energy sources from the late 1980s on­
wards to replace the declining output of oil and gas from the 
North Sea. The gradual adjustment of the energy economy 
away from oi! was also seen to require action through inter­
national institutions, such as the International Energy Agency 
(I.E.A.) and the European Economic Community (E.E.C.). 

The I.E.A. was formed in late 1974 as an autonomous 
body within the O.E.C.D.26 Its main functions are the 
development of secure supplies of energy, the promotion of 
energy conservation and the operation of a scheme for sharing 
oi! supplies in an emergency. The I.E.A. member countries 
have adopted the objective of limiting their oil imports to 
26 million barrels a day in 1985. In support of this objective 
participating countries agreed in October 1977 to the adop­
tion of a number ofPrinciples. These inc1uded the formulation 
of national energy programmes which would encourage 
energy conservation and limit oil imports; the concentration 
of natural gas sales to premium markets; the adoption of 
pricing policies which would encourage energy conservation; 
and the expansion ofnuc1ear generating capacity.27 

The various treaties of the E.E.C. do not mention energy 
policy specifically. However, a Summit meeting held in Paris 
in October 1972 ca11ed for the early formulation of such a 
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policy. The Council of Energy Ministers has met periodically 
since May 1973. In December 1974 the Council agreed to 
certain objectives for energy policy which the Community 
should seek to attain by 1985. A principal objective was the 
reduction of the Community's dependence on imported 
energy to a maximum of 50 per cent. 

9.4 Energy Policy in the United States 

In this section we limit our attention to the National Energy 
Plan which was presented to a joint session of Congress by 
President Carter on 20 April 1977.28 This Plan constituted 
the most detailed attempt which has so far been made to 
formu1ate a comprehensive energy poIicy for the United 
States and at the same time provides so me interesting examples 
of the ways in which economics might be used iJl the formula­
tion and implementation of energy policy. 

The background to the Energy Plan was the growing in­
balance between the U.S. demands for and domestic supplies 
of oll and natural gas , and a consequent increasing reliance 
on imports of oil. Between 1950 and 1970 the real cost of 
energy in the United States fell by 28 per cent and this 
encouraged investment in a stock of capital goods, such as 
houses and cars which used energy inefficiently, and led to 
a rapid rate of increase in the consumption of energy. Energy 
consumption increased at an average annual rate of 3.5 per 
cent between 1950 and 1973. This growth rate was encour­
aged by the pricing policies of the Federal Govemment for 
natural gas and oil which held these prices below world price 
levels.29 

In the 1970s the pricing policy for gas in inter-state com­
merce had to be accompanied by measures of physical 
rationing because of the increasing excess demand for gas at 
the regulated prices, and the available supplies of gas were 
not being concentrated on the premium markets. In 1976 the 
regulated well-head price of natural gas in inter-state com­
merce was only 25 per cent of the price of imported crude oil 
of the same heat value. Natural gas was in consequence a very 
attractive fuel for industry and electricity utilities. The 
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Federally regulated prices for natural gas in the inter-state 
markets were lower than those set in intra-state markets. The 
allocative significance of this was that the regulated prices 
discouraged the distribution of gas from the gas-producing 
states to other states, new gas production went primarily to the 
unregulated intra-state markets. Between 1973 and 1975 
only 19 per cent of the additions to gas reserves were com­
mitted to inter-state markets. 

The United States first became a net importer of oil in 
1947. By 1974 it was importing 37 per cent of its oil con­
sumption. The period between the quadrupling of oil prices 
in 1973/4 and the publication ofthe Energy Plan was charac­
terised by an increasing dependence by the United States on 
oil imports. Imports of crude oil rose from 4.7 million barrels 
a day (mbd) in 1972 to 8.6 mbd in 1977, the latter figure 
representing over 40 per cent of consumption. Ouring this 
period the domestic production of crude oil fell by roughly 
one-eighth. AB with natural gas, Federal pricing policy for oil 
had been encouraging its consumption while discouraging 
exploration and production. In 1974 a policy of, in effect, 
taxing domestic oil production in order to subsidise oil 
imports was introduced.30 Under this policy the Federal 
Energy Administration set an average price for domestically 
produced oil ($7.66 barrel in 1976). In order to rerme this 
oil the producers had to purehase a ticket called an 'entitle­
ment' at a cost of approximately $2 a barrel. This constituted 
a tax on domestic production. Imports were subsidised by 
granting refiners who imported oil at the (then) world price 
of about $12.5 a barrel an entitlement worth $3 a barrel. 
Whatever the source of the oil the cost to refiners was the 
same at $9.5 a barrel, and the price of oil was substantially 
below the world market price.3 1 

The main objective of the Energy Plan was to reduce 
imports of crude oil and oil products and to limit the effects 
of interruptions to supply. The Plan, which made use of an 
econometric model, specified a number of objectives which 
were to be achieved by 1985. These included: a reduction in 
the annual growth of U.S. energy demand to less than 2 per 
cent; a reduction of oil imports in 1985 from a potential 
level of 16 mbd to 6 mbd; a 10 per cent reduction in the 
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consumption of petroleum; the establishment of a strategie 
petroleum reserve of I billion barrels; the insulation of 90 
per cent of all hornes and other buildings; an increase in the 
annual production of coal by at least 400 million tons; and 
the establishment of a Department of Energy with respons­
ibility for energy policy.32 

The emphasis of the Energy Plan was on savings in energy 
consumption (and hence on energy conservation) and, except 
in the case of coal, it was only to a subsidiary extent con­
cerned with increased production. Little encouragement was 
to be given to the increased production of oil and natural gas. 
The development of new energy sources and especially solar 
energy was, however, to be encouraged. A guiding principle 
of the Plan was that it should be equitable. Hs proposals were 
also to take into account possible environmental effects. The 
implementation of the Plan was based on the extensive use of 
fiscal instruments (taxes and subsidies) and on the workings 
of the price mechanism. 

The consumption of oll and natural gas was to be discour­
aged by the imposition of various taxes. Since gasoline 
consumption represents half of American total oil usage the 
Plan proposed the imposition of a graduated excise tax on 
what were called 'new gas-guzzlers'. It also proposed the 
introduction of a standby gasoline tax in the event of the 
gasoline consumption targets not being met. The tax would 
be 5 cents per gallon for each percent that consumption in 
the previous year exceeded the target. To encourage the 
substitution of coal for oil and natural gas by industrial users 
and the utilities a sliding-scale tax was proposed on their 
consumption of these fuels. 

The Plan placed considerable emphasis on the role of prices 
in the implementation of energy policy and on the importance 
of the signalling function of the price mechanism. It noted 
that existing Federal pricing policies for natural gas and oil 
encouraged their consumption by keeping prices too low and 
tended to distort relative energy prices. To rectify this the 
Plan argued that the prices of natural gas and oil should reflect 
the fact that 'the true value of a depleting resource is the 
cost of replacing it'.33 Having stated this principle the Plan 
then recoiled from its full implementation. The President 
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argued that the total decontrol of oil and natural gas prices 
could have severe adverse effects on the U.S. economy and 
lead to large windfall profits for producers. To meet these 
potential difficulties the Plan proposed the phasing in over 
three years of a well-head tax on existing supplies of domestic 
oil to bring it to the level of the 1977 world price of oil. The 
price received by producers of previously discovered oil 
would remain at its existing level ($5.25 or $11.28 a barrel) 
except for adjustments for inflation. With regard to newly 
discovered oll its price would be allowed to rise over a three­
year period to the 1977 world price, again with an allowance 
for inflation. Thus the Plan did not propose the full imple­
mentation of the pricing principle that the price of oll should 
be set with regard to its border price (unlike the governments 
of the United Kingdom and Australla which have accepted 
this principle - see Chapter 4, p. 100). 

For the pricing of natural gas the Plan did appear, however, 
to ac ce pt the argument which was developed in Chapter 4, 
Section 4.8. The Plan proposed that beginning in 1978 the 
price limit for all new natural gas which was sold anywhere 
in the country should be set at the price of the equivalent 
energy value of domestic crude oil ($9.6 a barrel).34 How­
ever, in terms of the argument of Chapter 4 it must be noted 
that this domestic price of oll would be less than the world 
price. 

Finally on prices the Plan proposed areform for utility 
rate structures for both gas and electricity. The Plan argued 
for the adoption of a common set of pricing principles by all 
gas and electricity utilities to avoid distortions in the signalling 
function of the price mechanism. It stated that 'Rates often 
do not reflect the costs imposed on society by the actions of 
utllity consumers'. To rectify this the Plan proposed that 
both electricity and gas utilities should be required by law to 
phase out declining block tariffs which did not reflect costs. 
In essen ce the Plan argued for the setting of tariff levels and 
structures in relation to marginal costs. It wanted electricity 
utilities to be required to offer daily off-peak rates to all 
those consumers who were prepared to pay the associated 
increased metering costs, and for the utilities to offer tariffs 
with interruptible-supply c1auses.35 
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It was argued in the Plan that the implementation of these 
pricing principles would permit the realisation of the Plan's 
equity objective. They would result in every consumer paying 
a fair share of the costs which his energy-consumption 
decisions placed on the nation.36 The equity objective would 
also be pursued by, among other measures, reducing the 
unfairness of natural-gas pricing and by the dollar-for-dollar 
re fund of the well-head tax on oil as it affected home-heating 
oil. 

The Plan contained a number of proposals which were 
aimed at mitigating the possible adverse environment al effects 
of increased coal production and consumption. These inc1uded 
the required installation of the best available control tech­
nology in all new coal-fired plants and the eventual introduc­
tion of legislation for uniform national standards for strip 
mining. 

The Energy Bill, which was approved by the 95th Congress 
in early October 1978, differed substantially from the pro­
posals contained in the Energy Plan. Although Congress 
large1y agreed with the objectives ofthe Energy Plan it refused 
to endorse many of President Carter's proposed measures to 
achieve them. 37 Notable omissions from the approved bill 
were the proposed tax on crude oil, the standby petrol tax, 
the tax on industrial and utility use of oil and natural gas, 
and the rebate of the gas-guzzling tax to buyers of fuel­
economy cars. 38 The bill did approve the granting of tax 
credits for horne insulation and the installation of solar- or 
wind-powered equipment, the reform of electricity rates for 
state public utilities - but this latter reform was not obliga­
tory - and a tax on gas-guzzling cars beginning with 1980 
models. 39 Under the terms of the Energy Bill the price of 
new natural gas will be decontrolled by 1985. The existing 
Federal price controls for natural gas are to be applied to 
both inter-state and intra-state supplies. On enactment of the 
bill the ceiling price of new gas was to rise from $1.50 per 
1000 c.f. to $2.09, and subsequentIy to rise at an annual rate 
equal to the rate of inflation. 

The most important omission from the Energy Bill was the 
proposed tax on crude oil. Even though the Energy PIan's 
proposals would not have resulted in the domestic price of 
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crude oil being equal to the price of imports, the gap between 
these two prices would have been substantially reduced. If 
energy policy is to be based on the workings of the price 
mechanism then the proposed oil tax was probably necessary 
if the United States was to reduce its imports of oil sufficiently 
to allow the attainment of the I.E.A. import target for 1985. 
Almost certainly the measures which have been passed do not 
go far enough in reducing the United States' dependence on 
oil imports for the target to be realised. 

9.5 Economies and Energy Poliey 

The previously considered case studies of energy policy in the 
United Kingdom and the United States have illustrated how 
economics has been used in practice in both the formulation 
and implementation of energy policy. It is perhaps worth 
pointing out that our concentration on economics should not 
be interpreted as implying that we believe that this is the 
only subject which has a contribution to make to the making 
of energy policy. Clearly this would be false. Since energy 
policy is concerned with the achievement of a number of 
objectives - economic, social, political, etc. - it follows that 
an interdisciplinary approach is required. As we noted in 
Chapter 6 (p. 144) it is partly the wide-ranging nature of 
many of these objectives which makes energy policy so 
complicated. 

While recognising the need for an interdisciplinary approach 
it is our view that economics has a potentially important role 
to play in both the making and implementation of energy 
policies. At the same time, however, we are concerned that 
in this area it may be brought into disrepute by the formation 
ofunrealistic and ill-informed expectations of what it can be 
expected to achieve. Nowhere is this more likely to happen 
than in the preparation and use of forecasts. Energy policies 
must be based on various forecasts of, for example, the 
demand for and supply of different fuels and of their prices. 
Clearly such forecasts must always be conditional and if they 
are to be useful for decision-taking they should not be point 
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estimates but should consist of a range of estimates accom­
panied by the relevant set of confidence intervals. Unfortun­
ately, published forecasts are often point estimates and their 
non-realisation is often (wrongly) interpreted as showing the 
limited use and value of economics. 

Energy forecasts are often based on simple extrapolation 
and do not allow for the influence of prices on supply and 
demand. One reason for this appears to be that since late 
1973 during the period of the so-called 'energy crisis' there 
has been much talk about energy being an essential' com­
modity. But such talk usually confuses total and marginal 
utilities, as with the old 'paradox of value' in relation to 
water and diamonds.40 At the margin energy is not essential 
but is subject to price elasticity, which, as we have seen in 
Chapter 4 (p. 78), is not equa1 to zero. The recognition ofthe 
importance of the distinction between total and marginal 
utility and of the responsiveness of both demand and supply 
to changes in price illustrates the potential use of e1ementary 
economic analysis in energy policy. 

Another and important example of the potential value of 
elementary economic analysis relates to the Federa1 pricing 
scheme for natural gas which was introduced in 1960. As we 
have seen, in the 1970s the price of this gas was set consider­
ably below the cost of oil of the equivalent heat value whi1e 
gas prices in intra-state commerce were not subject to the 
Federal controls. In these circumstances, as we mentioned in 
Chapter 6 (p. 169), elementary demand and supp1y analysis 
could be used tO'predict the likely consequences of the chosen 
pricing policy. The theory would predict that, with a con­
trolled price below the market clearing price, there would be 
excess demand, a need for physical (non-price) rationing of 
the available output, the discouragement of production and 
new exploration, and the concentration of avai1able supplies 
in the intra-state markets. 

This examp1e illustrates one of the most valuable uses of 
economics in relation to energy policy. That is, the use of 
economic models to predict the likely consequences of 
particular policy decisions and a comparison of the relative 
efficacy of different policy L.struments in terms of achieving 
particular objectives. In this connection we have explored, in 
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Chapter 6 (p. 146) the use of economics in the evaluation of 
different tax and subsidy instruments. As the analysis in that 
and other chapters has shown, another useful input of 
economics in this context is the identification of the informa­
tional requirements of different policies if they are to be 
made operational. A number of examples of this were pro­
vided in Chapters 3 and 4 (pp. 41, lOS). In Chapter 3 we 
emphasised the importanceof futures markets if inter-temporal 
resource allocation decisions were to be left solely to the 
workings of the market. In Chapter 4 we stated our view that 
while in principle energy prices could be used to achieve 
income distribution objectives the informational requirements 
of the optimising prices were so great as to make such prices 
non-operational. 

The optimisation approach of economics to the develop­
ment of energy policies - that is, the specification of a set of 
objectives and the use of economic analysis in association 
with "a particular set of assumptions and definitions to 
identify the 10gical implications of those objectives - has 
been stressed in this book. In our view this approach is useful 
in both the tactical and strategie planning of energy policy. 
At the detailed planning level we have seen how in the context 
of U.K. energy policy economics was used as an aid to 
decision-taking with regard to the questions of which markets 
available supplies of natural gas should be supplied to and 
how oil supplies from the North Sea should be valued. In 
each case, assuming that the relevant objective was an efficient 
allocation of resources, it was seen how the concept of oppor­
tunity cost was used in the identification of the policy choice 
which would maximise expected resource savings. This was 
that gas should be supplied to the premium markets and that 
the oil should be valued at the border price. 

This approach also has the advantage of c1early identifying 
when it is necessary to make value judgements, such as in 
relation- to the distribution of income in the choice of pricing 
policies and the choice of the rate of discount. 

Economics is useful in terms of many of the questions 
which face decision-makers in energy policy. It has an impor­
tant role to play in c1arifying issues and exploring the implica­
tions of the adoption of different policy options. One of its 
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relative strengths in this as with other areas of policy is its 
stress on the word 'alternatives', not only in relation to 
alternative uses of resources but also in the potential applica­
tion of different policy instruments to achieve given objectives. 
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taxes. 

20. In the case of oilfields, for example, production rises gradually 
to a plateau and after some years at the plateau tapers off thereafter. 
With perfeet capital markets the effects of tax measures on Iiquidity 
wou1d be unimportant. Providing that a project had a positive net 
present value after tax, the preeise timing of the tax payments would 
not alter the decision to develop the resource. In practice, however, 
1egis1ators in the United Kingdom have taken care to avoid imposing a 
tax burden too early in a project's life, in case deve10pment shou1d be 
discouraged (see Section 6.5). 

21. Kemp, op. eit., provides some practical examp1es using data 
from four oilfie1ds in the North Sea. 

22. Kemp, op. eit. p. 251. 
23. See D. I. MacKay and G. A. Mackay, The Political Economy 01 

North Sea Oil (London: Martin Robertson, 1975) p. 42. 
24. R. Garnaut and A. Clunies Ross, 'Uncertainty, Risk Aversion 

and the Taxing of Natural Resource Projects', Economic Journal (J une 
1975). 

25. Garnaut and Clunies Ross inc1ude a numerical example of how 
the tax might be calculated in an appendix to their artic1e. 

26. M. T. Sumner, 'Progressive Taxation of Natural Resource Rents', 
The Manchester School (Mar 1978) pp. 1-16. 

27. Sumner suggests a tax levied on net present vaIue at a progressive 
rate and collected over a project's life. Mechanisms can be devised to 
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achieve this but they require knowledge of the firm's discount rate. As 
Sumner observes 'The obvious problem that arises is that the "firm's" 
disco.unt rate is neither unique nor observable', op. cit. p. 12. 

28. In the United Kingdom the rights of property-owners do not 
extend to the exploitation of a11 minerals which may be discovered, 
although this does not necessarily imply that owners will be unable to 
appropriate any of the rent which such a discovery might create. 

29. This was established und er the Convention on the Continental 
Shelfin 1958. 

30. See B. D. Gardner, 'Towards a Disposal Policy for Federally 
Owned on Shales', in Gaffney (ed.), op. cit. pp. 169-95. 

31. Studies have been carried out on offshore lease sales in the 
United States. Erickson and Spann, for example, have attempted to 
calculate expected bids for various tracts in the Gulf of Mexico. Their 
results indicate a dose relationship between expected and actual bids. 
'The bidding evidence suggests that the offshore leasing process is highly 
competitive.' See E. W. Erickson and R. M.Spann, 'The U.S. Petroleum 
Industry', in E. W. Erickson and L. Waverman (eds), The Energy 
Question (University of Toronto Press, 1974) pp. 5-24. 

32. Especially in the United Kingdom (see Section 6.5, p. 173). 
33. Economists with an instinctive regard for markets often tend to 

favour the competitive bidding system over more regulatory alternatives. 
K. W. Dam, for example, has consistently supported such a scheme in 
the North Sea while Gardner argues for a similar system in the develop­
ment of oil shales. See K. W. Dam, 'on and Gas Licensing and the 
North Sea', Journal 0/ Law and Economics, vol. 8 (Oct 1965) 51-75, 
and Gardner, 'Towards a Disposal Policy for Federally Owned Oil 
Shales', op. cit. 

34. Extensive work has been undertaken in the United States on 
this aspect of mineral leasing policy. A useful survey of the major studies 
is given in F. M. Peterson and A. C. Fisher, 'The Exploitation of Extrac­
tive Resources: A Survey', Economic Journal, vol. 87, no. 4 (Dec 1977). 
pp. 681-721. 

35. Quoted in F. M. Peterson, 'Two Externalities in Petroleum 
Exploration', in Brannon (ed.), Studies in Energy Tax Policy, op. cit. 
p. 102. 

36. Erickson and Spann do not regard the existence of joint bidding 
as restricting competition. Rates of return on offshore operations they 
find to be competitive in the Gulf of Mexico. They also quote Professor 
J. W. Markham's evidence that joint bidding does not appear to reduce 
the number of bidders, op. cit. 

37. The existence of risk-aversion is emphasised by Garnaut and 
Clunies Ross in their discussion of the advantages of the resource rent 
tax, op. cit. Henry Steele recommends a combination of lease bonus 
and severance tax for reasons of 'risk-sharing'. See 'Natural Resource 
Taxation: Resource Allocation and Distribution Implications'. So also 
does Gardner in the context of oil shales. Both in Gaffney (ed.), op. cit. 

38. This is indeed a system which is common in North America. 
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The province of Alberta in Canada levies a royalty on natural-gas 
production as weH as receiving lease bonuses at an auction. 

39. This distinction between fiscal and non-fiscal instruments is 
perhaps rather arbitrary. Even so me of the instruments termed 'non­
fiscal' below may involve changing the flow of funds to the exchequer. 

40. See, for example, P. E. Starratt and R. M. Spann, 'Dealing with 
the U.S. Natural Gas Shortage', in Erickson and Waverman (eds), The 
Energy Question, op. cit. pp. 25-46. 

41. The model of Paul Davidson, Laurence Falk and Hoesung Lee 
suggests that changes in reserve-production ratios can be explained 
weB by changes in interest rates and the weH-head price on new con­
tracts. They do not find a significant time trend for non-associated gas 
although the overall reserve production ratio does exhibit a negative 
time trend. They conclude that changes in reserve production ratios 
since 1955 'are primarily due to higher interest rates (or lower new 
weil-head prices)'. See 'The Relations of Economic Rents and Price 
Incentives to Oll and Gas Supplies', in Brannon (ed.), op. cit. chap. 5, 
pp. 147-51. Starratt and Spann, op. cit. p. 34, report similar results 
from models by Spann and Erickson and MacAvoy and Pindyke: 'The 
supply of new natural gas discoveries is extremely ~ensitive to the weil­
hejld price of natural gas' (p. 34). 

The influence of speculative behaviour should be borne in mind 
when considering these results. Davidson, Falk and Lee emphasise the 
'user cost' of 'proving' reserves if de-regulation or higher Federal Power 
Commission prices are expected. 

42. K. W. Dam, The Evolution of North Sea Licensing Policy in Britain 
and Norway', Journal of Law and Economics, vol. 17, no. 2 (Oct 
1974), esp. pp. 221-6, and vol. 13, no. 1 (Apr 1970) pp. 11-44. For a 
detailed account of the negotiations between the Gas Council and the 
Oil Companies during the 1960s see 'The Pricing of North Sea Gas in 
Britain', Journal of Law and Economics (1970), by the same author. 
See also M. B. Posner, Fuel Policy (London: Macmillan, 1973) chap. 
11, for a discussion of the determination of the U.K. price of natural 
gas. 

43. The general functions of the B.N.O.C. are laid down in seetion 2 
of the Petroleum and Submarine Pipelines Act 1975. The reasons for 
setting up a fuHy fledged oil company probably lie more in the realm of 
politics than economics and wouId take us beyond the scope. of this 
chapter. Dam, 1974, op. cit., discusses in more detail the reasons for 
the setting-up of Statoil. 

44. Dam, 1974, op. cit. p. 259. 
45. MacKay and Mackay discuss the possibilities of an 'appreciation' 

in the estimated reserves. They argue that reserves will be uprated over 
time 'probably by not less than 25% on average', op. cit. p. 62. See 
Chapter 2 above and Table 2.10. 

46. In the fourth round of licensing i:21,050,001 was paid for 
block 211/21 with no results to date. 

47. Pipelines have been laid, for example, from the Forties field to 
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Cruden Bay and from Ninian and Brent to Sullom Voe in Shet1and. Gas 
from the Frigg fie1d is 1anded at St Fergus. 

48. A breakdown of estimated capita1 and operating costs of the 
various fie1ds in the North Sea is given in A. G. Kemp, 'The Taxation of 
North Sea Oll', University of Aberdeen, North Sea Study Occasional 
Papers (Aug 1976) appx I. 

49. Points (a), (b) and (c) from Energy Policy: A Consultative 
Document, Cmnd 7101 (London: H.M.S.O., 1978) pp. 35-6. 

50. UK Ottshore Oil and Gas Policy, Cmnd 5696 (London: H.M.S.O., 
Ju1y 1974). 

51. Serving the Ottshore Industry, Dept of Energy (London: 
H.M.S.O., 1976). 

52. We are here referring to production licences which give the 
licensee the right to extract any resource he discovers. There also exist 
quite separate exploration licences. Details of sixth-round payments are 
given in UK Ottshore Petroleum Production Licensing, Sixth round, A 
Consultative Document, Dept of Energy, appx 2. 

53. These conditions app1y to the sixth round taking p1ace in 1978. 
However, apart from B.N.O.C. participation which began in the fifth 
round, few changes have occurred. 

54. Sixth Round Consultative Document, op. cit., appx 3. 
55. Petroleum and Submarine Pipelines Act (London: H.M.S.O., 

section 41 (3». 
56. The Oll Taxation Act 1975 (London: H.M.S.O., 1975). 
57. Two important studies of the effects of the oll taxation system 

are Kemp, 'The Taxation of North Sea Oll', op. cit., and J. R. Morgan 
and C. Robinson, 'The Comparative Effects of the U.K. and the Nor­
wegian Oll Taxation System on Profitability and Government Revenue', 
Accounting and Business Research (Winter 1976). An abridged version 
of the 1atter can be found as 'A Comparison of Tax Systems', The 
Petroleum Economist (May 1976). 

58. Kemp estimates that the oll allowance raises the interna! rate of 
return to Auk ahd Argyll by about 10 percentage points (from 39% to 
48% in the case of Auk). The Brent fieid, in contrast, is unchanged with 
an interna! rate of return of 19% (op. cit. tab1e VI, p. 19). 

59. Kemp, 1976, op. cit. p. 18. 
60. Statement made by the Minister of Mineral Resources to the 

Legislative Assemb1y of Saskatchewan, 14 Apr 1976. 
61. See Uranium Roya1ty Regulations, Order-in-Council 1090/76, 

27 July 1976 .. 
62. The tax follows the 'slice' principle not the 'slab' . For examp1e, 

amine with investment of f:l million and operating profit of $200,000 
would pay no tax on f:150,000 plus 15% on the next $50,000 = 
f:7500. 

63. I.e. 'Chartered Bank Lending Rates on Prime Business Loans', 
published in the Bank ot Canada Review. 

64. The interested reader is referred to the following surveys of U.S. 
tax policy: 'Existing Tax Differentials and Subsidies Relating to the 
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Energy Industries, Brannon in Studies in Energy Tax Policy, op. cit. 
pp. 3-40 (I 975); 'Tax Incentives in the U.S. Petroleum Industry', 
Millsaps, Spann and Erickson in The Energy Question, op. cit. pp. 
99-122, and Page, Conservation and Economic Efficiency, Resources 
for the Future, op. cit. (1977) chap. 6. 

65. By 1984 it should be 15 per cent on the first 1000 barrels of oil 
per day. 

66. For an interesting and fuller account of the history of the 
depletion allowance see Page, op. cit. chap. 6. W. Vickrey, 'Economic 
Criteria for Optimum Rates of Depletion', in Gaffney (ed.), op. cit. 
pp. 315-30, also contains a historical account of the special tax 
provisions accorded to the mineral industries. 

67. Pechman, Federal Tax Policy, 3rd ed., op. cit. p. 152. 
68. Page, op. cit. pp. 122-4. Another important tax prOVISIOn 

causing much controversy in the United States is the Foreign Tax Credit. 
This is simply a provision which enables companies to credit foreign 
taxes against U.S. taxes. If income taxes are levied by foreign govern­
ments at greater rates than those applying in the United States, the 
company will not have to pay U.S. taxes on the income concerned. In 
the case of petroleum, however, many of the taxes paid to foreign 
governments are not strictly income taxes but are more in the nature of 
'royalties' or 'rents' for working the deposits. It is argued therefore that 
these payments are costs of production, equivalent to lease payments, 
and should be treated like other costs, Le. deducted from gross income 
in computing tax liability, but not fully credited against domestic tax 
payments. For a detailed study of the foreign operations of U.S. 
petroleum companies see Glenn P. Jenkins, 'United States Taxation and 
the Incentive to Develop Foreign Primary Energy Resources', in Brannon 
(ed.), op. cit. pp. 203-45. 

69. A depletion allowance of SI can now be claimed for each $3 of 
exploration and development expenditure up to a limit of 33*% of 
taxable profit, i.e. depletion must be 'earned'. 

70. See A. Harberger, 'The Taxation of Mineral Industries', Federal 
Tax Policy for Economic Growth and Stability, 84 Cong., I Sess., Nov 
1955. 

71. See S. L. McDonald, 'Percentage Depletion and the Allocation 
of Resources: The Case of Oil and Gas', National Tax Journal (Dec 
1961) pp. 323-36. His analysis produced a stream of subsequent 
papers in National Tax Journal: D. H. Eldridge, 'Rate of Return, 
Resource Allocation and Percentage Depletion' (June 1962) pp. 209-
17; R. A. Musgrave, 'Another Look at Depletion' (J une 1962) pp. 
205-8; and P. O. Steiner, 'The Non-Neutrality of Corporate Income 
Taxation - With and Without Depletion' (Sep 1963) pp. 238-51. 

72. McDonald provides aresume of the case against hirn in 'Percen­
tage Depletion, Expencing of Intangibles, and Petroleum Conservation', 
in Gaffney (ed.), op. cit. pp. 280-5. 

73. Stiglitz, 'The Efficiency of Market Prices in Long-run Allocations 
m the Oil Industry', in Brannon (ed.), 1975, op. cit. pp. 73-8. 
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74. See, for example, Musgrave and Musgrave, 1976, op. eit. pp. 
494-6. 

75. A good general survey is provided by H. W. Richardson, Econ­
omic Aspects 01 the Energy Crisis (Farnborough, Hants: Lexington 
Books/Saxon House, 1975) pp. 64-9, pp. 132-6. 

76. For example, J. C. Cox and W. W. Wright, 'The Cost-effectiveness 
of Federal Tax Subsidies for Petroleum Reserves: Some Empirical 
Results and their Implications', in Brannon (ed.), op. eit. pp. 177-202; 
Millsaps, Spann and Erickson discuss the results of their model in 'Tax 
Incentives in the U.S. Petroleum Industry', op. cit. They prefer the 
strategie stockpile as a solution to the problem of security. 

77. S. L. McDonald, 'us Depletion Policy: Some Changes and 
Likely Effects', Energy Policy (Mar 1976) pp. 56-62. 

78. In the Petroleum and Submarine Pipelines Act 1975. See 
Chapter 3 for a furt her discussion of U.K. depletion policy. 

Chapter 7 

1. Most modern textbooks cover this area weIl, e.g. W. Nicholson, 
Micro Economic Theory (New York: Dryden Press, 1978) chap. 6, 
pp. 147-78. 

2. The von Neumann and Morgenstern axioms are effectively an 
addition to the standard axioms of consumer theory to take account of 
uncertainty. 

(a) For any two alternatives (say Cl, C2) either CIPC2 or C2PCI 
or CIICI, where P denotes 'is preferred to' and / denotes indifference. 

(b) All pairs of alternatives having been ranked according to (a) the 
final complete ordering must be transitive, Le. if CIPC2 and C2PC3, 
then it must follow that CIPC3. If the consumer ranks C3PCI the 
transitivity axiom is denied. 

(c) If CIPC2PC3 there will exist some probability r, where 0< r < I, 
such that the individual is indifferent between C2 with certainty and a 
lottery ticket offering Cl or C3 with probabilities (1 - r) and r respec­
tively. 

(d) If CI /C2 and if the individual is offered a choice of lottery 
tickets, one offering Cl or Cl with pro babilities (1 - r) and r respec­
tively, and the other offering C2 or C3 with the same respective prob­
abilities, the individual will be indifferent between the two tickets. 

(e) If CIPC2 and the individual is offered two lottery tickets 
involving these two outcomes, the individual will chose the ticket with 
the highest probability of obtaining Cl. 

(n The 'axiom of complexity' is an extension of (e) and asserts 
broadly that an individual will be indifferent between lottery tickets 
offering Cl or C2 with given probabilities irrespective ollhe complexity 
01 the gamble. As an example, a person would be indifferent between a 
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simple gamble offering Ll2 or L4 with probabilities! and i and a co m­
plex gamble in which the individual has a SO-SO chance of choosing a 
lottery ticket offering L 12 or L4 with probabilities 0 and 1 or a ticket 
offering .L12 or .t4 with probabilities! and!. In either case the prob­
ability distribution of finaloutcomes will be the same, L12 with prob­
ability! and L4 with probability i. 

For a fußer discussion of these axioms and examples of their use 
(especiaßy for axiom c) in constructing a utility function see H. A. John 
Green, Consumer Theory, rev. ed. (London: Macmillan, 1976) chap. 13, 
and technical appendix T.9. The classic reference in this field is J. von 
Neumann and O. Morgenstern, The Theory of Games and Economic 
Behaviour (Princeton, N.J.: Princeton University Press, 1944). See also 
A. A. Alchian, 'The Meaning of Utility Measurement', American Econ­
omic Review, vol. 43, no. 1 (1953), reprinted in W. Breit and H. M. 
Hochman (eds), Readings in Microeconomics (New York: Holt, 
Rinehart & Winston (1967) pp. 69-88. 

3. For a more detailed exposition see J. Hirshleifer, 'Investment 
Decisions under Uncertainty: Choice-Theoretic Approaches' , Quarterly 
Journal of Economics, vol. 79, no. 4 (1965) pp. 509-36. 

4. This is easily seen by inspecting expression (7.4). Minus the left­
hand side of the expression, represents the slope of the indifference 
curve. Letting C1a = Clb, V(Clb) = V(Cl a ) and we are left with the 
ratio of state probabilities. 

5. The present analysis foIlows closely that of J. Hirshleifer and 
D. L. Shapiro, 'The Treatment of Risk and Uncertainty', Quarterly 
Journal of Economics, vol. 77, no. 4 (1963) pp. 505-30. 

6. Ibid. 
7. Fear of the takeover raid may result in managers wishing to avoid 

low returns. See, e.g., R. Marris, The Economic Theory of 'Managerial' 
Capitalism (London: Macmillan, 1964). 

8. The problem is simply to find A such that: 

t v044 - A) + t V81 = 10 

V(144 - A) = 11 

144 - A = 121 

A = 23 

9. F:.or each company the outcomes will be .t98.1 m. or LI04.4 m. 
In utility terms these will be U1 = 9.9 and U2 = 10.22. 
ThusE(W) = 101.25 andE(U) = 10.06. 
The certainty-equivalent will be [E(U)] 2 = 101.225. Hence each firm'.s 
cost ofrisk will be 101.25 - 101.225 = 0.025. 
Total cost of risk-bearing is thus 0.25. 

10. For adefinition of Pareto optimality und er condition of uncer­
tainty and the derivation of appropriate rules for public investments see 
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A. Sandmo, 'Discount Rates for Public Investment under Uncertainty', 
International Economic Review, vol. 13, no. 2 (June 1972) pp. 287-
302. 

11. Op. eit. p. 295. 
12. For a statement of this view see the discussion of a paper by 

Harberger by P. A. Samuelson and W. Vickrey, American Economic 
Review, Papers and Proceedings (1964) pp. 88-96. The 'law of large 
numbers' can be stated in various ways. Let Ri represent the return to a 
particular project. Suppose there are n projects and that R t , R2, ... Rn 
are identically distributed independent random variables with finite 
mean and variance. Further let E(Rj) = p., V(Rj) = 62 and define R = 
l/n(Rt + R2 + ... Rn). By lllcreasing the number of projects under­
taken it can be shown that R the average return to each project 'con­
verges' to p.. More formally: 

_ 62 

P[ I R - p. I < e] ~ I - -2- , 
e n 

where e is any positive number. Clearly e can be assumed arbitrarily 
sma11 but a sufficiently large n will cause the right-hand side to ap­
proach unity. Thus we can, weith large enough n be 'virtually certain' 
that the average project return will be 'dose' to p. the expected return 
to each project. 

13. K. J. Arrow and R. C. Lind, 'Uncertainty and theEvaluation of 
Public Investment Decisions', American Economic Review, vol. 60. 
(June 1970) pp. 364-78. 

14. Thus: 'When the government undertakes an investment, each 
taxpayer has a sma11 share of that investment with the returns being 
paid through changes in the level of taxes.' Arrow and Lind, op. cit. 

15. The point here is that there may be no finite sum which would 
compensate a person for severe bodily mutilation or even death. If this 
is the case, no amount of redistribution via the fiscal system will succeed 
in spreading risk. 

16. We might write this more formally as: 

p(Xt/Yj) = p(Xj) for a11 i, j. 

17. This, of course, ignores the problem of 'public bads' discussed 
earlier which will be important in the case of nuc1ear energy. There may , 
also be significant 'irreversibilities' attached to decisions to produce 
n udear energy and these will be discussed in Section 7.5, p. 216. 

18. Sandmo, 1972, op. cit. p. 300. 
19. For a more detailed discussion ofthis case see. A. C. Fisher and 

J. V. Krutilla, 'Valuing Long-Run Ecological Consequences and Irrever­
sibilities', in H. Peskin and E. Seskin (eds), Cost Bene/it Analysis and 
Water Pollution Policy (Washington, D.C.: The Urban Institute, 1975) 
pp. 271-90. 

20. C. Henry, 'Irreversible Deeisions under Uncertainty', American 
Economic Review, vol. 64, no. 6 (Dec 1974) pp. 1006-12. 
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21. Actinides comprise elements following actinium in the periodic 
table. They include uranium, neptunium, plutonium and curium. 

22. For more details see Final Report by the Energy Pollcy Project 
of the Ford Foundation, A Time to Choose (New York: Ballinger, 
1974) pp. 208-10. Also Royal Commission on Environmental Pollu­
tion, 6th Report, Nuclear Power and the Environment, Cmnd 6618 
(London: H.M.S.O., 1976) chap. 8. 

23. B. A. Weisbrod, 'Collective-Consumption Services of Indi­
vidual Consumption Goods', Quarterly Journal 0/ Economics, vol. 78 
(Aug 1964) pp. 471-7. 

24. C. J. Cicchetti and A. Myrick Freeman III, 'Option Demand and 
Consumer Surplus: Further Comment', Quarterly Journal 0/ Economics, 
vol. 85 (Aug 1971) pp. 528-39. 

25. K. J. Arrow and A. C. Fisher, 'Environmental Preservation, 
Uncertainty and Irreversibility', Quarterly Journal 0/ Economics, vol. 
88 (May 1974) pp. 312-19. The exposition which follows relles heavily 
on this article and the work of Fisher and Krutilla, op. cit. 

26. The original article by Arrow and Fisher allows for this pos­
sibility. 

27. A precisely equivalent process of reasoning establlshes the same 
result in the case for which E[Bd2 - Cd2] > E[Bp 2]. 

28. The 'risk-margin' refers to the rate at which individuals are 
prepared to trade uncertain for certain claims. We noted in expression 
(7.8) that in a two-period analysis the price of a certain dollar next 
period 

I 
Pt =Pta+Ptb =--, 

1 + r 

where a and b were two possible states of the world and r was the 
riskless rate of interest. 

Consider an investment project with present certainty-equivalent 
value W*: 

W* = -Ko +PlaRla +PlbRlb. 

Given that individuals aim to maximise the certainty equivalent of their 
wealth holdings, marginal projects will have a certainty equivalent 
present value of zero, i.e. 

Ko =PtaRta +PtbRlb. 

Suppose now that the investment under consideration is a class for 
which returns are zero if state of the world b occurs and positive if 
state of the world a occurs. We would then have, at the margin, 

Ko =PlaRl a 

Rl a 
I = P1a Ko = PlaRTa, 
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where Rfa = Returns in state of the world a per dollar of investment. 
T}1e expected gross return per dollar of investment will be nlaRfa. 
Fram expression (7.9) we then find the 'risky rate of interest' for 
investments in this dass as 

nlaRfa * 
1+ P = * = nlaRla. 

PlaRl a 

However, it is already known that sinee, in this simple ease, returns 
oeeur only in state of the world a, the 'risky rate of interest' is also 
defined by the relationship 

But 

n1a 
l+p=-. 

P1a 

1 I PI PI - = - • - = (1 + r) - . 
P 1a PI P1a P1a 

Thus equilibrium will be eharaeterised by the following equality: 

PI 
Rfa = (1 + r) -. 

P1a 

The term Pt/PI a represents the 'risk margin' for this class of investment. 
Given the existenee of perfeet markets, all eonsumers will equate 

their marginal rates of substitution between uneertain claims and sure 
claims to future eonsumption to this price ratio. (This result is easily 
derived from the first-order eonditions leading to eq uation (7.4) in the 
text.) Thus all eonsumers will be willing to saerifiee the same number of 
state a eontingent claims to $1 next period for a single claim to a 
certain dollar. Risk margins will be the same for all individuals. 

29. See Sandrno, op. eit. (1972). Sandmo demonstrates that in an 
eeonomy offering no possibility of port folio diversifieation and henee 
risk-pooling, the risk margin on publie-seetor projeets in risk class k 
should be 'a weighted harmonie mean of all eonsumers' risk margins for 
investment of risk class k, the weights being eonsumers' shares of the 
surplus in the publie seetor'. (p. 299). 

30. For a deseription of 'Safety Analysis' see the Royal Comtnission 
on Environmental Pollution, 6th Report, op. eit. pp. 108-11. The basie 
idea is that all possible ways in whieh aeeidents ean oeeur are identified 
and the probability of eaeh is ealculated from the reliability of the 
various meehanieal eomponents involved. Crities point to the faet that 
there is no way of knowing that all possibilities have been eonsidered. 

31. Hirshleifer, 1965, op. eit. p. 253. 
32. For exeellent and fuller surveys in this field see W. J. Baumol, 

Economic Theory and Operations Analysis, 2nd ed. (Eaglewood Cliffs, 
N.J.: Prentiee-Hall, 1965) ehap. 24. Also E. J. Mishan, Cost Benefit 
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Analysis (London: Allen & Unwin, 1971); and R. Dorfman, 'Decision 
Rules und er Uncertainty', in Cost-Benefit Analysis, ed. R. Layard 
(Harmondsworth: Penguin Books, 1972), reprinted from 'Basic Econ­
omiC and Technologic Concepts: a general statement', in A. Maass et al., 
Design ofWater Resource Systems (Cambridge, Mass.: Harvard University 
Press, 1962) pp. 129-58. 

33. See Committee on Principles of Decision Making for Regulating 
Chemieals in the Environment (Washington, D.C.: National Academy of 
Sciences, 197 5) appx H, p. 182. 

34. See ibid. appx G. 
35. Experience suggests that the behaviour of prototypes and com­

mercial versions are often very different. The advanced gas-coo1ed 
reactor (AGR) in the United Kingdom was developed from a prototype 
built at Windscale of 33 MW. The commercia1 stations produced 660 
MW and enormous design and construction problems were encountered. 
As David Fish10ck has written: 'their most ardent supporters agree that 
the leap from 33 to 660 MW was too big and that the first pair of AGR 
stations, Hink1ey Band Hunterston B have real1y been demonstration 
projects - at around .f.140 m apiece'. See D. Fishlock, 'Pitfal1s for the 
Energy Planners', Financial Times, 25 Jan 1978. 

36. Op. cit. p. 183. 
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